7i. Atomic Transition Probabilities!

W. L. WIESE AND B. M. GLENNON'

National Bureau of Standards

In the following tables, we present selected critically evaluated atomic transition
probabilities for the 20 lightest elements. For this group of elements many data of
moderate or sometimes even high accuracy are available from various experimental
and theoretical sources. The material selected here is obtained principally from
Hartree-Fock calculations (which partly include the effects of configuration interac-
tion), from the Coulomb approximation, from the nuclear charge expansion method,
and, experimentally, from emission measurements with stabilized arcs, from lifetime
experiments (with delayed coincidence techniques as well as with the Hanle effect
method) and from anomalous dispersion measurements.

1. Guideposts for the Selection of Data. The listed data are mostly the same as
those chosen by us for two recent comprekensive critical data compilations [1,2] which
are several times larger than the present table. For the inclusion of data into this
much more compact table we have used the following guideposts: Only lines with
uncertainties estimated not to exceed 50 percent are included; only the more prominent
lines of a spectrum, that is, the lines of at least moderate strength, are listed (even if
reliable data are known for weak lines); and normally only those lines are included
which have been observed before, i.e., which are listed in multiplet or other spectral
line tables [3-6]. However, we have not been too rigid about the last requirement,
especially for spectra of higher stages of ionization. These spectra have recently come
into prominence, but are as yet rather incompletely represented in present multiplet
tables. For these spectra we have thus listed the most prominent lines—when good
J-value data are available—even in cases when we had only caleculated wavelengths at
our disposal. (In order to indicate that the calculated wavelengths are normally
much more uncertain than the measured ones, the former are given in square brackets.)
We believe that with the greatly expanded scale of research in plasma physics and
astrophysics it will be only a short time before many of these lines are observed and
may be needed for diagnostic studies.?

As stated above, most of the data for this tabulation have been taken from two
recent comprehensive compilations published in 1966 (H through Ne [1]) and in 1969
(Na through Ca [2]). But, in addition, we have also evaluated and included the most
recent material through early 1970. Especially for the spectra of He, Li, Be, B, C, Ne,
and Si we have found quite a bit of newer, more accurate data. In such cases we
present the new data, list the individual references and indicate there which particular
experimental or theoretical method the author has used.

2. Definitions, Units, and Conversion Factors. In the current literature several
equivalent expressions for the atomic transition probability have found widespread

1 Contribution of the National Bureau of Standards, not subject to copyright.
* We have usually not listed any data for stages of ionization beyond six. Some material
for still higher stages of ionization is found in Wiese et al. {1,2].
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acceptance. Not only the transition probability (per second) for spontaneous emis-
sion 4., from upper atomic state k to lower state #, but also the (absorption) oscillator
strength or f value and the line strength § are widely used. In addition, the log gf
is often employed in the astrophysical literature (g is the statistical weight). For
the present tables, where we have to restrict ourselves to one quantity to achieve a

compact presentation, we have chosen to list A... Quantum theory yields for it the
expressiop

- 6411"0’!!,}3 l - 2 ! .
Au = < ) alk>| ai1)
P

where the summation in the squared matrix element is over the position vectors r of
all p clectrons of the atom, and »i is the frequency.

TabBLE 7i-1. Numericar ConversioN Facrors For ALLowkD LINES
The transition probability is listed in units s~!, and the f value is dimensionless.
The wavelength X\ must be used in angstroms, and g; and g: are the statistical weights
of the lower and upper states, respectively. (Note that in the tables, with the excep-
tion of hydrogen, A is given in units 108 s-1).

Transition probability | . Oscillator strength Line strength

Transition probability 6.670, X lo“g_-'j 2.026, X 101

ik

Ay = A2 g« giN?
Oscillator strength fir = | 1.4992 X 10716 \? i‘k A - 303’\75 S
i g

Line strength S =1 4.935¢ X 1071 gi N34k | 3.292) X 1073 g Mk -

The f value and the line strength .S are numerically related to A.: by the formulas
given in Table 7i-1 (see also {2]). The line strength is as usual given in atomic units,
which are for allowed (or electric dipole) transitions

acle? = 7.187; X 1075 m2C2.

The statistical weights, which are listed for all presented lines, are related to the
inner or total angular momentum quantum number J by g = 2J + 1.

Aside from the quantities listed in Table 7i-1, the transition probability for induced
or stimulated emission B.: and the transition probability for absorption RB,, may
become important in special fields, for example, in laser research. These quantities
are numerically related to the transition probability for spontaneous emission by

By = 6.01A34, (7i-2)
and Bu = 6.01)3%:‘4,,.- (7i-3)

where A is the wavelength in angstroms.
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Occasionally the emission oscillator strength fi; has been employed. This quantity
is related to the normally used (absorption) oscillator strength by

fu = — ﬁfu ' (7i-4)

3. Discussion of Data Tables. In this compilation we list the transition probabili-
ties of individual spectral lines, whenever the nearest known neighboring lines differ
by at least a few parts in 10¢ in wavelength.! We often present several lines of a
multiplet, usually the stronger ones, but omit the weaker ones. In the relatively few
cases where the lines of a multiplet are all so closely grouped together that they are
difficult or impossible to resolve, we list the multiplet value (as well as the multiplet
statistical weights) instead of the individual line data. These data are marked by
a dagger. If just a portion of the lines in a multiplet (or lines from different multi-
plets) differs in wavelength by less than one part in 10¢, we have omitted these lines,
since they would overlap completely under most experimental conditions so that they
might be mistaken for a single line.

For hydrogen, we list ““average’’ transition probabilities A + which are needed for
most practical applications. These (calculated) transition probabilities are exact
values for the number of digits given. For hydrogen, all states with the same prin-
cipal quantum number arc degenerate, so that only a single line having an “average”
transition probability is observed for all possible combinations involving the principal
quantum numbers 7 and k. The only assumption entering into the application of
average transition probabilities is that the atomic substates must be occupied accord-
ing to their statistical weights [1,7], which is the case for any plasma which is not too
dilute.

The spectra of hydrogen-like ions are not included in this tabulation, since their
transition probabilities may be obtained simply by scaling the hydrogen values 44
according to

Az = Z'Ay (7i-3)
where Z is the nuclear charge.

For all other tabulated spectra we give accuracy estimates for the transition proba-
bilities and present for purposes of identification all available multiplet numbers as
given by Moore {3-5]. The evaluation of the accuracy of the presented material is
the most crucial (and normally the most time-consuming) part of a critical data com-
pilation. We have therefore discussed our evaluation procedures extensively in the
general introductions to our larger compilations [1,2], from which—as was mentioned
before—we have extracted most of the data presented here. Because of limitations of
space we have to refer here to these discussions and may also state that we have
used in this compilation exactly the same procedures for the evaluation of all newer
material.

In addition to the allowed lines, we also list transition probabilities for some promi-
pent forbidden lines because they are of interest in astrophysics and atmospheric
physics. We always present tofal transition probabilities, i.e., the sum of the magnetic
dipole and electric quadrupole values for a given line (in [1,2], on the other hand,
‘we have listed the separate values). )

For a number of magnetic dipole lines the line strengths are essentially given by
straight numbers. In some of these cases, furthermore, the transition probabilities
of the respective electric quadrupole lines at the same wavelength are sm aller by several
orders of magnitude for all the ions covered in this table. The principal reason for
this is that the wavelengths are relatively large (detailed estimates are given by Naqvi

1 In cases where only moderate spectral resolution is achieved. the multiplet tables [3-6])
or [1,2] should be checked for the existence of other nearby lines. .
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as well as Shortley, Aller, Baker, and Menzel [8). The total transition probabilitics
in such instances, if the wavelength X is known, may thus simply be obtained from

4 = 2,697 X 1013g,~-1\-38,, (7i-6)

where A is in angstroms, and the magnetic dipole line strength S,, is in atomic units.
The Sn values for these lines are tabulated in Table 7i-2.

TasLE 7i-2. Ling STRENGTHS FOR Sowmk ForsipDpEN TRANSITIONS

|
Configuration | Line S, atomic units

neanp* P3P0 2.00

P °-3p,o 2.50
np ) Pyo-1pPp° 1.33
np? p_3p, 2.50
np? :Dy°-2Dy° 2.40

Pyo-2pye 1.33
npt P3P, 2.50
nps 1Py°-2pyo 1.33

* Complete shella, like 132253, are omitted. The principal quantum number n has the valuesn = 2.3,

4. Availability of Data for Heavier Elements. For most other elements not included
in this table, with the exception of the alkalies and some selected lines for elements of
the iron group and the alkaline earths, the accuracy and reliability of atomic transi-
tion probabilitics—if there are any available at all—are still rather poor and at the
present time hardly worth a detailed critical compilation such as this. Thus, until
more and especially more accurate material becomes available, we have to refer to the
following sources: (1) Bibliography on Atomic Transition Probabilities, NBS Spe-
cial Publ. 320, B. M. Miles and W. L. Wiese, 1970. Thisis an annotated bibliography
which lists literature references ordered by elements and stages of ionization and indi-
cates the various experimental or theoretjcal methods that have been employed.
(2) Experimental Transition Probabilities, NBS Monograph 53, by C. Corliss and
W. Bozman, 1062. This tabulation lists about 25,000 atomic oscillator strengths,
mostly for heavier elements, obtained from arc intensity measurements which are
generally of moderate or rather poor quality, as many comparisons with other data
have shown. The data of Corliss and Bozman show many large discrepancies with
other material, especially for the alkalies and alkaline earths and for lines from higher
excited levels of the iron group elements. ‘Thus great caution should be exercised
when employing these data. (3) A special critical evaluation of transition probability
data is available for the spectra of Ba I and II, NBS Tech. Note 474, by B. M. Miles
and W. L. Wiese, 1968. :

5. Regularities and Systematic Trends. Some remarks are in order about the
recently detected regularities in atomic oscillator strengths, because these are of great
value for evaluating the reliability of existing data as well as for determining additional
numerical values by simple interpolation techniques. Three principal regularities
have been detected (for detailed discussions see [9-11]), which may be briefly stated
in the following way:

DEPENDENCE OF f VALUES ON NUCLEAR CHARGE Z. This dependence may be readily
derived from conventional perturbation theory, with the result that J may be repre-
sented by a power series in Z-1: B ‘

f=a+aiZ-'+aZ2-2 4 . ..
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where the first term ao is a hydrogenic f value {9,10] which vanishes for all transitions
which do not involve a change in the principal quantum number. Three graphical
examples exhibiting this systematic trend for different physical situations are given
in Figs. 7i-1 to 7i-3, where the f value is plotted against 1/Z.

SYSTEMATIC TRENDS OF f VALUES WITHIN SPECTRAL skRIES. Within a spectral
series, the dependence of f on the principal quantum number 7 (or the effective quan-
tum number n*) is found to be always a smooth one, in an analogous fashion as for
hydrogen. For lower values of n the-f value is not always monotonically decreasing
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Tic. 7:-1. Oscillator strengths vs. 1/Z for the 28-2p transition of the lithium isoelectronic
siqtence. (From Ref. (10], where the quoted authors and methods are discussed in detatl.)

(see Fig. 7i-4), but for higher n the f values gradually tend to obey the hydrogenic
dependence f ~ (n*)7% Two examples for these trends are given in graphical form
(Figs. 7i-4 and 5), where n*¥f is plotted against n*.

HOMOLOGOUS aToMs. The third principal regularity concerns homologous atoms,
i.e., atoms with the same outer electron structure. Here we have found that for cer-
tain analogous groups of spectral lines the f values remain approximately constant
throughout a family of homologous atoms. For example, the principal resonance
lines of the alkalies, i.e., 2s-2p for Li, 3s-3p for Na, 4s—4p for K, etc., are all close to
unity. This behavior is readily understood on the basis of the Wigner-Kirkwood par-
tial f-sum rule. If it is assumed that most of the strength of a spectral series is con-
centrated in its leading transition (for example, 3s-3p has the dominant strength in a
3s-np series), then it follows that for this dominant transition array the mean f value
is approximately given by the value obtained from the partial f-sum rule. Further-

RPN s L -
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FiG. 71-2. Oscillator strengths vs. 1/Z for the 2s? 2p 2p°®-2¢2p? 2D transition of the boron iso=
electronic sequence. (From Ref. [9), where the quoted authors and methods are discussed in
detail.)
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FiG. 7i-3. Oscillator strengths vs. 1/Z for the 3s 2S-4p ?p° transition of the sodium 'isoelec-
tronic sequence. (From Ref. [10], where the quoted authors and methods are discussed in detail.)
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Fic. 7i-4. Oscillator strengths multiplied by n*? vs. effec
for the resonance series 2s-np of L1 1.

are discussed in detail.)

(From Re/f. [10],

tive principal quantum number n*
where the quoted authors and methods

TasLE 7i-3. COMPARISON OF MuyrrieneT f Varves ForR HoMmoLogous AToMS
1x SoME DOMINANT s-p TRANSITION ARRAYS®

| Uncer-

. Uncer-

Transition f value | tainty, 5% J value tainty, %

(n+1s— (n+ p...... Boron (n = 2) Aluminum (n = 3)
18-1P% e 1.21 | 25 1.41 25
np(n + 1)s — np(n + p.. Carbon (n = 2) Silicon (n = 3)

PO3ID e 0.50 50 0.61

IPOIP e 0.31 50 0.39 50
P38 e s 0.10 50 0.13 50
1po-iD. L. 0.42 50 0.67 50
Y o 0.11 50 0.12 50

npi(n + 1)s — np*(n + Lp Nitrogen (n = 2) Phosphorus (n = 3)
APdDC e 0.36 0.57 50
PP e e 0.23 25 0.36 50
PSS . iiiiiia....| 0.088 25 0.13 50
PP e 0.318 25 0.39 50
np¥(n + s — npi(n + )p Oxygen (n = 2) Sulfur (n = 3)
8SO0B3P e 0.922 10 1.1 50
380-3P e 0.898 10 1.1 50

¢ The dats are the adopted “best’’ values.
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Fic. 7i-5. Oscillator strengths multiplied by n*3 vs. effective principal quantum number n*
for the 3p-ns series of O I.  The solid circles and triangle~ indicate that experimental values
arc involved in the dutu.  (From Ref. (10), where the quoted authors and methods are discussed
in detail.)

more, in all homologous atoms the breakdown of the total strength of a transition
array into multiplets and individual lines remains the same as long as the coupling
scheme remains constant. It follows therefore that for all lines of dominant transition
arrays in homologous atoms the f values should stay approximately constant. An
example is given in Table 7i-3. More extensive comparisons are found in {10].
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