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Foreword

The Journal of Physical and Chemical Reference Data is published jointly by the
American Institute of Physics and the American Chemical Society for the National
Institute of Standards and Technology (NIST). Its objective is to provide critically evalu-
ated physical and chemical property data, fully documented as to the original sources and
the criteria used for evaluation. One of the principal sources of material for the journal is
the NIST Standard Reference Data Program, a program promoting the compilation and
critical evaluation of property data.

The regular issues of the Journal of Physical and Chemical Reference Data are
published bimonthly and contain compilations and critical data reviews of moderate
length. Longer works, volumes of collected tables, and other material unsuited to a
periodical format have previously been published as Supplements to the Journal. Begin-
ning in 1989 the generic title of these works has been changed to Monograph, which
reflects their character as independent publications. This volume, ‘‘Atomic Transition
Probabilities of Carbon, Nitrogen, and Oxygen — A Critical Data Compilation’’ by W. L.
Wiese, J. R. Fuhr, and T. M. Deters is presented as Monograph No. 7 of the Journal of
Physical and Chemical Reference Data.

Jean W. Gallagher, Editor
Journal of Physical and Chemical Reference Data
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Prologue

In our previous tabulation of atomic transition probabilities for these elements,’ which
was published about 30 years ago, we made extensive use of the simple semi-empirical
Coulomb Approximation by Bates and Damgaard? to supplement rather sparse data avail-
able at that time. We greatly appreciated having this valuable source available to us, and
we expressed our gratitude in the following way:

If there is no other data source

Use the Coulomb Approximation, of course.
The results should be certainly fine

For any moderately or highly excited line.*

For this second compilation, the much more sophisticated theoretical approach of the
Opacity Project™ has provided the very large majority of data. It is thus only fitting to
express our appreciation similarly:

We have used a near limitless data source,
It is the Opacity Project, of course.

Its results are certainly fine

For most any LS-coupled line.

*Presented in the introduction to F 11 of Ref. 1.

W. L. Wiese
J. R. Fuhr
T. M. Deters
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Atomic Transition Probabilities
of Carbon, Nitrogen, and Oxygen

A Critical Data Compilation

W. L. Wiese, J. R. Fuhr, and T. M. Deters
National Institute of Standards and Technology, Gaithersburg, Maryland 20899-0001

Atomic transition probabilities have been critically compiled for about 13 000 spectral
lines of the three elements carbon, nitrogen, and oxygen (nuclear charges Z = 6—8), based
on all available theoretical and experimental literature sources. All stages of ionization are
covered, and the data are presented in separate tables for each element and ion. Separate
listings are given for allowed (electric dipole) and forbidden (magnetic dipole and quadru-
pole, electric quadrupole) transitions. Each data table is arranged as a multiplet table, i.e.,
the spectral lines are grouped in multiplets, and these are arranged in terms of ascending
lower and upper excitation energies. This arrangement is essentially equivalent to a
grouping of multiplets into transition arrays and their ordering in terms of ascending
quantum numbers. For each line, the transition probability for spontaneous emission A, the
oscillator strength (or f-value), and the line strength S are given, along with the spectro-
scopic designation, the wavelength, the statistical weights, and the energy levels of the
upper and lower states. For allowed lines the absorption oscillator strength is listed, while
for forbidden transitions the type of transition is identified. In addition, the estimated
uncertainty and the source are indicated. In short introductions which precede the tables
for each ion, the main justifications for the choice of the adopted data and for the accuracy
ratings are discussed. A general introduction contains a discussion of our method of
evaluation and the principal criteria for our judgements.

Key words: allowed and forbidden transitions; atomic ions; carbon; f-values; line strengths; nitrogen; oscillator
strengths; oxygen; stage of ionization; transition probabilities.
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ATOMIC TRANSITION PROBABILITIES OF CARBON, NITROGEN, AND OXYGEN 5

1. Background

This is the first part of a new effort to update, revise and
expand the reference data tables on atomic transition proba-
bilities® for the light elements hydrogen through neon which
were published by the National Bureau of Standards (NBS)
almost 30 years ago.' This new tabulation has been under-
taken mainly because a vast amount of new, high-quality
material has become available during the last few years, pri-
marily from sophisticated atomic structure calculations. Since
this material is so extensive, the new tables will have to be
published in two parts. This first part contains all spectra of
the elements carbon, nitrogen, and oxygen. A second part
containing the spectra of hydrogen, helium, lithium, beryl-
lium, boron, fluorine and neon will follow soon.

A key event has been the large-scale production of new
data by members of the Opacity Project,>” an international
collaboration of about 20 atomic structure theoreticians under
the leadership of M. Seaton, during the late 1980s and early
1990s. This project has produced about 10° multiplet f-values
for the spectra of the light elements hydrogen through neon.
The calculations were done with an advanced quantum me-
chanical approach in which the critical issue of the mutual
interaction of the atomic electrons—the ‘‘electron correla-
tion’’ problem—has been given detailed treatment. Another
important development has been the similarly sophisticated,
but less extensive, calculational work of A. Hibbert and co-
workers with the CIV 3 code, addressed to some neutral,
singly and doubly ionized spectra of carbon, nitrogen and
oxygen.'" These calculations are more detailed than those of
the Opacity Project insofar as data have been calculated not
only for multiplets but for individual spectral lines. Again, the
critical problem of electron correlation was addressed with a
detailed configuration interaction treatment.

Based mainly on comparisons with experimental data, it
has been estimated that the uncertainties of these two theoret-
ical approaches should be typically of the order of =10%. But
there is a lack of experimental data which are accurate enough
to sensitively test the calculated results. Some emission mea-
surements of relative transition probabilities exist, with uncer-
tainties estimated to be in the range from 5 to 10%. There are
also some lifetime measurements available—with uncertain-
ties in the 3 to 10% range—which have either been utilized
directly for comparisons of resonance lines, or have been
combined with the emission data to provide absolute f-values
that are entirely based on experiments. Nevertheless, the issue
of the accuracy of theoretical data is still not satisfactorily
settled, especially for the neutral spectra of carbon and
nitrogen.

*Throughout these tables, we will use the terms atomic transition probability,
oscillator strength (f-value) and line strength on an interchangeable basis,
since these are equivalent quantities.

2. Brief Discussion of the
Principal Data Sources

2.1. General Remarks

Since the publication of our earlier volume,' our knowledge
of atomic transition probabilities for light elements has
broadly advanced, due mainly to the above-mentioned impor-
tant theoretical developments. As a result of this work, the
volume of reliable data has increased more than tenfold,
and the data quality has typically increased by factors of
about 2-5.

The sources selected for these tables are totally different
from those utilized in our earlier tabulation. It is therefore
appropriate to briefly review the principal contributions and
to provide references to papers where they are more exten-
sively described and reviewed. But first some general remarks
are in order on the theoretical approaches, which provide
almost all of the tabulated data.

It has long been recognized that in many-electron atoms
and ions, the mutual interactions between the atomic elec-
trons—also known as electron correlation—is the most criti-
cal factor for the accurate calculation of transition probabili-
ties.'®!” Because of this interaction, the wavefunction of an
atomic level usually cannot be accurately described by that of
a single configuration. Thus, recent atomic structure calcula-
tions—including those from our two main data sources (OP
and CIV 3)— have usually been carried out in a multiconfig-
urational framework. These calculations approximate the
wavefunction of an atomic state by a linear combination of
wavefunctions of this and related states of the same total
quantum numbers L and S and of the same parity. In essence,
each state of a complex atom or ion is no longer thought of as
resulting from a specific single configuration, but as consist-
ing of a mixture of configurations — usually a dominant one
plus admixtures of related configurations. For example, the
ground term of a Be-like ion, usually designated as 25> 'S, is
actually better described as

a25%'S +a;2p* 'S + a;253s 'S + other configurations of even parity

which form a 'S state, with the a;’s being the mixing coeffi-
cients. This multiconfiguration treatment has been shown to
be very successful in reproducing accurate experimental level
energies if it is sufficiently detailed, i.e., if it includes a large
number of possible interacting configurations.

Multiconfiguration or configuration-interaction approaches
do not provide estimates of the uncertainties of the calculated
transition probabilities. The quality of the calculations may,
however, be realistically judged (a) from comparisons with
accurate experimental lifetime and emission data, (b) from
convergence studies, in which the change in the A-value is
studied as more configurations are gradually added, and (c)
from the degree of agreement between the results in the
““dipole length”’ and “‘dipole velocity’’ formulations, which
are often both presented. (Good agreement is a necessary, but
not sufficient, condition.)

J. Phys. Chem. Ref. Data, Monograph 7



6 WIESE, FUHR, AND DETERS

Data comparisons show that extensive configuration
interaction calculations, which include at least 10, but prefer-
ably 100 and more interacting configurations, are needed for
neutral C, N, and O and their lower, also relatively complex
ions to produce accurate theoretical f-value data. Conse-
quently, we have based our tabulated data only on calcula-
tions with extensive configuration interaction treatments and
have not considered other, less detailed theoretical material.

Nevertheless, for some multiplets of neutral carbon and
nitrogen, sizeable differences remain even between these
multiconfiguration results and accurate experimental data.
More experimental comparison material, especially on transi-
tions between higher levels, is needed to assess the theoretical
data in a more systematic manner.

2.2. The Opacity Project

The large majority of the tabulated data for allowed or
electric dipole (E1) transitions—we estimate 90%—is either
based exclusively on or involves the results of the Opacity
Project (OP). This project is an international theoretical col-
laboration which was formed in 1984 under the leadership of
M. Seaton and is now completed. It has involved about 20
participating atomic structure theoreticians from research
groups in the United Kingdom, France, Germany, the United
States and Venezuela.

The principal work of this project has been the mass
production of atomic data by sophisticated ab initio atomic
structure calculations. Detailed descriptions of this approach
as well as selected results have been presented in a series of
papers entitled ‘‘Atomic Data for Opacity Calculations’” in
the Journal of Physics B starting in late 1987.>° These refer-
ences [3-9] represent papers which are specifically concerned
with the spectra of C, N and O in various stages of ionization.
In addition to atomic transition probabilities, energy levels
and photoionization and collision cross sections have been
calculated, too. We were fortunate to obtain a complete set of
the OP multiplet data for atomic line strengths from A. Prad-
han of Ohio State University, a member of the Opacity team,
who keeps a comprehensive depository of Opacity data for
North America. At this point, we would like to acknowledge
our deep gratitude to him for his invaluable help. The timely
appearance of this book owes indeed much to his kindness.
We also thank the other members of the Opacity team for their
cooperation and especially M. Seaton for his numerous
suggestions.

We should also note that the Opacity team has published a
book'® which contains their transition probability data plus
selected results on photo-ionization cross-sections, etc. This
book includes some data on very weak as well as on some
far-infrared transitions, mostly between fairly high quantum
numbers, which we have omitted.

The Opacity approach differs from the normal configura-
tion-interaction type atomic structure calculations insofar as it
is based on an approximation which is usually applied to
calculate electron-ion or electron-atom collision data—the
close coupling (CC) approximation. For the calculation of
oscillator strengths of discrete transitions, this method has
been extended to the case of electrons with negative energies,
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i.e.,, to captured electrons which undergo bound-bound
transitions in the field of a target ion with » electrons. Thus
the wavefunction for some state of an atomic ion (or atom)
with n + 1 electrons is constructed from that of a system
consisting of a ‘‘target’’ ion with n electrons plus an addi-
tional electron in its field bound to the ion. Considerable
effort has been devoted to obtaining accurate target ion repre-
sentations using the configuration interaction codes CIV 3"
or Superstructure (SS).” The numerical approach used to
solve the close-coupling integro-differential equations is
based on an R-matrix method developed by some members of
the OP team.’ It is important to note that in the OP calcula-
tions only multiplet data were obtained, and it was not at-
tempted to produce data for individual spectral lines. Since
LS-coupling is normally a good approximation for the light
atoms and ions which have been calculated by the OP team,
line data may be obtained from the well-known LS-coupling
line strength fractions.'”?!

2.3. The CIV 3 Code

Extensive configuration interaction calculations with the
CIV 3 code (CIV 3 = Configuration Interaction code Ver-
sion 3) performed by Hibbert et al.'>"* for C1,N 1, and O 1, as
well as for N11, O 11, and N 111, have also yielded fairly large
sets of data. While these are appreciably smaller than the OP
calculations, they still comprise typically a few hundred lines
per spectrum. These calculations are more detailed than the
OP work insofar as not only multiplet but also individual line
data are calculated. This has been done by including in the
Hamiltonian the Breit-Pauli type relativistic terms in addition
to the usual nonrelativistic electrostatic interactions. Thus the
line data are produced in intermediate coupling and intersys-
tem line strengths are also obtained. The normally rather weak
intersystem lines are more difficult to calculate, as compari-
sons with the few available experimental data show (Table 1).
Large differences are observed especially between the exper-
iments and the CIV 3 calculations for C1 and N1 lines. In
those cases, we have selected the experimental data since
these have been measured at levels of accuracy similar to
LS-allowed lines.

2.4. Other Multiconfiguration Calculations
and Calculations of Forbidden Lines

Much more limited data sets resulting from other multi-
configuration calculations of approximately equal — or in
some cases even greater — sophistication have also been used
when available. We have especially utilized works by Froese
Fischer, Nussbaumer, Weiss, and their colleagues, which are
referenced in the introductory comments to the various spec-
tra. We have also used calculations of this type for forbidden
lines, i.e. magnetic dipole (M1) and electric and magnetic
quadrupole (E2 and M2) transitions.

Under LS-coupling conditions, magnetic dipole radiation
takes place only between the fine structure levels of the same
spectroscopic term. These non-relativistic M1 line strengths
Sw may be calculated explicitly, and Pasternak? and
Shortley* provided the following formulas:
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TABLE 1. Comparisons of experimental and theoretical results for the line strengths of intersystem lines.

Spectrum Transition Wavelength Experiment Estim. Theory Selected
A) Uncert.' Data®

Ci 2p2°P - 2p3d°F° 1279.23 7.96—02° *+25% 6.71-02° Expt.
1279.06 9.29-03* +25% 1.63—02° Expt.

1279.50 4.19-03° +28% 9.59—03° Expt.

'D - F 1470.09 1.65—02° +25% 1.36—-02° Aver.

'D - ‘D° 1467.88 1.42-02° +25% 5.04—03° Expt.

1468.41 1.83-02° +25% 1.53-02° Expt.

N1 2s2p* °S° — 25%2p*(°P)3d °F 954.104 8.48—02° +50% 1.96-03" Expt.
‘S — ‘D 952.303 2.35-02° *+14% 5.03—02 Expt.

952.415 2.13-02° +12% 5.38—02" Expt.

952.523 7.53-03° +20% 2.32-02" Expt.

2s2p* P° — 25%2p’(’P)3d °F 1316.29 9.62—03¢ *+40% 1.09—02" Expt.

25s2pCP)3p ‘D° — 252p*(P)3d 'F 9997.73 3.63+00° +14% 1.63+00f Expt.

10017.8 6.73+00° +14% 1.25+00f Expt.

9947.07 4.20+00° +14% 2.05+00° Expt.

9980.42 2.39+00° +14% 1.63+00' Expt.

25s2p*CP)3p ‘P° — 25%2p*CP)3d 'F 10730.5 3.77+00° +14% 5.87-01" Expt.

Cn 2s%2p P° — 252p ‘P 2325.40 1.91-06¢ *+14% 2.01-06" Aver.
Cm 2s2'S — 252p P° 1908.73 1.25—06' *+6% 1.10-06 Aver.
N1 2s22p? P — 252p3°8° 2139.01 1.32—06"™ +10% 1.13-06"° Expt.
2142.77 3.05-06%\™ *10% 2.67—06™° Expt.

2p3s°P° - 2p3p'P 6379.62 2.35+00 *15% 1.54+00° Expt.

- 'D 3955.85 2.08+00 *+12% 1.97+00° Aver.

- 'S 3408.13 4.71-01* *15% 3.93-01° Aver.

' - D 5747.30 1.73+00% *12% 1.63+00° Aver.

5761.45 6.79—-01% +15% 7.28-01° Aver.

PP - 5073.59 5.11-01% *15% 4.90-01° Aver,

- P 4654.53 5.93-01* *12% 5.33-01° Aver.

4667.21 4.52—01* *+15% 3.75-01° Aver.

467491 5.10—01% +15% 472-01° Aver.

Nm 2s%2p P — 252p* P 1749.67 4.89—-06° *+14% 2.80—06" Expt.

'Expanded uncertainties, i.e., twice the combined standard uncertainties from both random and systematic effects, are given for the experiments whenever it

was possible to derive these from the literature data.

Z¢Aver.” indicates that the average of the cited experimental and theoretical data has been selected for the tables.
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8 WIESE, FUHR, AND DETERS

Swi (SLJ, SLJ)=(2ZJ + ) [S(S+1) —L(L+1)
+3J+ DI I+ D]

and
Swi (SLI,SLT = 1)=[J* = (L — S ] [(S+ L+ 1) = J* (4))"".

(The latter formula also applies to the case of Sy, (SLJ + 1,
SLJ) = Smi (SLJ, SLJ + 1) since Sy, is a symmetric quantity.)

Since the spectra of carbon, nitrogen and oxygen are
always quite close to LS-coupling (as is evident from the line
strengths of intersystem lines which are often smaller by
several orders of magnitude (see Table 1)), we have used
these formulas to obtain the strengths of M1 lines when they
were not explicitly given. We have also calculated the A-
values from Sy, using experimental wavelengths. Froese Fis-
cher and Saha® have tested these formulas and published a
comparison of line strengths for the °P; — P, M1 fine struc-
ture transitions of carbon-like ions. They found that relativis-
tic effects causing departures from the LS-coupling value of
2.50 start to become noticeable only for ions of charge states
of about ten and higher.

2.5. Emission Experiments

The emission experiments utilized here were mostly per-
formed with wall-stabilized arcs. These are moderate-to-high
density sources operating in a steady-state mode under highly
reproducible, well controlled conditions?* %, In optically thin
conditions, the observed local emission intensities of the spec-
tral lines are directly proportional to their atomic transition
probabilities. However, the line intensities are also propor-
tional to the number densities (state populations) of the radiat-
ing atoms or ions, and this density determination represents
the principal problem of this method. Actually, in many re-
cent emission experiments—and in all of those utilized
here—the determination of excited-state densities is partially
avoided by measuring transition probabilities on a relative
scale only.

Direct measurements of the ratios of transition probabilities
without any plasma analysis could be carried out for cases
where two or more spectral lines are emitted from the same
upper atomic state since the state density cancels out. These
so-called ‘‘branching ratio’’ measurements have been done
accurately with photoelectric techniques and advanced radio-
metric standards—the latter being necessary to compare line
signals from different positions in the spectrum. The relative
emission data were then normalized with lifetime measure-
ments to obtain absolute values.

Emission measurements could be extended to groups of
lines”? with similar excitation energies when the plasma
source was of moderate or high density and when the plasma
temperatures could be determined accurately. In such plas-
mas, the populations of excited states follow a Boltzmann
distribution, and these Boltzmann factors depend on the tem-
perature only. The plasma temperature measurement thus
connects all line intensity data—which are still on a relative
scale. As in the branching-ratio method, normalization of the
data to an absolute scale has been done via some other
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method, usually using lifetime results. For several spectra of
this tabulation such normalizations have been carried out (see,
e.g., Refs. 26 and 27).

Even as relative values, emission data have been quite
valuable for this compilation. They have produced informa-
tion on a variety of transitions on a uniform scale, have
yielded accurate results for individual spectral lines and thus
have provided reliable experimental information on the spec-
troscopic coupling scheme. This has been very important here
because the primary source of data, the Opacity Project, pro-
vides only multiplet data. In order to obtain the always tabu-
lated individual line data, we have utilized LS-coupling frac-
tions,”! since LS-coupling is normally an excellent
assumption for the spectra of light elements.'” The emission
measurements have provided valuable guidance for assessing
its validity—or sometimes the degree of departure from it—
for principal transitions in the various spectra (see, e.g.,
Ref. 28).

Relative emission measurements can be quite accurate,
with uncertainties typically being =5% or less for lines that
are emitted from an optically thin plasma layer (i.e., without
self-absorption). Somewhat larger uncertainties are encoun-
tered for weak lines which do not rise far above the continuum
background or for cases where lines partially overlap. Also, in
rare cases, unrecognized impurity lines may produce some
distortion, leading to an increase in a measured line intensity.
However, this possibility is remote here, since the C, N, and
O spectra are among the best known, and the spectra of gas
admixtures, i.e., usually noble gases used as buffer gases, are
equally well known.

2.6. Lifetime Measurements

A number of measurements of mean radiative lifetimes of
excited atomic states have been performed for neutral C, N,
and O as well as for many of their ions. The two main ap-
proaches for lifetime measurements are delay-time and beam
measurements.” In a typical delay-time measurement, atoms
or atomic ions are generated in a gas cell or discharge and are
excited by electrons or photons. The delayed fluorescence
signals are then counted on a time-resolved basis and are
analyzed in terms of an exponential decay which yields a
mean decay- or life-time. In the second approach, fast ion
beams pass through a foil (foil excitation of beam-foil spec-
troscopy experiments) or are crossed with tunable lasers for
excitation. In both cases the subsequent spontaneous emission
of the fast ion beam is observed and analyzed as above. In
earlier lifetime measurements, the experimental technology
was not yet available to excite the atomic or ionic levels in a
selective manner. Thus, numerous levels were excited simul-
taneously, and electrons cascaded from higher levels to the
level to be studied, thereby repopulating it at the same time as
it was depopulated.

The advent of tunable lasers has made possible the selec-
tive excitation of specific atomic levels, so that lifetime mea-
surements can be made cascade-free. For the spectra of this
tabulation, both the beam-laser and the delay-time approaches
have been applied by several research teams.
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3. Data Assessment

The central issue of a critical data compilation is the
uniform critical assessment of the data, since this provides the
basis for the data selection and the assignment of the numer-
ical accuracies.

3.1. Main Criteria

All data have been reviewed by us with respect to the
following four main criteria:

1. the author’s evaluation and numerical estimate of his/her
uncertainties,

2. the degree of agreement on his/her results with other
reliable data,

3. the author’s consideration of the critical factors affecting
his/her results,

4. the degree of fit of his/her results into established sys-
tematic trends, or the reasons for possible deviations.

As indicated earlier, uncertainty estimates for calculated
data are generally provided only on the basis of comparisons
with experimental results from lifetime and emission mea-
surements. Also, the agreement of results between the
““dipole length’’ and ‘‘dipole velocity’’ representations has
been utilized as an indicator of accuracy. Uncertainty esti-
mates are usually given in a global fashion, lumping together
all treated transitions, or at least certain classes of transitions.
These estimates therefore have the character of a typical un-
certainty for a reasonably strong transition.

The authors of the selected experimental papers have
usually made detailed evaluations of the various sources of
uncertainties in their measurements. Experimental uncertainty
estimates have been given individually for each measured line
strength or lifetime, and as a rule represent assessments of
both measurement and systematic uncertainties. Measurement
errors typically have been obtained by performing measure-
ments repeatedly under the same conditions and by applying
error statistics. Systematic errors have been estimated by con-
sidering the effects of approximations and limitations in the
applied techniques, models and assumptions. Individual stan-
dard uncertainties have been combined using the usual
method of ‘‘root-sum-of-squares.”’ Finally, we established,
whenever possible, ‘‘expanded uncertainties’” of twice the
standard deviations in order to obtain a uniform level of
confidence of approximately 95% for the interval in which the
experimental data should lie.

We found on occasion that discussions of experimental
uncertainties by the authors have been incomplete. For exam-
ple, sometimes not all sources of systematic error were
addressed, or it was not clarified whether the stated measure-
ment uncertainties represent a one-standard or multiple-stan-
dard deviations. Also, we noticed a tendency to underestimate
experimental uncertainties, since on several occasions the dif-
ferences between the results of various measurements were
appreciably outside the mutually estimated uncertainties.

We have checked the second criterion—the degree of
agreement among different data sets—for all lines. When
larger disagreements are encountered we analyze such
situations in detail. Especially interesting cases of agreements

or disagreements are mentioned in the introductory comments
of the pertinent spectra. In some instances we present graphi-
cal data comparisons.

3.2. The Critical Factors for the Determination of
Atomic Transition Probabilities

The third point we have listed among our criteria is the
author’s consideration and treatment of the *‘critical factors’’
in his’her method. These are the factors that strongly affect
the results. We require that these critical factors are ade-
quately addressed and taken into account for any paper to be
included in this compilation of reference data. This is the most
important criterion by which we judge each contribution.

1. Theoretical Methods: As noted earlier, theoretical ap-
proaches have provided the large majority of the data for this
compilation. The most important critical factor for calculated
data is the electron correlation problem which must be taken
into account by a detailed treatment of configuration interac-
tion. It has been shown many times (a) by comparisons with
experimental results, (b) by convergence studies in the calcu-
lations, i.e., by the inclusion of more and more interacting
configurations, and (c) by the agreement, or lack thereof, of
results in the dipole-length and dipole-velocity representa-
tions, that extensive treatments of configuration interaction
are necessary in order to obtain reliable results for most
atomic systems compiled here. Especially for the neutral
atoms of this compilation, the number of interacting configu-
rations to be considered for the lower atomic states must be in
the tens, even in the hundreds, in order to obtain reliable
results. We have therefore utilized only calculations which are
based on extensive configuration interaction treatments. For a
number of transitions in C1 and N I, even these approxima-
tions do not appear to be adequate. In N I, because of close
coincidences of the energies for the levels nd P, ‘P and
(n+1)s?P,*Pforn=3,4,5, ... and also for the levels 2s2p*
“P and 3s °P, configuration interaction effects are very pro-
nounced so that even the most sophisticated calculations
available exhibit strong disagreements for transitions starting
or ending in these levels. Similar coincidences in energy level
positions—and thus similar problems—occur for the (n+1)s
'P, °P and nd 'P, °P levels of C1(n =3, 4, 5...).

For the determination of the strengths of individual lines,
another critical factor for calculated data is the detailed con-
sideration and treatment of the spectroscopic coupling. Again
the two neutral spectra of C1 and N1 are most sensitively
affected. Recent experiments have shown considerable depar-
tures from LS-coupling, which is usually considered to be an
excellent approximation for light-element spectra. Some theo-
rists have addressed the coupling problem and have calculated
individual line strengths in intermediate coupling. However,
these calculations often yield greater deviations from LS-cou-
pling than emission experiments indicate, e.g., as discussed in
the introduction to N 1. The Opacity Project is restricted to
multiplet data, however, and where it is the only data source

- we have applied LS coupling fractions to obtain individual

line data. The experiments show that the stronger lines in multi-
plets depart much less from LS coupling than the weaker lines.

J. Phys. Chem. Ref. Data, Monograph 7
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Before leaving the subject of calculated data, we would like
to note that we have always used line strengths as the primary
data and have converted these to A- and f-values by applying
experimental wavelengths (energy differences), since these
are much more precise than calculated ones. Some authors
have used calculated wavelengths to obtain fully theoretical
A-values. In these cases, we have reconverted their A -values
to line strengths using their calculated wavelengths and have
then, as usual, done all our conversions with experimental
wavelength data.

2. Emission Measurements: For accurate measurements of
branching ratios with emission sources, two critical factors
must be considered:

(a) The lines must be emitted from an optically thin layer,
i.e. self-absorption must be absent. For approximately homo-
geneous plasma layers, small amounts of self-absorption are
also acceptable, provided the optical depth of the observed
layer can be reliably determined, so that an accurate correc-
tion may be made.

(b) Radiometric calibrations of the line signals at various
wavelengths must be done with accurate standards such as
tungsten strip lamps, to take into account variations in sensi-
tivity of the spectroscopic instrumentation with wavelength.

In emission measurements of relative oscillator strengths
within a spectrum, the relative populations of ions or atoms in
various excited states must also be accurately known (except,
of course, when the upper level of the different transitions is
the same). For emission sources (plasmas) in partial local
thermodynamic equilibrium (LTE), the populations of excited
states are distributed according to the Boltzmann population
factors.” According to well-established validity criteria, par-
tial LTE is readily attained in moderate and high density
plasmas, i.e. for electron densities above a certain minimum
value. The density of free electrons thus needs to be deter-
mined. In addition, the plasma temperature enters into the
Boltzmann factors and must be reliably measured.

The emission experiments utilized for these tables were
mostly carried out with wall-stabilized arcs, and the measured
plasma conditions were such that partial LTE existed. Often,
the electron densities were higher than the required minimum
value by several orders of magnitude. Many of the emission
results were given on absolute scales, which were provided by
accurate lifetime data. Emission data are available mainly for
the spectra of neutral and singly ionized atoms.

3. Lifetime Measurements: In lifetime experiments, critical
factors include radiative cascading, radiative imprisonment,
and collisional changes of level populations. Unrecognized
line blending, e.g. with impurity lines, may also be a critical
factor. Radiative imprisonment and collisional effects have
been readily taken into account by varying, and especially by
reducing, the number density of atoms in the measurement
cell and by extrapolating to zero density. Radiative cascading
could usually not be avoided in earlier lifetime measurement
techniques such as phase-shift, electron beam, and beam-foil
experiments, because the excitation of atomic levels was non-
selective. Thus, numerous levels got excited simultaneously,
and electrons cascaded from higher levels to the level to be
studied, thereby repopulating it at the same time as it was
being depopulated. These cascading effects tend to lengthen
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the radiative lifetime and are often apparent in the resulting
radiative decay curves, which do not appear as single expo-
nential decays, but as superpositions of several decays repre-
senting the primary and principal cascading levels. Therefore,
the radiative decay curves often have been analyzed in terms
of multiple-exponential decays, with the observed decays be-
ing fitted to 2 or 3 exponential decays plus a background.
However, it has been shown™ that this fitting procedure is
seriously deficient because the decay curves may be fitted
equally well to 2, 3, or 4 exponential decays, but the primary
decay rates are appreciably different in each case. Many com-
parisons in the literature show that lifetime data thus corrected
for cascading effects often differ systematically from the re-
sults of other accurate methods by as much as 20 to 50%, with
these lifetimes being too long.”* We have therefore not uti-
lized such ‘‘multi-exponentially analyzed’’ lifetimes in this
compilation. A cascade-correction procedure that has consis-
tently provided reliable results is the ANDC method** (ANDC
= arbitrarily normalized decay curves). In this technique, not
only the decay of the primary level but also the decays of the
main feeder levels are experimentally determined. (There are
also relatively rare cases where the decay curve shows only a
single dominant decay and all other cascades are of very
different time scales, so that no correction procedure is
required).”

Many recent lifetime experiments have been done with
different versions of tunable-laser-based selective excitation
techniques. This eliminates cascading as a critical factor, and
most of these experiments have indeed provided very accurate
results, though they are not entirely free of systematic errors
either. Polarization effects due to the laser excitation and
interference by external magnetic fields need to be given
special attention, but often have not been discussed. Several
groups in this field have described these phenomena in
detail 3¢

3.3. Utilization Of Systematic Trends

We have occasionally used systematic trends of oscillator
strengths along an isoelectronic sequence,” i.e., the scaling of
f-values for a specific transition with nuclear charge Z, to test
the consistency of data for successive isoelectronic ions, espe-
cially when they were obtained from different sources. This
has been especially helpful for some forbidden lines where
this analysis has provided valuable assistance when different
but usually reliable methods disagreed.

4. Selection Procedure and Assignment of
Uncertainties

For each spectrum we grouped the literature references
assembled in our NIST data center according to the various
theoretical and experimental approaches. As an example,
Table 2 shows the distribution of data sources available for
O 1 since 1966, the publication date of our previous tables. We
then discarded work based on those theoretical or experimen-
tal approaches that are superseded by more advanced ones;
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TABLE 2. Literature References for O 1 since 1966

Number of References

A. Calculations:

Semi-empirical (incl. Coulomb Approximation) 12
Single configuration Hartree-Fock (HF) 3
Limited multi-configuration HF 17
Extensive multi-configuration HF 13
Forbidden Transitions 4

B. Experiments:

Emission 10
Lifetimes, non-selective excitation 20
Lifetimes, state-selective excitation 7
Lifetimes of ‘‘metastable’” states 4
Absorption 7
Electron Scattering 1

TOTAL 98

e.g., we used only theoretical methods based on extensive
configuration interaction treatments and discarded all work
donewith semi-empirical, single-configuration Hartree-Fock
or limited multi-configuration Hartree-Fock methods.

Also, with respect to lifetime results, we have only made
use of data which are not affected by or are properly corrected
for cascading effects, which includes beam-foil lifetime data
corrected with the ANDC method. For the spectra included in
these tables, sufficient numbers of such experimental results
exist so that we did not need to include earlier lifetime results
that were deficient on the critical factor of cascading effects.
Likewise, for emission experiments, we did not use earlier
measurements based on photographic techniques, but only
recent photoelectric measurements.

Preliminary tables were set up containing all data from
advanced methods. We analyzed these data in detail, searched
for likely sources of numerical errors, and in several in-
stances, made inquiries to the respective authors to try to
determine the cause of major discrepancies.

Because the final evaluation and selection of sets of best
data for each spectrum are highly dependent on the particular
material available, the main justifications for the selections
are given in the introductions to the individual spectra. How-
ever, we always adhere to two general rules on the final
selection process:

(a) If one approach, theoretical or experimental, appears to
be clearly better than all others, we have utilized only those
results.

(b) When data from several different methods of compara-
ble quality are available, either theoretical and/or experimen-
tal, we have averaged these to obtain the tabulated values. In
the averaging procedure we have utilized each particular
approach only once so that a fair balance between compara-
ble-quality approaches is maintained. For example, when the
CIV 3 code was applied to the same transition several times,
usually with similar results, we used only the results of that
version which we deemed to be most accurate. However,
when data existed from the OP project as well as from the
CIV 3 code and from other calculations with extensive multi-
configuration treatments, we used the results of all these

independent approaches and tabulated the arithmetic averages.
Similarly, we have averaged lifetime results obtained with
different techniques and/or with significantly different
instrumentation. However, we have used only those lifetime
techniques involving selective excitation or the ANDC cor-
rection. If the same experimental group obtained different
results for a specific transition, we considered the latest result
as the most accurate one, which superseded all earlier ones.

The final step in the evaluation is an estimate of the uncer-
tainties of the selected data. At the present state of our knowl-
edge, we still find it impossible to assign specific numerical
uncertainties to each transition. We therefore adhere again to
our earlier devised classification scheme wherein the data are
grouped in several levels of accuracy which differ by steps of
about factors of three. We use the following notation:

AA ...... uncertainties within 1%

A ....... uncertainties within 3%

B........ uncertainties within 10%

C........ uncertainties within 25%

D ....... uncertainties within 50%

E........ uncertainties larger than 50% (but typically

within factors of 2-3)

We regard this compilation as a table of reference data and
we therefore generally limit the multiplet entries to material
we estimate to be uncertain by no more than +25%. But in
order to present all or most of the fairly prominent transitions
of a spectrum, as well as to present all components of multi-
plets including the weak lines, we include some transitions of
lesser quality.

As in our earlier work,' the word uncertainty is used with
the meaning ‘‘extent of possible error’’ or ‘‘possible devia-
tion from the true value.’”” While this is not a precise definition
of uncertainty, we have found it impossible to find a better
common denominator when we consider the range of error
discussions in the various papers and the fact that even sophis-
ticated calculations only provide error estimates by compari-
sons with experimental or other advanced theoretical data.

For the prominent lines of the various spectra, normally
transitions between lower excited states, we have obtained
good estimates of the numerical uncertainties from compari-
sons among various experimental and theoretical results,
combined with our evaluations of the capabilities and limita-
tions of the various methods. But for most transitions between
higher excited levels, the only data sources are the Opacity
Project and sometimes CIV 3 calculations. As noted before, no
intrinsic error estimates exist for these theoretical data. Thus, we
developed a general scheme for assigning uncertainties for these
higher transitions which is based on and extrapolated from our
uncertainty estimates for the lower transitions:

(1) All multiplets of at least moderate strength, i.e., with
line strengths S = 3 X 1072, are normally assigned an accu-
racy rating of B, i.e., within = 10%. For weaker multiplets, the
accuracy ratings are gradually decreased: first to B— for
strengths in the range of 3 X 1072 > S = [ X 107% then
assignments of C are given to multiplets with strengths in the
range of 1 X 102> § = 1 X 107% and finally, D for
multiplets of lower line strengths. We have made further
differentiations with plus and minus signs for the stronger and
weaker lines within the C range.

J. Phys. Chem. Ref. Data, Monograph 7
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(2) For the Li, Be and B-like spectra and for O 1 which are
known to adhere very closely to LS coupling, the same uncer-
tainties have been assigned to both multiplet values and to the
individual lines in multiplets when they were obtained from
LS coupling data.

(3) For the C- and N-like spectra, especially the neutral
atoms, which are of more complex atomic structure and show
appreciable deviations from LS-coupling, the uncertainty esti-
mates for the lines have been lowered by one step from the
multiplet estimates, when LS coupling fractions have been
used. Thus, when multiplet values are assigned a B rating, the
stronger lines (S = 3 X 107?) have been assigned C+ accuracy
ratings and for weaker lines the accuracies have been reduced
further, to C—, D+, etc., since we have observed that weaker
lines in multiplets usually show larger deviations from LS
coupling than the stronger lines.

(4) We have taken any strong discrepancies between the
length and velocity forms of the line-strength data into con-
sideration in our accuracy estimates.

Data with uncertainties of Class AA exist only for the
hydrogen-like species C vi, N vii and O vin and for many
transitions of the helium-like species C v, N vi, and O v,
where the listed data are essentially correct to the number of
significant figures presented.

On the other end of the scale—i.e., transitions that are
rather uncertain and thus belong to Class E—we have in-
cluded only those lines that complete a set of multiplet data.

We have made further differentiations in the uncertainty
classification scheme by applying plus or minus signs to some
transitions to indicate that these lines are significantly better
or worse, respectively, than the average line in this class, but
that they do not quite belong to the next higher or lower class.
If applications allow a choice of several lines of the same class,
these should therefore be the first or last to use, respectively.

The new, much more advanced material compiled here
allows extensive comparisons with the earlier data' compiled
at NBS in 1966 which were taken from totally different
sources. We have made many such comparisons between the
old and new data and could thus perform checks on our earlier
assessments of uncertainties. Three examples are given in
Figs. 1, 2 and 3, in which the old and new data from C1, N 1,
and O 1 are compared. The comparisons show that our earlier
error estimates are indeed realistic, i.e., for the majority of the
data the differences between the new and the old data do not
exceed the previous estimates (the new, usually higher quality
data should be much closer to the “‘true’’ data, but, of course,
they still contain significant uncertainties.)

In summary: While data obtained from theoretical
approaches generally do not contain error estimates, many
authors have compared their data with other experimental
or theoretical results, have derived their data in both the
dipole length and dipole velocity forms, and—based on the
degree of agreement—have provided rough estimates of
their uncertainties. Some authors have also performed
studies of the convergence of their calculated data, as more
and more interacting configurations are added. We find
these estimates for the theoretical data generally to be quite
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realistic, and our own extensive comparisons of data from
the most advanced sources have produced similar, often
slightly more conservative conclusions.

Also, we sometimes have been more conservative with
error estimates for experimental results when some systematic
errors were apparently not considered, as in some laser-
induced fluorescence lifetime measurements.

5. Arrangement of the Tables

We have essentially maintained the setup of our earlier
critical compilations of atomic transition probabilities, since a
sampling of a large number of users of those tables indicated
that this was the preferred format. Thus, we present again
detailed basic information for each spectral line: the spectro-
scopic notation, the wavelength, lower and upper energy lev-
els and their respective statistical weights, the transition prob-
ability for spontaneous emission A and several equivalent
expressions.

The first part of the tables contains data important for the
identification of spectral lines, specifically the spectroscopic
notation, the wavelengths, the energy levels of lower and
upper states, and the respective statistical weights g =2J + 1,
where J is the total angular momentum quantum number. We
present two wavelength columns, one giving the wavelength
in vacuum or, for infrared lines above 1, the vacuum wave
number; the other, for lines in the near ultraviolet, visible and
near infrared spectrum (2000 A <\ <50,000 A) giving the
wavelength in air. Except for the hydrogen-like spectra, all
wavelength data are basically experimental and the energy
level data are derived from them. Many of the data are from
compilations by C. E. Moore®™ which were recently re-issued
in book form. These also contain new spectral data for O 11
which were critically evaluated and compiled by W. C. Mar-
tin et al.* Other wavelength and energy level data were
obtained from our colleagues of the Atomic Energy Levels
Data Center at NIST and the tables of Kelly.”

The tables are grouped according to multiplets, and they are
arranged in order of increasing lower and upper energy levels.
We have always listed individual lines within multiplets un-
less line data were unavailable or the wavelength positions of
the lines coincided, which is the case for multiplets involving
lower and upper levels with high n and € values. Our arrange-
ment follows exactly that of the multiplet tables by C. E.
Moore. Because of its arrangement in multiplets and because
of its comprehensive nature, this compilation may also serve
as a general multiplet table.

Finally, in order to find lines quickly by wavelength in each
spectrum, we have provided finding lists ordered in increasing
wavelengths or wavenumbers at the beginning of each spectrum.

Most of our final tabulations were done during 1993, and
1994, especially during the second half of 1993 and early 1994.

We have expressed the atomic transition probabilities by
four different quantities because different user communities
have different preferences. Thus besides the transition proba-
bility for spontaneous emission A, we present the (absorption)
oscillator strength f as well as the line strength S and log gf.
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uncertainties, albeit much smaller, which are not included.

The conversion factors between the tabulated quantities A, f,
and S are listed in Table 3, based on the latest set of
fundamental constants.” For the numerical conversions, we
have used the wavelengths listed in the tables, which are
experimentally derived. In some calculations theoretical
wavelengths were used, but we have replaced these with
experimental data (which are much more accurate) by regen-
erating the line strengths first and reconverting them with
experimental data.

Occasionally, units other than A, f and S are found in the
literature, for example the emission oscillator strength or the
transition probability for absorption. These are related by the
following formulas to the quantities we have given:

(a) The emission oscillator strength fy; (i.e., i = lower, k =
upper state) is related to the absorption oscillator strength f;
(which we use) by

Ji = — (8i/g) fa.
(b) The transition probability of absorption B is related to A; by
B,'k = 6.01 )\3 (gk/gz) Ak,'.

(c) The transition probability of induced emission By; is
related to Aj; by

By = 6.01 \° A,;.

The wavelength \ is in Angstrom units.

The material for the individual spectra is subdivided
into a main table for allowed (electric dipole) transitions
and a separate small table for forbidden (magnetic dipole
magnetic quadrupole, and electric quadrupole) transitions.
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Intercombination or intersystem lines, while forbidden in
LS coupling, are listed under allowed transitions since they
are electric dipole lines.

In the source column, we have indicated by the letters
““LS”’ that the line data have been obtained from LS cou-
pling fractions.> We have always applied LS data when
only multiplet values were available. Sometimes the letter
““n’’ appears when line data are renormalized to an aver-
aged multiplet value, since these are different from the ones
originally obtained by the authors.

For forbidden lines, a few changes in the tabular arrange-
ments have been made. First, we have indicated the type of
transitions by listing ‘“M1°’ for magnetic dipole and ‘‘E2’’
for electric quadrupole lines. (Higher-order forbidden lines
are rarely available and only a few M2 lines are included.)
Furthermore, the column containing f is omitted since this
quantity is rarely utilized for forbidden lines. The line
strength ‘“S’’ has different atomic units from ‘S’ for E1
transitions as given in Table 3, and is also used infrequently.
When both M1 and E2 transitions occur at the same wave-
length, the total transition probabilities are obtained by
adding the magnetic dipole and electric quadrupole
probabilities.

Most authors who have carried out recent calculations for
S and A for E2 transitions follow a definition for S(E2)
given by Cowan'” and others. Since this now appears to be
the preferred definition, we follow this, too. (This is re-
flected in the change of the conversion factor from that
given in our earlier volume'.)



ATOMIC TRANSITION PROBABILITIES OF CARBON, NITROGEN, AND OXYGEN

Table 3. Conversion factors
The factor in each box converts by multiplication the quantity above it into the one at its left for the type of
transition indicated.

Ay fix N
El El
2.026, X 10"
8\
E2
A { 6.670; X 10'%; 1119 X 10"
ki gk )\ gk )\5
MI
2.697, X 10"
8k A
M2
14915 X 10"
8N
El El
fom 1,499, X 1079\ g 1 303.76
ik gi gi )\
El El
4935, X 107" g \*
E2
8.929, X 1079 g \° 3292, X 107 g; A 1
S=
Ml
3.707; X 107 g \°
M2
6.7070 X 107" g, A®

The line strength (S) is given in atomic units; formulas and values for these quantities in SI units are as follows:

For El transitions,  ade? = 7.188; X 107% m? C%

For E2 transitions,  age’ = 2.012y X 107" m* C%.

For M1 transitions,  pd = (eh/4mm, )’ = 8.600, X 107% J* T2
For M2 transitions,  pdad = 2.408s X 107 P m? T2,

where ao, e, m,, and h are the Bohr radius, electron charge, electron mass, and Planck constant, respectively, and
wg is the Bohr magneton.

The transition probability (Ax) is in units of 5™, and the f-value is dimensionless. The wavelength (\) is given
in Angstrom units, and g; and g, are the statistical weights of the lower and upper level, respectively.

For the atomic constants entering into the relations given in this table, we have used the recommendations of the
CODATA Task Group on Fundamental Constants (E. R. Cohen and B. N. Taylor, Rev. Mod. Phys. 59, 1121
(1987)).

We should note that the definition of the line strength § for higher-order forbidden transitions (E2, M2, etc.) is
not uniform in the literature. We follow the definitions given, e.g., by B. W. Shore and D. H. Menzel, in
Principles of Atomic Spectra, (Wiley, New York, 1968), p. 440 and I. 1. Sobelman in Atomic Spectra and
Radiative Transitions, 2nd ed. (Springer-Verlag, Berlin, 1992), sec. 9.3. which are now widely used. In earlier
NIST compilations, we used a different definition, both for the E2 line strength, which yields S-values that are
2/3 of the present values, and for the M2 line strength, which yields S-values that are 9/4 of the present values.

15

J. Phys. Chem. Ref. Data, Monograph 7



16 WIESE, FUHR, AND DETERS

6. Key to Abbreviations and
Symbols Used in the Tables

1. Symbols for indication of accuracy:

AA. ... uncertainties within 1 percent,
A..... uncertainties within 3 percent,
B..... uncertainties within 10 percent,
C..... uncertainties within 25 percent,
D..... uncertainties within 50 percent,
E..... uncertainties greater than SO percent.

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

LS =
n ==

LS coupling rules applied
normalized to a scale different from that of the
author

3. Special symbols used in the wavelength and energy level
columns:

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

4. Notation for exponents: In all tables, we have shown the
power of ten by the customary notation, i.e., the numerical
entries are followed by a plus or minus sign plus two digits
indicating the exponent. For example, 5.89—03 stands for
5.89 X 1073,

Useful Relations

(A) Statistical weights:

The statistical weights are related to the total angular momen-
tum or quantum number J,, (for one-electron spectra: j¢) of a
level (i.e., initial or final state of a line) by

gL=2,+1,

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

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

(The “‘multiplet’’ values g, may also be obtained by summing
over all possible ‘‘line’’ values g, . S is the resultant spin.)

J. Phys. Chem. Ref. Data, Monograph 7

(B) Relations between the strengths of allowed lines and the
total multiplet strength:

1. Line strength S:
SiEk)=3 SUi, &)
JisJx

or
S (Multiplet) = 3, S (line)

(k denotes the upper and i the lower term).

2. Absorption oscillator strength f:

1
fil: = Xik jz (2.1;+ ) Jizh 2J4;+1)

XN (i, Jo) X f Uiy Jo).

The mean wavelength for the multiplet, Nits may be obtained
from the weighted energy levels. Often the wavelength differ-
ences for the lines within a multiplet are small, in which case
the wavelength factors may be neglected.

3. Transition probability Ay;:

1
AP s Ss@en m %D
k

X N Wi, i) X A Ui, Jo).

Relative strengths S(/;, /i) of the components of a multiplet
are listed for the case of LS coupling in C. W. Allen, Astro-
physical Quantitites, 3rd ed. (The Athlone Press, London,
1973); H. E. White and A. Y. Eliason, Phys. Rev. 44, 753
(1933); B. W. Shore and D. H. Menzel, Principles of Atomic
Structure , p. 447 (John Wiley & Sons, Inc., New York, 1968);
L. Goldberg, Astrophys. J. 82, 1 (1935) and 84, 11 (1936).
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7. Future Plans and Acknowledgements
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Project.
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G. Veres.
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netic quadrupole transitions.
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Note Added in Proof

Just before going to press, we learned about new high-
quality data resulting from the SAM project (SAM = system-
atic and accurate multiconfiguration calculations of atomic
properties). These calculations are done in the Breit-Pauli
approximation which includes spin-orbit and other relativistic
corrections. The calculations thus yield data for intersystem
lines in addition to the usual allowed transitions. The new
results would have been included in our selected data if they
had been available to us earlier.

In the following, we present these results in a table (in the
column labelled A;; (SAM)) together with our selected data.
Except for a few intersystem lines for C 11 and N 11, the agree-
ment is very good and supports our estimated accuracy ratings.

Table for Note Added in Proof

References for SAM Sources

'M. Godefroid, P. Jonsson, and C. Froese Fischer, private communication
(1995).

2C. Froese Fischer, Phys. Scr. 49, 323 (1994).

*C. Froese Fischer, M. Godefroid, and J. Olsen, private communication
(1995).

“T. Brage and C. Froese Fischer, private communication (1995).

*C. Froese Fischer, private communication (1995).

©C. Froese Fischer, to be published.

"T. Brage and A. Hibbert, to be published.

*T. Brage, C. Froese Fischer, and P. G. Judge, Astrophys. J. 445, 457 (1995).
°J. Fleming, T. Brage, K. L. Bell, N. Vaeck, A. Hibbert, M. R. Godefroid,
and C. Froese Fischer, Astrophys. J., in press (1995).

'°T. Brage, P. G. Judge, and P. Brekke, Astrophys. J., in press (1995).

""A. Ynnerman and C. Froese Fischer, Phys. Rev. A 51, 2020 (1995).

Spectrum Transition Wavelength g 8 A Axi SAM
A) (tabulated) (SAM) Source
10857 10%s7!

Ci1 2s%2p? %P — 252p* D° 1561.1 9 15 1.18+00 1.21+00 1

Cu 2522p P° - 252p* 7S 1036.8 6 2 2.28+01 2.20+01 1

25%2p 2P° — 252p* %P 904.08 6 6 4.10+01 4,07+01 1

2s%2p P° — 252p* D 1335.3 6 10 2.85+00 2.88+00 1

2s22p P° — 252p* P 2325.40 4 6 5.26—07 4.61-07 2

2323.50 2 4 1.53—08 1.44—08 2

2326.93 4 a4 1.12-07 9.43-08 2

2324.69 2 2 7.30~07 6.26—07 2

2328.12 4 2 7.63—07 6.96—07 2

Cm 2s2'S - 253p 'P° 386.203 1 3 3.46+401 3.59+01 3

2s2'S — 252p P° 1908.73 1 3 1.14-06 1.05-06 4

2s2p 'P° — 2p*'S 1247.38 3 1 2.08+01 2.01+01 4

2s2p °P° — 2p* P 1175.71 5 5 9.86+00 9.84+00 4

1175.59 3 3 3.29+00 3.28+00 4

1176.37 5 3 5.47400 5.46+00 4

1175.99 3 1 1.314+01 1.31+01 4

1174.93 3 5 3.29+400 3.29+00 4

1175.26 1 3 4.39+00 4,38+00 4

2s7'S — 252p 'P° 977.020 1 3 1.77+01 1.76+01 4

25%'S — 253p °P° 385.043 1 3 5.20—03 5.09—03 5

2s2'S — 252p °P° 1906.68 1 5 5.19-11 5.12-11 4

Nu 25%2p? P — 252p° 'D° 1085.1 9 15 3.88+00 3.75+00 6

25%2p? %P — 252p° °P° 916.35 9 9 1.32401 1.29401 6

2s2p? °P — 252p° ’8° 645.00 9 3 1.09+02 1.10+02 6

2s2p? °P — 252p3s °P° 671.49 9 9 9.64+00 1.16+01 6

2s2p?°P - 25s2p3d °D° 533.67 9 15 4.13+01 4.42401 6

2s%2p? P — 252p3d °P° 529.68 9 9 2.43+01 2.58+01 6

2s2p? %P — 252pds °P° 508.74 9 9 2.54+00 2.81+00 6

2s52p° °D° — 25s%2p3p °P 1275.6 15 9 6.67—01 5.90-01 6

2s2p° °P° — 25%2p3p P 1628.2 9 9 2.53-02 2.60—02 6

2s2p’ 38° — 25%p3p P 6445.8 3 9 - 1.34—04 6

2p3s *P° — 2p3p P 4623.2 9 9 1.00+00 1.00+00 6

2p3p °P — 2p3d °D° 5938.5 9 15 5.56—01 5.52—01 6

2p3p P — 2p3d °P° 5478.8 9 9 3.03-01 3.05-01 6

2s2p° *D° — 252p™3s °P 836.41 15 9 1.46+01 177401 6

252p° °P° — 252p™3s °P 974.80 9 9 1.77400 1.29+00 6

2s2p>38° — 252p™3s P 1764.4 3 9 5.25-01 5.48—01 6

252p3s *P°— 252p3s P 1592.6 9 9 1.56—01 1.55-01 6

2522pds *P°— 252p3s P 6598.7 9 9 2.11-01 1.46—01 6

2p3p °P — 2p4s °P° 38427 9 9 9.19-01 9.07-01 6

25%2p? %P — 252p° °S° 2139.01 3 5 5.49—07 5.26—07 7

2142.77 5 5 1.27-06 1.28-06 7
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Table for Note Added in Proof—Continued

Spectrum Transition Wavelength g 8k Ay Agi SAM
(A) (tabulated) (SAM) Source
10857 108s7!
N mt 25%2p P° - 252p P 1749.67 4 6 3.08-06 2.82-06 8
1746.82 2 4 9.49-08 9.11-08 8
1752.16 4 4 6.50-07 6.51-07 8
1748.65 2 2 497-06 3.61-06 8
1754.00 4 2 5.22-06 3.72-06 8
N v 2521 — 252p 'P° 765.147 1 3 232401 231401 9
25218 — 252p P° 1486.50 1 3 5.95-06 5.80—06 9
252p 'P° — 2p? 'S 955.334 3 1 2.92+01 2.89+01 9
252p 'P° - 2p? %P 923.220 5 5 1.32401 1.32+01 9
923.056 3 3 4.40+00 4.39+00 9
924.284 5 3 7.30+00 7.29+00 9
923.676 3 1 1.76+01 1.75+01 9
921.994 3 5 4.42+00 4.41400 9
922,519 1 3 5.88+00 5.87+00 9
2s2p °P° — 2p? 'S 594.895 3 1 5.81-05 9.03—05 9
ow 25%2p P° - 252p% P 1407.39 4 2 - 1.43—-05 10
1404.81 4 4 - 2.94-06 10
1401.16 4 6 - 1.17-05 10
1399.77 2 2 - 1.47—05 10
1397.20 2 4 - 3.84-07 10
25%2p P° - 252p° D 790.199 -4 6 7.08+00 7.18+00 10
7817.710 2 4 5.95+00 6.08+00 10
790.112 4 4 1.18+00 1.17+00 10
25%2p P° — 252p 7S 609.829 4 2 2.40+01 2.33401 10
608.397 2 2 1.21+01 1.25+01 10
2s%2p P° — 252p* P 554.513 4 4 6.06+01 6.04+01 10
554.076 2 2 4.86+01 4.76+01 10
555.263 4 2 2.41401 2.47+01 10
553.329 2 4 1.22401 1.21401 10
252p P - 2p* i8° 625.853 6 4 3.19401 3.17+01 10
625.127 4 4 2.13401 2.12+01 10
624.619 2 4 1.07+01 1.06+01 10
Oov 252'S - 252p °P° 1218.34 1 3 2.34-05 2.21-05 11
25218 - 252p 'P° 629.732 1 3 2.87+01 2.85+01 1
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Carbon
Ci
Ground State: 15225%2p* °P,

Tonization Energy: 11.260 eV = 90820.42 cm™'

Allowed Transitions

List of tabulated lines
Wavelength (A) No. Wavelength (A) No. Wavelength (A) No. Wavelength (A) No.
in vacuum 1188.83 18 1280.60 5 1992.01 28
1188.99 18 1280.85 5 1993.62 28
945.191 27 1189.07 18 1288.42 45
945.338 27 1189.25 18 1311.36 44 in air
945.579 27 1189.45 18 1328.83 4
1122.00 26 1189.63 18 1329.09 4 2478.56 49
1122.33 26 1190.02 17 1329.10 4 2582.90 48
1122.34 26 1190.25 17 1329.12 4 2902.23 153
1122.45 26 1191.84 16 1329.58 4 2903.27 153
1122.65 26 1192.22 15 1329.60 4 2905.00 153
1122.99 26 1192.45 15 1354.29 43 4371.37 76
1128.82 25 1192.83 15 1355.84 ¥Y) 473426 86
1129.13 25 1193.01 14 1357.13 41 473492 86
1129.16 25 1193.03 14 1357.66 40 4735.16 86
1129.20 25 1193.24 14 1359.28 39 4738.21 86
1129.40 25 1193.26 14 1359.44 38 4738.46 86
1129.75 25 1193.39 14 1364.16 37 4742.56 86
1138.38 24 1193.65 14 1431.60 58 4762.31 66
1138.56 24 1193.68 12 1432.10 58 4762.53 66
1138.60 24 1194.00 12 1432.53 58 4766.67 66
1138.74 24 1194.06 12 1459.03 36 4770.03 66
1138.95 24 1194.23 12 1463.34 35 4771.74 66
1139.09 24 1194.30 13 1467.40 34 4775.90 66
1139.51 23 1194.41 12 1467.88 33 4812.92 65
1139.77 22 1194.49 13 1468.41 33 4817.37 65
1139.79 23 1194.61 12 1470.09 32 4826.80 65
1139.81 23 1260.74 11 1472.23 31 4932.05 75
1139.86 23 1260.93 11 1481.76 30 5011.26 85
1140.01 23 1261.00 1 1542.18 57 5012.03 85
1140.01 22 1261.12 11 1560.31 3 5012.28 85
1140.12 22 1261.43 11 1560.68 3 5017.09 84
1140.22 22 1261.55 11 1560.71 3 5017.79 84
1140.32 22 1266.41 47 1561.34 3 5018.06 84
1140.36 23 1270.14 10 1561.37 3 5023.84 83
1140.57 22 1274.11 9 1561.44 3 5024.92 83
1155.81 21 127498 46 1600.82 56 5039.06 82
1155.98 21 1276.48 8 1602.97 55 5040.12 82
1156.03 21 1276.75 8 1606.96 54 5041.48 81
1156.20 21 1277.19 8 1608.44 53 5041.76 81
1156.39 21 1277.25 7 1613.38 2 5041.79 81
1156.56 21 1277.28 7 1613.80 2 5052.17 74
1157.77 20 1277.51 7 1614.5] 2 5053.52 98
1157.91 20 1271.55 7 1656.27 1 5268.95 97
1158.02 20 1277.72 7 1656.93 1 5290.99 118
1158.03 19 1277.95 7 1657.01 1 5296.93 118
1158.13 20 1279.06 6 1657.38 1 5300.87 118
1158.32 19 1279.23 6 1657.91 I 5302.36 118
1158.40 19 1279.50 6 1658.12 1 5306.31 118
1158.49 20 1279.89 5 1751.83 52 5306.83 118
1158.54 19 1280.14 5 1763.91 51 5380.34 73
1158.67 19 1280.33 5 1765.37 50 5534.26 117
1158.91 19 1280.40 5 1930.90 29 5540.76 117
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List of tabulated lines — Continued

Wavelength (A) No. Wavelength (,3\) No. Wavelength (,3.) No. Wavelength (A) No.
5545.05 117 6417.54 130 8015.00 143 10183.0 268
5547.27 117 6568.73 171 8018.57 143 10198.6 268
5551.02 117 6586.27 170 8021.25 143 10202.8 268
5551.58 117 6587.61 95 8026.55 143 10213.4 268
5603.73 132 6591.46 148 8028.18 143 10217.6 268
5614.81 132 6595.24 148 8045.34 141 10224.5 268
5616.48 132 6596.85 148 8058.62 141 10225.8 178
5668.94 96 6602.41 148 8062.36 141 10273.9 280
5780.72 152 6605.77 148 8070.43 141 10275.0 190
5784.03 152 6611.35 148 8078.01 142 10284.2 247
5784.86 152 6654.61 169 8078.48 141 10310.3 190
5788.15 152 6655.52 94 8083.79 141 10311.7 190
5791.73 152 6662.74 147 8155.64 63 10326.3 190
5793.12 80 6671.85 147 8182.68 63 10327.7 190
5794.10 80 6674.12 147 8335.15 72 10328.6 190
5794.47 80 6679.64 147 8753.07 165 10382.1 107
5795.02 152 6683.97 147 8873.36 164 10405.0 107
5800.23 80 6688.79 147 8918.63 163 10413.6 107
5800.60 80 6711.32 93 8972.84 162 10449.9 107
5805.20 80 6828.12 92 9061.44 62 10481.0 203
5805.81 151 6970.28 113 9062.49 62 10495.5 303
5812.72 151 7022.13 112 9078.29 62 10541.2 90
5813.51 151 7056.89 1 9088.51 62 10541.8 303
5817.70 151 7065.89 110 9094.83 62 10545.6 303
5819.49 151 7071.10 110 9111.81 62 10550.6 303
5824.64 151 7074.86 110 9182.83 161 10554.5 303
5877.34 131 7076.48 110 9398.52 231 10559.3 303
5889.52 131 7085.48 110 9405.73 71 10577.7 89
5892.02 131 7087.83 110 9413.07 231 10593.5 89
5969.32 79 7089.46 109 9413.29 251 10631.4 70
5986.40 116 7093.24 110 9435.62 231 10654.6 70
5990.98 116 7100.12 109 9438.69 231 10668.6 70
5993.50 115 7108.93 109 9443.69 231 10683.1 60
5994.00 116 7111.47 108 9450.28 231 10685.3 60
5996.05 116 7113.18 108 9455.21 250 10691.2 60
6001.12 115 7115.17 108 9603.03 61 10707.3 60
6002.98 116 7115.18 109 9620.78 61 10729.5 60
6003.67 116 7116.99 109 9627.62 281 10754.0 60
6006.02 116 7119.66 109 9629.92 204 10759.3 88
6007.18 115 7122.20 108 9658.43 61 10795.7 88
6010.68 115 7132.11 108 9941.35 180 10827.7 202
6012.23 114 7139.18 108 10003.6 249 11056.7 106
6013.17 115 7202.27 168 10047.8 191 11107.1 246
6013.21 114 7216.01 182 10049.1 191 11122.1 279
6014.83 115 7241.32 167 10060.9 230 11260.7 245
6016.45 114 7338.35 64 10062.7 191 11328.4 302
6019.90 114 7364.74 166 10064.0 191 11330.3 87
6028.56 114 7473.31 129 10064.9 191 11335.1 267
6032.02 114 7476.18 129 10077.6 230 11336.1 105
6062.09 150 7483.45 129 10077.8 248 11348.1 267
6065.55 150 7612.10 128 10082.3 191 11353.3 267
6066.65 150 763491 127 10093.4 269 11356.4 229
6070.83 150 7662.44 126 10096.8 179 11366.4 267
6074.20 150 7685.19 126 10099.5 269 11367.0 267
6078.39 150 7692.49 126 10101.3 230 11377.7 229
6100.03 149 7832.64 146 10105.4 230 11379.7 302
6107.66 149 7837.10 146 10107.8 269 11381.4 267
6108.52 149 7840.25 146 10112.7 230 11383.3 189
6113.15 149 7848.24 146 10113.9 269 11383.4 189
6115.84 149 7852.86 146 10118.2 230 11384.9 302
6120.81 149 7860.88 146 10118.7 269 11384.9 189
6292.36 172 7892.20 145 10123.9 91 11385.1 189
6397.97 130 7981.96 144 10132.7 269 11386.2 189
6413.55 130 7987.90 181 10172.0 268 11390.0 302
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List of tabulated lines — Continued

Wavelength (/o\) No. Wavelength (A) No. Wavelength (/°\) No. Wavelength (.5&) No.
11395.2 302 12072.8 338 13251.8 352 14378.8 332
11400.9 302 12076.0 338 13256.2 352 14379.5 331
11404.1 229 12121.6 338 132735 352 14399.6 136
11409.6 69 121248 338 13366.7 351 14400.0 332
11413.1 188 12378.7 316 13409.9 121 14403.3 136
114148 188 12393.6 353 13429.9 351 14408.4 332
11415.0 188 12395.9 353 13439.5 351 14413.5 331
11416.2 229 12407.9 353 13502.3 120 14417.7 332
11422.4 229 12511.7 100 13519.0 393 14420.1 136
11425.5 229 12516.4 124 13548.7 139 14428.4 331
11498.2 266 12544.9 100 13559.7 120 14429.0 136
11512.3 266 12549.5 140 13571.5 139 14434.4 330
11528.3 266 12562.1 140 13581.3 120 14435.0 330
11536.5 187 12569.0 140 13609.3 139 14442.2 136
11538.2 187 12581.6 140 13628.4 370 14448.8 331
11538.3 187 12601.5 140 13651.2 370 14452.6 331
11540.6 266 12614.1 140 13655.9 370 14463.4 330
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