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FOREWORD

The National Standard Reference Data System provides cffective access to the quantitative data of phisical science,
critically evaluated and compiled for convenience, and readily accessible through a variety of distribution channels. The
System was established in 1963 by action of the President’s Office of Science and Technology and the Federal Council for
Science and Technology, with responsibility to administer it assigned tc the National Bureau of Standards.

The System now comprises a complex of data centers and other activities, carried on in academic institutions and other
laboratories both in and out of government. The independent operational status of existing critical data projects is maintained
and encouraged. Data centers that are components of the NSRDS produce compilations of critically evaluated data, critical
reviews of the state of quantitative knowledge in specialized areas, and computations of useful functions derived from stand-
ard reference data. In addition, the centers and projects estahiish criteria for evaluation and compilation of data and make
recommendations on needed improvements in experimental t-chniques. They are normally closely associated with active
research in the relevant field. ]

The technical scope of the NSRDS is indicated by the principal categories of da. -ompilation projects now active or
being planned: nuclear properties. atomic 2nd molecular properties, solid state propenies thermodynamic and transport
properties, chemical kinetics, and colloid and su:face properties.

The NSRDS receives advice and planning assistauce from the National Researcl “ouncil of the National Academy of
Sciences-National Academy of Engineering. An overall Review Committee considers the program as a whole and makes
recommendations on policy, long-term planning, and international collaboration. Advisory Panels, each concerned with a
single technical area. meet regularly to examine major portions of the prograin. assign relative priorities. and identify
specific kev problems in need of further aitention. For selected specific topics, the Advisory Panels sponsor subpanels
which make detailed studies of users’ needs. the present state of knowledge, and existing data resources as a basis for
recommending one or more data compilation activities. This assembly of advisory services contributes greatly t; the guidance
of NSRDS aciivities.

The NSRDS-NBS series of publications is intended primarily to include evaluated reference data and critical reviews
of long-term interest to the scientific and technical commur.ity.

Lewis M. Branscomb, Director
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ATOMIC TRANSITION PROBABILITIES*

(A critical data compilation)
Volume 11
Elements Sodium through Calcium

W. L. Wiese, M. W. Smith, and B. M. Miles

Atomic transition probabilities for about 5,000 spectral lines of the second ten elements, based on all available literature
sources, are critically compiled. The data are presented in separate tables for each element and stage of jonization, For
each ion the transitions are arranged according to multiplets, supermultiplets, transition arrays, and increasing quantum
numbers. Allowed and forbidden transitions are listed separately. For each line the transition probability for spontaneous
emission, the absorption oscillator strength, and the line strength are given along with the spectroscopic 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 prece”~ = :ables for each ion, 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 each major experimental and theoretical method. It also includes a general critical
assessment of the widely used Coulomb approximation, and a number of illustrative examples for the exploitation of regu-

larities or systematic trends among oscillator strengths.

Key Words: Allowed and forbidden transitions: oscillator strengths: transition probabilities: sedium; magnesium;
aluminum: silicon: phosphorus; sulfur; chlorine; argon; potassium; calcium,

A. INTRODUCTORY REMARKS

This is the second part of a continuing effort to critically
evaluate and compile atomic transition probabilities. After
completion of the first part which contained the available
data for the elements hydrogen through neon [1], we seanned
through the f-value** literature [2] for the heavier elements
and found sonmewhat to our surprise that the numerical
material on the elements with atomic numbers 11 through 20,
i.e., up to the first element of the iron group, was rather
extensive and appeared to be fairly well distributed through-
out these spectra, including the higher stages of ionization.
We therefare decided to systematically evaluate the data
for these elements of the third period of the periodic system
and in addition K and Ca. In the course of our preliminary
survey we found several serious gaps and discrepancies in
the data. Several research teams, in particular our own
Plasma Spectroscopy Section at NBS, undertook the task
ta improve the situation for these spectra. Thanks to these
efforts and to the availability of the Coulomb approximation
by Bates and Damgaard [3], as well as to the exploitation
of many evident regularities among atomic f-values [4], we
are now able to present a fairly complete bedy of material
of moderate accuracy. However. need for further improve-
nient is quite evident on close inspection of the tables,
especially for the important spectra of Sit, P1 and P11
The still rather unsatisfactory status of the numerical data
with regard to accuracy is probably best indicated by the
fact that this extensive compilation contains only two allowed
transitions classified as haviug an uncertainty of less than
3 percent, namely the Na-D lines.

*sugporte] by the Advanced Research Projecis Agency of the Department of Detcome, under
Prject DEFENDER.

B. SCOPE OF THE TABLES

In our present compilation we maintain the scope and
format of our earlier Volume I [1], i.e.. we present critically
evaluated transition probabilities of allowed and forbidden
discrete transitions of elements Z =11 through 20 including
all stages of ionization for which we have data. As source
material all the literature references contained in |2] plus
some more recent papers have been used.

We have aimed again at presenting fairly reliable f-values
for at least all the strong characteristic lines of the various
atoms and ions in order to present a table of general useful-
ness. Specifically, we have tried to include at least the first
half of the multiplets listed for each spectrum either in the
“Revised Multiplet Table” [5], in the “Ultraviolet Multiplet
Table” 16] or in the recent “‘Selected Tables of Atomic
Spectra” |7].

Aside from this objective of listing the stronger lines, we
have included all additional available material with uncer-
tainties not exceeding 50 percent. Most of the final tabula-
tions were undertaken during 1967 and the first half of 1968.
Thus, essentially all literature through 1967 and in some
cases even later work could be taken into account.

C. CRITICAL REVIEW OF THE DATA
SOURCES AND METHOD OF
EVALUATION

1. General Review of the Problem

The present status of our knowledge of atomic transition
probabilities must still be considered as being far from ideal,

**Hereafier, we shall use the equivalent erms “anstion probability, escillstor sieength or
fvuluf. avat line strength™ on an interchangeable basis. The numerical relationships between these
quantities are given in the conversion table at the eml of this General Inimduction.




but some good progress has been made during the last few
years. In particular, the increased availability and use of
computers have made feasible much more refined theoretical
approaches than would have been thought possible just a
few years ago. Among the recent theoretical advances the
inulticonfigurational approach, also called the method of
“superposition of configurations” (SOC), developed by
Weiss [8,9, 10] and others [11, 12, 13, 14] should be especially
singled out. Another significant recent development has been
the application of the nuclear charge-expansion method to
the calculatior: of f-values by Dalgarno and his co-workers
[15, 16, 17]. On the experimental side, the Hanle effect
method of nieasurinz accurate atomic lifetimes must be
especially mentioned as a method brought into recent
prominence by the productive work of several groups, not-
ably by Lurio and others [18, 19]. Many other proven methods
have progress=d quite a bit by the introduction of modern
data process:ng techniques, which have made the data much
more amenabie to statisiical error treatments. Finally, the
detection of many systematic trends and regularities amo::g
f-values (see also C.3) ties many independently determined
data together for the first time and has thus established a
reliable framewerk of values.

In Volume I we have already given a short description f
the major experimental and theoretical methods from which
the bulk of the data are obtained; thus we do not have to
repeat this here. For detailed descriptions of the various
approaches we would also like to refer to two recent review
articles, namely a review of the theoretical approaches by
Layzer and Garstang [20] including those for forbidden lines
and a general discussion of the various experimental
methods by one of us [21].

The central problem of this compilation is the evaluation
of the reliability and accuracy of the available data. Since
this aspect is so crucial, we want to discuss it in detail again
and thus complement and add to the remarks we have al-
ready made in our earlier published volume.

First the principal four guide-posts should be stated by
which we have evaluated the accuracy of the data. These are:

I. The author’s evaluation of his uncertainties.

II. The degree of agreement between the results and
other reliable material.

III. The author’s consideration of all major critical
assumptions and factors entering into the results.

IV, The degree of fit of the data into established regulari-
ties 2nd eystematic trends or consideration of possible
reasons for deviations.

Only a few general comments may be made about points
I and II. All further remarks on these points depend so much
on the particular available material that they have to be
relegated to the individual introductions for each spectrum,
Our principal comment on_the authors’ estimates of their
uncertainties is that we have sometimes found experi-
mentalists to give only estimates of their statistical errors,
but no allowance for any suspected ystematic errors. On
such occasions we have been more conservative with our
estimates than the original authors. In many other instances
authors have been simply too uptimistic in their error esti-
mates, as is borne out by the discrepancies of their results
with other reliable material much outside the mutually
estimated error limits, or by discrepancies with well-estab-
lished systematic trends.

Point II, i.e., specific comparisons with other data, does
not warrant any further general comment. Many of the
introductions on the individual spectra contain special
comments on this subject. An illustrative example of our

1

comparison tables will be given later in some other connec-
tion (see table 7).

2. The Critical Factors for Determining
Transition Probabilities

A detailed discussion is now in order an points III and IV.
Since the success of an experiment or a calculation is
mainly a question of how well the critical factors encountered
in the particuiar method have been coped with, we have
sorted out and collected below the major factors which need
to be considered for the application of each of the major
experimental and theorctical methods. This list should
reflect the current siate of our knowledge about the major
problem areas in the various methods. In each avaiiable
experiment or calculation, all these critical factors should
have heen considered, e.g., all the assumptions and approxi-
mations going into the method should have been examined
for validity. Thus we may use these factors as a set of cri-
teria by which to judge each paper: If they are properly
treated or accounted for, a paper should pass: otherwise it
should be rejected from this compilation. However, we found
that at the present time we cannot judge the literature with
such a rigid procedure, since we would then lose many of the
available papers because, for example, it was sometimes not
feasible to consider all critical factors. We have therefore
relaxed our requirements and have often included slightly
deicctive papers, where, for examiple, the authors have not
properly accounted for all presently known sources of syste-
matic errers but for most of them. In these cases we have
of course adjusted the estimated errors or we have discarded
the absolute scale of an experiment, if only this was defec-
tive, but have used the relative values.

a. Critical Factors in the Experimental Methods

a. Measurements in Emission —The largest number of
experimental f-values have been obtained from measure-
ments of the intensities of spectral lines wh:ch are emitied
from plasmas under known conditions. With arc sources
the spectra of Mg 1, Si1and 11,8 1and 11, Cl 1 and 11, Ar1 and
i1 and Cai, with shock tubes the spectra of S1 and 11,

;

Cl1 and 11 and Ari1 and with a flame source the spectrum of ¢

K1 have been studied. In evaluating these experiments we
have especially investigated if the following critical assump-
tions and factors are satisfactorily taken into account by
the authors:

(a) Existenice of local thermodynamic equilibrium (LTE)
or, for relative f-value measurements, =xistence of
partial LTE.

(b) Absence of self-absorption.

(c) Consideration of demixing effects in arcs.

(d) Consideration of the effects of boundary layers in
shock tubes, and the effects of inhomogeneous zones
in sources assumed to be homogeneous.

te) High density corrections in plasma sources.

() Consideration of the intensity contributions in the line
wings and for the background below the lises,

(#) Adjustmenis for inherent uncertainties in the diagnos-
tic methods (for example, for uncertainties in plasma
line-broadening theory).

The largest uncertainties in the f-values resuit if the
requirements (a), (b), and (c) are not fulfilled. However, in
the case of self-absorption, i.e., for deviations from require-
ment (b). strong lines are affected much more than ihe
weaker ones. If the points (d) through (g) are not properly
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treated, then the effects on the transition probabilities are
normally much smaller and hardly ever give rise to uncer-
tainties above 50 percent.

Absorption experiments, which in this compilation are
only encountered for the cases of Mgt and Cal, are quite
similar in their critical requirements to the above-discussed
emission experiments and will thercfare not be discussed
further. At this point some comments 3r¢ in order on the
extensive transition probability tables by Corliss and
Bozman [22]. The transition probabilities obtained by these
authors are derived from the spectral line intensity measure-
ments of Meggers et al. [23). Since the primary objective of
this work has been the measurement of line intensities on
a uniform scale, but not the ,~easurement of transition proba-
bilities, several of tFe critical factors and assumptions listed
above were not taken satisfactorily into accoun! Especially
the nonconsideration of oum points (d), (a), and (c), in that
order, is vrobably responsible for many strong discr-:pancies
observed between their material and other data, ranging in
size up to factors of 20. Since we have other :naterial, from
fairly reliable sources, for practiczlly all the lines treated by
Corliss and Bozman, we have refrained from using any data
from their tabulation.

B. Measurements of Anomalous Dispersion—We have
embploved the data from several anomalous dispersion meas-
urem .iits, performed with the hook method, for the spectra
of Nat,Mgt, Al1, Si1, K1 and Cat. The most critical factors
of this method are the assumptions going into the determina-
tion of the populations of the atomic energy levels from
which the absorption of rcdiation takes place. We have
however in all cases circumvented this potentially large
source of systematic uncertainty by employing the results
only on a relative scale, that is. by renormalizing the meas-
ured f-values to a scale different from the originally deter-
mined one.

v. Lifetime Measurements— Lifetime measurements with
the delayed coincidence and phase: shift techniques as well
as with the Hanle effect have keen carried out for Nat,
Mg1 and 1, Al1, Sit and 11, F1 and 11, St and 1, Cly,
Artand 11, K1 and Ca1 and 11. The derived transition proba-
bilities, even though there are only very few per spectrum,
are among the most accuraie ones available to date. The
major critical factors of lifelime experiments are:

(a) Radiative cascading.

(b) Radiation trapping or imprisonment.

(¢) Collisional depopulation of a level.

(d) Self-absorption in the spectral lines emittcd by the
light sources used for the excitation. .

(e) Insufficient spectral resolution for the detectiosn of the
radiation.

Points (a) and (e) can become potential sources of syste-
matic errors only if noamonoenergetic electron beams are
used with energies sufficiently above the threshold energy
of the level to be observed, because in this case one has no
way of selective excitation of the atemic energy levels. Thus,
if lines emitted from other levels have accidentally the
same or nearly the same wavelength as the transition to be
investigated, they would also be admitted to the detector if
the spectral resolution of the system is insufficient. Self-
absorption in the light source used for the excitation (point
{(d)) may be critical in Hanle effect experiments, since it leads
to a distortion in the measured shape of the outpui signal.
Cascading and radiation irapping, (a) and (b), normally tend
to lengthen the measured lifetime, while collisional depopu-
lation (c) shorteus it.

t:. Critical Factors in the Theoretical Methods

Theoretical ireatments have provided the large majority
of the data for this compilation. They contribute greatly to
all first and second spectra (with the cxception of Arl and
Ca1) and are the exclusive sourcc on all higher spectra.

For the theoretical approaches the situation differs from
the experiments insofar as they cannot be subjected to a
systematic error analysis, since there is no simple quantita-
tive measure available for estimating the size of the uncer-
tainties introduced by the various approximations in the
theoretical models. However, comparisons with accurate
experimental resuits, as well as analysis of the data in the
light of apparent regularities and sum rules, and, finally,
general consistency checks (for example, between the dipole
length and velocity approximations of the transition integral)
have accomplished a great deal towards exposing the critical
factors and finding general criteria which must be met for
obtaining reasonably reliable theoretical f-values. The two
main criteria may be stated as follows:

(a) For transitions with equivalent electrons present in
the upper or lower state the calculations should include the
effects of configuration interaction, since in this case one
cannot reasonably apply the independent-particle model to
the jumping electron, but has to take into account correla-
tion effects between the electrons.

(b) For transitions where the jumping electron is in a shell
by itself, the initial and final levels should be checked for
possible neighboring perturbing terms, in which case a
configuration interaction treatment may become necessary.
But, unless such a special situation is encountered, the
standard one-electron approximations should be adequate,
provided the transition integral is not subject to strong
cancellation effects. The spectroscopic data should also be
examined for indications of spin-orbit interaction before a
particular coupling scheme is adopted.

a. Calculations Based on Self-Consistent Field (SCF) Wave
Functions. The often-employed SCF calculations have been
used in various levels of refinement, which may be arranged
in a hierarchy of approximations such as presented in
figure 1. Many comparisons with experiments have shown
the following: First, for transitions between moderately or
highly excited states, i.e., with the jumping electron in a shell
by itself, the Hartree-Fock or the simplified Hartree-Fock-
Slater approximations usually give adequate results, pro-
vided no cancellation in the transition integral and no
perturbing terms are present. Secondly, for transitions
involving orbits which strongly penetrate the core, polariza-
tion or relaxation of the core should also be taken into
account. Thirdly, if in the case of shell-equivalent electrons
(i.e., electrons with the same principal quantum number) the
interaction with other electrons is very strong, i.e., if the
independent-particle model breaks down, then the SCF
approach should be used in conjunction with £n extensive
mulii-configurational treatment (e.g., the superposition-of-
conﬁﬁurations approach), or some equivalent procedure
which adequately represents the detailed effects of electron
correlations.

B. The Nuclear Charge-Expansion Method. This method
has been recently applied to a number of transitions in
simpler atomic systems. Many comparisons with experiments
and other theoretical methods indicate that it produces nor-
mally rather accurate f-values for high values of the nuclear
charge. i.e.. for the highiy charged ions in each sequence.
This statement applies primarily to the multiplet f-values.
while the individual line f-value may be aflected by devia-
tions from /S-coupling which generally increase for the

oo
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highly charged ions. This is clearly observed in figures 4 and
5, given latei in connection with the discussion on the nuclear
charge dependence of f-values. But in figure 6 the few avail-
able data do nat permit a definite conclusion at this time. The
same figures indicate, on the other hand, that the charge
expansion method is, in its present level of refinement, not
satisfactory at the neutral ends of isoelectronic sequences,
especially for those transitions where configuration effects
are pronounced. A more complete treatment of thes- effects
is clearly needed.

¥. The Coulomb Approximation. Some detailed remarks
about the Coulomb approximation [3] are in order since
we have extensively applied this very useful approximation
to fill many glaring gaps in the data. The Coulomb approxi-
mation does very well indeed in its proper range of applica-
tion. This may be best seen when it is subjected to the two
possible checks mentioned earlier, namely, first to a com-
parison with the most aecurate experimertal data and see-
ondly to the degree of fit into the systematic trends.

Let us first review the comparisons with accurate experi-
mental data: The most accurate ones are from lifetime
measurements where the uncertainties are typically 10
percent or less. We have therefore collected in table 1 all
available comparisons between the Coulomb approximation
(when it is not subject to significant canceilation) and either
lifetime measurements or those other data which are based
on an absolute scale obtained from lifetime measurements.
We have crdered these data according to the complexity
of the spectra and type of transitions. One may draw the
following conclusions: for one-electron spectra (part a of
table 1) the agreement is very close as expected; for more
complex spectra (part b), but with the jumping electron in
a shell by itself, the agreement is still quite good, even in
the cases of Arl and 11, and it usually becomes better the
less penetrating the orbits of the states are; but, finally,
with equivalent electrons present, a3 in Mg1 (part c), large
deviations are apparent which are not surprising sinee this
is really outside the range of application for this method.

TABLE 1a. Comparison between data from the Coulomb approximation and from accurate ex-
perimenial sources for one-electron spectra

Muhipler fvalue
Specirum Transition Meihod and Aulthors*
Coulomb | Experimeni
Approx.
Na1 3s=3p 0.94 0.955 | Life; Kibble et al.
0.975 | Life: Link.
1.029 | Life: Baylis.
3p—4d 0.095 0.106 | Life, ard ceniral field approx.; Karsiensen and
Schramm; Prokofév.
4p—4d 0.97 091 |Life, and ceniral field approx.: Karsiensen and
Schramm; Prokofév.
Min 3s—-3p 0.89 0.96 | Life: Smith and Gailagher.
K1 4s—4p 0.99 0.954 | Life: Link.
1.02 | Life; Schmieder el al.
Cun 4s—4p 0.99 0.97 | Life: Smith and Gallagher.
3d-4p 0.049 0.053 | Life: Smith and Gallagher.

*The complele references are lisied in 1he 1abulations for each specirum.




TABLE 1b. Comparison between data from the Coulomb approximation and from accurate experi-
mental sources for transitions where the jumping electron is in a shell by itself

Total line strength S

Methad aud Aunthors*

Life and stabilized arc: Klose, and Popenoe and

Life and stahilized are: Klose, Bnes et al., Corliss and
Shumuker (weak lines ohtained From intermediate
conpling calenlations ol Juimston).

Life and stabilized arc: Bennett et al., Shnmaker and

Speetrum Transition Array
: Coulonb | Experiment
Approx.
Art 4s—4p 333 352
Shumaker,
4p —6s 17.5 12.2
Artt 4s—4p 468 419

Popenoe, Schnapanff (weak lines  ohtained Trom
intermediate  eoupling  caleulations o Rndko and
Tang, Statz et al., gnd Garstang).

*The complete references are listed in the tabulations .or each spectrum.

TABLE lc. Comparison oetween data from the Coulomb approximation and from accurate experi-

mental sources for transitions with shell-equivalent electrons

Multiplet f-value
Spectrum | Transitior Metliod and Authors*
Coulomb | Experiment
Approx.
Mgt 35?15 —-3s3p 1P° 1.656 1.85 | Lite: Laorio,
t.50 | Life: Smith and Gallagher.
Cat 45118 - 4s4p V1 1.83 1.79 | Life: Lurio.
1.74 | Life; Smith and Gallagher.
1.72 | Life: Hulpke et al.
Alt 3s23p *P°=3523d D 0.41 0.175 | Life; Budick.
3s23p 2P0 =3s24s 28 0.05 0.121 | L.ife: Demtrider.
Sin 3s*3p 2P°=3s523d D 0.57 0.57 | Life; Lawrence and Savage.
3523p 2PV —3s%4s 25 0.065 0.129 | Life; Lawrence and Savage,
Sit 3s23p° P = 3573p3d 3D° 0.462 0.068 | Lile: Lawrence and Savage,
3523p= 91 --35%3pds H1° 0.051 0.155 { Life and intermed. conpl. cale: Lawrenee and Savage.
D~1P° 0.055 0.135 | Life and intermed. conpl. cale: Lawrence and Savage,
IS~ 0.056 0.100 | Lile and intermed. conpl. cale; Lawrence and Suvage.

*The complete references are listed in the tabulations for each spectrum,
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TABLE 2. Estimated uncertainties for f-values obtained from the Coulomb approximation

These estimatis do not npply fur vases nith severe vaoeellation in the transition integral, fur whivh the uncertainties are maet higher. Transitions between states
buower than the ones listed are vonsidered outside the range of auplicabilits of this appriimaion, The fyalues for i

iess accarate ae to depsrtares from the normaliy applied 4.8 couplng ixee €2 b.8.).
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| lines amd

Is may be sonielimes

Estimated
Trausition uncertainty Isoelectrnnic sequenres
(percent)
Is?ms— 1s2np (m=2,3...n=23...) 10-20? Lithium.
mp — ns (m=23...n=23...) 10-20
mp— nd (m=2.3 ..n=3.4...) 10-20
15225 my1— 1522snd (m=3.4....n=3.4...) 25 Beryllium.
2pms = 2pnp (m=3,4...:n0=3.4...)° 25
mp— nd (m=3.4...r=3.4...; 25
1s22s%2p"ms —  15%2s%2p"np (m=3,4...:n=3.4...)
(a) u=1.2.3 25 Boron, carbon, nitrogen,
oxygen.
(b n=4 5 50 Fluorine, neon.
mp—= nd (m=3.4 ..:a2=3.4...)
{a) n=1,2.3 25 Boron, carbon, nitrogen,
oxygen.
th) n=4.5 50 Fluorine, neon.
15%2s22pFms — 1 s¥ 263250y (m=3.4..,.an=3.1...) 20-50? Sadium.
np— nsornd  (m=3,4...50=3.4...) 20-50)
md - nparaf  (m=3.4...:0=45...) 20-50
mf— nd (m=4.5...:n=5.6...) 20-50
15°25%2p03s s — 152252218350y (m=45...:n=4.5 )2 50 Magnesium.
mp— nsorad  (m=4.5.., :n=45...)* 50
md — npornf  (m=3.4...00=45...) 50
mf— nd (m=4,5...:n=56...) 50
1522220833 md — 15°2%2p3sTnp v nf  (m=3, 4 .. on=1.5...) 50 Aluminum.
me— np (m=4.5...:0=45 .) 50
0 nsornd  (m=4.5...:0=4.3 ) 30
wf— nd (m=4.5...:n=485 ) 50
15¥ 262838 3 s — 153252 2p0 383 p g SHiron, phosphorus, sul-
(r=1,2.3. 4.5 m=45.. :u0=45...) 50 fur. chlorine, argon.
wp— ns or nd
(u=1,2.3. 4.5 m=45 .. :n=45...) 50

'Rauge depends om eomparison material misielectngic sesqnence sl gaadness of fit i te syatematie trends,

famfigursin mreractioan studies oudicate iat cofigoration misng eBects, which are oot aclnded in she Coulomb apgaaximatin, may sometinies heeome

sinitheant bor these iransiians, especially bor higher wms,

33 —4p triplets and 3d — 3f singles anly

The Coulomb approximation results fit also remarkably
well inta the systematie trends. As some instructive ex-
amples we present figures 12, 14, 16, 19, 20, and 21 at the
end of this zeneral introduction, whielr are presented there
in connection with other purpnses. It is seen that the de-
viations of the Coulomb approximation results from the
curve of hest fit are hardly greater than 10 percent. Thus,
to sum up, the Coulomb approximation has in its proper
range of application consistently given good agreement
when reliable experimental eomparisons have been avail-
able. and it fits well into the regularities. Therefare its ex-
tensive use as well as its preference over some less aceurate
experimental methods appear 10 be very well warranted.

Based on these comparisons and consistency checks, as
well as on the general rule that transitions between nen-
penetrating orbits (like 3d —4f) are more suitable for this
approximation than those involving strongly core-penetrating
orbits (like 3s—3p). we have given the error assignments
colleeted in table 2. We feel that these error estimates for
the Coulomb approximation are quite eonservative, but they
should only be upgraded when further comparisons confirm
the good agreement found up to now.

8. LS-coupling. A special word of caution is in order on
our extended use of LS-coupling 1o obtain individual line
J-valves in multiplets (as well as multiplet f-values in transi-
tion arrays) from the Coulomb approximation as well as

vl




from other theoretical treatments. LS-coupling should
gradually become a less-reliable approximation as spectra
beccme more complex, and, on the other hand, as the stage
of ionization increases. The increasing presence of inter-
combinastion lines in the third row atoms is, for example, a
clear indication of increased spin-orbit interaction.

In several instances fairlv precise experimental data on
individual lines as well as t. oretical values calculated in
LS and intermediate coupling are available. In cases where
intermediate coupling is expected to prevail, i.e., where
the differences between the two coupling schemes are
pronounced, the experimental values agree indeed much
better with intermediate coupling theory [24, 25]. Of
highest practical importance is the fact that in such cases
the f-values of the stronger lines in multiplets are not nearly
as much affectes as the weaker lines for which the differ-
ences between the coupling schemes become then ver
pronounced.

For this critical compilation we have taken the risk to
hreak down very many multiplet strengths into individual
line f-values—since these are needed in mnst applications —
by using the LS-coupling scheme when no other data were
available. This has been done since the scarce experimental
camparision material indicates that for most of the spectra
included in this compilation LS-coupling appears to be a
fair approximation. However, on the basis of the above
mentioned observation that the stronger lines in multiplets
are usually much less affected by departures from LS.
coupling than the weaker components, we have differen-
tiated between the strong and weak lines in multiplets and
lowered our accuracy assignments for the weaker lines.
In as much as this is a rather gross treatment of the data,
we feel that many accuracy assignments for individual lines
can enly be regarded as provisional. We feel also that ex-
tended intermediate coupling calculations tor many of the
spectra presented are urgently needed to settle the question
uf how drastically departures from [S-coupling a(I!ﬁ-r‘l in-
dividual atomic transition probabilities.

¢. Critical Factors for Forbidden Lines

As in the first volume, we have listed as foibidden lines
all magnetic dipole, magnetic quadrupole and electric
quadrupole transitions, that is, all transitions which do not
fulfill the rigorous selection rules for elcctric dipole lines
(thus, ordinary intercombination lines are tabulated under
allowed transitions). Practically all inaterial on forbidden
lines comes from calculations; only very few experimental
data are available as vet. Our principal sources have heen
the extensive calculations by Naqvi [26] as well as the work
of Malville and Berger {27], Garstang [28, 29]. Froese [30].
Pasternack [31], and Czyzak and Krueger [32. 33]. These
calculations are normally based on the general experssions
for the line streagths of forbidden lines in the ground state
configuration, which were for the p?, p” and p* configura-
tions given algebraically and tabulated by Shortley [34]
et al., and were later extended by Naqvi {26] to the few
transitions in the sp, p, and p* configurations.

The principal differences between the various calculations
are the ways in which the most important atomic parameters
are chosen. Since the latter represent the most critical
factors affecting the results, we shall discuss the choice of
these parameters now in detail:

(a) The “‘spin-orbit,” and “spin-spin und spin-other-orbit”
integrals. These integrals, usually desiynated by { and n,
have been determined either empirically or by using avail-
able wave functions. Garstang has compared the empirical

viii

and theoretical valaes for some ions—the latter obtained
from SCF functions with exchange —and has found differ-
ences of up to 20 percent for { and up to 30 percent for 7.
When a choice is available, we have given preference to the
empirical values,

(b) The term intervals. Here one has the choice between
nsing exclusively experimental energy values or combining
some of these with the results of the Slater theory [35] for
intermultiplet separations, that is, by employing the Slater
parameters F. Differences between the two approaches
arise mainly due to the effects of configuration interaction.
These are neglected in all calculations and may cause devia-
tions up to a factor of two. A study of Garstang [36] in 1956
led to the result that the exclusive use of observational
material partially includes, at least in simple cases, the
effects of configuration interaction. when the latter is otlier-
wise not taken into account. Thus the work based on experi-
mental term intervals has been adopted whenever available.

Naqvi [26] used in his calculations essentially the second
of the above-mentioned approaches. He compared empini-
cally determined Slater parameters F, for the various term
intervals with theoretically derived values, and selected
the one experimental parameter which was ir best agree-
ment with theory. Then he employed this particular F. and
the Slater theory for the deterniination of all other term
intervals. In view of the above-mentioned study by Gar-
stang we have used from Naqvi's work normally only the
transition probabilities based entirely on this parameter,
i.e., based exclusively on observaticnai material. For ex-
ample, his data for the 2p® configuration have not been ap-
plied when other sources have been available. On the other
hand, Naqvi's calculations for the simpler sp configuration
are all based an the empirical value for the one term interval
there and should, therefore, take the effects of configuration
interaction partially into account.

(¢) Transformation coefficients. The atoms and ions under
consideration are imost Clusc|y rcprcseuled by the inter-
mediate coupling scheme, but for the calculations of tran-
sition probabilities the actual wave functions are more
conveniently expressed in terms of LS-coupled wave func-
tions, The transformation coefficients were first derived by
Shortley et al. [34]. and were later refined by several others,
in particular by Naqvi [26]. Thus, Naqvi’s results have been
adopted whenever the choice of the transformation co-
efhicients hecame important and when he accounted for the
effects of configuration interaction in the above-mentioned
manner. It is especially worth noting that by including the
effects of spin-spin and spin-other-orbit interactions on the
transformation coefhicients of the 2p* configuration, some
results are changed by about 10 percent.

(d) The integral sq for electric quadrupole transitions.
This depends principally on the quality of the employed
wave functions. We have preferred calculations with SCF
wave functions over those with hydrogenic functions or
screening constants and, among SCF calculations, we have
preferred those with exchange effects included over those
without exchange. The improvement with SCF wave func-
tions against :he former is estimated to be of the order of
20 percent. The uncertainty in s, should generally be in the
reighborhood of 20 percent.

Some useful remarks may also be made sbout compari-
sons of the calculated forbidden line strengths with recem
experimental results. At the time when our first table of
transition probabilities was completed in 1965, we knew of
only one reliable comparison due to the fortunate circum-
stance that some forbidden |O 1] lines have been observed




in the aurora, and their ter:poral variations have been
measured. In the meantime, some more forbidden lines have
been observed in the laboratory and some rather precise
measurements of transition probability ratios have been
achieved. With this new material, several instructive and
important comparisons are possible, especially tor jO1]
and [S1). Laboratory measurements of several transition
probability ratios of forbidden lines have Leen made in
emission by McConkey et al. [37], LeBlanc et al. [38],
Liszka and Niewndniczanski [39], and Kvifte and Vegard
[40] for [0 1) and by McConkey et al. [41] for [S1}. A com-
arison of the experimental results with the calculated values
32, 42] and our recomineided “best” values is given in

table 3. The agreement is consistent with the error estimates

giver in the theoretical papers. Uther recent experiments
sn [Pb] by Hults [43] and on [I] by Husain and Wiesen-
feld {44] are also consistent with the theoretical error
estimates. However, since only rather indirect comparisuiis
;;an be undertaken for these, they will not be discussed
ere

For some magnetic dipole transitions the line strengus
are, near LS-coupling, essentially given by the numbers
tabulated in table 4. The transition probabilities for these
lines are then simply obtained from the relations given in
the conversion table at the end of this general introduction
if the wavelength of the line is known. The numbers indi-
cated by an asterisk in table 4 are exact values, while all
the other numbers change slightly when deviations from
LS-coupling become significant. Naqvi has calculated—
for all the cunfigurations cncountered for the atoms and jvns
listed in our table—the spectra at which the changes be-
come noticeable. He finds that significant changes occur
only for the 2p* and 2p* configurativns. His results are
graphically presented in figures 2 and 3. From these curves
onge may conveniently obtain the line strengths for some very
highly charged ions like Clxi11. These we have not listed,
since there are presently no energy levels and therefore
no wavelengths available, so that the transiiion probabifities
cannot be tabulated as yet.

TABLE 3. Transition probability ratios for some forbidden lines of O 1 and S 1

Experimeni:
Line ratios Theory: | Recommended in
LeBlanc | McConkey | Kvifte and Liszka and Garstang | NSRDS-NBS 4
el al. el al, Vegard Niewodniczanski
O
A5577)/A12972) 22(+2) 18.6 - —- 17.6 20.0
A(6363)/ A6300) - 0.33 0.33 - 0.32 0.32
A(29T2)/ A 958) - > 200 . 45 210 180
McConkey Czyzak and | Recommended
el al. Krueger. (this
tahulation).
Sk .
A(7725)/ A14589, - 5.1x0.7" - = 5.09 5.09
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FIGURE 2. Line strengths for the P, =3P, and 3P.-?P,

maygnetic dipole lines of the 2p* configuration within the

carbon isoelectronic sequence.

FIGURE 3. Line strengths for the *P,—3P, and *P,—"P,
magnetic dipole lines of the 2p* configuration within the
oxygen isoelectronic sequence.




TABLE 4. Line strength for soine magnetic dipole lines near
LS-coupling

Configuration Line Sa(al. u)
nsnp* Ipe—_3pe 2.00
P 1p3 2.50
np Py —P, **1.33
np’ 3[’0_3PI 2.00
P, =3P, 2.50
ap? D3, -0, 240
’P‘l’“ —’P;I,_, 1.33
ﬂ[)‘ 2P| —"'Pq. 2.00
1P, -p, 2.50
np? e, -3, **1.33
*n=2.3....

*¢ Straighi:number.

In analogy to the magnetic dipole hines discussed above,
there exist also among electric quadrupole transitions a
number of cases where the transition probabilities are
essentially independent of the interaction parameters and
depend critically only on the quadrupole integral sq. These
are the transitions *So— 1D,, 3P, — 3P, and 3P, — 3P, for the p?
and p* configurations and 2D3,--?P,. 2Dg,—?Pj,.
D3, —2P3),, for the p* configuration.

On the whole, the gocd agreement with the observations
and the assessment of the critical factors indicates that un-
certainties no greater than 25 to 50 percent for the forbidden
lines have to be generally expected. For the particular mag-
netic dipole transitions tabulated in table 4 the uncertainties
should be much smaller, since their values are almost in-
dependent of the choice of the interaction parameters, and
also the effects of configuration interactien and deviations
from LS-coupling do not enter sensitively into the numbers.
Thus the line strengths, especially for ions of lower charge,
are essentially exact values. But the respective transition
probabilities, on the other hand, often suffer from uncer-
tainties in the energy level data, especially for the higher
ions. It is for this reason that we have generally not gone
beyond “B” in our accuracy ratings for these transitions.

Within a given spectrum the clectric quadrupole lines
listed above should be the best available ones and th=y
have been estimated to be accurate within 25 percent. whiie
the rest of the quadrupole transitions should be accurate
within 50 percent. Electric quadrupole lines have been
normally rated to be of lower accuracy than magnetic dipole
lines, since the uncertainties in the quadrupole integral
must be added to the other uncertainties already present
for the magnetic dipole lines.

3. Exploitation of Systematic Trends

During the course of our compilation work we noticed
certain regularities in the data which we have then explored
and analyzed in detail. We have subsequently detected many
additional systematic trends, which establish now, for the
first time, a frame-work of reliable f-values tied together bLy
this regula - behavior. The findings and conclusions of these
regularity studies have been extensively discussed in several
recent papers to which we refer for details [4]. Therefore
we shall give here only a summary by presenting the main
systemnatic trends exhibited in the data:

X

a. Deperdence of fvalues on nuclear charge Z. Tnis de-
pendence may be readily derived from conventionai pertur-
bation theory, with the result that f may be represented by
a power series in Z-1:

fmat+aZ"vaZ" 2+ . . ., (1)

where tae first term ao is a hydrogenic f-value [4], which
vanishes for all transitions which do not involve a change in
the principal quantum number. The earlier mentioned
nuclear charge-expansion method, applied by Dalgarno and
co-workers [15, 16, 17] to the determination of f-values,
makes explicit use of this Z-dependence.

b. Systematic trends of f-values within spectral series. In
the comparatively few cases where we have numerical ma-
terial for at least several members of a spectral series, the
f-values decrease rapidly for higher series members, in an
analogous fashion as for hydrogen. The dependence of f on
the principal quantum number n, or the effective quantum
number n*, is always a smooth one, even though for lower n
the fvalue is not always monotonically decreasing. For
higher n the f-values gradually tend to obey the hydro-
genic dependence f~ (n*)~3.

c. Homologous atoms. The third principal regularity con-
cerns homologous atoms, i.e., atoms with the same outer
electron structure. Here we have found that for certain
analogous groups of spectral lines the f-values remain ap-
proximately constant throughout a family of homologous
atoms. For example, the resonance lines of the alkalies. i.e.,
2s—2p for Li, 3s—3p for Na, 4s—4p for K ete. are all close
to unity. This behavior is readily understood ou the basis of
the Wigner-Kirkwood partial f-sum rule. If it is assumed that
most of the strength of a spectral series is concentrated in
its leading transition or, in the general case, its transition
array (for example 3s—3p has the dominant strength in
a 3s—np series), then it follows that for this dominant
transition array the mean fvalue is approximately given
by the number obtained from the partial f-sum rule, Further-
more. in all homologous atoms the breakdown of the total
strength of the transition array into multiplets and individual
lines remains the sane as long as the conpling scheme
remains constant. It follows therefore that for all lines of
dominant transition arrays in homologous atoms the f-values
should stay approximately constant.

These three above-stated regnlarities have been proven
to be extremely useful for our compilation work. prineipally
in the following two respects:

I. We were able to check many data for their degree of
fit into apparent regularities and we have used their
deviations or their fit as an additional guide for our
accuracy estimates.

Il. We could in a number of cases obtain new f-values by
exploiting either the dependence of f~valnes on nuclear
charge or the systematic trends of f-values within
spectral series. Thus for a number of highly charged
ions and for higher members of some spectral series
of K1, where no other data were available, we have
simply performed graphical mterpolations between
existing data or graphical extrapolations (hgs. 9-21).

d. Examples. In order to further illustrate the nscfulness
of the regularities, we shall give now a few examples. First,
we shall give some graphical presentations of the Z-depend-
ence of f-values:

(1) The Mg-sequence transition 3s*'S--3s3p'P° (resa-
nance hine). The adopted data, with the exception of the point
for Mg t, are from purely theoretical sources and fall quite
snoothly into the expected Z-dependence as seen in figure 4.
It is seen that the data of Crossley and Daigarno [17]. ob-
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FIGURE 4. f-wvalue versus 1/Z for the Mg-sequence transition
3s? 1S —3s3p 'P°.

tained by the nuclear charge-expansion method, are appar-
ently very adequate for the higher ions (we use them for
Clvi, Ar vi: and K viil) but deviate for the lower ions increas-
ingly from the values obtained from more advanced theo-
retical methods [9, 11, 13, 14], as well as from the accurate
lifetime experiments of Lurio [18]. and Smith and Gallagher
[19] for Mg1. In order to illustrate the size of our error esti-
mate, we have shaded in figure 4 the area covered by the
adopted uncertainty of 10 percent.

(2) As iwo other examples we present the Be-sequence
muhiplets 'P°—'8S and ?P°--4P of the 2s2p — 2p? array (figs.
5 and 6). For the highly charged ions Na viir, Mgix. Al'x and
Si x1. which are part of this compilation, we could employ
the results of charge-expansion calculations by Cohen and
Dalgarno [15] for the triplet as well as the singlet. These
caleulations include a limited treatment of configuration
interaction. In the case of the triplet the results tie in very
well with the best available data for the lower jons as is secn
in figure 5. The other data are the Hartree-Fock calculations
by Weiss (see ref. [1]). calculations based on hydrogen-like
wave functions by Veselov [45], and lifetime experiments by
l.awrence and Savage [46] and Heroux [47]. We have there-
fore. guided in part by this good agreement, assigned the
conservatively estimated uncertainties of 25 percent 1o the
results of the charge-expansion caleulations for those higher
ions which are relevant for this compilation.

For the singlet 252p'P°—2p*'S we encounter, however,
the very different situation given in figure 6. Here the charge-
expansion calculations of Cohen and Dalgarno [15]. used
again for the ions Navin through Sixi1, do not tie in at all
with Weiss™ calculations (see ref. |1]) for the lower jons and
the neutral Be atom. Furthermore. the appearance of the Z-
dependence curve has taken on a different shape. At first
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FIGURE 6. f-value versus 1/Z for the Be-sequence transition
2s2p 1P°—2p? 'S,

sight it is surprising that a triplet and singlet of the same
transition array show such a different behavior, but on closer
inspection the reason for this is somewhat apparent: While
the upper state of the singlet transition, 2p* 'S, may strongly
interact with the ground state 252 'S, there is, in the case of
the triplet, 22 %P, no other P state which could be formed
by two electrons in the n=2 shell. Thus while the 'S state
may be a strong mixture of the 252 and 2p? configurations, as
well as possibly significant interactions from other config:
urations. no such strong possibility of configuration inter-
aetion exists for the ?P state within the n =2 shell. The points
for the lower stages of ionization in figure 6 are therefore at
present rather uncertain since both Weiss’ and Cohen and
Dalgarno’s calculations include only limited configuration
mixing. A more elaborate treatment is necessary since,
in neutral Be and the lower ions, the 2p? 1S level is em-
bedded ia the 2sns IS series. But higher stages of ioniza-
tion this level separates from the series, so that Cohen
and Dalgarno’s data should gradually become rather accu-
rate for high values of Z. But since it is not clear at what
point this occurs, we have lowered our 2cenracy estimates
for these singlet transitions in the ions Na viil through Si X1
for the time being to “E”, i.e., we do not rule out uncertain-
ties as large or larger than 50 percent.
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TABLE 5. Comparison of multiplet f-values for Fomologous atoms in the dominant s —p transition

xii

arrays*
Transition Sf-value  Uncer- f-value  Uncer-
tainty tainty
Boron (n=2) Aluminum, (n=3)

(n+1)s—=(n+1)p 1§~ 2pe 1.07 25% 1.4} 25%

Carbon (n°=2) Silicon (n=3)
np(n+1)s—np(n+1)p 3pe—3p 0.50 50% 0.61 50%
po—3p 0.31 50% 0.39 50%
P°-13§ 0.10 50% 0.13 50%
1p°—=1D 0.42 50% 0.67 0%
1p>—=1§ 0.11 50% 0.12 0%

Nitrogen (n=2) Phosphorus (n=3)

np*(n+1)s—nr¥(n+1)p P-—-14D° 0.36 25% 0.57 50%
P~p° 6.23 25% 0.36 50%
P—-15° 0.088 25% 0.13 0%
p - 2p° 0318 25% 0.39 50%

Oxygen in=2) Sulfur (n=3)
ap¥(n+1)s—np3(n+1)p 5§°—sp 0.922 10% 1.1 50%
3§° —3p 0.898 10% 1.1 50%

Fluorine (n=2) Chlorine (n=3)
ap*(n+ 1)s=np*(n+1)p p—1p° 029  50% 030  50%
P —-D° 0.53 50% 0.57 S0%
P —18° 0.11 50% 0.12 50%
p-~-2P° 0,53 50% 0.58 S50%
P —12§° 0.11 50% 0.11 5066
1P —-1p° 0.34 0% 0.36 50%

Neon (n=2) Argor. (n=3)
npd(n+1)s—ap’(n+1)p 1s; —2p}* 0.123 10% 0133  25%
1s3—2p, 0.164 10% 0.172 25%
lsz—2p; 0.265 25% 0431 25%
15— 2ps 0158 10% 0160 25%
1s; — 2ps 0.228 10% 0.125 25%
lia—2ps 0.047 10% 0039 25%
1s3—2p2 0273 10% 0.341 25%
ls3—2pa 0.394 10% 0.560 25%
1s5—2p;r 0.246 10% 0.095 25%
1s3—2p1e 0.073 109, 0.058  25%
1s4—2p2 0.034 10% 0.016 25%
Iss—2ps 0.157 25% 0.119 25%
1s4—2ps 0.018 10% 0.0002 25%
Ise—2ps 014 25% 0.121 25%
ls¢a—2ps 0.050 10% 0075 25%
53~ 2pr 0170 10% 0213 %%
14— 2pn 0.245 10% 0413 25%
Ler—8hn0 0077 10% 0.084  25%
T =50 0.040  10% 0.029  25%
18,--2p 0.056 25% 0.030 25%
153~ 2py 0014 10% 0.003 25%
Iss—2ps 0.122 10% 0.239 25%
Isy—2p1 0027 10% 0031  25%
Iss — 2 0373 10% 0.510 25%
Vss'=Bis 0.085  10% 0.159  25%




TABLE 5. Comparison of multiplet f-values for homologous atoms in the dominant s —p transition

as(n+1)s—ns(n+1)p

1§ —ape
1§ —1pe

Beryllium (n=2)

Magnesiun (n=3)

1.13
1.15

25% | 1.41
25% | 1.24

25%
25%

arrays* —Continued
Transitinn f-value  Uncer- | fwalue Uncer f-value  Uncer
tainty tainty tainty
Lithium (n=2) Sodium (n=3) Potassium (n=4)
ns=np 1§ —2pe 0.753 3% | 0.982 3% | 1.02 10%
Antl)s=(n+1)p 1§ —2p° 123 10% | 1.35 25% | 1.5 50%

Calcium (n=4)

1.35 > 50%***
1.24 > 50%***

are involved,
**Paschen aotation,

*The data are either the adopted “best” values of this compilation or 1aken from our eadier Vol. 1 {t]. The numbers are set in italics when experimental data

***Obtained from the Coulomb approx; mation, These data are considered quite uncenain and are therefore not listed in the tabulation.

TaBLE 6. Comparison of multiplet f-valves for homolgous atoms in the dominant p—d transition

arrays*
Transition [-value :J.':::; [-value g’:::; [
Boron (n=2) Aluminum (n=3)

(n+1)p—  (n+1)d Pp-1p° 0.50 25% 0.711 25%
Carbon (n=2) Silicon (n=3)

nptn+1)p— npin+1)d p—1p° 0.63 25% | 048 50%

P —3F° 0.70 25% 0.32 50%

tp—1pe 0.26 25% 0.00021 > 50%

Nitrogen (n=2) Phosphorus (n=3)

npn+1)p —npr + 1)d 1ge_1p 0.945 10% | 030 50%
Oxygen (n=2) Sulfur (n=3)

R T S B

ure involved.

*The data are cither the adopted “best”” values of this compilatine or 1aken frum our carlier Vol I {t]. The pumbers are set in italics when experimental data

TABLE 7. Comparison of f-values for some prominent transitions of S1

. Reyularities in
Transition Multiplet Couluinb Miller [25) Fuster [48] Bridges and homologous
array approximation [3] Wiese [24] " dtoms
As—dp 3§e—3p 1.0y = == 1.54 1.1
3§e —up 1.0; - — 14 1.1
4s=5p 380 —5p ] 0.90575 0.0057x 0.010. =
1§ —ap * 0.0041, 0.0043, 0.0067; —
ap—4d sp—3p° 0.23, - — 0.30, =
4[! — 5(’ "P =] "D‘l 0.0841 0.%8,| — 0.123 —

*Severe cancellation is encoontered.




It should be noted that for all chosen examples further
f-values for the still higher ions like P xi11, S x111, Cl X1v etc.
may be immediately read off the figurcs. However, we have
not employed this particular material in our present compila-
tion since no energy levels and wave lengths are available
as yet, so that the f-values cannot be converted to transition
probabilities and line strengths. But in other cases where
energy level data exist, we have exploited the apparent
Z-dependence of f-values to obtain data for higher ions
simply by graphical extrapolation. For all these cases we
present at the end of this general introduction the relevant
Z-dependence graphs which contain the individual data
points for the lower ions (figs. 10-21).

The second regularitv mentioned above was the systematic
variation of f-values within spectral series. Extensive data
for this type oi regularity are available for several spectral
series of Nai1, Mg, K1, and Can. A smooth variation of
Jf-value with effective principal quantum nurer n* is ob-
served in many cases and speaks for the accuracy of the
data. However, the f-values do not always decrease mono-
tonically with increasing principal quantum numher. Three
examples, for K1, two with a monotonic decrease and one
which shows an ancmalons beliavior, are given graphically
in figures 7, 8 and 9 at the end of this general introduction
(these graphs have been also ntilized for obtaining extrapo-
lated data). The anomalous behavior has been up to now only
observed among the very first members of a spectral series.

The third regularity concerns homologous atoms. To illus-
trate this regularity, we have compared whenever possible
the multiplet f-values of the leading transition arrays for
s—p and p—d transitions for second and third row atoms
as well as for K and Ca. The results, compiled in tables 5 and
6, are quite interesting. First, one observes that for prac-
tically all s —p transitions the f-values increase slightly from
the second row atoms to the corresponding third row atoms.
For the two available cases which also contain fourth row
atoms, namely the combinations, Li, Na, and K as well as
Be, Mg, and Ca, no further increase in the fvalue is noted
between the third and fourth row atoms. But. as already
mentioned, these increases are very small, so that within the
approximate range of the partial f~sum rule prediction the
f-values may b. regarided as behaving according to this
prediction, i.e.. ti'ey remuain essentially constant.

For most p~—d wrensitions on the other hand, this con-
stancy of the f-value is not preserved. In most comparisons
the respective f-values for the third row atoms decrease
drastically. In at least two exanples (Si1 'P—'P°, and
S1 *P—D°) this is definitely due to significant cancellation
in the transition integral. It is suspected that such an inter-
ference effect is playing a siguificant role throughout all
third row atoms for these particular transitions. Any cancel-
lation effects are of course not censidered in the partial
fsum rule application so that this would account for the
apparent violation.

The regularities in the fvalues of homologous atoms
have sometimes influenced our choices of absolute scales.
We discuss as an example the case of S1. In this instance
we could have chosen the absolute scale for the prominent
transitions in the visible and near infrared either from the
Coulomb approximation [3]. or from the shock-tube work by
Miller [25}, or from the arc experiments by Foster (48], and
Bridges and Wiese [24]. The comparison of the data in table 7
shows a pronounced soread in the abeolute values by about a
factor of two. For the case of the 4s — 4p transitions we may
also obtain an absolute scale by extrapolating from the rather
accurate data for the homologous 3s—3p transitions of
01, taking account of the fact that for all 45— 4p transitions
the f-values increase slightly against the corresponding

Xiv

3s—3p lines (see table 5). This scale is also listed in the
comparison table 7.

After subjecting as usual all methods to an extensive
analysis we arrived at our final choice mainly by considering
the following facts: (a) the reliability of the Coulomb approxi-
mation for the 4s—4p transitions of third row elements is
quite good, e.g., in the cases of Arl and Ar 1t the deviations
against the most accurate methods are within 25 percent or
less (table 1); (b) the point at which arc and shock-tube
results overlap almost coincides with the scale obtained
from the Coulomb approximation; (c) the absolute scales
in the arc and shock-tube experiments are much more uncer-
tain than the relative numbers obtained from these experi-
ments and do not rule out the scale ohtained from the
Coulomb approximation; (d) the almost constant factor
between the arc results of Bridges and Wiese and the
Coulomb-approximation results may be readily explained on
account of large uncertainties present in the absolute experi-
mental scale, but would be very difficult to interpret due to
uncertainties in the theory, since several different transition
arrays are involved for which the transition integrals are
independently obtained; (e) last but not least the f-values
predicted frum the regularities from homol¢eous atoms sup-
port strongly the scale obtained from the Coulomb approxi-
mation.

We have therefore chosen the scale of the Coulomb
approximation as the best available one and assigned accu-
racy ratings of 50 percent to the individual (absolute) values.

4. Classification of Uncertainties

Before leaving the subject of the review of the data sources
and our method of evaluation, we want to make some re-
marks about our final error estimiates. (But the mechanics
of the evaluation process has been explained in the introduc-
tion to Volume I [1] and will therefore not be repeated.) In
particular, we would like to emphasize that at the present
stage of our knowledge we find it impossible to assign indi-
vidual error limits to each critically evaluated number. We
therefore again stick to our earlier devised classification
scheme, in which f-values are divided into several levels of
accuracy which differ by steps of about factors of three.
We use again the following arbitrary notation:

AAn, for uncertainties within................. 1%
7o (e e m—— o, 3%
| S oo 10%
L O o, 25%
[ ) oo, 50%
e oo for uncertainties larger than........... 50%

The word uncertainty is used with the meaning “‘exient of
possible error’” or “*possible deviation from the true value™.
We have included data of class “E™, that is. very uncertain
values. only in special cases. For example, we have used
them when, for the most important and most characteristic
lines of a spectrum, no better data were available, so that
otherwise these important lines would have to be omitted.
Also, we have retained class “E” f-values to keep multiplets
complete. We have often made a further differentiation in the
classification scheme by assigning plus or minus signs to
some transitions, whicl serves to indicate that these lines
are estimated to be significantly better or worse than the
average values of this class. These should he therefore the
first or last choice among similar lines.

To sum up. in our error estimates we were principally
guided by the main four guide-posts stated earlier: first.
by thie estimates of the individual authors: second. by
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the gencral agreement of the data with other material; third,
by the author’s consideration of the critical factors entering
into the method; and fourth, when applicable. by the degree
of fit of the data into the apparent systematic trends.

The final selections of the data depend so much on the
particular material that the major justifications are given in
the individual introductions for each spectrum.

D. GENERAL ARRANGEMENT OF THE
TABLES

We have continued to use the same general arrangement
which we have adopted in Volume [, since we have received
many positive comments on it. In a few special cases we
have adapted our arrangement to meet the particular situa-
tion existing in some spectra. Thus, for example, for Ari
we have presented, in addition to the jl-coupling notation,
the Paschen notatien, since it is widely used.

The wavelength and eunergy level data have usually been
obtained from the standard spectroscopic sources, such as
*he tabulaticns of Mre. Moore-Sitterly [5, 6, 7, 49]. In quite
a number of cases she has generously furnished s with
newer material from her vast literature files. Thus, for
several forbidden lines our listed transition probabilities
differ from the author’s original values, since we use newer
energy level data.

For a number of tines we had to calculate wavelengtirs
from energy level differences. Thess are given in squure
brackets to distinguish them from the presumably more
accurate observed material.

E. FUTURE PLANS AND
ACKNOWLEDGMENTS

We intend to extend this critical compilation in the near
future to selected heavier elements. The most likely targets
will be the heavier alkalis and alkaline earths, and the
elements of the iron group.
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some of the most glaring defects in the data. We would like
to mention especially the intermediate coupling calcula-
tions of R. Cowan and P. Murphy on Ar1; the “superposition
of configuration” calculations of A. Weiss on Mgi, Ali,
Al11, and Sii1 and 111; the arc measurements of J. Richter
and J. M. Bridges for Ar1, and J. B. Shumaker, Jr. for Ari1;
and the lifetime measurements of J. Z. Klose for Ar1.
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of Miss Judy Grabusnik in typing and proofreading the
manuscript.

REFERENCES

[1[ Wiese. W. L.. Smith. M. W., and Glennon, B. M., “Atomic Transition
Prubabilities - Hydrogen through Neon," NSRDS-National Bureau
of Standards 4, Vol. 1 (U.S. Gavernment Printing Office, Washing-
ton, D.C., t966).

(2] Glennon, B. M., and Wiese, W. L., "Bibliography on Atomic Transition
Probabilities,” National Bureau of Standards Miscsllaneous Publi-
cation 278, April (1966). Supplement, Dec. (t9%7) (U.S. Government
Printing Office, Washington. D.C.).

S S

(3( Bates, D. R., and Damgaard. A., Phil. Trans. Roy. Sec. London, Ser.
A242, 101 (1949). )

(4] Wiese, W. L., Proc. Beam Foil Spectroscopy Coxf., Tucson, Arizona
(Gordon and Breach Publ., New York, t967). Wiese, W. L., and
Weiss, A. W., Phys. Rev. 175, 50-65 (1968).

(5[ Monre, C. E., "A Muliiplet Table of Astrophysical Interest, Revised
Edition,”* National Bureau of Standards Tech. Note 36 (U.S. Govern-
ment Printing Office, Washington, D.C., 1959).

(6] Mooure, C. E., “An Ultraviolet Multiplet Table,” National Bureau of
Standards Circular 488, Sec. 1 (U.S. Government Printing Office,
Washington, D.C.. 1950).

{7( Moore, C. E., “Selected Tables of Atomic Spectra, Atomic Eneigy
Levels and Multiplet Tables,” NSRDS-National Bureau of Stand-
ards 3, Section 1 (1965), Section 2 (1967) (U.S. Government Printing
Office, Washington, D.C.).

[8] Weiss, A. W., Phys. Rev. 162, 71 (1967).

[9] Weiss, A. W., J. Chem. Phys. 47, 3573 (1967).

[tO] Weiss, A. W. (to be published).

[tI[ Zare, R. N., J. Chem. Phys. 47, 3561 (1967).

(t2] Fischer, C. F., J. Quant. Spectrosc. Radiat. Transfer 8, 755 (19G8).
Astrophys. J. 151, 759 (1968).

[t3[ Froese, C., Astrophys. J. 140, 36t (1964).

(14] Steele, R., and Trefftz, E., J. Quant. Spectrosc. Radiat. Transfer 6,
833 (1966).

{t5] Cohen, M., and Daigarno, A., Proc. Roy. Soc. london A280, 258

964

(1964).

[16{ Dalgarno, A., and Parkinson, E. M., Proc. Roy. Soc. London A301,
253 (1967).

[17) Crossley, R. J. S., and Dalgarno, A., Proc. Roy. Soc. London A286,
510 (1965).

(18] Lurio, A., Phys. Rev. 136, A376 (1964). Schmieder, R. W., Lurio, A.,
and Happer, W., Phys. Rev. 173, 76-79 (1968).

{19] Smith, W. pW and Gallagher, A., Phys. Rev. 145, 26 (1%96.

{20] | ayger, D, and Gaestang, R. H “Theorstical Atomir Transiton
Probabilities.”” Annual Review of Astronomy and Astrophysics.
Vol. 6 (Annual Reviews, Inc., Palo Alto, Califurnia, t968).

[21] Wiese, W. L., “Methods of Experimental Physics,” 7A, ch. 2.1
(Academic Press, New Yo &, 1968).

[22] Corliss. C. H., and Bozman, W. R., “Experimental Transition Proba-
bilities for Spectral Lines of Seventy Elememts,” National Bureau
of Standards Monograph 53 (U.S. Government Printing Office,
Washington, D.C., 1952).

[23) Meggers, W. F., Corliss, C. H., and Scribner, B. F., " Tables of Spectral
Line Intensities,” National Bureau of Standards Monograph 32
(U.S. Governiaent Printing Office, Washin:ton, D.C., 196t).

[24) Bridges. J. M., and Wiese, W, L., Phys. Rev. 159, 3] (1967).

[25]) Miller, M. H., University of Maryland Technical Note BN 550, May
(1968).

[26] Naqvi. A. M., Thesis Harvard (1951).

[27) Malville, J. M., and Berger, R. A., Planetary and Space Science 13,
1131 (1965).

{28]) Garstang, R. H., Ann. Astrophys. 25, 109 (1962).

29) Garstang, R. H., 1.A.U. Symposium No. 34 on Planetary Nebulae keld
at Tatranska Lomnica, Czechoslovakia, Sept. (1967).

30] Froese, C., Astrophys. J. 145, 932 (1966).

2] Pasternack, S.. Astrophys. J. 92, t29 (1940),

s2f Czyzak, S. J.. and Krueger, T. K.. Monthly Notices Roy. Astron. Soc.
126, t77 (1963).

[33) Krueger. T. K., and Czyzak, S. J.. Astrophys. J. 144, tt94 (1966).

{34] Shertley. G., Aller, L. H., Baker, J. G., and Menzel, D. H., Astrophys.
1. 93,78 (1941).

35] Slater. J. C., Phys. Rev. 34, 1293 (1929).

36] Garstang, R. H., Proc. Cambridge Phil. Soc. 52, t07 (1956).

37] McConkey, J. W., Burns, D. J., Moran, K. A., and Emeleus, K. G.,
Phys. Letters 22, 416 (t966).

[38) l.eBlanc.F. J.. Oldenberg. O.. and Carleton. N. P.. ). Chem. Phys. 45,
2200 (t966).

{39) lLiszka. L.. and Niewodniczanski. H.. Acta. Phys. Polon. 17,345 (1958).

[40] Kvifte, G:., and Vegard, L., Geofys. Publikasjoner Norske Videnskaps-
Akad. Oslo 17, No. 1 (1947).

[41] McConkey. J. W., Burns, D. J., Moran. K. A., and Kernahan, J. A.,
Nature 217, 538 (1968).

[42]) Garstang, R. H.. Fifteenth International Astrophysical Symposium,
Liéze, Junc (1968).

{43] Hults, M. E.. J. Opt. Soc. Am. 56, 1298 (1966).

144] Husain, D.. and Wiesenfeld. J. R., Nature 213, 1227 (1967).

(45] Veselov, M. G., Zhur. Eksptl. i Teoret. Fiz. 19, 959 (1949).

(46] Lawrence, G. M., and Savage, B. D., Phys. Rev. 141, 67 (1966).

[47] Heroux, L., Phys. Rev. 153, 36 (1967).

[48] Foster, E. W., Proc. Phys. Soc. London A90, 275 (1967).

[49] Muore, C. E., “Atomic Energy Levels,” National Bureau of Standards
Circular 467; Vol. 1 (1949); Vet I (1952 Vol. 11 (1958) (U.S.
Government Printing Office, Washington, D.C.).

Xv




KEY TO ABBREVIATIONS AND SYM-
BOLS USED IN THE TABLES

1. Symbols for indication of accuracy:

F, V. U uncertainties within 1%
AL e simese uncertainties within 3%
- S uncertainties within 10%
{ ORI uncertainties within 25%
| ) uncertainties within 50%
| DN uncertainties larger than 50%.

2. Abbreviations appearing in the source column of
allowed transitions:

{s=LS-coupling

ca= Coulomb approximation

n=normalized to a different scale

interp. = data interpolated from regularities

extrap. = data extrapolated from regularities.

3. Types of forbidden lines:

e== electric quadrupole line

m= magnetic dipole line

m.q. = magnetic quadrupole line.
(The total transition probability is obiained by adding the
individual transition probabilities due to each type of radia-
tion, provided there are no significant magnetic fields
present, i.e., provided one may average over the magnetic
quartum numbers m;.)

4. Special symbols used in the wavelength and energy
level columns:
Number in parenthesis urnder multiplet notation refers to
running number of ref. [5] (Revised Multiplet Table). If
letters ‘“‘uv’” are added, we refer to running rumber of
ref. [6] (Ultraviolet Multiplet Table). If letters “UV" precede
the number, we refer to ref. [7}(Si 1, 11, 111, 1v Multiplet Tables
and Energy Levels).

Numbers in italics indicate multiplet values, i.e., weighted
averages of line values.

Numbers in square brackets indicate approximate
calculated or extrapolated values.

USEFUL RELATIONS
(A) Statistical Weights:

The statistical weights are related to the inner quantum
number J;, (in one-electron spectra j) of a level (initial and

xvi

final states of a fine) by
u@.=2J1+1,

and to the quantum numbers of a term (initial and final
states of a multiplet) by

au=2L+1)(2S+1).

(The “multiplet” values gy may also be obtained by summing
over all possible “line™ values g;.. § is 1he resultant spin.)

(B) Relations between the strengths of lines and the total
multiplet strength:
1. Line strength S:

S(iq I‘)= 2 S(-Ih .Ik)
Ji s
or S(Multiplet)= 2 S(line)

(k denoies the upper and i ihe lower term).
2. Absorption oscillator strength:

pmtiviet — 2 Ji+ D)X M, Jo) X fUdis Ji)

S |
K> @i+ )%,
.’l

The mean wavelength for the multiplet A;, may be obtained
from the weighted energy levels. Usually the wavelength
differences for the lines within a multiplet are very small,
so that the wavelength factors may be neglected.

3. Transition prohabilities

An)ul(lule(_—_ i 2/ 41X\ i XA o
5 ) 2 (2.IA-+1)/§k(ZJA XA JiPXAUs. )
Jx

Relative strengths S(Ji. Jx) of the components of a multiplet
are listed for the case of LS-coupling in Allen, C. W., **Astro-
physical Quantities,” 2d ed. (The Athlone Press, London,
1963); White, H. E. and Eliason, A. Y., Phys. Rev. 44, 753
(1933); Shore, B. W. and Menzel, D. H. “Principles of
Atomic Structure,” p. 447 (John Wiley & Sons, Inc.. New
York, 1968); Goldberg, L., Astrophys. J. 82, 1 (1935) and
84, 11 (1936).




CONVERSION FACTORS

The factor in each box converts by multiplication the quantity above it into
the one at its left.

Aui Six S
Eq
2.026, X 108
&i\3
E,
Ak 1 6.670, X 10® g 1.6795 X 101
A? &k &i\®
My
2.697, X 1Mm3
&\
Eq
303.7s
&\
E,
e 1.4992 x 10-16)2 & 1 251.8
&i ai\s
MI’
4,043 X 10-3 |
i\
B Eq |
4.935; X 10-19g; A3 3.292, X 10-3gA {
Eq Eq ‘
S 1
5.953 X 10-19g;. A% 3.971 X 10-3giA?
.'v’d 1Md
3.7075 % 10-14g,A3 247.302IA

The line strength is given in atomic units, which are:
For electric dipole transitions (allowed-denoted by Eg):

aje? = 7,187, X 10-¥m2C?
for electric quadrupole transitions (forbidden-denoted by E,):

afer=2.0213 X 10-"m*(?
for magnetic dipole transitions (forbidden-denoted by M)

e2h?[16m2m2c? =18.599 X 10~63 J2[/h~2m¢,

The transition probability is in units sec~!, and the f-value is dimensionless. The wavelength A is
given in Angstrom units, and g; and gi are the statistical weights of the lower and upper state,
respectively. For the atomic constants entering into the relations, we have used the latest recom-

mend:itions of the National Academy of Sciences adopted by the National Bureau of Standards

(NBS Handbook 102 (1967)).
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FIGURE 7. Systematic trend of f-values within a spectral series.
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FIGURE 9. Systematic trend of f-values within a spectral series.
Plotted is n**f versus n* for the 4p-ns series of K 1.
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\
SODIUM
Na 1l
Ground State 1522522135 28,2
lonization Potential 5.138 eV =41449.65 ¢m!
Allowed Transitions
List of tabulated lines:

Wavelength {A] No. Wavelength (4] No. . Wavelength [A] No.
2433.8 16 4545.19 21 9990.3 64
2436.6 15 4664.81 31 9996.3 64
244010 14 4668.56 31 10176 73
2444.2 13 4668.6 31 10183 7
24494 12 4747.94 20 10290 63
2455.9 11 4751.82 20 10296 63
2464.4 10 4978.54 30 10566.0 72
2475.5 9 4982.8 30 10572 72
2490.70 8 4982.81 30 10572.3 72
2512.1 7 5148.84 19 10741 62
2543.8 6 5153.40 19 10746.4 49
2593.9 5 5682.63 29 10747 62
2680.4 4 5688.19 29 10749.3 49
2852.81 3 5688.21 29 10834.9 42
2853.01 3 5889.95 1 11190.2 71
3302.37 2 5895.92 1 11197 71
3302.98 2 6154.23 18 11197.2 71
41929 38 6160.75 18 11381.5 17
4195.9 38 6632.! 58 11403.8 17
4198.0 27 6680.0 57 11490 61
4201.0 27 6743.1 56 11498 61
4212.9 37 6827.3 55 12311.5 70
42159 37 6944.0 > 12320.0 70
4220.2 26 7113.0 53 12679.2 4]
4223.2 26 7373.3 52 12695 86
4238.99 36 7810.0 51 12771 85
4242.08 36 8183.26 28 12867 84
4242.1 36 8194.79 28 12907.9 60
4249.41 25 8194.82 28 12917.3 60
4252.52 25 8650.3 50 12984 83
4273.64 35 8796 47 13132 82
4276.79 35 8942.96 46 13321 81
4276.8 35 9153.88 45 13574 80
4287.84 24 9465.94 44 13920 79
4291.01 24 9492.3 77 14414 78
4321.40 34 4497.7 77 14767.5 69
4324.6 34 9518.5 67 14779.7 69
4324.62 34 9523.9 67 14780 69
4341.49 23 9595.2 76 16373.9 59
4344.74 23 9600.8 76 16388.9 59
4390.03 33 9633.1 66 18465.3 40
4393.3 33 9638.7 66 22056.4 48
4393.34 33 9731.6 75 22083.7 48
4419.89 22 9737.3 75 23348.4 68
4423.25 22 9785.49 65 23379 68
4494.18 32 9791.6 65 23379.1 68
4497.66 32 9916.0 74 9880 39
4497.7 32 9921.9 74 91380 39
4541.63 21 9961.28 43
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Numerous determinations of the oscilator strengths for the famous D-lines of the 3s =3p doub-
let are available. It is surprising to find that even among the fairly recent values, differenees of up'
10 30 percent exist (e.g.. compare the multiplet oscillator strength valne of 1.24 obtained from an
anomalous dispersion method by Kvater [1] with a value of 0.96 obtained from a lifetime measure-
ment by Kibble. et. al. [2]). The adopted value for the deublet is the average of the supposedly
most tefined versions of precise experimental and theoretical methads. Specifically it includes
the results of a self-consistent field calculatien including polarization effects by Biermann and
Liibeck [3]. a central field approzimation by Prokof'ev [4]. a magnetie rotation experiment by
Stephenson [5]. lifetime determinations with the phase-shift technique by Cunningham and
Link [6], with the delayed coincidence method of Kibble, et. al. [2], and with the Harle-effect
method by Baylis [8]. An uncertainty of less than 3 percent for the averaged value is indicated
by the good agreement among the various selected results.

Values for the 3s—4p. 35 =5p. 3s—6p. 3p—3s and Is—1p transitions are taken solely from
the calculations of Prokof'ev [4]. which are considered more advanced than any of the other
available approaches. (It should be noted that differences between the varions methods are usually
only of the order of a few percent.) For the transitions 3s—np. where n runs from 7 to 18, the ~cmi-
empirical calculations of Anderson and Zilitis [9]. and the relative anamalons dispersion measure-
ments of Filippov and Prokof ev [10] are available. When multiplied by a factor of 0.0134, the values
of Filippov and Prokof’ev are found 1o agree with those of Anderson and Zilitis to within 15 pereent:
therefore. an average of the normalized values of Filippov and Prokof ev and the results of Anderson
and Zilitis is taken for the above transitions. The lifetime measurement of the 4d level by Karstensen
and Schramm [7] has been applied to the transitions 3p—4d and +p—44d, together with the above-
quoted calculations by Prokof’ev [4] and Anderson and Zilitis [9]. Experiment and theory tie..
the sum of the calculated transition probabilities) agree within 6 percent. The branching ratios
are based solely on the calculated results.

For all other transitions, the only available sources are the Coulomb approximation and the
semi-empirical calculations of Anderson and Zilitis. Agreement between the two methods is good
in general; however, the semi-empirical method of Anderson and Zilitis is considered more
refined and their values are used in all cases, For the 3p—6s. 3;:—4d and 3p—>5d transitions. addi-
tional results are available from self-consistent field calculations by Chapman, et. al. [11]. These
agree within a few percent with the adopted values.
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Nal. Allowed Transitions

— I e .‘
No.| Transition Mubhiplet AA) Edem™) | Extem™) | & | & L 1R Six Statu,) | log gf | Acceud
Array sec') racy
1 2§ —2pe 5891.8 0 16968 | 2| 6| 0.629 0.982 38.1 0.293
h
5889.95 0 169731 2| 4| 0.630 0.655 25.4 0.117
5895.92 0 16956 | 2| 2| 0.628 0.327 12.7 —0.134
2 5 —2pe 3302.6 0 30271 2( 6] 0.0292 0.0142 0.311 —-1.55 | ¢+
2
3302.37 0 30273 | 2| 4 0.0290 0.0094 0.207 -1.73
3302.98 0 302671 21 2! 0.0293 0.00477 0.104 —2.021
2

Source

2. 3.4,

5.6.8
Is
Is
4

Is

Is




Nal. Allowed Transitions —Continued
S R . il =
No. | Transitien Muhipler AMA) Eaem M| Egem | & | & | 4108 Jik Statu)  |log gf |Accu-Source
Array sect) racy
3| 3s=5p L ] 2852.8 0 350427 2 | 6 |0.0060 0.00221 0.0415 —2.355| C+ 4
ke 2852.81 0 35043 2 | 4 | 0.0060 0.00147 0.0276 —-253 | C+ Is
2853.01 0 35040 2 | 2 0.0060 7.4x1071 | 0.0138 —-28 | C+ Is
4 {3s—6p S =2pe 2080.4 0 372971 2 | 6 |0.00226 7.3x10-*} 0.0129 ~-284 1 C+ 4
(2 uv)
513s=Tp 2.?3—’]:" 2593.9 0 3854112 | 6 10.00120 3.61 X 104 0.0062 —3.140| C+|9, 10n
S Uy
6 |3s—8p 2.(\‘.4— 2|:° 2543.8 0 3929912 16 [6.6X107 | 1.92 X104 0.00322 —3.416| C+|9,10n
uyv
T13s-9p ’.'5'5— *l;° 2512.1 0 3979512 16 [405X101 1.15%10-9 0.00190 -3.64 [ C+|9, i0n
2 uy
8 | 3s—10p ’;\‘6— zl;" 2490.70 0 4013712 6 (276%X107'| 7.7x10-* | 0.00126 —-3.81 ; C+{9,10n
T
9 35—11p 2§_2pe | [2475.5] 01 40383{2 |6 [1.94X10] 53x10-5 | 8.7x10* |-3.97 | C+]9, 10n
10 | 3s—12p 25-.2pe {2464.4] 0 40566 6 |1.44Xx107 3.92x10-% 6.4%x10-* |-4.165| C+|9, 10n
11 3s—13p LA 12455.9] 0 40705 | 2 [1.12X 107 3.03 X 10-% 4.90x 10-*|—4.218[ C+{9, 10n
12 | 3s—14p IN=E® [2449.4] 0 4081412 |6 [8.6X107% ] 231 x1073 3.73x10-4|—4.335] C+[9.10n
13 | 3s—15p 2§ - 2p° (2444.2} | 0 40901 {2 |6 [68x10-" | 1.84X10-%| 2.96x10-*}-4.434] C+|9, 10n
14 | 3s—16p 2§ -2p° 12440.0] 0 4097112 |6 (5.6X10™® [ 1.50X 107 2.41x10-4{~4.52 | C+{9, 10n
15| 3s=17p S -2Ppe {2436.6] 0 41028 (2 [6 (4.64 X_lOT*" 1.24X10-% 1.99%10-*{—4.61 | C+|9. 10n
16 | 3s—18p B L [2433.8] 0 41076 {2 |6 |[3.87Xx107%)1.03 X 10""l 1.65X10-*—4.69 ; C+19,10n
17 | 3p—4s pe_zs§ 11397 10968 25740 | 6 |2 }0.251 0.163 J36.7 -0.010f C 4
) 11403.8 16973 25740 | 4 [ 2 (0.167 0.163 245 —-0.186| C Is
11381.5 16956 25740 [ 2 [ 2 [0.084 0.163 12.2 —-0.487| C Is
18 | 3p—=>5s 2l"’_— 8 6158.6 16968 33201 | 6 |2 10072 0.0137 1.67 -1.085] C 9
) 6160.75 16973 33201 | 4 |2 ;0.0482 0.0137 1.11 -1.261}| C Is
6154.23 16956 33201 {2 |2 (0.0241 0.0137 0.56 -15 | C Is
19 | 3p—6s pe_z8 31519 16968 363731 6 |2 [0.0330 0.00437 0.445 -158; C 9
o 5153.40 16973 36373 [ 4 (2 [0.0220 0.00437 0.297 =176 | C Is
5148.84 16956 36373 |2 {2 [0.0110 0.00437 0.148 —-2.058) C Is
20 | 3p-1Ts o8 47505 16968 3801216 |2 |0.0178 0.00201 0.180 -192 | C 9
i 4751.82 16973 38012 (4 (2 10.0119 0.00201 0.126 —-2.095| C Is
4747.94 16956 380122 (2 |0.0059 0.00201 0.063 —-2.39| C Is
21 [ 3p—8s pe—z8 1514.2 16968 38969 6 | 2 |0.0108 0.00111 0.100 -2.1771 C 9
3 o 4545.19 16973 38969 | 4 | 2 [0.0072 0.00111 0.066 —-2.353; C Is
: 4541.63 16956 38969 ( 2 | 2 10.00359 0.00111 0.0332 -265| C Is
EI i 22 | 3p--9s 2l’(°l;)"5 $422.2 16968 3957516 | 2 |0.0070 6.8Xx10-* | 0.060 -2.387 C 9
? ; 4423.25 16973 39575 | 4 | 2 |0.00466 6.8x10-* | 0.0398 —2.56 C Is
; i 4419.89 16956 3957512 | 2 10.00233 68X 10+ 1 0.0199 —2.86 C Is
1}
3
- = . e e e e e Bt WM 58 AN AT DBN
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Nal. Allowed Transitions —Continued
No.| Transition| Multiplet AA) Eqem™) |Exiem=Y| & | & |  Aw(10# Ju Stat.u.) log &f |Accu-{Source
Array sec™!) racy
23 | 3p—10s po_2§ 4343.8 16968 39983| 6| 2] 0.00480 4.53x10-+ 0.0389 =257 | C 9
4344.74 16973 39983| 4| 21| 0.00320 4,53 %101 ¢.0259 -2.74 | C Is
4341.49 16956 39983 | 2| 2| 0.00160 4,53 %10 0.0129 -3.043 | C Is
24 (3p-—11s po_2§ 4289.5 16968 402711 6| 2| 0.00357 3.28 X 104 0.0278 =271 | C 9
4291.01 16973 40271 4| 2{ 0.00238 3.28x 10 0.0185 —-2.88 | C Is
4287.84 16956 40271 2| 2| 0.00119 3.28 X 104 0.0093 =318 | Is
25 {3p—12s po_ 2§ 42514 16968 40182 6| 2| 0.00260 2.35%x 10 0.0197 -285 | C 9
4252.52 16973 404821 4 2| 0.00173 2.35x 10 0.0132 —-3.027 | ¢ Is
4249.41 16956 40482 2| 2| 8.7x10 2.35x10-4 0.0066 —-3.328( C {s
26 | 3p—13s tpe_2§ 4222.3 16968 4064| 61| 2| 0.002i2 1.89 x 10+ 0.0158 —295 | C 9
(4223.2) 16973 40644 4 2| 0.00141 1.89 x 104 0.0105 -3.122| C Is
[4220.2) 16956 40644 2| 2, 7.1x10* 1.89x 104 0.0053 —-3.4231 C Is
27| 3p—14s po_ 2§ 4200.} 16968 40769, 6§ 2 0.00177 1.56 X 104 0.0129 —3.029| C 9
[4201.0) 16973 40769| 41 2} 0.00118 1.56 X 101 0.0086 —-3.205| Is
(4198.0) 16956 40769 2| 2] 5.9%x10 1.56 X 19—+ 0.00431 =351 | C Is
28 | 3p—-3d ’P°—)’D 8191.1 16968 201731 61 10| 0.495 0.83 135 0.70 | C 4
(4
8194.82 16973 291731 4] 6] 0.495 0.75 81 0477 C Is
8183.26 16956 29173 2 4| 0.413 0.83 4.7 0.220] C Is
8194.79 16973 291731 4| 4] 0.082 0.083 9.0 —0.479| C Is
29 |3p—4d ’P°—)’D 5686.4 16968 34549] 61 10} 0.131 0.106 11.9 —0.197| C+ 4,7
(6
5688.21 16973 34549 4| 6| 0.131 0.095 7.1 —-0.420( C+ Is
5682.63 16956 34549 2] 4 0.109 0.106 3.97 —-0.67 | C+ Is
5688.19 16973 34549 4] 4 0.0219 0.0106 0.79 —1.373| C+ Is
30 | 3p—5d pe_2p 4981 .4 16968 37037 6} 10 0.050 0.0311 3.06 -0.73 | C 9
(9)
4982.81 16973 37037] 4| 6} 0.050 0.0280 1.84 —-0.95 | C Is
4978.54 16956 370371 27 4] 0.0418 0.0311 1.02 —1.2061 C Is
[4982.8) 16973 370371 4| 4| 0.0084 0.00311 0.204 -191 | C Is
31 (3p—6d 2pe —)’D 4657.5 16968 38387 6] 10 0.0257 0.0140 1.29 —1.076] C 9
(12
4668.56 16973 38387] 4| o] 0.6257 0.0126 0,77 —1.298| C Is
4664.81 16956 38387f 2{ 4} 0.9214 0.0140 0.430 —-1.55 | C Is
[4668.6) 16973 38387] 4| 4] 0.00428 0.00140 0.086 —-2.252] C Is
32 |3p-Td tpe_2p 4495.6 16968 392011 61 10| 0.0151 0.0076 0.68 -1.341| C 9
(15)
4497.66 16973 39201; 4| 6 0.0i51 0.0069 0.406 —136 | C Is
4494.18 16956 39201 2| 4| 0.0126 0.0076 0,225 -1.8 | C Is
(4497.7] 16973 39201 4] 4 0.00251 7.6x10- 0.0451 —-252 | C Is
33 |3p—-8d 2pe—2p 4392.3 16968 39729 61 10| 0.0097 0.00406 0.404 -1.55 | C 9
("
4393.34 16973 397291 4 6] 0.0097 0.00419 0.242 -1.78 | C Is
4390.03 16956 39729| 2| 4 0.0081 1.006466 0.135 -2,031 € Is
(4393.3] 16973 39729 4| 4 0.00lol 4.66 X104 0.0270 =213 | C Is
34 3p-9d pe_2p ) 4323.5 16968 40090 6} 10| 0.0066 (..00307 0.262 -1.73 | © 9
4324.62 16973 400901 4 6] 0.0066 0.00276 0.157 ~1.96 | C Is
4321.40 16956 40090( 2| 4] 0.0055 0.00307 0.087 -2212| C Is
(4324.6) 16973 40090 4| 41| 0.00109 y 3.07x10 0.0175 —2.91 C Is
4
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Nal. Allowed Transitions— Continued
NoJ Transition | Multiplet MA)  [Edem™) [Edem=| & | & Ari(108 ‘ Sk S(at.u.) log &f |Accu-Source
Array sec™!) ravy

— L -

35! 3p~-10d tpe_2p 4275.8 16968 40349 6| 10| 0.00468 0.00214 0.181 —1.89 C 9

4276.79 16973 40349 | 4| 6| 0.00469 0.00193 0.109 -2.112 C Is

4273.64 16956 40349} 2| 4] 0.00391 0.00214 0.060 -2.369 | C s

14276.8) 16973 40349 4| 4] 7.8>10¢ | 214x 104 0.0121 —-3.068 | C Is

36| 3p~—11d | *P°-2D 4241.1 16968 40540 6| 10| 0.00347 0.00156 0.131 -2029 | C ¢

4242.08 16973 40540 | 41| 6| 0.00346 0.00140 0.078 —2.252 C is

4238.99 16956 40540 | 2| 4| v.00290 0.00156 0.0435 —2.51 C l_s

(4242.1) 16973 405401 4} 4| 5.8x10¢ 1.56 %104 0.0087 —-3205| C Is

37| 3p—12d | *P°-D 4215.0 16968 40685 6110} 0.00264 0.00117 0.097 -2154 | C 9

42159 16973 40685¢ 4 6! 0.00263 0.00105 0.058 —2.377 C Is

42129 16956 40685{ 21 4| 0.00220 0.00117 0.0325 —2.63 C s

42159 16973 40685 4| 4 4.39%X104| 1.17x 10 0.0065 —-3.330 C s

38| 3p—13d | *°~?D 4195.0 16968 407981 61 10] 0.00204 9.0x10-* 0.074 —-2.269 | C 9

4195.9 16973 407981 4| 6| 0.00204 8.1 %10 0.0446 —2.491 C s

41929 16956 40798 | 2| 4| 0.00170 9.0x 104 0.0248 -2.75 C Is

41959 16973 40798 | 4| 4| 3.40x104] 9.0x10-% 0.00496 —-345 | C Is

391 3d-4p ID-2P° | 91050 29173 30271 | 10t 6] 0.00157 0.117 351 0.068 C 9

|90880) 29173 302731 6 | 4| 0.00142 0.117 211 —-0.154 | C s

191380) 29173 30267 | 4 2 0.00156 0.098 118 —0.407 C s

| 90880} 29173 30273 | 41 4| 1.57x10-4| 0.0195 23.3 -1.108 | C Is

401 3d-4f D - 2f° 18465.3 29175 34587 |10 |14 | 0.140 1.00 610 0.99 C 9

41| 3d-5f IMH-2F° | 12679.2 29173 37058 |10 |14 | 0.0471 0.159 66 0.201 C 9
21)

42| 3d-6f P-2fFe 10834.9 29173 38400 | 10 { 14 { 0.0224 0.055 19.7 —(.257 C 9
(22)

43] 3d-7f D2 9961.28 29173 39209110 |14 | 0.0127 0.0264 8.7 —0.58 C 9
(23)

44| 3d-8f 2P 2p° 9465.94 29173 39734 1 10 | 14 | 0.0079 0.0149 4.64 -0.83 C 9
24)

45| 3d-9f D -2 9153.88 29173 40094 { 10 | 14 | 0.0053 0.0093 2.79 —1.033 C 9
(25)

46} 3d- 10 ID-2° 8942.96 29173 403521 10| 14| 0.00371 0.0062 1.83 -1206 | C 9
(26)

47) 3d-11f ) 2f° 8796 29173 40539 | 10 | 14 | 0.00245 0.00414 1.22 —1.383 C 9
27

48| 4s—4dp 1§ .2pe 22070 25740 30271 2| 6| 0.062 1.35 197 0.431 C 4

22056.4 25740 302731 2| 4| 0.062 0.90 131 0.255 C s

22083.7 25740 30267 2| 2| 0.062 0.450 66 —0.046 C Is

49] 4s—5p 1§ 2p° 10747 25740 35042 . 2| 61 9.0074 0.0385 2.72 -1.114 C 9
(18}

10746.4 25740 35043 | 2| 4 06.0074 0.0257 1.82 -—1.289 C s

10749.3 25740 350401 21 21 0.0074 0.0128 0.91 --1.59 C Is

50| 4s—op 1§ -2p° 8650.3 25740 372971 2] 64 0.0023]1 0.0078 0.444 —1.81 C 9
(19

51} 4s-Tp 1§ _2pe 7810.0 25740 385¢1 1 2| 6 0.00104 0.00284 0.146 —2.246 C 9
(20
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Nal. Allowed Transitions —Centinued
NoJTransition | Multiplet MAY  T{Efem ) Exem-) gl e Au(10 fix S(at.u.) log &g | AccudSource
Array secT!) racy

521 4s—8p S _2pe 7373.3 25740 30299, 2 16 156%x10-* {0.00136 0.066 =257 | € 9
33| 4s-9p S _2pe 17113.0] l 25740 397951 2 | 6 {3.36X10-% | 7.6X104 0.0358 -2.82 (8 9
54| 4s-10p g _2p° [6944.0) 25740 40137} 2 | 6 12.23%10-¢ [4.84X 10 0.0221 ~-3.014] C 9
551 4s—1ip 1§ ~-2p° [6827.3] 2574C 40383 | 2 |6 [1.53x10* 13.20x10°* 0.0144 -3.194| C 9
36 | 4=—12p 1§ _2pe [6743.1] 25740 40566 1 2 16 [1.11x10-* |2.27x10¢ 0.0101 -3.343} C )
57 [{4s—13p 1§ _2pe {6680.0] 25740 40705 | 2 | 6 [B5SX10° 1.71 x 19—+ 9.0075 —-3.466| ( 9
58 | 4s—14p 2§ —-2pe [6632.1] 25740 408141 2 16 16.3%x10" 1.25x 10+ 0.0055 -3.60 | C 9
59 | 4p—0s po_2g§ 16384 30271 363731 6 | 2 |0.0173 0.0232 7.5 —-0.86 C G
16388.9 30273 363713 1 4 12 |0.015 0.0232 5.0 -1.033{ C Is

16373.9 30267 36373 1 2 | 2 |00058 0.0232 2.50 -1.334( C Is

60 [ 4p—1s e 28 12915 30271 38012 | 6 | 2 {0.0088 0.0073 1.86 -1.359| 9
12917.3 30273 38012 |1 4 { 2 {0.0053 0.0073 1.24 -1.53 (: Is

12907.9 30267 38012 | 2 | 2 {0.00292 0.0073 0.62 -1.84 C Is

61 j4p—8s Zpo_2§ 11495 30271 38968 | 6 | 2 |0.0051 0.00340 0.77 —-1.69 (W Y
11498] 30273 38968 | 4 | 2 |0.00343 0.00340 0.51 -1.87 (0 Is

11490] 30267 38968 | 2 | 2 |0.00172 0.00340 0.257 —2.168) (. 5

62 |4p —-'95\ po_z2§ 10745 30271 395751 6 | 2 |0.0032? 0.001%0 0.403 -1.94 (. 9
[10747] 30273 39575 4 | 2 10.00219 0.00190 0.269 =-2.119} ( Is

[10741] 30267 39575 | 2 | 2 10.00110 0.00190 0.134 —-2.420| C Is

63 | 4p—10s po_2§ 10294 30271 39983 | 6 | 2 |0.C0225 0.00119 0.242 -2.146! C 9
110296] 30273 39983 | 4 | 2 {0.00150 0.00119 0.161 -2322| s

[10290] 30267 39983 | 2 | 2 [7.5%10* 0.00119 0.081 —-2.62 . Is

64 [ 4p-11s tpe_2§ 9994.3 30271 40271 | 6 | 2 }0.00167 8.3x10-* 0.164 —-2.301 (. 9
[9996.3] 30273 40271 | 4 { 2 | 0.00111 8.3x14¢ 0.110 -2.4771 € I_.c

[9990.3] 30267 40271 | 2 | 2 |5.6%x10° 8.3x 104 0.055 -2.78 (™ is

65 | 4p—12s pe_2§ 9789.7 30271 40482 | 6 ;| 2 |0.0012C 5.8x10* 0.112 —-2.4611 C 9
[9791.6] 30273 40482 | 4 | 2 {8.0x10-* 15.8x%x10°* 0.074 —2.04 ('. Is

[9785.9] 20267 40482 | 2 | 2 14.02%x10-% | 5.8X10* 0.0372 -2.94 C Is

66 | 4p—13s zpe_2§ 6h36.8 30271 40644 1 6 | 2 | 0.00100 4.63%x 101 0.088 —2.56 € i 9
[9638.7] 30273 40644 | 4 | 2 |6.6X104 |4.63%X10° 0.059 -2.713 (. Is

[9633.1] 30267 40644 | 2 (2 {3.33x10°* | 4.63%x 10 0.0294 —-3.033| € Is

67 | 4p—14s pe_2§ 9522.1 30271 40769 | 6 | 2 185X%X10-* | 3.87x10¢ 0.073 —-2.63 [ 9
[9523.9] 30273 40769 | 4 | 2 |5.7x10°* | 3.87%X10* 0.0485 -2.81 « Is

[9518.5] 30267 40769 | 2 12 1285%X107 | 3.87x 10 0.0243 -3.111] € Is

68 | 4p—4d pe -2 23370 30271 34549 | 6 |10 | 0.067 0.91 420 0.74 C+ 7.9
23379.1 30273 34549 | 4 { 6 | 0.067 0.82 252 0.52 C+ s

23348.4 30267 34549 1 2 | 4 | 0.056 0.91 140 0.260| C+ Is

[23379] 30273 34549 [ 4 | 4 | 0.0111 0.091 28.0 —-0.4391 -+ Is
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Nal. Allowed Transitions — Continued
i
Nu.|Transition | Multiplet AA) Efem™") |Eem )} & | an} Aw(10* Jux S(at.u.) log gf Accu4Source
Array sec”!) racy

66 |ap—5d | P°=D | 14776 30271 | 37037 | 6110 | 0.0260 0.142 414 -0.070,| C+ 9
14779.7 30273 | 37037 | 4| 6] 0.0261 0.128 24.9 -0.291 | C+ Is

14767.5 30267 | 37037 | 2| 4 |0.0217 0.142 13.8 -0.55 | C+ Is

[14780] 30273 | 37037 | 4| 4 | 0.00434 0.0142 2.76 -1.246 | C+ Is

70 | 4p—6d a2 | 12318 30271 | 38387 | 610 | 0.0130 0.0493 12.0 -0.53 |C+ 9
12320.0 36273 | 38387 | 4] 6 {0130 0.0444 7.2 -0.75 [ C+ Is

12311.5 30267 | 38387 [ 21 4 |0.0108 0.0493 4.00 -1.006 | C+ Is

[12320] 30273 | 38387 | 4] 4 |0.00217 0.00493 0.80 -1.711 | C+ Is

71 |4p--7d pe_2) | 11195 30271 | 39201 | 6 |10 | 0.0075 0.0235 5.2 -0.8 | C+ 9
11197.2 30273 | 39201 | 4| 6 | 0.0075 0.0212 3.i3 -1.072 | C+ Is

11190.2 30267 | 39201 | 2| 4 |0.0063 0.0235 1.73 -1.328 | C+ Is

111197] 30273 | 39201 | 4| 4 |0.00125 0.00235 0.347 -2.027| C+ Is

72 |4p—3d 2po_2)) | 10570 30271 | 39729 | 6 110 | 0.00476 0.0133 2.78 -1.098 | C+ 9
10572.3 30273 | 39729 | 4 | 6 |0.00477 0.0120 1.67 ~1.319 | C+ Is

10566.0 30267 | 39729 | 2 | 4 |0.00397 0.0133 0.93 -158 | C+ Is

[10572] 30273 | 39729 | 4| 4 | 7.9%10* | 0.00133 0.185 -2214 | C+ Is

73 |4p—9d4 po_z2p | 10181 30271 | 40090 | 6 {10 |0.00323 0.0084 1.68 -1.299; C 9
[10183] 30273 | 40090 | 4 | 6 | 0.00323 0.0075 1.01 -152 | C Is

110176] 30267 | 40090 | 2 | 4 |0.00270 0.0084 0.56 -1.77 I C Is

[10183] 30273 | 40090 | 4 | 4 |54%x10™* | 8.4%10 0.112 -2475| C Is

74 |4p—=10d | 2P°—2D 9919.9 30271 | 40349 | 6 |10 |0.00230 0.0057 1.11 -1.470 | C 9
19921.9] | 30273 | 40349 | 4 | 6 |0.00230 0.0051 0.67 -1.69 | C Is

19916.0] 30267 | 40349 | 2 | 4 {0.00192 0.0057 0.369 -195 | ¢ Is

[9921.9] { 30273 | 40349 | 4 | 4 |3.83x10-* | 5.7x10~* 0.074 -265 | C _Is

75 |4p=11d | *P°=2D 9735.4 30271 ) 40540 | 6 |10 10.00169 0.00400 0.77 -1.62 | C 9
19737.3] | 30273 | 40340 | 4 | 6 |0.00169 0.00360 0.462 -1.84 | C Is

19731.6] | 30267 | 40540 | 2 | 4 |0.0014] 0.00400 0.256 -2.097 | C Is

[9737.3] | 30273 | 40540 | 4 | 4 |2.81'<10-* | 4.00%10-* | 0.05] -280 | C Is

76 |4p—12d | 2P°—2D 9598.9 30271 | 40685 | 6 {10 {0.00129 0.00296 0.56 -175 | C 9
[9600.8] | 30273 | 40685 | 4 | 6 {0.00128 0.00266 0.336 -197 | C Is

19595.2] | 30267 | 40685 | 2 | 4 |0.00107 0.00296 0.187 -2.228 1 C Is

[9600.8] | 30273 40685 | 4 | 4 [2.14%10-* | 296 x10* | 0.0374 -2.93 {C Is

77 |4p=13d | 2P°=2D 94Y5.9 302711 40798 | 6 |10 19.9%x10-* | 0.00224 0.420 -1.87 | C 9
[9497.7] ] 30273 | 40798 | 4 | 6 10.0010G 0.00202 0.253 -2.092 | C Is

[9492.3] | 30267 { 40798 | 2 | 4 |8.3x 10" | 0.00224 0.140 —2.349 | C Is

(9497.7] | 20273 40798 | 4 | 4 |1.66X10-% | 2.24% 10 0.0280 —-3.048 | C Is

78 {5s—10p | 2S—2° | [14414] 33201 ] 40137 | 2| 6 |1.64x10 | 0.00153 0.145 -251 | C 9
79 15s—11p | 2S—2P° | 113920 33201 | 40383 | 21 6 |1.10x10~ | 9.6%x10-* 0.088 -2.72 | C 9
80 |5s—12p | 28—2pP° | 113574] 33201 | 40566 | 2| 6 17.9%X10-% | 6.6X 10 0.059 -288 | C 9
81 |55—13p | 2S—2p° | [1332]] 33201 | 40705 | 2| 6 16.0%x10" | 4.76x10-* 0.0417 -3.021 | C 9
82 [55—14p | 2S-2P° | [13132] 33201 | 40814 | 2| 6 |4.45<10°* | 3.45%10-* | 0.0298 -3.161 | C 9
83 |5s—15p | 2S—2P° | ]12984] 33200 | 40901 | 2| 6 {3.48x10* | 2.64%x10-* | 0.0226 -3.277 1 C 9
84 | 5s—16p | *S—2P° | [12867] 33201 { 40971 | 2| 6 [2.78X%10-* | 2.07 % 10-* 0.0175 —-3.383 | C 9
85 |5s—17p | 2S—2p° | [12771] 33201 | 41028 | 2| 6 {2.33x10°* | 1.71 X 10-* 0.0144 —3.466 | C 9
86 [55—18p | 25—2P° | ]12695] 33200 | 41076 | 2! 6 11.93%10~ | 1.40%x10-* | 0.0117 -3.5 | C 9
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Ground State

Ionization Potential

Nail

Allowed Transitions

1522522p® 'S,

47.29 eV =381528 cm-’

Celcuiations by Kastner, Omidvar, and Underwood [1], employing Hartree-Fock wavefunctions
and including intermediate coupling, are availsble. Since the calculations are based on a single-
configuration approximation only, uncertaint.es of up to 50 percent are expacted for the strong
lines and even higher uncertainties for the weak lines, the latter being more affected by assump-
tions about the coupling.

Reference

{1) Kastner, S. O., Cmidvar, K., and Underwood, J. H., Aetrophys. J. 148, 269-273 (1967).

Na 11. Allowed Transitions

No.{ Transition Multiplet AMA) Efcm™) {Elem™) & | & Au(10® ik S(at.u.) | log gf |Accu-{Source
Array sec™!) racy
1]2p® — 2p%2P2,)3s | 'S —3P°
(1 uv) 376.375 0 2656931 1| 3 1.5 0.0093 0.012 {-2.03 1
2| 2p® - 2p°(*P32)3s | 'S—1P° | 372.069 0 268767 | 1| 3| 31 0.19 023 [-0.72 1
(2 uv)
312p%—2p%(*P32)3d | 'S—3P°
[302.44] 0 330641 | 1| 3 1.4 0.0057 0.0057 | —2.24 1
4]2p® —2p3(*P52)3d | 'S—'P° | 301.432 0 331749 | 1| 3 95 0.039 0.039 | -1.41 D 1
(3 uv)
5|2p® — 2p%¢:P512)3d | 'S --3D°
(4 uv) 300.151 0 333167 1] 3 30 0.12 0.12 -0.92 D 1
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Ground State

Na 11

1312312”5 2 a2

lonization Potential 71.65 eV =573033 ci-!
Allowed Transitions
List of tabulated lires:

Wavelength |A) No. Wavelength {A) No. Wavelength [A] No.
378.14 1 1970.6 14 2180.8 12
380.11 1 1976.4 13 2182.8 3

1752.7 9 1685.5 4 2194.8 12
1761.7 9 1995.6 14 2202.8 3
1763.8 9 2004 8 15 2214.2 3
1773.0 9 2005.2 4 2222.8 12
17829 9 2005.2 14 2225.3 7
1791.2 9 2011.9 13 2225.9 3
1801.3 9 2022.3 10 2230.3 3
1838.1 8 2028.6 10 2232.2 7
1844.3 8 2031.1 14 2239.5 3
1845.1 8 2036.9 15 2246.7 3
1849.6 8 2037.8 10 2251.5 3
1850.3 8 2045.5 10 2278.5 7
1855.9 8 2048.7 10 2285.7 7
1856.7 8 2051.9 10 2310.0 6
1861.2 8 2055.2 10 2367.3 6
1899.7 it 2058.8 10 2406.6 5
1918.5 1 2063.0 10 2459.4 5
1920.1 1§ 2065.3 10 2468.9 5
1926.3 it 2067.4 17 2474.7 2
1935.6 it 2073.3 17 2497.0 2
1939.3 i1 2101.5 17 2510.3 2
1941.8 it 2107.7 17 2530.2 2
1942.2 13 21448 16 2542.9 2
1950.8 1 2151.2 16 2553.6 2
1951.2 4 2174.5 16 2563.3 2
1965.1 1

References

[1) Cohen, M.. and Dalgarno, A.. Proc. Roy. Soc. London A280, 258 -270 (1964).
(2] Bagus, P. S.. U.S. Atomic Energy Commissiuvn ANL-6959 {(1964).

For the 2522p*2P°—252p%2S multiplet, Cohen and Dalgarno [1] using the nuclear charge-
expansion method and Bagus [2] using the self-consistent field apvroximation arrive at identical
results. The quoted value may be nevertheless quite uncertain since configuration interaction
effects with configurations involving electrons of the n=3 shell may be significant, but were not

included in the calculations. Inasmuch as no other material is available, the Coulomb approxi-
mation has been used for a number of 3s —3p and 3p —3d transitions, where for atomic systems for

similar complexity it has given fairly resiable values.



Naim.  Allowed Transitions

No/  Transition Multiplet|  Ad) Eqgem Y | Edem ) | g} g
Array
1] 2s22p% =2s2p% | 21°—28 178.80 +39 i 264449 | 6 | 2
[378.14] 0] 264449 | 4 | 2
[380.11] 1264 | 264449 | 2 | 2
25 2p"3s =203 P = | 2515.6 360994 $06434 112 |12
[2497.0] 366165 | 406201 | 6 | 6
[2530.2] 367052 1 406562 | + | 4
[2542.9] 367562 | 306876 | 2 | 2
(2474.7 366165 | 406562 | 6 | 4
[2510.3 367052 | 406876 | 1+ | 2
[2553.6] 367052 | 406201 | 4 | 6
[2563.3] 367562 | 406562 | 2 | 4
3 - | 2325 300604 | H11IT3 12 (20
2230.3 366165 | 310988 | 6 | 8
2246.7 367052 | 411548 ] 1 [ 6
2251.5 367562 | 411964 | 2 | 4
2202.8 366165 | 4115481 6 | 6
2225.9 367052 | 411964 | 1 | 4
2239.5 367562 | 412202 2 | 2
2182.8 366165 | 411964 6 | 4
2214.2 367052 | 412202] 3 | 2
4 W—1s° 4 urls 366094 417416 |12 | 4
1951.2 366165 | 417416 | 6 | 4
1985.5] 367052 | 417416, 41 1
2005.2 367562 | 417416 | 2| 1
5 P =D | 24589 373982 | 114638 6 |10
[2459.4 373633 | 414281 | 4 ‘ 6
|2468.9 374681 | 4151730 2| 4
. [2406.6 373633 | 415173 4| 4
| H
6 P ozse | 288 373082 | 416910 6] 2
[2310.0] | 373633 | 416910 4] 2
[23¢7.3] 374681 | 416910 2| 2
7 P—zpe | 22T 373082 | et 6] 6
2232.2] 373633 | 418418 | 4| 4
2278 5] 374681 | 418557 2| 2
2225.31 373633 | 118557 | 4| 2
2285.7) 374681 | 418118 | 2| &
8 (2p'3p=2p"" 13 P =D | 1852.0 31 FO0431 {12 | 20
1849.6] 406201 | 260268 | 6| 8
1856.7] 406562 | 4060421 | 4| 6
1861.21 406876 | 160606 | 2| 1
1844.3] 406201 | 60421 | 6| o
1850.3] 406562 | 460606 1 4 |
1855.9] 106876 | 460756 | 2| »
1838.1] 106201 | 460606 | 6| 1
| 1845.1] 106562 | 160759 | 3| 2
! |
9 pe—p ‘ 17674 Won i3l l 3015 12|12
3 [1752.7) 106201 263257 6| 6
' [1773.0] | 206362 | 62064 | 4] 4
. : 1[1801.3] 106876 | 462391 | 2| 2
i { [[1761.7 406201 1 362964 | 6| ¢
1791.2] W62 | 462391 41 2
i i ] [1763.8) 106582 ’ 463257 | 6
| [1782.9] 06876 | 062964 | 2] 4
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Na 1. Allowed Transitions —Continued
N | Transition | Muliplet A Eem ) | Extem ) | g | g A 10# Sk Stat.u) | log g |Accu|Source
Array ‘ sec”!) racy
I me—y | 20419 73| 60831 | 20 120 1.9 0.12 16 038 | D ca
, 2028.6 410988 | 460268 8 8 1.7 0.10 55 | -010|D Is
2045.5 111548 | 460421 | 6| 6 | 0.069 28 |-038]|D Is
2055.2 411964 | 460606 | 4 | 4 0.76 0.048 13 |-072|D- Is
2058.8 412202 | 460759 | 2| 2 0.93 0.059 0.80 | 093 D— Is
2022.3 110988 | 460421 ( 8| 6 0.37 0.017 0.91 | —0.87 | D— Is
2037.8 411548 | 460606 | 6 | 4 0.66 0.027 1.1 | -079 | D- Is
2048.7 411964 | 460759 | 4| 2 0.94 0.030 0.80 | -092 | D~ Is
| 2051.9 411548 | 460268| 6 | 8 0.27 0.022 091 | -088 | D— Is
| 2003.0 411964 | 460421 | 1| 6 0.42 0.040 1.1 |-080|D— Is
| 2065.3 412202 | 460606 | 2 | 4 0.46 0.059 0.80 { —0.93 | D— Is
n e | 19470 T3 46283220 |28 8.9 0.71 9] 1151 D ca
|
| [1965.1 410988 | 461877 8|10 8.3 0.64 33 071 | D Is
111939.3 411548 | 463113| 6| 8 7.6 0.57 p) 053 | D Is
' 1935.6 411964 | 463628] 4| 6 7.0 0.59 15 037 | D Is
D 1950.8] | 412202 | 463462| 2| 4 6.2 0.71 9.1 0.15 | D— Is
| 1918.5 110988 | 463113| 8| 8 1.3 0.073 37 |-023| D~ Is
‘ 1920.1 411518 | 463628| 6| 6 2.2 0.12 47 | -014 | D— Is
] 1941.8 111964 | 463462 4| 4 25 0.14 36 | -025|D- Is
| 1899.7 410988 | 463628| 8| 6 0.094 0.0038 | 0.9 | —1.52 | E Is
1926.3 41548 | 463462] 6| 4 0.18 0.0068 | 026 | -1.39 | E Is
12 e | g 21716 | 403015 4|12 3.7 0.80 23 051 | D ca
| ’ |12180.3) | 17416 463257 4 6 36 0.38 1 0.8 | D Is
, {21948] | 417416 d62964] 4| 4 3.7 0.27 727 | o3 |D Is
| C[22228] 1 41746 462391] 4| 2 3.5 0.13 38 | -028|D Is
13 s aaesg | aedii] 10 |18 8.6 0.72 A7 0.86 | D ca
| [20119] | 414281 463969) 6 8.4 068 | 27 061 | D Is
| 197641 415173 465769 4| 6 8.3 0.73 19 047 | D Is
! 1942.2 114281 | 465769 6 0.60 0.034 13 | -069 | E Is
Iat * CEe—i | 9w 1 f14e38] dodeto| 10| 10 2.1 0.13 84 | 011D ca
* |
| 1995.6] | 114281 164392 6! 6 2.0 0.12 47 |~014|D Is
' | 2005.2] | 1151731 65028) 4 4 1.9 011 30 | -036|D Is
l [1970.6 42811 465028| 6 4 0.23 00087 | 034 | —128 | E s
2031.1 05173 164392) 1| 6 0.14 0.013 034 | —128 | E Is
b | ey o2 H6910]  dendtl] 2] 6 15 0.83 1 022 | D ca
| [2004.8] | 416910 466773 2| 4| 4.6 (.35 73 | 004D Is
‘ (203697 | 416910| 465988 2| 2 4.4 0.28 37 | ~025|D Is
16 S L (S T 80t 4661|610 5.2 0.61 26 0.56 | D ca
. ! 2174.5 118418  163392] 4| 6 5.3 0.56 16 0.35 | D Is
| | 2151.2 418557|  465028| 2| 4 1.4 0.61 87 | o9 |D Is
: , 2144.8 418418]  465028{ 1| 4 0.87 0.0060 17 | —162 | E Is
i
17 ! =21 | 20800 118404 o651l 6] 6 33 0.21 | 8.7 010 | D ca
| | 2067.4 418118| 466773 4| 4 2.8 0.18 18 [ —014 |D Is
2107.7 18557 465988 2| 2 2.1 0.14 15 | ~055 1D Is
2101.5 118118| 165988 1| 2 1l 0.035 097 | —0.85 | E Is
| | 2073.3 418557| 406773 2| 4 0.55 0.071 097 | —085 | E Is
| o e (s I (S i I ] |
t
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Na 1
Forbidden Transitions

The line strength for the one transition in the ground state configuration is a straight number.
tabulated for example by Naqvi [1]. The transition probability should also be quite accurate, since
the energy level difference is accurately known.

Refvrence

g
{1] Nagvi, A. M., Thesis Harvard (1951). ;é
5 elate 3
Nail.  Forbidden Transitions 3
1
Transition Type of Accu- %
No. Array Multipiet A(A) Eif{em™') | Ex(em™).| g | & | I'ransi- | 4g(sec?) | S(at.u.) racy |Source
tion £
1 | 2p3—2p3 2pe _2pe
[73294]: 0 1364 4 |2 m 0.0456 1.33 A 1
Nalv
Ground State 15225221 3P,
lonization Potential 98.88 ¢V ="797741 cm™!
Allowed Transitions
The values are calculated from the charge-expansion methad of Cohen and Dalgarno [1}
which includes limited configuration mixing. An additional value far the 'S--'P° transition is
available from the calculations of Bolotin, Shirunas, and Braiman [2], which alsa include limited
cunfiguration interaction. Fur this latter transition, the two methods agree fairly well and the
results are averaged. In general, uncertainties shauld be within 50 percent.
References
{1} Cohen, M., and Dalgarno. A., Prue. Roy. Soc, London A280, 258-270 (1964).
(2] Bolotin, A. B.. Shironas, I. L., and Braiman, M. Yu., Vilniaus, Valslybinio v. kapsuko varde universiteto’Mokslo Darbai
33, matematika fizika 9, 107-112 11960).

Na 1v. Allowed Transitions

Nuj  Transition | Muhiplet AA) Efem=") | Exem=") | g | &x | At 10% fix Stat.u) | log gf [Acen-Source
Array sec-1) racy

1| 2s%2p* —2s2p® | *P—4P° 41043 344 244190 1 91 9 98 0.25 3.0 035 b ‘ 1

[410.37] 0 243682 | 5 5 76 0.19 1.3 =002} D Is

[410.54] 1106 244688 | 3 1 3 24 0.062 0.25 —-0.73| D- Is

1408.68] 0 | 244688 | 5| 3 42 0.062 042 | —051| D- Is

[409.61] 1106 245238 | 3| 1 97 0.082 0.33 —-0.61| D- Is

1412.24] 1106 243682 [ 31 5 24 0.10 0.42 =052 D- Is

[411.33] 1576 | 244688 | 1| 3 32 0.24 033 | -062| D~ Is

2 D-1p° [319.64] | [31118] | [343972]| 5| 3 170 0.16 083 | —010| D 1

3 IS—1p? {360.76} [66780] | [343972]| ! ] 3 23 0.13 0.16 -089] D 1.2
12

Bl AR AT i




£

TR BrLomeses

s

Na1v

Forbidden Transitions

The sources used in deriving the adopted values are Naqvi [1], and Malville and Berger [2].
Naqvi's magnetic dipole values are used whenever the choice of transformation coefficients be-
comes more important than the effects of configuration interaction (see General Introduction).
Malville and Berger have calculated values using “spin-orbit” and “spin-spin and spin-other-
orbit integrals” calculated by Garstang (Monthly Notices Roy. Astron. Soc. 111, 115 (1951)). The
electric gnadrapole moment s, calculated by Malville and Berger has been used throughout and
is considered better than Naqvi's, because it is obtained from self-consistent field wavefunctions,
while Naqvi used screened hydrogenic wavefunctions. We have therefore modified Naqvi’s *P,—P,
and Py, —'D; electric quadrupole values by substituting Malville and Berger’s s,.

{1] Nagvi, A. M., Thesis Harvard (1951).
{2] Malville, J. M. and Berger, R. A., Planetary and Space Science 13, 1131 (1965).

References

Na1v. Forbidden Transitions

‘I'ransition ‘Type of Accu-
No Airay Multiplet AA) Ei(em™') | Ex(em™),| & | & | Transi- | Ax(sec™!) | S(atu.) racy |Source
tion
11 2pt=-2p JP 3P
[90391] 0 1106 { 5] 3| e 1.90x 10-#| 0.205 Cc- 1.2
[90391] 0 1106 | 5] 3 m 0.0304 2.50 A 1
[63435] 0 1576 | 5| 1 e 1.48 % 10-7| 0.091 C-—- 2
[21.27 x 10+) 1106 1576 | 3| 1 m 0.00561 2.00 B ]
2 PP-1D
(1F}
3319.3 0 [31118][ 5| 5 e 6.1x10°¢| 7.3x10*| D- 1.2
3319.3 0 [31118])| 5| 5 m 0.56 0.00381 C 1
3445.9 1106 [31118)13 | 5 € 7.1x10% | 1.0x10-4| D— 1,2
3445.9 1106 [31118)13 | 5 m 0.167 0.00127 C 1
[3381.0) 1576 [31118]| 1| 5 e 3.0x10% | 40x10-*{ D— 2
3 P-1S
[1497.5]) 0 66780) | 5 | 1 e 0.012 54%10%| D— 2
[1522.7] 106 | [66780]|3 | 1| m | 76 99x10~4| C 2
4 D18
[2803.3) [31118]| [66780) |5 | 1 e 3.5 0.360 C- 2

13




Ground State

lonization Potential

Na Vv

Allowed Transitions

List of tabulated lines:

15225227 185 4

138.37 eV=1116312 ¢m~!

Wavelength {A] No. Wavelength [A] No. ! Wavelength [A] No.
| S prll _

307.15 3 369.73 7 | 456.15 8
308.26 3 369.78 g 159.57 8
308.29 3 $00.67 2 459.90 1
332.54 6 HH.71 2 | 161.05 1
332.59 6 400.73 2 : 163.26 1
333.88 6 $00.77 2 | 506,99 G
333.92 6 445.05 4 ! 510.09 ]
360.32 5 145.12 + 511.21 9
360.37 S 445.19 1 51436 Y
367.56 7

Values for all the listed transitions are calculated from the nuclear charge-expansion method
of Cohen and Dalgarno [1]. which includes limited configuration mixing. Judged from graphical

comparisons with other ions in the isoelectronic sequence and from the general success of Cohen
and Dalgarno’s method for similar atomic systems, uncertainties within 50 percent are indicated.

{1] Cohen. M.. and Dalgarno, A.. Proc. Roy. Soc

Reference

*. Londor A280, 258-270 {1964).

Nouree

Is
Is
Is

Is
Is
Is
Is

Is
Is
Is

Is

! Is
| Is

Nav. Allowed Transitions
WNo. [ Transiiion | Multiplet AMAY Eitem=% | Edem) | g | P it 10% Ji Statu) {log gl |[Aecn
Array se¢ N racy
1| 2532p*=2s2pt | S°=1P A61.00 0 216892 1 4|12 31 0.30 1.8 2080 1
[463.26| 0 215860 | 4| 6 31 0.15 0.90 | =022 D
[461.03| 0] 21689 | 4| 4| 3 0.099 0.60 | —0.40 D
[459.90] 0 217440 | 4| 2 31 0.050 050 | =079 D
2 e—en | 02 | 4738010 zvniselfio |10 72 017 2.3 0.23) D
[400.73] 147570] | [297110]| 6] 6 68 0.16 1.3 -0.02 D
1400.71] 147595 207150 4| 4 65 0.16 0.83 | =019 D
[400.67| 147570 207150)| 6 4 7.2 0.012 0.092| - 114 E
[400.77| [475¢5 297116)| 4| 6 4.8 0.017 0.092| —1.17| E
;] e _zp 307.89 | [47380)| (372307110 o | 270 0.23 2.3 0.36] D
[308.26] 47570 371967)| 6 4 240 0.23 1.4 014 D
1307.15] 147595 373167| 4| 2 270 0.19 0.77 | =0.120 D
1308.29| |47595 371967| 41 4 26 0.037 015 | —0831 E
4 pe_z)) 500 80 129713000 6110 N 0.056 0.499 | —0.47| D
|445.19] 172493 297116)| 4| 6 11 0.019 029 | =071 D
|445.05] 172454 207150) 2| 4 9.2 0.055 016 | =096 D
[445.12] 172493 207150] 41 4 1.9 0.0056 0.033 | — I.()SI E
14
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Na V. Allowed Transitions — Continued

Fransition Multipiet AAY Egem=") [Edem™) | g | & A 10¢ Six S(at.u.)‘ log & |Accu-Source
Array sec-t) racy
s 360.35 [72480]) | [349987]] 61 2 150 0.10 0.71 - 022 B 1
1360.37] [72493] | (349987]| 4 | 2 100 0.099 0.47 -)40| D Is
[360.32] | [72454] | [349987] | 2 | 2| 52 0.10 024 |-070'D Is
pep 333.46 |72480) | |372367)1 6 | 6 78 0.13 0.8 --011] D 1
[333.92] [72493]) | [371967]) | 4 | 4 65 0.11 048 | —036]| D Is
[332.54} [72454] | [373167)1 2 | 2 52 0.087 0.19 | —o0.756| D— Is
1332.59] [72493] | [373167] | 4 | 2 26 0.022 0.096 . —1.06| E Is
|333.88] [72454]) | 137196711 2 | 4 13 0.044 0.0v% | —1.06| E Is
252 =2 ) -pe | 369.01 1207130] | [568126]11101 6 120 0.15 1.8% 9.18| D 1
1369.73] | ]297116] | [567583]| 6 | 4 110 0.15 1.1 -0.051 D Is
[367.56} | [297150] | [569211]| 4 ! 2 120 0.12 06) | -032| D Is
1369.78] | [297150] | [567583] ] 4 | 4 12 0.025 012 | —-1.00]| E Is
E N 45842 1349987] | [368126] | 21 6 7.0 0.066 0.20 |--088| D 1
[459.57] | [349987] | [567583] 2 | 4 6.8 0.043 0.13 —-1.07| D Is
[456.15] | [349987] | [569211]| 2 | 2 7.2 0.022 G067 | —1.36| D Is
P pe | 3083 | [372367) 1 |568120) | 61 6 84 0.33 3.3 030] D |
| [510.21) 1 [371967] | [567583] 1 4 | 4 68 0.27 1.8 0.03| D Is
[510.09] | [373167] | [569211] | 2 | 2| 56 0.22 0.73 | —036] D—| s
[506.99] | [371967] | |569211] | 4 | 2 29 0.055 0.37 —0.66| E Is
[514.36] | [373167] ’ [567583] | 2 | 4 14 0.11 0.37 —0.66| E Is
Nav
Forbidden Transitions
All the values for this ion have been taken from Pasternack [1]. The electric quadrupole
values have been corrected by applying Naqvi's value [2] for the electric quadrupole moment Sq-
References
[} Pasternack, S.. Astrophys J. 92, 129 119401,
12] Naqvi. Ao ML, Thesi= Harvard (1951,
NavVv. Forbidden Transitions
Transition Type of Aceu-
Arvray Multiplet ALA) Eidem "W UEdem™ ) | g | 2| Transi- | Ayi(sec 1) S(at.u.) racy {Source
1ion
2pt—=2pt i80-2°
[2101.5 0 17570] 1 4| 6 m 2.2x 101 A5 107 C— 1
[2101.5 17570] 1 4] 6 e 9.6X%10 ¢ Lo D- 1.2
[2100.1 0 1395 4] 1 m 0.012 ForaW ) C— 1
[2100.4 (] 17595] 4 | 4 e 5.9%x 10 TIX N0 D- 1.2
150 _pe A
11379.1 [\ 72493]1 4 | 4 m 1.3 0.00167 (. 1
[1379.4 o [7249]l 4l al e 30x10% {36x10* | D- 1.2
[1380.2 0 | T2454) | 4 | 2 m i.7 331104 C 1
(1380.2 01 [m12458]| 4| 2] e |75x10% |45x10* | D= 1.2

15




Nav. Forbidden Transitions —Continued

1
Transition | Type of Accu-
No. Array Multiplet A(A) Ei(cm™)| Ex(cm=') | & | & | Transi- | .Iy(sec™*)| S(atu.) racy |Source
tion
3 P2
[80.0x10°] | [47570]| [47595]]6 |4 m {2.53%10-7| 2.40 B— 1.2
[40.0x10°] | [47570 4759516 | 4 e 16.4x10-"| 0.0016 D- 1.2
4 Pe_2p°
(Sl 3]
4011.2 (47570 72493]11¢6 | 4 m |0.67 0.0064 C 1
4011.2 {47570 72493116 | 4 e (0.23 0.56 D 2
4021.6 (47595 72454) 14 |2 m 10.74 0.00357 C 1
4021.6 (47595 72454114 |2 e 0.19 0.24 D 2
403i7.5 [47570‘ [72454] 1 6 | 2 e 0.13 0.16 D 2
4015.3 (47595 72493114 | 4 m i.2 0.0116 C 1
4015.3 (47595 [72493] | 4 | 4 e 0.096 0.24 D 2
5 po_2p°
[25.6%10%) | [72454]| [72493])2 [4 | m {5.33x10-7| 1.33 B- 1.2
[25.6x10°) | {72454]] [72493](2 |4 e 25x10-*%| 6.6x10-* D- 1.2
Na VI
Ground State 15225%2p? 3P,
Ionization Potential 172,09 eV= 1388419 cm-*
Allowed Transitions
List of tabulated lines:
Wavelength [A] No. Wavelength {A] No. Wavelength [A] No.
311.93 3 420.49 8 1516.0 12
312.61 3 421.49 8 1532.5 12
313.74 3 423.84 8 1550.6 12
317.64 5 440.27 10 1567.8 12
361.25 4 486.57 1 1608.5 14
362.44 6 491.25 1 1615.9 14
363.77 7 491.34 1 1630.3 14
364.46 1 494.07 1 1634.6 14
364.52 7 494.16 R 1649.4 14
366.10 7 494.38 1 1741.5 13
366.23 1 528.73 11 1747.5 13
366.28 7 630.65 9 1748.3 13
414.35 2 632.88 9 1763.3 13
415.55 2 638.21 9 1770.3 13
417.57 2

Most data are obtained from the charge-expansion method of Cohen and Dalgarno [1] which
includes limited configuration mixing. Graphical comparisons of this material within the isoelec-
tronic sequence depicting the dependence of f-values on nuclear charge have been made, and the
available experimental Jata for the lower ions, mostly from lifetime measurenients, establish fairly
definitely that the unccrtaintizs should not exceed 50 percent. Analogous graphs for the data ob-
taincd from the Coulomb approximation indicate that these values are accurate within 25 percent.

Reference

[1] Cohen, M., and Dalgarno. A., Proc. Roy. Soc. London A280, 258-270 (1964).
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Navi,

Allowed Transitions

No. |  Transition Multiplet MA) Egem=Y) | Edem™) | & |&e 1108 Ju S(at.u) | log g |Aecu-Bource
Array sec™t) racy

1| 252p2—252p | 3P -3D° 492.80 12651 204187 9|15 18 0.11 1.6 —0.00 | D+ 1

(494.38 1858| 204131 51| 7 18 0.092 075 {—034 | D+ Is

(491.34 698 204222f 3| 5 14 0.082 040 [—06]1 | D+ Is

(489.57 0f 204260 1] 3 10 0.11 0.18 |—09 | D— Is

(494.16 1858 204222) 51 5 4.4 0.016 013 |-1.10 | D- Is

(491.25 6987 2042601 3| 3 7.4 0.027 013 |-1.09 | D- ls

(494.07 1858 | 204260} 5| 5 0.50 0.0011 0.0089| —2.26 | E Is

2 Pp_ap° 416.53 1265 241341 9} 9| 47 0.12 1.5 003 | D 1

417.57 1858 | 241341 5 5 35 0.090 062 |—035 | D is

415.35 698 241341| 3| 3 11 0.029 012 |—1.06 | D— Is

417.57 1858 | 241341 5| 3 19 0.031 021 |[-081 | D— Is

415.55 698 241341 3| 1 48 0.041 €17 [—0¢91 | D— Is

415.55 698 241341} 3| 5 12 0.051 021 (—0.82 ; D- Is

414.35 O 241341} 1| 3 16 0.12 017 |-092 | D- Is

3 Pp_sge 313.16 12651 320589| 9| 3| 290 0.14 1.3 0.10 | D+ 1

313.74 1858 320589 5| 3| 160 0.14 0.72 (-0.15 | D+ Is

312.61 698 320589 3| 3; 95 0.14 043 [—038 | D+ Is

31193 0! 320589| 14 3 31 0.14 014 [—085 | D+ Is

4 D-'D° | [361.25] 35358 | 312175 5| 5| 140 0.27 1.6 013 | D i

5 D-1P° | [317.64] 35358| 350179 5 3| 170 0.16 082 |—-010 | D 1

6 15='P° (362.44) 74274 350179 11 3| 47 0.28 033 |[—-055 | D— 1

7 | 2s2p*—2p* ipe—-3p 365.31 204187 4779261151 9] 120 0.14 2.5 032 | D 1

366.10 204131 4772771 7| 5] 99 0.14 1.2 -001 | D Is

364.46 204222 | 478597 5| 3| 86 0.10 062 {—030 | D Is

363.77 204260 | 479156 3 | 1| 120 0.078 028 |[—-063 | D— Is

366.23 204222 | 477277 5| 5 17 0.035 021 [-0.76 | D— Is

364.52 2042601 478597 3| 3| 29 0.058 021 |-0.76 | D—- Is

366.28 204260 | 477277 3| 5 1.2 0.0039 0014 [—193 | E Is

8 Ape—sp 422.68 241341 4779261 9| 9| 29 0.078 098 |—015 | D 1

423.t4 241341 | 477277 5 (5| 22 0.059 041 | —-053 { D Is

421.49 241341 | 478597 3 | 3 7.4 0.020 0.082 |—-122 | E Is

421.49 241341 | 478597| 5 | 3 13 0.034 0.14 | —0.77 | D— Is

420.49 241341 4791567 3 11| 30 0.026 011 |-1.11 | D— Is

423.84 241341 | 477277| 3 [ 5 7.5 0.033 014 | —1.00 | D— Is

421.49 241341 | 478597 1 | 3 9.9 0.079 011 | -1.10 | D- Is

9 18°—3p 635.58 320589 | 477920 3| 9| 18 0.32 2.0 —-002 | D 1

(638.21) 320589 477277 3 | 5 17 0.17 1.1 -029 | D Is

(032.88] 320589 | 478597 3 | 3 18 0.11 067 | —048 | D Is

(630.65) 320589 | 479156 | 3 | | 18 0.035 022 { —098 | D Is

10 'D°~'D | [440.27) 312175 5393101 5 ; 5| 120 0.34 2.5 023 | D 1

11 1pe~1D | [528.73] 350179 { 539310! 3 [ 5| 15 0.11 0.55 | —048 | D 1
12 | 2p3s-- pe—ap

2pitP%)3p

[1550.6) 808795 | 873287| 5 |5 3.99 0.144 367 | —0.143]| C | ca,lis

[1532.5] 807324 | 872577 3 (3 14 0.048 073 | —084 | D | ca,ls

[1567.8] 808795 | 872577| 5 | 3 2.14 0.0473 1.22 | =083 | C | ca,ls

(1516.0] 807324 | 873287! 3 | 5 1.42 0.081 122 | =051 { C | ca,ls
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Navl., Allowed Transitions —Continued

= —
No.| Transition Multiplet AtA) Egertn) U Egem ) g e | Awt108 e Statu) | log gf lAccndSource
Array sec 1) racy
131 2p3p— P-1p°
2p(2P°)3d
[1747.5 873287 930510 | 5| 7 2.87 0.184 5.3 -0.036{ C ca. ls
[1741.5 872577 929999 | 3} 5 2.19 0.166 285 | —-0.303! C ca. ls
[1763.3 873287 92999 | 5| 5 0.70 0.0327 095 [-0.79 C ca, ls
{1748.3 872577 629774 | 3 | 3 1.20 0.055 095 |[-0.78 C ca, ls
[1770.3 873287 9297741 5} 3 0.077 0.0022 0.063 | —~1.97 E ca, ls
14 P_pe
[1649.4 873287 933915 | 51| 5 1.46 0.060 1.62 | —0.52 C ca, ls
[1615.9 872577 934463 | 3| 3 0.52 0.0202 0.323 | —-1.218| C cu,ls
[1634.6 873287 934463 | 5| 3 0.83 0.0201 0.54 [—1.000] € cu, is
[1608.5 872577 934745 3 | 1 2.10 0.0271 0.431 | =1.090| ¢ cu, s
[1630.3 872577 93315 3| 5 0.50 0.0335 0.54 —1.000[ C ca. ls
A4
Na vi
Forbidden Transitions
The sources adopted for this ion are Naqvi {1], Malville and Berger [2], and Froese [3].
Malville and Berger have utilized ‘“‘spin-orbit” and “spin-spin and spin-other-orbit™ integrals by
Garstang (Monthly Notices Roy. Astron. Soc. 111, 115 (1951)). Naqvi's and Malville and Berger's
magnetic dipole transitions have generally been averaged sincc their methods are very similar.
But for the 3P — '3 transition, where configuration interaction is important. Malville and Berger's
value, which is obtained emipirically, has been preferred over that of Naqvi which is bzsed purely
on theory (see also Geueral Introduction).
Since Froese's value of s.. the electric quadrupsle moment, is obtained by using the most
advanced self-consistent field wave function calculations, we have modified Naqvi's and Malville
and Berger’s electric quadrupole values by her s,
References
11] Nagvi. A. M. Thesis Harvard (1951).
12] Mulvilie. J. M.. and Beiger. R. A.. Planetary and Spoce Science 13, 1131 (1965).
131 Froese, C.. Astrophys. J. 145, 932 (1966).
Navi. Forbidden Transitions
Transition Type of Acens
No Array Multiplet ACA) Eitem™ )| Ex(em )| g | g | Transi-| Agi(sec ') S{at.u.) racy | Sonrce
tion
S -1.__.
1| 22 =2p? ap._ap
[14.32 x 107] 0 698 (1! 3 m 0.0061 2.00 B 1
[53807] 0 1858 |1 | A e 4.35x10-% | 0.058 C 23
[86183] 698 1858 | 3 | 5 m 0.0211 2.50 A 1
[86183] 698 1858 | 3 | 5 e .3x 10 0.131 C 1.3
2 P-1D
[2827.4] 0 35358 | 1|5 e 5.1x10°% 2.7x10-3 D 2.1
[2884.3] 698 3538 | 3|5 m 0.441 0.00196 C |42
[2884.3] 698 35358 {35 ¢ 1.7x10 ¢ 1.6x10 * D 1.3
[2984.2] 1858 35358 | 5] 5 m 1.20 0.0059 C 1.2
[2984.2] 1858 33358 151 5 e 0.0010 7.1x10¢ D 1.3
18
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Na V1. Forbidden Transitions —Continued
Transition Type of] Accu-
No. Array Multiptet AA) Eicm™') | Ex(cm™") | & | & | Transi-| Ayi(sec™!) S(atu) | racy {Source
tion
3 P18
[1359.1] 698 74274 13 |1 m 13.4 0.00125 C 2
[1380.9] 1858 74274 15 |1 e 0.019 5.7x10-3 D 2,3
4 ) ) B
2568.9] 35358 7274 |5 |1 e 3.59 6.239 C 2,3
_ Na vl
{round State 1522522 2P%),
lonization Potential 208.444 eV = 1681679 cm-!
Allowed Transitions
List of tabulated lines:
Wavelength [A) No. Wavelength [A] No. Wavelength [A) No.
94.288 11 385.11 6 498.23 7
94.4608 11 385.25 6 498.46 7
94.479 11 396.36 4 551.75 9
105.11 10 397.52 4 552.03 9
105.35 10 399.21 4 555.80 9
350.64 3 183.13 5 556.09 Y
352.28 3 483.22 5 778.05 8
353.29 3 483.33 > 786.13 8
35495 3 483.41 b3 786.65 8
378.21 2 486.74 1 1752.2 12
381.30 2 191.86 1 1912.7 13
385.06 6 192.60 1 ‘ 1917.1 13
Values for the majority of the transitions are calculated from the nnclear charge-expansion
methad of Cohen and Dalgarno [1] which includes limited confignration mixing. Graphical com-
parisans with other data for the lower ions of this isoelectronie sequence indicate that the un-
certainties should be within 50 percent. For the 3s 25 —3p *P° transition an f-value from the charge-
expansion calculations of Naqvi and Victor [2] is available. which links up well with reliable
data available for the lower ions as is readily seen again from graphical comparison.
For the 2p2P°—352S and 2p2P°—3d 2D muliiplets we have obtained data by expioiting the
dependence of f-values on nuclear charge: In these cases accurate data for several other jons of
the boron sequence are available from extended self-consistent field calculations by Weiss [3] in
which configuration mixing is fully included. Unilizing those valnes, which are alsa supported by
some experimental resulis on lower ions, we have obtained the fvalues of the two transitions
simply by graphical interpolation.
References
[t} Cohen. M.. and Dalgarno, A.. Proc. Roy. Sec. London A280, 258-270 (1964).
[2] Nagvi. A. M.. and Viclor, G. A.. Technical Documeniary Report No. RTD TRR-63-3118 (1964).
[3] Weiss, A. W., privale communication (1967).
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Na vii. Allowed Transitions

Transition Muitiplet MA) Eiem-) | Exlem Y | & | & Ari(10# Six Stat.u) {log g |Accu|Scurce
Array sec-1) racy
2s*2p —2s2p* pPe2p $90.20 1426 205426 1 6|10 16 0.096 093 | -024| D 1
(492.60) 2139 205412 | 4| 6 16 0.086 056 |-046; D Is
[486.74) 0 205448 | 2| 4 14 4.097 031 |—-0711 D Is
[491.86) 2139 205448 | 4 | 4 2.6 0.9096 0062 [--142] E Is
pe_ 2§ 380.27 1426 264400 | 6 2 68 0.G49 037 | —0.53; D+ 1 .
(381.30] 2139 264400 | 4 | 2 46 0.050 025 {—0.70] D+ Is ?
(378.21) 0 264400 | 2 | 2 22 0.048 0.12 |-1.02| D+ Is ]
Ppe_zp 332,95 1426 284749 { 6 | 6 120 C.23 1.6 0.14 | D4 1 :
{353.29 2139 285189 | 4 | 4 100 0.19 089 |—-0.12} D+ Is 4
[352.28] 0 283869 | 2| 2 83 G.16 0.3 |(—049]| D Is 4
(354.95 2139 283869 | 4 | 2 41 0.039 018 |-081| D- Is
(350.64 0 285189 | 2| 4 21 0.078 0.18 |—081| D- Is
2s2pt—2p® P —148° 398.17 (116331]] [367481] |12 | 4 120 0.095 1.5 0.06| D + 1
1399.21 1116987); [367481j| 6 | 4 56 0.089 vt =027 D+ Is
[397.52 [115920)| ([367481} 4 | 4 40 0.09%6 050 | -042'!' D+ Is
(396.36] | (115187]| (367481]| 2 | 4 24 0.11 0.30 | —066| D+ s
:D-:D° 483.28 205426 412345 {10 | 10 34 0.12 1.9 0.08 ] D+ 1
483.33 205412 412311 | 6| 6 33 0.12 1.1 —-0.14! D+ Is
483.22 205448 412395 | 41 4 30 0.11 068 | —036]| D Is
483.13 205412 412395 | 6| 4 3.4 0.0080 0.076 | —1.32 | E is
483.41 205448 412311 | 4| 6 2.3 0.012 0.076 | —1.32 | E Is
2D —2p° 385.13 205426 465080 110} 6 35 0.073 093 | —0.14| D 1
385.06 205412 | 465111 | 6| 4 50 0.074 056 | —0.35| D Is
385.25 205448 465017 | 4| 2 35 0.061 031 | —061|D Is
385.11 205448 465111 | 44 4 5.5 0.012 0062} —1.32 | E Is
28 —2p 498.31 264400 465080 | 2| 6 10 0.12 0.38 [ —062| D 1
{498.23] 264400 465111 | 2| 4 10 0.076 025 | —0.82 | D Is
[498.46) 264400 465017 | 2 2 11 0.040 013 | —1.10 | D Is
2p-2p° 783.72 284749 412345 | 6 | 10 8.0 0.12 1.9 -0.14 | D ]
786.65! 285189 412311 | 4| 6 7.6 0.11 1.1 —-036 | D Is
778.05) 283869 12395 1 2| 4 6.8 0.12 063 | —062 | D Is
786.13) 285189 412395 | 4| 4 1.4 0.013 013 | —1.28 | E Is
pP-2p° 554.54 284749 465080 | 6| 6 34 0.16 1.7 -002 | D 1
555.80) 285189 465111 | 4 | 4 28 0.13 094 | —-028| D Is
552.03) 283869 465017 ) 2 2 23 0.10 038 [-070 | D Is ‘4
556.09] 285189 465017 | 4 2 11 0.026 0.19 | —0.98 | D Is
551.75) 283869 465111 | 2 | 4 5.7 0.052 0.19 | —0.98 | D Is
2p—('S)3s 2pe—1§ 105.27 1426 951347 | 6 | 2 450 0.025 0.052 | —0.82 | C | interp
[105.35) 2139 951347 | 41 2 300 0.025 0035 -1.00 | ¢ Is
(105.11] 0| 951347 2] 2| 150 0.025 0.017 | =1.30 | ¢ I
2p—-('S)3d pe_2p 94.409 1426 | 1060651 | 6 | 10 2700 0.60 1.1 056 | C | interp
(94.468] 2139 | 1060699 | 4| 6 | 2600 0.53 0.66 033 | C Is :
[94.288] 0| 1060580 | 2 | 4 2200 0.60 0.37 0.08 | C Is J
[94.479] 2139 | 1060580 | 4 | 4 40 0.059 0073 | —0.63 | E Is
3s—('S\3p IS —2p°
[1752.2) 951347 | 1008418 | 2 | 4 3.32 0.306 3.53 | —0.213] C 2,1s
3p—-(18)3d 2pe—_2p
{1912.7] 1008418 | 1060699 | 4 | 6 2.20 0.181 456 | —0.140! C ca, Is
(1917.1] 1008418 | 1060580 | 4 | 4 0.37 €.020 051 | —1.09 | D ca, s
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Forbidden Transitions

The line strength for the one transition in the ground state configuration is a straight number,

tabulated for exaimple by Naqvi [1]. The transition probability should alse be quite accurate, since
the energy level difference is accurately known. '

Reference

[1] Naqgvi. A. M.. Thesis Harvard (1951).

Na vil. Forbidden Transitions

Transition

Type of Accu-
No. Array Multiplet AA) Eilem=") | Exlem~') | g | g |Transi- | Ax(sec™?) S(at.u.) racy |Source
tion
1} 2p—08)2p po_zpe
[46738] 0 2139 | 2 1 4 m 0.0878 1.33 A 1
Na vit
Ground State 152252 1S,
lonization Potential 264.155 eV = 2131139 em™!
Allowed Transitions
List of tabulated lines:
Wavelength [A] No. Wavelength [A] No. Wavelength [A] No.
77.267 6 497.80 3 2059.1 1G
98.080 7 499.73 3 2558.2 16
411.15 2 788.75 1 2772.0 13
492.33 3 848.73 4 5021.0 15
49291 5 1239.4 14 3108.9 17
493.97 3 1802.7 11 3182.3 8
495.76 3 1867.7 12 14401 9
496.25 3
Garstang and Shamey [1] have obtained the f-value for the intercombination line 2'Se—22P,
by calculating the ratio of this line against the resonance transition in the intermediate coupling
approximation and by using for the resonance line a value calculated according to Cohen and
Dalgarno’s method (2]. The data calculated from the charge-expansion method of Uohen and
Dalgarno {2]. which includes limited configuration mixing, are estimated to be usually accurate to
50 percent or better. while the charge-expansion method of Naqvi and Victor (3] should be less
relisble when the effects of configuration interaction are strong, since these are neglected entirely.
In assigning the accuracy estimates for these methods as well as for the Coulomb approximation we
were to a great extent guided by studying the degree of fit of the data into the systematic trends
along iseelectronic sequences.
References
[1] Garsiang, R. H., and Shamey. 1. §J.. Asirophys. J. 148, 665-666 {1967).
(2] Cohen, M., and Dalgarno. A., ¥roc. Roy. Soc. London A280, 258-270 (1964).
[3] Nagvi. A. M., ard Vicior, G. A.. Technical Documentary Report No. RTD TDR —63-218 (1964).
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Na viil. Allowed Transitions

No.|  Transition Multiplet AMA) Edem=Y)  liem™) 2y |2 At 100 S Statu) { log gf [Accu-[Source
Array sec™) racy
1] 2s2-25(3S)2p | 'S-="1°
(788.75] 0 | [126783] (1 |3 6.4x10% [ 1.8X10-3} 4.7x10*| —4.74 D In
2 1S-1p° 411.15 0 243223 |1 45.5 G 346 0.468 —-0.461] C 2
3| 2s2p-2p? ape—ap 496.06 [127593] | [329183]19 |9 37 0.14 2.0 0.10 D+ 2
[496.25] (128387] | [329899]|5 |5| 28 0.10 0.83 -0.30 D+ Is
[495.76] [126783] | [328494] |3 | 3 9.4 0.035 0.17 —0.98 D— Is
[499.73] | 1[128387] | [328494]15!3| 15 0.034 0.28 -0.77 D- Is
[497.80] [126783] | [327667]13 (1| 36 0.045 0.22 -0.87 D—- Is
[492.33] (126783] | [329899]|3 | 5 9.5 0.058 0.28 -0.76 D—- Is
{493.97] (126053] | [328494]|1|3| 12 0.14 0.22 —-0.85 D - Is
4 P°=1D [848.73] 243223 361046 {3.|5 8.0 0.14 1.2 —-0.38 D-—- 2
k) Pe—18§ [492.91] 243223 46099 (3|1} 73 0.088 0.43 —0.58 E
61 2s*—25(*S)3p 1§-1P° [77.267] 0 | 1294214 |1 | 3|2000 0.55 0.14 -0.26 E 3
71| 2s2p—2s(2S)3s | 'P°—'S [98.080)| 243223 | 1262799 |3 | 1| 140 0.0065 0.0063 -1.71 E 3
8] 25s3s~2525)3p | 'S—'P° | [3182.3] 1262799 | 1294214 |13 0.461 0.210 2.20 —0.68 | C 3
9| 2p3s— 1P°—1P [[14401) 1426049 | 1432991 |3} 3 0.00484 0.0150 2.14 -1347| C ca
2p(P9)3p
10 1pe—D | [2059.1] 1426049 | 1474598 |3 | 5 1.80 0.190 3.87 -02¢4 | C lu
11 1Pe—18 | [1802.7) 1426049 ! 1481521 {311 2.70 0.0438 0.78 -0.88 | C cu
124 2s3p— pe—1D | [1867.7] 1294214 | 1347756 {315 2.01 0.175 3.23 -0.280 | C ca
24(*S)3d
13| 2p2p- 'P--D° | [2772.0] 1432991 | 1469055 |3 |5 0.419 0.080 2.20 —-0.62 C ca
2p(tP*)3d
14 1P--1P° | 11239.4] 1432991 | 1513677 (313 3.02 0.069 0.85 -0.68 | C ca
15 'D—'F° | [3021.0) 1474598 | 1507690 |5 |7 0.490 0.094 4.67 -0.328 | C ca
16 D-'P° | [2558.2] 1474598 | 1513677 |5 13 0.0226 0.00133 0.056 =2177 | C ca
17 1IS=1P° | [3108.9] 1481521 | 1513677 |1 (3 0.258 G.112 1.15 —0.95 C ca
Na vii
i‘orbidden Trarsitions
Nagqvi's calculations [1] are the only available source. The results for the "P°—*P° transitions
are essentially independent of the cheice «f the interaction parameters. For the *P°—'P° transi-
tions, Naqvi uses empirical term intervals, i.e., the effects of configuration interaction should be
partially included.
Rezercnce
{1] Nagvi. A. M., Thesis Harvard (1951).
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Na VII1, Forbidden Transitions

e PTEER CANTEN

Transition l Type of Aceu-
No, Array Muliplet AA) Efem-Y! Exem=Y)| g| ak| Transi-| Api(sec-?) S(at.u.) racy | Source
tion
3 1 2s2p—2s28)2p | 3PP —3P°
i [13.70x 10'] | [126053])| [126783) |1 | 3 m 0.00699 | 2.00 B 1
f [62327] [126783] | [128387] 3 | 5 m 0.0557 | 2.50 A 1
2 Ipe—1pe
(853.46 [126053 243223 {-1 13 m 2.70 1.87x 104 (. 1
! [858.81] [126783 243223 | 3 | 3 m 2.06 0.0145 C 1
| [870.05] [ 128287 243223 [ 5| 3 m 3.18 2.33x10-4 C 1
| L
|
!
; Na IX
Ground State 1525 Sy
.
' -
: lonization Potential 299.78 eV = 2418520 ¢m™!
Allowed Transitions
List of tabulated lines:
i
3 Wavelengh [A] No. Wavelength [A] No. Wavelength {A] No.
[y 53.860 3 77.764 6 224.17 1
, 58.201 7 77911 6 681.72 1
58.279 7 77.925 6 694.26 1
58.291 7 81.175 4 2487.7 8
y 58.952 5 81.350 4 | 2535.8 8
K !
59.044 5 208.02 9 6841.8 10
i 70.615 2 223.79 11 7103.4 10
i 70.653 2 223.99 11 7218.2 10
By

For the transition 2s —2p. the charge-expansion calculation of Cohen and Dalgarno [1] is chosen.
An uncertainty of less than 10 percent is indicated from the graphical comparison of this value
; with the other material for the same transition within the isoelectronic sequence. Data for the other
. listed transitions have been obtained from the Coulomb approximation. Plots of the dependence
of f-value on nuclear charge for all these transitions have been made and show that this material
connects up very smoothly with the data for the lower ions as well as with the hydrogenic value
for infinite nuclear charge. Based on this impressive agreement, accuracies of 10 percent (or 25
percent for some of the smaller values) are indicated.

Reference

[1] Cohen, M.. and Dalgarns. A., Proc. Roy. Soc. London A280, 258-270 (1964).
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Naix. Allowed Transiticns

No.| Transition Multiplet AA) Eqem 2 | EdemY) | & | & | Awl10# S Stat.u.) | log &f | Accu-|Source

Array sec!) racy
1[25-2p 3§ 2pe 685.85 0 145805| 2] 6 6.59 0.140 0.630 | —0.553; B 1
[681.72] 0 146688 | 2| 4 6.71 0.0936 0.420 | —0.728( B Is
{694.26] 0 144038 | 2| 2 6.36 0.0459 0210 | —1.037| B Is
2 |2s-3p 1§ .2pe 70.628 0| 1415876 2| 6| 1380 0.310 G144 | —0.208( B ca
(70.615] 01 1416130 2| 41380 0.206 0.0960 [ —0.385| B Is
[70.653] 0| 14153681 2| 2| 1380 0.103 0.0480 | —0.686, B Is
3|2s—4p 1§ _2p° [53.860] 0| 1856665| 2| 6{ 630 0.082 0.0292 |~ 079 | C+ ca
4 12p--3s po_1§ 81.292 145805 | 1375944 | 6| 2| 705 0,0233 0.0374 | —0.854| B ca
[81.350] | 146688 | 1375944 | 4| 2| 470 0.0233 0.0250 | —1.031| B Is
[81.175]| 144038 % 1375944 | 2| 2 | 236 0.0254 0.06125 | —1.330( B s
S5 {2p—ids tpe..2§ 59.013 145805 | 1840336 | 6 | 2| 276 0.00480 | 0.0056 | —1.54 C ca
(59.044] | 146688 | 1840336 | 4| 2 | 184 0.00480 | 0.00373| —1.72 | C Is
[58.952] { 144038 | 1840336| 2| 2 92 0.00482 | 0.001871 —2.016| C Is
612p-3c¢ Ppe_1p 77.819 145805 | 1430114 6|10 | 4430 0.67 1.03 0.66¢| B ca
77911] | 146688 | 1430204 | 4| 6 | 4410 0.602 0.618 0.382! B Is
77.764] | 144038 | 1429980 | 2| 4 | 3690 0.670 0.343 0.127| B Is
77.925]| 146688 | 1429980 | 4| 4| 735 0.0670 0.0687 | —0.572| B Is
7 1|2p—-4d tpo_2p 58.254 145805 | 18624321 6|10 | 1620 0.137 0.158 | —0.085} C+ ca
58.279] | 146688 | 1862572 | 4| 6 | 1620 0.124 0.095 | —0.305| C+ Is
58.201] | 144038 | 1862222 | 2| 4 | 1360 0.138 0.053 | —0.56 C+ s
58.291] | 146688 \862222 41 4| 267 0.0137 0.0105 | —1.261 | C+ Is
8 |35~ | 1§ —2pe 2503.5 1375944 | 1415876 | 2| 6 0.822 0.232 3.82 —0.333| B ca
[2487.7] 1375944 | 1416130 | 2| 4 0.839 0.156 2.55 —0506| B Is
{2535.8] 1375944 | 1415368 | 2| 2 0.789 0.0761 1.27 -0818| B Is
9 |3s—4p 1§ 2pe [208.02] | 1375944 | 1856665 | 2| 6| 171 0.334 0.457 | —=0.175| C+ ca
10 (3p—3d gpo_1p 70215 1415876 | 1430114 6| 10 0.0295 0.0363 5.04 -0.662| B ca
[7103.4] 1416130 | 1430204 | 4| 6 0.0285 0.0323 3.02 --0.889| B Is
[6841.8] 1415368 | 1429980 | 2| 4 0.266 0.0373 1.68 —-1.127( B s
[7218.2] 1416130 | 1429980 | 4! 4 £.00453 0.00353 | 0.336 |—1.850}{ B Is
11 |3p—4d tpe_zp 223.94 1415876 | 1862432 | 6|10 | 456 0.57 2.53 0.53 C+ ca
[223.99] | 1416130 | 1862572 | 4| 6 | 457 0.51 1.52 0310 C+ Is
[223.79] | 1415368 | 1862222 | 2| 4| 380 0.57 0.84 0.037| C+ Is
[224.17] | 1416130 | 1862222 | 4| 4 76 0.057 0.169 |—064 | C+ Is
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RPN

MAGNESIUM

Mgl
Ground State 1522228352 'Sy
lonization Potential 7.644 eV =61669.14 cm™'
. Allowed Transitions
List of tabulated lines:

Wavelength [A] No, Wavelength [A] No. Wavelength [A] No.
2025.82 4 3096.89 9 5528.40 10
2736.54 15 3329.92 11 7657.8 24
2776.69 3 3332.15 11 8806.76 6
2778.27 3 3336.67 11 8923.57 25
2779.83 3 3829.35 5 9255.78 16
2781.12 3 3832.30 5 9414.96 21
27827 3 3838.29 5 10811.1 20
2846.72 12 4351.91 16 10953.3 26
2848.34 12 4562.48 1 10957.3 26
2851.66 12 4571.10 1 10965.5 26
2852.13 2 4575.3 1 11828.2 8
2936.74 14 4702.99 13 12083.7 17
2938.47 14 5107.32 7 14877.6 18
2942.00 14 5172.68 7 15031 22
3091.07 9 5183.60 7 17108.7 23
3092.98 9

For the intercombination line 3s?'Sy—3s3p *P§, Boldt’s {2] absorption tube measurement is
averaged with Garstang’s [1] theoretical result. The latter has been renormalized by using the
J'value for the resonance line listed in this table. Garstang [1] has also calculated values for the
\wo intercombination lines 3s?'S,—3s3p 3Py, 2, which arise by the interaction of the nuclear mo-
ments with the electrons. These values have also been renormalized in the same manner as above.
In the case of the J=0 to J=2 transition, magnetic quadrupole radiation constitutes an important
contrihution to the total transition probability. (See Mg 1—Forbidden Lines: see also the General
Introduction for adding transition probabilities of various types of radiation.) It should be noted
that the listed values for the nuclear-spin-induced transitions are for the isotope Mg?%; for natural
magnesium, the relative isotopic abundances must be taken into account.

From the extensive material on the resonance line we have selected the results of Lurio [3]
(lifetime measurement via Hanle-effect), Smith and Gallagher [4] (same method) and Weiss [5]
(Hartree-Feck calculations in the dipole length approximation, with superposition of configura-
tions). The average of the three values, which agree within 5 percent, has been udopted.

For the other lines, we have made use of three theoretical investigations and two experiments.
The calculations by Weiss [5]. Zare [7], and Trefftz [9] all employ the self-consistent field approach.
They differ insofar as Weiss uses Hartree-Fock functions and superimposes many possible con-
figurations: Zare also includes configuration mixing, but starts with the simpler, less accurate
Hartree-Fock-Slater wavefunctions; and Trefftz uses Hartree-Fock wavefunctions but takes con-
figuration mixing only partially into account. Weiss' approach must be considered as the most
comprehensive one; thus we have used his values —averaged with experiment—in preference
over the others and, when not available, have chosen Zare’s results over those of Trefftz. Normally
the three methods agree within 15 percent. Exceptions are transitions which involve the 3s3p 'P°
state, where Zare's values are much larger than those of the other two suthors. However, for two
lines originating from this state where the experimental values of Kersten and Ornstein [8] are




avatlable, Zare agrees better with the measurements than Trefftz, and the average of the experi-
ment and Zare’s result has been adopted.

The two experiments mentioned above are the anomalous dispersion measurements of Penkin

and Shabanova [6] and emission intensity measurements of Kersten_and Ornsteint [8] with a
low-current, free-burning arc. Both experiments yield relative fvalues. which have been nor-
malized by a least-squares fit to Weiss’ theoretical results. The values of Penkin and Shabanova
differ by ro more than 15 percent from Weiss' results, which speaks for the relability of the two
methods. Therefore, averages from the two methods have been used when they overlap. Tle
measurements of Kersten and Ornstein show a much larger scatter. Thus their results are only

sparingly used.
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Mg1. Allowed Transitions
No. {Transiticn { Multiplet AAY Eiem=%) |Exlem=) | &l &l  Ax10° [ Sta1.u.) log gf |Accu-|Source
An-ay sec™!) racy
1|3s2— 1§ —3p°
3s(®S)3p (1)) 94562.48 0 21911 1| 51 22x10-"* | 3.5%x10°'* 5.3x10°" —11.46 | D— In
4571.10 0 218701 1| 3! 43x10-® 4.0x10°% 6.1 x10°* -540 | D 1n, 2
4[4575.3] 0 21850 1 1] 58x10-"* | 1.8x10-" 2.8x10°% —11.74 | D—- 1n
2 IS —1p° 2852.13 0 35051 1| 3| 495 1.81 17.0 0.258| B 3.4.5
(1 uv)
3| 3s3p—3p® | *P°-3P 2779.9 21891 578531 9] 9] 5.2 0.61 50 0.74 | C+! 5.6n
(6 uv)
2779.83 21911 57874 5| 5| 3.92 0.455 20.8 0.357] C+ Is
2779.83 21870 578331 3| 3| 1.3l 0.152 4.17 —0.3411 C Is
2782.97 21911 578331 5| 3| 216 0.151 6.9 —-0.122] C is
2781.42 21870 578131 3| 1§ 5.3 0.204 5.6 —-0.213| C Is
2776.69 21870 57874 3| 5| 131 0.252 6.9 -0.121] C Is
2778.27 21850 57833 1| 3| L.76 0.61 5.6 —-0.215| C Is
4| 32— 1§~ 1p° 2025.82 0 493471 17 3| 1.2 0.22 1.5 —-066 | D 7
3s2SM4p| (2 uv)
5 |3s3p— pe~ip 3835.3 21891 479571 9115 1.68 0.619 70.3 0.746| B 5. 6n
3s5(28)3d 3)
3838.29 21911 47957 | 5| 7| 1.68 0.519 32.8 0.414| B Is
3832.30 21870 47957 | 3| 5| 1.27 0.465 17.6 0.145 B Is
3829.35 21850 47957 1 1| 3| 0.940 0.620 7.82 —-0.208) B Is
3838.29 21911 479571 5| S| 0.420 0.0928 5.86 —0.333| B Is
3832.30 21870 47957 | 3| 3§ 0.703 0.155 5.86 -0.333| B Is
3238.29 21911 47957 | 5| 3| 0.047 0.0062 0.39 -151'| D Is
6 1pe1p 0306.76 35051 464031 3] 54 0.14 0.28 24 —-008| D 5
(N
71 3s3p— poi§ 5178.5 21891 411971 9§ 3| 1.04 0.139 21.3 0.097| B 5. 6n
3s(2S)4s 2)
5183.60 21911 41197 | 51 3 | 0.575 0.139 11.9 -0.158} B Is
5172.68 21870 41197 ] 3| 3| 0.346 0.139 7.10 —-0.380| B Is
5167.32 21850 411971 1 3 | 0.116 0.139 2.36 -0.857| B Is
26
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Fig .. Allowed Transitions —Continued
No/ Transition | Multiplet AA) Efcm)Edem "] & | & Ax(10# Sk S(at.u.) log & |Accu-Source
Array sec™!) racy
8 Pe—1§ 11828.2 35051 43503 | 3| 1| 0.26 0.18 21 —-0.27 D 5
(6)
9 |3s3p— pe_ip 3095.0 21891 54192 | 9 |15 | 0.56 0.134 12.3 0.081 | C 6n,7
3s(*Sd | (5) .
3096.89 21911 54192 | 5| 7| 0.56 0.112 5.7 —-0.252 | C Is
3092.98 21870 54192 | 3| 5| 0.420 0.101 3.07 —0.52 C s
3091.07 21850 54192 { 1| 3| 0313 0.135 1.37 -0.87 C Is
3096.89 21911 54192 | 5] 5| 0.139 0.0200 1.02 --1.000 { C s
3092.98 21870 54192 | 3| 3| 0.233 0.0334 1.02 -1.000 | C Is
3096.89 21911 54192 [ 5} 3| 0.016 0.0013 0.068 -218 E Is
10 P°—1D 5528.40 35051 53135 3| 5 0.14 0.11 6.0 —0.48 D-| 7,8n
)]
11 |3s3p— pe—3§ 3134.5 21891 S1872( 9] 31 0.31 0.017 1.7 —0.82 D 8n
35(28)5s 4)
3336.67 21911 51872 | 5] 3| 0.17 0.017 0.93 -1.07 | D Is
3332.15 21870 51872 31 31| 0.10 0.017 0.56 -129 | D s
3329.92 21850 51872 1| 3| 0.034 0.017 0.19 -1L77 D Is
12 |3s3p— 3pe—p 2850.6 21891 56968 1 9 115 | 0.27 0.055 4.7 -0.31 D-| 7,8n
35(28)5d | (5 uv)
2851.66 21911 56968 | 5| 7 0.27 0.047 2.2 -0.63 | D— Is
2848.34 21870 56968 3| 5| 0.21 0.043 1.2 -089 | D- Is
2846.72 21850 56968 | 1| 31 0.15 0.055 0.52 —-1.26 D- Is
2851.66 21911 569681 5| 5| 0.068 0.0083 0.39 —-1.38 | D- Is
2848.34 21870 56968 { 3 | 3] 0.11 0.014 0.39 —-138 | D—- s
2851.66 21911 569681 5| 3| 0.0076 5.5x104 0.02¢ —-2.5 | E Is
13 Pe~1p 4702.99 35051 56308 3| 5] 0.16 0.088 4.1 -058 (D~ 7,8n
(11
14 |3s3p— 3PS 2940.2 21891 55892 91 3| 0.16 0.0067 0.58 -122 | D~ 8n
35(3S)6s (3 uv)
2942.00 21911 55892 ( 51 3| 0.086 0.0067 0.32 —-147 | D- Is
2938.47 21870 558921 3| 3| 0.052 0.0067 0.19 -1.70 | D~ s
2936.74 21850 55892 ( 1| 3| 0.017 0.0067 0.065 =217 | D~ Is
15 [3:3p— 3pe—1p
35(*S)6d | (9 uv)
2736.54 21911 584431 5| 7| 0.207 0.0326 1.47 -0.79 6n
16 Pe~1D 4351.91 35051 58023 3¢ 51 021 0.10 4.3 —=0.52 = 8n
(14)
17 | 3s3d— ID=3F° 12083.7 46403 54676 | 5| 7| 0.170 0.52 103 0415 | C 9
3s2S)4f (26) .
18 D —4F° 14877.6 4757 546771 15 (211 0.105 0.487 358 C.'86 C 9
19 | 3s3d— ‘D—1F° 9255.78 45403 57204 5] 71 0.089 0.16 24 -0.09 | C 9
3s(28)5f {27)
20 Pt 10811.1 47957 57204 | 15| 21 | 0.0452 0.111 59 0221 | C 9
37
21 | 3s3d - 3D —ape 9414.96 47957 58576 | 15| 21 | 0.022 0.041 19 —-0.21 C 9
3s(2S)6f (38)
22 | 3s4s— 1S L Bpe 15031 41197 47848 3| 9| 0.139 1.41 209 0.63 C+ 7
3s(:SMp
23 1S5-tp° 17108.7 43503 493471 1] 3| 0.094 1.24 70 0.093 7
24 | 3s4s— 48 —#pe 7657.8 41197 542521 3| 91 0.0148 0.0390 2.95 -0.93 - 9
R:428)5p 22)
25 1IS—1p° 8923.57 43503 347071 1] 31} 0.011 0.040 1.2 -1.40 D- ca
25)
308-022 0-69—3 '
oG
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Mg1. Allowed Transitions —Continued
=
No| Transition | Multiplet M) |Eqem™) |Eem™)| & | & | Au(10* Six S(at.u.) log &f | Acend{Scurce
Array sec™) racy
i 26| 3sdp- spe—aD 10962 47848 56968 | 9| 15( 0.044 0.13 43 008 | D ca
3528)5d | (35) g
10965.5 47851 56968 5 7| 0.044 0.11 20 -0.25 | D Is i
10957.3 47844 56968 | 3! 5| 0.033 0.10 11 -052 | D Is H
10953.3 47841 56968 1| 3| 0.025 0.13 4.8 -0.88 | D—- Is
10965.5 47851 56968! 5| 5] 0.011 0.020 3.6 -1.00 | D— Is :
10957.3 47844 56968! 3| 3| 0.018 0.033 36 —-1.00 | D- Is ;
10965.5 47851 56968 | 5| 3| 0.0012 0.0013 0.24 -218 | E Is i
# See introduction.
Mg
Forbidden Transitions
The transition probability for that part of the 3s* 'Sy— 3s3p *P: transition which is magnetic
quadrupole radiation (m.q.) is taken from calculations of Garstang [1]. Following a private com-
munication by him, we have renormalized his published value (For the addition of transition
probabilities arising from various types of radiation, see the General Introduction: also, for the
relation of 44; (m.q.) to other quantities, see [1].) The data for the *P°—*P° and *P°—*'P° magnetic
dipole transitions are from Naqvi's calculations {2]. The results for the *P°--3P° transitions are
essentially indpendent of the choice of interaction parameters and therefore more accurate than
those for P°—1P°, For the latter transitions, Naqvi uses empirical term intervals, i.z., the effects ;
of configuration interaction should be partially included. For three 3s3;)— 3s4p electric quadrupole &
lines, transition probabilities have been calculated by Maller [3]. which are consistent with ¥ .
experimental observations. L
References ?
[1] Garsiang, R. H., Asirophys. J. 148, 579-584 (1967) and privale communicarion (1967). )
[2] Naqvi, A. M., Thesis Harvard (1951). 3
[3] Méller. N. H.. Arkiv fir Fysik 29, 353-358 (1966). 3
Mgi. Forbidden Transitions
Transition Type of ) Accu: ;
No Array Multiplet )‘(A) Ei(cm=%)| Ep{cm-?) | & | &) Transi-| Aun(sec') S(atu.) racy | Source ‘q
tion p
13 -3s¢8)3p | 'S—P° ;
4562.48 0000| 2012 [ 1| 5| mq |28x10¢| ... E In 3
2|35y = 3s(2S)3p | SP°=3P°
[49.839 x 10°]121850.4 2187051 1] 3 m 1.45x10-71  2.00 A 2
[24.555 X 107 §{21870.5 21911.2 1 3| 5 m 9.11x10-7)  2.50 A 2
3 apo 1P
7573.2 21850.4 350513 § 1| 3 m 110X 10 %] S3x10* | ( 2
7584.7 21870.5 350513 { 3| 3 m 0.0050 2.45x10°4 ( 2
7608.2 21911.2 35051.3 | 5| 3 m 1.35x10°% 6.6x10*| ( 2
4|3s3p = 3s(2SHp | P =2P°
3854.97 21911.2 478444 | 51 3 03 81 D 3
3853,96 21911.2 47851.2 ;1 5 5 ° 25 63 D 3
3848 91 21870.5 478444 1 31 3 e 18 27 D 3
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Mgl
Ground State 15%25%2p%3s 28,2
lonization Potential 15.03 eV=121267.41 cm-!

Allowed Transitions

List of tabulated lines:

Wavelength [A] No. Wavelength [A] No. Wavelength (4] No.
1026.0 3 3538.8 17 4481.2 1
1239.9 2 3538.81 17 5264.3 22
1240.4 2 3549.52 18 6346.8 21
2660.3 10 3553.37 18 7877.05 13
2790.77 4 3613.78 12 7896.37 13
2795.53 1 3615.58 12 7896.4 13
2797.99 4 3848.2 8 8213.99 14
2798.0 4 3848.21 8 8234.64 14
2802.70 1 3850.39 8 9218.25 11
2928.63 5 4384.64 I 15 9244.27 11
2936.51 5 4390.56 15 9632.2 20
3104.8 9 4390.6 15 10914.2 6
3172.71 19 442199 16 10915.3 6
3175.78 19 4433.99 16 10951.8 6
3534.97 17

The adopted value for the resonance line is an average of self-consistent field calculations
including polarization and exchange effects, by Biermann and Liibeck [1], calculations employing
a scaled Thomas-Fermi potential by Stewart and Rotenberg [2], and a lifetime experiment utilizing
the Hanle effect by Smith and Gallagher [3]. The results of the three methods agree within a few
percent. The other transitions covered by Biermann and Liibeck (3p—3d and 3d—4f) should also
be quite accurate, i.e.. within 10 percent. Less refined self-consistent field calculations (including
exchange but neglecting polarization) hav: been undertaken for several other multiplets by Chap-
man, Clarke and Aller [4). In the remaining two transitions treated by Stewart and Rotenberg
t ‘—4p and 3s—3p) and in all transitiors involving the 5p state there appear to be considerable
cancellation effects in the transition integral. Hence, accuracy ratings of “D” or “E” have been
assigned to these transitions.

For Mg tt, a member of the sodiun isvelectronic sequence, it is possible to utilize extensively
the dependence of oscillator strengths on nuclear charge for the intercomparison of analogous
transitions. Thus, the degree of fit of the irdividual f-values into the systematic trends has served
as one of the decisive factors for the choice of accuracy assignments.

References

It] Biermann, L. . and Liibeck. K., Z. Astropnys. 25, 325-339 (1948),

12] Stewart, J. C , and Rutenberg, M., Phys Rev. 140, 1508A-1519A (1965).

[3] Smith, W. W, and Gallagher, A., Phys. Rev. 145, 26~35 (t1966).

[4] Chapman, R D., Clarke, W. H., and Al'er, L. H., Astrophys. J. 144, 376-380 (1966).




Mgu. Allowed Transitions

No. | Transition| Multiplet AA) Efem") | Exlem ™) | & | & |  Ax(10% Jue S(at.u.) log gf | Accu-{Source i
Array sec”!) racy !
‘ 1|3s-3p 15 2pe 2797.9 0] 35730 2| 6] 2.67 0.930 17.3 0274 | B+|1,2.3 ¢
; (1 uv)
27+ :.53 0 35761 | 2| 41 2.68 0.627 11.5 0.098| B+ Is !
2802.70 0 35669 | 21 2| 2.66 0.313 5.78 —-0.203{ B+ Is 1
2 |3s—4p 1§ 2p° 1240.1 0 80640 | 2| 61 0.0033 2.3 %101 0.0019 —-3.34 E 2
[1239.9] 0 80650 | 2| 4] 0.0033 1.5x 104 0.0012 -3.52 E Is '
11240.4] 0 80620\ 21 2| 0.0033 7.7%x10-* 6.3 x 101 -3.81 E Is .
3| 3s=5p 3§~ 3pP° i026.0 0| 97464 2| 6| 0.0021 0.0010 0.0068 =27 | D 2
4|3p-3d tpe_1D 2795.5 35730 71491 | 6 (10| 4.71 0.920 50.8 0.742| B 1 i .
(3 uv) )
2797.99 35761 714911 4| 6| 4.70 0.828 305 0520 B Is é
2790.77 35669 | 71491 | 2| 4| 3.94 0.920 16.9 0.265| B Is
[2798.0) 35761 71491 | 4| 4]0.783 0.0919 3.39 -0435( B Is
5|3p- 45. 2po_ 2§ 2033.8 35730 69805 | 6| 2,3.23 0.139 8.1 —-0.079 | C+ ca
(2 uv) !
: 2936.51 35761 69805 | 4| 21215 0.139 5.4 —0.255 | C+ Is |
2928.63 35669 698051 21 211.07 0.138 2.66 —0.56 C+ Is
6|3d-4p D -2p° 10026 71491 80640 | 10 |. 6 [ 0.166 0.178 64 0.250 | C ca i
(3)
10914.2 71491 80650 | 6 410.150 0.178 38.4 0.029 { C Is i
10951.8 71491 80620 | 4| 210.166 0.149 21.5 -0225 | C Is :
10915.3 71491 80650 | 4| 4]0.0162 0.0290 4.17 —0.94 C Is i i
i
7| 3d-4f D _2fF° 4481.2 71491 93800 ; 10 | 14 [ 2.25 0.950 140 0978 | B 1 ;o
4 !
8| 3d-5p 2p —2pe 3849.1 71491 97464 | 10| 6| 0.035 0.0047 0.60 -1.33 D 4
(5)
3848.21 71491 97469 | 6| 410.032 0.0047 0.36 -15 | D Is !
3850.39 71491 97455 | 4| 2|0.035 0.0039 0.20 —1.81 D Is ~
[3848.2] 71491 97469 | 4| 4|0.0035 7.8x10-4 0.039 —2.51 D is
9|3d-5f D —3fF° 3104.8 71491 103690 | 10 | 14 | 0.81 0.164 16.8 0215 | C ce ?
(6)
10| 3d—~6f I _2f° 2660.8 71491 | 109062 | 10 | 14 | 0.38 0.057 5.0 —-0.24 D ca %
4 uv) 3
111 4s-4p 5 3pe 9226.0 69805 80640 | 21 610358 1.37 83 0.438 | C+ ca 5
(1 d
9218.25 69805 80650 2| 410.359 0.91 55 0.262 | C+ Is {
9244.27 6Y805 | 80620 2| 2]0.356 0.456 27.8 —0.040 | C+ Is y
i
12 | 4s—-5p 1§ —2p° 3614.4 69805 97464 | 2| 6 0.0017 0.0010 0.024 -2.70 E 4
2)
3613.78 69805 97469 | 2| 41} 0.0018 6.9x10-4 0.016 —2.86 E Is '
3615.58 69805 97455 { 2| 2| 0.0017 3.4X10 0.0081 -3.17 E Is
131 4p—4d tpe_2p 7889.9 80640 93311 | 6 10| 0.79 1.23 192 0.87 C+ ca
(8)
7896.37 80650 93311 | 4 60.79 1.11 115 0.65 C+ Is
7877.05 80620 933111 2| 4|0.66 1.23 64 0391 | C+ Is
[7896.4] 80650 93311 | 4| 410.133 0.124 12,9 -0.305 | C+ Is
14 | 4p—>5s 2pe_129 8231.6 80640 927911 6! 210.78 0.204 42.9 0200} C+ ca
(7
8234.64 80650 92791 | 4| 210.52 0.264 28.6 0.024 | C+ Is
8213.99 80620 92791 | 21 210.260 0.263 14.2 -0.279 | C+ Is
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Mgiu. Allowed Transitions—Continued
No.| Transition | Multiplet | A(A) Efem™") | Exlem™") | & | & Au(10® Sk Stat.u.) log & |AccudSource
Array sec™!) racy
15 | 4p—5d 2pe—-2p 4388.6 80640 | 103420 | 6 {10 | 0.17 0.081 7.0 -0.31 !D 4
(10)
4390.56 80650 | 103420 | 4 | 6 | 0.17 0.074 4.3 -053 |D Is
4384.64 80620 | 103420 | 2 | 4 |0.14 0.083 2.4 -0.78 (D Is
[4300.6] 80650 | 103420 | 4 | 4 | 0.017 0.0050 0.29 -170 |D Is
16 { 4p—6s Ppe-128 4432.0 80640 | 103197 | 6 | 2 | 0.32] 0.0315 2.76 -0.72 |C+ 4
9
4433.99 80650 | 103197 | 4 { 2 |0.214 0.0315 1.84 ~090 |C+ Is
4427.99 80620 | 103197 | 2 { 2 |0.107 0.0315 0.92 —-1201 [ C+ Is
17 | 4p—~6d pe—2p 3537.6 80640 | 108900 | 6 110 | 0.059 0.019 1.3 -095 |D ca
12)
3538.81 80650 | 108900 | 4 | 6 | 0.059 0.017 0.77 -1.18 |D
3534.97 80620 | 108900 | 2 | 4 | 0.050 0.019 0.43 -143 |D
[3533.8] 80650 | 108900 | 4 | 4 | 0.0098 0.0018 0.086 -2.13 |D
18 } 4p—Ts 2pr 28 3552.1 80640 | 108784 | 6 | 2 | 0.162 0.0102 0.72 -1213 | C
(11)
3553.37 80650 | 108784 | 4 | 2 { 0.108 0.0102 0.477 -1.390 | C
3549.52 80620 | 108784 | 2 | 2 | 0.054 0.0102 0.238 =169 |C
19 | 4p—8s peLi§ 3174.8 80640 | 112129 | 6 | 2 { 0.097 0.00490 0.307 -153 |C
(13)
3175.78 80650 | 112129 | 4 | 2 | 0.065 0.00489 0.205 =171 |C
3172.71 80620 | 112129 | 2 | 2 | 0.0325 0.00490 0.102 -2.009 | C
20 | 4d-5f P3P 9632.2 93311 | 103690 {10 {14 | 0.413 0.80 255 2991 | C
(15)
21 | 4d—6f P - 2F° 6346.8 93311 | 109062 (10 ;14 | 0.216 0.183 38.2 0.262 | C
(16)
2% [ 4d=-f P-2F° 52¢:.3 93311 | 112301 {10 {14 | 0.125 0.073 12.6 -0.139 | C
(a7
Mg m
Ground State g 1522522p° 'S,

Tonizatior Potential

(1) Kasiner, S. O., Omidvar, K., and Underwood, J. H., Astrophys. J. 148, 269-273 (1967).

Allowed Transitions

60.12 eV=646364 cm-!

Calculations by Kastner, Omidvar, and Underwood [1], employing Hartree-Fock wavefunc.
tions and including intermediate coupling, are available. Since the calculations are based or a
single-configuration approxisuation only, uncertainties of up to 50 percent are expected for the
strong lines and e¢ven higher uncertainties for the weak lines, the latter being more affected by
assumptions about the coupling.

Reference




Mg 1.  Allowed Transitions
l ] i
No} Transition Multiplet AMA) Efem=" |Edem™) [ & | & | Aw(10P S S(atu.) | log gf {Accu-Suource
Array sec') racy
1§ 2p*—2p*(*P32)3s | 'S —3P° i
(1 uv) !
234.258 0 426877 1| 3 4.5 0.011 00085 | =196 | E 1
2| 2p°—2p%2P3,)3s [ 'S—'P° | 231.730 0 431539 | 1| 3| 87 0.21 016 [-068| D i
(2 uv)
3| 2p*—2p%(*P3,)3d| 1S - *P°
 188.53] 0o 530430 | 1 | 3 2.5 0.0040 00025 {-240| E i
4| 2p*—2p*@Py,)3d| 1S-'P° 187,194 o 534204 1| 3 100 0.16 0099 [-=080] D 1
(3 uv) |
5| 2p*—2p%2P2,)3d| 'S —3D°
4 uv) 186.510 0 536157 | 1| 3 170 0.27 0.17 -057| D 1
4
k4
i}
3
]
&
Mg1v H
Ground State 15225723 2Py, g
lonization Potential 109.29 eV = 881759 cm-! f
Allowed Transitions {
List of tabulated lines: 3 !
%
Wavelength [A] No. Wavelength [A] No. Wavelength [A] No. i
321.00 1 1459.6 4 1698.9 3 3
323.31 1 1490.4 4 1703.4 3
1230.3 5 1508.8 4 1874.6 2 2
1238.7 5 1525.2 7 1893.9 2 §
1245.2 5 1548.1 7 1906.7 2 i
1246.6 5 1641.0 3 1925.7 2 !
1253.7 5 1658.9 3 1936.9 2 o
1363.4 6 1680.0 3 1946.2 2
13754 6 1683.0 3 1956.6 2 3

The value for the 2522p® 2P° —252p® S multiplet is calculated frosn. the nuclear charge-expar- ;
sion method of Cohen and Dalgarno [1]. It may be quite uncertain since configuration interaction ;
effects with configurations invelving electrons of the n=3 shell, which were not included in this
calculation, may be significant. Inasmuch as no other material is available, the Coulomb approxima-
tion has been used for a number of 3s—3p and 3p —3d transitions, where for atomic systems of
| similar complexity it has given fairly reliable values.

Reference

|11 Cohen, M., end Dalgarno, A., Proc. Roy. Soc. London A280, 258-270 (1964).
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Mgiv. Allowed Transitions

T
No.| Transition Multiple: AA) EfemY | Eiem=Y) \ ¢ & | Ax(10% Tk S(at.un) | log &f |Accu-Source
Array sec-!) racy
1| 25223 =252p% | 2P°-.2S 32077 742 3115271 6| 2 260 0.14 0.86 | —0.08{ D 1
[321.00) 0 311527 4! 2 170 0.13 057 |—028| D Is
[323.31) 2226 311527 2| 2 87 0.14 029 [—-055| D Is
2| 2p*3s— N ] 1911.5 544572 5968861 12 | 12 3.9 0.21 16 040 | D ca
204°P)3p
[1::93.9 543727 596527 6] 6 2.8 0.15 56 |-005|D Is
[1925.7 545144 597072 4! 4 0.50 0.028 071 |-095| = s
[1936.9 545962 597590 2| 2 0.61 0.035 044 | —115| E s
[1874.6 543727 597072 6| 4 1.8 0.065 24 |—041| D~ s
[1906.7 545144 597590 4| 2 3.2 0.088 22 |[—-045| D- Is
{1946.2 545144 596527 4| 6 1.1 0.094 24 |—-042| D-— Is
[1956.6 545962 5970721 2| 4 1.5 0.17 22 (—0471 D—- Is
3 4P —D°
1683.0 543727 603143 6| 8 5.8 0,33 11 030| D ca, Is
1698.9 54514 6040071 4| 6 3.9 0.25 5.7 000 D ca,ls
1703.4 545962 604667 2| 4 2.4 0.21 23 |—038| D—| ca, s
1658.9 543727 604007 6| 6 1.8 0.073 24 |—036| D—1ca,ls
1680.0 545144 604667 4| 4 3.1 0.13 29 |—028| L-| ra.ls
1641.0 543727 604667 6 4 0.31 0.0083 027 |—-130{ E ra, Is
4 P 18° 1477.8 544572 612240 12} 4 8.6 0.094 5.5 005! D ca
1459.6 543727 612240 6] 4 4.6 0.097 28 |-024( D Is
1490.4 545144 612240| 4| 4 2.8 0.092 18 |-043| D Is
1508.8 545962 612240| 2| 4 1.4 0.093 092 -073| D Is
5| 23— apo_ap
P PRI
1245.2 596527 6576837 6| 6 5.9 0.14 34 [—-008| D ca, ls
1238.7 597072 677805} 4| 4 1.1 0.026 043 |~098 | E ca, ls
1230.3 596527 677805| 6| 4 4.1 0.062 1.5 |—043]| D—{ca,!s
1253.7 597072 676837| 4] 6 2.6 0.091 15 [—04 | D—] ca,ls
1246.6 597590 677805, 2| 4 3.4 0.16 1.3 |—049 ) D—| ca,ls
6 D°—-4F
[1375.4) 604667 677355| 4| 4 4.5 0.13 23 |—-028| D ca, ls
[1363.4] 604007 677355| 6} 4 0.32 0.0059 016 |—145{ E ca,ls
7 150 1p
[1548.1] 612240 676837 4| 6 6.4 0.34 7.0 013 | D ca, s
[1525.2) 612240 677805 4| 4 6.7 0.23 47 1—-004 | D ca, ls
Mg 1v
Forbidden Transitions
The line strength for the one transition in the ground state configuration is a straight number,
tabulated for example by Nagvi [1]. The transition probability shou!d alse be quite accurate, since
the energy level difference is accurately known.
Reference
{1) Nagvi, A. M., Thesis Harvard (1951).
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Mg 1Iv. Forbidden Transitions

Transition Type of Accu-
No. Array Multiplet AA) Eiem=) ) Ex(em™") | & | & ; Transi- | Ax(sec-?) S(at.w.) | racy |Source
tion
1|2p5-2p0  [Po—2P°

[44911] 0 2226 4+ ]2 m 0.198 1.33 A 1

5
Mgv

Ground State 15:2s22p? 1P, |
Ionization Potential 141.23 ¢V =1139421 em™' i
Allowed Transitions X
q
The values are calculated fromn the change-expansion method of Cohen and Dalgarno [1] ‘
which includes limited configuration mixi~g. An additional value for the 'S—1P° transition is !
available frem the calculations of Bolotin, Shironas, and Braiman [2], which also include limited 1
configuration interaction. For this latter trarsition, the two methods agree fairly well and the !
results are averaged. In general, unceriain.ies should be within 50 percent. g
References ;
[1] Cohen, M., and Dalgarao, A., Proc. Roy. Soc. London A280, 258-270 (1964). ‘
[2] Bolotin, A. B., Shiror aa, i. 1., and Braiman, M. Yu.. Vilniaus. Valstybinio v. Kapsuko vardo universiteto Mokslo Darbai i
33. matemarika fizika 9, 107-112 (1960). %
Mg v. Allowed Transitions 'g
; i
No.| Transition Multiplet AA) Efem™) | Exlem™) | & | & Axi(108 Six S(at.u.) |log gf | Accud{Source ;
Array sec™') racy i
1| 2s22p'-252p* |*P-3P° 353.16 873 284027 1 91 9 120 0.22 2.3 030 D 1 fs
[353.09} 0 283211 { S| 5 88 G.17 09 [—007| D Is ki
[353.30) 1780 234827 | 3| 3 29 0.054 0.19 {-0.79| D— Is I
[351.09) 0 284827 | 5| 3 50 0.055 0.32 |—0.60{ D- Is |
[352.20) 1780 285708 | 3| 1 120 0.075 0.26 |[—065| D— Is 3

[355.33]) 1780 283211} 3| S 29 0.091 0.32 |-0.56 | D- Is
[354.22) 2519 284327 | 1] 3 40 0.22 0.26 |—0.66 | D— Is \
%
2 p-1pe [276.58) [36348] | [397906])| S| 3 200 0.14 0.64 |—0.15| D 1 2
b
3 1IS—1p° [312.31) [77712]) | [397906]| 1| 3 27 0.12 0.12 [-092| D 1.2 i
= 1
iy
Mgv /

Forbidden Transitions

As in the case of NaIv the adopted values are taken from Naqvi[l], and Malville and Berger[2].
For a discussion on the selection of values see Nalv, since the same considerations have been
applied.




References

[1} Naqgvi, A. M., Thesis Harvard (1951).
(2] Malville, J. M., and Berger, R. A., Planelary and Space Science 13, 113i (1965).

MgV. Forbidden Transitions

} Transition Type of Accu-
No Array Mu.tiplet AR Eiem=") | Ex(cm™") | & | & | Transi- | Ax(sec-?) S(at.u.) | racy | Source
tion
1 | 21— 2p 3p_s3p
j [56164] 0 1780 | 51 3 e 1.16 X107 | 0.116 C~- 1,2
(56164 0 1780 | 5 3 m 0.127 2.50 A 1
39687 0 2519 | 5| 1 e 8.8x10-7 0.052 C- 2
13.53 x 10¢] 1780 2519 : 31 1 m 0.0218 2.00 A 1
2 :lP_lD
3
(2750.4] 0 [36348]] 5| 5 e 0.0017 7.9%x104| D- 1,2
: 2750.4 0 [36348]] 5| 5 m 1.9% 0.0073 C 1
] 2892.0 1780 [36348]| 3| 5 e 19104 1.1x104{ D~— 1.2
: 2892.0 1780 136348,{ 3| 5 m 0.55 0.00245 C 1
i (2955.2] 2519 (36348]] 1| 5 e 6.7%x10-3 4.5%x10-3} D- 2
: 3 :|P_|S
H
11286.8] 0 [77712])1 5] 1 e 0.027 57x10-3{ D-— 2
§ [1317.0] 1780 [77712]| 3| 1 m |23 0.00195 C 2
P D18
i [2416.8) (36348)] (72| 5| 1| e |40 0.206 c- 2
i
4
i
i
i
Mg vi
Ground State 1522522p° 4S5
]
Ionization Potential 186.49 eV=1504581 cm~!
Allowed Transitions
Values for all the listed transitions are calculated from the nuclear charge-expansion method
of Cohen and Dalgarno [1], which includes limited configuration mixing. Judged from graphical
comparisons with other ions in the isoelectronic sequence and from the general success of Cohen
and Dalgarno’s method for similar ai’mic systems, uncertainties within 50 percent are indicated.
Reference
[1} Cohen. M., and Dulgarno. A., Proc. Roy. Soc. London A280, 258-270 (1964).
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Mgvi. Allowed Transitions
No Transition Multiplet AR) Efem-"Y) {Edem™) | & | & Ax(10% Six S(at.u) | log gf |AccuSource
Array sec™!) racy
1 [2s22p*—262p* |4S°—1P 401.76 0 248906 |4 |12 36 0.26 1.4 0.02 D 1
403,32 0 247945 {4 ] 6 36 0.13 0.70 |-0.28 D Is
[400.68 0 249578 [ 4 | 4 37 0.089 047 |—-045 D Is
399.29 0 250445 | 4 | 2 37 0.044 023 |-0.75 D Is
2 P°—2p 349.15 [54158] | [340564] 10 |10 86 0.16 1.8 0.20 D 1
349.16 54150 340551) |6 | & 79 0.14 1.0 —0.08 D s
349.15 54171 340584) | 4 | 4 77 0.14 0.65 |—0.25 D Is
349, 12 54150 340584) (6 | 4 8.6 0.010 0.072 |—-1.22 E Is
1349.19] 54171 340551 |4 | 6 5.7 0.016 0.072 |-1.19 E s
3 ne_2p 269.92 [54158] | [424633] |10 | 6 310 0.20 1.8 0.30 D 1
270.39 [54150] | [423981) (6 | 4 280 0.21 1.1 0.10 D s
268.99 54171) | {425938] {4 | 2 310 0.17 0.60 (—0.17 D Is
270.41 (54171 423981] 4 | 4 31 0.034 0.12 [|—0.87 E Is
4 tpe_2p 387.94 [82791] | [340564]| 6 {10 13 0.050 0.38 ([—0.52 D 1
388.02)| [82832 [340551) | 4 | 6 13 0.045 0.23 |—0.74 D Is
[387.79 (82710 340584) | 2 | 4 il 0.051 0.13 |—0.99 D Is
387.97] 82832 340581] | 4 | 4 2.2 0.0049 0.025 [—1.71 E Is
5 pe_2§ 314.64 [82791] | [400619]) | 6 | 2 180 0.090 0.56 ([—0.27 D 1
314.68 82832 400619] |4 | 2 120 0.089 037 |[—0.45 D Is
[314.56 [82710] | [400619]| 2 | £ Y 0.092 0.19 |—-0.74 D s
6 2pe_z2p 292,53 [82791] | [424633)]| 6 | & 90 0.12 0.67 |—0.14 D 1
293.13 82832 423981) 1 4 | 4 74 0.096 037 |—0.42 L Is
291.35 82710 425938) 12 | 2 6) 0.078 0.15 |—0.81 D Is
F291.46 82832 425938] | 4 | 2 30 0.019 0.074 |—1.12 E Is
[293.02 82710) | (423981) |2 | 4 15 0.038 0.074 |—1.12 E Is
Mg vi
Forbidden Transitions
For this ion all the values have been taken from Garstang [1], who has improved Pasternack's
earlier calculations (Pasternack, S., Astrophys. J. 92, 129 (1940)).
Reference
(1] Garstang, R. H., .A.U. Symposium #34 on Planetary Nebulae held at Tatranska Lomnica, Czechoslovakia, Sept. (1967).
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Mg V1. Forbidden Transitions
Transition Type of Accu-
& No. Array Multiplet AA) Ecm-) | Ex(cm=")| &| &/ Transi-| Ax(sec!) S(atu.) |race [Source
i tion
1|2 —2p3 18°—-2D°
[1846.7 0 | [54150]| 4 | 6 m |0.0032 4.48x10-° C 1
(1846.7] 0 {54150]| 4 | 6 e 0.0022 1.69 X 10-4 D 1
[1846.0 0 54171)| 4 | 4 m 0.12 1.12x 104 C . 1
V [1846.0] 0 54171]1 4 | 4 e 0.0014 7.147 %103 D 1
2 18° —2p°
[1207.3 0 (82832]| 4 | 4 m [3 0.00339 C 1
[1207.3 0 82832]( 4 | 4 e 2.7x10¢ | 1.6x10-* D 1
[1209.0 0 82710)| 4 | 2 m 5.3 6.9x10* C 1
[1209.0 0 (82710]| 4 | 2 e 8.5X10°% | 2.6x10-7 D | 1
3 1p° —2p°
(47.6 X 10°] [54150) [54-]71] 6|4 m 1.50x 1077 | 2, B-
(47.6 X 10°] [54150] | 341711 6 | 4 e 2.0x10-2 | 1.2x10-4 D
4 2pe —2pe
(1F) 3485.5 [54150) | (82832] 6 | 4 ”n 2.1 0.0132 C 1
3485.5 [54150] | [82832]) 6 | 4 e 0.26 0.319 C 1
3503.¢ 54171 (82710} 4 | 2 m 2.3 0.0073 C 1
3503.0 [54171 (827101} 4 | 2 e 0.23 0144 C 1
3500.4 [54150 (82710]] 6 | 2 e 0.15 0.094 C 1
3488.1 [54171 (82832]1 4 | 4 m 3.2 0.0233 C 1
3488.1 (54171 (82832]1 4 | 4 e 0.11 0.135 C 1
5 2po __2pe .
|81.94x10%] | [82710 |82832]| 2 | 4 m 1| 1.63x10-3 | 1.33 B 1
(81.94x10¢] | (82710 (82832]| 21 4 e 8.7x 1018 7.7%x10-4 D 1
Mg v
Ground State 15225%2p* 3P,
lonization Potential 224.90 eV =1814430 cm™!
Allowed Transitions
List of tabulated lines:
Wavelength [A] No. Wavelength [A] No. Wavelength [A] No.
276.15 3 431.32 1 1371.1 9
2717.01 3 434.62 1 1378.7 9
278.40 3 434.71 1 1392.1 9
280.74 5 434.92 1 1396.3 9
319.02 4 1290.9 7 1410.0 9
320.50 6 1293.4 7 1470.4 8
363.74 2 1306.3 7 1487.0 8
365.24 2 1327.0 7 1487.9 b
367.67 2 13343 7 1496.6 8
429.13 1 1359.8 7 1507.5 8
431.22 1 1356.4 9 1517.4 8
7
, SO - I




Most data are obtained from the charge-expansion method of Cohen and Dalgarno [1] which

includes limited configuration mixing. Graphical comparisons of this mat<rial within the isoelec-
tronic sequence depicting the dependence of f-values on nuclear charge have been made, and the
available experimental data for the lower ions, mostly from lifetime measurements, establish
fairly definitely that the uncertainties should not «ceed 50 percent. Analogous graphs for the data

obtained from the Coulomb approximation indicate ti:at these values are accurate within 25 percent.

Reference

1] Cohen, M., and Dalgarno, A., Proc. Roy. Soc. London A280, 258-270 (1964).

Mgvil. Allowed Transitions
No.| Transition |Multipletf AA) | Eiem-) |Exem™) |& [& | Aw(108 Ju Stat.u.) | loggf |Accu-Source
: Array sec™!} racy
1| 2s%2p?—-2s2p* | P —3D° 433.04 2008 232934 1 9|15 22 0.10 1.3 -0.05 | D+ 1
434.92] 2939 232865 | 5| 7 21 0.085 0.61 —-0.37 | D+ l.s
431,32] 1127 232975 | 3| 5 16 0.075 0.32 —-0.65 | D+ is
429.13] 0 233027 {1 1| 3 12 0.099 ‘0. 14 —-1.00 | D Is
434.71] 2939 232975 | 5| 5 5.4 0.015 0.11 -1.12 | D Is
431.22] 1127 233027 | 3| 3 9.3 0.026 0.11 -1.11 D Is
434.62] 2939 233027 | 51 3 0.59 0.0010 0.0072 |—230 | E Is
2 P —ape 366 .12 2008 |, 274922 | 9| 9 55 0.11 1.2 -0.00 D 1
[367.67] 2939 274922 | 5| & 41 0.083 0.50 -038 | D Is
[365.24] 1127 274922 | 3| 3 14 0.028 0.10 —-108 | E Is
[367.67] 2939 274922 1 5| 3 23 0.028 0.17 -08 | D- Is
[365.24] 1127 274922 { 3| 1 54 0.036 0.13 -097 | D- Is
1365.24 | 1127 274922 1 3| 5 14 0.047 0.17 -08 | D- Is
363.74] 0 274922 | 1| 3 18 0.11 0.13 -09 | D- Is
3 P —i8° 277.69 2008 362128 | 9] 3 310 0.12 0.99 003 | D+ 1
278.40) 2939 362128 | 5| 3 170 0.12 0.55 -022 | D+ Is
277.01 ] 1127 362128 | 3| 3 100 0.12 0.33 -044 | D+ Is
276.15 0 362128 | 1| 3 35 0.12 0.11 -092 | D+ Is
4 ‘D—1D° [319.02]| [41459]] [354923]| 5| 5 160 0.25 1.3 010 | D 1
5 D-P° [280.74])( [41459]] [397655]] 5| 3 200 0.14 0.65 -0.15 | D 1
6 S-1ip° [320.50]] [85647]| [397655]( 1| 3 53 0.25 0.26 —-060 | D-— 1
7| 2p3s— pe—sp 1322.6 1049701 { 1125312 9| 9 6.6 0.174 6.8 0.195| C ca
2p(*P°)3p
1334.3 1050906 | 1125850 | 5| 5 4.83 0.129 2.83 —=0.190| C Is
1306.3 1048385 1124937 | 3| 3 1.73 0.0442 0.57 -088 | C Is
1350.8 1050906 | 1124937 | 51 3 2.58 0.0423 0.94 =067 C Is
1327.0 1048385 1123745 | 3| 1 6.6 0.058 0.76 =07 | C Is
1290.9 1048385 1125850 [ 3| 5 1.77 0.074 0.94 —065 | C Is
1293.4 1047624 | 1124937 | 1| 3 2.37 0.178 0.76 =075 | C Is
8] 2p3p— P -3D° 1488.2 1125312 1192507 | 9( 15 3.4 0.191 8.4 0.235| C ca
2p(*P°)3d
1487.9 1125850 | 1193061 | 5| 7 3.4 0.160 3.92 —-0.097| C Is
1487.0 1124937 1192185 3| 5 2.59 0.143 2.10 —0.368( C Is
1470.4 1123745 1191753 { 1| 3 1.68 0.192 0.93 =072 | C Is
11507.5 1125850 | 1192185 | 5| 5 0.83 0.0282 0.70 -08 | C Is
[1496.6 1124937 1191753 | 3| 3 1.41 0.0474 0.70 -08 | C Is
1517.4 1125850 | 1191753 | 5} 3 0.090 0.0019 0047 |—-2.03 | E Is
9 P —ape 1392.5 125312 1197125 91 9 2.39 0.070 2.87 —-0.201| C ca
1410.0 1125850 | 1196770 | 5| 5 1.73 0.052 1.20 -059 | C Is
1378.7 1124937 | 1197469 | 3| 3 0.62 0.0176 0.239 |-1.277) C Is
(1396.3] | 1125850 [ 1197469 | 5| 3 0.99 0.0174 0.399 |[—1.060( C Is
[1371.1 1124937 | 1197872 | 3| 1 2.51 0.0236 0319 |-1150( C Is
1392.1 1124937 1196770 | 3| S5 0.60 6.02% 0399 |-1060; C Is
1356.4 1123745 1197469 | 1| 3 0.86 0.071 0319 |-1.149| C Is
33




Mg vi1
Forbidden Transitions

The adopted values represent, as in the case of Na vl, the work of Naqvi [1]. Malville and
Berger (2), and Froese {3]. For the selection of values, the same considerations as for Navi are
applied, the one exception being that Froese’s magnetic dipole values are also used. Since the
observed energy levels are uncertain, it is felt that the “spin-orbit™ and “spin-spin and spin-other-
orbit” integrals { and 7 calculated from her theoretical energy levels will be as accurate as the
experimental ones.

References
{1] Nagvi, A. M., Thesis Harvard (1951).

[2] Malville, J. M. and Berger, R. A., Planetary and Space Science 13, 1131 (1965).
{3] Froese, C., Astrophys. J. 148, 932 (1966).

Mg vii. Forbidden Transitions

Transition Type of Accu-
Array Multipler rA) Eiem-1) | Ex(em~Y) | & | & | Transi-| Ax(sec-!) S(at.u.) racy |Source
tion
2pt —2p? p_ap
88707) 0 1127 1 1| 3 m 0.0258 2.00 A 1,3
34016 0 2939 { 1| 5 e 2.67x10-7 | 0.0362 C 3
55173 1127 2939 | 3| 5 m 0.0803 2.50 A 1,3
55173 1127 2939 { 3| 5 e 5.3%10-* 0.081 C 3
P 1D
[2413.0] 0 [41429]] 1 | 5 e 1.3 x10-¢ 3.1x10-3 D 3
2480.5] 1127 | (41429]| 3| 5| m | 130 0.00368 C [1.23
2480.5 1127 k41429 3| 5]y e 4,1x10- 1.2x 101 D 3
2597.3 2939 [41429]1 5 | S m 3.39 0.0110 C 1,2,3
2597.3] 2939 [41429]| 5| 5 e 0.0023 8.1 x10¢ D 3
Ilp - IS
1183.2 1127 85647]1 3| 1 m 37.2 0.00228 C D43
1209.1 2939 85647]|1 5| 1 e 0.042 6.5%10-3 D 3
ND~18
[2260.8) [41429) | [85647])) 5| 1 e 4.18 0.147 C 3

e < ol L itaing
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Mg vl

Ground State 15225-_'2,)2 ?12

lonization Potential 265.957 eV = 2145679 ¢m-!
Allowed Transitions

List of tabulated lines:

Wavelength [A) No. Wavelength [A] No Wavelength (] No.
74.858 11 342.23 6 436.68 1
75.034 11 342.25 6 436.73 1
75.044 11 342.42 6 442.08 7
82.598 10 352.38 4 442.37 7
82.824 10 353.84 4 486.05 9

31178 3 356.60 4 486.40 9
313.73 3 428.34 5 490.81 9
315.02 3 428.37 5 491.17 9
317.01 3 428.60 5 680.31 8
335.25 2 428.64 5 689.67 8
339.01 2 430.47 1 690.34 8

Values for the majority of the transitions are calculated from the nuclear charge-expansion
method of Cohen and Dalgarno [1], which includes limited configuration mixing. Graphical com-
parisons with other data for the lower ions of this isvelectronic sequence indicate that the uncer-
tainties should be within 50 percent.

For the 2p2P°—352S and 2p 2P°-3d?D multiplets we have obtained data by exploiting the
dependence of f-values on nuclear charge: In these cases accurate data for several other ions of
the boron sequence are available from extended self-consistent field calculations by Weiss [2] in
which configuration mixing is fully included. Utilizing those values, which are also supported by
some experimental results on lower ions, we have obtained the f-values of the two transitions simply
by graphical interpolation.

References

{1) Cohen, M., and Dalgarno, A., Proc. Roy. Soc. London A280, 258-270 (1964).
[2) Weiss, A. W., privale communicalion (1967).
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Mg vii.  Allowed Transitions
No.| Transition | Muliplet AA) Efcm™) | Ex(em™") |& | ax | Ae10P Six S(atu) | log g [Accu-Source
Array sec™!) racy
1|25%2p—2s2p* | P°—2D | 434.62 2203 | 232290 | 610 19 0.087 075 |-028 | D 1
436.73 3304 | 232281 | 4| 6 18 0.078 045 {—051 |D Is
430.47 0| 232304 | 2] 4 16 0.088 025 |-075 | D Is
436.68 3304 | 232304 { 4| 4 3.0 0.0087 | 0.050 |-1.46 | E Is
2 w28 | 337,75 2203 § 298283 [ 6| 2 79 0.045 030 1-057 | D+ 1
339.01 3304 | 298283 | 4| 2 52 0.045 0.20 |—-074 | D+ Is
335.25 0] 208283 | 2] 2 27 0.045 010 [-1.05 | D+ Is
3 po_z2p ) 314.59 2203 + 320077 | 6] 6] 140 0.21 1.3 0.10 | D+ 1
315.02 3304 | 320742 ' 4| 4| 120 0.17 0.72 ([-017 | D+ Is
313.73 0 317747 | 2 2 95 0.14 020 ([—0.55 | D+ Is
317.01 33C4 | 318747 | 4| 2 45 0.034 0.14 |-087 | D~ Is
311.78 0| 320742 | 2| 4 23 0.068 0.14 |[-087 | D- s
4 | 252p2—2p* P_i8° | 35467 | [132428]] [414380])]12]| 4| 140 0.086 1.2 0.01 | D+ 1
356.60 133481]| [414380]] 6| 4 67 0.085 060 ]—029 | D+ Is
353.84 131763]| [414380]| 4] 4 46 0.086 040 {—046 | D+ Is
[352.38 130598]| [414380] 2| 4 23 0.086 020 |-076 | D+ Is
5 P_2P° | 428.52 232290 | 465654 |110{ 10 39 0.11 1.5 004 | D+ 1
428.60 232281 | 465598 | 6 6 36 0.099 084 |—023 | D+ Is
428.37 232304 | 465738 | 4| 4 35 0.096 654 |—-042 | D+ Is
428.34 232281 | 465738 | 6 4 3.9 0.0071 | 0.060 |—1.37 | E Is
(428.64 232304 | 465598 | 4| 6 2.6 0.011 0.060 {—1.36 | E Is
6 P_zpe | 342,29 232290 | 524437 110 6 63 0.067 0.75 |—-017*| D 1
342.23 232281 | 524486 | 6| 4 57 0.067 045 |—040 | D Is
342.42 232304 | 524339 | 4| 2 63 0.055 025 |-066 | D Is
342.25 232304 | 524486 1 4| 4 6.3 0.011 0.050 |—1.36 | E Is
7 QP | 442.18 208283 | 524437 | 21 6 12 0.10 030 (—-07 | D 1
442.08 208283 | 524486 | 2| 4 12 0.C69 0.20 (—086 | D Is
42.37 208283 | 524339 | 2| 2 12 0.034 010 (—117 | D Is
8 Pp_2D° | 686.92 320077 | 465654 | 6|10 9.4 0.11 1.5 [-018 | D 1
690.34 320742 | 465598 | 4| 6 9.2 0.099 090 |—040 | D Is
680.31 318747 | 465738 | 2| 4 8.0 0.11 0.50 [—066 | D Is
689.67 320742 | 465738 | 4| 4 1.5 0.011 010 |-136 | E Is
9 PPp_zpe | 489.33 320077 | 524437 | 6| 6 39 0.14 1.4 |—008 |D 1
490.81 320742 | 524486 | 4| 4 32 0.12 075 |—032 | D Is
486.40 318747 | 524339 | 2] 2 26 0.094 030 |[—-0.73 | D Is
491.17 320742 24339 | 4| 2 13 0.023 0.15 |-104 | D- Is
486.05 318747 | 524486 | 2| 4 6.6 0.047 015 (—1.03 { D- Is
10| 2p—('S)3s 3po_18 82.748 2203 | 1210689 | 6] 2| 700 0.024 0.039 (—0.84 | C | interp
[82.824 3304 | 1210689 | 4| 2| 460 0.024 0.026 |—1.02 | C Is
82.598 0/ 1210689 | 2] 2( 240 0.024 0.013 [—1.32 | C Is
11| 2p—1'S)13d ipe_z2p 74.976 2203 | 1335965 | 6|10 | 4300 0.61 0.90 0.56 | C | inierp
75.034)| 3304 | 1336033 | 4| 6| 4300 0.55 054 | 034 | C Is
74.858 0 1335863 | 2| 4| 3600 0.61 0.30 0.09 | C Is
75.044 3304 | 1335863 | 4| 4 720 0.061 0.060 [—061 | E Is
41
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Forbidden Transitions
The line strength for the one transition in the ground state configuration is a straight number,
, tabulated for example by Naqvi {1]. The transition probability should also be quite accurate,
since the energy level difference is accurately known.
Reference
[1] Nayvi, A. M., Thesis Harvard (1951).
Mg vinn.  Forbidden Transitions
Traasition Type of Accu-
No. Array Multiplet AA) Edem-") | Exfem~") | & | & | Transi- | Au(sec-) S(at.u.) | racy | Source
tion
1| 2p-('S)2p pe—_zp°
[30258] 0 3304 | 2| 4| m 0.324 1.33 A 1
L
Mg KX
Ground Siate 152252 1S,
Ionization Potential 327.90 eV = 2645444 cm™!
Allowed Transitions
List of tabulated lines:
Wavelength [A] No. Wavelength [Al No. Wavelength [A] No.
62.751 6 443.99 3 1883.4 10
71.737 7 445.94 3 2201.1 15
368.07 2 448.28 3 2428.2 12
439.06 5 704.148 1 2598.7 14
439.17 3 751.56 4 2814.2 8
441.10 3 1073.3 13 18707 9
443.37 3 1639.8 11
Garstang and Shamey [1] have obtained the f-value for the intercombination line 2'Sy — 23P,
by calculating the ratio of this line against the resonance transition in the intermediate coupling
approximatior. and by using for the resonance line a value calculated according to Cohen and
Dalgarno’s method [2]. The data calculated from the charge-expansion method of Cohen and
Dalgarno [2], which includes limited configuration mixing, are estimated to be usuaily accurate to
50 percent cr better, while the charge-expansion method of Naqvi and Victor [3] should be less
reliable when the effects of configuration interaction are strong, since these are neglected entirely.
In assigning the accuracy estimates for these methods as well as fur the Coulomb approximation
we were to a great extent guided by «tudying the degree of fit of the data into the systematic irends
along isvelectronic sequences.
References
[1] Garstang, R. H.. and Shamey. L. J.. Astrophys. J. 148, 665-666 (1967).
{2] Cohen, M., and Dalgarno, A., Proc. Roy. Soc. London A280. 258- 270 (1964),
[3] Naqvi. A. M., and Victor, G. A., Technical Documentary Report No. RTD TDR - 63-3118 (1964).
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Mgix. Allowed Transitions

No. | Transition | Multiplet AA) Efem-Y)| Exem )| &) | Aw(l08 S Stat.u) | leggf |AccujSource
Array sec!) ’ racy
1|25 1§ —3p°
25(*8)2p [704.48) U | [141948) ;1 | 3 0.0013 [29x10" |6.8x103 [|—454 1 D 1n
2 1IS—1p° [368.07] 0 271687 | 1| 3 51 0.314 0.280 -0501 C 2
3| 2s2p—2pt | P—P | 443.74 | [1.3192]] [368571| 9| 9 | 41 0.12 1.6 0.03 | D+ 2
443.99 144420 369650] 515 31 0.092 0.67 -034 | D+ Is
443,37 141948 367493y1 3 | 3 10 $.030 0.13 -1.05 ) D- Is
448.28 144420 367493} 51 3 16 0.030 0.22 -0.82 | D—- Is
445.94 141948 366194} 3 | 1 41 0.041 0.18 -091 | D-— Is
[439.17 141948 3696501 3! 5 11 0.051 0.22 -082 { D- Is
1441.10 140786 367495] |11 3 14 0.12 0.18 -092 | D—- Is
4 'P°—1D [751.56] 271687 404744 | 3| 5 8.9 0.13 0.93 =041 | D— 2
5 1p°—1§ [439.06] 271687 499444 | 3 1 84 0.081 0.35 —0.6]1 | E 2
6} 22— 1IS-1p° [62.751] 0| 1593600 | 1| 3 {3300 0.58 0.12 —024 | E 3
25(%S)3p
71 252 = 1pe—1§ [77.737] 271687 | 1558076 | 3| 1 | 240 0.0072 0.0055 -167 1 E 3
25(28)3s
8] 253s— 1IS—'P° | [2814.2] 1558076 | 1593600 | 1| 3 0.54 0.191 1.77 -072 | C 3
25(28)3p
9 3s—2P 1Pe—1p [18707] 1742772 | 1748116 | 3| 3 0.00177 | 0.0093 1.72 —-155 | C ca
2p(*P°)3p
10 P°~1D | [1883.4] 1742772 | 1795868 | 3| 5 1.88 0.167 3.10 -0.300| C ca
il 253p—2 y 1P°—1D | [1639.8] 1593600 | 1654583 | 3| 5 2.34 0.157 2.55 —0.327| C ca
2s5(28)3,
12| 2p3p- 'P—1D° | [2428.2] 1748116 | 1789287 | 3| 5 0.498 0.073 1.76 —-0.66 | C ca
2p(*P°)3d
13 'P=1P° 1[1073.3] 1748116 | 1841286 | 3| 3 3.66 0.063 0.67 -0.72 | C ca
14 'D-1F° |[2598.7] 1795868 | 1834337 | 5| 7 0.61 0.086 3.67 -0.367] C ca
15 D-'P° | [2201.1] 1795868 | 1841286 | 51 3 0.0289 | 0.00126 0.0456 -1.201 C ca
Mg 1x
Forbidden Transitions
Neqvi's calculations [1] are the only available source. The resulis for the *P°—*P° iransitions
are essentially indepenident of the choice of ihe interaction parameters. For the *P°—'P° transi-
tions, Naqvi uses empirical 1erm intervals, i.e.. the effects of configuration interaction should
be pantially included.
Reference
[1} Nagvi. A. M.. Thesis Harvard (1951},
108-022 O-69—6 43
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Mg 1X. Forbidden Transitions
Transition Type of Accu-
No. Array Multiplet MA) Efem-") |Ex(em") | & | & | Transi- . Aw(sec™) S(at.u.) | racy |Source
tion
1|2s2p— pe—ape _
2s(SR2p [86035] [150786]| [141948]) 1| 3 m 0.0282| 2.00 A 1
: [40442] [141948]| [144420]} 3| S5 m 0.204 | 2.50 A 1
2 _ spepe
' [763.94] [140786])| 271687 | 1| 3 m 7.1 3.52x10-4| C 1
770.78] El41948 271687 | 3} 3 m 391 0.0199 C 1
785.75] 144420 271687 | 5| 3 m 8.2 4.40 X IO'_*J C 1
MgXx
Ground State 15225 282
Ionization Potential 367.36 eV =2963810 cm~!
Allowed Transitions
List of tabulated lines:
Wavelength [A] No. Wavelength [A] No. Wavelength [A] No.
44.050 3 63.314 5 609.85 1
47.231 6 65.672 4 625.28 1
47.310 6 65.847 4 2212.5 7
47.321 6 170.21 8 2278.7 7
57.876 2 181.60 10 5918.7 9
57.920 2 181.86 10 6229.6 9
63.152 5 182.03 10 6417.5 9
63.295 S

For the transitiou 2s —2p, the charge-expansion calculation of Cohen and Dalgarno [1] is chosen.
An uncertainty of less than 10 percent is indicated from the graphical comparison of this value
with the other material for the same trarsition within the isoelectronic sequence. Data for the oiher
listed transitions have been obtained from the Coulomb approximation. Plots of the dependence of
f-value on nuclear charge for all these transitions have been made and show that this material
connects up very smoothly with the data for the lower ions as well as with the hydrogenic value
for infinite nuclear charge. Based on this impressive agreement, accuracies of 10 percent (or 25
percent for some of the smaller valves) are indicated.

Reference

[1) Cohen, M., and Daigarno, A.. Proc. Roy. Soc. London A280, 258-27C (1964).
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Mg X. Allowed Transitions

No.|  Transition Multiplet AMA) Efem~Y) |Exlem=') g (& Axi (108 S Stat.n.) |log g/ [Accu-[Source
Array sec™!) racy
1|2s-2p 2§ _2p° 614.90 0 162627 | 2| 6 7.38 0.125 0.508 -0.602]| B 1

[609.85 0 163576 } 2| 4 7.57 0.0844 | 0.339 -0.773] B I

625.28 0 159929 | 2| 2 7.00 0.0410 [ 0.169 -1.08{ B s

2| 2s-3p g 2pe 57.891 0] 1727394 2| 612120 0.320 _| 0.122 -0.194]| B ca
57.876 0] 1727832 2] 42120 0.213 00813 [-0371| B Is

57.920 0| 1726519 21 212120 0.107 0.0407 |—0.670! B Is

2s—4p g _2pe [44.050) 0| 2270148 2| 6| 970 0.085 0.0246 |-0.77 | C+ ca

41 2p=3s Ppe_2§ 65.789 162627 | 1682648 | 61 2 | 1030 0.0223 {0.0290 |-0874( B ca
[65.847 163976 | 1682648 | 41 21 685 0.0223 | 0.0193 |[—1.050| B Is

65.672 159925 | 1682648 2| 2| 346 0.0224 | 0.00967 |—1.349{ B Is

5|2p--3d 2pe_2p 63.249 162627 | 1743692 | 6110 | 6710 0.671 0.838 0.605| B ca
63.295)] 163976 | 1743880 | 4| 6| 6700 0.603 0.503 0.382| B Is

63.152)) 159929 [ 1743410 2 | 4 5610 0.671 0.279 0.128( B Is

[63.214] 163976 | 1743410 4| 4] 1120 0.0670 | 0.0559 |—0.572| B Is

6 |2p—4d 2pe_2p 47.284 1626271 2277489 6 |10 | 2200 0.123 0.115 -0132} C+ ca
[47.3}0 163976 | 2277694 4| 6 2200 0.111 0.069 —-0.353| C+ Is

47.231 159929 | 2277182 2} 4| 1840 0.123 0.0383 [—0.61 | C+ Is

[47.321 163976 | 2277182 | 4| 4| 368 0.01’4 | 0.0077 [—1.305| C+ Is

713s=3p g _2pe 2234.1 1682648 | 17273941 21| 6 0.912 0211 3.11 -0.375| B ca
[2212.5 1682648 | 1727832, 2| 4 0.968 0.142 2.07 —-0.547| B Is

[2278.7 1682648 | 1726519 2| 2 C RO 0.0693 | 1.04 —-0.858| B Is

8 |3s—-4p g _2pe [170.21]) | 1682648 | 2270148| 2| 6| 258 0.350 0.392 —0.155| C+ ca
9 |3p-3d pe_z2p 6134.0 1727394 | 17436921 6|10 0.0558 0.0337 | 4.08 -0.694| B ca
[6229.6 1727832 | 1743880 | 41 6 0.0342 0.0299 | 2.45 -0922| B Is

5918.7 1726519 | 1743410 2{ 4 0.0332 0.0349 | 1.36 -1.156| B is

6417.5 1727832 | 1743410 4| 4 0.00521 0.00322 | 0.272 —-1.890| B is

10 [3p—4d pe_2] 181.70 1727394 | 2277489 6)10| 690 0.57 2.06 053 | C+ ca
181.86 1727832 | 2277694| 4| 6| 690 0.52 1.24 0312} C+ s

181.60 1726519 | 2277182 2| 4| 580 0.58 0.69 0.064| C+ Is

182.03 1727832 | 2277182 4| 4| 115 0.057 0.137 -064 | CH+ Is
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Mg xi1
Ground State 1s* 'Sy
Ionization Potemt 1761.23 eV = 14209200 cm '
Allowed Transitions
The values for this ion are calculated from the charge-expansion method of Dalgarno and
Parkinsou [1]). From comparisons with the more refined variational calculations by Weiss {2] for
lower members of this isoelectronic sequence, uncertainties are estimated not to exceed 10 percent.
It should be pointed out that essentially identical results are obtained by extrapolating the data

of Weiss towards the high members of the isoelectronic sequence (See fig. I of [2)).

References

[1] Dalgarno, A., and Parkinson, E. M., Proc. Roy. Soc. London A301, 253~260 (1967).
[2] Weiss, A. W., J. Research Nat. Bur. Standards 71A 163-168 (1967).

Mg x1. Allowed Transitions

No.| Transition Multiplet AA) Edem™") | Exlem™) g e | Axd108 S Stat.u.) | loggf [AccudSource
Array sec 1) racy
1} 1s2--152p 1S—1p° [9.1682] 0 1090730G; 1{ 3| 1.97x10°| 0.745 |0.0225 —0.128| B 1
2| 1s8—1s3p 1S—1p° [7.8503] 0 12738400 1| 3| 5.50x10*{ 0.152 |0.00394 —-0.818] B 1
3f 1st—1s4p 1S—1p° [7.4732] 0 13381100 1| 3| 2.27x10*| 0.0569 | 0.00140 —1.245 B 1
4| 1s*—1s5p 1S-1p° [7.3096] 0 13680600; 1| 3| 1.15x10*| 0.0277 | 6.66x10-* | —1.558/ B 1
46
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ALUMINUM
All

Greund State 1522822[)“3823[) 2pe,

lonization Potential 5.984 eV =48279.16 cm ™'
Allowed Transitions

List of tabulated lines:

Wavelength [A] No. Wavelength [A) No. Wavelength [A] No.
2118.3 14 2367.05 5 8772.87 16
2123.36 14 2372.07 6 8773.9 16
2123.4 14 2373.12 5 8773.90 16
2129.66 13 2373.35 5 8828.91 25
2134.7 13 2378.40 6 8841.28 25
2134.73 13 2567.98 3 8912.90 24
2145.56 12 2575.10 3 8923.56 24
2150.7 12 2575.40 3 8925.50 24
2150.70 12 2652.48 4 10768.4 22
2168.83 11 2660.39 4 10782.0 22
2174.07 11 3082.15 1 10786.8 22
2174.11 11 3092.71 1 10873.0 23
2199.18 10 3092.84 1 10891.7 23
2204.62 10 3944.01 2 112532 15
2204.67 9 3961.52 2 11254.9 15
2210.06 9 5557.06 20 11255 15
221v.13 9 5557.95 20 13123.4 18
2258.01 8 6696.02 19 13150.8 18
2263.46 7 6698.67 19 16719.0 21
2263.74 8 7835.31 17 16750.6 21
2269.10 7 7836.1 17 16763.4 21
2269.22 7 7836.13 17

The adopted values for this atom are taken from two theoretical and three experimental papers.
The theoretical sources are the self-consistent field calculations by Biermann and Liibeck [5] which
include polarization and exchange effects, and the calculations of Weiss [2], in which various
possible configurations are superimposed and Hartree-Fock wavefunctions are employed. Weiss
Las carried out his calculations in both the dipole length and dipole velocity approximations and
agreement between the two is usually good: in all the cases where his results are applied, the
length values are chosen as suggested by the author as being probably more reliable [2].

The experiments consist of anomalous dispersion measurements by Penkin and Shabanova
[4] for the 3p-ns and 3p-nd' series and lifetime determinations of the 3d state by Budick [1] by means
of the Hanle effect and of ihe 4s state by Demtrider {3] by means of the phase shift method, all
expected to provide accurate values. (This is Demtriidder’s only lifetime measurement for Al1. His
other results [3] are from less accurate absorption measurements.) Penkin and Shabanova’s rela-
tive values have been normalized in two ways which lead to identical scales: (1) normalization to
the average of Weiss’ and Demtriider’s value for the 3p-4s transition, (2) normalization to Budick’s
value for the 3p-3d transition. (Weiss® value for this transition is not nearly as reliable as for 3p-4s.)

Finally, it should be noted that the spectroscopic designations of the d states are questionable:
the principal quantum number of these states prebably should be reduced by one in each case.

References

[1] Budick. B., Bull. Am. Phys. Soc. 11, 456 (1966).

|2] Weiss, A. W.. 10 be published (1969).

[3] Demirisder, W., Z. Physik 166, 42-55 (1962).

[4] Penkin, N. P., and Shabanova, L. N . Optics and Speciroscopy (U.5.S.R.) 18, 504 (1965).
[5] Biermann, L., and Liibeck, K., Z. Asirophys. 25, 325-339 (1948).
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Allowed Transitions

No. 1 Transition | Multiplet AA) Edem=4) ElemN| & | g | A 10 Jik Sitatu) | loggf AccuiSource
Array sec') racy
1 |3s?3p—~ pe_p 3089.2 Pt} 32436 | 6 110 [0.73 0.175 10.7 0.021 | C+ 1
3s%!S)3d 3)
3092.71 112 | 32437 (4 1 6 [0.73 0.158 6.4 -0.199 | C+ Is
3082.15 0 | 32435 |2 | 4 {0.61 0.175 355 | ~0456 | C+ Is
3092.84 12 | 32435 |4 |4 |o12 0.018 071 | —1.16 | D Is
2 {3s'3p-— po_12§ 3955.7 75 25348 | 6 | 2 |1.47 0.115 9.0 —-0.161 | C+ 2.3
3s%'SMs (n
3961.52 112 25348 |4 | 2 {0.98 0.115 6.0 -0337] C+ s
3944.01 0 25348 12 | 2 |0.493 0.115 2.99 —0.64 C+ Is
3 13s%3p— tpr_1p 2572.8 75 38932 | 6 |10 {0.264 0.0437 2.22 -0.58 C 4n
3s'SH¥d (2 uv)
2575.10 112 38934 ({4 | 6 [0.264 0.0393 1.33 —0.80 C s
2567.98 0 38920 | 2 | 4 10.221 0.0437 0.74 —-1.058 | C Is
2575.40 112 38929 | 4 | 4 10.044 0.0044 0.15 —1.76 D Is
4 |3s23p— tpo_128 2657.8 75 37689 | 6 | 2 10.397 0.0140 0.73 -1.076 | C 4n
3s%'S)5s (1 uv)
2660.39 112 37689 |41 2 10.264 0.0140 0490 | —1.252 | C Is
2652.48 0 37689 | 2| 2 |0.133 0.0140 0.245 | —1.55 C Is
5 |3s*3p— pe_2p 2371.1 75 42236 | 6 {10 10.85 0.120 5.6 -0.143 | C 4n
3s%'S)5d 4 uv)
2373.12 1i2 42238 14 | 6 [0.85 0.108 3.38 —-0.365 | C Is
2367.05 0 42234 12 1 4 {0.71 0.120 1.87 —0.62 C Is
2373.35 112 42234 | 4 | 4 }0.14 0.012 0.38 —-1.32 D s
6 |3s23p— tpe_18 2376.3 75 42144 | 6 1 2 ]0.143 0.00403 0.189 | —1.62 C 4n
3s%'S)6s (3 uv)
2378.40 112 42144 [ 4 | 2 ]0.095 0.00403 0.126 | —1.79 C Is
2372.07 0 | 42144 |2 |2 0.0476 | 000403 | 0.063 | ~2.094 | C Is
7 |3s*3p— pe_?p 2267.2 75 44168 | 6 {10 {0.76 0.098 4.39 —-0.231] C 4n
3s2(1S)6d (5 uv)
2269.10 112 44169 | 4| 6 | 0.76 0.088 2.63 —0.453| C Is
2263.46 0 44166 | 2| 4 | 0.64 0.098 1.46 -0.71 C Is
2269.22 112 44166 | 4| 4] 0.13 0.0098 0.29 — 141 D Is
8 | 3s23p— po_2§ 2261.8 75 44273 | 6 | 2 10.113 0.00288 0.129 | —1.76 C 4n
3s2(S)7s (6 uv)
2263.74 112 44273 | 4| 2 | 0.075 0.00288 0.086 { —1.94 C Is
2258.01 0 44273 | 2} 2 ]0.0377 0.00288 0.04281 —2.240) C Is
9 | 3s23p— tpe_2D 2208.3 75 | 4535 610|058 0.066 2.88 | —0402| &
3s'S)7d (7 uv)
2210.06 112 45346 | 4] 6| 0.54 0.059 1.72 -063 | C Is
2204.67 0 4534+ | 2| 4| 0.453 0.066 0.96 -0.88 | C Is
2210.13 112 45344 | 4| 4| 0.090 0.0066 0.19 —-158 | D Is
10| 3s23p— tpe_12§ 2202.8 75 454571 6| 2| 0.052 0.00127 0.055 | —2.118! C 4n
35%('S)8s (8 uv)
2204.62 112 45457 | 4| 2 0.0349 0.00127 0.0369] —2.294| C Is
2199.18 0 45457 2| 2| 0.0175 0.00127 0.0184} —2.60 | C Is
11| 3s*3p— tpe_2p 2072.3 75 46094 6| 10| 0.366 0.0431 1.85 =059 | C 4n
35%'S)8d 9 uv)
2174.07 112 46094 4| 6] 0.365 0.0388 1.11 —O.géqj C Is
216283 0 4609" | 21 4| 0.306 0.0431 0.62 -1. C Is
2174.11 112 46093 41 4] 0.061 0.0043 0.12 —-1.76| D Is
12| 3s*3p— tpe_1p 2149.0 75 46594 6| 10{ 0.279 0.0322 1.37 -0.71 | ¢ 4n
35%'S19d
2 2150.70 N2 | 46594 4| 6| 0.279 0.0290 0.8 | -09| ¢ Is
2145.56 0 46593| 2| 4} 0.233 0.0322 0455 | —1.191] ¢ Is
[2150.7) 112 46593 4| 4{ 0.046 0.0032 0091 | —18 | D Is
48
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Al1l.  Allowed Transitions — Continued
==
No. | Transition Muhtiplet MA) Efem-Y) Eem= &/} & | Au(108 fix Sat.w.) | log g |Accu{Source
Array sec™!) racy
13 [3s%3p— 2pe_zp 2133.1 75 | 46941 | 6 |10 |0.182 0.0207 087 |-091] C 4n
35208 -
F4SH0d 2134.73 112 | 46942 | 4 | 6 |0.181 0.0186 052 [-1128] C Is
2129.66 0 |a694) | 2 4 [0.152 0.0207 0.290 |-1.383| C Is
(2134.7) 112 | 46941 | & | 4 |0.030 0.0021 0058 |—208 (D Is
- 14 13s23p— 1po_zp 2121.7 75 | am92 |6 |i0 |0.123 0.0138 058 |—1.082| C 4n
2 2123.36 112 {47192 [ 4] 6 0122 0.0124 0.347 [-1.305| C Is
2118.3 0 |47m92 |21 4 |0.103 0.0128 0192 [-1.56 | C Is
(2125 4) 112 | 47192 | 4| 4 |[0.020 0.0014 0039 |—226| D Is
15 (323d— p —2f° 11254 32436 | 41319 {10 |14 |0.177 0.471 175 067 | C 2
ZIS' 8
3siUSW & 112549 | 32437 | 41319 |6} 8 [0.178 0.450 100 0.431| C Is
11253.2 | 32435 | 41319 [ 4| 6 |0.166 0.472 70 0.276] C Is
[11255) 32437 | 41319 | 6 | 6 |0.012 0.023 5.0 -087 | D Is
! 16 |3s23d— 1P _2f° 87734 | 32436 | 43831 ['0 |14 [0 0.17 49 023 | D—| ca
i §§ 3s%'SI5f 9)
| % 877390 | 32437 | 43831 | 6 | 8 |0.10 0.16 28 -0.02 | p— I
i 8772.87 | 32435 | 43831 | 4 | 6 [0.098 0.17 20 -0.17 | D- Is
5. (8773.9) | 32437 | 43831 | 6 | 6 |0.0069 0.0080 1.4 -132 | E Is
ok 17 |3s?3d— 2p _2f° 78355 | 32436 | 45195 |10 |14 | 0.061 0.079 20 —0.10| D—| ca
. 3s2('S)f (10}
7836.13 | 32437 | 45195 | 6 | 8 | 0.062 0.076 12 -0.34 | D—- Is
7835.31 | 32435 | 45195 | 4 | 6 |0.057 0.079 8.2 —-0.50 | D— Is
[7836.1] | 32437 | 45195 | 6 | 6 |0.0041 0.0038 059 |[-1.64 | E Is
18 |3s%4s— 3§ _2pe 13132 25348 | 32961 | 2 | 6 |0.182 1.41 122 0.450| C 2
3s°('S¥p 4
131234 | 25348 | 32966 | 2 | 4 |0.182 0.94 81 024! ¢ Is
131508 | 25348 | 32950 { 2 | 2 |0.181 0.470 40.7 -0.027 C Is
19 |3s%s— 1§ _2pe 6697.0 | 25348 | 40276 | 2 | 6 {0.0169 0.0340 1.50 |-1.167 C-— 5
3s%'S)5 5
sSkp ' 6696.02 | 25438 | 40278 | 2 | 4 |0.0169 | 0.0227 .00 |-1343 C—| s
6698.67 | 25348 | 40272 | 2 | 2 |0.0169 0.0113 050 |{—165 C-— Is
20 3S134:*_s 15 _1pe 55574 | 25348 | 43337 | 2 | 6 |0.00425 | 0.0059 0216 |-193 C- 5
- ('S)6 6 .
: b ) 5557.06 | 25348 | 43338 | 2 | 4 [0.00425 | 0.00394 0.144 | —2.103 C-— Is
- 5557.95 | 25348 | 43335 | 2 | 2 | 0.00425 | 0.06197 0.072 | —2.405 C—| Is
21 |3s2ap— gpo_z2p) 16743 32961 | 38932 | 6 [10 | 0.101 0.71 235 063 C 2
3s%('SUd
16750.6 | 32966 | 38934 | 4 | 6 [0.101 0.64 141 0.408 C Is
16719.0 | 32950 | 38929 | 2 | 4 |0.085 0.71 78 0.152| C Is
i 16763.4 | 32966 | 38925 | 4 | 4 | 0.017 0.071 16 -0.55 | D Is
22 |3s*p— ) 10779 32901 | 42236 | 6 |10 | 0.0048 0.014 3.0 -108 | D ca
3s4S)5d (13)
; 10782.0 | 32966 | 42238 | 4| 6 | 0.0050 0.013 1.8 -1.28| D Is
10768.4 | 32950 | 42234 | 2 | 4| 0.0040 0.014 099 | -1.55| D Is
10786.8 | 32966 | 42234 | 4| 4| 8.0x10-*| 0.0014 020 | -225|E Is
23 |3s*p— tpe_1g 10887 32961 | 42144 | 6 | 2 | 0.034 0.020 4.3 -092| D ca
3s1('S)6s (12)
10891.7 | 32966 | 42144 | 4! 2| 0.022 0.020 2.9 -1.10| D Is
! 10873.0 | 32950 | 42144 | 4 | 2 | 0.011 0.020 1.4 -140 | D Is
24 [3s%4p— tpo_z) 89206 | 32061 | 44168 | 6 |10 | 0.0011 0.0021 037 |—-19|D ca
{ 3st'S)6d (14) :
! 8923.56 | 32966 | 44169 | 4| 6 | 0.0011 0.0019 022 | -212|D Is
f 801290 | 32950 | 44166 | 2| 4 | 0.0010 0.0021 011 |-238!D Is
} 892550 | 32966 | 44166 | 4| 4 | 1.8x10-4| 2.2x10-¢| 0.026 | —3.06 | E Is
}
48
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ALl Allowed Transitions — Continued
No. | Transition | Multiplet AA) Eilem ) |[Exem=Y) & |&x | Ax(10 Six S(aru.) | log gf | Accu{Source
Array sec™!) racy
]
i 25 | 3s%4p— ipo_t§ 8837.8 32964 4427131 6 2| 0.017 0.0065 1.1 -141; D ca
18)7 ey
Akl G 8841.28 32966 442731 4 2| 0.011 0.0065 0.76 —-1.59| D Is
8828.91 32950 442731 21 2 | 0.0056 0.0065 0.38 —189| D Is
Al1
Forbidden Transitions
The line strength for the one transition in the ground state configuration is a straight number,
tabulated for example by Naqvi [1} The transition probability should also be quite accurate, since
the energy level difference is accurately known.
Reference
[1] Naqvi, A. M., Thesis Harvard (1951).
Al L. Forbidden Transitions
Transition Type of Accu-
No. Array Multiple1 AA) Ei(em™) | Ex(em-'){ g | &«| Transi- | Axicec') | S(atu.) |racy |Source
tion
1 3p—=('S)3p: | P°-2P°
[89.230 x 10%] 0.00 112.04 2| 4 m 1.26 X 10-3 1.33 A 1

ot

b 2Tl W E

R

CNOERIGT T555 g M recition 1

ki
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Ground State

Al1l

159252258352 ' Sy

fonization Potential 18.823 eV =151860.4 em !
Allowed Transitions
List of tabulated lines:

Wavelength [A] No. Wavelength [A] No. Wavelength [A] No.
1047.9 17 1965.4 10 5999.76 37
1048.6 17 1989.85 9 6001.81 37
1050.0 17 2015.4 6 6006.42 37
1189.2 15 2192.6 5 6061.11 40
1190.1 15 2194.2 5 6966.38 39
1191.9 15 21954 5 6058.46 39
1350.2 18 2195.5 5 6073.23 39
1539.74 16 2816.19 13 6226.18 23
1670.81 1 2994.26 30 6231.5 23
1719.46 8 2995.54 30 6231.78 23
1721.28 8 2998.16 30 6243.2 23
1721.3 8 3088.52 32 6243.36 23
1724.98 8 3649.1 26 6335.74 20
1725.1 8 3651.1 26 6816.69 24
1760.1 2 3651.10 26 6823.48 24
1762.0 2 3655.0 26 6837.14 24
1763.79 2 3655.00 26 6917.93 42
1763.95 2 3703.22 31 6919.96 25
1765.8 2 3731.95 28 7042.06 21
1767.60 2 3733.91 28 7056.60 21
1855.95 12 3738.00 28 7063.64 21
1858.05 12 3866.16 29 7449.42 38
1862.34 12 3900.68 3 7471.41 19
1904.3 11 4663.1 14 7624.48 36
1906.5 11 5388.48 35 7627.85 36
1906.6 11 5593.23 27 7635.33 36
1906.7 11 5613.19 43 8354.35 33
1910.0 11 5853.62 34 8359.23 33
1911.0 11 5861.4 34 8359.57 33
1931.05 4 5861.53 34 8362.4 33
1958.4 10 5867.3 34 8363.30 33
1958.9 7 5867.6 34 8363.52 33
1960.7 10 5867.81 34 8640.70 22
1965.3 10 5971.94 41

Weiss' [1] values have been calculated by means of the method of superposition of config-
urations, employing Hartree-Fock wavefunctions as a starting point. The calculations have been
carried out both in the dipole length and dipole velocity approximations. Zare [2] has performed
similar caiculations, also in the length and velocity forms, using however, the simpler, less accu-
rate Hartree-Fock-Slate~ wavefunctions, in which exchange effects are only approximately taken
intu account. The dipole length values of refs. [1] or [2] are selected, being probably more reliable
than the velocity values. as suggested by the authors. Crossley and Dalgarno’s values [3] have
heen obtained from a charge-expansion technique which includes configuration mixing in a limited
way. There is usually good agreement for those transitions where the various calculations overlap.
In these cases we have ckosen Weiss' results over Zare's values and these in turn over ref. [3].

Sl




The accuracy estimate has been reduced where there is significant disagreement between the

length and velocity forms or where there appears to he cancellation in the transition integral

References
[1] Weiss, A. W., J Chem, Phys. 47, 3573 (1967). .
[2] Crossley, R J. S., and Dalgarno, A., Proc. Roy. Soc. London A286, 510-518 (1965).
[3] Zare, R. N., J. Chem Phya. 47, 3561 (1967).
Aln. Allowed Transitions
No. | Transition Multiplet MA) | Eidem ™) | Extem ™) | & | &e| Aw(10¢ Six S(at.w) | loggf [Accu|Source
Array sec™!) racy
1 —35(*S)3p 1S~1p° 1670.81 0 59850 | 1 | 3 |14.6 1.84 10.1 0.265 B 1
(2 uv)
2| 3s3p—-3p? pe_sap 1764.0 37517 94207 | 9 [ 9 [13.1 0.61 32.0 0.74 C+ 1
5
L) 1763.95 37579 94268 | 5 |5 | 9.8 0.458 13.3 0.360 | C+ Is
1763.79 37454 94147 1 3 {3 | 3.29 0.153 2.67 |—0.338 | C Is
1767.60] 37579 94147 | 5 |13 | 5.4 0.153 44 |-0.116 | C Is
[1765.8) 371454 | 94085 | 3 [ 1 |13.1 0.204 3.55 |—0.213 | C Is
[1760.1) 37454 94268.| 3 | 5 | 3.30 0.255 4.4 | —jl6 | C Is
[1762.0} 37392 94147 {1 | 3 | 4.38 0.61 3.55 | —=8.215 | C Is
3 'pe—1D 3900.68 59850 85479 | 3 | 5 | 0.0048 0.0018 0.070 | —1.27 E 1
(1)
4 1pe~1S§ 1931.05 59850 | 111637 | 3 | 1 (10.8 0.202 3.8 -0218 | C 1
S | 35(2S)3d -~ P —3F* 2193.8 95548 | 141116 | 15] 21} 3.1 0.31 34 0.67 D 2
P°)3d
3pCP"3 [2192.6) 95547 141141 | 7 | 9 | 3.2 0.30 15 0.32 D Is
[2194.2) 95548 | 141108 | 5 | 7 | 2.7 0.28 10 0.15 D Is
[2195.5) 95549 ( 141082 | 3 | 5 | 2.6 0.31 6.8 -0.03 D Is
[2194.2) 95547 | 141108 | 7 | 7 | 0.36 0.026 1.3 -0.74 D- Is
. [2195.5) 95548 | 141082 | 5 | 5 | 0.50 0.036 1.3 —0.74 D- Is
[2195.4) 95547t 141082 | 7 | 5 | 0.014 7.1x10-4 0.036 | -2.30 E Is
6 p-3p° 20154 95548 1 145150 |15 (15 | 4.1 0.25 25 0.57 D . 2
IP-3p° 1958.9 95548 | 146598 [15 |9 | 6.8 0.24 23 0.55 D 3
8 | 3s3p—3s(®S)3d =3D 1723.2 37517 95548 | 9 (15 [12.1 0.901 46.0 0909 | B 1
(6 uv)
[1725.1) 37579 95547 | 5 | 7 [12.1 0.757 21.5 0578 | B Is
[1721.3} 37454 95548 | 3 |5 | 9.14 0.676 11.5 0.307 B Is
1719.46 37392 95549 | 1 {3 | 6.79 0.903 511 |—-0.044 B Is
[1725.1} 37579 95548 1 5 | 5 | 3.02 0.135 383 [-0.171 B Is
1721.28 | 37454 95549 | 3 | 3 | 5.07 0.225 38 |[—6171 | B Is
1724.98 37579 95549 | 5 | 3 | 0.34 0.0090 026 |-1.35 D Is
9 1po— 1989.85 59850 | 110088 {3 | 5 |14.7 1.45 28.5 0.64 C+ 1
(8 uv)
10 | 3p*—~3p(3P°)3d} 3P -3D° 1963.0 94207 | 145150 | 9 (15 |12 1.2 70 1.03 D R
1965.3 94268 . 145152 | 5 | 7 |13 1.0 33 0.70 D Is
1960.7 94147 | G148 13 |5 | 9.1 0.68 17 0.42 D Is
1958.4 94085 | 14.'48 | i |3 | 7.0 1.2 7.8 008 D- Is
1965.4 94268 | 14514 |5 |5 | 3.1 0.18 5.8 --0.05 D- Is
1960.7 94147 | 145148 | 3 [ 3 | 5.2 0.30 58 -0.05 D- Is
1965.4 94268 | 145148 |5 | 3 | 9.35 0.012 039 |—122 E Is
11 Pp_s 1908.7 94207 | 146598 |9 | 9 | 8.1 0.44 25 0.60 D 2
1910.9 94268 | 146599 | 5 | 5 | 5.8 0.32 10 0.26 5 Is
1906.6 94147 | 146597 |3 |3 | 2.0 0.11 2.1 ~048 1 D- Is
1911.0 94268 | 146597 |5 |3 | 3.4 0.11 3.5 -026 |p- Is
1906.7 94147 | 146595 13 |1 | 8.2 0.15 28 -=0.35 D-— Is
1906.5 94147 | 146599 |3 (5 | 2.0 0.19 35 -0.24 D- Is
1904.3 94085 | 146597 |1 | 3 | 2.7 0.45 2.8 -0.35 D~ Is
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Al1nl.  Allowed Transitions ~Ccentinued
No.| Transition Multiplet AA) Edem=Y)| Exlem=0) & | & | Axi(108 Jue Stat.u.) log & | Accu-Source
Array sec™!) racy

12 | 3s3p—3s(*S)Ms 3;:_3)5 1860.3 37517 | 91271 {9 |3 | 7.4 0.129 7.09 0065} B 1
4 uv

1862.34 | 37579 | 91271 |5 |3 | 412 0.129 3.94 -0.190} B Is

1858.05 | 37454 | 91271 |3 |3 | 248 0.129 236 | —o0412| B Is

1855.95 | 37392 | 91271 |1 |3 | 0.832 0.129 0.788 | —0.889| B Is

13 1po_1§ 2816.19 | 59850 | 95348 (3 |1 | 3.83 0.152 4,22 -0.341] C— 1

14 |3p*—3s(2S}4p | 'D-'P° | [4663.1] | 85479 | 106918 |5 |3 | 0.53 0.104 8.0 -0284| C 3

15 | 3s3p—3s(2S|d | *P°=3D 1191.0 37517 | 121481 |9 )15 | 1.7 0.059 2.1 -028 | D 3

(1191.9) | 37579 | 121480 |5 (7 | 1.7 0.050 098 | —060 | D Is

(1190.1) | 37454 | 121481 |3 |5 | 1.3 0.044 0.52 —-088 | D Is

[1189.2) | 37392 | 121481 |1 |3 | 093 0.059 0.23 -1.23 | D- Is

[1191.9] | 37579 { 121481 |5 |5 | 0.42 0.0089 0.17 -135 | D- Is

[1190.1] | 37454 | 121481 (3 |3 | 0.70 0.015 017 | -135 | D— Is

(1191.9) | 37579 | 121481 |5 |3 | 0.046 5.9%10 0012 | —-252 | & Is

16 ip>—iD | 1539.74 | 59850 | 124792 {13 |5 | 88 0.52 7.9 0¥ | D 3
(1¢ 2v)

17 | 3s3p—3s(2S)5d | 3P°--1D 1049.3 37517 1 132820 | 9 |15 | 0.64 0.018 055 | —0.80 | D 3

{1050.0) | 37579 | 132820 |5 |7 | 0.64 0.015 02 | -113 | D Is

[1048.6) | 37454 | 132820 |3 |5 | 048 0.013 014 | —140 | D Is

[1047.9] | 37392 | 132820 |1 |3 | 0.36 0.018 0.061 | —175 | D— Is

[1050.0) | 37579 | 132820 |5 |5 | 0.16 0.0027 0.046 | —1.88 | D Is

[1048.6] | 37454 | 132820 |3 {3 | 0.27 0.0044 0046 | —188 D-— Is

[1050.0) | 37579 | 132820 |5 |3 | 0.018 1.8X10-* 0.0031| —3.05 E Is

18 wpe—tD | 1350.2) | 59850 | 133914 {3 |5 | 4.8 0.22 29 -019 | E 3

19 | 3s3d—3s(S)4f | 'D-'F° 7471.41 | 110088 | 123468 |5 | 7 | 0.94 1.1 140 074 | D ca
21

20 |3s3d—3s?S)5p | 'D—'P° | 6335.74 | 110088 | 125867 |5 | 3 | 0.14 0.050 5.2 -060 | D ca
(22)

21 | 3s4s—3s(2SMp | 3S—3P° 7049.3 91271 | 105453 {3 |9 | 0.58 1.31 91 059 | c+ 3
(3)

7042.06 | 91271 | 105468 | 3 | 5 | 0.59 0.73 51 0340 c+ s

7056.60 | 91271 | 105438 ! 3 | 3 | 058 0435 30.3 0116 C+ Is

7063.64 | 91271 | 105424 [ 3 |1 | 058 0.145 10.1 -0.362| Cc+ &

22 1§ —1p° 8640.70 | 95343 | 106918 [ 1 : 3 | 0.286 0.96 21.3 -0018] ¢ 3
4

23 | 3s4p—3s(tS)ad | *P°—3D 6237.4 | 105453 | 121481 | 9 |15 | 1.1 1.1 200 100 | D ca
(10)

6243.36 | 105468 | 121480 |5 | 7 | 1.1 0.96 93 068 | D Is

6231.78 | 105438 | 121481 | 3 | 5 | 0.84 0.86 50 041 | D Is

6226.18 | 105424 | 121481 |1 [ 3 | 0.62 1.1 22 004 | p- Is

[6243.2] | 105468 | 121481 [ 5 [ 5 | 0.28 0.17 17 -0.07 | D- Is

[6231.5] | 105438 | 121481 | 3 | 3 | 047 0.28 17 -0.08 | p— Is

[6243.2) | 105468 | 121481 | 5 | 3 | 0.03] 0.011 1.1 -1.26 | E Is

24 | 3s4p—3s(?S)5s | IP° 38 6839.1 | 105453 | 120090 {9 |3 | 1.0 0.24 49 033 | D ca
9

6837.14 | 105468 | 120090 |5 [ 3 | 0.57 0.24 27 008 | D Is

6823.48 | 105438 | 120090 |3 |3 | 0.34 0.24 16 -014 | D Is

6816.69 | 105424 | 120090 |1 |3 | 0.11 0.24 5.4 -062 | D Is

25 pe—1§ 6919.96 | 106918 | 121365 13 {1 | 0.96 0.23 16 -016 | D ca
(15)

53
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Al1. Allowed Transitions—Continued
No.] Transition Multiplet AMA) Efcm=") | Exfem=")| & | & | Ax(108 Sk Stat.u.) | log &f | Accu-|Source
Array sce!) racy
26 | 3s4p—3s(*S)5d| "P°--"D | 3653.0 | 105453 | 132820 |9 [15 | 0.27 0.091 9.9 —0.09‘ ) o
(12)
365500 105468 | 132820 |5 |7 | 0.27 0.077 4.6 -041| D I
3651.10| 105438 | 132820 |3 |5 | 0.21 0.069 2.5 -068( D Is
{3649.1} { 105424 | 132820 {1 |3 | 0.15 0.092 1.1 -1.04| p- Is
[3655.0] | 105468 | 132820 [5 {5 | 0.069 0.014 083 | -115| D- Is
[3651.1] | 105438 | 132820 (3 |3 | 0.12 0.023 083 | —-116| p— Is
[3655.0] | 105468 | 132820 {5 |3 | 0.0076 9.1 x10-* 0.055 | —2.34| E Is
27 Pe—1D | 559s.23| 106918 | 133914 |3 |5 | 1.1 0.85 47 041 D ca
{16)
28 | 3s4p—35(2S)6s | *2°=38 | 37359 | 105453 | 132213 |9 [3 | 0.39 0.027 3.0 —061| D ca
(1n
3738.00| 105468 | 132213 |5 (3 | 0.21 0.027 1.7 —-087| D Is
373391 | 105438 | 132213 (3 |3 | 013 0.027 1.0 -1.09| D Is
3731.95| 105424 [ 132213 |1 |3 | 0.043 0.027 033 | —157| D Is
29 IP°1-'S 3866.16| 106918 | 132776 |3 |1 | 037 0.028 1.1 -108| D ca
an
30 | 3s4p—3s(2S)6d| *P°—3D | 2996.8 | 105453 | 138812 |9 |15 | 0.11 0.025 2.2 —065| D ca
(14)
2998.16| 105468 | 138812 |5 [ 7 | on 0.021 1.0 —-098| D Is
2995.54 | 105438 | 138812 |3 [ 5 [ 0.085 0.019 056 | —1.24| D Is
2994.26| 105424 |138812 |1 | 3 | 0.062 0.025 025 | —1.60] D- Is
2998.16| 105468 | 138812 |5 |5 | 0.027 0.0037 018 | -173| p- Is
2995.54 | 105438 [ 138812 |3 | 3 | 0.046 0.0062 018 | —-173| D- Is
2998.16| 105468 | 138812 |5 | 3 | 0.0031 2.5X10-* 0012 | -290| E Is
31 Pe—1D | 370322 106918 |139287 |3 |5 | 0.38 0.13 4.8 —-041| D ca
(18)
32 | 3s4p—3s(3S)7d| 'P°—'D | 3088.52| 106918 | 142607 |3 [ 5| 0.15 0.036 1.1 -097{ D ca
{20)
33 | 3s4d—3sS)5f | "D—F° 8358.2 | 121481 | 133442 15 [21 | 0.50 0.74 310 105 D ca
{40)
8354.35| 121480 | 133847 |7 | 9 | 0.50 0.67 130 067| D Is
8359.57 | 121481 [133440 (5 | 7 | 0.44 0.65 89 051 b Is
8363.52| 121481 123435 |3 | 5 | 042 0.74 6] 035! D Is
8359.23| 121480 | 133440 {7 | 7 | 0.055 0.058 11 -039| D-— Is
8363.30 | 121481 |133435 |5 | 5 | 0.078 0.082 11 -039| D- Is
[8362.4] | 121480 | 133435 |7 | 5 | 0.0022 0.0017 032 |-192; E Is
34 | 3s4d—3s25)6f | "D—3F° | 5859.7 | 121481 | 138542 15 {21 | 0.24 0.17 49 041| D ca
{41)
5853.62| 121480 |138559 |7 [ 9 | 0.24 0.15 21 002| D Is
5861.53| 121481 | 138536 |5 | 7 | 0.22 0.15 15 -012| D Is
5867.81 | 121481 |138519 [3 |5 | 0.20 0.17 9.8 -02 | D Is
[5861.4) | 121480 (138536 |7 | 7 | 0.026 0.013 1.8 -104| D- Is
[5867.6] | 121481 | 138519 |5 |5 | 0.036 0.019 1.8 -102| D- ls
(5867.3) | 121480 {138519 |7 |5 | 0.0010 3.8X10-4 0051 |—2581 E Is
35 | 3555 —3s(2S)7p | 'S—'P° | 538848 | 121365 | 139917 (1 |3 | 0.012 0.016 028 {—(80| D ca
(34)
36 | 3s5p—3s(2S)6d| *P°—D | 76321 | 125713 | 138812 |9 {15 | 0.089 0.13 29 007| D ca
91
763533 | 125719 | 138812 [5 | 7 | 0.09 0.11 14 - 2| D Is
7627.85| 125706 | 138812 |3 |5 { 0.065 0.095 7.2 —6. | D Is
7624.48 | 125701 | 138812 |1 |3 | 0.050 0.13 33 -0 D- Is
7635.33 | 125719 | 138812 |5 |5 | 0.022 0.019 24 -102| D- Is
7627.85 | 125706 |138812 3 {3 | 0.037 0.032 2.4 -102| D- I
763533 | 135719 1138812 |5 {3 | 0.0025 0.0013 016 |-219| E Is
54
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Aln.  Allowed Transitions— Continued
No.] ‘Transition Multiplet AA) Efem™) | Exiem™)| & & A(108 S S(at.u.) log &/ |Accu-{Source
: Array sec-!) racy
i
' 37 | 3s5p—3s(28)7d| P°-D 60044 125713 | 142363 {9 {15 { 0.034 0.031 5.5 —=0.55 D ca
93)
6006.42 | 125719 | 142363 |5 [ 7 | 0.034 0.026 2.6 —-0.89 D Is

4 6001.81 | 125706 | 142363 |3 | 5 | 0.026 0.023 1.4 -116 | D Is

1 5999.76 | 125701 | 142363 ;1 | 3 | 0.019 0.031 0.61 —-1.51 D—- Is
, 6006.42 | 125719 | 142363 [5 | 5 | 0.0085 0.0046 0.45 —1.64 D—- Is
i 6001.81 | 125706 | 142363 [3 | 3 | 0.014 0.0076 0.45 —-1.64 D— Is
i 6006.42 | 125719 | 142363 (5 {3 | 92x10-¢ 3.0x10°* 0.030 | —2.82 E Is

38 p°e—1p 744942 | 125867 | 142607 |3 |5 | 0.12 0.16 12 —-032 [{D ca
! 98)
!
% 39| 3s5p—3s(2S)8s | P°-3$ 6071.1 125713 | 142180 (9 |3 | 0.076 0.014 2.5 -090 (D ca
92)

l, 6073.23 | 125719 | 142180 (5 | 3 | 0.042 0.014 14 —-1.15 D Is
| 6068.46 | 1257G6 | 142180 (3 [ 3 | 0.025 0.014 0.84 —1.38 D Is
[ & 6066.38 | 125701 | 142180 |1 | 3 | 0.0085 0.014 0.28 -1.85 D Is

40 pe-18 6061.11 | 125867 | 142361 {3 |1 | 0.076 0.014 0.84 —1.38 D ca
j 99
‘ 41| 3s5p—3s(28)8d| 'P°='D 597194 | 125867 | 144780 (3 (S5 | 0.049 0.044 2.6 —0.88 D ca
| (100)
: 42 | 3s5d—3s(*S)¥6f | 'D—'F° 691793 | 133914 | 139243 (5 |7 | 016 0.16 18 -0.10 D ca
. (75)
1
;' 43 | 3s5d-3s(®S)7f | 'D="F° 5613.19 | 133914 | 142602 {5 | 7 { 0.070 0.046 4.3 —0.64 D ca
, (n
}
{ Alll
: Forbidden Transitions
| Nagqvi's calculations [1] are the only available source. The results tor the *P°—%P° transitions
i are essentially independent of the choice of the interaction parameters. For the 3P°—'P° transi-
: tions, Naqvi uses empirical term intervals, i.e., the effects of configuration interaction should be
i partially included.
l Reference
]
: [1] Nagvi. A. M., Thesis Harvard (1651).
‘
! Al1l. Forbidden Transitions .
¢
!
! Transition Type of Accu-
; No. Array Multiplet A(A) Edem™) | Ex(em™) ) & & Trgnsi- Aii{sec™?) S(at.u.) racy |Source
i tion
113s3pp=35(29)3p | "P°=3P°
[16.18 x 107] 37392.0| 3745381 1| 3 m 4.24 x10-% | 2,00 B 1
[79.66x10¢] 37453.8| 37579.3] 3| 5 m 2.67x10-%] 2.50 B 1
2 ape_ipe
4451.6] 37392.01 5Y849.71 1| 3 m 0.00288 2.83x10-%| C 1
4463.9 37453.8| 5984971 3| 3 m 0.57 0.0056 C 1
_l 4489.0 37579.3| 59849.71 5| 3 m 0.00351 3.53x103] C 1
L1
SRR MR 3




Al 1m1

Ground State 1522522435 28, 2

Ionization Potential 28.44 eV =229453.99 cm ™!

Allowed Transitions

List of tabulated lines:

Wavelength [A] No. Wavelength [A] No, Wavelength [A] No.
560.390 3 1862.78 1 4357.24 15
695.817 2 1935.9 17 4364.5Y 15
696.212 2 3283.11 16 4512.54 11

1162.6 9 3287.37 16 4528.91 11
1352.8 8 3601.62 6 4529.18 11
1379.6 5 3601.92 6 4701.65 14
1384.2 5 3612.35 6 4903.71 17
1605.7 4 3702.09 12 5260.91 19
1611.88 4 3713.10 12 5696.47 10
1611.9¢ 4 3980.56 18 5722.65 10
1854.72 1 4150.1 13

Self-consisient field calculations including exchange effects have been carried out by Weiss
[1] and by Chapman, Clzorke, and Aller {3} for several multiplets of this ion. Weiss® values have
been calculated with both the dipule length and dipole velocity formulas which agree usually within
a few percent. Stewart and Roterberg [2]. who developed a method employiirg a scaled Thomas-
Fermi posential, have applied this to several Al11l transitions, including 3s-5p. which is not covered
by the other authors. Good agreemen: exists among the various calculations, including ithe Coulomb
approximation, for the few cases whure they overlap. Cancellation occurs in varying degrees for
the 3s-4p, 3s-5p, 5p-0d, and 5p-7d transitions, which are mostly covered by ine Coulomb approxi-
mation. In these cases the accuracy rating has been reduced. We have adopted the vatues of
Weiss (1]. i.e.. the average of his dipole length and dipole velocity values, when we had a choice
between different calculations. Furthermore, the results of Refs. [2] and [3] wwere chosen in prefer-
ence to the Coulomb approximation,

Weiss [1] has also carried out calculations for the doublet ratios of those transitions for which
he has calculated absolute f-values. His results indicate that the doublet ratios follow LS-coupling
quite well. in direct disagreement with the experimental results of Kisiel [4] who has measured the
intensity ratios of various transitions connected with the 3p state. It appears that Kisiei has failed
to adequately investigate the effects of seif absorption which are probably quite important in this
experiment.

For Al11l. a merber of the sodium isoslectronic sequence, it is possible to utilize extensively
the dependence of oscillator strengths on nuclear charge for the intercomparison of analogons
transitions. Thus. the degree of fit of the individual f-values into the systematic trends has served
as one of the decisive factors for the choice of accuracy assignments,

References

1] Weiss, A. W., 10 be published (1969).

12] Siewar1. J. C.. and Rolenberg. M., hys. Rev. 140, 1508A-1519A (196a).

{3) Chapman. R. D., Clarke. W. H. and Aller. L.. H., Asircphys. J. 144, 376-380 (1966).
14] Kisiel, A.. Acla Phys Polon, 23, 167-175 i1963).
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Al 1. Allowed Transitions

No. Transition Multiplet MA) Eiem™") | Edem Y| & | & [Ai(10" sec¢™t) S Statw.) | log gf | Accu-{Source
Array racy

1 {3s-3p *-fl—*!)"’ 1857.4 0 53839 2| 6 5.64 0.875 10.7 0.243| B 1
uv

1854.72 0 53017 | 2| 4 5.67 0.585 7.14 | 0.066| B Is

1862.78 0 53684 | 2| 2 5.60 0.291 3.57 |-0.235] B Is

2 [ 3s-4 *fz—ﬂ)"’ 695.97 0| 143684 21 6 0.52 0.011 0.052{—1.64 | D 1
uv

695.817 0| 143112 2] 4 0.53 0.0076 0.035|—1.82 | D Is

696.212 0 143632 2| 2 0.51 0.0037 0.017|-2.13 | D Is

3 | 3s=5p 2Sq—ﬂl” 560.390 0] 178455 | 2| 6 0.48 0.0068 0.025/—-187 | D 2
{2y

4 |3p—3d =D 1609.9 53839 | 115956 | 6 {10 14.5 0.937 29.8 0.750 | B 1

1611.90 53017 | 115955 | 4 | & 14.4 0.843 17.9 0.528 | B Is

1605.7 53684 | 115957 | 2 | 4 12.1 0.939 993 | 0274| B Is

1611.88 53917 | 115957 | 4 | 4 2.42 0.0942 2.00 |-0424 | B Is

5 [3p—ds P°=28| 13827 53839 | 126163 | 6 | 2 13.5 0.129 3.51 |—-0.111| C+ |

[1384.2 53917 | 126163 | 4 | 2 8.9 0.129 2.34 [—0.287 | C+ Is

[1379.6 53684 | 120163 | 2 | 2 4.51 0.129 1.17 |-0.59 | C+ Is

6 [3d—4p '-'L‘—’-'P“ 3605.4 115956 | 143684 |10 | 6 1.49 0.174 20.7 0242 | C+ 1

{

3601.62 115955 | 143712 | 6 | 4 1.34 0.174 12.4 0.020 | C+ Is

3612.35 115957 | 143632 | 4 | 2 1.48 0.145 6.9 |—023 | C+ Is

3601.92 115957 | 143712 | 4 | 4 0.150 0.0291 1.38 {—-093 | C+ Is

7 |3d-4f *D—*F° [[1935.9) 113956 | 167612 |10 [14 12.2 0.96 61 098 | C+ ca

8 |3d-5f D —2F° [1352.8] 115956 | 189875 |10 (14 4.40 0.169 7.5 0228 | C ca

9 [3d—6f D —24° [1162.6] 115956 | 201970 110 |14 2.1 0.061 23 |-021 [D ca

10 | 4s—4p "S;‘-’P" 5705.9 126163 | 143684 | 2| 6 0.878 1.29 48.3 0412( B 1
2)

¥%96.47 126163 | 143712 | 2 | 4 0.882 0.859 32.2 0.2351 B Is

5722.65 126163 | 143632 | 2 | 2 0.870 0.427 16.1 |-0.069] B Is

1 4p—4d '-'l"’;” 1523.2 143644 | 165786 1 6 (10 2.56 1.31 117 090 | C+ 3
(3)

4529.18 143712 | 165785 | 4 | 6 2.54 1.17 70 0.67 | C+ Is

4512.54 143622 | 165787 | 2 | 4 2.15 1.31 38.9 0418 C+ Is

4528.91 143712 | 165787 | 4 | a 0.426 0.131 | 7.8 [—0281] C+ Is

12 | 4p—5s '-'I’°:-’S 3700.2 143684 | 170636 | 6 | 2 3.42 0.235 17.2 0.049| C+ 3
14)

3713.10 143712 | 170636 | 4 | 2 2.27 0.235 115 [—-0.027| C+ Is

3702.09 143632 | 170636 | 2 | 2 1.14 0.235 57 |-0.328] C+ Is

13 | 4d-5f D =27 41501 165786 | 189875 {10 |14 2.19 0.79 108 0.9 | C+ 3
{5)

14 | 4/—5d :pe— 23| 4701.65 167612 | 168876 |14 |10 0.079 v.019 41 |[—058 | D ca
(6)

15 |5p—6d spo—2p| 4362.0 178455 | 201374 | 6|10 0.084 0.040 35 |—-062| D ca
{9)

4364.59 178470 | 201374 | 4| 6 0.082 0.035 20 |—-085| D Is

4357.24 178430 | 20°374 | 2! 4 0.070 0.040 1.2 {-110| D Is

4364.59 178470 | 201374 | 41 4 0.014 0.0039 023 1—1.80 | D Is
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Al m. Allowed Transitions —Continued

===

e
No. Transition Multivlet AMA) Egem Y [ Edem ™) g o Mud 107 sec Y S Stataw) | log g/ | Acen-|Source
Array racy
16 Sp—1d "'P°—"'D| 3285.8 178455 208880 | 6 |10 0.011 0.0030 0.19 |—1.71 D cu
(10)
3287.37 178470 208880 {4 | 6 0.011 0.0026 0.11 .—1.98 D I3
3283.11 178430 208880 | 2 | 4 0.0093 0.0030 0.065 |- 2.22 D Is
3287.37 178470 208880 | 4 | 4 0.0018 12.9x10-¢ 0.0:3 —2.94 D Is
17 5d—-1f 2D —2F° 14903.71 188876 209261 |10 |14 0.351 0.177 28.6 0.248 | C ca 1
(an 4
I Sd—8f P-: 3980.56 188876 213992 110 | 14 0.229 0.076 10,0 [—0.119} C ca 3
(12) :
19 l Sf~id F°~2D |5260.91 189875 204880 (14 [ 10 0.0280 0.0083 2.01 |[—0.93 (. ca
a13) .
-
Al
Ground State 1s22592p¢ 18,
[onization Potential 119.96 eV =967783 ¢ !
Allowed Transitions
Calculations by Kastner. Omidvar, and Underwood [1]. employing Hartree-Fock wavefunctions
and including intermediate coupling, are available. Since the calculations are based on asingle-
configuration approximation only, uncertainties of up to 50 percent are expected for the strong §
lines and even higher uncertainties for the weak lines. the latter being more affected by assumptions
about the coupling. ¢
Reference
[1] Kasiner, S. O., Omidvar. K., and Underwood. J. H.. Asirophys. ). 148, 269-273 (1967).
Al1v. Allowed Transitions
= T T '
No Transition Multiplet AA) Edem Y | Extem ™) & (g | A1 see ) ik Statuy | log gf |Acen{Source
Array * racy
1| 2pf—2p*2P5.,)03s | 'S —P°
[161.69] 0| 618478 1| 3 13 0.015 | 0.0080 —1.82| E I
2(2p8=2p3P?2)3s | 'S="P° | [160.07} 0 624721} 1 | 3 170 0.20 0.11 —-0.701 D !
3|20 —2pheP503d | 1S — e
[131.65] 0 759601 | 1 | 5 4.7 0.0037 0.0016 | —2.43 | K 1
4|2p8=2pP203d | 'S—1" | [130.37) 0! 767041 | 1 |3 630 0.48 021 | —032| b I
5|2p8=2p°(P}.)3d | 'S—"D°
[129.73] 0| 77083% |1 |3 340 0.26 01F | =059 D | %
S5 3
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Al v

Graund State 15*2s%2p° *P3,

lonization Paotential 153.77 eV =1240600 cm !
Allowed Transitions

The value for the 25?2p®*P° ~ 252p®2S multiplet is calculated from the nuclear charge-expan-
sion method of Cohen and Dalgarno {1]. It may be quite uncertain since configuration interaction

effects with configurations involving the n=3 shell electrons, vhich were not included in this
calculation, may be significant.

Reference

[1] Cohen, M., and Dalgarno, A.. Proc. Roy. Soc. London A280, 258-270 (1964).

Alv. Allowed Transitions

No. Transition Multiplet Ad) Etem ) | Extem Y| & | & | Axt10%sec) S Statou) {log g | AccudSource
Array racy
1| 2s92p*—2s2p% | 028 | 27059 1147 358810) 6| 2 320 0.12 068 | -0.14 1
278.70 0 358810 4| 2 210 0.12 045 |--032( D Is
281.40 3440 358810 21 2 100 0.12 023 |-062( D Is
Alv
Forbidden Transitions
The line strength for the one transition in the ground state configuration is a straight number,’
tabulated for example by Naqvi [1]. The transition probability sheuld also be quite accurate, since
the energy level difference is accurately known.
Reference
111 Nagqvi. A. M., Thesis Harvard (1951).
Alv. Forbidden Transitions
Transition ) Type of Accu-
No. Array Multiplet A(A) Eiem ) | Extem™)| gi | g | Transi- | Ay (sec™?) S(atu.) | racy [Source
tion
W2 | WP—p°
[29062] 0 3440 4| 2 m 0.731 1.33 A 1
59
308-022 0-69—7
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Al vi

Ground State 152252 2p* #1°,

lonization Potential 190.42 eV = 1536300 ¢m !

Allowed Transitions 1
The values are calculated from the charge-expansion methad of Cohen and Dalgarnn [1] which :
incIndes limited configuration wixing. From comparisons with ather jons in the isoelectronic ;
sequence, uncertainties shonld be within 50 percent. g
. *
Reference 1
1
|1] Cohen, M.. and Dalgarno. A.. Proc. Roy. Sue. London A280, 258-270 (1964).
Alv1. Allowed Transitions }
No.| Transition Multipler Ay Eqem Y | Edem Y| g | gl eI see W | fa Statoe) | dog gf | Aceu-|Souree
Array | racy
1] 2s*2pi—2s2pt ' apape 309.68 {338 3242491 9} 9 140 0.21 1.9 028 D 1
[309.62) 0 323002 5! 5 110 016 0.79 —010] D Is
309.65 2736 3254701 3¢ 3 36 w02 0.16 —0.81 D 1s
307.25 0 325470 5| 3 61 0.651 (.26 —059( D Is
(308.56 27351 326822 3| 1 130 0.069 021 -064| D Is
(312.24 2125 3230021 3| 5 35 0.084 0.26 —060| D 1s
(310.91 3831 325470 1} 3 17 0.21 0.21 —068 D Is
2 'D-1pP° 1[243.76] 41600 | 451840 | 5| 3 240 0.13 051 | =019} D 1
3 1I§—1p° {275.35) 88670 451840 1 i 3 36 0.12 0.11 —092( D 1
(]
Alvi

Forbidden Transitions

As in the case of Natv the adopted values are taken from Nagqyi [1], and Malville and Berger
[2). For a discussion on the selection of values see Na1v, since the same consideratinns have been
applied.

References

[1] Nagvi, A. M., Thesis Harvard (1951).
[2] Malville, J. M., and Berger, R. A., Planelary and Space Science 13, 1131 11965).
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Al vl. Forbidden Transitions

Transition Type of Accu-
No. Array Multiplet AA) Edem™'y [Extem™') | g |z | Transi- | 4x{sec™?) Stat.u.) racy |Source
tien
1| 2pr=2p ap_ap
[36540] 1] 27136 | 5| 3 e 6.1x10-7 | 0.071 C— 1,2
[36510] 0 27136 | 51 3 m 0.461 2.50 B 1
26096 0 3831 | 5|1 e 4.3x10-¢ | 0.0310 C— 2
91300 2736 3831 31 m 0.0708 2.00 B 1.2
2 P-1p
2403.1 0 41600 | 5| 5 e 0.0037 88x10+| D— 1.2
2403.1 0 41600 | 5| 5 m 5.2 0.0133 C !
2572.3 2736 41600 | 3] 5 e 3.7x10-¢ 1.3xX10~*| D— 1.2
2572.3 2736 41600 | 3 | 5 m 1.40 0.00443 C 1
2646.9 3831 41600 | 1 | 5 e 1.3x10-* { 5.1x10%] C~— 2
3 WS
1127.8 0 88670 | 5| 1 e 0.056 6.1x10%| D— 2
1163.7 2736 88670 | 3| 1 m 6} 0.00356 C 2
4 DS
| [2123.8] 41600 88670 | 5 {1 e 1.8 0.123 C—- 2
Alvil
Ground State 15225%2p* 4S5
lonization Potential 241.38 eV=1947390 cm™!
Allowed Transitions
Values for all the listed transitions are calculated from the nuclear charge-expansion method
of Cohen and Dalgarno [1], which includes limited configuration mixing. Judged from graphical
comparisons with other ions in the isoelectronic sequence and from the general success of Cohen
and Dalgarno’s method for similar atomic systems, uncertainties within 50 percent are indicated.
Reference
11] Cohen, M.. and Dalgarno, A., Proc. Roy. Soc. London A280, 258-270 (1964).
Al vii.  Allowed Transitions.
No.|  Transition Multiplet Ad) Etem ™) | Edem™) g o Al sec ) fi Stat.u) | log gf | Aceu-[Source
Array racy
1| 2s22p3—=2s2p | 48°—1P | 355.05 0 281647 | 4| 12 41 0.24 1.1 -0.021 D 1
356.89 0 280200 | 4 6 41 0.12 0.55 -032]| D Is
353.78 0 282660 | 4 4 42 0.079 0.37 =050} D Is
352.16 0 283960 | 4 2 42 0.039 0.18 -081| D Is
2 Pe=:D | 309.08 60736 384280 110 | 10 96 0.14 1.4 015} D 1
309.12] 60760 384260 | 6 6 89 0.13 0.78 -0.11 D Is
309.01 60700 384310 | 4 4 86 0.12 0.50 =032} D Is
309.07 60760 384310 | 6 4 9.6 0.0092 005 |-—-1.26] E Is
309.06 60700 384260 | 4 6 6.4 0.014 0.05 |[-125]| E Is
61
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Alvil.  Allowed Transitions — Continued
No. Transition Multiplet MA) Etem "y | Extem ") | & | & | 4(10Fsee )| fi Stat.u) | log gf | Aceu{Source
Array racy
3 Pe—2p | 240.19 60736 477077 1 10 6 340 0.18 1.4 0.26 D 1
240.77} 60760 476090 | 6 4 300 0.18 0.84 003 D Is
239.03 60700 479050 | 4 2 350 0.15 0.47 -0221 D Is
240.74 60700 476090 | 4 4 34 0.029 0093 =094 | D Is
4 Pe—2D | 343.52 93180 384280 6| 10 15 0.046 0.31 —0.56 D 1
343.65; 93270 384260 | 4 6 16 0.042 0.19 =077 D Is
343.28 ] 93000 384310 | 2 4 13 0.044 010 | —=106 | D Is
343.60 93270 384310 | 4 4 0.021 0.0046 0021 -1.74 | E Is
5 pe—2§ | 279.19 95180 451360 | 6 2 210 0.082 0.45 -0.31 D 1
[279.26 93270 451360 | 4 2 14C 0.082 0.30 -048 1 D Is
[279.05 93000 451360 | 2 2 70 0.082 0.15 =079 D Is
6 Pe—2P [ 26049 93180 477077 | 6 6 100 0.10 0.54 -022 | D
261.22 93270 476090 | 4 4 85 0.087 0.30 -046 | D Is
259.03 93000 479050 | 2 2 70 0.070 0.12 -08 | D Is
239.22] 93270 479050 | 4 2 35 0.018 0.060 ] —1.14 | E Is
261.04]) 23000 476090 2 4 17 0.035 0.060 | =115 | E Is
Alvi
Forbidden Transitions
All the values for this ion have been taken from Pasternack {1]. The electric quadrupole
values have been corrected by applying Naqvi's value [2] for the electric quadrupole moment s,.
References
[1] Pasternack, S., Astrophys. J. 92, 129 (1940).
[2] Naqvi. A. M., Thesis Harvard {195}).
Al vii. Forbidden Transitions
Transition Type of Accu-
Na. Array Multiplet AA) Efcm™) | Exlem™) | g |gx [Transi- | dg(sec!) S(at.u.) racy |Source
tion
1 |2p7-2p | 48°—2D°
1645.8) 0 60760 | 4 | 6 m 0.0045 4.56x15 ¢ C- 1
1645.8) 0 60760 | 4 |6 e 0.0018 7.8x10-* D- 1.2
1647.4; 0 60700 | 4 | 4 m 0.26 1.72x10-4 C- 1
1647.4) 0 60700 | 4 | 4 e 0.0011 3.3x10-3 D- 1.2
2 JSO_-_I -]
1072.2) 0 93270 | 4 | 4 m 29 0.0053 C 1
1072.2) 0 93270 | 4 | 4 e 1.8x10-% | 6.2x10-¥ D- 1.2
1075.3) 0 93000 | 4 |2 m 2 0.00111 C 1
1075.3) 0 93000 | 4 ! 2 e 4.4%10-% [ 7.5x10-% D- 1,2
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Alvil. Forbidden Transitions~—Continued
Transition Type of Accu-
N Array Multiplet AR Ei(em™")| Ex(em™') | & | & | Transi-| Ax(sec!) | S(et.u.) racy |Source
tion
3 :D°—2D°
[16.7 X 103] 60700 60760 | 4| 6 m 2.33x10°% | 2.40 B 2
[16.7 X 103] 60700 60760 [ 4| 6 e 1.2x10°17 | 54 %104 D- 1,2
4 :p°—2p°
(F)
3 3074.0 60760 93270 | 6 | 4 m 4.6 0.0198 C 1
. 3074.0 60760 93270 | 6 | 4 e 0.3} 0.20 D 2
4 3093.4 60700 93600 | 4 | 2 m 5.1 0.0112 C 1
i ,: 3093.4 60700 93000 | 4 | 2 e 0.25 0.086 D 2
g 3098.7 60760 | 93000 | 6 | 2 e 1017 0.058 D 2
i B 3068.8 60700 93270 | 4 | 4 m 8.5 0.0366 C 1
3068.8 60700 93270 | 4 | 4 e 0.13 0.085 D 2
} 5 2po _zpe
¥ [37.03 x 10#]) 93000 93270 [ 2 | 4 m 1.77x 104 | 1.33 B 2
5 [37.03 x 10%) 93000 93270 | 2 | 4 e 1.6 10-* | 2.6x 104 D- 1,2
i
]
3 Al viii
¢
Ground State 152252212 3P,
i lonization Potentisl 284.53 ¢V=229550C cia~!
Allowed Transitions
i List of tabulated lines:
|
Wavelength [A] No. Wavelength [A] No. Wavelength [A) No.
247.39 3 325.32 2 387.97 1
248.46 3 328.20 2 1111.6 8
250.14 3 381.11 1 1118.7 8
251.34 5 383.66 1 1131.1 8
285.47 4 383.76 1 1206.3 7
287.04 6 387.67 1 1223.5 7
4 323.49 2 387.78 ] 1280.4 7
! Most data are obtained from the charge-expansion method of Cohen and Dalgarno [1] which
: includes limited configuration mixing. Graphical comparisons of this material within the isoelec-
; tronic sequence depicting the dependence of f-values on nuclear charge have been.made, and the
available experimental data for the lower ions. mostly from lifetime measurements, establish fairly
i definitely that the uncertainties should not exceed 50 percent. Analogous graphs for the data ob-
tained from the Coulomb approximation indicate that these values are accurate within 25 percent.
Reference
[1] Cohen, M., and Dalgarno, A.. Proc. Roy. Soc. Londor: A280, 258~270 (1964).
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experimental ones.

Forbidden Transitions

[1] Nagvi, A. M., Thesis Harvard (195]),

(2] Malville, J. M., and Berger, R. A., Planetary and Space Science 13, 1131 (1965).

[3] Froese. C.. Astrophys. J. 145, 932 (1966).

References

The adopted values represent, as in the case of Na Vi, the work of Naqvi [1]. Malville and
Berger [2]. and troese 3} For the selection of values, the same considerations as for Na vI are
applied, the one exception being that Froese's magnetic dipole values are aiso used. Since the
observed energy levels are uncertain, it 1s felt that the “spin-orbit™ and *spin-spin and spin-other-
orbit” integrals { and 7 calculated from her theoretical energy levels will be as accurate as the

Alvin, Allowed Transitions
No. Transition Multiplet aA) Etem Yy (Edem D g | g [t 10 see fix Statuy) | log gf TAcceu[Source
Array racy
1| 2s2p2=2s2p* | P ="D° 185.70 S0487 202278 F V1S 24 0.087 1.0 —0.11 D+ 1
387.97] M0 202190 | S| T 23 0.074 0.47 —0.43 D+ Is
|383.76} 1740 262320 3| 5 18 0.066 0.25 -0.70 D+ Is
[381.11}) 0 262390 | 1 3 13 0.088 0.11 —1.06 D Is
1087.78) + 440 262320 | 5} o 58 | 0.013 0.083 [-1.19 D Is
[383.66] | 1740 | 262390 | 3| 3 99 | 0.022 0.083 |—1.18 | D Is
(387.67) | 4440 | 202350 | 5| 3 0.65 | 8.8X10-* | 0.0056| - 2.36 | E Is
2 AP ~ape 226.71 3047 309130} 9| 9 62 0.099 0.96 -0.95 D 1
328.20 4440 309130 { 5| 5 46 0.074 0.40 -0.43 Q Is
325.32 1740 309130 3] 3 16 0.025 0.080 |—1.12 E Is
328.20 440 369130 | S| 3 25 0.024 0.13 —-0.92 D— Is
325.32 1740 309130 | 3| 1 65 0.034 0.11 -0.99 D - Is
325.32 1740 309130 { 3! 5 15 0.040 0.13 —-0.92 D- Is
323.49 0 309130 1| 3 22 0.10 .11 -=1.00 D-— s
3 3p—age 24627 3047 404220 9! 3 350 0.11 0.81 0.00 D+ 1
250.14 4440 404220 | 5| 3 190 0.11 045 | —0.26 D+ Is
248.46 1740 404220 | 3| 3 120 0.11 027 |—0.48 D+ Is
247.39 0 404220 | 1| 3 40 0.11 0.090 | —0.96 D+ s
4 1D -1p° (285.47] (46690] | [396990}| 5| S 170 0.21 1.0 0.02 D 1
5 D-1p° 251.34} (46690] | (444550]| S| 3 230 0.13 0.53 [—0.19 D 1
6 1S~ 1p° (287.04] [96170] | [444550} 1| 3 60 0.22 0.21 —0.66 D- 1
71 2p3s—~ 3pe 48§ 1252.5 1322337 | 1402180 | 9| 3i 6.2 0.0485 1.80 —-0.360 | C ca
2p(P*)3p
1280.4 1324080 | 1402180 | 5| 3| 3.22 0.0474 1.00 [—0.63 C Is
1223.5 1320450 | 1402180 | 3| 3, 2.21 0.0497 0.60 |—0.83 ¢ s
1206.3 1319280 | 1402180 ¢ 1| 3| 0.77 0.050 0.200 |—1.301 | C s
8| 2p3p~ 3§ —3pe 1124.7 1402180 | /491089 3| 9| 4.65 0.265 294 [ -0.100 | C ca
2p(:P%)3d
1131.1 1402180 | 1490590 | 3| 5| 4.56 0.146 1.63 —-0.358 | C s
1118.7 1402180 | 1491570 { 3| 3i 4.73 0.089 098 |—0.57 C Is
1111.6 1402180 | 1492140 | 3| 1| 4.82 0.0298 0.327 |—1.049 | C s
Alvin
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Alvin. Forbidden Transitions

Transition Type of Accus
No. Array Multiplet AMA) Eiem ") LEc(em™') | & | & | Transi- | A4iu(sec?) S(at.u.) racy | Source
tion
H 2,)'-'—2I)2 .'IP_-'IP
[57456 0 1740 11 | 3 m 0.0948 2.00 A 1,3 i
[22516 0 “440 |1 (5 e 1.38 x10-%{ 0.0237 C 3 ]
[37027 1740 M0 13¢5 m 0.265 2.49 B 1,3
[37027 1740 440 [ 3| 5 e 2.55x10°7| 0.053 C 3
2 ap_ip i
[2141.1 0| (4669] | 1|5 e |25%x10 | 34x10-| D 3
[2224.0 1740 [46690) | 3 | 5 m 3.34 0.0068 C 1,23
[2224.0 1740 [46690] | 3 | 5 e 8.6x10* | 1.4x10+ | D 3
[2366.1 4440 | [46690] | 5 | 5 m 8.3 0.0204 C 1,2,3
[2366.1 4440 [46690] | 5| 5 e 0.0044 9.8x10+| D 3
3 Pprs
[1059.0] 1740 | [96170] | 3 | 1 m 192 0.00407 C 2,3 :
[1090.2] 4440 | [96170] | 5 e | 0088 8.1x10=| D 3
4 D18
[2020.4] [46690] [96170] | S | 1 e 4.79 0.0% C 3
Al 1x
Ground State 1s22s22p P52
tonization Potential 330.1 eV =2663340 cm~!
Allowed Transitions
List of tabulated lines:
Wavelength [A] No. Wavelength [A] No. Wavelength [A] No.
60.896 11 305.10 2 397.24 7
61.06Y 11 308.01 6 397.61 7
61.078 11 308.23 6 433.97 Y
66.621 10 316.86 4 434.42 9
66.839 10 318.56 4 439.68 9
280.15 3 321.11 4 440.14 9
282.52 3 384.59 5 603.21 8
284.04 3 384.85 5 614.29 8
286.48 3 385.03 1 614.97 8
300.62 2 392.42 1
Values for the majority of the transitions are calculated from the nuclear charge-expansion
method of Colien and Dalgarno [1], which includes limited configuration mixing. Graphical com-
parisons with other data for the lower ions of this isoelectronic sequence indicate that the un-
certainties should be within 50 percent.
For the 2p 2P°—~3s S and 2p 2P°—3d 2D multiplets we have obtained data by exploiting the
dependence of f-values on nuclear charge: In these cases accurate data for several other ions of
the boron sequence are available from extended self-consistent field calenlations by Weiss [2] in
which configuration mixing is fully included. Utilizing those values, which are also supported by
sume experimental results on lower ions. we have obtained the f-values of the two transitions simply
by graphical interpolation.
References
[t} Cohen, M., and Dalgarno, A.. Proc. Roy. Soc. Londen A280, 258-270 (t964).
[2] Weiss, A. W.. private communication (1967).
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AlIX, Allowed Transitions
No. | Transition | Multiplet MA) Eiem ) [Egem V) |l.'1 & LAl sec )| fi Statu) | Iog gf | Accu|Source
Array racy

1 (2s*2p—2s2p Ppe_2p 389.92 1260 259720 | 6 | 10 21 0.079 061 [-032 | D 1
1392.42( 4890 259720 | 4| 6 21 0.072 037 |-054 | D Is

[385.03[ 0 259720 | 2| 4 18 0.079 020 |-0.80 | D Is

1392.42[ 4890 259720 | 4| 4 3.4 0.0079 0.041 ~-150 | E Is

2 pe_iy 303.59 3260 332650 | ¢ 2 87 0.040 0.24 |-0.62 D+ 1
[305.10[ 4890 332650 | 4] 2 37 0.040 0.16 (—0.80 | D4 Is

[300.62] 0 | 332650 | 2 2 30 0.040 0.080 i—1.16 | D+ Is

3 pe_zp 283.53 3260 355953 | 6] 6 160 0.20 1.1 008 | D+ 1
284.04 4890 356950 | 4| 4 130 0.16 0.61 |—0.19 | D+ Is

282.52 0 353960 | 2 2 110 0.13 024 |—059 | D+ Is

286.48 4890 353960 | 4| 2 52 0.032 012 |—089 | D Is

280.45 0 356950 | 2| 4 28 0.065 0.12 |-089 | D Is

4 | 2s2p*-2p* 1P —18° 319.54 [148963] | [461910[ (12| 4 150 0.077 097 |--0.03 | D+ 1
321.11 [150490] | [461910]| 6| 4 75 0.077 049 |—034 | D+ Is

318.56] | [148000[ | [461910[| 4| 4| 50 0.076 032 [-052 | D+ 1| s

316.86 [146310[ | [461910[} 2| 4 25 0.077 0.16 |—0.81 D+ Is

5 D-12P° 384.75 259720 519632 |10 10 43 0.095 1.2 |—002 | D+ 1
384.85 259720 519560 | 6 6 40 0.088 067 |—0.28 | D+ Is

384.59 259720 519740 | 4| 4 38 0.085 043 |—0.47 | D+ Is

384.59 259720 519740 | 6 4 4.3 0.0063 0048 |-142 | E Is

384.85 259720 519560 | 4} 6 2.8 0.0095 0.048 |—-142 | E Is

6 iPp_2pe 308.08 259720 584310 (10| 6 70 0.060 061 [-022 | D 1
308.01] 259720 584390 | 6 | 4 64 0.061 037 |-044 | D Is
308.23( 259720 584150 | 4| 2 69 0.049 020 ([-071 | D Is
308.01) 259720 584390 | 4| 4 7.1 0.010 00411140 | E Is

7 1§ —2pe 397.36 332650 584310 | 2| 6 13 0.095 025 [—072 | D 1
[397.24] 332650 584390 | 2| 4 14 0.063 017 (=090 | D Is

[397.61] 332650 584150 | 2§ 2 13 0.032 0.083—1.19} D Is

8 p—2p° 610.95 355953 519632 | 6 |10 11 0.099 1.2 (=023 D 1
[614.97) 356950 519560 | 4| 6 10 0.089 072 {—045| D Is

[603.21] 353960 519740 | 2 | 4 9.2 0.10 040 {—-070 | D Is

[614.29] 356950 519740 | 4| 4 1.7 0.0099 0.080|—1.40 | E ls

9 p_pe 437.91 355953 584310 | 6 | 6 4“4 0.13 1.1 —-0.11 D 1
[439.68] 356950 584390 | 4| 4 36 011 061 |-036| D Is

(434.42] 353960 | 584150 | 2| 2 30 0.084 024 | =077 D Is

[440.14] 356950 584150 | 4 2 14 (.021 012 |—1.08| D~ Is

[433.97] 353960 584390 | 2| 4 7.4 €.042 012 |—1.08| D-— Is

10 | 2p—('S)3s ‘-1 66.766 3260 | 1501020 | 6| 2| 1000 0.023 0.030( —0.86 | C interp
|66.839] 4890 | 1561020 | 4| 2 680 0.023 0.020( --1.04 | C Is

[66.621] 0 | 1501020 | 2! 2 340 0.023 0.010{ —1.34 | C Is

11 | 2p—-('S)3d Pe-2p 61.012 3260 | 1642284 | 6] 10! 6700 0.62 0.75 057 C interp
[61.069] 4890 | 164238G | 4! 6 6700 0.56 0.45 035 C Is

(50.896) 0 | 1642140 | 2| ¢ 5600 0.62 025 | 009]| C Is

[61.078] 4890 | 1642140 | 4| 4| 1100 0.062 0.050| —0.61 D Is
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The line strength for the one transition in the ground state configuration is a straight number.
tabulated for example by Naqvi [1]. The transition probability should also be quite accurate, since

Al x.

Forbidden Transitions

the energy level difference is accurately known.

[1] Nagvi, A. M., Thesis Harvard (1951).

Reference

Alix. Forbidden Transitions

Transition
Array Muliiplel

AR)

Ei(em™)

Ei(em™)

&i

{3

Type of
Transi-
tion

Aniisec™) S(atu.)

Accu-
racy |Source

2p—08R2p | *P°—2P°

[20444]

4890

1.05 1.33

TR 7 TSNP YT S

e et s

T

e

Ground State

lonization Potential

Al X

Allowed Transitions

152252 1S,

398.5 eV=13215340 cm!

Garstang and Shamey [1] have obtained the f-value for the intercombination line 2'Sq— 2P,
by calculating the ratio of this line against the resonance transition in the intermediate coupling
approximation and by using for the resonance line a value calculated according to Cohen and
Dalgarno’s method [2]. The data calculated from the charge-expansion method of Cohen and
Dalgarno, {2] which includes limited configuration mixing, are estimated to be usually accurate
to 50 percent or better, while the charge-expansion method of Naqvi and Victor {3] should Le less
reliable when the effects of configuration interaction are strong, since these are neglected entirely.
In assigning the accuracy estimates for these methods as well as for the Coulomb approximation
we were to a great extent guided by studying the cegree of fit of the da:a into the systematic trends
along isoelectronic sequences.

References

[1) Garstang, R. H., and Shamey, L. J., Asirophys. J. 148, 665-066 (1967).
[2) Cohen, M., and Dalgarno, A., Proe. Roy. Soc. London A280, 258-270 (1964).
[3] Nagvi. A. M.. and Viclor, G. A., Technical Documeniary Report No. KTD TDR-63-3118 (1964),
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Al X. Allowed Transitions
Nus. Trausition .\lullipI('J AA) Eitem W | Faaem N g b | A1 see 1y I Statany | o g/ AcruSoun-e
Array rary
1] 2s2—25(2S)2p 'S..3p°
1638.81) 0 1{156540] |1 |3 0.0026 | 4.7X10°9.6%10 > -4.33 | D /A
2 1S—1P° 1 [332.89] 0 300000 (s 57 0.287 0.314 -0.54 | C 2
3| 2s2p ~2p? ape_ap | 400.90 |[/58280] | [47823] |9 |9 | 49 0.42 1.4 003 | D+] 2
401.19 160200 409460 S5 36 0.089 0.58 -0.35 | b+ Is
400.43 156540 406270 3 i3 13 0.030 0.12 -1.05 | b- Is
406,39 160200 406270 Shi3 19 0.028 0.19 -085 | b— Is
(+u3.62 156540 404300 311 49 0.040 0.16 -092 1 b- s
395.38 156540] [409460 315 12 0.049 0.19 -083 | D~ s
397.74 154850] 1[406270]) |1 | 3 17 0.12 0.16 —-092 | -] Is
4 Pe—1D | [673.67] | 300400 448840 315 10 0.12 0.77 —0.44 l)—! 2
5 P°—'S | [395.16] | 300400 533270 311 95 0.074 0.29 —-0.05 ‘ [ 2
6] 25s2-25(3S)3p |'S—-'P° [51.979]' 0 |1923850 113 | 4800 0.58 0.10 —-0.24 | E | 3
Tl 252p — 25(S)3s perS [63.134]] 200400 | 1884330 311 380 0.0075 0.0047 —-1.65 | F | 3
8| 2s3s—2s(*S)3p 'S~1P° |[2529.61 | 1884330 | 1923850 1135 0.60 0..74 1.45 -0.76 | (. 3
9| 2p3s—2p(:P°3p | 'I*=1P | [26659] 2090980 | 2094730 13| 3 5.0x 104 0.0054 1.41 -1.79 | cd
10 Pe—tD | [1744.0] | 2090980 | 2148320 |3 | 5 1.93 0.147 2.53 -—1.356] (. ca
11| 2s3p— 2s(:S)3d Pe—1D | [1462.0] | 1923850 | 1992250 |3 | 5 2.68 0.143 2,07 —0.368 (. ca
12| 2p3p—-2p2P23d | 'P="D° | [2175.1]) | 2094730 | 2140690 |3 | 5 0.56 0.067 143 =070 | € ca
13 'D—'F° | [2285.5] | 2148320 | 2192060 |5 } 7 0.72 0.079 J‘2.96 —().403| (: cd
Al X
Forbidden Transitions
Nagvi's calculations [1] are the only available source. The results for the 3P°—=3P° transi-
tions are essentially independent of the choice of the interaction parameters. For the 3P°—1pP°
transitions, Naqvi uses empirir il term intervals, i.e.. the effects of configuration interaction should
be partially included.
Reference
[1} Naqvi. A. M., Thesis Harvard (1951).
Al X. Forbidden Transitions
b i ey e T T o prn s e
Transitinn Type of Arrcu-
No Array Multiplet AA) Fitem Y| Erlem ) | gi | ge | Transic | dii(sec ") Statuv.) racy [Sourie
tion
1|2s2p—25(38)2p | *P°—3pP°
[59156) [154850] [[156540] | 1| 3, m 0.0869 | 2.00 A |
[273151 [156540] |[160200] | 3 | 5| m 0.662 | 2.50 A I
2 :Ii”_lpo
[687.05] [154850] | 300200 | 1| 3| m 17.5 63x10 4| ¢ I
[695.12] 1156546] | 300400 |3 | 3| m 710 0.0266 C I
[713.27] | 100200] 300400 | 5 3 m 19.6 7.9%x 104 C 1
| 1
68
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Al x1

Ground State 15225282

lonization Potential 441.9 eV=3564900 cm™!

Allowed Transitions

For the transition 2s —2p. the charge-expansion calculation of Cohen and Dalgzarno (1] is
chosen. An uncenainty of less than 10 percent is indicated from the graphical comparison of this

4 value with the other material for the same transition within the isoelectronic sequence. Data for
%, the other listed transitions have been obtained from the Coulomb approximation. Plots of the
E_ dependence of the fvalue on nuclear charge for all these transitions have been made and show that
£ this material connects up very smoothly with the daia fer the lower ions as well as with the hydro-
%’ genie value for infinite nuclear charge. Based on this impressive agreement, accuracies of 10
% pereent (or 25 percent for some of the smaller values) are indicated.
¢
e Reference
[1] Cohen, M., and Dalgama, A., Proc. Roy. Soc. London A280, 258-270 (1964).
¢ Al XI. Allowed Transitions
1 e . . ‘
g No. Transition | Multiplet | AMA) Etem )y [Edem " g g [Au10" see) fix Statun} log gf | Aceu-|Sonrce
) Array racy
| !
1 . 2s=2p _=2P0 | 556.03 0 179¢47 1 2 | 6 8.35 0.116 0.425 —-0.634] B 1
1549.99] | 0 181820 | 2 | 4 8.62 0.0782 0.283 -0.806; B Is
‘ 1568.50] 0 175900 | 2 | 2 7.83 0.0379 0.142 —1.120; B Is
2 l 2s—3p Eh ] o 48.311 0| 2069937 | 2 | 6| 3140 0.330 0.105 —0.180| B ca
! 148.297] 0 12070520 | 2 | 4| 3150 0.220 0.0700 | —0.357| B Is
l 148.338] 0 | 2068770 | 2 | 2| 3140 0.110 0.0350 { —0.658} B s
3 0 2p=3s pe_z§ 34.330 179847 | 2020460 | 6 | 2| 1460 0.0215 0.0231 —0.889| B ca
i
@ ' 154.388] 181820 | 2020460 | 4 | 2| 970 0.0215 0.0154 | —1.066| B Is
154.213] 175900 | 2020460 | 2 | 2| 490 0.0216 0.00770; —1.365{ B Is
i 4 2p—3d pe—2p 52.398 179847 | 2088316 | 6 [10] 9800 0.672 0.696 0.606| B ca
152.446] 181820 | 2088540 | 4 | 6 | 9780 0.605 0.418 0.38+| B Is
152.299] 175900 | 2087980 | 2 | 4| 8210 0.674 0.232 0.136! B s
|52.461} 181820 | 2087980 | 4 | 4| 1630 0.0672 0.0464 | —0.571| R Is
) 2p—4d 2pe-2 139.150] 179847 | 2734140 | 6 (10} 3210 0.123 0.095 —-0.132| C+ ca
6 3s—3p IS0 202005 2020460 | 2009437 | 2 | 6 1.06 0.194 2.58 -0.410| B ca
11997.6) 2020460 | 2070520 | 2 | 4 1.09 0.131 1.72 —u.58! B Is
12069.3] 2020460 | 2068770 | 2 | 2 0.983 0.0631 0.860 —0.900| B Is
7 3p—-3d o2 | 5439.5 2069937 | 2088316 | 6 10 0.0424 0.0314 3.37 —0.725| B ca
15547.9] 2070520 | 2088540 | 4 | © 0.0399 0.0276 2.02 —-0957| B Is
15204.2] 2068770 | 2087980 | 2 | 4 0.0402 0.0327 1.12 --1.184| B Is
15725.8] 2070520 | 2087980 | 4 | 4 0.00607 { 0.00298 | 0.225 —1.924} B Is
8 l 3p—4d pe—2D | ]150.56) | 2069937 | 2734140 | 6 (10| 1020 0.58 1.72 0.54 T+ ca
69
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Ground State

Ionization Potential

Al xXn

Allowed Transitions

ls’ 'Sn

2085.46 eV = 16825000 ¢m !

The values for this ion are calculated from the charge-expansion method of Dalgarno and

Parkinson {1]. From comparisons with the more refired variational calculations by Weiss [2]
for lower members of this isoelectronic sequence, uncertainties are estimated not to exceed

10 percent. It should be pointed out that essentially identical results are obtained by extrapolating

the data of Weiss towards the high members of the isoelectronic sequence (see fig. I [2]).

References

[1) Dalgarno, A.. and Parkinson, E. M., Proc. Roy. Soc. London A301, 253-260 (1967).
[2] Weiss. A. W.. ). Research Nat. Bur. Siandards 71A, 163-t68 (1967).

Al xI1. Allowed Transitions

— =
No.|  Transition Multiplet A(A) Edem W Edem Y| g | g | Al 10 see ) fin Statu) | log gf | Aceu-{Source
Array racy

—
1l 1s2-1s2p 1S-.1p° [7.7568) 0 12891900 | 1] 3§ 2.78 % 10° 0.752 0.0192 {—0.124{ B 1
2| 1s2—-1s3p 1S 1p° [6.6345) 0 15072700 | 1| 3 | 7.72% 100 0.153 0.00334 | —0.815( &k 1
3| 1s2—1s4p 1S-1p° [6.3137) 0 15838600 | 1 | 3 | 3.19x10* 0.0573 | 0.00119 [—1.242| B 1
70
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Ground State

Tonization Potential

SILICON
Sil

Allowed Transitions

List of tabulated lines:

J1st252223523p2 2P,

8.151 eV =65747.5 cm™!

Wavelength [A] No. Wavelength [A] No. Wavelength [A] No.
2207.98 2 4947.61 25 7970.31 31
2210.89 2 5006.06 24 8035.62 31
2211.74 2 5597.94 17 8074.57 31
2216.67 2 5622.22 17 8093.24 32
2218.06 2 5645.61 61 8680.08 27
2218.92 2 5665.55 16 9413.51 14
2438.77 4 $5684.48 17 10288.9 11
2443.36 4 5690.43 16 10371.3 11
2452.12 4 5701.11 16 10585.1 11
2506.90 3 5708.40 16 10603.4 10
2514.32 3 5754.22 16 10661.0 10
2516.11 3 5772.15 20 10689.7 28
2519.20 3 5780.38 15 10694.3 28
2524.11 3 5793.07 15 10727.4 28
2528.51 3 5797.86 15 10749.4 10
2881.58 6 5806.28 15 10784.6 28
2970.36 5 5859.20 15 10786.9 10
2Y87.65 5 5872.71 15 10827.1 10
3006.74 1 5948.55 19 10843.9 26
3020.00 1 6331.95 18 10869.5 13
3905.52 8 6518.73 35 10882.8 28
4102.94 7 6553.9 35 10976.3 28
4721.57 23 6555.46 35 10979.3 10
4738.83 23 6560.56 35 11984.2 9
4747.99 22 6624.2 35 11991.6 Y
4755.28 22 6631.05 35 12031.5 9
4772.79 22 6721.85 33 12103.5 9
4782.99 23 6976.52 34 12270.7 9
4792.21 22 7003.57 34 12395.8 9
4792.32 22 7005.88 34 15361.2 29
4805.44 21 7016.74 34 15557.8 29
4817.59 22 7083.95 34 15884.4 29
4818.06 21 7097.47 34 15888.4 12
4821.17 21 7680.27 30 15960.0 29
4823.31 21 7918.39 31 16060.0 29
4366.88 21 7932.35 31 16094.8 29
4864.07 21 7944.00 31

The results of the intermediate coupling calculations by Garstang and Dawe [1] for two inter-
combination lines in the 3s*3;*—3s3)?* array should be quite uncertain, since these authors have
normalized their values by means of a transition integral averaged from the Coulomb approxi-
mation and Varsavsky’s [6] screening approximation, which do not contain the important con-
figuration interaction effects. The lifetime measurements of Savage and Lawrence [2, 3] with
the phase shift technique provide an accurate absolute scale for several other transiticns. The
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intermediate coupling caleulations of Lawrence [3] and the results of the anomalous dispersion
experiment of Slavenas [4] have been normalized to this scale. The twn normalized sets of data
agree within a few percenl. Finally, numerical values are available for two lines from the wall-
stabilized arc experiment of Hey [5]: but the uncertainties are hardly smaller than 50 percem
because of the occurrence of demixing effects in this type of are, which were nol taken inte deeount,

Since the above-listed sources provide data for only nine multiplets, the Coulomb approx-

imation has been extensiveiy applied to this spectrum in order to have many prominent lines
represented. On the basis of the comparison naterial available for analogans transitions of neigh-
boring atoms and on the basis of the general success of the Conlomb approximation. acenracy
assignments of 50 percent are normally indicated for the selected lines. But, in as much as these
comparisons are quite insufficient, the present assignments can only be regarded as provisional,
especially since deviations from LS-coupling may be expected for the individual lines, too.

References

[1} Garstang, R. H., and Dawe. J. A.. The Observalory 82, 210-2tt (1962).
[2] Savage. B. D. and Lawrence. ;. M., Astrophys. J. 146, 9480-943 (1966).
[3] Lawrence. {;. M., Astrophys. ). 148, 261-268 (1967).
[4] Slavenas. I. Yu. Yu.. Oplics and Spectrosropy (U.S.8.R.) 16, 213-216 (1964).
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Sil.  Allowed Transitions

No Transition Multiplet Ad) Eom Y JEdem Y bg | g (a1 see t) in
Array
1} 3s*3p*— P —38°
3s3p? (0.01)
3020.00 223 333261 5| 5 3.3x10°|4.5x10 "
3006.74 77 33326 3| 5! L1x10>|25%10¢
2 p —ape 2047 150 433030 9 115 | 0.55 0.068
L'V 3
2216.67 223 453221 51 7| 0.55 0.057
2210.89 77 45294 3| 5| 0.416 0.051
2207.98 0 45276 1 | 3| 0.311 0.068
2218.06 223 45294 51 5| 0.138 0.0102
2211.74 77 45276 3 | 3| 0.232 0.0170
2218.92 223 45276 5| 3| 0.015 6.8%10 ¢
3l 3p2=3p AP —ape 2518.3 150 39860 9| 9| l.6¢ 0.155
P Ms (v _
2516.11 223 39955| 5| & | L2l 0.115
2519.20 77 39760 3| 3| 0.422 0.0402
2528.51 223 39760 5| 3| 0.69 0.0394
2524.1} 77 396831 3 | 1| lee 0.053
2506.90 77 39955 3| 5| 0.417 0.065
2514.32 0 357600 1 | 3 1 0.55 0.157
4 .'Il) S |l)°
(v 2)
245212 223 40992 51 31 0.0060 3.2x10 ¢
2443.36 77 40992 31 3| 0.0069 6.2x10 ¢
2438.77 0 40992 11 3( 0.0074 0.0020
5 'D-2P°
(n
2970.36 6299 39955 51 5§ 23x10 | 3.1x10°
2987.65 6299 39760 5 31 0.022 0.0018
6 p—1pe 2881.58 6299 409921 5| 3| 1.75 0.131
(U'V 43)
7 1§ — ape
(2) 4102.94 15394 397601 11 31 0.0016 0.0012
72

Stat.u.

) |u;_' &

22X 10 4—4.65
7.4> 10 7—5.12

1.46

2.08
1.1]
0.496
0.372
0.372
0.025

11.6

4.76
1.00
1.64
1.32
1.62
1.30

0.013
0.015
0.016

0.0015
0.088

6.2

0.7

o AL e

—0.213

—10.55
N8
- 1.167
- 1.292
—1.292
—2.47

0.145

—0.240
--0.92
—0.71
—0.80
—0.71
—0.80

—2.80
—-2.73
=2.70

—3.81
—=2.05

—0.184

—2491

Acew-Saurer
iy

[ 1
E |
( 2
( Is
G Is
( Is
(. Is
G Is
E Is
C+ | 3.4n
C+ 1§ 3.4n
C+ | 3.4n
G+ ! 3.4n
G+ | 3.4
i+ 1 3.4n
C+ | 3.4n
n- 3
D- 3
n— 3
)] 3
)] 3
[ 3.4n
)] 3.5
i SRR R 0 oy 993 0
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No.

Transition
Array

9! 3pds —
Inciow

14

15] 3pds—
Ip)5p

.'l|)° _.'ID

BB e

Multiplet

JH_|I|5
(3)

(4)

le)" — :ll)

{5)

ZII)O —_ 2‘S
(6)

||)°__|l) i

(11.12) |

we—1p
(13)

pe—18
(14)

ape—apy
(9)

:‘|)0_:||)

(10)

apo 38
(11)

l|)°_||)

(14.01)

ipe—sp
(16)

I|)°_Iq

a7

8

AA)

3905.52

12047

12031.5
11984.2
11991.6
12270.7
12103.5
12395.8

10790

10827.1
10749.4
10979.3
16786.9
10603.4
10661.0

10182
10585.1

10371.3
10288.9

15838.4
10869.5
9413.51

5800.9

5797.86
5793.07
5780.38
5859.20
5806.28
5872.71

3698.7

5708.40
5690.43
5754.22
5701.11
5645.61
5665.55

3653.9

5684.48
5622.22
5597.94

6331.95
5948.55

5772.15

Etem Yy

15394

30860

39955
39760
39683
39955
39760
39955

39860

39955
39760
39955
39760
39750
39683

39800

39955
39760
20683

40992

40992

40992

29860

39955
39760
39683
39955
39760
39955

39800

39955
29760
39955
39760
39760
39683

39860
39955
39760
39683

40992

40992

40992

Fiem Y

40992

48161

48264
48102
48020
48102
48020
48020

49128

49189
49061
49061
49028
49189
49061

49400
49400

49400
49400

47284

50189

51612

37094

57198
57017
56978
57017
56978
56978

57403
57468
57329
57329
57296
57468
57329
37542
57542
57542
57542

50730

57798

58312

i1. Allowed Transitions—Continued

N=1

=3 NW U XN

— L Y N

=1

—

=1

=3 N U == oW

_—lad W NN

N =1

— A N

K

—
wn

CE W w~

w N L

-

=3 PERICRY, NI R

WN=Wwwn

w W W w

1
A1 see Y

0.145

0.17

0.17
0.13
0.094
0.040
0.068
0.0043

0.22

0.17
0.056
0.089
0.22
0.057
0.076

0.24

0.13
0.081
0.027

0.081

Q.23

0.27

0.017

0.018
0.013
0.0098
0.0042
0.0072
£7x101

0.038

0.028
0.0095
0.015
0.037
0.0097
0.013

0.049
0.026
0.016
0.0054

i.0x10 !

0.022

0.081

/IL

0.100

0.61

0.52
0.46
0.61
0.091
0.15
0.0060

0.39

0.29
0.097
0.097
0.13
0.16
0.3%

0.13

0.13
0.13
0.13

0.31
0.67
0.12

0.015

0.013
0.011
0.015
0.0022
0.0037
1.4x10#

0.018

0.014
0.0046
0.0045
0.0060
0.0077
0.018

0.0078
0.0077
0.0077
0.0076

6.1 x10°>
0.019

0.014

Statu}

1.28

220

100
4
24
13
18

1.2

130

52
10
18
14
17
14

23
13
1.4

72

0.26
0.43
0.34
0.43
0.31

0.7
0.4:
0.14

0.0038

1.1

—
log g 1Accu-Source
racy
—-1.000 | C 3
0.74 |D ca
0.41 D s
0.14 D s
-0.21 D s
-0.34 |D Is
-0.35 D Is
-1.52 E Is
055 {D ca
0.16 | D s
—-054 | D- Is
-0.31 D- Is
-0.41 D- Is
-0.32 | D~ Is
-0.41 D- s
007 | D ca
-0.19 | D s
—0.41 D Is
-0.8 | D s
-0.03 |[D ca
030 | D ca
-04 | D ca
-087 | D ca
-1.19 D s
—-148 | D s
—-1.82 D Is
—-1.96 E (s
-1.95 E s
-=3.15 E Is
-0.79 D ca
-1.15 | D Is
-1.8 | D- s
—1.65 D- ls
-1.74 {D- s
-164 | D~ s
-1.74 | D- Is
-1.15 D ca
-1.41 D Is
—-164 | D s
=22 | D s
-3.74 | E ca
—-1.24 D 5
—1.38 .D ca
73

ik "WW




Si 1. Allowed Transitions —Continued

o ——=F ——————
Na Transition Multiplet AA) Etem Y [Edem Yl g | g [4itlF sec S Statae.)
Array
211 3pds— 1pe—3p 4822.1 39860 605921 91151 0.011 0.0062 0.89
3p(*P°)6p (11.04)
4818.06 39955 60705 | 51 7] 0.011 0.0053 0.42
4821.17 39760 60496{ 3| 5| 0.0080 0.0046 0.22
4805.44 39683 60487 | 1| 3| 0.0060 0.0063 0.099
4866.88 39955 60496 | 5| 5| 0.0026 9.2X10°4| 0.074
4823.31 39760 60487 | 3| 3| 0.0045 0.0016 0.074
4869.07 39955 60487 | 5| 3| 29x10*| 6.1x10%| (.0049
22 ape—s 4783.8 39860 607581 91 91 0.623 0.0078 1.1
(11.05)
4792.32 39955 60816 | 5| 5| 0.017 0.0058 0.46
4772.79 39760 60707 3| 3| 0.0057 0.0020 0.092
4817.59 39955 60707 | 5| 3| 0.0091 0.0019 0.15
4792,21 39760 60622 | 3| 1| 0.022 0.0025 0.12
4747.99 39760 60816 | 3| 5| 0.0057 0.0032 0.15
4755.28 39683 60707 1| 3| 0.0075 0.0077 0.12
23 AP -8 4761.3 39860 60857 ( 91 3| 0.030 0.0034 0.48
(11.06)
4782.99 39955 60857 | 5| 3| 0.017 0.0034 0.27
4738.83 39766 60857 | 3( 3| 0.010 0.0034 0.16
4721.57 39683 60857 1| 3| 0.0034 0.0034 0.053
24 'pe—3D 5006.06 40992 60962 | 3| 5| 0.028 0.018 0.88
(17.08)
25 1pe—1§ 4947.61 40992 61198 | 3| 1! 0.042 0.0051 0.25
(17.09)
26 3pdp— P—1D°  |10843.9 47284 56503 | 3| 5| .16 0.48 51
3p(:P°)4d (31)
27 1p—ipe 8680.08 47284 58802 3 3| 1.9x10 ' 2.1x10 ' 0.018
(32.02)
28 M= 720 4816l 37489 (15] 21 0.13 0.32 170
(53)
10727.4 48264 | 57584 | 7( 9] 0.12 0.26 64
10694.3 48102 | 574511 5| 7| 0.12 0.28 49
10689.7 48020 573721 3| 5| 0.12 0.33 35
10882.8 48264 57451 71 7! 0.015 0.026 6.5
10784.6 48102 57372 5} 5| 0.022 0.038 6.7
10976.3 48264 573721 7| 5! S5.5%X10Y 7.1x10 Y 0.18
29! 3pdp— “D—=2P° | 15960 48161 5344251151 9 0.083 0.19 150
3p(*P°)5s (42.21)
15960.0 48264 545281 71 5} 0.070 .19 70
16094.8 48102 54314 5| 3, 0.060 0.14 37
16060.0 48020 54245| 3| 1| 0.083 0.11 17
15557.8 48102 54528| 5 5| 0.013 0.047 12
15884.4 48020 543141 3| 3| 0.020 0.076 12
15361.2 48020 54528 3| S5 9.3x104 0.0055 0.83
30| 3pdp— p—1D° 7680.27 47284 60301 3| 5| 0.062 0.092 7.0
3p(*P°)5d (36)
31 VR 7941.6 18161 60753| 15| 21 0.063 0.083 33
(57)
7944.00 48264 60849! 7| 9 0.049 0.059 1
7932.35 48102 60705 5| 7| 0.054 0.071 9.3
7918.3¢9 48020 60645| 3| 5| 0.054 0.085 6.6
8035.62 48264 60705 7| 7| 0.06067 0.0065 1.2
7970.3] 48102 60645; 5| 5| 0.010 0.0096 1.3
8074.57 48264 606451 7| 5| 2.7x104| 1.9x10 Y 0.035
32! 3pdp-- p—ip° 8093.24 47284 596371 3| 3 0.015 0.015 1.2
3p(:P°)6s (34)
74

—-3.20

0.68

0.26
0.15
0.00
—-0.74
—-0.72
—-2.30

0.45

0.12
—0.15
—0.48
—0.63
—0.64
-1.78

—{.56

0.10

—4{.38
—0.45
—-0.59
—-1.34
—1.32
—2.48

—-1.35

—
M-qu Source
racy
D a
D Is
D Is
D Is
E Is
E Is
E Is
) ca
D Is
D-—~ Is
D- Is
D- Is
D—- Is
D- Is
D ca
D Is
D Is
)] Is
D ra
D cd
D cu
E cu
D ca
D Is
D Is
D Is
E Is
E s
E Is
D ru
N Is
)] Is
D Is
D Is
)] Is
E s
D ca
D i
)] Is
|} 1s
] Is
E Is
E Is
I Is
D ci
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Si 1. Allowed Transitions —Continued

= SN —
No. Transition Multiplet MA) Eaem Yy {Eiem ) {a | et 10 see Ny fix Statan) | log gf | Accu-[Saurce
Array racy
33| 3pdp— 1P —1p° 6721.85 7284 62157 | 31 5 0.034 0.038 2.5 —0.94 D ca
3p:1*°)6d (38)
34 ) —ape 7004.3 18161 62436 115 |21 0.027 0.028 9.7 —0.38 D ca
(60)
7005.88 48264 62534 | 7] 9 0.027 0.026 4.2 —-0.74 D Is
7003.57 48102 62577 | 5| 7| 0.024 0.025 29 —0.90 D ls
6976.52 48020 62350 | 3| 5| 0.023 0.028 1.9 —1.08 D Is
7083.95 48264 62377 71 71 0.0029 0.0022 0.36 —1.81 D-- Is
1 7016.74 48102 62350 | 5! 5| 0.0042 0.0031 0.36 —1.81 D- Is
b 7097.47 48264 62350 | 71¢ 5 1.1X10* |6.1X10-%] 0.010 —3.37 E Is
351 3pap— D —ape 6552.1 48161 63419 (15 | 21 0.0069 0.0062 2.0 -1.03 D~— ca
3pC°)7d (60.06)
6555.46 48264 l 63515 71 9 0.0069 0.0057 0.86 —1.40 D- Is
6560.56 48102 63341 [ 5| 7 0.6060 0.0¢55 0.59 —-1.56 | D— Is
6518.73 48020 63356 | 31 5| 0.0059 0.0062 0.40 -1.73 D- Is
6631.05 48264 63341 | 7| 7 7.3x101 [4.8x10-'} 0.074 —2.47 E Is
[6553.9] 48102 63336 | 5| 5| 0.0011 6.9x10-'] 0.074 —2.46 E Is
[6624.2] 48264 63356 | 7| 5 29410 11.4x10-3| 0.0021 —4.01 E Is
Sil
Forbilden Transitions
The sources adupted for this ion are Naqvi [1]. and Malville and Berger {2]. Malville and
Berger have utilized “spin-orbit” and ‘“‘spin-spin and spin-other-orbit” integrals by Garstang
(Monthly Notices Roy. Astron. Soc. 111, 115 (1951)). Naqvi's and Malville and Berger’s magnetic
dipole transitions have generally been averaged since their methods are very similar. But for the
3P — 1§ transition, where configuration interaction is important, Maiville and Berger’s value, which
is obtained empirically, has been preferred over that of Naqvi which is based purely on theory (see
also General Introduction). For the elcctric quadrupole moment s, we have always employed
Malville and Berger's results.
References
11} Naqvi. A. M., Tlesis Harvard (1951). ,
12) Malville. J. M. and Berger. R. A.. Planetary and Space Science 13, 1131-1136 11965).
Sii.  Forbidden Transitions
) —
Transition Type of Accu-
N Array Mdtiplet AR Eitem "y {Ex(em ") | gi |gn |Transi- | dpi(sec *) Statu) | racy |Source
tion
1| 3p*=3p° P =rp
[12.964 x 107} 3.000 T 1 3 m 8.25x10°% } 2.00 A 1
[44.799 X 104] 0.000 | 223.157| 1| 5 ¢ 3.56 X 10-** {19.1 C—- 2
[68.155x 10'])| 77.115 223.157) 3| 5 m 4.20x10-* | 2.50 A 1
[68.455x10'])]  77.115 231571 2 5 ¢ 9.7x10-1 [43.3 C—- 1,2
& Py
. (0.01F)
: 15871.6 0.00 | 6298.85 1, 5 e 6.2x10°7 0.0019 D— 2
; 16068.3 77.115 | 6298.85 315 m 9.7X 101 7.5%X10-4 C i,2
16068.3 77.115 | 6298.85 3| 5 ¢ 4.0x10-% 0.013 D— 1,2
: 16454.5 223.157 | 6298.85 S| 5 m 0.00271 0.00224 C 1,2
16454.5 223.157 | 6298.85 515 e 2.5 1073 0.091 D— 1.2
75
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Si1. Forbidden Transitions — Continued
. N — = _—T e —_'-[ ==
Transition . Type of Accu:
No. Array Multiplet ALA) Eitem ') | Etem V) | g | g | Transie | 4 tse¢ V) Statu ) | racy |Souree
tion
3 P18
(1F)
6526.78 77.115 115394 .4 311 m 0.0355 J.66x10+ C— 2
6589.61 223.157 |15394.4 51 1 ¢ 0.0011 0.0084 D— 2
4 D-~-18
2F) 10991.4 6298.85 [15394.4 3 1 ¢ 0.80 76 D— 2
Sin
Ground State 5225 221835 23p 2 P35
Ionization Potential 16.35 ¢V=131838.4 em™!
Allowed Transitions
List of tabulated lines:

Wavelength [A] No. Wavelength [A) No. Wavelength [A] No.

989.867 8 2072.7 13 4128.07 15

992.675 8 2072.70 13 4130.89 15

992.69 8 2328.51 1 4130.9 15

1020.70 9 2334.40 1 4621.5 26

1023.69 9 2334.61 1 4896.8 31

1190.42 4 2344.20 1 4502.65 31

1193.28 4 2350.17 1 5041.03 19

1194.50 4 2500.93 17 5055.98 19

1197.39 4 2501.97 17 5056.31 19

1246.74 5 2502.0 17 5113.17 14

1248.43 5 2608.90 10 5466.6 25

1251.16 5 2612.99 10 5568.36 30

1260.42 6 2620.89 10 5575.97 30

1264.73 6 2722.25 23 5957.56 20

1265.02 6 2726.70 23 5978.93 20

1304.37 3 2904.28 16 6347.10 18

1302.27 3 2905.69 16 6371.36 13

1526.72 7 2905.7 16 6679.65 27

1533.45 7 3203.87 21 6818.45 28

1649.52 11 3210.0 21 6829.8 28

1654.30 11 3210.03 21 6829.82 28

1654.31 11 3333.14 22 7113.45 29

1808.00 2 3339.82 22 7125.84 29

1816.92 2 3853.66 12 7848.80 24

1817.45 2 3856.02 12 7849.7 24

2072.02 13 3862.60 12 7849.72 24

76




Aside from the Coulomb approximation, four theoretical sources have been selected which all
emplay the same basic principles, but with different degrees of refinement. Weiss’ [2] calculations
must be considered the most comprehensive enes since he has used the “superpasition-of-con-
figurations™ approach with a large number of interacting configurations and Hartree-Fock wave-
functions as a starting point. Values have been calculated in both the dipale length and dipole
velocity approximations: the length values are chosen in all cases as being prabably the more {
reliable [2]. Garstang and Shamey [1]. as well as Froese-Fischer [6]. have carried out their calcula-
tions by including limited configuration interaction and using Hartree-Fock functions as a starting
point. Garstang and Shamey [1] have also taken into account intermediate coupling. Froese's [5] i
results for the 3¢ —5/ and 3d — 6/ transitions are based on self-consistent field calculations: how-
ever, her values are modified to account for configuration interaction with the 3s3p%:D term by
multiplying them by the square of the mixing coefficient as given in Froese and Underhill [7].
Weiss™ values have always been chosen where available in preference to the other calculations.

Twa experimental papers by Savage and Lawrence |3] and Hey [4] have also been utilized.
Savage and Lawrence [3] have carried out lifetime determinativns of several states by means of
the plase shift technique. Of their numbers we have used only the value for the 4s state, which
is within a few percent of the theoretical result obtained by Weiss. Their measured lifetime of the

%
;

SPERRTNETy

i 4f level is within 20 percent of the sum of the adopted theoretical transition probabilities for
& Rsdp? — A2y and 35%3d - 3524, The other lifelimes measured are either extremely short, so that
experimental errors become fairly large, or are not cascade-free (3d-level) and hence have not been
: used. Hey [4] has detcrmined transition probabilities from intensity measurements in a wall-
H stabilized arc. His absolute values may be uncertain by as much as 50 percent, primarily because
of the possible demixing effects. In those cases where theory and his experiment overlap, the results
have been averaged.
References
|1} Garstang, R. H.. and Shamey. I.. J.. 10 be published in Proc. Sympusium on Magnelic and Other Peculiar and Meiallic.
Line Siars.
2] Weiss. A. W.. 10 be published (1969).
[3] Savage. B. D., and Lawrence, G, M., Asirophys. J. 146, 940-943 (1966),
|14} Hey, P.. Z. Physik 157, 79-88 {1959),
[5] Froese, (.., privaie communication (1965).
[6] Froese.-Fischer, C., Astrophys. 1. 151, 759-764 (1968).
|71 Froese, C., and Underhill, A. B., Asirophys.. J. 146, 301-313 (1966).
¢ Sin.  Allowed Transitions
: —
No. Transition Multiplet AA) Faem ™) [ Egtem™ ) | g | g | 40008 sec ) fix Statu) | log gf | Accu-{Source
Array racy
;1 B -
¢ 1| 3:23p—-3s3p? | 2po—1p
% (U'va.on
:. 2334.61 287 43108 | 4 | 6| 43X%10-% |5.3X10-* 1.6X10-4—4.67 E 1 4
5 2328.51 0 42933 1 2 | 4| 1.9x10-" |3.1x10-1'*| 4.8x10-"—9.21 E 1 |
S 2344.20 287 42933 141 4] 4.0x10-° |3.3x10 ¢ 1.0x10-%—4.88 E 1 !
& 2334.40 0 42824 | 2 | 2| 1.1X10-% 9.0x10-% 1.4%10-4-4.74 E 1
g. 2350.17 287 42824 | 4 | 2| 6.8X%X10-" 2.8X10°% | 8.7x10-%—4.95 E 1 y
. |
¥ 2 zpe—2) 1814.0 191 35310 | 6 (10| 0.078 0.0064 0.23 -1.42 E $ |
tvy ' !
1816.92 287 55325 14 | 6| 0.079 0.0059 0.14 -1.63 E Is ]
1808.00 0 55310 | 2 | 4| 0.066 0.0064 0.077 -1.89 E Is !
1817.45 287 55310 | 4 | 4| 0.013 6.3x10 ! 0.015 —-2.60 E Is
3 "'Il"’\—z? 1307.6 191 76666 | o | 2 (11 0.090 2.4 —-0.27 D 2 L
(v 3
1309.27 287 76666 14 | 2| 7.0 0.090 1.6 —0.4 D Is
1304.37 0 76660 | 2 | 2| 3.6 0.091 0.78 -0.74 D Is
77
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Allowed Transitions —Continued

No Transition Multiplet AA) Edem Y D Edem Y g L |4 TR see 1) Jir Statu | log gf | Arew-{Source
Array ravy

4 zpe~2p 1195.5 191 83837 6| 6] 43 0.91 22 074 | D 2
(UV 5)

1194.50 287 84005| 4| 4| 35 0.76 12 048 | D Is

1193.28 G 83802 2| 2, 29 0.61 4.9 0.09 | D Is

1197.39 287 83802( 4| 2} 14 0.15 2.4 —0.22 | D Is

1190.42 0 84005| 2| 4| 7.2 0.31 2.4 —-0.22 | D Is

5| 3s3p2—3p" P --18° 1249.5 43002 123034 (12 | 4 38 0.29 14 054 | D 2
UV 8)

1251.1% 42108 123034 | 6 | 4| 19 0.29 7.2 024 | D Is

1248.43 42933 123634 | 4| 413 0.29 4.8 007 | D Is

1246.74 42824 123034} 2 | 4} 6.3 0.29 2.4 —0.23 D Is

6 |3s23p—~3s%'S)3d | *1°~2D 263.3 191 79349 | 6 (10| 30 1.2 30 085 | D 2
UV 4)

1264.73 287 79355 | 4| 6| 30 1.1 18 063 | D Is

1260.42 0 79339 2| 4| 25 1.2 9.9 038 | D Is

1265.02 287 793391 4| 4| 5.0 0.12 2.0 —0.32 E Is

7 135231 -35s71'SMs |2P°-28 1531.2 191 65501 [ 6] 2] 11.1 0.136 3.94 —-0.108] C 2,3
v 2

1533.45 287 65501 | 4| 2| 7.4 0.130 2.63 -0.284| C Is

1526.72 0 65501 2| 2| 3.73 9.130 1.31 -059 | C Is

8 |3s23p—3s%'SHd 2I{°—’D 991.74 191 o24 | 6110 8.0 0.20 39 008 | D 2
(UV 6)

992.675 287 101025 4| 6| 8.0 0.18 2.3 —-0.15 | D Is

989.867 0 101023 | 2 4] 6.7 0.20 1.3 —-040 | D Is

[992.69] 287 101023 | 4| 4! 1.3 0.020 0.26 -1.10 | E Is

9 |3s%3p—35s%'S)5s |2P°-1S 1022.7 191 97972 | 6| 2| 4.1 0.021 0.43 -09 | D 6

UV 5.0

1023.69 287 97972 | 4| 2| 2.7 0.021 0.29 -108 { D Is

1020.70 0 97972 | 2| 2| 1.3 0.021 0.14 -138 | D Is
10 [3s3p%—~3s%'SMp | P—2P°

2620.89 43108 81252 6| 4| 1.6x10°7[1.1x10-*| 57x10-4—4.18 | E 1

2612.99 42933 81192 41 2| 29x10-7|1.5x10-%| 5.2x10-%1~-5.22 | E 1

2608.90 42933 81252 | 4, 4| 29x10°%{3.0x10-7 | 1.0x10%—592 | E 1
11 |3s3p%—3s%'S)4f | P—2F°

1654.31 43108 103556 | 6| 8| 4.6x10-%(25x10-* | 8.2x10¢-3.82 | E 1

1649.52 42933 103556 | 4| 6| 6.5%10°% (4.0x10-% | 8.7>10-3--4.80 | E 1

1654.30 43108 103556 | 6 6| 2.9%10°%1.2x10-¢ ! 39%x10*-5.14 | E 1

12 {3s3p2—3s%'S)4p | D —2P° 13858.0 55319 81232110 6| 0.28 0.038 4.8 —-043 D+ 2.4

{h

3856.02 85325 81252 | 6| 4! 0.25 0.038 29 —0.65 D+ Is

3862.60 55310 81192 | 4| 2| 0.28 0.031 1.6 —0.90 | D+ Is

3853.66 55310 81252 | 4! 4| 0.028 0.0062 0.32 —161 | E Is

13 |3s3p2—3s%'SUf |D—2F° | 2072.4 55319 103556 ;10 [ 14| 1.0 0.092 6.3 —-0.04 | D 2
UV 9)

2072.7¢ 55325 103556 | 61 8] 1.0 0.088 3.6 -628 ' D Is

2072.02 55310 103556 | 4| 6] 0.96 0.092 2.5 -043 | D Is

[2072.7} 55325 103556 | 6 | 6{ 0.068 0.0044 0.18 -1.58 | E Is
14 P2

5113.17 84005 103556 | 44 6l 1.3x10-%[7.5%x10-%| 0.0050 |~3.52 | E 1

15 {3s23d—3s%'SWf |2D—2F° | 4129.9 79349 103556 |10 {14 | 1.42 0.51 69 071 | C 2,4

(3)

4130.89 79355 103556 | 6 | 8| 1.42 0.483 39.4 0462 | C Is

4128.07 79339 103556 { 41 6| 1.32 0.51 27.6 0.310 ] C s

1 [4130.9] 79355 103556 | 6 | 6| 0.094 0.024 2.0 —0.84 | E Is
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Sin.

Allowed Transitions — Continued

=
No Transition Mchiplet AMA) Exem Y| Exdem™) | g | aw At 1P sec™) Six Stat.u.) log &f A(-(-ﬂSnur('e
Array racy
16| 3523d—3s4'S)5f 2_1?\74“’ 2905.2 7934v] 113760 10 |14 r0.71 0.13 i2 0.10 5,7
(Vv 1n
2905.69 79355 11376016 | 81 0.71 0.12 6.9 -0104| D Is
2904.28 79339 113760 [ 4 | 6| 0.67 0.13 4.8 -029{ D Is
[2905.7] 79355 113760 | 6 | 6 | 0.048 0.0060 0.35 -14 | E Is
17| 35%3d—3s%'S)6f 28\7=F° 2501 .6 79349 119312 (10 |14 | 0.41 0.054 4.4 -027| D 5,7
UV 18)
2501.97 79355 119312 6 | 8| 0.41 0.051 2.5 -051| D Is
2500.93 79339 119312 4| 6| 0.38 0.053 1.8 —-067| D Is
[2502.0] 79355] 119312 6 | 6| 0.027 0.0026 0.13 -182 | E Is
18| 3s%4s—3s%'SUp | 2S—2P° | 6355.1 65501 8123212 6| 070 1.26 53 0.401| C 2,4
2) :
6347.10 65501 81252 | 21 4! 0.70 0.84 35.3 0.225| C Is
6371.36 65501 81192 | 2| 21 0.69 0.422 17.7 —0.074| C Is
19 3s%4p—3s%'SHd| 2P°—D | 5051.1 81232 101024 | 6 {10} 1.2 0.74 74 065 | D+| 2.4
(5)
5055.98 81252 101025 | 4| 6] 1.2 0.66 4 042 | D+ Is
5041.03 81192] 101023 { 2| 4| 0.98 0.74 25 017 | D+ Is
5056.31 81252} 101023 | 4| 4| 0.19 0.074 4.9 —-053| E Is
20 35%4p—352('S)5s | 2P°—12S | 5972.1 81232 97972 | 6 | 2| 1.2 0.22 26 012 D 4,6
4)
5978.93 81252 97972 | 4 | 2| 0.81 0.22 17 —-006{ D Is
5957.56 81192 97972 | 2| 2 0.42 0.22 8.7 -036| D Is
21 | 35%4p--35'S)5d | 2P°—2D | 318.0 81232 112395 | 6 {10 0.46 0.12 7.5 -0141 D ca
)
3210.03 81252| 112395 [ 4 | 6| 0.46 0.11 45 |=037| D Is
3203.87 811921 112395 |2 | 4| 0.39 0.12 2.5 -062| D Is
[3210.0] 81252 112395 | 4 | 4| 0.077 0.012 050 [—132| E Is
22| 3s24p—3s3('S)6s | 2P°—2S | 3337.6 81232 111185 | 6| 2| 0.46 0.026 1.7 -081| D ca
{6)
3339.82 81252f 111185 | 4| 2| 0.30 0.025 1.1 ~100| D Is
3333.14 81192 111185 { 21 2| 0.15 0.025 0.55 -130| D Is
23 | 3s2%4p—3s%'S)Ts 2P:/—ﬂs 2725.3 81232 117915 | 6| 2] 0.24 0.0089 0.48 -127| D ca
(UV 19)
2726.70 41252\ 117915 | 4| 2| 0.16 0.0089 0.32 —1.45 Is
i 2122.25 81192 117915 | 2| 2| 0.080 0.0089 | 016 |-175| D Is
24| 3524d—3s4'S)5/| *D—F° | 7849.6 101024 113760 {10 | 14| 0.42 0.54 140 073 D ca
{7.02)
7849.72 101025, 113760 | 6 | 8| 0.42 0.51 80 049 D Is
7848.80 101023] 113760 ( 4 | 6| 0.39 0.54 56 033 D Is
[7849.7] 101025 113760 | 6 | 6| 0.028 0.026 4.0 -081} E Is
25| 3524d—3s2S)6f | tD—2F° | 5466.6 101024 119312 110 | 14| 0.26 0.16 29 020 D ca
{7.03)
26| 35%4d—3s%'S)YIf| D—2F° | 4621.5 101024 122656 |10 | 14| 0.16 0.072 11 -0.14! D ca
(7.05)
271 35%4f—3s2('S)6d | F°—?D | 6679.65 103556) 118523 |14 {10| 0.014 0.0068 2.1 -1.02( D ca
(7.12)
28| 35?5p—3s%'Si6d| P°—D | 6826.4 1038781 118523 { 6| 10| 0.13 0.15 20 -0.05| D ca
{7.20)
6829.82 103886 118523 | 4| 6| 0.13 0.13 12 —-027] D Is
6218.45 1038611 118523 | 2| 4| 0.1 0.15 6.7 -052] D Is
[6826.8) 103886 118523 | 4 4| 0.021 0.014 1.3 ~1.25| E Is
79
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Sin.  Allowed Transitions —Continued
S e —— = e I e .‘— 1 . ———
No Transition Multiplet Iy Etem Yy [Edem ) e g a1 see D Stata) log g/ [Aecu[Souree
Array L Faey
29| 3s25p —352'S)Ts {2P°—128 71221 103878 nigls| 6 21 015 0.038 5.3 —0.64 D ca
7.19
7125.84 103886 N915}1 4 2; 0.098 0.037 3.5 —0.83 D Is
7113.45 103861 17915 2| 2| 0.051 0.038 1.8 —1.12 D i Is
30| 35%5p—3s%'S)8s |2°—28 35735 103878 121815 6| 2| 0.088 0.014 1.5 - 1.08 D— ca
(7.21) .
5575.97 103886 121815 | 4| 27 0.057 0.013 097 | —1.28 - Is
5568.36 103861 121815 2| 21 0.029 0.013 0.49 —1.59 D— Is
31 | 3s%5p—3s%'SWYs |*1°—28 4900.8 103878 1242771 61 21 0.053 0.0064 0.62 —1.42 - ca
17.23)
4902.65 103886 124277 | 4| 2| 0.035 0.0064 0.41 : -1.59 h—- Is
(4896.8] 103861 124277 | 2 L 27 0.018 0.0065 0.21 - 1.89 h— s
S | B B[S S [ e |
Sill
Forbidden Transitions
The line strength for the one transition 1n the ground state configuration is a straight number,
tabulated for example by Naqvi [1}. The transition probability should also be quite accurate, since
the energy level difference is accurately known.
Refererce
{1} Naqvi. A. M., Thesis Harvard (1951,
Sill. Forbidden Transitions
S = — | B T e = =)
Transition Type of Acea-
No. Array Multiplet AtA) Eitem Y | E V) Y Lee | Transic | d(see V) S(at.un.) racy [Senrce
lion
1 | 3p=rSwp o] LIP L
131.795 X 10%) 0.00 287.32 21 1 m 21310 1.33 A 1
sl 1
80
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Ground State

lonization Potential

Wavelength JA]

566.613
671.718
672.293
673.477
690.689

823.408
883.398
993.519
994,787
997.389

1108.37
1109.94
1109.97
111317
1113.20

1113.23
1140.55
114158
1142.28
1144.31

1141.96
1145.67
1155.00 |
1155.96
1156.78

1158.10
1160.26
1161.58
1206.51
1206.53

1207.52
1294.54
1296.72
1298.89
1298.96

1301.15
1303.32
1312.59
1328.81
1341.47

L3450
1342.35
1342.39
1342.43
1343.39

1362.37
1363.46
1363.50
1365.25
1365.29

1365.34

=

Allowed Transitions

Last of tabulated lines:

15225%243s*

180

33.46 ¢V =269940.6 ¢cm !

23
23
23
25

24

15
19

19
12
12
12
12
12

12

e
- ===

——t — — —
[ e N

PERSETNCN

—_—

—_— Ny
L RE N I I ) ~1 00 DN N DN PO NS 4

= W& = e e

>

Wavelength [A] No. Wavelength [A] No.
i417.24 4 4665.87 30
1435.78 10 4683.02 30
1588.95 9 4683.80 30
1778.72 5 4716.65 43
1783.08 5 4/30.52 30
1783.15 5 5451.46 29
1786.37 5 5451.96 29
1786.44 5 5473.05 29
1786.52 5 5490.11 29
1638.47 38 5539.93 29
1839.59 38 5579.94 29
1842.06 38 5596.9 57
1842.55 21 5597.90 57
1856.06 39 5599 25 57
2449.48 45 5600.00 57
2528.47 46 5600.95 57
2541.82 3 5601.46 57
2546.09 8 5693.8 48
2559.21 26 5695.52 48
3043.8 #“ 5696.50 48
3043.93 44 5703.12 48
3045.08 #“ 5704.60 48
3045.1 #“ 5716.29 48
3046.28 44 5739.73 28
3185.13 37 5810.19 58
3230.50 36 6169.84 56
3233.95 36 6314.46 St
3241.62 36 6521.49 55
3186.91 42 6522.6 55
3569.67 53 6522.63 55
3590.47 35 6524.36 55
3681.10 54 6524.8 55
3682.15 54 6831.56 52
3682.25 54 6834.08 52
3791.41 34 6834.38 52
3796.11 34 7461.89 40
3796.2 34 7462.35 40
3806.54 34 7462.62 40
3806.7 34 7465.6 40
4338.50 22 7465.67 40
4341.40 33 7466.32 40
4377.63 7 7612.36 49
4468.45 31 8262.57 50
4494.05 31 8265.64 50
4552.62 27 8267.75 50
4554.00 31 8269.32 50
4567.82 27 8271.38 50
4574.76 27 8271.94 50
14619.66 30 8341.93 32
4638.28 30 9799.91 41
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Weiss' [1] values have been calenlated by means of the method of superposition of cou-
fignrations, employing Hartree-Fock wavefunetions as a starting point. The caleulations lave heen
carried ont both in the dipole length ansd dipole velocity approximations. Zare [3] has performed
stmilar caleulations, also in the length and velocity forms, using however, the siimpler, less ae-
curate Hartree-Foek-Slater waveiunctions, in whicli exelhange effects are only approximately tahen
into acconnt. The dipole length valnes of [1] or [3] are selected. being probably more reliable
than the velocity values, as suggested by the authors. Crossley and Dalgarno’s values {2] have heen
obtained from a charge-expansion technique which ineludes configuration wixing in a limited
way. There is usually good agreement for those transitions where the various calenlations overlap,
In these cases we have chosen Weiss® results over Zare's values and these in turn over [2] The
accuraey estimate has been rednced where there is significant disagre>ment between the leaah

and velocity forms or where there appears to be cancelatios in e transition integral,

References
[} Weiss, A. W., J. Chem. Phys. 47, 3573 (0967).

|12} Crussley, R. J. S., and Dalgarno, A., Proc. Roy. Soc. London A286, 5)0-518 (1965).
|13} Zare, R. N., J. Chem, Phys. 47,3561 (1967).

Sim. Allowed Transitions

[.’\'nu ree

— 1,-_.<-_ T - I___. P . = ‘I, .; 'i
No.[ Transhion | Muhipler AA) Eicm 'JI;‘A.(‘-m o | g [ L see M I Stat.w.) log gl !.-\c-ru-
Array i | racy |
SRR | SRS . SR S | S— L SR L ! :
1 St | 1206.51 0| 82888 13! 2y l 1.70 I a7t | 0230 B
35283 [(L'V 2 [ | ' : :
2l asap—3 s 12989 b spomt | ipovri| 9 | v | 223 lo.sm 21.7 L0706 | B
(v i i !
1298.96 33115 1130100 5 5 16.7 0.423 9.04 I 0.325 | B
1298.89 32853 129842 | 3| 3 5.58 0.141 1.81 ! —-0.374 1 B
1303.32 53115 120842 | 5 | 3 l 9y.18 0.140 3.01 I =015 | B
1301.15 52853 129708 | 3 1 222 (0,188 2.4 | —0.249 B
1294.54 52853 130101 3 ! 5 ! 5.62 0.235 3.01 —-0.152 | B
1296.73 52725 129842 1123 i 7.46 0.565 2.4 ’ —-0248 1 B |
3 Pe—1D | 2541.82 82884+ (1222151 3! 5 0.32 0.052 1.3 —0.81 )]
(Y 6.09) ;
4 Ipe—18 1417.24 82884 15344 | 3 1 26.0 0.261 3.66 —0.106 !
(U'yv 9)
5! 3s28)3d— 3D —3F° 17.2.0 {42085 1ovo6l {15 |21 1.3 0.28 25 l 0.62 1)
3p2P3d' | (U'V 35)
1778.72 142944 1 19964 | 71 O 4.4 0.27 11 228 |19
1783.15 142946 | 199026 | 5| 7 3.8 0.25 7.4 0.10 )]
1786.52 142948 198923 | 3| 5 3.6 .28 5.0 --0.08 )
1783.08 142944 | 199026 | 7 7 0.47 0.023 .93 —-0.79 D-—-
1786.44 142946 198923 1 5| 5 0.66 0.032 0.93 —-(0.80 D—
1786.37 142944 198923 | 71 5 0.018 6.3x10 " 0.026 —2.36 E
6 n—-3pe 1364.3 142045 | 216241 (15| 9 12 0.19 13 0.45 D+
(U'V 38)
1365.25 142944 | 216190 | 7! 5 9.7 0.19 6.1 0.12 b+
1363.46 142046 | 216289 | 5§ 3 8.5 0.14 3.2 —-0.15 D+
1362.37 142948 | 216370 | 51 1 11 0.10 1.4 —0.52 D-
1365.29 142946 | 216140 [ 5| 5 1.8 0.049 1.1 - 0.61 D-
1363.50 142948 1216289 | 3| 3 2.9 0.082 1.1 --0.61 D-
1365.34 142948 | 216190 | 3 | 5 0.11 0.0053 0.072 —1.80 E
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e
UV 39

i
!
|
|

-y
LV 56)

Lp—pe
(LV 59)
|

" —1e
(v el

ll_g‘__npo
LV 3)

|:ll)0_:l])
Wy 5

[1pe_rp
LUV I
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(v 22
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Siin.  Allowed Transitions —Continued
IYEY) Eidem M Edem ™| g | & (AP see M| fi Stat.u.) log gf | AccuSource
racy
1342.2 142945 | 217452 {15 |15 10 0.27 18 0.61 D 2
1341.47 1420944 | 217489 7 | 7 9.0 0.24 7.5 0.23 b s
1342.39 142046 ¢ Z2it440 | 5 | 5 7.0 0.19 4.2 -—0.02 b Is
134339 1 142948 | 217386 | 3 | 3 7.5 0.20 2.7 —0.22 D Is
1342.35 142944 . 217440 | 7 | 5 1.6 0.030 0.94 —0.68 D- Is
1343.39 142946 | 217386 | 5 | 3 2.5 0.041 0.90 —0.69 D-—- Is
1341.50 142946 | 217489 | 5 | 7 1.1 0.043 0.94 —0.67 D- Is
1342.43 142948 | 217440 | 3 | 5 1.5 0.068 0.90 —0.69 D- Is
2546.08 165765 | 205029 |5 | 5 0.61 0.060 2.5 —{0.52 D 2
1588.95 165765 | 228700 |5 13 11 0.25 6.5 0.10 D+ 3
1435.78 165765 | 235414 |5 | 7 21 0.89 21 0.65 D 2
566.613 ! 0| 176487 |1 |3 | 3.2 0.046 0.085 -134 | E 3
1116 32084 | 142945 9 |15 28.8 (.890 29.3 0904| B 1
1113.23 53115 | 142944 [ 5 | 7 28.7 0.748 13.7 0573 B Is
110997 52853 | 142946 , 3 | 5 21.7 0.668 7.32 0.302( B Is
1108.37 52725 1 142948 | 1 3 16.2 0.893 3.26 —v.049| B Is
1113.20 33115 | 142946 |5 15 7.17 0.133 2.44 -0.177| B Is
110V.94 32853 | 142948 | 3 | 3 12.1 0.223 2.44 -0.175{ B Is
1113.17 33115 | 142948 | 5 | 3 0.80 0.0089 0.16 -1.35 D Is
120653 | 82884 | 165765 |3 | 5 48.9 1.78 21.2 0.728| B 1
1207.52 122215 | 205029 |5 | 5 19 041 8.2 0.31 D 2
883.398 | 122215 ° 235414 | 5 | 7 63 1.0 15 0.70 D 2
1139.2 129971 | 216241 |9 | 9| 22 0.44 15 060 | D 2
1161.58 130101 | 216190 i 5 | 5 16 0.32 6.2 0.20 D Is
1156.78 129842 | 210289 [ 3 | 3 5.2 0.11 1.2 —0.48 D- Is
116026 | 130101 | 216289 | 5 | 3 9.1 0.11 2.1 -026 | D— Is
1155.96 129842 | 216350 | 3 1 22 0.15 1.7 —-0.35 D— Is
1158.10 | 129842 | 216190 | 3 . 5 5.5 0.18 2.1 -0.27 | D- Is
1155.00 | 129708 | 216280 | 1 | 3 7.5 0.45 1.7 -035 | D-— Is
1143.1 120971 | 207452 |9 15| 39 1.3 43 1.07| D 2
1144.31 130101 | 217489 | 5 | 7 39 1.1 20 0.74 D Is
1141.58 129842 | 217440 | 3 | 5 30 0.98 11 0.47 D Is
114055 | 129708 | 217386 | 1 | 3| 22 1.3 4.8 0.11 | D- Is
114496 | 150101 | 217440 {5 | 5 9.7 0.19 3.6 -0.02 | D- Is
1142.28 120842 1 217386 | 3 | 3 16 0.32 3.6 —0.02 D~ Is
1145.67 | 130101 | 217386 | 5 | 3 1.1 0.013 0.24 -1.19 | E Is
1328.81 153444 | 165705 | 1 | 3 27 2.1 9.3 0.33 D 3
Gop.00 | 32084 | 153377 |0 | 3] 236 0.117 3.45 0.020 B ]
997.389 53115 1 153377 | 5| 3 13.1 0.117 1.92 —-0.233t B Is
994,787 52853 | 153377 [ 3 | 3 7.89 0.117 1.15 —0.455| B Is
993.519 52725 4 153377 11 | 3 2.64 0.117 (1.383 -0932( 8 Is
83




Sim.  Allowed Transitions —Continued
T —— e = —— =
No. | Transition | Muliplet AMA) Eqem ) | Edem M| g &b A0 sec ) fu Stat.u.)
Array
20 P18 1212.54% 82884 1159070 13 1 5.6 0.048 0.62
{(UV 10)
2214 3p2—~ p-rpe 1842.55 122215 [ 176487 |5 |3 2.61 0.080 2.42
3s(Sdp | (UV 20)
22 1S 1pe 4338.50 153444 | 176487 |1 {3 0.147 0.125 1.78
3)
23| 3s3p— spe_ap 672.88 52984 | 201599 |9 |15 0.67 0.0075 0.15
3s(2Sd | (UV 6.01)
673.477 53115 | 201599 |5 | 7 0.66 0.0063 0.070
672.293 52853 | 201598 |3 | 5 0.49 0.0056 0.037
671.718 52725 [ 201598 |1 | 3 0.38 0.0077 0.017
673.477 53115 | 201598 (5| 5 0.16 0.0011 0.012
672.293 52853 | 201598 {3 | 3 0.27 0.0018 0.012
673.477 53115 | 201598 |5 | 3 0.018 7.5%X10* 8.3x10
24 pe—D 823.408 82884 | 204331 |3 ! 5 6.6 0.112 0.91
UV 12)
25| 3s3p— pe—1D $90.689 82884 | 227665 (3 | 5 0.58 0.0069 0.047
3s5(28)5d | (UV 14)
26| 3s3d - 'D—ife 2559.21 165965 | 204828 |5 | 7 7.7 1.1 15
352S)14f | (UV 55)
27| 3s4s-— g ape 1560.1 183377 [ 175300 |3 | 9 1.26 1.18 53
3s(2SMp 2)
4552.62 153377 | 175336 13 | 5 1.26 0.65 29,4
4567.82 153377 | 175263 13 | 3 1.25 0.392 17.7
4574.76 153377 | 175230 |3 | 1 1.25 (.131 5.9
28 1IS—tpe 5739.73 159070 | 176487 |1 | 3 0.47 0.70 13
4)
29| 3pds’— ) faget? )} 5472.8 220676 | 244943 |19 |15 0.79 0.59 96
3p*P°Mp’| (12.08)
5473.05 226820 | 245087 |5 ( 7 0.79 0.50 45
5451.46 226527 | 244866 |3 | 5 0.60 0.45 24
5451.96 226400 | 244737 |1 | 3 0.46 0.61 tl
5539.93 226820 | 244866 (5 | 5 0.19 0,088 8.0
5490.11 226527 | 244737 (3 | 3 0.33 0.15 8.0
5579.94 226820 | 244737 (5 | 3 0.021 0.0058 0.53
20 ape_ap 1674.2 226676 | 248064 |9 | 9 1.3 0.42 a8
(13)
4683.02 226820 | 248168 |5 | 5 0.95 0.31 24
4665.87 226527 | 247954 |3 | 3 0.32 0.10 1.8
4730.52 226820 | 247954 {5 | 3 0.52 0.10 8.1
4683.80 226527 | 247872 (3 | ] 1.3 0.14 6.4
4619.66 226527 | 248168 |3 | 5 0.33 0.18 8.1
1638.28 226400 | 247054 1 13 0.43 0.42 6.4
31 Pe_is 45242 2266076 | 248773 (9 | 3 1.4 0.14 19
(15)
4554.00 226820 | 248773 |5 1 3 0.76 0.14 11
14494.05 226527 | 248773 |3 | 3 0.46 0.14 6.2
1468.15 226400 | 248773 | 3 0.16 0,14 2.1
32 pPe—1p 8341.93 235951 | 247935 |3 | 5 0.26 0.46 38
44)
33 Pe—1§ 4341.40 235951 | 258979 (3 |1
(46) 1.8 0.17 7.2
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log f

-0 84
—0.398
—0.90

-1.17
—1.50
—-1.77
=211
—2.26
-2.27
—-3.43

—0.474
—1.68 |
0.73

0.55

0.290

0.070
—0.406

—0.16

Acen-
racy
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Array

34| 3stp -
3s3SMd

35|

36 | 3sdp—
| 35813

|
[
|
38| 3s4p—
i 3s1°S10s
|
i
|
|

10| 3sdd -
i 3sSi5p

41

421 3s4d -

3s(28)5f
43

44| 3sdd—
3s428)6p

45 | 3sdd -

328K/
40
47 | 3s4f—
3s(3815d

Transition

Muhtipher

:I!DB_:I])
5)

pPe~ip
(7)

S iy
16)

pPe-rs
18)

|

l .‘il)’J_;lS
‘: LV 63)
|

l
Fety
NI

] .‘(D_.‘il)O

| 18.03)

|
[
|
|
| p=1P°
18.08)

) ~3F°
(8.06)

!D_IF°
8.09)

.‘lD_.‘lIlD
8.07)

a[) — 3
'y 78)

) I oY
vah

1e—-1D
8.13)

I

AMA)
38011
3806.54
3796.11
3791.41

[3806.7)
[3796.2]
13806.7|

3590.47

32378

3241.62
3233.95
3230.50

3185.13

1840.8

1842.06
183.54
1838.47

1856.06

645
7466.32
7462.62
7461.89
746767
7462.35
[7465.6(

9799.91

3486.91

1716.65

3044.0

3043.93
3045.08
3046.28

(3043.8]

(3045.1]

13043.8]

2449.48
2528.47

4377.63

Sim. Allowed Transitions —Con:inued

Eiem Y

1753550
175263
175230
175336
175203
175336

176487

175300
175336
175263
175230

176487

175300
175336
175263
175230

176187

201599

201599
201598
201598
201598
201598
201598

204331

201549

204331

201599

201599
201598
201598
201598
201598
201598

201509

204331

204828

175300

Eicem Y
201599
2015949
201598
201598
201598
201598
201548

204331

206176
206176
206176
206176

207874

229623
229623
229623
229623

230364

214992

214989
214995
214995
214989
214995
214989

214995

230270

225526

234434
234342
234428
234415
234442
234428
234442

242411

243869

227665
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A 1" sec 1) I I Stat.u.) iog gf Accu- Source
[ racy

3.4 1.2 140 1.03 D ca
3.4 1.0 65 0.71 D Is
2.6 0.93 35 0.45 D Is
2.0 1.3 16 0.11 D Is
0.8 0.19 12 —0.02 D— Is
1.5 0.32 12 —-0.02 D- Is
0.095 0.012 0.78 —-1.22 E Is
3.9 1.2 44 057 D ra
4.0 0.2] 20 0.28 D ca
2.3 0.2] 11 0.03 D Is
1.3 0.21 6.7 ~0,20 D Is
0.45 0.21 2.2 —0.68 D Is
3.8 0.19 6.1 -0.24 D ca
1.7 0.028 1.5 —0.60 D ca
0.93 0.028 0.86 —-0.85 D Is
0.55 0.028 0.51 —1.08 D Is
0.18 0.028 0.17 —1.55 D Is
1.6 0.027 0.50 —1.08 D ca
0.65 0.33 120 0.69 D ca
0.54 0.32 56 0.36 D I
0.49 0.24 30 0.08 )] Is
0.63 0.13 13 -0.27 D Is
0.097 0.681 10 —-0.39 D Is
0.16 0.14 10 —-0.38 D Is
0.0065 0.0091 0.67 —1.56 £ Is
0.39 0.34 55 0.23 D c
1.8 0.45 78 0.83 D ca
2.8 1.3 100 0.81 D ca
0.22 0.019 2.8 —0.55 D ca
0.19 0.019 1.3 —0.89 D Is
0.17 0.014 0.70 -1.15 D Is
0.22 0.010 0.31 —1.52 D Is
0.033 0.0046 0.23 —-1.64 D— Is
0.055 0.0076 0.23 —-1.64 D— Is
0.0023 5.3x10 0.016 -2.80 E Is
1.2 0.15 18 0.35 D— ca
0.81 0.11 4.5 -0.27 D- ca
0.085 0.017 1.8 -0.91 D ca
85




Silll. Allowed Transitions —Continued
No. | Transition | Multiplet AA) Eitem WEC -m W | | At 10 see Jix Stat.u.) log g/ | Aceu|Source
Array racy
48 =D 57075 200570 1 227086 121 [ 15 0.20 0.071 28 0.17 )] ca
8.17)
5716.29 29600 1227089 1 9 7 0.19 0.074 12 —0.18 D | Is
5704.60 209559 227084 § 7} 5 0.18 0.063 8.3 —0.36 D Is
5696.50 209531 j227081 {5} 3 0.20 0.060 5.6 —0.52 D Is
5703.12 209559 | 227089 § 7 7 0.016 0.0076 1.0 —0.2q D—- Is
5695.52 209531 |227084 | 51 5 0.022 G.011 1.0 -1.26 | D— Is
[5693.8) 209531 1227089 | 5| 7 4.5%10 Y| 3.1x10? 0.029 —2.81 E Is
49 [3s5p— Pe—'D 7612.36 214532 [ 227665 | 3] 5 [.1 1.5 120 0.66 D ca
3s?S)5d | (10.0D
50 apPe—3p 8266.3 214992 | 227086 | 9|15 0.93 1.6 390 1.16 )] ca
(10.06)
8262.57 214989 | 227089 | 5| 7 0.91 1.3 180 0.81 D Is
8269.32 214995 227084 | 3| 5 0.70 1.2 97 .56 D Is
8271.94 214995 | 227081 1] 3 0.51 1.6 43 0.20 D Is
8265.64 214989 1227084 | 5| 5 0.23 0.24 32 0.08 | D Is
8271.38 214995 | 227081 | 3| 3 0.38 0.39 32 007 | D Is
8267.75 214989 | 227081 | 51 3 0.026 0.016 2.2 —1.10 E Is
Sl 3s5p— pe—~is 6314.46 214532 | 230364 { 3! 1 1.2 0.25 15 —-0.13 ca
3s(2S)6s | (10.02)
52 spe.as§ 6832.9 214992 | 229623 9 3 1.3 0.31 63 0.45 D ca
(10.07)
6831.56 214989 | 229623 | 5| 3 0.74 0.31 35 0.19 D Is
6834.08 214995 | 229623 | 3| 3 0.44 0.31 21 —0.03 D Is
6834.38 214995 | 229623 | 1| 3 015 0.31 7.0 —-0.51 D Is
53 | 3so5p— tpe_1§ 3569.67 214532 | 242538 | 3| 1 0,58 0.037 1.3 —0.96 D ca
35¢28)7s (10.04)
4 Ppe 18 3681.8 214992 | 242145 9| 3 0.61 0.041 4.5 —0.43 D ca
(10.09)
3681.40 214989 | 242145 5| 3 0.33 0.041 2.5 -0.69 | D Is
3682.15 | 214995 | 272145 | 3| 3 0.20 0.041 1.5 —0.91 D Is
3682.25 214995 | 242145 | 1] 3 0.067 0.041 0.50 —-1.39 | D Is
55| 3shd— 3D .- 3F° 6523.5 227086 | 242411 |15 21 0.38 0.34 110 0.71 D ca
3s(*S)6f (7
6524.36 227089 | 242412 7, 9 0.39 0.32 48 0.35 D Is
6522.63 227084 242411 | 5 7 0.34 0.31 33 0.19 D Is
6521.49 227081 | 242411 | 3| 5 0.32 0.34 22 0.01 D Is
[6524.8) 227089 | 242411 | 7| 7 0.043 0.027 4.1 —0.72 D— Is
[6522.6] 227084 | 242411 | 5| 5 0.060 0.038 4.1 ~-0.72 D-— Is
[6524.8] 227089 | 242411 { 7{ 5 0.0018 8.0x10* 0.12 —-2.25 E Is
56 'D-'F° | 6169.84 227665 | 243869 | 5| 7 0.12 0.099 10 —-0.30 | D ca
(22)
57 | 3s5d—~ ip.-ape 5600.1 227086 | 244938 |15 9 0.10 0.029 7.9 —0.36 D ca
3s(28)7p (18)
5599.25 227089 | 244943 | 7| 5 0.086 0.029 3.7 —0.6% D Is
5600.95 227084 | 244933 | 5| 3 0.077 0.022 2.0 —0.96 D Is
5601.46 227081 | 244929 | 3| 1 0.10 0.016 0.88 —-1.32 | D- Is
5597.90 227084 | 244943 | 5| 5 0.015 0.0072 0.66 — 1.4 D-- Is
5600.00 227081 | 244933 | 3| 3 0.025 0.012 0.66 -1.44 D— Is
15596.9] 227081 | 244943 | 31 5 0.0010 8.0x10 ¢ 0.044 —2.62 E Is
58. 'D-3Pe 5810.19 227665 | 244871 | 5¢( 3 0.078 0.024 2.3 -0.92 D ca
(23)
86
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Silll
Forbidden Transitions

Naqvi's calculations [1] are the only available source. The resul:s for the "P°—3P° transition:s
are essentially independent of the choice of the interaction parameters. For the 3P°—1P° transi-
tions, Naqvi uses empirical term intervals, i.e., the effects of configuration interaction should be

partially included.

Reference
[t] Naqgvi. A. M., Thesis Harvard (195t).

Silll. Forbidden Transitions

Transition _ Type (_»f Accu-
No. Array Multiplet A(A) Eilem™) | Ex{em™) | & | & Transi- | Axi(sec™!) S(atu.) | racy |Sonrce
tion

113s3p—3seSE3p| 3P°=3p°

[77.74 x 104} 52724.71 52853.2| 1t 3 m 3.83x10-%| 2.00 A 1
(38.201 x 10} 52653.3] 531150 3| 5 m 2.42x 104 2.50 A 1
2 ape_ipe
(3314.7] 527247 82884.4 | 1| 3 m 0.0182 7.4% 1073 1
(3328.9} 52853.3] 828844 3| 3 m 2.22 0.0091 C 1
[3358.2} 5311501 828844 | 5| 3 m 0.0219 92x%x10-%| C 1
‘ Sitv
Ground State 15225227835 28, 12
lonization Potential 45.14 eV =364093.1 em-!
Allowed Transitions
List of tabulated lines:
Wavelength [A] No. Wavelength [A] No. Wavelength [A] No.
437.849 5 1533.22 21 4038.06 37
438.734 5 1672.61 23 4088.85 13
457.818 2 1722.53 8 4116.10 13
458.155 2 1727.38 8 4212.41 31
515.118 4 1796.16 19 4314.10 26
516.348 4 1796.17 19 4328.18 26
559.533 7 1797.50 19 4403.73 4]
560.980 7 2120.18 15 4411.65 35
. 645.759 12 2127.47 i5 4416.51 35
749,941 11 2287.04 20 4602.58 38
815.049 3 2366.76 27 4611.27 38
818.129 3 2370.99 27 4950.11 33
860.551 9 2482.82 25 5304.97 39
860.56() 9 2485.38 25 5309.49 39
861.118 9 2675.2 22 6667.56 28
1066.63 10 2723.8i1 32 6701.21 28
1122.49 6 2071.52 34 6998.36 40
; 1128.33 6 3149.56 17 7047.94 29
; 1128.34 6 3165.71 17 7068.41 29
i 1210.65 14 3241.57 30 7630.50 36
i 1211.76 14 3241.58 30 7654.56 36
1228.35 16 3244.19 30 8240.61 42
12300.80 16 3762.44 18 8957.25 24
1393.76 1 3773.15 18 9018.16 24
1402.77 | 4031.39 37
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Self-consistent field calculations including polarization and exchange effects by Douglas and
Garstang [1] are available for several muitiplets of this ion. The values are expected to be aceurate
to within 25 percent, except for the transitions 3s—4p and 3p —4d where large cancellation effects
occur in the transition integral. Similar but less refined calculations by Chapman, Clarke, and
Aller [2] are adopted for those transitions which Douglas and Garstang have not covered.

For Si1v. a member of the sodium isoelectronic sequence. it is possible to utilize extensively
the dependence of osciliator strengths on nuclear charge for the intercomparison of analogous
transitions. Thus. the degree of fit of the individual fivalues into the systematic trends has served
as one of the decisive factors for the choice of accuracy assignments. 4

References

(1] Douglas, A. S.. and Garstang, R. H.. Proc. Cambridge Phil. Soc. 38, 377-381 (t962).
(2] Chapman, R. D.. Clarke, W. H., and Aller. L.. H., Astrophys. J. 144, 376-380 (1966).

Si1v. Allowed Transitions

e E —
No.!  Transition Multiplet AA) Eitem=Y [ Fiem Y g | & [AitlF seeh) i Statay | log gf | Accu-lSource
Array racy !
1| 3s—3p 2§ =P 1 1396.7 0 71595 21 6 9.15 0.803 7.38 0206 B | 1
v D i
1393.76 0 71749 | 2| 4 9.20 0.536 4.92 0030 B | s
1402.77 0 71288 | 2| 2 9.03 0.266 2.46 02714 | B | Is
21 3s—4p 1§ — 2o 457.93 0 218375 ] 216 3.5 0.033 0.10 —1.18 D 1
v 2y
457.818 0 218429 | 2| 4 3.6 0.023 0.068 | —1.34 D Is
458.155 0 218267 | 2| 2 3.6 0.011 0.034 | —1.66 b s
3 Ip—4s pPe—2§ 817.10 71595 193979 | 6| 2 36.8 0.123 1.98 =-0.132 | C+ 1
{Uv 9
818.129 71749 193979 | 4| 2 24.4 0.123 1.32 —-0.308 | .+ Is
815.049 71288 193979 | 2| 2 12.3 0.123 0.66 —0.61 C+ Is
4] 3Ip—>5s Pe—=§ 515,93 71595 265418 1 6| 2 12 0.016 0.17 —1.01 D ca
(L'V 6)
516.348 71749 265418 | 4| 2 8.2 0.016 0.11 —-1.18 D s
515.118 71288 265418 | 2| 2 4.1 0.016 0.055 | —1.49 D s
S| 3p—06s zPe—:§ 138,44 71595 299677 | 6| 2 6.4 0.0061 0.053 | —1.44 D ca
t've
438.734 71749 2909677 | 4 2 4.2 0.0061 0.035 | —1.61 D Is
437.849 71288 299677 | 2| 2 2.2 1.0062 0.018 | —1.91 D ls
1 6] 3v—3d ”i’:};}- 23 1126.4 71595 1603751 6110 26.4 0.84 18.6 0.70 C+ 1
( )
1128.34 71749 1603741 4| 6 26.3 0.75 11.2 0477 C+ Is
1122.49 71288 160376 | 2| 4 22.2 0.84 6.2 0.225| G+ s
11298.33 71749 160376 | 4| 4 4.37 0.083 1.24 -0.479 | (+ Is 2
7| 3p—4d “P: ;“ 360.50) 71595 2500081 6| 10 1.0 0.0081 0.090 | —1.31 D— 1
L'V 5)
560.980 71749 250003 41 6 1.0 0.0073 0.054 | —1.53 D- Is
559.533 71288 250008! 2| 4 0.87 0.0081 0.030 | —1.79 D-— s
560.980 71749 250008 4 4 0.17 8.1x10* 0.0060{ —2.49 D-— Is
8! 3d—4p P~ | 17240 160375 2183751 10] 6 5.5 0.148 8.4 0.170 | 1
'V 1
1722.53 160374 218429 | 6| 4 4.96 0.147 5.0 —0.0551 Is
1727.38 160376 218267 | 4| 2 5.5 0.123 2.80 —-0.308 | (. Is
1722.53 160376 218429 | 4| 4 0.55 0.0247 0.56 -1.005} C Is
9 3d—5p '-'Dl—\;'l"J 860).74 169375 276554 10| 6 1.8 0.012 0.33 —0.93 D ca
'V 12
860.551 160374 276579 ) 6| 4 1.6 0.012 0.20 —-1L15 D Is
861.118 160376 276504 | 4 2 1.8 0.0098 0.11 —1.41 D Is V
860.560 160376 276579 | 4| 4 0.18 0.0020 0.022 | —2.11 D Is

88

Sur

T

-




A R T AT ST SR T PR L

—

g

R i T v i e

N

v

l

Transition
Array

10 i 3d-4f

Il

14

15

16

17

18

19

20

22

23

2

25

3d—5f

3d—-6f

4s— 4;1

4s—5p

4p—5s

4p—6s

4p—4d

4d—5p

4d —6p

4d =51

4d —-6f

4= 5d

4 6d

Ss—=5p

S5s—6p

Multiplet

H])—2p°
(v 1D

2[) —2°
UV 13)

2D —2p°
LV 15)

:S._'_'}m
(1

1§ 2]
(L'V 16)

‘.’l)°_‘.‘ 3

(L'V 18)

2pe 29
(U'V 20)

pe—zp)
2)

2P —=zp°
3)

) —2°
(U'v 23)

P .- 2k°
(U'V 22

2 —
(v 24)

2po—2])
LV 25)

Fo o]
AV 27)

2§ — 2]e
3.0D

1§ — 2o
LV 29

AA)

1066.63

749.941
645.759

1097.9

4088.85
4116.10

1211.0

1210.65
1211.76

2125.0

2127.47
2120.18

1230.0

1230.80
1228.35

3100.3

3165.71
3149.56
3165.71
3760.0

3762.44
3773.15
3762.44
1796.6

1796.16
1797.50
1796.17

2287.04
1533.22
2675.2

1672.61

89774

8957.2
9018.16

2483.7

2482.82
2485.38
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SiIv. Allowed Transitions —Continued

Fitem™ Y , Filem Y

160375

160375

160375

193979

193979
193979

193979

193979
193979

218375

218429
218267

218375

218429
218267

218375
218429
218267
218429
250008
250008
250008
250008
250008
250008
250008
250008

250008

250003

254128

254128

265418

265418
26541%

265418
265418

26,418

254128

293719

315230

2:8375

218429
218267

276554

276579
276504

265118

265418
265418

299677

299677
299677

250008
250008
250008
250008
276554
276579
276504
276579
305668
305682
305641
305682

293719

315230

291498

276579
276504

305608

305682
305641

Hi

N = (=5} N =} [ -3 ) [ N N [

—
(=] = N (=)

IS

10

- da O

10

10

14

(]

N NN

[ M)

Ex

14

14

) I CREN U - S OO =Y ry

NN N

PR O BNRE O Reo o

= = =
=) - -

—
[=]

[ (=} N (=]

A1 see 1) Sin Statu,) | log gf | Accu-{Source
racy
39.1 0.93 32.8 0.97 C+ ca
14.5 0.i71 4.23 0.233 | C ca
7.0 0.061 1.3 -0.21 D ca
1.56 1.17 31.7 0.369 | B 1
1.56 0.784 21.1 0.195 | B Is
1.54 0.391 10.6 —-0.107 | B Is
0.36 0.024 0.19 |-1.32 D ca
0.36 0.016 0.12 [—-1.51 D Is
0.37 0.0082 0.066 | —1.78 D Is
9.0 0.203 8.5 0.086 | C+ ca
6.0 0.204 5.7 —0.089 | C+ Is
3.00 0.202 282 1—-039 | C+ Is
3.92 0.0296 072 |=-L 5 C ca
2.60 0.0295 0.478 | —0.93 C s
1.30 0.0294 0.238 (—1.231 | C Is
4.75 1.19 74 0.85 C+ 1 !
4.75 1.07 44.6 0.63 C+ Is
4.02 1.20 24.8 0.380 | C+ s
0.79 0.119 496 |—0322 | C+ Is
2.37 0.303 375 0481 | C 2
2.14 0.203 22.5 0.260 | C Is
2.36 0.252 12.5 0.003 | C s
0.240 0.051 2.53 |—0.69 C Is
0.87 0.0254 1.50 |—0.60 (0] ca
0.78 0.0253 090 |—0.82 C s
0.87 0.0210 0.497 |—1.076 | C Is
0.087 0.00421 0.100 |—1.77 C s
6.4 0.70 53 0.85 C ca
3.57 0.176 8.9 0.246 | C ca
0.280 0.0215 2,65 |[—0.52 C ce
0.12 0.0036 028 |—1.30 D ca
0.420 1.52 9% 0.483 | C ca
0.421 1.01 60 0307 | C Is
0.413 0.50 29.9 0.003 | C Is
0.066 0.018 030 {—1.4 D ca
0.066 0.012 020 | —1.62 D Is
0.066 0.0061 0.10 | -1.91 D Is
89
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Si1v. Allowed Trarnsitions —Continued

T E == e —— =
No.| Transitien Multiplet AA) Faem ") | Edene D] & | gn | Aeit 10 see ') i St | og g Aecu-[Source
Array racy
26 S5p—b6s R ) 4323.5 276554 296677 | 6 2 3.21 0.300 25.6 0.255 | C 2

)
4328.18 276579 299677 | 4 2 2.14 0.300 17.1 0.077 | Is
4314.10 276504 299677 | 2| 2 1.08 0.300 8.5 —=0.222 | C Is
271 Sp—1s IPe—i2g 2370.0 276554 318743 | 6} 2 1.47 0.0412 1.93 |—0.61 C ca
(v 31
2370.99 276579 318743 1 4 2 0.98 0.0413 1.29 |--0.78 C Is
2366.67 276504 318743 | 2| 2 0.490 0.0411 0.64 1--1.085( C Is
)
28! 5p—>5d e~ 6689.8 276554 291498 | 6 | 10 1.36 1.52 201 ¢ 0.96 C cu
(3.02) 6701.21 276579 201498 | 4| 6 1.36 1.37 121 0.74 C Is
6667.56 | 276504 | 291498 | 2| 4 1.14 1.52 67 0484 | C Is
6701.21 276579 291498 | 4| 4 0.226 0.152 13.4 —0.216 | ( | Is
291 5d—6p R ] b 7055.2 291498 305668 {10 6 1.00 0.448 104 0.65 C ca
4.0
7047.94 291498 305682 | 6] 4 0.90 0.447 62 0428 | C Is
7068.41 291498 305641 | 4| 2 1.00 0.374 34.8 0175 C Is
7047.94 291498 305682 | 4| 4 0.100 0.074 6.9 --0.53 C Is
30| 5d—1p R I 3124 291498 322330 110} 6 0.412 0.0399 4.16 —0.409 | C ca
(5.01)
3241.58 201498 322338 | 6| 4 0.371 0.0390 2.50 [—0n.63 o Is
3244.19 201498 322313 § 4| 2 0.410 0.0324 1.38 |--0.89 ( Is
3241.57 291498 322338 | 4| 4 0.0413 0.0065 0.277 |—1.59 C Is
31! 5d—6f P —=pe 4212.41 291498 315230 |10 14 1.72 0.64 89 0.81 (@ 2
(5)
32| 5d-7 D - 2723.81 291498 328200 (10| 14 1.1 0.17 15 0.23 D ca
UV 32
33| 5/—6d pe—2 4950.11 293719 313915 (14} 10 0.205 0.054 12.3 —0.123 | € cu
(5.02)
34| 5/—7d ¥ =2 2971.52 293719 327362 | 14| 10 0.10 0.0095 1.3 —0.88 D ca
(L'V 33)
351 6s—7p 2§ —2pe° 1413.2 209677 | 322330 2| 6 0.018 €.015 045 |—1.52 D ca
@)
4411.65 299677 322338 4 0.018 0.010 030 |—1.70 D Is
4416.51 299677 322313 | 2| 2 0.018 0.0052 0.15 - 1.98 D Is
36| 6p—1s P28 70461 305668 38743 6| 2 1.34 0.391 59 0.370| C ca
(&3]
7654.56 305682 318743 | 4 2 0.88 0.387 40.0 0.189 | C Is
7630.50 | 305641 318743 | 2| 2 0.440 0.384 19.3 —0.115| C Is
37| 6p—28s pe—28 4035.7 305668 330440 | 6| 2 0.65 0.053 4.24 —0.498 | C ca
(11)
4038.06 305682 330440 | 4] 2 0.435 0.053 2.83 —0.67 - Is
4031.39 305641 330440 | 2| 2 0.217 0.053 1.41 —-0.97 G Is
38| 6p—17d Pe—=p 4608.3 305668 327362 | 6| 10 0.020 0.011 098 —-1.18 D ca
(1
4611.27 305682 327362 1 4| 6 0.020 0.0095 0.58 |[—1.42 D Is
4602.58 305641 327362} 2 4 0.018 0.011 0.34 —1.65 ) Is
4611.27 305682 327362 1 4 4 0.0033 0.0011 0.064 [—2.37 D Is
39| 6d—8p Iy ==pe 53004 313915 332055 10| 6 0.209 0.053 9.3 —0.276 [ C ca
(13)
5304.97 313915 332760 | 6| 4 0.190 0.053 5.6 —0.498 | C Is
5309.49 313915 332744 | 4 2 0.210 0.0443 3.10 1—-0.75 (@ Is
5304.97 313915 332760 | 4| 4 0.0210 0.0089 0.62 —-1.449 C Is
40| 6d—7f MP—2F° | 6998.36 | 313915 328200 (10| 14 0.55 0.56 130 075 | C ca
12)
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SiIv. Allowed Transitions —Continued

- I — M ————— = p— ,_r = ——— A T o 0 ——
No. Fransition Multiplet AA) Etem Yy | Edem D) g | oge ) At I see 1) Six Stat.a) | log gf | Acen-Sonree
Array racy
41 |6d—-8f D—2F° | 4403.73 313915 336617 | 10| 14 0.41 0.17 24 0.23 D ca
(14)
42 16f—Td PFe—2D | 8240.61 315230 327362 | 14| 10 0.126 0.092 34.8 0.110} C ca
t15)
Siv

No Transition Multipdet LAY

(89

Ground State

lonization Potential

Allowed Transitions

15*2522p% 'S,

166.73 eV =1345100 ¢m !

Calenlations by Kastner. Omidvar, and Underwood |1}, employing Hartree-Fock wavefunctions
and inchiding intermediate eoupling, are available, Sinee the ealeulations are based on a single-
configuration approximation only. uncertain'ies of up to 50 pereent are expected for the strong
lines and even higher uncertainties for the weak lines. the latter being ntore affected by assumptions

abont the eonpling,

Reference

{1} Kastner, 8,00 Dwidvar, K., ond Underwood, Jo H., Astrophbys. ). 148, 269 -273 (1967).

j

Arrioy

2= 2D )38 | 18 =P

[118.97]
205 = 230 )35 | I8 =T [117.86]
2% = 20325 3d | 'S = AP°
[98.209]

2p8 =207 3d 'S =7 [97.143]

2p = 2705 3d |18 —D°

[96.439]

1 SRS ) e S

308-022 O-69—9

0 =

Edem Y| Exem !
+
0 840560
0 848460
0 1018240
() 1029410
0 1036930
— S

}

,7
)

Siv. Allowed Transitions

| At It see 1) In

3 33 0.021

3 300 0.19

3 8.8 0.0038
|
I 3| 2000 0.84
J‘ 3 480 0.2t

Starn

0.0082
0.074

0.0012

0.27

0.063

hee &f

—1.68
=72

Acen|Souree
racy
E |
D ]
l
E ]
| b |
|
b |
9l




Si vi

Ground Staje 5% 25*2p™ 1y,

lonizativin Potential 205.11 eV = 1654800 cm!
Allowed Transitions
The value for the 25*2p® *P°—252p® *S multiplet is calculated from the nuclear charge-expansion
method of Cohen and Dalgarno [1]. It may be quite uncertain since corifiguration interaction effects
with configurations involving the n=3 shell electrons, which were not included in this calculation,
may be significant.
Reference

[1] Cohen, M., and Dalgarno. A.. Proc. Roy. Soc. London A280, 258-270 (1964).

Si V1. Allowed Transitions

No.|  Transition Mutltiplet AA) Eiem™) [ Eiem Y| & | & |Arit10% se. ") Jix Stat.u) | log gf |Accu-[Source
Array racy
1 |2s2p5—2s2p% | 2P°—38 | 247.04 1700 | 406500 | 6 | 2 370 0.11 055 |—0.18 | D 1
[246.00' 0 | 406500 | 4 | 2 250 0.11 037 | —036 | D Is
249.13 5100 | 406500 | 2 | 2 120 0.11 018 | —066 | D Is
Sivi

Forbidden Transitions

The line strength for the one transition in the ground state configuration is a straight number,
tabulated for example by Naqvi [1]. The transition probability should also be quite accurate, since
the energy leve!l difference is accurately sn.own.

Reference

1] Nagvi. A. M., Thesis Harvard (1951).

Si vl. Forbidden Transitiors

Transition Type of Accu.
No. Array Multiplet A(R) Ei(em™ ") | Ex(em™'y | & | @ | Transi- | Awi(sec) S(at.u.) racy { Source
tion
—(n—
1 [2p*-2p’ tpe_2p°
(19603] 0 5100 4] 2 m 2.38 1.33 A |
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Ground State

lonization Potential

The values are calculated from the charge-expansion method of Cohen and Dalgarno [1]

Si vl

Allowed Transitions

15%25%2p? 3P,

246.41 eV=1988000 cm™!

which includes limited configuration mixing. From comparisons with other ions in the isoelectronic

sequence, uncertainties should be wit

hin 50 percent.

Reference

[1] Cohen, M., and Dalgarno, A., Proc. Roy. Soc. London A280, 258-270 (1964).

Sivil. Allowed Transitions

No. Transition | Muhiplel MA) Etem™") |Edlem ™| & | & | Ai(10% sec™) Sk Staru.) | log gf | Accu{Source
Array racy
1 12s22p— 2.2p° | P =3P° 275.46 1962 364994 1 9| 9 160 0.18 1.5 0.21 D 1
1275.35 0 363170 | 5| © 120 0.14 0.62 | —0.15 D is
275.67 4030 366780 3 J 39 0.044 0.12 | —-0.88 D Is
272.64 0 366780 | 5| 3 70 0.047 021 |-063] D Is
274.18 4030 368760 { 3| 1 170 0.063 0.17 | —0.72 D Is
278.44 4030 363170 | 3| 5 39 0.076 021 (-064| D s
276.85 3570 366780 | 1| 3 34 0.19 017 | -0.72]1 D Is
2 D—'P° | [217.83) 47000 506080 ! 5 2 270 0.12 042 | —-022] D 1
3 1IS—1P° | [246.12] 99780 506080 | 1} 3 41 0.11 0.09 | ~-096| D 1
Si vi1
Forbidden Transitions
As in the case of Na1v the adopted values are taken from Naqvi [1], and Malville and Berger
[2]. For a discussion on the selection of values see Na1v, since the same considerations have been
applied.
References
[1) Nagvi, A. M., Thesis, Harvard (1951).
(2] Malville, J. M. and Berger, R. A.. Planetary aid Space Science 18, 1131-1136 (1 365).
<]
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Si vit. Forbidden Transitions

Transition Type of Accu-
Array Multip!et rMA) Edem 3 Ectem )] gi| &n] Transic | dpilsec ") Statu.) racy |Source
tion
2p =2pt sp—-ap
, {24807] 0 4030 [ 5 3 e 270X 19-4( 0,0452 (6 1,2
[24807) 0 4030 | 5| 3 m 1.46 2.49 B 1.2
{17948] 0 570 ) 5] 1 e 1.82 X 10-3( 0.0202 C—- 2
{64920] 4030 5570 | 3 [ 1 m 0.196 2.00 b 1,2
AP 1D
[2127.0]) 0 47000 | 5| 5 e 0.0074 9.6x 104 D~ 1.2
21217.0] 0 47000 | 5| 5 m 12.7 0.0226 C 1
2326.5) 4030 47000 { 31 5 e 6.8x10-% { 1.4Xx 104 D~ 1,2
2326.5]| 4030 | 47000 | 3| 5| m 3.24 0.0076 C 1
2413.0] 5570 47000 | 1| 5 e 25104 | 6.1 X10-" D- 2
AP 1§
1002.2] 0 9780 | 5] 1 e 0.11 6.3x10-% D~ 2
1044.4] 4030 99780 | 3} 1 m 148 0.0063 C 2
1D-1S
[1894.7] 47000 99780 | 5 I 1 e 5.5 0.080 C—- 2
Si vinn
Ground State 1s225%2p* 4S5,
lonization Potential - 303.07 eV =2445110 cm !
Allowed Traasitions
Values for all the listed transitions are calculated irom the nuclear charge-expansion method
of Cohen and Dalgarno [1]. which includes limited configuration mixing. Judged from graphical
comparisans with other ions in the isoelectronic sequence and from the general success of Cohen
and Dalgarno’s method for similar atomic systems, uncertainties within 50 perceut are indicated.
Reference
[1] Cohen, S1.. and Dalgarne, A., Proc. Roy. Soc. Londen A280, 2545270 (1964).
Si vill. Allowed Transitions
wi Tranation Multiplet AA) Eiem Y | Edem ™D g | g [Arit10F see 1) Jix Statn) | log g/ | Aceu-|Source
/’,:"-'._\' racy
2s%2p7 — 252p} e — 317.08 0 | 314782 4] 12 49 0.22 093 | —0.061 D 1
1319.83} 0 | 312670 4] 6 49 0.11 047 § —036| D Is
{316.20} i 0 | 316260 4 4 50 0.074 0.31 =053 D Is
{314.31} 0 | 218160 4y 2 52 0.039 0.16 | —0.81| D Is
-2 2070 [67308] |[428324]] 10| 10 110 0.13 1.2 011 D 1
[ 7.101 67420] |{428300 6| 6 110 0.12 0.67 | —0.14] D Is
76 84 67140 428360 4| 4 100 0.12 043 | —032! D Is
277 05 67420 428360 6 4 11 0.0088 0.048| —1.28; E Is
276 89 67140] {{428300 4] 6 7.6 0.013 0.048| —1.28, E Is
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Si viil. Allowed Transitions — Continued

§ BVEEARABBIE LN 30 it e o

=
No. [ Transition | Multiplet AA) Eidem )| Euem Y] g | ) Arid 1 sece Y S Statou,) | log gf | Accu-|Source
Array racy
3 Pe—z2p 216.18 [67308) | [529877) [ 10] 6 400 0.17 1.2 0.23 D 1
[2]6.92] [67420] | [528420 6| 4 360 0.17 0.72 0.01 D S
214.75 [67140 532790 4| 2 410 0.14 0.40 | —0.25 D Is
(216.79] | [67140 528420 4| 4 40 0.028 0.080| =095 E Is
4 2Pe—zf) 308.06 ) [103707) | [428324) | 6] 10 17 0.G41 0.25 | —0.61 D 1
[308.26 173900] | [428300 4] 6 17 0.037 0.15 | —0.83 D Is
307.65 103320 428360 2 4 14 0.041 0083 —-1.09! D Is
308.20 103900 428360 4] 4 2.9 0.0042 0.017 —-1.77 E Is
5 wpo—z25 | 250,84 | [103707) | [502360) | 6] 2| 240 0.075 037 | —-035| D ;
[250.97] | [103900] | [502360 41 2 160 0.076 0.25 | —0.52 D Is
[250.60 103320 502360 21 2 77 0.073 0.12 | —0.84 D Is
6 e —z2p 234.65 | [103707] | [529877)| 6| 6 120 0.097 0.45 | —0.24 D 1
[235.561 | [103900 [528420. 4 4 97 0.081 025 | —0.49 D Is
232.85] | [103320 532790 21 2 80 0.065 0.10 ' —0.89 D Is
233.160 103900 532790} | 4| 2 40 0.016 0.050, —1.19 D— Is
235.24 103320] | [528420 2| 4 19 0.032 0.050 | —1.19 D-— Is
Si vinn
Forbidden Transitions
All the values for this ion have been taken from Pastcrnack {1]. The electric quadrupole
values have been corrected by applying Naqgvi’s value [2] for the electric quadrupole moment sq.
References
(1] Pasternack. S.. Astrophys. J. 92, 129 (1940).
[2] Naqvi, A. M., Thesis Harvard (1951).
Sivil.  Forbidden Transitions
Transition . Type of Accu-
No Array Multiplet AA) Eitem )| Extem™ )| g | g | Transi- 1ri(sec!) S(at.u.) racy |Source
tion
1 200 =2p7 180 =2p°
[1483.2] 0| [67420) | 4' 6| m 0.019 1.38x 10 C— 1
[1483.2} 0| [67420) { 4| 6 e 0.0083 2.1 %104 D~ 1,2
[1489.4] 0| [67i40) | 4| 4| m 1.1 54%104 | C-— 1
[1489.4) 0 {67140 41 4 e 0.0053 9.3x10-% n- 1.2
2 g __2pe
[967.87) 0] [103320 412 m 29 0.00195 C 1
[9()7.87] 0| [103320 41 2 e 3.4%X10% 135%107 D- 1.2
[962.46) 0| [103900 4! 4 m 69 0.0091 C 1
[962.46) 0| {103900 4| 4 e 1.4x10-¢ |2.8x10-7 D- 1.2
3 Pe—~2p°
[35.70 % 104] 67140) | [67420) 1 4| 6 m 2.37x10-* |2.40 B 1.2
[35.70% 10)] 67140] | [67420] | 4 | 6 e 7.7 10" 0.0016 D— 1.2
95




Sivii. Forbidden Transitions —Continued

Transition Type of Accu-
No. Array Multiplet AMA) Ei(em ) | Ex(em )| & | gn | Transi- | Aw(sec ') | S(atu.) racy [Sonrce
; tion
4 *p° —P°
(2740.4] [67420 103900 6 |4 m 11 0.0336 C 1
{2740.4] [67420 103900 6 (4 e 0.38 0.14 D 2
2763.1] [67140] 103320 4 |2 m 12 0.0188 C 1
2763.1] {67140] 103320 4 {2 e 0.31 0.060 D 2
2784.7 67420 103320 6 |2 e 0.20 0.040 D 2
2719.5 67140 103900 4 14 m 20 0.060 C 1
2719.5 67140 103500 4 4 e 0.17 0.059 D 2
5 po_3pe
17.24 x 104] | (103320 103900 2 |4 m 0.00175 1.33 B 1,2
17.24x 104] | [103320 103900] (2 (4 e 7.1X10-4}| 2.6%x10-3 D- 1,2
Si Ix
Ground State 15%25%2p* P,
Ionization Potential 350.96 eV =2831470 cm™!
Allowed Transitions
Most data are obtained from the charge-expansion method of Cohen and Dalgarno [1] which
includes limited configuration mixing. Graphical comparisons of this material within the iso-
electrouic sequence depicting the dependence of f-values on nuclear charge have been made, and
the available experimental data for the lower ions, mostly from life time measurements, establish
fairly definitely that the uncertainties should not exceed 50 percent.
Reference
[1] Cohen, M., and Dalgarno, A., Proc. Roy. Soc. London A280, 258-270 (1964).
Si 1x. Allowed Transitions
= 7 ;
No Transition Multiplet AA) Edem ) | Edlem Y| & | g | Akl 10% secY) S Stat.u.) | log gf | Accu-[Seurce
Array racy
1 | 2s22p—2s2p* | 5P —=9D° 347.40 4452 202306 | 9115 28 0.084 0.86 -0.12 | D+ 1
349.96 6460 292210 | 5| 7 27 0.069 0.40 —-0.46 | D+ Is
345.10 2590 292360 | 3| 5 21 0.062 0.21 -0.73 | D+ Is
341.95 0 292440 1{3 16 0.085 0.09 | —1.07 | D— Is
349.77 6460 292360 | 5| 5 6.8 0.012 0.072 | —-1.19 | D— Is
245.01 2590 292440 (31| 3 12 0.021 0.072 | =120 | D—- Is
349.67 6460 292440 15| 3 0.76 8.3x10- 0.0048 | —2.38 | E Is
2 ip —spe 294.44 4452 344080 19) 9 70 0.091 0.79 -0.09 | D 1
296.19 6460 344080 | 51 5 51 0.068 20 -0.47 | D Is
292.83 2590 344080 3|3 18 0.023 0.06b | —1.16 | D Is
296.19 6460 344080 | 5] 3 29 0.023 0.11 -094 (D Is
292.83 2590 344080 3(1 7 0.030 0.088 | —1.05|{ D Is
292.83 2590 344080 | 3| 5 18 0.038 0.11 -094 | D Is
290.63 0 344080 (1] 3 24 0.092 0.088 | —1.04 | D Is
96
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Si ix. Allowed Transitions —Continued

No. Transition Muliiplet AA) Eqem )| Edem™)| @ | | Av1F see M [y Stat.u.) log gf | Acen[Source
Array racy
3 P —nge 225.97 4452 446980 | 9] 3 390 0.10 0.67 -0.05 | D+ 1
227.00 6460 446980 5| 3 210 0.099 0.37 -0.31 | D+ Is
225.03 2590 446980 ' 3| 3 130 0.099 0.22 -~053 | D+ Is
223.72 0 446980 1] 3 45 0.10 0074 | —1.00 | D+ Is
4 'D—1D° |{258.10] | [52960] |[4d0410] | 5| 5| 200 0.20 0.85 0.00 | D 1
5 D—1pe | [227.35) | [52960] | [492820] | 5| 3| 250 0.12 044 | 022! D 1
6 I§= 1pe I [259.71] | [107780] | [492820] | 1 | 3 66 0.20 0.17 -0.70{ D~ 1
Six
Forbidden Transiticns
The adopted values represents, as in the case of Na v1, the work of Naqvi {1]. Malville and
Berger [2]. and Froese [3]. For the selection of values, the same considerations as for Na vI are
applied, the one exception being that Froese's magnetic dipole values are also used. Since the
observed energy levels are uncertain, it is felt that the { and 5 calculated from her theoretical
energy levels will be as accurate as the experimental ones.
References
[1] Magvi, A. M., Thesis Harvard (1951). ’
[2] Malville, J. M. ard Berger, R. A., Planelary and Space Science 13, 1131-1136 (1965).
[3] Froese, C.. Astrophys. J. 145, 932-935 (1966).
Si 1x. Forbidden Transitions
B l
Transition . Type of Accu-
No. Array Multiplet A(R) Eifem=t) |Ex(em™?) | & | g | Transi- | 4u(sec™?) S(at.u.) | racy [Source
tion
1 |2p*-2p? 3P —~sp
[38600 0 2590{ 1} 3 m 0.311 1.99 B 1
15476 0 6460 [ 1| 5 e 6.1 x10-* | 0.0162 C 3
25833 2590 6460 | 3| 5 m 0.779 2.49 B 1,3
25833 2590 6460 [ 31 5 e 1.05x 10-% 0.0360 C 3
2 :IP_lD
1888.2 0 52960; {5 e 5.0x10-* [ 3.6x10*1 D 3
1985.3 2590 52960} 3| 5 m 8.0 0.0117 C 1.2.3
1985.3 2590 52960} 3] 5 e 0.0018 1.6x10*} D 3
2149.9 6460 t52960 515 m 18.9 0.0343 C 1.2.3
2149.9 6460 52960} 5| 5 ‘e 0.0083 0.0011 D 3
3 :!p_ls
950.66 2590 107780} 3| 1 m 210 0.0067 ( 2.3
986.97 6460 ]07780 511 e . 0.17 9.6x10-° D 3
4 -8
[1824.2] [52960]] [107780]] 5 L 1 e 5.4 0.065 (C 3
97
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Ground State

lonization Potential

Allowed Transitions

List of tabulated lires:

15 22522p 2P,

401.3 eV=13237400 cm™!

Wavelength [A) No. Wavelength [A) No. Wavelength [A] No.
50.524 10 280.03 6 360.63 7
50.691 10 280.32 6 361.13 7
50.703 10 287.25 4 391.85 9

253.81 3 289.28 4 392.43 9
256.58 3 292.31 4 398.50 9
258.39 3 347.43 1 399.11 9
261.27 3 348.71 5 540.95 8
272.00 2 349.00 5 553.71 8
277.27 2 356.07 1 55445 8

tainties should be within 50 percent.

interpolation.
References

(1] Cohen, M.. and Dalgarno, A.. Proc. Roy. Soc. London A280, 258-270 (1964).
[2] Weiss, A. W.. private communicalion (1967).

Si X. Allewed Transitions

Values for the majority of the transitions are calculated from the nuclear charge-exparsion
method of Cohen and Dalgarno [1]. which includes limited configuration mixing. Graphical com-
parisons with other data for the lower ions of this isoelectronic sequence indicate that the uncer-

" For the 2p?P° — 342D multiplet we have obtained data by exploitii:g the dependence of f-values
on nuclear charge: In this case accurate data for several other ions of the boron sequence are
available from extended self-consistent field calculations by Weiss [2]in which configuration mixing
is fully included. Utilizing those values, which are also supported by some experimental results on
lower ions, we have obtained for this jon the f-value of the above multiplet simply by graphical

= 7 R

Nao.|  Transition Multiplet AA) Edem Y JEdem ™) | g | o | A V0P see?) Jix Statw.) | log gf |Aceu-|Source
Array . racy

1 |2sRp —2s2p* pe_p 353.14 466() 287830 (6 110 23 0.073 0.51 —-0.36] D 1
356.07) 6990 287830 |4 |6 23 0.066 0.31 —-0.58! D Is
347.43] 0 (287830 |2 (4 21 0.074 017 -083| D Is
[356.07] 6990 |287830 |4 |4 3.8 0.0073 0034} —153| E Is
2 PpPe_z§ 275.49 4660 1367650 |6 |2 97 0.037 0.20 -0.65] D+ 1
277.27 6990 |367650 [4 |2 62 0.036 0.12 —0.584| D+ Is
272.00 0 (367650 [2 |2 34 0.037 0.067| —1.131 D+ Is
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Si X. Allowed Transitions —Continued

- T— —r i e e ————— g - — e e e »’-———— - - — — - ———
No. | Transttion | Muliplet AMA) Etem™ ) | Eem Y ] g ] At 1P see 1) I Statw) | log gf | Accu|Source
Array racy
3 po_zp 257,79 4660 392580 {6 | 6 180 0.18 0.90 0.03| D+ 1
258.39) 6990 | 394000 |4 | 4 150 0.15 .50 -0.22| D+ Is
256.58) 0 | 389740 ;2 | 2 120 0.12 3,20 —-0.62! D+ Is
261.27) 6990 | 389740 (4 | 2 57 0.029 .10 -0.94) D+ Is
253.81 0 |394000 (2| 4 31 0.060 G.10 -0.92! D+ Is
4 | 2s2p=2p" P18ty 29044 |[105888) |(510190) 2 | 4 170 0.071 0.81 =0.07| D+ 1
[292.31] | [168090] |[510190] {6 | 4 83 0.071 0.41 -0.37} D+ Is
289.28 164500 [510190 44 56 0.071 0.27 —-0.55| D+ Is
287.25 162060] {[510190] | 2 | 4 30 0.074 0.14 -0.83| D+ Is
5 My ~2p° 348.89 287830 574456 110 |10 48 0.087 10 —-0.06| D+ 1
[349.00] | 287830 | 574360 |6 | 6 4 0.081 0.56 -031| D+ Is
348.71 287830 | 574600 |4 | 4 43 0.078 0.36 —-0.51( D+ Is
[348.71 287830 | 574600 {6 | 4 4.8 0.0058 0040 | —146| E Is
349.00] | 287830 | 574360 |4 | 6 3.2 0.0087 0.040 | —146| E Is
6 P-zpe 280.13 287830 | [644813]) 10y 6 78 0.055 0.51 -0.26) D 1
280.03) [ 287830 | [644940] 6| 4 72 0.056 0.31 —-047{ D Is
280.32] 287830 | [644560) 4| 2 78 0.046 0.17 -0.74| D Is
280.03] | 287830 | (644940} 4| 4 7.8 0.0092 0034 | —1.43} E Is
7 2§ zpe 360.80 | 367650 | [644813| 2| 6 15 0.088 0.21 -0.75{ D 1
[360.63 367650 | [644940) 2| 4 15 0.059 0.14 -093| D Is
361.13] | 367650 ! [644560] 2| 2 15 0.029 0070 | —1.24| D Is
8 p2p° 549.83 | 392580 | 574456 | 6| 10 12 0.092 1.0 -026| D 1
[554.45] [ 394000 | 574360 | 4, 6 12 0.082 0.60 -048( D Is
540.95) | 389740 | 574600 ( 2| 4 11 0.093 0.33 -0.73| D Is
i 553.71 394000 | 574600 | 4| 4 2.0 0.0092 0.067 | —143| E Is
i 9 P —z2pe 39646 | 392580 | [644813) 6 6 50 0.12 0.92 -0.14| D 1
f
1 [398.50) | 394000 | [644940])| 4| 4 41 0.097 0.51 —-041| D Is
£ [392.43] | 389740 | [644560) 2| 2 34 0.077 0.20 —-081| D Is
H 399.il 394000 6445601 4| 2 16 0.019 0.10 -112| D Is
fé. 391.85] | 389740 | (6449403 2| 4 8.4 0.039 0.10 -1.11}{ D Is
s 10 2p—=('S,"1 pe_p 50.636 4660 | 1979542, 6110 9800 0.63 0.63 0.58 } C |interp
[50.691)] 6990 |1979°30| 4| 6 9800 0.57 0.38 036 | C Is
[50.524 0 [197€260 | 2| 4 8200 0.63 0.21 010 | C Is
50.703 6990 1979260 | 4| 4 1600 0.063 0.042 [ =060 | D Is
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Forbidden Transitions

Si x

List of tabulated lines:

Wavelength {A] No. Wavelength [A] No. Wavelength [A) No.
431.15 5 501.10 4 3794.0 8
43573 5 795.10 3 4525.7 8
439.21 5 810.83 3 14302 1
442.65 5 835.14 3 16579 2
443.97 5 941.89 7 23468 9
451.16 5 981.26 7 27848 2
486.40 4 1252.8 .6 40972 2
492.25 4

For all the values on this ion Garstang[1jis the only available source. The transition probability

of the magnetic dipole transition in the ground state 2p configuration should be quite accurate,
since it does not depend on the interaction parameters. The rest of the magnetic dipole values
should be good to within 25 percent since the energy levels are experimentally known.

The electric quadrupole integral s, was determined by two independent methods: (a) extrapo-

lation within the isoelectronic sequence and (b) by using the Coulomb approximation. The two
results agreed in predicting an s, of 0.20.

Refzrence

[1) Garstang, R. H., Ann. Astrophys. 25, 109 (1962).

Si X. Forbidden Transitions

Transition Type of Accu-
No. Array Multiplet A(R) Eem ) |Ex(em™")| & | & Trfmsi- Ari(sec) S{at.u.) racy !Source
hon

1 |2p-('S)2p zpo_s
14302] 0 6990 | 2| 4| m |3.07 1.33 A 1
14202 0 6990 | 2| 4| e [15x10 | 0.021 D 1

2 [ 2s2p*—2s2p* | ‘PP
40972) 162060] ((164500] | 2 4| m | 0.32 3.26 C 1
40972] 162060} (164500} | 2| 4| e | 7.6x10-* | 0.002] D ]
16579 1620601 [[168090] | 2| 6| e |4.2x10* | 0.019 D 1
[27848 164500] [[168090] | 4| 6 | m | 0.74 3.56 C 1
[27848] [164500] [[168090) | 4| 6 | e |4.4%107 | 0.026 D 1

3 )
[795.10] | [162060) | 287830 | 2| 4| m | 4.8 3.58x10+*| C 1
795.10] | [162060] | 287830 | 2| 4| e | 0.024 1.8x10-% D 1
810.83] | [164500] | 28783¢ | 4| 4| m |18 0.00142 C 1
810.831 | [164500] | 287830 | 4| 4| e | 0.0010 83x10-7 | D 1
835.14) [ [168090] | 287830 | 6| 4| m | 5.7 492x104| C 1
835.14) | [168090] | 287830 | 6| 4| e [ 0.29 2.8%10- D 1
795.10] | 1162060} | 287830 | 2| 6| e | 0.0038 4.3%10* D 1
[810.83) | [164500] | 287830 | 4| 61 m {10 0.00119 C 1
[810.43] | [164500] | 287830 | 4] 6| e | 0.26 3.3x10-* D 1
835.14] | [168090] | 287830 | 6| 6| m |47 0.0061 C 1
835 4] | [168090] | 287830 | 6| 6| e | 0.080 1.2x10-* D 1
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SiX. Forbidden Transitions —Continued
'j ".'.TTF | | T % ._.."-"‘Tr':_'_‘.. B
Teansition - ‘ Type of Acen.
No. TaES Multiple: AA) Eem ) [Extem J,0 b | Tonsic | 2psee ) S(atu.: | racy Source
tivl
4 P —:2g
456.40 1920060 3676501 2| 2 m 60 5.1x10-¢ (. 1
492,25 164500 3676501 4| 2 m 240 0.00212 ( 1
492.25 164500 367650 4| 2 e 0.0072 2.5%10°7 V] 1
501.10] | [168090] 367650 6| 2 e 0.15 5.6X10¢% D 1
5 ! ip_z2p
| 439.21 162060) 389740 21| 2 m 13 8.2x10» C 1
443.97 164500 3897401 4 2 m 7.6 493x10°; C 1
443.97 164500 389746 | 4| 2 e 0.10 2.0x10-% D 1
451.16] | [168090 389740 6| 2 e 0.057 1.3 X 10-% D 1
431.15]) | (162060 394000 2| 4 m 5.0 5.9 % 10> C 1
431.15] | { 162060 394000 2| 4 e 0.027 9.5 X 10-7 D 1
435.73] [ [164500] | 394000 | 4| 4| = 8.4 1.03x10-4 | C 1
435.73 _1645004 394000 4| 4 e 0.097 3.6 X10-% D 1
442.65 168090‘ 394000 6| 4 m 13 1.67 X104 C 1
442.65) | 168030 394000 6] 4 e 0.043 1.7x10-* D 1
6 P-:8
[1252.8]) | 287830 367650 | 4| 2 m 0.16 2.33x10% | C 1
[1252.8} 287830 367650 4| 2 e 9.0 0.033 D 1
[1252.8] 287830 3676507 61 2 e 13 0.049 D 1
7 :P-2p
[981.26) 287830 389746 4| 2 m 14 9.8 x10-¢ C 1
[981.26]| 287830 | 389740 4| 2 e 0.67 7.3x10-4 D 1
[981.26) 287830 389740 6| e 1.3 0.0014 D 1
[941.89) 287830 394000 4 4 m 26 0.00322 C 1
[941.89) 287830 394000 4| 4 e 0.053 9.4x10- D 1
[941.89) 287830 394000 6 4 n 15 0.00186 C d
[941.89])] 287830 | 394000 6! 4 e 0.0075 1.3 x10-3 D 1
8 :§—2p
(4523.7) 367650 3897401 2} 2 m 11 0.076 C 1
[3794.0) 367650 | 394000 2| 4 m 4.6 0.0373 C 1
[3794.0) 367650 394000 21 4 e 2.0x10-% 3.7x10-¢ D 1
9 P —2p
(23468] 389740 | 394000 2| 4 m 0.67 1.28 C 1
[23468] 389740 | 394000| 2| 4 e 1.2 X 10-% 0.020 D 1
SiXxI
Ground State 15225218,

lIonization Potential

Allowed Transitions

476.0 eV = 3840470 cm~!

Garstang and Shamey [1] have obtaired the f-value for the iniercombination line 2'S,— 2P,
by calculating the ratio of this line against the resonance transition in the intermediate coupling
approximation and by using for the resonance line a value calculated according to Cohen and
Dalgarno’s method [2] The data calculated from the charge-expansion method of Cohen and
Dalgarno, [2] which includes limited configuration mixing, are estinated to be usually accurate to
50 percent or better, while the charge-expansion method of Naqvi and Victor [3] should be less
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reliable when the effects of configuration imteraction are strong, since these are neglected entirely.
In assigning the accuracy estimates tor these methods as well as for the Coulomb approximation
we were to a great extent guided by studying the degree ot ht of the data into the systematic trends
along isvelectronic sequences.

References

[t] Garstang. R. H.. and Shamey, L. J | Astrophys. J. 148, 665-666 (1967).
[2] Cohen, M., and Dalgarno., A., Proe. Roy. Soo. London A2806, 258-270 (1964).
13) Nagvi. A. M., and Viclor, G, A.., Technieal Doeamentary Report No. RTD TDR — 63-3118 (19043

SiXI. - Allowed Transitions

No.| Transition | Multiplet AA) CEam | Edem )| gl ge] (10 see V) Sik Stat.u,) log gf | AceuSource
Array racy
1| 2s2=25(2S12p | 'S—2P°
(582.89] 0 | 1715601 | 1] 3| 0.0050 |7.6x10-3| 1.4x10'| —4.12 | D In
2 1§ —1p° (303.58] 0 320400 | 1] 3 64 0.264 0.264 —0.58 | € 2
3| 252p—2p? | po—up 365.08 | (174208] | (44812211 9| 9| 51 0.10 1.1 —0.05 | D+ 2
(365.42] | [176810) | [450470]| 5| 5 38 0.076 0.46 —0.42 D+ Is
(364.50] 171560] | [445910]| 3| 3 13 0.026 0.092 —1.11 D- Is
[371.61] | [176810] | [445910]| 5| 3| 20 0.025 0.15 -0.90 | D- Is
[368.38] | [171560] | [443020]| 3| 1| 49 0.033 0.12 -1.00 | D- Is
[358.54 [171560] | [450470]| 3| 5 13 0.042 0.15 -0.90 D— Is
[361.31 (169140] | [445910]f 1| 3 17 0.10 0.12 —-1.00 D- Is
4 Pe=1pP [609.76] 329400 493400 | 3| 5 11 0.11 0.64 —0.48 D- 2
5 P18 [(359.41] 329400 607630 | 3| i 100 0.068 0.24 —-0.69 | E 2
6| 252—25(°5)3p 18 —1p° (43.763] 0 | 2285040 | 1| 3| 7200 0.62 0.089 —-0.21 E 3
71 2s2p— pPes (52.299]] 329400 | 2241480 | 3| 1| 580 0.0072 0.0041 —1.63 K 3
25(*S)3s
8| 2s3s— IS=1pe [2295.0] 2241480 | 2285040 | ., 3 " 68 0.160 1.21 —0.80 . 3
25(28)3p
9| 2s3p— pPe—1p (1316.3] 2285040 | 2361010 | 3| 5 3.04 0.132 1.71 —-0.402| C ca
25(°S)3d
10| 2p3p— IR 12040.6] 2532140 | 2581130 | 5| 7 0.83 0.073 2.44 -0.4381 C ca
2p(2P°)3d
— l—. | | -

Si X1
Forbidden Transitions

The transition probability for that part of the 2s° 'Sy = 252p*P, transition which is magnetic
quadrupole radiation is taken from caleulations of Garstang [1]. We have renormalized his result
using for the resonance line a transition integral calculated by the method of Cohen and Dal-
garno [2] (see also Allowed Transitions: for the addition of transition probabilities arising from
various types of radiation, see the General Introduction: for the relation of Ay im.q.) to other
quantities [1]).
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Naqvi's calculations [3] are the only availuble source for the cther transitions. The results
for the 1 ~3P* lines are essentially independent of the choice of the interaction parameters. For
the *P°='P° transitions, Naqgvi uses empirical term intervals, i.e., the effects of configuration
interaction should he partially included.

References
|t] Garsiang, R. H., Asirophys. J. 148, 579-584 (1967).

2] Cohen. M. and Dalzarno A.. Proe. Roy. Soc. London A280, 258-270 (1964).
13] Naqvi. A. M.. Thesis Harvard (1951).

Si X1. Forbidden Transitions

Transition Type <‘nf . Accu- |
N Array Muitiplet AMA) Eilem™Y)| Ex(tem™)| &l & Trfms»- Arilsect) S(at.u.) racy |[Source
tion
1|26 —2s¢8)2p | 1s—pe
! 565.58 0| L176810]] 1| 5 m.q. 0.14 [.iviiininianan. E 1.2 |
2(2s2p—252S)2p Ipe—ape
[41311] [169140] | [171560] | 1| 3| m 0.255 2.00 A 3
{ [19042] | [171560])! [176810]| 3| 5| m 1.95 2.50 A 3 |
: 3 :ll)O_ |l)o
[623.99] | [169149] | 329400 11 3 m 39.2 0.00106 | C 3
i [633.55] { [171560] | 229400 | 3| 3 | m 1220 0.03%6 | C 3
! [655.35] | [176810] | 329400 51 3 m 42.5 0.00133 C 3
{
}
L Si x11
¥
Ground State 15225 28,2
:I lonization Potential 523.2 eV =4221460 cm™!
'
[}
i Allowed Transitions
, E For the transition 2s—2p, the charge-expansion caleclation of Cohen and Dalgarno [1] is
i chosen. An uncertainty of less than 10 percent is indicated from the graphical comparison of this
E value with the other material for the same transition within the isoelectronic sequence. Data for
the other listed transitions have Leen obtained from the Coulomb approximation. Plots of the
'-E dependence of fivalue on nuclear charge for all these transitions have been made and show that
this material connects up very smoothly with the data for the lower ions as well as with the hydro-
genic value for infinite nuclear charge. Based on this impressive aureement. accuracies of 10
{ percent (or 25 percent for some of the smaller values) are indicated.
\
i 1 References
|1] Cohen, M., and Dalgarno, A.. Proc. Roy. Soc. London A280, 258-270 (1964).
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Sixm. Allowed Transitions
|
N"-I Transition Multiplet AA) Eqem Y Edem™ ™| gi | g | Awd10F see™) Jik Statu) | log gf | AceuSource
Array racy
1| 2s—2p 1§ - 2pe 506.35 0 1974931 2| 6 9.36 0108 1 0.360 —0.666 | B 1
499.28 0! 200290 2| 4 9.77 Co 0.240 —-0.836 | B Is
521.10 0 191900 2| 2 8.59 O.vsLu | 0.120 —-1.155 |.B Is
2] 2p—3s 2po_1§ 45.598 197493 | 2390580 6| 2| 1990 0.0207 | 0.0186 | —0.906 | B ca
45.656) | 200290 | 239058G ! 4| 2| 1320 0.0207] 0.012¢ |—1.082 | B Is
45.482 191900 | 2390580 2! 2 668 0.0207 | 0.00620 | --1.383 | B Is
312p-3d po_2p $4.118 197493 | 2464134 | 610 1.39x10*| 0.675 | 0.588 0.607 | B ca
44.165] | 200290 | 2464530 4| 6 1.38 X 10*| 0.607 | 0.353 0.385 | B Is
44.021] | 191900 | 24635401 2| 4 1.16 X 10| 0.676 | 0.196 0131 | B Is
44.184] | 200290 | 2463540 | 4| 4} 2300 0.0674 | 0.0392 | —0.569 | B Is
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PHOSPHORUS

P1

Allowed Transitions

List of tabulated lines:

15%25%2p%35%3p% 4S5

10.484 eV = 84580 cm~!

Wavelength [A] No. Wavelength [A] No. Wavelength [A] No.
1534.7 4 " 5098.20 16 7486.79 24
1534.73 4 5100.96 16 7496.23 24
1671.68 1 5109.62 16 7505.76 24
1674.61 1 5149.46 15 7563.63 24
1679.71 1 5154.84 15 7600.7 24
1719.00 3 5162.28 15 7834.2 25
1725.85 3 5166.8 16 7917.84 25
1774.99 2 5189.9 15 7953.9 25
1782.87 2 5222.1 15 8002.63 25
1787.68 2 5258.1 15 8046.79 25
1858.91 7 5262.07 19 8090.08 25
1859.43 7 5293.53 19 8139.1 25
2135.47 6 5345.86 19 8130.4 25
2136.18 6 5378.32 19 8637.62 20
2149.14 6 5458.31 18 8741.54 20
2152.94 10 5477.75 18 9175.85 13
2154.08 10 5548.49 1R 9304.88 13
2222.57 5 6673.71 21 9525.78 13
2223.35 = 6717.42 21 9563.45 12
2234.95 5 6979.76 23 6393.54 12
2235.73 5 6985.2 23 9608.97 12
2242.53 5 7001.54 23 9734.74 12
2533.99 9 7017.32 23 9750.73 12
2535.61 9 7051.93 23 9790.08 14
2553.25 S 7084.2 23 9796.79 12
2554.90 9 7102.21 23 5903.74 14
2659.4 8 7154.03 23 9976.65 12
2675.31 8 7158.37 22 10084.2 14
2677.13 8 7165.45 22 10204.7 14
2686.17 8 7175.12 22 10511.4 11
2688.00 8 7176.66 22 10529.5 11
4978.11 17 7197.83 22 10581.5 11
5015.86 17 7235.49 22 10596.9 11
£945.40 16 7268.33 22 10681.4 1
3059.20 16 7282.38 22 10769 11
5061.91 16 7343.11 22 10813.0 1
5079.37 17 7459.80 24 10974 11

Varsavsky's value [1] for the 3s*3,*45° =353 4P multiplet. calculated by means of a screen-
ing approximation which neglects the important effects of configuration interaction, should be
quile uncertain— probably too high as judged from other comparisons. Results of lifetime meas-
urements and intermediate coupling calculations by l.awrence [2] have been adopted for many
lines in the uv region. The measured lifetimes have been used by Lawrence to provide an absolute
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scale for the calculated transition probabilities. The f-values of trausitions involving a change in
spin (intercombination lines) are expected 1o be rather uncertain, since they are quite small,

The above two sources cover only a small portion of the known multiplets of this atom. Thus
the Coulomb approximation has been extensively employed in order to havz a least some of the
remaining prominent lines represented. Since there is very little comparison material available
for analogous transitions, these values should be used cautiously, particularly those transitions
with accuracy assignments of “E”, since severe cancellation in the transition integral oceurs '
for the latter. Additional uncertainties in these data may be due to deviations from LS-coupling.
There are indications from the energy level spacings that some deviations may be encountered.

References

[1] Varsavsky. C. M., Astrophys. J. Suppl. Ser. 6, 75-108 (1961).
[2) Lawrence, G. M., Astrophys. J. 148, 261-268 (1967).
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P1. Allowed Transitions §
. S ;
No.| Transition Multiplet AA) Eem ™y (Exem M [ g | g | Ard WP see™ ) i Statow,) | log gf [AccuSouree !
Array J racy
1| 3s3p5-3s3p* | s°=p | 1676.6 o | svess |4 h2|n 14 |30 0.74 | E 1 i
(2 uv) [
1679.71 0 59535 |4 | 6111 (.68 15 0.43 E Is
1674.61 0 59716 |4 411 0.45 10 026 | E Is
1671.68 0 59820 14 | 2 {11 0.23 5.0 —-004 | E Is
2| 3p*~ 1§e_4p 1779.7 0 56190 |4 (12 2.16 0.307 7.2 0.089; C 2 i;
3p*(*PMs {1 uv) i
1774.99 0 56340 |4 | 6 2.17 0.154 3.59 -0.210| (: 2 8
1782.87 0 56090 (4 | 4 2.14 0.102 2.39 —0.339 (. 2 4
1787.68 0 55939 |4 | 2| 2.13 0.051 1.20 -0.69 C 2 !
3 i§°_zp
1719.00 0 58174 |4 | 4 | 0.0026 1.2 10-4] 0.0026 —-3.32 E 2
1727.85 0 57877 |4 |1 2 0.0015 34X%10% 7.6x10+|-3.87 | E 2 j
|
4 |3p*— Qo2
3p(‘DKs’ . =
1534.73 0 65157 (4 | 6 44x10¢ 2.3x10°% 4.7x10-%{—4.04 E 2 H
(1534.7] 0 65157 |4 | 4| 8.2x10* 2.9 X10°% 5.9x10-31 —4.94 E 2 }
5 3p2l_ QDO_JID 3
3p*PYs (3 uv)
2223.35 11376 56340 |6 | 6 88x10°* 6.5%10 3 0.0029 -3.41 E 2 k!
2234.95 11362 56090 |4 | 4] 0.0013 9.7 X 10 3| 0.0029 -3.41 E 2 !
2235.73 11376 56090 | 6 | 4| 0.0062 3.1x10 Y 0.014 -2.73 E 2
2242.53 11362 55939 |4 | 2 0.0040 1.5 X 10 ¥ 0.0045 —-3.22 E 2
2222.57 11362 56340 {4 [ 6] 54X10°7 6.0X10 % 1.8X 104 ~—4.62 E 2
6 Pe—2P | 2140.4 11370 58075 10 | 6 3.06 0.126 8.9 01000 C 2
(4 uv)
2136.18 11376 58174 |6 | 4 2.83 0.129 5.4 | =011y C 2
2149.14 11362 57877 |4 | 2 3.18 0.110 3.12 | =0.357] C 2
2135.47 11362 58174 |4 | 4 0.211 0.0144 0.406 —-1.240, C 2
7 |13p*— Pe-2p | 1859.2 11370 65157 |10 (10} 2.81 0.145 8.9 | 0.161| C 2
3p4'DMs’ (5 uv) |
1859.43 11376 65157 |6 | 6 2.64 0.137 5.0 —0.085 ¢« 2
1838.91 11362 65157 |4 | 4 2.54 0.132 3.22 -0.277] (| 2
1859.43 11376 65157 |6 | 4| 0.226 0.0078 0.287 -1.330, C 2
1858.91 11362 65157 [4 {61 0.232 0.0180 0.441 -1.143] C 2
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P1. Allowed Transitions—Continued

Transition | Multiplet AtA) Edem Y [ Exem Y| g | g | Au10¥ see b S Stat.u) | log gf [AccuSource
Array racy
";I;: zpo_ap
3pA* s (7 uv)
2677.13 18748 | 56090 | 4| 4} 0.0013 1.4%x10¢! 00M9 |[—-325|E 2
2686.17 18722 | 55939 2| 2| 3.9%10* [42x103 7.5%x10+4|—4.08 | E 2
[2659.4] 18748 | 56340 | 4| 6| 4.1x10-7 |6.5%10* 23x10%(—6.59 | E 2
2675.31 18722 | 56090 | 2| 4| 2.7x10* }5.8x10-5 00010 |-394 | E 2
2688.00 18748 | 55939 | 4] 2] 41x10* [22x10-5 7.9x104|—4.06 | E 2
tpo_zp 25414 18739 | 58075 6] 6] 1.11 0.108 5.4 —-0.188| C 2
(8 uv)
2535.61 18748 | 58174 | 4| 4| 0.95 0.092 3.06 —-0434| C 2
2553.25 18722 | 57877 | 2| 2| 0.M1 0.069 1.17 —-086 | C 2
2554.90 18748 | 57877 | 4| 2| 0.300 0.0147 0.494 -1.231| C 2
2543.99 18722 | 58174 | 2| 4| 0.200 0.0385 0.64 -1114| C 2
3pP— pe_2 | 2153.7 18739 | 651571 6|10 0.61 0.071 3.02 -0371| C 2
3pA'DYs’ (9 uv)
2154.08 18748 | 65157 | 4| 6| 0.58 0.061 1.72 —061 | C 2
2152.94 18727 | 65157 | 2| 4| 0.485 0.067 0.96 -087 | C 2
2154.08 18748 | 65157 | 4| 41| 0.173 0.0120 0.341 -1.319 C 2
3pras— p_sp° | 10604 / ;
,;3;2‘”))4’, “)D 0581 56190 | 65618 112 (20 | 0.20 0.57 240 084 [ D ca
10581.5 56340 | 65787 | 6| 8| 0.21 0.47 045 | D Is
10529.5 56090 | 65585 | 41 6 | 0.15 0.37 ‘g’? 017 | D Is
10511.4 56939 | 65450 | 2| 4| 0.088 0.29 20 -024 (D Is
10813.0 56340 | 65585 | 6| 6 | 0.060 0.10 29 -020 | D Is
10681.4 56090 | 65450 | 4| 4| 0.11 0.19 26 —-0.13 | D Is
10596.9 55939 | 65373 | 2| 2| 0.17 0.29 20 -024 | D Is
[10974 56340 | 65450 | 6 | 4 | 0.0095 0.011 2.5 -1.16 | E Is
10769 56090 | 65373 | 41 2 | 0.033 0.029 4.1 —-094 | E Is
‘P(E)‘l” 9744.9 56190 | 66449 112 |12 | 0.26 0.36 140 064 | D ca
9796.79 56340 66544 ' 61| 6 | 0.18 0.26 l
9734.74 | 56090 | 66360 | 4| 4 | 0.035 0.049 sg.a -gl%? E Is
9608.97 | 55939 | 663431 2| 2 | 0.044 0.062 3.9 -091 | E Is
9976.65 | 56340 | 66360 | 6 | 4 | 0.11 0.11 29’ —-018 | D Is
9750.73 | 56090 | 663431 4| 2 | 0.22 0.15 20 -021|D Is
9563.45 | 56090 | 66544 | 4| 6 ! 0.081 0.17 2 —-017 | D Is
9593.54 | 55939 | 66360 | 2| 4 | 0.11 0.31 19 021 | D Is
q’(_-”‘w 9391.5 56190 | 66835 112 | 4 | 0.29 0.13 47 018 | D ca
9525.78 | 56340 | 66835 | 6| 4 | 0.14 0.13 p - l
9304.88 | 56090 | 56835 | 4 | 4 | 0.09 0.13 i 030 | b s
9175.85 | 55939 66835 | 2| 4 | 0.050 0.13 7.6 —-0.60 | D- Is
'-'l’(z;'l” 10023 58075 | 68049 | 6 1 6 | 0.27 0.39 77 037 | D ca
10084.2 58174 | 68088 | 4 [ 4 | 0.2 0.32 43 011 | D Is
9903.74 | 57877 | 67971 [ 2 |2 | 0.18 0.26 17 —0251D Is
10204.7 58174 | 67971 | 4 | 2 | 0.083 0.065 8.7 —-0.5 | b— Is
9790.08| 57877 | 68088 | 2 | 4 | 0.045 0.13 8.3 -059 | D— Is
3pds — P -1p°
3p*(*P)5p
5162.28 | 56340 | 75705 | 6 | 8 | 0.032 0.017 1.7 —09 | E | cals
5154.84 | 56090 | 75484 | 4 | 6 | 0.015 0.0091 0.62 —-14 | E | ca,ls
5149.46 | 55939 | 75353 ! 2 | 4 | 0.0066 0.0052 0.18 -198 | E | ca,ls
5222.1 56340 75484 | 6 | 6 | 0.0058 0.0024 0.24 —-18 | E | ca,ls
5189.9 56090 | 75353 | 4 | 4 | 0.0075 0.0030 0.21 —-192 | E | ca,ls
5258.1 56340 | 75353 | 6 | 4 } 5.7x10% [1.6x10-*| 0.016 —303 | E |ca.ls
308-022 O=69— 10 107
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P1. Allowed Transitions—Continued
Ne. ! Transition Multiplet AA) Eifem ") [ Elem ") | & | o |Aiil 108 sec™) S Statu) | log gf [AccuSource
Array racy
16 AP —pe 5098.3 56190 75799 | 1. 121 0.042 0.016 3.3 -0.71| E ca
5109.62 56340 75905 6| 6| 0.034 0.013 1.3 -1.10| E Is
5100.96 56090 75689 | 4| 4| 0.0040 0.0018 0.12 | —214| E Is
5059.20 55939 75700 | 2] 2 0.0063 0.0024 0.0801 —2.32| E Is
[5166.8] 56340 75689 | 6| 4! 0.014 0.0037 033 | —1.65| E Is
5098.20 56090 75700 4 2| 0.029 0.0057 038 | —1.64{ E Is
5045.40 56090 75905 | 4| 6| 0.016 0.0090 060 | —1.44| E Is
5061.91 55939 75689 | 2| 4| 0.015 0.012 039 | —1.63] E Is
17 P —48° 5041.0 56190 76022 | 121 4] 0.059 0.0075 1.5 -1.04| E ca
5079.37 56340 760221 6{ 4| 0.029 0.0074 0.75 | —=1.35| E Is
5015.86 56090 760221 4| 4| 0.020 0.0077 0.51 —-1.51] E Is
4978.11 55939 76022t 2| 4| 0.011 0.0079 0.26 | —1.80| E Is
18 P =2p° 5475.8 58075 763321 6| 106} 0.052 0.039 4.2 -0.63| E ca
5471.75 58174 76425 | 4| 6] 0.057 0.038 2.8 —081| E Is
5458.31 57877 76192 | 2| 4| ©€.038 0.034 1.2 -1.17] E Is
5548.49 58174 76192 | 4| 4§ 0.0066 0.0031 022 | —-191! E Is
19 P —z2pe 53284 58075 768371 6| 6| 0.087 0.037 3.9 —0.65! E ca
5345.86 58174 76875 | 4| 4} 0.073 0.031 2.2 —-09} E Is
5293.53 57877 76762 | 2| 2| 0.058 0.024 084 | —1.32| E Is
5378.32 58174 76762 | 4| 2 0.027 0.0060 042 | —1.62| E Is
5262.07 57877 76875 21 4; 0.015 0.013 044 | —160| E Is
20| 3p*4p— §0=2p 8706.9 64240 757221 2| 6| 0.087 0.30 17 -0.23] D ca
3p*(*P)4d
8741.54 64240 75676 | 2| 4| 0.091 0.21 12 —-0.38] D Is
8637.62 64240 75814 @ 2| 2! 0.079 0.089 5.1 —-0.75| D Is
21| 3p*4p— 280 —2p 6702.8 64240 79155 2| 6 0.048 0.097 4.3 -0.71| E ca
3p*("P)5d
6717.42 64240 79122 1 2| 4 0.050 0.067 3.0 -0.87] E Is
6673.71 64240 79220 | 2| 2 0.045 0.030 1.3 -1.22| E Is
22 D —+F 71814 65618 79539 :I Fal] II 281 0.053 0.057 27 0.06| E ca
7175.12 65787 79721 | 8 ! 10| 0.033 0.032 6.0 -0.60] E Is
7176.66 65585 79515 6| 8| 0.047 C.049 6.9 —-0.53] E Is
7165.45 65450 794021 4| 6| 0.050 0.058 5.5 —0.65{ E Is
7158.37 65373 79339 | 2 | 41 0.051 0.078 3.7 -0.81| E Is
7282.38 65787 79515 8| 8| 0.0081 0.0065 1.2 —-1.29| E Is
7235.49 65585 79402 6| 6| 0.017 0.013 1.9 -1.11{ E Is
7197.83 65450 79339 47 4! 0.020 0.016 1.5 -1.20| E Is
7343.11 65787 79402 8| 6f 6.5X%X10%| 4.0x10 0.076 —2.50| E Is
7268.33 65585 79339, 6] 4| 0.0015 7.7%x10 0.11 -2331 E Is
23 P°—-D
7102.21 65787 79864 | 8| 8| 0.0036 0.0027 0.51 -1.66| E ca.ls
7051.93 65585 79762 | 6 6| 0.0037 0.0028 039 } —1.78} £ ca,ls
7017.32 65450 79697 | 4| 4| 0.0032 0.0024 0.2 | —2.02| E ca,ls
7154.03 65787 79762 ! 8| 6| 0.0013 7.6 %101 014 | =221 E ca,ls
[7084.2] 65585 79697 | 6| 4| 0.0029 0.0015 0.21 —-205| E ca,ls
700:.54 65585 79864 | 6f 8] 54%10-%| 5.3x10* 0.073| —2.50! E ca.ls
[6985.2] 65450 79762 | 4| 6| 0.0014 ,0.0016 0,14 | —2.20| E ca,ls
6979.76 65373 79697 1 21 41 0.0020 0.0029 0.13 -2.24| E ca,ls
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P1. Aliowed Transitions—Continued
T
No.| Transition Multiplet AMA) Eitem=") [Elem Y | & | g | At 10" see™ ) Six Stat.u.) | log gf | Accu{Source
Anay racy
24 p°—4p
7505.76 66544 79864 | 6 | 8| 0.018 0.020 3.0 —-092 | E ca,ls
7459.80 66360 79762 | 4| 6| 0.018 0.022 2.2 -105| E ca,ls
7456.79 66343 79697 | 2| 4| 0.013 0.021 1.1 -137 | E ca,ls
7563.63 66544 79762 | 6 | 6 0.0079 0.0068 1.0 -1.39 | E ca,ls
7496.23 66360 79697 | 4| 4] 0.016 0.014 1.4 -126 | E ca,ls
[7600.7] 606544 79697 | 6| 4§ 0.0016 9.2x10-* 014 | —-226}| E ca,ls
25 | 3p*d4p— iD°—1p 8055.2 65618 78029 120 |12 0.030 0.017 9.2 -0.46 | D— ca
3p*(*P)6s
8046.79 65787 78211 | 8} 6| 0.023 0.017 3.6 -0.86 | D— Is
8090.08 65585 779421 6 | 41 0.020 0.013 2.0 -1.11 | D- Is
[8190.4] 65450 77656 | 4 | 2| 0.015 0.0075 081 |—-152 | E s
7917.84 65585 78211 | 6 | 6| 0.0053 0.0049 0.77 -1.53  E Is
8002.63 65450 77942 | 4| 4| 0.010 0.0097 1.0 -141 | E Is
8139.1 65373 77656 | 2| 2| 0.015 0.015 0.81 -1.52 | E Is
7834.2 65450 782111 411 6} 5.8x10-* |8.1x10-4 0083 | —249 | E Is
[7953.9] 65373 779421 2| 4] 0.0016 0.0030 016 |{—222 | E Is
Pi
Forbidden Transitions
All the values for this atom are taken frorn the work of Czyzak and Krueger [1], since they
have included the important effects of configuration interaction and have used self-consistent
field wavefunctions with exchange to obtain their value of sq. (For a more complete discussion
see the General Introduction).
Reference
(1] Czyeak. S. J. & Krueger, T. K., Monthly Notices Roy. Asiron. Soc. 126, 177~194 {1963).
Pi1. Forbidden Transitions
Transition Type of Accu-
No, Array Multiplet AA) Efem") | Ex(em') | & | g | Transi- | Au(sec!) S(at.u.) | racy |Source
tion
1 |3p*—3p" 1§e —2]°
(1F) 8787.6 00! 113764 (4| 6 m 9.1X10-% 1.37x10-%| C 1
8787.6 00| 113764 |4 | 6 e 1.9x10-4 0.035 D 1
8799.1 00| 113608 |4 | 4 m 1.77%x10-* | 1.79%x10-%| C 1
8799.1 00] 11360.8 |4 | 4 e 1.2x 104 0.015 D 1
2 1§0 —2p°
(2F) 53324 0.0] 18748.0 14 | 4 m 0.108 0.00243 C 1
5332.4 00| 187480 |4 | 4 e 3.3x10-7 3.4x10-" D 1
5339.7 00| 18722.7 |4 | 2 m 0.0426 481x104) C 1
5339.7 00| 187227 {4 | 2 4 4.7x10-% 2.4%x10-* D 1
3 :pe—z2p°
(64.09 x 103} 11360.8 ; 11376.4 |4 | 6 m 4.10x 10" | 2.40 B 1
[64.09 x 103} | 11360.8 | 113764 |4 | 6 e 7.7x10°'" | 0.30 D 1
109




P \. Forbidden Transitions —Continued

Transition ‘ Type of . Accu-|
No. Array Multiplet AA) Eilem ) | Exlem™ )| &i| & | Transi- | fy(sece )] S(atu.) racy [Source
tion
4 -_vDa_-_lpo .
[13562] 11376.4 | 18748.0 | 6 | 4 m 0.0190 0.0070 (: 1
[13562] 11376.4 | 18748.0 | 6 | 4 e 0.004 103 C 1
[13580] 11360.8 | 18722.7 | 4 | 2 m 0.0211 0.00392 C 1
[13580] 11360.8 | 18722.7 | 4 | 2 e 10.080 4.1 C 1
[13609] 11376.4 | 18722.7 | 6 | 2 e '2.053 29.5 ¢ 1
[13533] 11360.8 | 18748.0 | 4 | 4 m 0.0341 0.0125 C 1
[13533] 11360.8 | 18748.0 | 4 | 4 (4 0.0405 43.3 C 1
5 -_qu I -_-Pa
[39.515 X 10%] 18722.7 | 18748.0 | 2 | 4 m 1.45%x 1071 1.33 B 1
[39.515 X 107} 18722.7 | 18748.0 | 2 | 4 e 59x10-7{ 0.14 D 1
3
Pil i
[
Ground Srate 1522522183522 p? 3Py 4
lonization Potentia! 19.72 ¢V=159100 cm!
Allowed Transitions ;
List of tabulated lines: ]
]
Wavelength [A] No. Wavelength [A] No. Wavelength [A] No. '
1301.87 2 4530.81 10 5316.07 4
1304.47 2 4533.96 11 5344.75 4 4
1304.68 2 4554.83 12 5378.20 14 3
1305.48 2 4565.27 12 5386.88 4 -
1300.87 2 4582.17 10 5409.72 4 [
1310.70 2 4588.04 9 5425.91 4
1532.51 1 4589.86 9 5450.74 18
1535.90 1 4602.08 9 5483.55 18 ]
1536.39 1 4626.70 9 5499.73 4 R
1542.29 1 4628.77 12 5507.19 18 3
1543.09 H 4658.31 9 5541.14 18
1543.61 1 4698.16 9 5583.27 18
4385.35 16 1823.68 17 5588.34 19
4402.09 10 4864.42 17 5727.71 19 !
4414.28 11 4927.20 17 5764.46 19 ‘f
4417.30 10 4935.62 15 6024.18 3
4420.71 8 494.1.53 17 6034.04 3
4424.07 11 4954.39 17 6043.12 3
4463.00 11 44969.71 17 6055.50 20
4466.13 10 5040.80 13 6087.82 3
4467.98 11 5152.23 5 6165.59 3
4475.26 10 5191.41 5 6232.29 3
4483.68 11 5253.52 7 7735.06 21
4499.24 14 5296.13 5 7845.63 6
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For the two uv transitions listed. the radiative lifetime measurements of Savage and Lawrence
{1] performed with the phase shift technique are available. Corrections for cascading from higher
excited states have been applied by these authors.

Since no other theoretical or experimental data are available for this spectrum as yet, the
Coulomb approximation has heen extensively used in order to have some of the more prominent
lines tabulated. On the basis of the comparison material available for analogous transitions of
neighboring atoms and because of the general success of the Coulomb approximation, accuracy
estimates of 50 percent for the selected lines appear to be in order. But. in as inuch as these com-
parisons are still quite insufficient, the present accuracy assignments can be regarded only as
provisional. There are furthermore indications from energy level spacings that this spectrum may
show sigaificaut deviations from L.S-coupling. Since 1.S-coupling had to be used for the breakdown
into multiplets and lines. this may introduce additional uncertainties, especially in the weaker

lines.
| Rcference
:f ]1] Savage, B. D.. and Lawrence, GG. M., Astrophys. J. 146, 940-943 (1966).
P 11. Allowed Transitions
' No.|  Transition | Multiplet AA) Eem=) | Exem~Y) | & | g { A 10¢ se(-")‘ S Stai.u.) | log gf |Accu-{Source
1 Array ! racy
] 1| 3s23p¢—3s3p* | "P—2D° 1539.2 316 65285 * 9 {15 0.128 0.0076 0.346 {—1.165 | C+ 1
) (F uv)
1542.29 469 65308 | 5 | 7 0.127 0.0063 0.161 |—150 | C+ Is
1535.90 165 65273 13 | 5 0.096 0.0057 0.08 |-1.77 | C+ Is
1532.51 0 65252 | 1| 3 0.072 0.0076 0.038 (—2.12 | D Is
! 1543.09 469 65273 [ 5| 5 0.032 0.0011 0029 i—-225 | D is
! 1536.39 165 65252 | 3 | 3 0.054 0.0019 0029 {-224 | D Is
1543.61 469 65252 [ 5| 3 0.0035 7.6X10-*| 00019/-342 | E Is
: 2 AP —ape 1307.7 36 76788 | 9 9 1.56 0.0400 1.55 |—0.444 | C 1
q (2 uv)
. | 1310.70 469 76765 | 5 | 5 1.17 0.0301 0.65 |—0.82 | C Is
i 1304.A8 165 76813 | 3 | 3 0.392 0.0100 0129 -152 | C Is
: 1309.87 469 76813 | 5 | 3 0.65 0.0100 0.215 |-1301 | C Is
K 1304.47 165 76824 | 3 | 1 1.57 0.0134 0172 [-1.396 | C Is
. 1305.48 165 76765 | 3 | 5 0.392 0.0167 0.215 [-1300 | C is
i 1301.87 0 76813 | 1 | 3 0.53 0.0401 0.172 (-1.397 ] C Is
s
i 3(3p4s = 3pEP%4p| AP =D | 6052.0 86940 103459 | 9 (15 0.67 0.61 110 074 | D ca
6043.12 87125 103669 | 5 | 7 0.68 0.52 52 042 | D Is
6024.18 86745 103340 | 3 | 5 0.51 0.46 28 014 | D Is
; 6034.04 86598 103166 | 1 | 3 0.37 0.61 12 -0.21 D Is
! - 6165.59 87125 103340 | 5 [ 5 0.16 0.091 93 |-034 | D- Is
| 6087.82 86745 103166 | 3 | 3 0.27 0.15 92 1-034 | D- Is
! 6232.29 87125 103166 | 5 | 3 0.017 0.0060 062 |—-152 | E Is
|
4 ape—ap 5406.2 86940 105432 | 9 |9 0.93 0.41 65 0.56 D ca
5425.91 87125 105550 | 5 | 5 0.69 0.31 27 019 | D Is
5386.88 86745 105303 | 3 | 3 0.23 0.10 54 [-0.51 D- Is
5499.73 87125 105303 (5 | 3 0.37 0.10 9.1 -0.30 | D- Is
5409.72 86745 105225 ' 3 |1 0.93 0.14 7.2 -032 | D- Is
5316.07 86745 105550 {3 |5 0.24 0.17 9.0 -029 | D- Is
5344.75 86598 105303 |1 |3 0.32 0.41 "2 -039 | D- Is
111
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P 1. Allowed Transitions — Continued
Nu.l Transition Maltiplet MA)Y | EdemYy [Edem ) | g | @ | Au(QPsee | fi Stat.u) | log gf | Accu-[Source
Array racy
5 Po—1§ | 5244.6 86940 | 106002 | 9| 3 1.0 0.14 22 011 | D ca ﬁ
5296.13 | 87125 | 10€0C2 | 5| '3 0.55 0.14 12 -016 | D Is
5191.41 86745 | 106002 | 3| 3 0.35 0.14 7.1 -038 (D Is ]
5152.23 86598 106002 1 1| 3 0.12 0.14 2.4 —-08 | D Is 3
6 Po—1p | 7845.6. | 88894 | 101636 | 3| 3| 0.3 030 | 23 -004 | D ca 3
7 'P°—~1D | 5253.52 88894 107924 | 3 | 5 1.0 0.72 37 033 | D ca
8 1po--1S | 4420.71 | 88894 | 111504 | 3| 1 1.6 0.15 6.7 -034 | D ca
9{3p4p—3p(")4d| D —F° | 4598.5 103459 | 125199 115 {21 2.0 0.88 | 200 112 | D ca
4602.08 103669 125392 | 7| ¢ 1.2 0.79 84 074 | D Is :
4588.04 | 103340 | 125130 | 5| 7 1.7 0.77 58 058 | D Is
4589.86 103166 124948 | 3 | 5 1.6 0.87 39 042 | D Is :
4658.31 | 103669 | 125130 | 7| 7 0.21 0.069 7.4 —031 { D— Is i
4626.70 | 103340 | 124948 | 5| 5 0.30 0.097 74 | -031 | D- Is
4698.16 103669 124948 | 7| 5 0.0084 0.0020 0.22 -185 | E Is g
10 IP—ap° | 4484.5 105432 | 127725 ] 9 |15 1.3 0.67 89 078 | D ca 1
4475.26 105550 127889 | 5 | 7 1.3 0.55 41 64 | D Is f
4530.81 | 105303 | 127368 | 3| 5 1.0 0.52 23 019 | D ls £
4402.09 | 105225 | 127935 | 1| 3 0.73 0.64 9.3 -0.19 | D— Is i
4582.17 | 105570 | 127368 | 5| 5 0.33 0.10 7.9 -0.28 | D- Is 3
4417.30 | 105303 | 127935 | 3 | 3 0.55 0.16 7.0 -032 | D- ls 3
4466.13 | 105550 | 127935 | 5 | 3 0.036 0.0065| 048 | —149 | F Is 3
11 p—spe | 4463.8 105432 | 127828 9] 9 0.73 0.22 29 | 03| D ca j },
4463.00 105550 127951 | §] § 0.54 0.16 12 -009 | D Is 1
4483.68 105303 1276001 3| 3 0.19 0.056 2.5 -078 | D- Is )
4532.96 | 105550 | 127600 | 5| 3 0.31 0.057 4.2 -0.55 | D— Is ;
442407 105303 127900} 3| 1 0.73 0.072 3.1 —-0.67 | D— Is e
4414.28 | 105303 | 127951 | 3| 5 0.i8 0.089 3.9 -0.57 | D— ls :
4467.98 105225 127600 | 1{ 3 1.25 0.22 3.3 -0.65 | D— Is :
1z 3§ —ape 4580.4 106002 127828 31 9 0.96 0.91 41 043 | D ca 1
4554.83 106002 127951 | 3| S 0.96 0.50 22 017 | D Is
4628.77 | 106002 | 127600 | 3| 3 0.97 0.31 14 -003 | D ls
4565.27 106002 1279000 3] 1 0.96 0.10 4.5 —-052 | D- Is %
13 'D—-'D° | 5040.80 | 107924 | 127756 [ 5| 5 0.40 0.15 13 -012 | D ca %
14 D—F° | 4499.24 | 107924 | 13C143 | 5| 7 1.4 0.60 44 047 | D ca %
L
15 1S—1pe | 493562 | 111509 | 131/64 | 1| 3 0.63 0.69 11 —-0.16 | D ca i
16 {3p4p — 3p(2P%)5s |'P —1p° [ 4385.35 | 101636 | 124433 | 3| 3 0.40 0.12 5.0 -046 | D ca
17 P—-pe | 4942.5 103459 | 123686 |15 | 9 0.78 0.17 42 041 | D ca
4943.53 | 103669 | 123892 | 7| 5 0.63 0.16 19 006 | D Is
4969.71 | 103340 | 123456 [ 5{ 3 0.58 0.13 1 -0.19 | D Is .
4954.39 103166 123345 1 3 | 1 0.78 0.096 ' 4.7 —-0.54 | D- Is ‘
4864.42 | 103340 | 123892 | 5| 5 0.11 0.040 32 -0.70 | D- Is ‘
4927.20 103166 123456 | 3 | 3 0.19 0.070 3.4 —068 | D~ Is 4
4823.58 | 103166 | 123892 | 3 | 5 9.0075 00043l o021 | -189 | E I s




P n. Allowed Transitions — Continued

No. | Transition | Multiplet rA) Eqem=")y | Elem ™) & | & | A10% sec™) Si Statou) | log gf | Accu-|Source
Array racy
18 ap=npe | 5476.7 105432 | 1236861 9| 9 0.4 0.20 32 025 | D ca
5450.74 165550 1238921 S| 5 0.33 0.15 13 --0.13 D Is
5507.19 | 105303 | 123456| 3| 3 0.11 0.052 2.8 -0.81 | D- Is
5583.27 | 105550 | 123456 5| 3 0.19 0.053 4.8 —-0.58 | D- Is
5541.14 | 105303 1233451 3| 1 0.45 0.670 38 -0.68 | D-— Is
5378.20 | 105303 | 123892 3| 5 0.11 0.081 43 -062 | D- Is
5483.55 | 105225 | 123456 1| 3 0.15 0.20 3.7 -0.69 | D- Is
19 3§ —ape° 5653.3 106002 1236861 3| 9 0.15 0.21 12 -0.19 D ca
5588.34 106002 123892 | 3| 5 0.15 0.11 6.3 —-0.46 D is
5727.71 106002 | 123456 3| 3 0.15 0.073 4.1 —-066 | D Is
5764.46 | 106002 | 123345| 31! 1 0.15 0.025 1.4 -113 | D- Is
20 1D—1p° 6055.50 107924 124433 | 5 3 0.69 0.23 23 —0.06 D ca
21 1§ —1p° 7735.06 111509 124433 | 1| 3 0.11 0.29 7.5 -0.53 D ca
Pn

Forbidden Transitions

The adopted values have Leen derived frem the theoretical work of Naqvi [1], and Czyzak
and Krueger [2]. Since their methods are essentially alike, Naqvi's and Czyzak and Krueger's

3

i magnetic dipole transitions have generally been averaged, except for the 3P--1S transition where
g cenfiguration interaction is important. In this case Czyzak and Krueger's empirically derived value
g has been preferred over Naqvi's, which is based purely on theory (see also General Introduction).
For the electric quadrupole transitions only Czyzak and Krueger’s values are used since
& their s, is obtained by using advanced self-consistent field wavefunctions with exchange effects

inciuded.

References

[1} Nagqvi. A. M., Thesis Harvard (1951).
[2} Czyzak, S. ). and Krueger, T. K., Monihly Nolices Roy. Asiron. Soc. 126, 177-194 (1963).

Pn. Forbidden Transitions

! Transition Type of Accu-
: No. Array Multiplet AA) Ei{em™") | Ex(em™*)| & | & | Transi- | Aii(sec )| S(at.u.) racy |Source
tion
| 3p-.' = 3,,2 Pp—ap
1 (60.663 x 104} 0.0 164811 3 m |8.05%x10-%{ 2.00 A 1
; [21.316 x 194} 0.0 4690115 e 6.0x10-* 7.9 C 2
g {32.864 x 107} 164.8 4690 3| 5 m  |3.80%x10-¢| 2.50 A 1
: (32.864 X 104} 164.8 469.0| 3| 5 e 1.54% 10" | 17.6 C 2
] .
: 2 ap—1p
! (1F) | 11255 0.0 88826 | 1| 5 e [3.3x10° 0.0018 D 2
; 11485.2 164.8 88826 { 3| 5 m  0.0063 0.00176 C 1.2
11483.2 164.8 88826 | 3 | 5 e 2.2x10-» 0.013 D .2
11898.2 469.0 88826 | 5|5 m  0.0169 0.0053 C 1,2
11898.2 469.0 88826 | 51 5 e 1.3x10-4 0.091 D 2
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Pi1. Forbidden Transitions —Continued

ek

Ntata)

. Aven-

racy

83x10 ' (

0.0089

35

2pi3at

||)

D

)
iy,

30.156 ¢V =2143290.0 em

IS

WA NN

-~ \c

Transition Type of
Na. Array Multiplet AA) Eitem V) [ Extem )| ogi] 2| Transic @ Ay (see )
tion
3 .'IP. — IS H
(2F) 4669.5 164.8 21576.2 7 31 1 m 0.220
4736.6 469.0 215762 | 51 1 ¢ 0.0063
4 DS
(3Fy 7864.5 8882.6 215762 1 51 1 I3 2.0
Pm
Ground State Fx22s
lonization Potential
Allowed Transitions
List of tabulated lines:

‘ ——
Wavelength [A] Ne. Wavelength (A] No. | Wavelength {A]

1334.87 1 3802.08 3 | 4057.39

1344.34 1 3895.03 ) 4059.27

1344.90 1 3904.79 4 4080.04

3219.32 6 3922.72 4 4222.15

3233.62 6 3933.38 4 4246.68

3280.22 8 3951.51 4 4587.91

3717.63 5 3957.64 4 ! 5203.86

3744.22 5 3997.17 4 i

114
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|
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Varsavsky's value [1} for the 3s*3p *P°—3s3p? D multiplet, which has been calculated 1.y

means of a screening approximation whis:h neglects the inportant effects of canfignration inter-
action, should be quite uncertain —probably too high as judged from other comparisons. Since
there are no oiier sources available, the Coulomb approximation has been applied ta ather prome
nent lines in this spectrum. Judging from comparisons with analogons transitions in other atoms.
accuracies within 50 percent may be expected for the selected lines.

Reference

1} Varsavsky, C. M., Astrophys. J. Suppl. Ser. 6, No. 53, 75~108 (1961).
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Fraunsition
Array

— ]

3s% 3p — 3s3p*

3d—('S)4p

15— ('S)4p

As3pds -
o 3s3p ') 4p

Cdp—=0s)ad

= ('S)5p

- ('8)5f

4= ('S)5d

The line strength for the one transition in the ground state configuration is a straight number,
tabulated for example by Naqvi [1}. The transition probability should also be quite accurate, since
the energy level difference is accurately known.

| O PN —
=

Multiplet

2pe—2h)
(1 uv)

2 —pe
(1)

| :\‘ _-,'I)o

(3)

II)D . ll)

(93

o8
(10)

2po—)
(4)

2y —2p°
(5)

1) — 2
(6)

AA)
1341.2
1344.34

1334.87
1344.90

4066.2 |

4059.27 |
4080.04 |
4057.39

4230.4

4222.15
4246.68

30435

3957.64 |

3933.38
392272
3997.17
3951.51
3895.03
3904.79

3768.5

3802.08

3744.22 |

3717.63
32288
3233.62

3219.32
3233.62

5203.86 |
5203.86 |

3280.22 |

4587.9] i

S

P

Kiem Y

373

560
0
560

116881

116885 |

116874
116874

117835

117835
117835

184811

185045
184639
184453
185045
184639
184639
184453

184811
185045
184639
184453
141467
141513

141376
141513

172429
172429

172429

i
178653 |

L

Allowed Transittons

Eitem by

943

74945
4915
74915

111467

141513
141376
141513

Lt1467

141513
141376

210162

210306
210056
209939
210056
209939
210306
210056

211339
211339
213339
211339
172429
172429

172429
172429

191640
191640

202906 ‘ 10

2
| 4

14

5

4

10

—
N

NN

N N N P =)

= i

—
[\ N (=] - N

L i Lo o NN B N DN

—
—_
&~

- e O

4
4

14

200443 l 14] 10

P
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Forbidden Transittons

11} Nagvi. A, M., Thesis Harvard (1951).

Reference

’ At 10 see N 1 Stataw) | log gt [AccudSource
racy
14 0.64 17 0.59 | ©. 1
14 0.56 10 0351 E Is
12 0.65 5.7 0.11 | E Is
2.3 0.062 1.1 -0.60 | E Is
1.0 0.15 20 017 | D- ca
0.90 0.15 12 -6.05 | D— Is
0.99 0.12 6.7 -031 | D- Is
0.10 0.025 1.3 -1.00 | D- Is
1.5 1.2 33 037! D ca
1.5 0.78 22 0.19{D Is
1.4 0.39 11 =011 ' D Is
1.7 0.40 63 0.69 | D ca
1.2 0.29 22 023 | D Is
0.23 0.054 2.8 —-0.66 | E Is
0.30 0.068 1.8 -087 | E Is
0.76 0.12 9.6 -0.14 | D- Is
1.4 0.17 8.8 —-0.17 { D~ Is
0.54 0.19 9.5 —-0.13 | D~ Is
0.75 0.34 8.8 -0.17 | D—- Is
2.1 0.15 22 025 | D cu
0.97 0.14 11 -0.07 | D Is
0.68 0.14 7.0 -025| D Is
0.34 0.14 3.5 —055| D Is
4.6 1.2 77 08 | D ca
4.6 1.1 46 064 | D Is
3.9 1.2 26 038 | D Is
0.77 0.12 5.2 -031 | D- s
0.79 0.22 22 0.11 | D ca.ls
0.088 0.036 2.5 -0.84 | £ ca,ls
1.8 0.40 43 0.60 ca
0.11 0.026 5.4 -045| D ra
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Pu.  Forbidden Transitions

Transition Type of Accu-
No. Array Multiplet AA) Edem™) | Extem ) | & | & | Transi- | dp(sec?) S(at.u.) racy |Source
tion

1{ 3p—('S)3p| P°—2P°

[17.865 x 104} 0.0 559.6 |2 |4 m 0.00157 1.33 A H
|
Piv
Grenad State 152252218352 1S,
Ionization Potential 51.354 eV =414312 cm™!?

Allowed Transitions

List of tabulated lines:

Wavelength [A] No. Wavelength [A] No. Wavelength [A] No.
368.01 25 847.72 14 1065.7 9
368.32 25 849.80 14 1066.6 9
368.96 25 850.39 14 1086.9 8
388.32 10 851.09 14 1088.6 8
424.06 26 855.05 12 1091.4 8
443.81 23 859.73 13 1094.4 21
444.25 23 850.49 13 1118.6 4
444.27 23 £61.53 13 1589.0 22
445.16 23 $63.31 13 1640.6 3
445.17 23 865.01 13 1691.8 7
445.18 23 866.81 13 1845.6 6
522.61 24 907.60 16 1847.5 5
628.983 19 908.05 15 3347.72 27
629.914 19 950.669 ] 3364.44 27 1
631.765 19 963.97 18 3371.10 27 :
756.55 \7 1025.58 2 3717.03 29
776.37 20 1028.13 2 3717.63 29
823.177 11 1030.55 2 3719.3 29
824.733 11 1033.14 2 37276 29
827.932 11 1035.54 2 3728.67 29
845.97 14 1065.5 9 4249.57 28
847.02 14

Zare's values 1] have been calculated by means of the method of superposition of configura-
tions. cmploying Hartree-Fock-Slater wavefunctions as a starting point. The calculations have
been carried out in both the dipole length and dipole velocity representations: the length values
are chosen in all cases as being probably more reliable. Crossley and Dalgarno’s values [2] have
been obtained from nuclear charge-expansion calculations which include configuration mix.ng
in a limited way. Zare’s method must be considered the more refined of the two calculations.
Hence his data have been chosen whenever there was a choice. In many cases, the degree of fit
of the data into the apparent f-value dependences on nuclear charge could be utilized as an addi-
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tional criterion in arriving at the accuracy estimates. The accuracy assignments for any transition
involving the 3s3d'D, 3p3d'D, or 3p*'D energy levels have been reduced since reliability of
these energy levels is quite doubtful. Hence, for transitions involving these states, the listed line
strength will be more reliable than either the oscillator strength or the transition probability,
since the latter two quantities depend on the wavelength of the transition.

References

{1] Zare. R. N., J. Chem. Phys. 47, 356} (1967).
{2] Crossley, R. J. S., and Dalgarno, A., Proc. Roy. Soc. London A286, 510-51% (1965).

P1v. Allowed Transitions

: Nu Transition Muliplet XA) Eiem Yy [ Edem=Y) | g | g | A1 see )| S Statu.) | loggf |Accu-|Source
Array racy
i ; 1] 3s=3s(3S)3p | 'S—'P° | 950.669 0f 105190| 1| 3| 394 1.60 5.01 0204 | B 1
(1 uv)
% ) 2| 3s3p-3p? pe—ap | 1030.5 68374 165411 9| 9 30.2 0.481 14.7 064 | C+ 2
5 (2 uv)
Q 1030.55 68607 165646 | 5| 5 22.6 0.360 6.1 0255 C+ Is
. 1030.55 68139 165178 : 3| 3 7.5 0.120 1.22 -044 | C+ Is
5 1035.54 68607 165178 | 5| 3 12.4 0.120 2.04 -0222| C+ Is
: l 1033.14 68139 164935| 3| 1 29.9 0.160 1.63 -0319! C+ Is
. 1025.58 69139 165646 { 3| 5 7.7 0.201 2.04 -0220} C+ Is
' ¥ 1028.13 67912 1651781 1| 3 10.1 0.482 1.63 -0.317| C+ Is
: E 3 P —1D | [1640.6] 105190 | 166144 | 3| 5 1.8 0.12 1.9 -04 | E 1
f: 4 1P°—1§ [ [1118.6] 105190 194589 | 3| 1 32.4 0.203 2.24 -0.215| C- 1
i 5| 3s(2S)3d- ID-1F° | [1847.5] [222142); [276270])| 5| 7 7.3 0.53 16 042 | D- 2
, 3p(*P°)3d
'; 6 'D-'D° | [1845.6) [222142] | [276325])] 5| 5 1.2 0.063 1.9 -0.50 | D- 2
7 D-'P° |[1691.8] [222142]| 281251 5| 3 2.6 0.068 1.9 -047 | D 1
H 8 ID-P° | 109%0.0 189389 | 281133 (15| 9 18 0.19 10 046 | D+ 1
# 1091.4 189389 | 281011 7| 5 15 0.19 4.8 013 | D+ Is
i 1088.6 189389 | 281251 5| 3 14 0.14 2.6 -015 | D+ Is
:@ 1086.9 189389 281391 3 1 18 0.11 )1 -050 | D+ Is
L g 1091.4 189389 | 281011 | 5| 5 2.7 0.048 0.86 -062 | D+ Is
4 1088.6 189389 | 281251 3| 3 4.5 0.680 0.86 -062 | D+ s
¢ 1088.6 189389 281251 | 5| 3 0.30 0.0032 0057 | —1.8 | D+ Is
8 9 iD-3D° | 1065.8 189389 | 28321111515 16 0.27 14 0.61 D 2
% 1065.7 189389 | 283221 | 7| 7 14 0.24 5.8 0.21 D Is
£ 1065.5 189389 283239 | 5| 5 11 0.18 3.2 -005 | D Is
v 1066.6 189389 | 283142} 3| 3 12 0.20 2.1 -022 ! D Is
% 1065.5 189389 | 283239 7| 5 2.4 0.030 0.73 —0068 | D-— Is
3 1066.6 189389 ; 283142 | 5| 3 3.9 0.040 0.70 -90.70 | D- Is
4 1065.7 189389 | 283221 5| 7 1.7 0.042 0.73 -068 | D- Is
l ‘ i 1065.5 189389 | 283239 3| S5 2.3 0.067 0.70 =070 | D- s
§ 10| 3s*=3sSMp | 'S='P° [388.32] 0] 257520 1} 3 15 0.10 0.13 -0.00 | D-—- 1
W
,bg 11| 3s3p—3s(25)3d| *P°-3D 826.34 68374 189389 | 9115 46.7 0.796 19.5 0.855| B 1
{3 uv)
F‘_ 827.932 68607 179389 | 5| 7 46.4 0.668 9.10 0524 B Is
824.733 68139 189389 [ 3| 5 35.2 0.598 4.87 0254| B Is
823.177 67912 169389 | 1| 3 26.3 0.801 2.17 —-0.09%| B Is
'827.932 68607 189389 [ 5| 5 11.6 0.119 1.62 -0.225| C Is
824.733 68139 189389 | 3| 3 19.5 0.19 1.62 -0224| C Is
827.932 68607 189389 | 51 3 1.3 0.0079 0.11 -140 | D Is
12 p°—1D [855.05]) 105199 | [222142])] 3| 5 84 1.5 i3 065 | D 1
(5 uv)
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Piv. Allowed Transitions—Continued
.-Tf— — I T .‘ - e m——— == =
No. Transition Multiplet AMA) Etem Y Edem Y g | o [P see 4 Ju Stat.u.) log gf | Aceu-[Sourree
Array racy

— - — _ || p— | P

13| 3p*-3p(2P°)3d | 3P -3P° 864.14 | 165411 2801133 | 91 9 35 0.39 l 10 0.55 D 2

866.81] | 165646 281011 ; 5] 5 26 0.29 i4.2 0.16 D Is

861.53] | 165178 281251 | 3| 3 8.8 0.098 0.83 —-0.53 D— Is

865.01) | 165646 | 281251 | 5| 3 15 0.098 1.4 -0.31 | D— Is

860.49] | 165178 281391 | 3| 1 35 0.13 1.1 -0.41 D- Is

863.31] | 165178 281011 | 3! S 8.8 0.16 1.4 —-0.32 D- Is

859.73] | 164935 281251 | 1| 3 12 0.39 1.1 —-0.41 D- Is

14 1P -3p° 848.90 | 165411 2832111 9715 64 1.2 29 1.03 D 2

849.80] | 165646 283321 | 5| 7 66 1.0 | 14 0.70 D Is

847.02] | 165178 283239 | 3{ 5 48 0.86 : 7.2 0.41 D Is

845.97] | 164935 283142 | 1| 3 36 1.1 3.2 0.04 D- Is

850.39] | 165646 2832394 5| 5 16 0.17 2.4 —0.07 D— Is

847.72) | 165178 | 283142 3| 3 27 0.29 2.4 -0.06 | D- Is

851.09] | 165646 283142 | 5 3 1.8 0.011 0.16 —-1.26 E Is

15 N =1p° [908.05] | 166144 | [276270]] S| 7 35 0.61 9.1 0.48 E 2

16 ‘D-1D° [907.60] | 166144 ; [276325]| 5| S 31 0.39 58 0.29 E 2

17 ) B o [756.53] | 166144 208327 | 5| 3 4,1 0.021 0.26 -0.98 k 1

18 1IS—1p* [963.97] | 194589 2083271 1| 3 29.0 1.21 3.84 0.0831 ( 1

19{ 3s3p—3s(2SMs | *P°=3S 130.86 68374 226889 | 9} 3 49.2 0.098 1.83 —0.055| C 1

4 uy)

631.765 | 68607 226889 1 5| 3 27.3 0.098 1.02 —-0.310 C Is

629914 , 68139 226889 | 3| 3 16.5 0.098 0.61 —-0.53 « Is

628.983 | 67912 226889 | 1 3 5.5 0.098 0.203 -1.009| C Is

20 pe~1§ [776.37] | 105190 233995 | 34 1 24.2 0.073 0.56 —0.66 (O 1

21| 3p*-3s5()SMp | 'D ='P° |[1094.4] 166144 257520 5| 3 5.6 0.061 1.1 -0.52 F 1

22 1S—1P° | [1589.0}] 194589 257520 1| 3 0.18 0.021 0.11 -1.69 D 1

23| 3s3p—3s(3SKd | *P°-*D 444.71 68374 2932421 9115 0.75 0.0037 0.049 —1.48 E 1

[445.16] | 6 a7 293247 | S| 7 0.75 0.0031 0.023 -1.81 E Is

[444.25] | 08139 293239 3| 5 0.55 0.0027 0.012 -2.09 E Is

{ [443.81] | 67912 293234 | 1| 3 0.42 0.0037 0.0054 —-2.43 E Is
445.17) | 68607 203239 [ 5| 5 0.19 5.6x10°1| 0.0041 —-2.55 E Is

[444.27] | 68139 203234 | 3| 3 0.32 9.3x10°¢] 0.0041 —2.55 E Is

[445.18] | 68607 203234 [ 5§ 3 0.021 3.7x10°%] 2.7%x10-41-3.73 E Is

24 Pe—1D [522.01} | 105190 206758 | 3| 5 0.74 0.0050 0.026 —1.82 E 1

| 25( 3s3p—35(2S)5d | *1*°=3D 368.64 68374 339638 1 9|15 20 0.070 0.76 —-0.20 D 1
! (368.96) | 68607 | 339636 | 5| 7| 20 0.058 0.35 —054 | D Is
i [368.32) | 68139 339639 3| 5 15 0.052 0.19 —0.81 D Is
|368.01] | 67912 3396421 1| 3 11 0.069 0.084 —-1.16 D- Is

|368.96] | 68607 339639 | 5| S5 5.1 0.010 0.063 -1.30 D- Is

|368.32] ‘ 68139 339642 | 3| 3 8.5 0.017 0.063 -1.29 D— Is

[368.96] - 68637 339642 | 5! 3 0.56 6.9x10-%( 0.0042 ~-2.46 E Is

26 pPe—_1D [424.06] | 105190 | [341005]; 3 | 5 0.11 4.8x10°4{ 0.0020 —-2.84 E 1

27| 3s4s—3st*SMp | *S-3P° 3355.9 226889 256679 1 3 9 2.11 1.07 354 0.51 G+ 1

(1)

3347.72 | 226889 256751 | 3| 5 2.13 0.60 19.7 0255 C+ Is

3364.44 | 226889 256603 | 3| 3 2.09 0.355 11.8 0.027 | C+ Is

| 3371.10 | 226889 256544 | 3| 1 2.) 0.12 3.9 —-0.45 D Is
i 28 1§-1p° 4249.57 | 233995 257520 i 1 | 3 0.84 0.69 9.6 -0.161 1

(2)
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P1v. Allowed Transitions—Continued
No. Transition Multiplet AMA) Eiem ') | Edtem™) g | a| At 1P sec ™"} Six Statey | leg of | AccuqSource
Array racy
29 |3s4d-3s5(*S)5p | "D —-3P°
(3)
13719.3] 293247 320126 | 7| 5 2.0 0.30 26 0.32 D ca, ls
3728.67 293239 320053 | 51 3 1.8 0.23 14 0.06 D ca,ls
3717.63 293239 320126 | 5| 5 0.36 0.075 46 [(—0.43 D— |ca,is
[3727.6] 293234 320053 | 3| 3 0.60 0.12 46 |—0.44 D— |ca,ls
3717.03 293234 320126 } 3| S5 0.024 0.0084 031 [—1.60 | E ca,ls
Piv
Forbidden Transitions
Nagvi’'s calculations [1] are the only available source. The results for the 3P° — 3P° transitions
are essentially independent of the choice of the interaction parameteis. For the 3P°—!'P° transitions,
Naqvi uses empirical term intervals, i.e., the effects of configuration interaction should be partially
included.
Reference
{1} Naqvi. A. M., Thesis Harvard (1951).
P1v. Forbidden Transitions
Transition Type of Accu-
No Array Muluplet A(A) Eitem )| Ex(em™")| & | a| Transi- | Ay(sec )| S(at.u.) racy | Source
tion
1 |3s3p=3s:S)3p | *P°—2P°
(43963 X 10%) | 67911.6| 681390 1| 3 m 2.12x10-4| 2.00 A 1
[21.343 x 104} | 68139.0! 68607.4 5 m 0.00139 2.50 A 1
2 :Il)°_ Ip°
[2681.7) 67911.6 | 105190 1] 3 m 0.078 1.67%x10¢| C 1
[2698.2] 68139.0 | 105190 31 3 m 6.3 0.0137 C 1
12732.7] 68607.4 | 105190 513 m 0.092 209%x104| C 1
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Grourd State

Ionization Potential

Pv

Allowed Transitions

List of tabulated lines:

65.007 eV =524462.9 cm™!

1522522,0%35 28 )y

Wavelength [A] No. Wavelength [A) No. Wavelength [A] No.
255.60 3 54491 5 1118.0 1
255.69 3 673.86 7 1128.0 1
328.47 2 673.91 7 1379.7 12
328.77 2 865.46 4 1385.2 12
410.06 9 871.37 4 2424.3 11
410.08 9 871.45 4 2440.8 11
475.60 8 997.53 6 2441.1 11
475.62 8 997.64 6 3175.16 10
542.57 5 1000.4 6 3204.06 10

The only source available for this ion are the charge-expansion calculations of Crossley and
Dalgarno [1] which include limited configuration mixing. Graphical comnparisons of this work with
more refined values within the isvelectronic sequence indicate an accuracy of 25 percent or better.
A number of additional values have been obtained from studies of the f-value dependence on
nuclear charge. The reliable material available for other ions of this isoelectronic sequence in
these cases permits the determination of reliable values for P v simply by graphical interpolation.

Reference

[1) Crosstey, R. ). S., and Dalgarno, A., Proc. Roy. Soc. *ondon A286, 510-5t8 (1965).

Pv. Allowed Transitions

=

No. | Transition Multiplet MA) iz ) | Extem Y | & | & [ AP see™') S Statu.) log gf | Aceu-Source
Array racy

1|3s-3p 1§ -2p° 11213 0 89181 | 2| 6 11.9 0.67 4,95 0.127| C 1

[1118.0 0 8944, | 2] 4 12.0 0.448 330 |—o0.048| C Is

[1128.0 0 88652 | 2| 2 11.6 0.222 1.65 |—0.353| C Is

2|3s—4p 1§ _2pe 328.57 0 304350 | 2| 6 11 0.055 0.12 |[—-0.96 D +| interp

{328.47] 0 301451 2| 4 11 0.037 0080 |—1.13 | D+ Is

[328.771 0| 304161 [ 2| 2 11 0.018 0046 |—1.44 | D+ Is

313s-5p IS 2p° 255.63 0 391195 1 2| 6 1.5 0.22 0.037 |~ 1.36 D | interp

[255.60] 0 391242 | 2 | 4 7.6 0.015 0.025 |—1.52 D s

[255.69] o} 391102 | 2| 2 7.3 0.0071 0012 |—-3.8 | D Is

4|3p-3d pe—2p 869.39 89181 204204 | 6 |10 36.7 0.69 11.9 0.62 C 1

[871.37] 89446 204208 | 4| 6 36.2 0.62 7.1 03%| C Is

865.46) 886521 204197 | 2 | 4 31.0 0.70 3.97 0.146| C Is

371.45) 89446| 204197 | 4| 4 6.0 0.069 079 |-056 | C Is

120

e

P e e




4 WL .

P v. Allowed Transiticns ~Continued

No.| Transition Multiplet AA) Eqem") | Extem™") | & | g |Ar10¥sec™Y)|  fu Stat.u.) log & | Accud{Source
Array racy
S| 3p—-4s tpe2§ 544.13 89181 272961 | 6| 2 74 0.11 1.2 --0.16 C |interp
[544.91] 89446 | 272961 | 4| 2 49 0.11 0.79 | —-0.% C Is
[542.57] 88652 | 272961 | 2| 2 25 0.11 039 | -¢66 | C ls
6| 3d—-4p D -2p° 998.54 204204 304350 |10 | 6 17 0.15 49 0.i8 C interp
[997.64] 204208 30445 | 6| 4 15 0.15 2.9 —0.05 C Is
[1000.4] 204197 304161 | 4| 2 16 0.12 1.6 -0.32 C Is
[997.53] 204197 30445 | 4| 4 1.7 0.025 033 | -1.00 C Is
i
;" 7| 3d—-4f P -2f° 673.90 204204 352595 {10 | 14 97 0.92 20 0.96 | C+/interp
I [673.91] | 204208 | 352595 | 6| 8] 91 0.83 1 070 | c+| &
% [673.86] 204197 | 352595 | 4| 6 88 0.90 8.0 05 | C+ is
¥ [673.91] 204208 352595 | 6| 6 6.3 0.043 0.57 | —-0.59 C+ Is
% 8 3d-5f D2 475.61 204204 414459 |10 | 14 36 0.17 2.7 0.23 C interp
| % [475.62] 204208 | 414459 | 6| 8 35 0.16 1.5 -002 | C Is
b3S [475.60] 204197 414459 | 4, 6 35 0.18 1.1 -0.14 C is
i ¢ [475.62] 204208 414459 | 6| 6 2.4 0.0082 0.077 | —1.31 C Is
i § 9! 3d—-6f D -2 410.07 204204 448062 (10 | 14 17 0.061 0.82 | --0.21 C |interp
(S
f [410.08] | 204208 | 448062 | 6| 8| 17 0.058 047 | -046 | C Is
£ [410.06] 204197 448062 | 4! 6 16 0.061 033 | —0.61 C is
? [410.08] 204208 | 448062 | 6 | 6 1.1 0.0028 0023 | -1.77 | C Is
é 10| 4s—4p :s_pe | 31849 | 272961 | 304350 | 2| 6] 232 | 1.06 22.2 0.326 | C ca
¥
; 3175.16 272961 304445 | 2| 4 2.34 0.71 14.8 0151 | C Is
3204.06 272961 304161 | 2| 2 2.28 0.351 7.4 -0.154 | C Is
5" 11 | 4p—-4d Pe_2p | 24353 304350 | 345401 | 6 {10 1.4 1.1 53 082 | C |interp
: [24408] | 304445 | 345403 (4| 6| 74 | 10 3 0.60 | C Is
1 [2424.3] 304161 | 345398 | 2 | 4 6.4 1.1 18 034 | C Is
bog [2441.1] 304445 | 345398 | 4 | 4 1.2 0.11 3.5 | —-036 | C Is
3 12 | 4p—35s zpo_2§ 1383.3 304350 376639 | 6 | 2 20 0.19 5.2 0.06 C interp
B [1385.2] 304445 376639 | 4! 2 13 0.19 3.5 -0.12 C Is
1 ' (1379.7] | 304161 | 376639 | 2| 2| 66 | 0.19 17 |-042 |C Is
f
o
N
Pwvi
Ground State 1522522p8 1S,
Ionization Potential 290.414 eV =1778250 cm~!
Allowed Transitions
Calculations by Kastner, Omidvar, and Underwood [1], employing Hartree-Fock wavefunc-
tions and including intermediate coupling, are available. Since the calculations are based on a
single-configurstior. approximation only, uncertainties of up to 50 percent are expected for the
strong lines and even higher uncertainties for the weak lines, the latter being more affected by
assumptions about the coupling.
Reference
[1] Kasiner, S. O.. Omidvar, K., and Underwood, J. H.. Asirophys. ). 148, 269-273 (1967),
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P vl. Allowed Transitions
— .______..’, S ei (e e e———
No, Transition Multiplet AA) Eiem ) | Edem ) | g | g} A1 see ) Jin States | log g/ [Aceu-[Source
Array racy
12— 15—
2p¥2P3,)3s [91.471] 0| 1093240 |1 |3 74 0628 | 00084 —1.55| E I
2 | 2pt— 1S~ [90.647] 0| 1103180 (1 |3 490 0.18 0054 | —074| D 1
2p5(*P%1)3s
3 |2p— 1S—
2p%(*P3,)3d [76.534] 0| 1306610 |1 |3 16 0.0042 | 00011 —238| F 1
4 |2pt— 1§ 1P [75.648] 0] 1321910 |1 { 3 4700 1.2 0.30 008 D 1
2p*P3,)3d
5 [2p*— . 1§ _3p°
2p%PY2)3d [74.951] 01 1334210 {1 | 3 670 0.17 0042 | ~-0771 D 1
P vn
Ground State 15225%2p% *P5p
lonization Potential 263.31 eV =2124300 cm-!
Allowed Transitions
The value for the 2522p32P°—252p%*S multiplet is calculated from the nuclear charge-expan-
sion method of Cohen and Dalgarno [1]. It may be quite uncertain since configuration interaction
effects with configurations involving the n=23 shell electrons, which were not included in this
calculation, may be significant.
Reference
{1] Cohen, M., and Dalgarno, A.. Proc. Roy. Soc. London A280, 258-270 (1964).
P vil. Allowed Transitions
— e e — ————.— _.'_'.‘"- pam
No.| Transition Multiplet AMA) Etem ) [Edem ] g g | Al see V) S Statou) | log g/ P Accu-Souree
Array ; Tacy
1] 2s%2p3=2s2p% | =18 2000 2423 4732 6| 2 420 0.10 0.45 -2 D |
1219, ‘)l! 0 $54732 1 4y 2 20 0.10 (.30 =040 D Is
[ZZ‘l 18 7268 4547321 21 2 140 0.10 0.15 -0.701 D Is

i




Pvn

Forbidden Transitions

The line strength for the one transition in the ground state configuration is a straight number,

tabulated for example by Nagvi [1]. The transition probability should also be quite accurate, since
the energy level difference is accurately known.
| Reference
b [1] Naqvi, A. M., Thesis Harvard (1951).
e
Pvil. Forbidden Transitions
f == _—T
Transition Type of Accu-
No. Array Muliiples AA) Ei(em™ ) | Ex(em™') | g | g | Transi- | 4n(sec™') | S(aru.) racy |Suurce
tion
¥ —_—
§ | 2p=2p7 tpe—zpe
i [13755] 0 7268 | 4| 2| m 6.89 1.33 A !
5 |
]
§
f% P viil
i Ground State 15225*2p* P,
{
H lonization Potential 309.26 eV = 2495000 cm !
Allowed Transitions
The values are calculated from the charge-expansion method of Cohen and Dalgarno [1]
which includes limited connguration mixing. From comparisons with other ions in the isoelec-
; tronic sequence. uncertainties should be within 50 percent.
: i Reference
111 Cohen, M.. and Dalgarna. A.. Proc. Roy. Soc. London A280, 258-270 {1964).
'
:

Pvin. Allowed Transitions

L
A = o -
\ ! No Fransition Multiples Ad) Edem ) | Edem Y g | g | At 10 see ) Sk Statn) | log gf | Accu-[Source
Array racy
:' | [2s22p) =2s2p> | P —=3p° 2M47.77 2789 406389 | 9] 9 190 0.18 1.3 021 | D 1
1 247.64 0 403806 | 5] 5 140 0.13 0.54 -0.17| D Is
; 248.04 5757 408913 | 3| 3 49 0.045 0.11 | -087} D Is
f _ 24.55 0 408913 | 51 3 83 0.045 0.18 | —0.65| D Is
i 246.32 5757 411736 | 31 1 190 0.058 0.14 [ -0.761 D Is
i 251.23 5757 403806 { 3| 5 46 0.073 0.18 | --0.66 | D Is
! 249.32 7826 408913 § 1| 3 61 0.17 0.14 -0.77( D Is
2 D-1pe [196.76] 1 [52450]| [560680} 5] 3 310 0.11 0.35 -0.260 | D ]
3 1IS—-1pe [222.371] [110970]] [560680]] 1| 3 46 0.10 0075 | -1.00 | D 1
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Forbidden Transiiions

As in the case of Ma1v the adopted values are taken from Naqyvi (1], and Malville and Berger
[2]. For a discussicn on the selection of values see Nalv. since the same considerations have

been applied.

[1] Nagvi, A. M. Thesis Harvard (1951).
[2] Malville. J. M. and Berger, R. A., Planetary and Space Science 13, 1131-1136 (1965).

References

Pvii.  Forbidden Transitions
Transition Type of Accu-
No. Array Multiplex AA) Ei(ecm™Y) | E(em™) | & | &« | Transi- | Au(sec™') | S(atu.) |racy [Source
tion
1 | 2pt—2p* ap—ap
17365 0 57157 { 5| 3 e 1.09xX10-3| 0.0306 C-- .2
17365 0 5757 {5 | 3 m 4.28 2.49 B 1
12774 0 7826 | 5 11 e 6.8X%10-3 0.0138 C- 2
| 48319 5757 7826 | 3 | 1 m 0.476 1.99 B 1
2 :|P — |D
1906.6 0| [52450] | 5|5 e 0.014 0.0011 D- a2
1906.6 0 52450] 515 m 28.7 0.0369 C 1
2141.0 5757 52450} [ 3 | 5 e 0.0011 1.5x10"Y4 D- #2
2141.0 5757 52450 315 m 6.8 0.0124 C 1
2240.3 7826 52450 ] 11{5 e 4.6X10+ 7.7x10°3 D- 2
3 p—18
901.14] a9 11110970 511 e 0.18 6.3x10-3 D- 2
950.45]1 5737 t110970 311 m 340 0.0108 C 2
4 iD—18
[1708.8] | [52450] [[110970] |5 | 1 e 6.2 0.054 c- 2
P Ix
Ground State 15225%2p* 45312
Ionization Potential 371.6 eV= 2997600 cm™!
Allowed Transitions
List of tabulated lines:
!
Wavelength [A] No. Wavelength [A] No. Wavelength () No.
194.61 3 234.94 7 283.25 1
197.03 3 235.22 7 283.96 8
197.25 3 250.05 2 285.36 .
211.17 6 250.37 2 289.28 g
211.60 6 250.40 2 289.53 1
214.02 6 250.72 2 308.65 9
214.46 6 278.06 4 314.77 9
221.75 5 278.82 4 314.95 9
228.25 5 279.21 4 3.1.33 9
231.69 7 :
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Values for all the listed transitions are calculated from the nuclear charge-expansion method
of Cohen and Dalgarno [1), which includes limited configuration mixing. Judged from graphica)
comparisons with other ions in the isoelectronic sequence and from the general success of Cohen
and Dalgarno’s method for similar atomic systems, uncertainties within 50 percent are indicated.’

Reference

(1} Cohen, M., and Dalgarno, A., Proc. Roy. Soc. London A280, 258-270 (1964).

P ix. Allowed Transitions

T T
No. ransition Multiplet AMA) | Edem ) | Eem™) | & | & | Ai(10 sec) lik Sat.u.) | log &f Accu-‘ Source
Array ' racy| .

1| 25%2p1=252p4 | 4S°—9P 287.07 0| 348350 4 |12 . 56 0.21 078 | —0.08| D 1
289.53 0] 345390 ) 4| 6 54 u.10 039 |{—-040( D Is

285.36 0] 350440 ) 4| 4 57 0.069 026 |{—0.56| D Is

283.25 0| 353050 4| 2 58 0.035 013 |—-085| D— Is

2 D°-2D 250.45 73505 | 472784 |10 (10 130 012 | 098 008 | D 1
250.72] 73730 | 472580 | 6 | 6 120 0.11 055 [ -0.18 [ D Is

250.05 ] 73167 | 473090 | 4| 4 110 0.11 035 |[-036 | D Is

250.40 73730 | 473090 6 | 4 13 0.0079 0.039 | —1.32 | E s

250.37] 73167 | 472580 | 4 | 6 8.4 0.012 0.039 |—1.32 | E Is

3 D°-P 196.35 73505 | 582810 |10 | 6 40 0.15 0.98 018 | D 1
197.25] 73730 | 580710 | 6 | 4 390 0.15 059 |—-0.05|D Is

194.61 73167 { 587010 | 4 | 2 450 0.13 033 |-028 |D Is

197.03 73167 | 580710 | 4 | 4 43 0.025 0.065 |[—1.00 | E Is

4 2p°~2D 278.80 | 114106 | 472784 | 6 [10 20 0.039 021 [—063 (D 1
279.2111 114430 | 472580 | 4 | 6 20 0.035 013 [—085 |D Is

278.06 113457 | 473090 | 2 | 4 16 0.038 0.070 |—1.12 | D Is

278.82 114430 | 473090 | 4 | 4 3.3 0.0038 0014 |—1.82 |E Is

5 Ppo-2§ 228.08 114106 | 552540 | 6 | 2 260 0.069 031 {—-038 |D 1
[228.25 114430 | 552540 | 4 | 2 180 0.070 021 |-055 |D Is

2271.75 113457 | 552540 [ 2 | 2 86 0.067 010 |—087 'D Is

6 tpep 213.35 114106 | 582810 { 6 | 6 130 0.090 038 |-—027 |D 1
214.46 114430 | 580710 | 4 | 4 110 0.074 021 [(-053 |D Is

211.17 113457 | 587010 | 2 | 2 90 0.060 0.084 (—0.92 |D- Is

211.60 114430 | 587010 | 4 | 2 45 0.015 0.042 | — l.?2 D- Is

[214.02;| 113457 | 580710 | 2 | 4 22 0.030 0042 |—1.22 |D- Is

7 | 2s2p*--2p® Ppe 233.87 | 472784 | 900380 |10 | 6 210 0.10 0.78 0.00 |D 1
[234.94]| 472580 | 898220 | 6 | 4 180 0.10 047 |—-022 D Is

231.69)| 473090 | 904700 | 4 | 2 210 0.085 026 |—047 |D Is

235.22) | 473090 | 898220 {4 | 4 20 0.017 0052 |—1.17 ' E Is

8 g 2p° 28749 | 552540 i 900380 | 2 | 6 12 0.045 0.086 |[—1.05 | D 1
289.28)! 552540 | 898220 | 2 ! 4 12 0.030 0057 |—1.22 | D Is

283.96]| 552540 | 904700 | 2 | 2 13 0.016 0029 |--149 ;| D Is

9 tp_2p° 31489 | 582810 | 900380 | 6 | 6 150 0.23 1.4 014 | D 1
314.95]| 580710 | 898220 | 4 | 4 130 0.19 078 |~-0.12 | D Is
314.77]| 587010 | 904700 ; 2 |2 100 0.15 021 |-052|D Is

308.65]| 580710 | 904700 | 4 |2 55 0.039 0.16 {—081 | D— Is
321.33)| 587010 | 898220 {2 | 4 24 0.076 016 |—081 | D- Is
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P ix

Forbidden Transitions
Naqvi's [1] calculations are ike only available source.

Reference
[1} Naqvi. A. M.. Thesis Harvard (1951)

Pi1x. Forbidden Transitions

Transition I I Type of Acen-
No. Array Multiplet AMA) Eilem™") |Eclem ") & & |Transi-| dui{sect) S(at.u.) racy |[Source
tion
. S S
1 {2p%—2p* 1§°=2p° |
i
[1356.3 0 73730 | 4| 6| m 0.0441 245%10 % (-] 1
1356.3 0 73730 { 4| 6 e 0.014 22%x10 1 - 1
1366.7] 0 73167 | 4 4 m 10.9 0.00412 - |
[1366.7] 0 73167 | 41 4 e 0.0083 9.4%x10 " D- |
2 48° —2pe
[881.39] 0 113457 | 4| 2 m 37 0.00288 (.- |
[881.39) 0 113457 | 4| 2 ¢ 7AX101 | 45%x]10 7 D— 1
1873.90] 0 114430 | 4| 4 m 127 0.0126 (.- 1
[873.90) 0 114430 | 4 | 4 e 0.0030 3.6Xx10°% - 1
3 P —2P°
[17.76 X 10°] 73167 737130 1 4| 6 m 0.00193 2.40 B 1
[17.76 X 107} 73167 73730 1 4| 6 I 2,610 ? ] 0.0016 D— 1
4 2[)e —2p°
[2456.3 73730 114430 | 6 | 4 m 173 0.0380 (e |
[2456.3 73730 114430 { 6 | 4 e 0.49 0.10 D 1
[2481.3] 73167 113457 | 4| 2 m 18.5 0.0210 (- |
[2481.3} 73167 V13457 | 4| 2 e 0.40 0.044 D 1
[25]6 4 73730 113457 | 6 | 2 e 0.2> 0.030 D |
$22.7 73167 114430 | 4 | 4 m 32.5 9.069 (e 1
[2422.7] 73167 114430 { 4 | 4 e 0.22 0.043 4] 1
5 2')0_ 2']0
[1(),27 X l()'l 113457 114430 | 2 | 4 m 0.00828 1.33 B |
10 27 X 10} 113457 114430 | 2 | 4 e 26X10 " | 70x10 ¢ D- |
Px
Ground State 15425222 %Py,
{onization Potential 424.3 eV = 3423000 cm-

Allowed Transitions

Most data are obtaiied frem “he charge-expansion method of Cohen and Dalgarno [1] which
includes limited configuration mixing. Graphical comparisons of this material within the iso-
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electronic sequence depicting the dependence of fvalues on nuclear charge have been made,
and the available experimental data for the lower ions, mostly from lifetirne measurements, estab-

lish fairly definitely that the uncertainties should not exceed 50 percent.

Reference

1] Colien. M., and Dalgarno, A., P’roe. Roy. Soc. London A280, 258-270 (1964).

Px. Allowed Transitions

— —
Transition Multiplet IYEY) Eqem Y | Edem Y| g | e |48 sec ) S Statu) | log gf | Aceu-|Source
Array recy
o e .
251202 =2s2pt | AP ="1° 315.42 5897 322937 1 9115 31 0.077 0.72 —0.16 | D+ |
318.26) 8580 3227190 | 5| 7 31 0.065 0.34 -049 { D+ Is
312.87 3390 323010 | 31 5 24 0.058 0.18 —0.76 | D+ Is
| [309.44 O] 323160 | 1] 3 18 0.079 0.080 [-110(D Is
} 318.04 8580 323010 | 51 5 7.6 | 0.011 0.060 {—1.26 | D Is
312.72 3390 323160 | 3| 3 13 0.019 0060 |-124 | D Is
{317.88 8580 323160 | 5| 3 0.84 [ 7.6x104 00040 {—2.4Z2 | E Is
P~ ape
269.48 8580 379660 | 5| 5 58 0.063 0.28 -050 1D b ls
265.77 3390 379660 | 31 5 20 0.035 0093 [—098 ! D-—1| 1. Is
1P~ 38° 206.52 5897 490100 | 91 3 440 0.093 0.57 —-0.08 | D+ I
207.68 8580 490100 | 5| 3 240 0.094 0.32 ~0.33 | D+ Is
205.46 3390 490100 | 3| 3 150 0.094 .19 -0.55 | D+ Is
204.04 0 490100 | 1| 3 50 0.094 0063 | —1.03 | E Is
D-1D° [235.27) 59330 484377 | 5| 5 220 0.19 0.72 —-0.02 (D 1
Dt | [207.57)| 59330 | 541090 | 5] 3 2800 0.1l 037 =026 | D 1
1S—'p° [237.16] | 119430 541090 | 1| 3 76 0.19 0.15 -0.72 | D- 1
P x
Forbidden Transitions
The adopted values represent. as in the case of Navl, the work of Naqvi (1], Malville and
Berzer (2], and Froese [3]. For the sclection of values. the same considerations as for Na vi are
applied, .he one exception being that Froese's magnetic dipole valves are aiso used. Since the
observed energy levels are uncertain, it is fel that the { and 5 calculated from her theoretical
energy levels will be as accurate as the experintental ones.
References
|1] Naqvi. A. M.. Thesis Harvard (195t).
|12] Malville, J. M., and Berger. R. A.. Planetary and Space Science 13, 113t-1136 (1965).
13] Froese, ... Astrophys. J. 145, 932-935 (19661,
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P x. Forkidden Transitions

Transition Type of Acen-
Na. Array Mulsiplet AtA) Eitem V)| Extem ) g | g | Transic | ftsee ') Statu) | racy
fon
- _— -4 —- I | P .
l 2p2_2p2 .'ll)__:ll)
[2949 1 0 3390 | 1|3 m 0.69Y8 1.99 B
11652; 0 8580 11| 5 e 175X 10 * [ 0.0112 «
t 19263 3390 8580 {315 m 1.87 2.48 B
(19203} 3390 8580 {315 e 312x10 *| 0.0247 (8
i P—1D
[1085.5] 0 59330 |1 | 5 e 9.2x10 ¢ 3.7x10 7 D
1787.6 3390 59330 {3 | 5 m 16.8 0.0178 (.
1787.6 3390 59330 | 3| 5 e 0.0034 1.9x10 ¢ D!
1970.4] 8580 59330 | S U5 m 37.3 0.053 N
1970.4} 8580 59330 |5 | 5 ¢ 0.015 0.0013 }}
3 p—1s
861.77 3390 19430 | 3 | 1 m 405 0.0096 «
902.12 580 119430 | 5 | 1 e 0.31 1.1x10 ¢ }}
4 ‘D-1§
[1663.9] 59330 119430 1 5 | 1 e 5.8 0.0437 [
e b -
P x1
Ground State 15%25%2p 2P

128

Ionization Potential

479.4 eV = 3867500 ¢cm!

Allowed Transitions

Values for the majority of the transitions are calculated from the nuclear charge-expansion
method of Cohen and Dalgarno [1]. which includes limited configuration mixing. Graphical com-
parisons with other data for the lower ions of this isoelectronic sequence indicate that the uncer-
tainties should be within 50 percent.

For the 2p 2P°—352S and 2p 2P°—3d *D multiplets we have obtained data by exploiting the
dependence of f-values on nuclear charge: In these cases accurate data for several other ions of
the boron sequence are available from extended self-consistent field calculations by Weiss {2] in
which configuration mixing is fully included. Utilizing those values, which are also supported by
some experimental results on lower ions, we have obtained the f-values of the two transitions
simply by graphical interpolation.

References

1) Cohen, M.. and Dalgarno, A., Proc. Roy. Soc. London AZ80, 258-270 {1964).
12] Weiss. A. W., nrivale communication (1967).
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P x1. Allowed Transitions

z;‘ _—— ==
£] . » g0 g
g No. Transition Muliipler AMA) Eiem ) Edem ) | & | ge| At 10 sec™t) I Stat.u) ! log gf | Accu-|Source
é Array racy
i 1| 2s22p—252p? pe—f 321.83 6467 317190 | 6,10 26 0.068 0.43 -039! D 1
i
] 325.21 9700 317190 | 4| 6| 26 0.061 026 | —061[D Is
315.27 0 317190 | 2| 4| 23 0.067 0.14 —-087, D Is
325.21 9700 317190 | 4] 4| 4.3 0.0068 | 0.029 | ~1.57 | E Is
! 2 pey 251.98 6467 403330 [ 6] 2] 110 0.034 0.17 -0.69| D+ 1
254.05 9700 403330 { 4| 2 68 0.033 0.11 —-0.88 D+ Is
247.94 0 403330 | 2 | 2 38 0.035 0.057 | =115 D Is
3 2pe—2p 236.27 6467 429707 | 6 | 61 200 0.16 0.76 -0.02| D+ 1
§ 236.99 9700 | 431650 | 4 | 4| 160 0.13 042 | -028} D+ s
g 234.84] 0! 425820 | 2| 2} 130 0.11 0.17 | —0.66 | D+ Is
5 240,32 9700 | 425820 | 4| 2] 6l 0.027 0084 | —997 | E Is
f 231.67 0 431650 | 2| 4| 34 0.055 0084 | —096 | E Is
;f_' A2t | pose 265.80 |[183283] [559500) 12 | 4 | 180 0.065 | 068 |-011| D+ 1
: 268.02) |[186400]| [559500]| 6 | 4 | 89 0064 | 038 |—042|D+| s
i 264.41 181300 55950011 4 | 4 63 0.066 0.23 -0.58| D+ Is
262.05 177900 55950011 2 | 4 31 0.064 0.11 -0.89| D+ Is
5(2p=0'S)3s oS 46.134 6467 | 2174060 | 6 | 2 | 2100 0.022 0.020 | —0.88( C interp
[46.203 9700 | 2174060 | 4 | 2 | 1400 0.022 0013 | —-1.06| C Is
4 45.997 0| 2174060 | 2 | 2| 700 0.022 0.0067 | —1.36| D s
6| 2p—08)3d Pe_ip 42.710 6467 | 2347866 | 6 (10 1.4 x 104 0.64 0.54 058 C interp
i | 42.764 9700 | 2348130 | 1 | 6 1.4 x 10* 0.57 0.32 036 C Is
42.599 0) 2347470 {2 | 4 1.2 X 10* 0.64 0.18 on| C Is
42.776 9700 | 2347470 {4 | 4 | 2300 0.064 0036 | —0.59;, D I Is
P x1
Forbidden Transitions
The line strength for the one transition in the ground state configuration is a straight number,
A tabulated for example by Naqvi [1]. The transition probability should also be quite accurate, since
the energy level difference is accurately known.
Reference
[1] Naqvi. A. M., Thesis Harvard (1951).
! P XxI. Forbidden Transitions
i Transition Tvpe of Accu-
. E No. Array Multiplet A(A) Ei{em ) | Extem™) | g | gx| Transi- | Ai(sec') | S(atu.) racy [Source
. tion
1 2p—=1'S)2p 2pe—2pe
[10306] 0 9700 21 4 m 8.1% 1.33 l A | 1
129
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P xn
Ground State 152257 '8¢
lonizatinn Potential 560.3 ¢V = 4520500 ¢m !

Allowed Transitions

Garstang and Shamey [1] have obtained the f:value for the intercombination line 2 'S,—2 3P¢
by calculating the ratio of this line against the resonance transitian in the intermediate coupling
aporoximation and by using for the resonance line a value calculated according ta Cohen and
Dalgarno’s method [2). The data calculated from the charge-expansion methad of Cohen and
Dalgarno [2], which includes fimited configuration mixing, are estimated t» be usually accurate
to 50 percent or better, while the charge-expansion method of Naqvi and Vietar [3] shonld be less
reliable when the effects of configuration interaction are strang. since these are neglected entirely.
In assigning the accnracy estimates for these methods as well as for the Coulomb approximatian
we were 10 a great extent guided by studying the degree of fit of the data into the systemaric trends
along iseelectronic sequences.
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Pxn. Allowed Transitions

No. Transition Muliiplet AA) Eiem Y | Edem Y| g | ga [Aat 10 see 1y I Statuy | log gf {AceniSource
Array racy
1| 25225382 | !S-3P°
[536.51] 0| 186390]] 1! 3| 0008 | 1.1x10 1 20x10 *|-3.96 | D In
2 15—1p° [278.68] 0 358840 1 1| 3¢ 70 0.245 0,225 —0.61 [ 2
3| 2s2p-2p® 1pe—sp
[335.57 19299G]; [490920)) S | 51 43 0.072 0.40 —0.44 D+l 2.¢s
328.30 186390 4909901 3| 5 15 0.040 0.:3 —0.92 D+ 2.4
4 pe—1D [557.57] 358840 538190 | 3 [ 5 13 0.10 0.55 -0.52 D- 2
51282 -2s{383p |'S='P° [37.345] 0| 2677740 | 1 | 2 LIX 1O | 0.66 0.81 —-0.18 E 3
6 | 2s2p—2s(2S;3s | 'P°=1S [#4.045]| 358840 | 2629250 | 3 1 ;850 0.0033 0.0036 - 1.60 E 3
712835 =2s(*S)3p {'S—'P° |{2061.6) 2629250 | 2677740 | 1 3 0.79 0,152 1.03 —0.32 . 3
8 | 2p3s—=2pP0)3p| PP =D | [1407.5] 2876720 | 20477700 ) 3 | 5 2.59 0.128 1.78 -0.416} C cu
9 | 2s3p—25(2S)3d |'P°='D 1{1208.5) 2677740 | 2760490 | 3 | 5 3.28 0.120 1.43 04441 C rd
10 | 2p3p— D-F [1906.9] 2947770 ¢ 3000210 | 5 | 7 0.86 0.065 2.05 —-0.488 | C cu
2ptP°)3d
11 L D-P° {{1568.1] 2947770 | 3011540 | 5 J_: 0,0413 Y.8x10 ) .0253 =2.310| C ra
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P xn
Forbidden Transitions
Naqvi's caleulations [1{ are the only available source. The resnlts for the *P°—*P° transitions
are essentially independent of the choice of the interaction parameters. For the *P°—'P° transi-
tions. Naqvi uses empirical term intervals, i.e.. the effects of configuration interaction should be
partially included.
3 Reference
g [1] Nagqvi. A. M.. Thesis Harvard (1951).
}
5
¥
i P xn. Forbidden Transitions
g
: Transition . Type of Accu-
: Na. Array Multiplet AlA) Eilem Y) 1Eg(em™t) | g | i | Transi- | Ayi(sec™!) S(at.n.) | racy |Source
: tisn
. -
1| 2s2p—2si*S2p AP —#P° I
(31242] [183190]; [165390](1 | 3 m 0.590 2.00 B 1
[15147] (186390]| [192990][3 | 5| m 3.88 2.50 A 1
! 2 Z‘l)o_ ll’o
[569.31] [183190]] 358840 | 1 { 3 m 77 0.00158 C 1
[579.88] [186390]| 358840 | 3 | 3 m 1940 0.0421 G 1
{ [602.95] [192990]! 358840 | 5 | 3 m 81 0.00197 C 1
; P x111
A
Grannd State 15%25 28112
Tonization Potential 611.45 eV = 4933060 cm-!
ik Allowed Transitions
Fur the transitiom 2s—2p. the charge-expansion calculation of Cohen and Dalgarne [1} is
vhosen. An uncertainty of less than 10 percent is indicated froin the graphical comparison of
: this value with the other material fur the same transition within the isoelectronic sequence. Data
fur the other listed transitions have been obtained from the Coulomb approximation. Plots of the
dependence of fovalue on nuclear charge for all these transitions have been made and show that
this material connects up very smoothly with the data for the lower ions as well as with the hydr«
; genic value for infinite nuclear charge. Based on this impressive agreement, accuracies of 10
; percent for 25 percent for some of the smalier values) are indicated.
Reference
T C:hen, M., and Dalgarno, A.. Proc. Roy. Soc. London A280, 258-270 (1964).
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P xi1. Allowed Transitions

No. Transition | Multiplet AA) Eitem Y| Edem )| @ | g | 410 sec V) Jix Stat.u)) | log gf' JAcen|Souice
Array racy
1{2s=2p g —2pe 464.24 0 205407 | 2| 6 ' 10.4 0.100 0.307 -0.699 B 1

[456. 10] 0 219250 | 2 | 4 10.9 0.0683 0.205 -0.865] B Iy
481 .42 0 207720 | 2 | 2 9,26 0.0322 0.102 -1.91| B Is
2125—3p :§ 2p° 35.110 0 2848230 | 2 | 6 |6180 0.343 0.0792 | =0.164| B e
[35.086 0} 2850150 | 2 [ 4 {6190 0.229 0.0528 | —0.339| B Is
35.157 0! 2844390 | 2 | 2 16150 0.114 0.026% | =0.642] B Is
3{2p-3s pe_12§ 38.767 215407 | 2794900 | 6 | 2 {2610 0.0196 0.0150 | =0.930| B ca
[38.825 219250 | 2794900 | 4 | 2 11730 0.0196 0.0106 | —1.106| B Is
38.652 207720 | 2794900 | 2 | 2 | 877 0.0196 0.005001 --1.407| B Is
4|2p-3d pe—-:p 37.655 | 215407 | 2871076 | 6 |10 |1.90 % 10¢ 0.675 0.502 0.607| B cu
37.702 219250 | 2871620 | 4 1 6 {1.90x 104 0.606 0.301 0.385 B Is
37.558 207720 | 2870260 | 2 1 4 |1.60x10¢ 0.675 0.167 0130 B Is
37.721 219250 | 2870260 | 4 | 4 (3160 0.0674 0.0335 | —=0.569( B Is
5|3s-3p 2§ —-2p° 1875.1 2794900 | 2848230 | 2 | 6 .953 0.151 1.86 -0.520] B ca
[1810.0] 2794900 | 2850150 t 2 | 4 1.06 0.104 1.24 -0.682| B Is
2020.0 2794900 | 2844390 | 2 | 2 0.762 0.0466 0620 | —-1.031| B Is
613p-3d 2pe_zp 4375.9 2848230 1 2871076 | 6 (10 0.0583 0.0279 2.41 -0.77161 B ru
4656.4 2850150 § 2871620 ; 4 | 6 0.0485 0.0236 1.45 -1.025| B Is
3864.4 2844390 | 2870260 | 2 | 4 0.0705 0.0316 0.803 -1.199| B Is
4971.3 2850150 | 2870260 | 4 | 4 0.00664 0.00246 | 0.161 =207 B 's
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SULFUR
S

Ground State 1522522p®3s23p* 3P,
Ionization Potential 10.357 eV =83559.3 cm~!

Allowed Transitions

List of tabulated lines:

Wavelength [4] No. Wavelength [A] No. Wavelength [4) No.
1277.3 10 1474.39 7 7696.73 32
1283.8 10 1474.57 7 8449.54 33
1286.7 10 1483.04 7 8451.55 33
1295.66 9 1483.23 7 8452.14 33
1296.17 9 1485.61 3 8670.19 29
1302.34 9 1487.15 7 8670.65 29
1302.87 9 1666.69 13 8671.37 29
1303.11 9 1687.49 2 8679.00 29
1303.42 22 1706.38 12 8679.70 P8
1305.89 9 1706.9, 12 8680.47 29
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