

View

Online


Export
Citation

CrossMark

RESEARCH ARTICLE |  MAY 11 2011

Recent Developments in the NIST Atomic Databases 
Alexander Kramida

AIP Conference Proceedings 1344, 81–95 (2011)
https://doi.org/10.1063/1.3585808

 03 July 2023 12:34:57

https://pubs.aip.org/aip/acp/article/1344/1/81/803374/Recent-Developments-in-the-NIST-Atomic-Databases
https://pubs.aip.org/aip/acp/article/1344/1/81/803374/Recent-Developments-in-the-NIST-Atomic-Databases?pdfCoverIconEvent=cite
https://pubs.aip.org/aip/acp/article/1344/1/81/803374/Recent-Developments-in-the-NIST-Atomic-Databases?pdfCoverIconEvent=crossmark
javascript:;
javascript:;
https://doi.org/10.1063/1.3585808
https://servedbyadbutler.com/redirect.spark?MID=176720&plid=2100974&setID=592934&channelID=0&CID=768787&banID=521069223&PID=0&textadID=0&tc=1&adSize=1640x440&data_keys=%7B%22%22%3A%22%22%7D&matches=%5B%22inurl%3A%5C%2Facp%22%5D&mt=1688387697333129&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Faip%2Facp%2Farticle-pdf%2F1344%2F1%2F81%2F11629025%2F81_1_online.pdf&hc=109b1aae29f962b95c733b3c3ab713efc3f23208&location=


Recent Developments in the NIST Atomic

Databases

Alexander Kramida

National Institute of Standards and Technology, Gaithersburg, MD 20899-8422, USA

Abstract. New versions of the NIST Atomic Spectra Database (ASD, v. 4.0) and three
bibliographic databases (Atomic Energy Levels and Spectra, v. 2.0, Atomic Transition
Probabilities, v. 9.0, and Atomic Line Broadening and Shapes, v. 3.0) have recently been
released. In this contribution I will describe the main changes in the way users get the data
through the Web. The contents of ASD have been significantly extended. In particular, the data
on highly ionized tungsten (W III–LXXIV) have been added from a recently published NIST
compilation. The tables for Fe I and Fe II have been replaced with newer, much more extensive
lists (10000 lines for Fe I). The other updated or new spectra include H, D, T, He I–II, Li I–III,
Be I–IV, B I–V, C I–II, N I–II, O I–II, Na I–X, K I–XIX, and Hg I. The new version of ASD
now incorporates data on isotopes of several elements. I will describe some of the issues the
NIST ASD Team faces when updating the data.

Keywords: Atomic databases, Atomic data, Energy levels, Spectral lines, Transition
probabilities, Data compilations
PACS: 32.10.-f, 32.10.Fn, 32.30.-r, 32.70.Cs, 01.30.Kj

INTRODUCTION

New versions of ASD (v. 4.0) [1] and the NIST Atomic Spectra Bibliography
Databases (ASBib) [2] were released in September 2010. These databases, as well as
other NIST atomic spectroscopy data sets, can be accessed via the NIST Physical
Reference Data web page (http://physics.nist.gov/data/).

The main feature distinguishing ASD from the other atomic databases is the critical
evaluation of all included data. The process of critical evaluation is very difficult and
time consuming. If any new data appears on a particular spectrum, such as new
measurements or new identified spectral lines or energy levels, such data usually
addresses only a small part of the spectrum. However, all parts of a spectrum are
interrelated, because transitions involving a particular energy level can occur in
different spectral regions and involve many other energy levels. Therefore, the new
data elements have to be reconciled with all other related observations in order to
make sure there are no contradictions, and the energy level scheme has to be re-
assessed as a whole. This requires a complete re-evaluation of the entire spectrum. For
this reason, the changes in the critically evaluated database may not be incremental,
but have to consist of replacements of the entire data sets for revised spectra with
newly evaluated ones. The critical evaluation of atomic spectroscopy data requires a
high level of expertise in all areas of atomic spectroscopy, both experimental and
theoretical. It usually takes from several months to several years to critically evaluate
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one spectrum. Thus, by design, most of the data in ASD have to be outdated and will
not include the latest developments in the studies of the spectra included.

However, it is relatively much easier to monitor the current literature and maintain
the current bibliography on atomic spectroscopy. The NIST ASBib databases
complement the numerical data included in ASD by providing the references to the
current atomic-spectroscopy studies, as well as a comprehensive coverage of the
literature for the past years. It is important for the users of our databases to realize that
the data in ASD may not (and in most cases do not) reflect the newest research, but
comprise the data that was considered as firmly established at the moment when the
critical compilation was made. If completeness of the data is important, the user
should always consult the bibliography databases in addition to the data in ASD. This
is now made easier in the new version of ASD because of its complete integration with
the bibliography databases.

In addition to this integration and addition of new data sets for many spectra, there
are several other changes in the new version of ASD, such as the added support for
atomic isotopes. The user interface of the ASBib databases also has some changes
aimed at making it more user-friendly. These changes, as well as the problems
occurring in updating the ASD data sets, will be described in the following sections.

CHANGES IN ASD V. 4.0

The most important change, as mentioned in the Introduction, is the complete
integration with the NIST Atomic Spectra Bibliography Databases on Energy Levels
and Spectra and on Transition Probabilities. This integration affects two areas of the
output data. First, the references for each spectral line in the Line Search output are
now direct links to complete bibliographic records in the ASBib databases. In most
cases, these records provide links to online web pages of the article in the journal
where the article was published. If the user has a subscription to the journal, these
links provide the full-text articles. The links to online articles are embedded in the
highlighted article titles and/or Digital Object Identifiers (DOIs) in the bibliographic
records of ASBib. Usually, the links in the article titles are direct ones and work faster
than the DOI links. However, they are not guaranteed to always work, since the
journals may relocate their web pages. The DOI links are slower but more dependable.

Second, at the top of every output page ASD now gives a table containing the links
to the primary data sources of the compiled data (which may be different for the
energy levels, spectral lines, and transition probabilities), as well as links to the current
bibliography on the requested spectra. The latter links are provided even if ASD has
no data for the requested spectrum. Thus, if there are no numerical data in ASD, the
user is no longer in a dead end, but can acquire the needed data from the current
publications.

The links to the current bibliography contain data requests that were carefully
designed in order to provide comprehensive coverage of literature. Thus, the search
query for the literature on energy levels includes the following keywords: Energy
Levels, New Designations, Quantum Field Effects, Ionization Potential, Series
Formulae, and Theoretical Energies. The exact meaning of these keywords is
explained in the Help page of the Energy Levels Bibliography Database. If the users
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are not satisfied with this selection of keywords, they can go to the main search form
of the Bibliography Database (a link is provided) and construct their own query. The
keywords used in the search are displayed at the top of the output page of the
Bibliography Database.

Another enhancement in ASD v. 4.0 is the support for atomic isotopes. To get the
data for a particular isotope, the user should enter the isotope mass number before the
element name in the Spectrum input box of the search form. For example, to retrieve
the data on neutral 198Hg, the user should enter “198Hg I” in this box. Exceptions are
made for deuterium and tritium. In addition to “2H I” and “3H I”, these spectra can be
designated as “D I” and “T I”, respectively. Besides these isotopes, ASD v. 4.0
contains data on the following isotopes: 3He I–II, 10B I–II, 11B I–II, 39K I, 40K I, and 41K
I.

New data sets are included in ASD 4.0 for the energy levels of Ag I–II, Au I–II,
Ac I–II, Bi I–II (from the old Atomic Energy Levels compilation by Moore [3], energy
levels and wavelengths of Hg I, W III–LXXIV, K I–XIX, Na I–X, and H I from
recently published NIST compilations [4–9], energy levels and wavelengths of Fe I
from high-precision Fourier-transform spectroscopy (FTS) study of Nave et al. [10],
wavelengths of Fe II from various sources, and transition probabilities of H I, He I–II,
Li I–III, Be I–IV, B I–V, C I–II, N I–II, Na I–X, K I–XIX, Fe I–II, and W III from
recent NIST compilations [5–7, 11–14].

Compared to the previous version (v. 3.1.5 of April 2008), ASD v. 4.0 is extended
by the addition of about 3000 energy levels, 25000 lines, and 7000 transition
probabilities. It includes data for 169000 spectral lines and 80000 energy levels of
1029 spectra.

CHANGES IN THE NEW VERSIONS OF THE ATOMIC

SPECTRA BIBLIOGRAPHY DATABASES

Since the first release of the unified Atomic Spectra Bibliography Databases
(ASBib) in June 2006, all three databases included in the ASBib system significantly
grew in size and accumulated a number of enhanced features. For example, the Energy
Levels Bibliography Database and the Spectral Line Broadening Database
approximately doubled in size in terms of the number of records. In all three
databases, the records included in the first release were all plain text. It took several
years of work to find the online articles associated with each bibliographic record and
insert embedded links in the records. In the process, the contents of the articles were
reviewed and the search keywords were revised. In particular, the articles on hyperfine
structure and high-precision fine structure measurements on neutral and singly-ionized
atoms were provided with detailed search terms that include the isotope number. This
enabled us to permit the users to make isotope-specific searches. As with ASD, the
Spectra input box of the search form of the bibliography databases now allows for the
isotope-specific spectra, such as “7Li II”, “198Hg I”, etc. It should be noted that the
spectrum specification in the ASBib databases is more flexible than in ASD. For
example, one can use “Rb-like” to search for all papers on Rb-like spectra regardless
of the nuclear charge, or “Mg-Fe Li-like-B-like” to search for all papers of Mg
through Fe ions of the Li-like through B-like isoelectronic sequences, or “H-U I” to
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search for all papers on neutral atoms from H to U. More detailed explanations of the
format of the input text and of the meaning of the search keywords is provided in the
online Help pages.

Following the users’ requests, we changed the way the search on authors’ name
works. In the first version of ASBib, in order to search for the papers of a particular
author, the user had to specify the complete last name of the author, including the
suffix (Jr., Sr., etc.). For example, to find the papers of W. E. Lamb, Jr., one would
have to enter “Lamb Jr.” in the Author input box of the search form. People often
forgot such suffixes and got frustrated when they could not find the papers they were
looking for. Now the search works even if only a part of the author’s name is given.
For example, the search for “meyer” will return all papers of U. Meyer-Berkhout,
W. Meyer, and several other authors having this combination of letters in their names.
This enhancement has a downside: the search for the papers of authors with very short
names will often return too many unwanted matches. For example, the search for the
author “Wu” in the Energy levels database will return 87 papers, only one of which
belongs to T.-Y. Wu, while most of the others belong to authors having letters “wu” as
part of their last name. To make such search more meaningful, the user can specify the
Unix-style search qualifiers (^ and $) denoting the beginning and end of the string. In
addition, specifying the initials will also restrict the search. For example, to find the
papers of T.-Y. Wu, the user can specify “T.-Y.^Wu$” in the Author input box. It
should be noted that the search by authors’ names allows for comma-delimited lists of
names (e.g., “Kim, Huo”). Such search will return all papers where all listed authors
are present in the authors’ list, regardless of their order.

Many spectra are actively studied by many authors. For example, the search for
Ne I in the Energy Levels Bibliography Database returns 427 papers. For users that are
interested in critically evaluated data only, such long lists are difficult to work with.
To provide some guidance, we highlight the titles of the NIST compilations in green.

The changes mentioned above have been put together as the new versions of the
NIST Atomic Bibliography Databases. The version numbers are as follows: Atomic
Energy Levels and Spectra Bibliography Database, v. 2.0, Atomic Transition
Probabilities Bibliography Database, v. 9.0, and Atomic Line Broadening
Bibliography Database, v. 3.0. These new versions of the databases contain in total
about 30,000 references dating from 1802 to 2010. The current literature is monitored
regularly, and new references are inserted in the databases once in 3–4 weeks.

THE CRITICAL COMPILATION PROCESS

As mentioned in the Introduction, the critical compilation of a spectrum is a
difficult and time-consuming process. A typical workflow diagram for a compilation
of energy levels and spectral lines is depicted in Fig. 1. This is a somewhat more
detailed version of the diagram previously presented by Reader [15]. In this example,
the original data come from two literature sources. In many practical cases there are
several sources, sometimes (e.g., in the case of Hg I [4]) several tens. The purposes of
the critical compilation are to reconcile all original measurements with each other,
resolve inconsistencies, select the best measurements, build a complete list of
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measured spectral lines, derive a set of energy levels that best fits all observed
wavelengths, determine the ionization energy if possible, and provide a theoretical
interpretation (e.g., configuration and term labels) of the energy levels. The diagram
shows various stages of the process. It was previously assumed that the last stage of
this process, the insertion of the published final data into the online database, is a
simple technical procedure. However, it is true only in the case when the database
contains no previously compiled data on this spectrum. If there was a previous
compilation, and the new results do not completely replace the old ones, this last step
of the procedure turns into another compilation and must involve a complicated
analysis similar to the one shown in the diagram. Therefore, we introduced a new step,
error checking, which requires the same level of expertise as required of a critical
compiler.

FIGURE 1. Typical workflow for a critical compilation of data on energy levels and spectral lines of
an atomic spectrum.

Critical compilations of transition probabilities involve different kinds of analyses.
At present, there is no such unified framework for these compilations as the one
developed for the compilations of energy levels and spectral lines. The methods
typically used in the compilations of transition probabilities [10, 11, 13, 14] involve
comparisons of independent calculations with each other, comparisons of oscillator
strengths computed in different gauges (length and velocity, or their relativistic
versions), analysis of completeness of theoretical models, and analysis of
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measurement uncertainties. In some cases, other methods can also be used, such as
isoelectronic comparisons and an analysis of trends of transition probabilities along
series of lines with increasing principal quantum number.

The following sections will describe some of the problems that surfaced at the stage
of error checking in the process of adding new data sets to ASD v. 4.0.

Hg I PROBLEMS AND SOLUTIONS

The energy levels and spectral lines of Hg I were recently compiled by Saloman
[4]. The previous version of ASD (v. 3.5.1) contained a set of energy levels from an
unpublished compilation of Sansonetti and Martin prepared for their Handbook of
Basic Atomic Spectroscopy Data [16] and was largely based on the energy levels
compiled by Moore [3]. A comparison of the results of Ref. [4] with those of
Sansonetti and Martin and further examination revealed the following problems:

1) Several tens of energy levels are omitted in Ref. [4].
2) The series of the 6snf 1F°3 levels with n ≥ 13 in Ref. [4] exhibits a non-smooth

behavior of quantum defects.
3) For a large number of observed multiplets, transitions expected to be weak are

assigned to strong observed lines, while identifications of transitions expected
to be strong are omitted.

4) There are no forbidden lines in the line list of Ref. [4], while several tens of
such lines are known to exist in this spectrum with intensities comparable to
those of allowed lines.

To resolve these problems, I had to go back to the original data sources referred to
in Ref. [4], dating from 1891 to 2004, re-analyze the observed wavelengths and
intensities, compare them with parametric calculations made with Cowan’s codes [17],
and analyze the behavior of quantum defects along several level series by fitting of the
polarization formula and the Ritz series formula using computer codes by Sansonetti
[18].

As a result of this analysis, 42 line assignments from Ref. [4] were discarded as
spurious, 69 observed forbidden transitions were added to the line list, about 30 new
line identifications were added, observed wavelength and/or intensity were changed
for about 50 lines (by using values from different sources), 24 energy levels were
added to the level list, and 33 energy levels were significantly revised. These changes
required a new level optimization, which I made using the code LOPT [19]. As a
result, the Hg I spectrum as presented in ASD v. 4.0 is now in much better shape than
it was in the compilation [4]. Detailed remarks on some of the changed line
assignments are given in the notes accessible online from ASD.

198Hg I PROBLEMS AND SOLUTIONS

The spectrum of the neutral isotope 198Hg was also compiled by Saloman [4]. The
problems with this spectrum are of quite different nature. They are related to the high
precision of the measurements. The nucleus of 198Hg has no magnetic moment.
Therefore, the observed lines have no hyperfine structure and can be very narrow. For
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this reason, the 198Hg I spectrum has long been applied as a source of secondary
wavelength standards. For such applications, it is common to use the Ritz wavelengths
as standards, rather than the observed wavelengths of individual lines. The Ritz
wavelengths are those derived from the energy differences between the precisely
determined energy levels. Since the energy levels are usually derived from several
combinations, the uncertainties of the Ritz wavelengths are usually much smaller than
those of observed lines.

In the compilation [4], 60 excited levels of 198Hg I were derived from 105 observed
spectral lines. Twenty four of these levels were determined by a single observed line.
The remaining 36 levels were derived from two or more combinations involving 81
lines in total. Out of these 81 lines, 14 observed wavelengths differ from the Ritz
values by more than three standard deviations; four of those exhibit differences
exceeding four standard deviations. For such a small data set, if the measured
wavelengths and their uncertainties were determined correctly, this large number of
outliers would be statistically impossible. Therefore, the energy levels and observed
wavelengths given in Ref. [4] are internally inconsistent and cannot be used as
standard reference data. Furthermore, for many lines there exist several contradicting
measurements by different authors. These contradictions were not addressed in Ref.
[4]. In addition, the level-optimization code ELCALC [20], used in Ref. [4], does not
produce reliable uncertainties of the Ritz wavelengths.

To resolve these problems, I made a new analysis of the old interferometric
measurements included in Ref. [4]. Systematic shifts were found in and removed from
several data sets. Pressure shifts caused by buffer gases were re-analyzed, which
allowed for a better assessment of the measurement uncertainties. Using the corrected
observed wavelengths and their uncertainties, I derived a new set of optimized energy
levels, Ritz wavelengths and their uncertainties by means of the LOPT code [19]. This
new set of data is internally consistent and will replace the data from Ref. [4] as soon
as the revised analysis [21] is published.

Fe I PROBLEMS AND SOLUTIONS

The main goal of our work with Fe I was to insert the new critically evaluated
transition probabilities recently compiled by Fuhr and Wiese [14] in ASD. These new
data were long awaited by astronomers. The problem here was that the energy levels
used in the compilation [14] were taken from the FTS measurements of Nave et al.
[22], while the energy levels in ASD v. 3.5.1 were from the old compilation of Sugar
and Corliss [23]. Thus, before inserting the new transition probability values, the level
and line lists of Fe I had to be updated. However, the level list of Nave et al. [22] does
not completely replace the levels from Sugar and Corliss [23]. Some of the levels
included in the old list were not observed in the laboratory spectra used in Ref. [22].
Identifications of some of the other levels were revised in Ref. [22]. However, the old
list [23] included percentage compositions for these levels, which had to be properly
re-assigned. Moreover, the level designations in Ref. [22] were incomplete (some
intermediate quantum numbers were missing, making the designations ambiguous). In
many cases, where the revisions involved changes in the J values, assessment of
experimental values of the Landé factors in Ref. [23] had to be re-investigated.
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Finally, the wavenumber scale of Nave et al. [22] had a calibration error of 6.7 parts in
108 [24], which had to be removed both from the measured wavenumbers and from the
energy levels.

To address these and other issues, the following actions were taken:
1) Level designations from Nave et al. [22] were extended with intermediate terms

and Nielson and Koster indexes [25], based on Cowan-code calculations.
2) For levels with revised identification, percentage compositions were re-assigned

based on calculations of Roth [26] and Kurucz [27].
3) For levels with revised J values, assessment of measured Landé factors from

Zeeman patterns observed by Russell et al. [28] was re-analyzed.
4) Wavenumbers and energy levels of Nave et al. [22] were increased by 6.7 parts

in 108 to account for the calibration error [24].
5) Wavelengths (both observed and Ritz) from Nave et al. [22] and Ritz

wavelengths for transitions taken from Fuhr and Wiese [14] were rounded
according to their uncertainties.

6) Levels at 49227.12, 50045.9, 53275.23, and 56452.04(J = 5) cm–1 (from Sugar and
Corliss [23] were deleted as spurious. The origin of these levels has been traced
back to the original publications, and it was found that either there are no
observed connecting lines or all of the lines had been re-classified in later work.

In addition, Ryabchikova [29] pointed out that the term designations of two energy
levels from Ref. [22] (3d64s(6D5/2)6d 2[7/2]2 at 59843.564 cm–1 and 3d64s(6D5/2)6d
2[9/2]3 at 59886.70 cm–1) are incorrect. Nave [30] found out that these errors were
misprints; the levels were correctly specified as 3d64s(6D5/2)6d 2[5/2]2 and
3d64s(6D5/2)6d 2[7/2]3, respectively, in a previous publication [31]. These misprints
have now also been corrected.

As a result of this work, ASD v. 4.0 has 847 energy levels and 10040 spectral lines
of Fe I determined with high precision from FTS measurements [22], with 2542
transition probability values from Fuhr and Wiese [14].

Fe II PROBLEMS AND SOLUTIONS

The situation with the Fe II spectrum was in some ways much simpler than with
Fe I, because the energy level values used in the transition-probability compilation
[14] were the same as in ASD v. 3.5.1 (578 levels from Sugar and Corliss [23]).
However, the line list in ASD v. 3.5.1 was clearly insufficient for the purpose of
accommodation of the new transition probability values. There were 418 observed
lines from the compilation of Reader et al. [32]. In that compilation, because of the
space limitations, it was not possible to give both observed and Ritz wavelengths for
each line, so there was only one value for each line, the observed wavelength, which
was rounded to the nearest 0.01 Å. In the new transition probability tables of Fuhr and
Wiese [14] there are 1009 transitions, and the accuracy of the energy levels [23] in
most cases justifies giving the Ritz wavelengths with much greater precision (three to
five digits after the decimal point).

The unpublished preliminary Fe II line list of Nave [30] based on FTS
measurements of hollow-cathode spectra contains 15000 lines, and the corresponding
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level list contains 950 energy levels. The analysis of these spectra is still in progress
and may require a significant time to be completed. Even when it is completed, it
cannot be characterized as a critical compilation of the Fe II spectrum, because many
energy levels cannot be observed in hollow-cathode spectra. Some of them have only
been observed in astrophysical sources. Therefore, to satisfy the urgent demand from
astronomers for an extended Fe II data set, some compromise solution had to be made.
The solution adopted in ASD v. 4.0 is as follows:

1) The level list of Sugar and Corliss was left largely unchanged (a few question
marks were added for some levels).

2) Precise observed wavelengths were restored from the original sources.
3) Published UV lines measured with high precision using FTS (from Nave et al.

[33, 34]) were added to the line list.
4) Several tens of strong, previously unclassified, lines from Crosswhite [35],

identified by Nave [30] in hollow-cathode spectra, were added to the line list.
As a result, ASD v. 4.0 has 572 energy levels and 1136 spectral lines of Fe II, 504
of which have precise values of observed wavelengths and 1009 have transition
probability values from Fuhr and Wiese [14].

Na PROBLEMS AND SOLUTIONS

There are two recent NIST compilations of spectra of sodium in all stages of
ionization. The work of Kelleher and Podobedova [13] is a critical compilation of
transition probabilities, and the work of Sansonetti [7] is a critical compilation of
energy levels, observed spectral lines, and their transition probabilities. Although both
papers were published in the same year (2008), the work of Kelleher and Podobedova
[13] was actually completed two years before that of Sansonetti [7]. It took a long time
to prepare it for publication, and during that time several new studies of transition
probabilities of sodium appeared in the literature. Thus, the compilation of Sansonetti
[7] in most cases has the same transition probability data as Ref. [13], but in several
cases has some additional data. Nevertheless, in the case of singly ionized sodium
(Na II), despite the fact that the primary sources of transition probability data were the
same in Refs. [7] and [13], the values given for about 20 transitions in the two
compilations differ considerably, sometimes by three orders of magnitude. This
prompted me to analyze assessment of transition probability values in both
compilations and verify the correspondence of their data to the original literature
sources. In the process, it caught my attention that the transition probability values of
the 2p63p-2p69s, 10s, and 10d transitions adopted in Ref. [7] from the calculations of
Froese Fischer et al. [36] are incorrect. This is easily detected by comparing the
transition probability values along the 3p-ns and 3p-nd series. These incorrect values,
after discussions with Froese Fischer [37], were replaced with other data previously
evaluated by NIST compilers. Several misprints were found and corrected in the line
identifications and transition probability values given in Ref. [7] for Na III, IV, V, and
VI.

The problem of conflicting transition probabilities (A-values) for Na II was found to
be caused by differences in the way the authors of Refs. [7] and [13] established the
correspondence between experimental energy levels and theoretical ones involved in
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the calculations of the A-values. This Ne-like spectrum turned out to be a very difficult
case, because there are many closely spaced energy levels with the same J values. The
key point was to find the correct correspondence between the experimental and
theoretical levels. I designed two methods of establishing such correspondence. The
first method is based on a comparison of calculated A-values with observed line
intensities Iobs for transitions originating from the same upper level. If log(A) is plotted
against log(Iobs), the dependence should follow a linear trend with a positive slope. If
the upper level is assigned incorrectly, the slope in most cases is either negative or
indefinite (i.e., the slope is much smaller than the data scatter).

For example, let us consider the two energy levels with J = 1 at 333107.74 and
333162.94 cm–1. These levels were designated in ASD v. 3.5.1 as 2s22p5(2P°1/2)3d
2[3/2]°1 and 2s22p5(2P°1/2)4s 2[1/2]°1, respectively, following the identifications in Wu’s
thesis [38]. The A-values for transitions from 2s22p5(2P°1/2)3d 2[3/2]°1 to the levels of
the 2s22p53p configuration were calculated by Hibbert et al. [39] and by Froese Fischer
and Tachiev [40]. Hibbert et al. did not give the A-values for transitions from the
2s22p54s configurations. However, they gave the percentage compositions for the
2s22p53d levels. The percentage composition of the 2s22p5(2P°1/2)3d 2[3/2]°1 level in the
LS coupling scheme is 65% 3d 3D° + 27% 3d 1P° + 5% 3d 3P° [39], which means that
97% of the composition of this level is due to the 2s22p53d configuration, and it cannot
be confused with the 2s22p54s configuration. However, the experimental energies of
the 3d and 4s (J = 1) levels given above are very close, which poses the question:
which of these two experimental levels corresponds to the theoretical 3d (J = 1) level
calculated by Hibbert et al.? Let us first assume that the theoretical 3d level
corresponds to the upper of the two experimental J = 1 levels.

FIGURE 2. Plots of log(A) vs. log(Iobs) for transitions from the two experimental Na II levels with
J = 1 at 333107.74 and 333162.94 cm–1 [38]. The A values were calculated by Hibbert et al. [39] for
transitions from the 2s22p53d 3D°1 level to all 2s22p53p levels. Panel (a) corresponds to the assumption
that the 3d 3D°1 level is the upper one of the two experimental levels, while in panel (b) it is assumed to

be the lower one.
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Figure 2a presents a plot of calculated scaled log(A) values against the experimental
log(Iobs) values for all observed transitions from the upper of the two considered J = 1
levels down to the 2s22p53p levels. We observe a definite positive trend illustrated by
the straight line. The plot corresponding to the alternate assumption is given in Fig. 2b.
In this case, there is no discernable correlation between the observed and calculated
intensities, which indicates that this assumption is invalid. Thus, we conclude that the
upper of the two considered levels is 3d. This conclusion is further confirmed by the
fact that this level participates as a lower level in several observed transitions to
2s22p5nf levels (n = 4, 5, 6, 7, 8). These transitions are the only ones where this level is
the lower level of an observed transition. Obviously, the 3d–nf transitions with an
almost pure 3d lower state are much more likely to be observed than the 4s–nf
transitions. Thus, the identifications given by Wu [38] for the two levels discussed
here must be interchanged. This has been done in ASD v. 4.0.

The method described above has some obvious limitations. The scale of observed
intensities should be approximately the same for all transitions involved, and the
opacity effects in the light source should not be too large. This method does not work
when the number of observed transitions is too small. The good feature of the method
is that it does not involve any population modeling, since all compared transitions
originate from the same upper level.

For the three closely located levels with J = 3 at 331186.70, 331707.90, and
332841.93 cm–1 [38], the method described above does not work because there are
only four transitions observed from each of these levels down to the 2s22p53p levels.
For both theoretical models used in calculations of A-values of these transitions [39,
40], the plots similar to the ones given in Fig. 2 do not lead to a definite conclusion
about the level assignments. In the theoretical studies [39, 40], these levels were
designated in the LS coupling scheme as 2s22p53d 3F°3, 1F°3, and 3D°3, while the
experimental levels were designated by Wu [38] in the JK (J1l) coupling scheme as
2s22p5(2P°3/2)3d 2[7/2]°3, (2P°3/2)3d 2[5/2]°3, and (2P°1/2)3d 2[5/2]°3. In this case, to
establish the correspondence between the experimental and theoretical levels, I used
another method, which is based on isoelectronic comparison of level separations.

Figure 3 shows an isoelectronic comparison of separations of the 2s22p53d levels
with J = 3 from the 2s22p53d 3F°4 level. The latter level was chosen as the base because
it is the only level with J = 4 in the 2s22p53d configuration, which makes it easy to
identify in theoretical calculations. The close similarity and smoothness of the
isoelectronic plots in Figs. 3a, 3b, and 3c allows us to conclude that the level ordering
in the calculations of Hibbert et al. [39] and energy-adjusted calculations of Froese
Fischer and Tachiev [40] is the same as in ASD for the entire sequence from Ne I to
Al IV. On the other hand, the increased curvature of the 1F°3 curve in Fig. 3d in the
lower end of the sequence implies that there is an anti-crossing of the 1F°3 and 3F°3
levels in the region of Zc < 3. In such cases the isoelectronic comparison cannot
provide a definite identification of the levels. Thus, the ab initio calculations of Froese
Fischer and Tachiev [40] were excluded from considerations regarding the A-values.
Since both Refs. [7] and [13] considered only the calculations of Hibbert et al. [39]
and the energy-adjusted calculations of Froese Fischer and Tachiev [40] as possible
candidates for the best A-values, the level identifications provided by Figs. 3a, 3b, and
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3c are sufficient for selecting the correct calculated A-values from the corresponding
data sets.

FIGURE 3. Isoelectronic comparison of separations of the 2s22p53d 3F°3, 1F°3, and 3D°3 from the
2s22p53d 3F°4 level for the Ne-like sequence from Ne I (Zc = 1) to Al IV (Zc = 4). a) Experimental data
from ASD, b) Calculations of Hibbert et al. [39], c) Energy-adjusted calculations of Froese Fischer and
Tachiev [40], d) Ab initio calculations of the same authors. The legends correspond to the LS labels

adopted in ASD for Mg III and Al IV. The solid lines are cubic interpolations.

In addition to the problems with transition probabilities, I found that many of the
core-excited energy levels of Na I published by Baig et al. [41] and compiled in Ref.
[7] were incorrect. For example, for the 2p53s3d configuration Ref. [7] lists 8 levels
with J = 1/2 and 10 levels with J = 3/2, while quantum mechanics allows for only 4
levels with J = 1/2 and 7 levels with J = 3/2. This prompted a new analysis of the Na I
EUV absorption spectrum, which was recently published [42]. The core-excited
energy levels of Na I and the corresponding line identifications in ASD 4.0 come from
that analysis.

Shortly after the revised analysis [42] was published, it was brought to my attention
that three important theoretical and experimental studies of Na I [43–45] had been
overlooked. Zatsarinnii and Bandurina [43] calculated the energies, percentage
compositions, radiative transition probabilities, and autoionization rates for the core-
excited 2s22p53lnl′ levels with n ≤ 6 of Na I using a multiconfiguration Hartree-Fock
method with a polarization potential, parameters of which were determined by fitting
the calculated energies of the 2s22p53l levels of Na II to experimental data. The results
of Ref. [43] are in good agreement with those of Ref. [42]. The calculated energies of
the 2s22p53lnl′ levels with n ≤ 4 from Ref. [43] are systematically too high by 390 cm-1

compared to the experimental data from Ref. [42]. If this systematic difference is
removed, the resulting adjusted energies agree with experiment with a standard
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deviation of 160 cm–1. In the subsequent studies [44, 45], the same theoretical
approach was used to interpret experimental Auger electron spectra of the 2s22p53lnl′
and 2s2p63lnl′ levels, respectively. The good agreement of calculations with
experiment achieved in these studies makes it possible to extend the interpretation
given in Ref. [42] to other core-excited states, many of which can be observed only in
Auger electron spectra.

POTASSIUM PROBLEMS AND SOLUTIONS

Energy levels, observed spectral lines, and transition probabilities of potassium in
all stages of ionization (K I through K XIX) were compiled by Sansonetti [6]. Most of
the problems detected in this data set refer to the core-excited spectrum of K I. For this
spectrum, more than 100 energy levels listed by Sommer et al. [46] and compiled in
Ref. [6] have duplicate configuration, term and J labels, and spectroscopic
designations of many levels are incorrect. In addition to that, there are multiple
misprints in Ref. [6] in wavelengths, energy level values, and line identifications.
Since it was not possible to revise this complicated spectrum with the same level of
analysis as it was done for Na I [42], the adopted solution was as follows:

1) 120 energy levels from Ref. [6] that had duplicate or incorrect designations
were deleted.

2) Misprints in the line and level tables were corrected where possible.

In addition to K I, the following problems were found for other potassium spectra:
– Some energy levels present in the line lists were missing in the energy level

tables for K XII and K XVII.
– Misprints and errors in wavelengths, energy levels, and line identifications were

found in the K II, K V, K VIII, K XI–XIII, and K XVII tables.
– In the K X line list, the observed intensities were taken from a wrong column of

the original data source.

All these errors have been corrected in ASD v. 4.0. Notes describing these
corrections have been added to the references for the corresponding spectral lines. In
the case of Li-like K XVII, determination of the missing energy levels required a new
parametric fitting with Cowan’s codes [17]. In addition to that, the observed
wavelengths of K XVII from Aglitskii et al. [47] and Boiko et al. [48] were increased
by 8 parts in 105 to correct the known calibration error [49]. Energy levels were
corrected accordingly.

CONCLUSION AND OUTLOOK

The new version of ASD (v. 4.0) represents a significant improvement over the
previous versions, both in quantity and quality of the data. In order to ensure the high
data quality in the future additions and revisions of the data sets, new procedures for
error checking in the results of critical compilations have been designed and will be
implemented in the near future.

To provide better integration of ASD into the world wide web of scientific
applications, we are planning to implement interfaces for linking ASD with other
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databases using the XML Schema for Atoms, Molecules and Solids (XSAMS), v. 0.1
of which [50] was released in September 2009.

We will continue adding new critically evaluated data into ASD. The first spectra to
be added are Ar II–XVI, Mo VI, W XLI–LXXII (revised), Cs I–LV, Ni I–II, Cr I–II,
Sr I, Ba III–LVI. For these spectra, new critical compilations or extended analyses
either have recently been published (Ar II–XVI [51], Mo VI [52], Cs I–LV [53], Sr I
[54]) or are in press.

Our selection of spectra for critical compilations is based on general abundance of
chemical elements and their importance for astrophysics, fusion research, and
industrial applications.

In addition to these ASD-related activities, we will continue monitoring the
literature on atomic spectroscopy and maintain our Bibliographic Databases.
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