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Foreword

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

NSRDS receives advice and planning assistance from a Review Committee of the National
Research Council of the National Academy of Sciences-National Academy of Engineering. A num-
ber of Advisory Panels, each concerned with a single technical area, meet regularly to examine
major portions of the program, assign relative priorities, and identify specific key problems in
need of further attention. For selected specific topics, the Advisory Panels sponsor subpanels
which make detailed studies of users’ needs, the present state of knowledge, and existing data re-
sources as a basis for recommending one or more data compilation activities. This assembly of
advisory services contributes greatly to the guidance of NSRDS activities.

The System now includes a complex of data centers and other activities in academic insti-
tutions and other laboratories. Components of the NSRDS produce compilations of critically
evaluated data, reviews of the state of quantitative knowledge in specialized areas, and computa-
tions of useful functions derived from standard reference data. The centers and projects also
establish criteria for evaluation and compilation of data and recommend improvements in ex-
perimental techniques. They are normally associated with research in the relevant field.

The technical scope of NSRDS is indicated by the categories of projects active or being
planned: nuclear properties, atomic and molecular properties, solid state properties, thermody-
namic and transport properties, chemical kinetics, and colloid and surface properties.

Reliable data on the properties of matter and materials are a major foundation of scientific
and technical progress. Such important activities as basic scientific research, industrial quality con-
trol, development of new materials for building and other technologies, measuring and correcting
environmental pollution depend on quality reference data. In NSRDS, the Bureau’s responsibility
to support American science, industry, and commerce is vitally fulfilled.

ERNEST AMBLER, Director
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Preface

The program on Atomic Energy Levels (AEL) initiated at the National Bureau of
Standards in 1946 called for complete coverage of the Periodic Table. Three volumes prepared
by Charlotte E. Moore and originally published as NBS Circular 467 were reprinted as
NSRDS-NBS 35 in 1971. These volumes cover the elements Hydrogen through Actinium (Z=
1-89) except for the rare earths, Cerium through Lutetium (Z=58-171). The present
compilation covering Lanthanum through Lutetium (Z=57-71) has been prepared by W. C.
Martin, Romuald Zalubas, and Lucy Hagan as part of a continuing program on the evaluation
and compilation of atomic energy levels, spectral wavelengths and classifications. This work is
being carried out in the Atomic Energy Levels Data Center of the Spectroscopy Section,
Optical Physics Division, Institute for Basic Standards, and in the Office of Standard
Reference Data. It represents one of the important activities of the National Standard
Reference Data System.

A similar compilation for the actinide elements is planned. The preparation of a single
volume covering both the rare-earth and the actinide elements, ie., the originally planned
Volume IV of AEL, would have unnecessarily delayed publication of the present tables. The
somewhat different title of the present publication and the assignment of a separate NSRDS-
NBS series number are meant to recognize this change, as well as to alert readers to certain
differences in the format of the tables from that of the previous AEL compilations.

The three AEL volumes now available as NSRDS-NBS 35 were originally issued during
the period 1949-58, and the tables for many of the included spectra are now in need of
revision. A part of this need is being met by new compilations for selected spectra. Moore’s
Selected Tables of Atomic Spectra [NSRDS-NBS 3, issued in sections] include H 1, D, T [Sec.
6, 1972]; C 1-VI [Sec. 3, 1970]; N 1—111 [Sec. 5, 1975]; N 1v—viI [Sec. 4, 1971]; O 1 [Sec. T,
1976]; Si1 [Sec. 2, 1967]; and Si 11—1v [Sec. 1, 1965]. A multiplet table as well as a table of
energy levels is given for each spectrum in this series. Recent compilations of energy levels
carried out in the Spectroscopy Section include ‘He 1 [W. C. Martin, J. Phys. Chem. Ref. Data
2, 257 (1973)], the 26 spectra of Fe, Fe 1—xxv1 [J. Reader and J. Sugar, J. Phys. Chem. Ref.
Data 4, 353 (1975)], the 24 spectra of Cr, Cr 1—xx1v [J. Sugar and C. H. Corliss, J. Phys.
Chem. Ref. Data 6, 317 (1977)], and the 25 spectra of Mn, Mn I-XXV [C. H. Corliss and J.
Sugar, J. Phys. Chem. Ref. Data 6, 1253 (1977)].

Many users need more extensive current data on atomic energy levels and spectra than
are included in the critical compilations now available or planned for the near future. The NBS
program thus includes publication of bibliographies covering the more recent literature in this
area, with the references classified according to the types of data. The most recent such
publication is the Bibliography on Atomic Energy Levels and Spectra, July 1971 through June
1975, by Lucy Hagan [NBS Spec. Publ. 363, Suppl. 1, 1977]. Earlier periods are covered in the
bibliographies NBS Spec. Publ. 363 [L. Hagan and W. C. Martin, 1972] and NBS Spec. Publ.
306, Sections 1-4 [C. E. Moore, 1968—69].

The AEL program has from the beginning received the help and cooperation of
spectroscopists in many laboratories who observe and analyze atomic spectra. I join the
authors of the present compilation in expressing sincere gratitude for this assistance.

D. R. Lide, Jr., Chief
Office of Standard Reference Data
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Atomic Energy Levels— The Rare-Earth Elements

The Spectra of Lanthanum, Cerium, Praseodymium, Neodymium,
Promethium, Samarium, Europium, Gadolinium, Terbium,
Dysprosium, Holmium, Erbium, Thulium, Ytterbium, and Lutetium

W. C. Martin, Romuald Zalubas, and Lucy Hagan

Institute for Basic Standards, National Bureau of Standards, Washington, D.C. 2023}

Energy level data are given for 66 atoms and atomic ions of the 15 elements lanthanum (Z=57)
through lutetium (Z=71). These data have been critically compiled from published and unpublished material.
Only experimentally determined energy levels are included, the energies being restricted to excitations of
outer-shell electrons and to inner-shell excitations up to the soft x-ray range. The levels were taken from
analyses of the spectra of atomic gases wherever possible; however, the levels for several of the triply
ionized rare earths are from analyses of the spectra of the ions in crystals or solutions. In addition to the
level value (usually in units of cm ') and the parity, the J value, configuration and term assignments, and
the experimental g value are listed wherever available. Leading percentages from the calculated
eigenvector are also tabulated for each level if available. The levels are grouped into spectroscopic terms of
appropriate coupling schemes where such groups appear meaningful. Ionization potentials are tabulated for
most of the spectra. Complete references for the tabulated data are given for each spectrum.

Key words: Atomic energy levels; atomic spectroscopy; electron configurations; ionization potentials; lantha-

nides; rare earths; spectra; Zeeman effect.

1. Introduction

A program on the compilation of atomic energy levels was
begun at the National Bureau of Standards in 1946 by
Charlotte E. Moore under the direction of William F.
Meggers [Moore, 1971].! The appearance of the third volume
of Moore’s Atomic Energy Levels (AEL) in 1958 completed
the coverage of the elements through Ac (Z=89) except for
the rare earths Ce through Lu (Z=58-71). A planned
Volume IV of AEL was to include the rare earths and the
actinide elements; publication of such a volume was not
feasible during the 1960’s, however, because many of the
needed spectra had not been analyzed sufficiently, if at all.
Atomic spectroscopists have greatly increased the available
data for these elements during the past 15 years or so, and
active work on the present compilation was begun in 1969.
As the compilation progressed we decided to publish the
tables for the rare earths separately. A similar compilation
for the actinide elements is planned.

1.1. Scope and Format of the Tables

The compiled data pertain to the energy levels of the
atoms and ions of the 15 elements La (Z=57) through Lu
(Z=11). Although La 1, La 11, and La 111 were included in
AEL Vol. III, the new and revised data obtained for La 1
through La v since 1958 warranted new compilations. Only
experimentally determined values of the energy levels are
tabulated, and the energies are restricted to excitations of
outer-shell electrons and to inner-shell excitations up to the

1
Names and dates in brackets indicate references at the end of this introduction.

soft x-ray range. All but a relatively few of the levels have
been obtained from analyses of optical spectra. The sources
for most of these spectra were atomic gases; ideally, the
levels are evaluated for free, unperturbed atoms and ions.

Reliable analyses were not available, however, for the
(free-ion) spectra of triply ionized Nd, Pm, Sm, Eu, Gd, Dy,
Ho, Er, and Tm. In each case we have therefore given a few
levels as derived from the spectra of the ions in erystals or
solutions. These levels are enclosed in brackets to indicate
that the derived positions may differ from corresponding
values for the unperturbed ions by several percent. No data
of this type are included for species other than triply
ionized.

An explanation of the data tabulated with the energy
levels is given in section 4, arranged by column headings.
The format of the AEL tables, which was based to a
considerable extent on the earlier Atomic Emnergy States
[(Bacher and Goudsmit, 1932], is now probably the most
familiar scheme for the presentation of energy level data.
We have retained much of this format while adapting and
extending it to give more detailed theoretical descriptions of
levels for which such information is available. The main
formal changes are the addition of the “Leading
Percentages” (referring to the theoretical composition of the
levels) and the deletion of the “Interval” column. Changes in
the arrangement within some of the other columns are
noted in section 4.

We originally prepared a table for each spectrum with the
levels of the two parities intermixed. In a number of cases,
however, the complication added by intermixing two
separately complex level structures appeared to outweigh



2

any advantages of the arrangement. In such cases we give
the levels in separate lists for the two parities, a practice
now followed in most publications on complex spectra. (A
deviation from the usual AEL arrangement of intermixed
parities was in fact made for Hf 1; see AEL Vol III
[Moore, 1971].)

The notations for several different coupling schemes and
a convention bearing on the order of coupling of the
electrons are used without comment in the tables.
Explanations of the notations and of some other pertinent
theoretical points are given in section 2.

It should be emphasized that the familiarity of the format
can be misleading unless certain new conventions are
understood. We recommend the reading of section 4 of the
Introduction (especially 4.1, 4.2, and 4.6) by all who plan to
use this compilation in more than a casual way. The
following points are based on the more detailed explanations
given in sections 2 and 4.

1.2. Important Conventions

a. Naming of Levels

We have retained the practice of listing the levels
according to spectroscopic terms, except where such
groupings of levels would be meaningless as indications of
atomic structure. In a note on coupling in rare-earth spectra,
G. Racah wrote “... in many configurations of the rare earths
there are interactions which are of the same order of
magnitude, and it will be impossible to define the coupling
scheme. This does not mean that it will be impossible to
calculate the positions of the levels and even the exact
compositions of the states; this only means that the
composition will be such a complicated combination of
different states, that it will be impossible to correlate it
with a meaningful name or symbol” [Racah, 1960]. To make
the compilation easier to use, we have tried to handle the
question of term names in a reasonably consistent manner
for all spectra. The criteria we followed in deciding whether
to retain (or in some cases to assign) names for levels are
explained in section 4.2.

If a level is given with leading percentages and with a
term symbol wunder the “Term” heading, the full set of
symbols in the first two columns (plus the J value)
constitutes a unique name in this compilation. This also
holds for levels given without leading percentages, provided
the appropriate ancestral terms are given with the
configuration. In most cases we have not given shortened
designations for the levels; this is emphasized because in the
AEL tables each term or interpreted level has a unique
short designation under the column heading “Desig.”

Levels mot listed with a term symbol in the second column
(under “Term”) have no symbolic names for the purposes
of this compilation.? This should be noticed especially in
connection with J,j and J,J, coupling, since the symbols in
the first column alone constitute complete theoretical term

2

A convenient method for designating unnamed levels is to give the numerical value with the J
value as a subscript, and a superscript degree symbol for odd levels. It is usually sufficient to give
the position to the nearest cm~, or simply truncated at the decimal point.

descriptions in these schemes—such a term is a suggested
name, however, only if it is followed by a (J,,7) or (J,,J,)
term symbol in the second column.

In cases of strong configuration interaction, an attempt to
correlate each eigenvector with even a particular
configuration can be meaningless. The configuration listed
in the first column does mot mnecessarily represent a
configuration assignment for the level; the configuration for
the first percentage is normally given in the “Configuration”
column regardless of the magnitude of this percentage.

b. Incomplete Terms

Predicted levels that have not been found are usually not
indicated notationally in these tables. The only exceptions
occur as levels of partially known terms (shown as term
groups), and the levels of such terms are grouped only
under certain conditions (sec. 4.2). Some conventions
regarding incomplete terms can be noticed in an example
from the 4f°("F)5d subconfiguration of Eu 111:

Term J Level
G 3
52 49905.64
%
s,  51650.77
B,  52099.87

The blank spaces under “Level” for J=3% and 9% indicate
that these levels have not been found in the analysis (a
standard convention). It will be noticed, however, that no
blank space or J value appears for a third level “missing”
from this term (J="). This omission signifies that none of
the calculated eigenvectors 1is appropriate for the
corresponding designation. By the omission we avoid the
implication that a 4f°("F)5d G, level is missing from the
Eu 111 analysis. The best candidate levels for this
designation are known and may be found among the levels
near the °G term. (In this particular example, all of the
calculated 4f°("F)5d °G,, composition is distributed among
known levels, since all twelve J=7% levels for the interacting
4f 5("F)5d and 41 %("F)6s subconfigurations are known.)

2. Coupling Schemes, Allowed Terms,
Percentage Composition, Zeeman Effect

We assume that the reader is familiar with the basic
vocabulary and standard notations used in discussing atomic
structure and spectra.’? However, the notations required for
the full description of some of the theoretical states used in
this compilation are necessarily more complex than for
simpler spectra, and an explanation of certain adopted
conventions is needed. The following outline of the
notational scheme (sec. 2.1 and 2.2) includes all the coupling

3A pertinent summary is given in the introduction to Vol. I of AEL [Moore, 1971). El'yashevich
[1961] gives an extensive discussion and a number of useful tables relating to the theoretical
properties of terms and levels of rare-earth configurations. In the case of words used differently by
different authors (e.g., term, multiplet), we follow Condon and Shortley (1963, chaps. 7-9].
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types that now appear to be needed for Atomic Energy
Levels compilations. This section is also in part an
introductory supplement to section 4, which gives a detailed
explanation of the tables.

2.1. Coupling Types, Order of Coupling of
Electrons, Ancestral Terms

In this section we give enough examples to make clear the
meaning of the different coupling-scheme notations. Not: all
of the configurations in the examples have been identified
experimentally, and some of the examples of a particular
coupling scheme (given for heuristic purposes) may be
physically inappropriate.

a. LS Coupling (Russell-Saunders Coupling)

Some examples of this familiar scheme are given below
mainly to indicate a spacing convention bearing on the order
of coupling of the electrons.

Configuration Term
1. 4f7(38°)6s6p(*P°) up
2. 4f"(®S°)6s6p*(*P) 1pe
3. 4f7(®S°)5d*(*F) 10e
4. 4f"(*K2)6s6p('P°) 3L°
5. 4f"(®S°)5d ("D°)6p 8F
6. 4f7(®S°)5d (°D°)6s (2D°)7s °De°
7. 4f"(®S°)5d (°D°)6s6p(*P°) UFR
8. 4f7(®S°)5d*(*G) (®G°)6p F
9. 4f(*F°) 5d*(*'G)6s (*G) 1pe

In the first example, the seven 4f electrons couple to give
an ®S° term, and the 6s and 6p electrons couple to form the
*P° term; the final P term is one of three possible terms
obtained by coupling the #S° and ®P° parent terms. The next
three examples are quite similar to the first. The meaning of
the index number 2 following the ®K symbol in the fourth
example is explained in section 2.2.

The coupling in example five is appropriate if the
interaction of the 5d and 4f electrons is sufficiently stronger
than the 5d—6p interaction. The "D° parent term results
from coupling the 5d electron to the ®S° grandparent, and
the 6p electron is then coupled to the "D° parent to form the
final 8F term. A space is inserted between the 5d electron
and the "D° parent to emphasize that the latter is formed by
coupling to a term (®S°) listed to the left of the space. The
sixth example illustrates a similar coupling order carried to
a further stage; the ®D° parent term results from the
coupling of the 6s electron to the °D° grandparent.

The seventh example is similar to the first four cases, but
in seven the first of the two terms that couple to form the

4
Neither the jj coupling scheme for equivalent electrons (2.1.c, 22.b) nor the LS; coupling scheme
(2.1.e) is used in this volume.

3

final "F term, i.e., the °D° term, is itself formed by the
coupling of the 5d electron to the 3S° core term. The eighth
example shows an 8G° parent term formed by coupling the
88° and 'G grandparent terms. A space is again used to
emphasize that the following (3G°) term is formed by the
coupling of terms listed before the space.

A different order of coupling is indicated in the final
example, the 5d* 'G term being coupled first to the external
6s electron instead of directly to the 4f core electron. The
4f (*F°) core term is isolated by a space to denote that it is
coupled (to the 5d%('G)6s 2G term) only after the other
electrons have been coupled. The notation in this particular
case (with a single 4f electron) could be simplified by
writing the 4f electron after the 2G term to which it is
coupled. It appears more important, however, to retain the
convention of giving the core portion of the configuration
first.

The notations in examples 1-4 are in the form
recommended by Russell, Shenstone, and Turner [1929], and
used in both the Atomic Emnergy States and AEL
compilations. The convention introduced in the remaining
examples allows different orders of coupling of the electrons
to be indicated without the use of additional parentheses,
brackets, etc.

b. J,j or J,J, Coupling

The symbol J;refers to the total angular momentum of an
electron or of a group of electrons; a small j indicates
explicitly the angular momentum of one electron (j=I+%).
In the configuration notations, J; values are written as
subscripts.

Configuration Term
L. 4f CF35.)6py (%,%)
2. 4f*CH;)6p,p (5,%)°
3. 4f"(*Hg,2)6s6p(°PY) (%,1)
4. 4f°(°H°)5d ("H3)6s6p(*P}) (8,0
5. 4f"(*°Hg) 5d(*D)6s6p(*P°) (‘F3) (6,3%)°
6. 5'C1,)6dy, (4,%),,, TSTP(*P3) (,1)°

These examples all have an f-electron core in LS coupling.
The (J,,7) and (J,,J,) term symbols are used throughout
this compilation. The configuration notation 4f;,6p;, might
well be used in the first example, but the notation shown
emphasizes that the 4f electron belongs more to the atomic
core. This notation is also preferred because of its similarity
to the more complex examples that follow.

c. jj Coupling of Equivalent Electrons

This scheme has been used for calculations of some 5f"
actinide configurations, and is often used in relativistic ab
initio calculations. Notations of the following types are
consistent with those outlined above.



Configuration Term
1. 6d;,6d,, (52,%)
2. 6d3,
3. 5f 15 % (,4,4)
4. 5f7:5f 32 (8,%)5:2 TPy (2%2,%)
5. 5f3.5f%, (%,%), TsTp(*P3) 9,2)°

The configuration in the second example shows a general
notation for equivalent electrons having the same j value.

The third example shows a more general case of jj
coupling of equivalent electrons, with each of the two
groups of electrons (j,=%, j,=% in this case) having more
than one allowed J value. The allowed J values for [}
equivalent-electron groups are given in table 2 through j=7.
The 13, group has two levels for each of the J values 2 and
4; these are distinguished by seniority numbers given as
preceding subscripts to the J, values. The (J,,J,) notation
under “Term” follows the convention that J, arises from the
group of electrons on the left, J, from the group on the
right. In pure jj coupling, the levels of an entire
subconfiguration such as 5f%,5f%, are degenerate; thus the
seven subconfigurations of 5f¢ for example, are the real
“terms” in this scheme. The listing of the (J,,J,) symbols
under the “Term” heading is, however, a notational
convenience implied by the fact that the final (J,,J,),
wavefunctions constitute the basis set in the jj scheme (see
2.2.b).

The fourth and fifth examples are obvious extensions to
configurations having external electrons, with a resultant J,
coupled to the core J, to form a (J,,J,) term.

d. J,! or J,L, Coupling®

Configuration Term
L. 4f(*F3.)5g %I
2. 4f*("H,)59 ?[3]
3. 4f3(®F%,)5d*(*D) %]
4. 4f"®(*F3,)5d6s(*D) 3% ]°

The first two terms result from coupling a parent-level J,
to the orbital angular momentum of a 5g electron (I=4) to
obtain a resultant K value enclosed in brackets. The spin of
the external electron is then coupled with the K angular
momentum to obtain a pair of J values, J=K+% (for K#0),
not shown. The multiplicity (2) of such pair terms has
usually been omitted from the term symbol; it is given
explicitly in these tables, since other multiplicities occur in
the more general J,L, coupling (examples 3 and 4). The last
two examples are straightforward extensions of J,l
coupling, with the L, and S, momenta of the “external” term
(*D and *D in examples 4 and 5, respectively) replacing the [
and s momenta of a single external electron.

5
Some authors refer to this scheme as JK coupling.

e. LS, Coupling®

Configuration Term
1. 5p°CCP°)5f G (%]
2. 5p3(4Do)5f2(3F) Ho 3[13/2]0

In these hypothetical examples from the Xe1 and I1
isoelectronic sequences, the 5f electrons are mainly “outside”
the 5p" cores. The orbital angular momentum of the core is
coupled with the orbital angular momentum of the external
electron(s) to give the total orbital angular momentum L.
The letter symbol for the final L value is listed with the
configuration because this angular momentum is then
coupled with the spin of the core (S,) to obtain the resultant
K angular momentum of the final term (in brackets). The
multiplicity of the [K] term arises from the spin of the
external electron(s).

f. Coupling Schemes and Term Symbols

The coupling schemes outlined above include those now
most frequently used in calculations of atomic structure.
Since the notations clearly distinguish the different schemes,
it will not be necessary in our discussions of particular
spectra to indicate the coupling schemes for the various
configurations.

Each of the three types of term symbols gives the values
of the two angular momenta that couple to give the total
electronic angular momenta of the levels (indicated by the J
values). For configurations of more than one unfilled
subshell, the angular momenta involved in the final coupling
derive from two groups of electrons (either group may
consist of only one electron). These are often an inner group
of coupled electrons and an outer group of coupled electrons,
respectively. In any case the quantum numbers for the two
groups have been distinguished by subscripts 1 and 2, so
that quantum numbers represented by capital letters
without subscripts are total quantum numbers for both
groups. Thus the quantum numbers for the two vectors that
couple to give the final J are related to the term symbol as
follows:

Quantum numbers for

Coupling vectors that couple Term Symbol
Scheme to give J
LS L,S 2541,
JiJ> Ji, (1, J2)
JiLy (—K) K, S, 25241 K]
LS, (—K) K, S, 25241 K]

The parity is indicated by appended degree symbols on odd
parity terms.

6 .
Also referred to as LS. (c for core) or LK coupling.
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2.2. Allowed Terms or Levels for
Equivalent Electrons

a. LS Coupling (Table 1)

Configurations with one or more groups of equivalent
electrons are usually analyzed or calculated on the basis of
LS coupling of the equivalent electrons. The allowed terms
of a configuration consisting of two inequivalent groups are
obtained by coupling the L and S vectors of the groups in all
possible ways, and the procedure may be extended to any
number of such groups. Thus the allowed terms for any
configuration can be obtained from a table of the allowed
terms for groups of equivalent electrons. Table 1 is
sufficient for this purpose for any configuration in this
compilation.

The configuration [Y has more than one allowed term of
certain LS types if [>1 and 2<N<4l (d*-d” and f*—f" in
table 1). Each recurring term of a particular type for one of
these configurations in table 1 is immediately followed by a
sequential index number [Nielson and Koster, 1963]; these
index numbers stand for additional theoretical quantum
numbers that differentiate the recurring terms except for a
few terms of f°and f°, féand f® and f".

The first of the additional quantum numbers given with
each term of the dV and fV configurations is the seniority
number [Racah, 1942; 1943; 1949]. The seniority number of
each d" term is followed by the group label of the term
according to the irreducible representations of the R, group.
This label consists of two integers (w,w,) in parentheses,
with 2=2w,=w,=0.

The theoretical classification of the terms of the f%V
configurations is according to the scheme of Racah [1949].
The seniority number (not needed, but given for
completeness) is followed by the group labels W (three
integers (w,w,w,), with 2zw,zw,=zw,;=0) and U (two
integers (u,u,), with 4=u,+u, and u,=u,=0). These identify
respectively an irreducible representation of the R, group
and an irreducible representation of its subgroup G,. The
few remaining duplicated terms are further labeled A or B
to indicate Racah’s separation of the two terms.

In the tables of energy levels, we use the index numbers
assigned by Nielson and Koster to distinguish recurring
terms. For the dV configurations, this procedure has the
disadvantage of substituting an arbitrary number for a
quantum number (the seniority) that itself distinguishes the
recurring terms in all cases. The actual value of the
seniority number is rarely needed, however, and we prefer a
consistent notation for the d” and f* configurations.

b. jj Coupling (Table 2)

The allowed J values for a group of N equivalent
clectrons having the same j value, [ are given in table 2 for
J=Y, 3%, %, and 72 (sufficient for [<3). The [}, group has
two allowed levels for each of the J values 2 and 4. The
subseripts distinguishing the two levels in each case are the
seniority numbers [de-Shalit and Talmi, 1963].

The allowed levels of the configuration ni” may be
obtained by dividing the electrons into sets of two groups
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nll,,nlk ,, Q+R=P. The possible sets run from Q=P-2[ (or
zero if P<2l) up to Q=P or Q=2[+2, whichever is smaller.
The (degenerate) levels for a set with both @ and R
nonzero have wavefunctions defined by the quantum
numbers (aJ,,BJ,);, with the J, the resultant angular
momentum of the Q group, and J, from the R group. The
symbols a and B represent any additional quantum numbers
required to identify levels of the @ and R groups,
respectively. The J values of the allowed levels for each
(ad |, BJ,) subset are obtained by combining J, and J, in the
usual way.

2.3. Percentage Compositions of Levels

a. Explanation of Eigenvector Percentages

The analyses of many rare-earth spectra could be carried
out beyond a very limited stage only with the aid of
calculations of the energy level structures. The calculations
of interest here yield the wavefunctions of the levels
expressed as eigenvectors of a certain type: the eigenvector
for each level is a linear combination of single-configuration
single-term wavefunctions. (The configuration and quantum
numbers designating a level of a theoretical spectroscopic
term determine the angular dependence of a corresponding
wavefunction.) Thus the wavefunction |a/M) of the M
sublevel (state) of a level labeled aJ is expressed in terms
of basis states; for example, if basis states |[ySLJM) are
formed by Russell-Saunders coupling,

laJM) = Z [yYSLIM) (ySLJ\|aJ ).
ySL

The symbol y represents all the quantum numbers needed in
addition to SLJM to specify a basis state |ySLJM)
(configuration, parentage, group-theoretical label, etc.). The
(ySLJ|aJ) are expansion coefficients, and

S [(ySLJlaJ)[? = 1.
+SL

The squared expansion coefficients for the various ySL
terms in the composition of the aJ level are conveniently
expressed as percentages, whose sum is 100%. Thus the
percentage contributed by the pure Russell-Saunders state
v.S,L.J is equal to 100-|(y,S,L.J|aJ)>. The notation for
Russell-Saunders basis states has been used only for
concreteness; the eigenvectors may be expressed in any
coupling scheme, and the coupling schemes may be different
for different configurations included in a single calculation
(with configuration interaction).

Notations of the type (A+B+...), where A, B, ... represent
configurations, will be used in referring to calculations that
include the interactions of the configurations listed between
the parentheses.

The largest percentage in the composition of a level is
called the “purity” of the level in that coupling scheme. The
coupling scheme (or combination of coupling schemes if
more than one configuration is involved) that results in the
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largest average purity for all the levels in a calculation is
usually best for naming the levels. Calculations of very
complex configurations are almost always carried out with
Russell-Saunders basis states, however, and eigenvectors in
this scheme are usually advantageous for most purposes.
Transformations to other schemes of higher purity are often
made as the last step of a calculation.

b. Need for Leading Percentages, and a Caveat

In the tables we give one or two leading percentages from
the eigenvectors of the levels where these are available (see
sec. 4). The percentages are important qualifiers of the
configuration and term notations given with the levels. The
need for some indication of low eigenvector purities seems
evident. Even leading components too small to describe a
level nevertheless serve to indicate the extent of term
and/or configuration mixing in the eigenvectors. Percentages
representing higher purities are quantitative confirmations
of the term designations (but see below).

It should be emphasized that the eigenvectors are
calculated quantities, dependent on particular theoretical
models and subject to the inaccuracies of necessary
approximations. Even within a particular approach such as,
for example, the parametric treatment of Slater-Condon
interactions, the results are affected by the inclusion or
omission of explicit configuration interaction (and which
configurations are included), effective interactions, explicitly
term-dependent interactions, magnetic interactions in
addition to the spin-orbit interaction, ete. The variation of
the eigenvectors due to such effects can in some cases
change the designations of particular levels. The calculations
also vary considerably in the overall accuracy of the
resulting eigenvectors, and thus in the accuracy of
prediction of the observed quantities—energy levels, ¢
values, line strengths, etc. The reader is urged to consult the
references given with the individual tables for details about
calculations of interest.

24. Zeeman Effect (Tables 3-6)

The Zeeman effect for “weak” magnetic fields is of
interest here because of the importance of Zeeman data in
the analysis of complex spectra. In the weak-field effect, the
J value of a level remains a good quantum number, although
in general the level is split by the field into magnetic
sublevels. (The field is weak only in the sense that the
splittings must be small compared to the level separations.
The nuclear magnetic moment is here assumed to be zero, or
to have a negligible effect.) For our purpose, the g value of
such a level may be defined by the expression for the
energy shift of its magnetic sublevel having magnetic
quantum number M (which has one of the 2 J+1 values, —J,
-J+1, .., J-1,J):

AE = gMu,B.

The magnetic flux density is B and p, is the Bohr magneton
(w,=efi/2m, in SI units). Since the g value is a gyromagnetic

ratio (expressed as a pure number), the concept is

meaningless for J=0; levels having this J value are excluded
from the discussion.

The wavenumber shift Ao corresponding to the energy
shift gMu B is given by

Ao = gM(0.46686B cm™'/T).

Here the magnetic flux density B is expressed in units of
the tesla (symbol T, equivalent to 10* gauss). The quantity in
parentheses, the Lorentz unit, is of the order of 1 em™ for
typical flux densities used to obtain the optical Zeeman
effect. Most of the g values tabulated here were derived by
application of this formula (for each of the two combining
levels) to measurements of optical Zeeman patterns. A
single transverse-Zeeman-effect pattern (two polarizations,
resolved components, and sufficiently complete) can yield
the J value and the g value for each of the two levels
involved [White, 1934; van den Bosch, 1957].

The highly accurate g values tabulated for some low levels
in neutral atoms have been obtained by atomic beam
magnetic-resonance techniques; the analysis of this type of
data usually involves nuclear moments, and in general is
more complex than the weak-field optical effect [Marrus and
Nierenberg, 1962; Wybourne, 1965, chap. 5].

The g value of a level aJ belonging to a pure LS-coupling
term is given by the formula:

J(J+1)-L(L+1)+S(S+1) ,
2 J(J+1)

Gaszs = 1+ (g,-1)

The independence of this expression from any other
quantum numbers (represented by a) such as the
configuration, ete., is important. The expression is derived
from vector coupling formulas by assuming a g value of
unity for a nure orbital angular momentum (singlet level)
and writing the g value for a pure electron spin (S level) as
9, [Wybourne, 1965, p. 98]. A value of 2 for g, yields the
Landé formula. If the anomalous magnetic moment of the
electron is taken into account, the value of g, is 2.002319.
“Corrected” Landé g values’ obtained with this value for g,
are given according to Russell-Saunders terms in tables 3
and 4. Tables 5 and 6 give Landé g values in increasing
order, the (three-place) values being from the uncorrected
Landé formula. ‘

The usefulness of Landé g values is enhanced by their
relation to the g values in intermediate coupling. In the
notation used in section 2.3 for the description of a level a.J
in intermediate coupling, the corresponding ¢ value is given
by:

Gas = zgSLJ [{ySLJ|e] )|,
ySL

where the summation is over the same set of quantum
numbers as for the wavefunction. The ¢,, value is thus a
weighted average of the Landé gg,, values, the weighting
factors being just the corresponding component percentages

‘The g values in tables 3 and 4 are from an unpublished tabulation by Dr. Mark Fred of the Argonne
National Laboratory. The arrangement here follows similar tables in Vol. I of AEL (Moore, 1971]).
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from the eigenvector of the aJ level in the LS-coupling
representation. The range of g values of interest can be
obtained from the Landé formula; the practical range (table
6) is from —2.000 to 4.667.

The Landé formula in general requires additional
corrections if theoretical values accurate to three or more
decimal places are needed. Relativistic and diamagnetic
corrections have been calculated for the g values of a
number of low levels of neutral rare-earth atoms [Judd and
Lindgren, 1961; Conway and Wybourne, 1963]. If the
correction for intermediate coupling is excepted, the
absolute value of the sum of the corrections to the Landé
formula appears to be less than 0.002 for most of the ¢
values calculated by Judd and Lindgren.

The formulas for g values in two other coupling schemes
used in this compilation are:

J.J, coupling

JT+1)+J ((J,+1)=J (] ,+1)
2J(J+1)

JT+1D)+J ,(J,+1)-J,(J,+1)
2J(J+1)

9, = 9

+glz

J\L, coupling
K(K+1)+J,(J,+1)-Ly(L,+1)

9, = 20,V G ek
3J(J+1)-K(K+1)+8,(S,+1)
2J(J+1)

The J,L,-coupling formula is from Wybourne [1965, p. 100]
with g, set equal to 2. If S,=%, so that J=K=*%, the second
term simplifies to (2J+1)/(2K+1), and the formula is
equivalent to that given by Racah [1942a] for J,! coupling.

3. Material Preceding Each Table— Summary
Data, Comments, References

Some basic data are collected at the beginning of the table
for each spectrum.® The configuration and term designation
of the ground-state level are given, with the electrons of
inactive closed subshells listed in parentheses. The
wavenumber corresponding to the principal ionization
energy is given, as well as this energy expressed in
clectron-volts (eV). An equivalence of 1 eV to
8065.479+0.021 em ! was used for the conversion [Cohen and
Taylor, 1973]. The confidence levels of the quoted
uncertainties for many of the ionization energies were not
given in the original papers. Uncertainties quoted without
comment are probably best taken as standard-deviation
errors.

A summary list of the configurations to which
cxperimental levels of each parity have been assigned is

NI\ single-page tabulation of the ground levels and ionization potentials for the neutral through triply
ionized lanthanide atoms is given in a compilation of such data for the lanthanides and actinides
{Martin, Hagan, Reader, and Sugar, 1974]. A number of the ionization potentials are superseded by
more accurate values in the present compilation.

7

provided if these are not readily apparent from the table
itself.

We have given the sources of the data for each spectrum,
along with any necessary explanation of the theoretical
interpretation. We have also tried to include in the
references enough of the earlier papers to indicate the main
line of progress on the energy-level analysis of the
spectrum. References on energy levels of ions in crystals or
solutions are mainly restricted to sources of the compiled
data in cases where no free-ion data were available.

The extent of the observations of the spectra on which
the analyses are based is usually indicated (wavelength
ranges, approximate numbers of lines). The main references
for line lists are given, except that we usually do not cite
any of the extensive collections of atomic wavelengths that
may be useful for a particular spectrum. References for
several such collected tables are listed in section 5. The
references for various other types of data not included in
the tables (hyperfine structure, isotope shifts, etc.) are very
incomplete, and in many cases are omitted entirely.

The abbreviations of periodical titles generally follow the
Bibliographic Guide for Editors and Authors [1974]. The
symbols following the citations indicate types of data or
other content according to the following code:

EL Energy Levels

Experimental energy differences, except Hfs or IS.
Includes references that suggest the rejection of
previously reported levels or confirm previously
doubtful levels.

ND New Designations

New or changed designations or J values for known
energy levels. This symbol is sometimes omitted,
especially if the symbol EL occurs.

CL Classified Lines

Indicates the assignment of observed lines to
transitions between energy levels that are specified
by theoretical designations and/or by their positions
in a known level scheme.

W  Wavelengths (or wavenumbers)

New measurements, or wavelengths newly assigned
to a particular spectrum. Also, measurements of
other entities corresponding to energy differences
between levels.

ZE Zeeman Effect data or interpretation
SE Stark Effect data or interpretation

Hfs Hyperfine structure

Observations and theory.

IS Isotopic or Isomeric (Nuclear) Shifts

Observations and theory.

IP Ionization Potential (Ionization Energy)
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SF Series Formulae

Evaluated series constants, including
appearing in polarization-theory formulae.

those

PT Parametric Theory

Calculations in which the energy parameters of
Slater-Condon theory, or extensions thereof, were
obtained by fitting the theory to experimental levels,
g values, and/or other observed quantities.

AT Ab initio Theory

These references are mostly to Hartree-Fock type
calculations of energy parameters or levels.

Additional references for these types of data may be
found in the NBS bibliographies [Moore, 1969; Hagan and
Martin, 1972; Hagan, 1977]. A recent article on rare-earth
atoms and ions by Blaise, Camus, and Wyart [1976] includes
some types of data omitted from the present compilation,
especially hyperfine structures and isotope shifts.

The date of submission of the manusecript for each
spectrum is given in brackets following the list of
references.

4. Explanation of the Tables
(By Column Heading)

For most of the headings, it is convenient to discuss
separately the cases of levels tabulated with and without
leading percentages.

4.1. Configuration

a. Levels Tabulated With Leading Percentages

The electron configuration for the largest component in
the calculated eigenvector for the level is normally given in
this column. (The configuration is for the largest component
to within the estimated uncertainty of the calculation; see
12)) Any ancestor terms or J values appropriate to this
component are normally included with the configuration, as
in the examples in section 2.1.

A question mark after the configuration indicates that the
assipnment  of the observed level to the calculated
cigenvector is uncertain. This particular notation for an
uncertain assignment usually implies that at least one other
possible assignment of the level would give a different
configuration or set of parent terms for the leading
component.

The configuration is listed only once for a set of levels
prouped into a term (see 4.2). All notations given with the
configuration, including any question marks, apply to each
level of such a term.

In cases of strong configuration interaction, more than
half the percentage composition of a level may be due to
components from a configuration different from that for the
l:uling component; such an example makes it clear that the
configruration given in the first column does not necessarily

represent a configuration assignment of the level. A
particular configuration may appear in the first column for
more levels than the pure configuration is allowed (see
Ce 111 for a relatively simple example).

b. Levels Tabulated Without Leading Percentages

The reliability and indeed the meaning of configuration
assignments made without. supporting calculations vary
greatly. Even in the most complex spectra, there may be
some levels or groups of levels belonging largely to a single
configuration. The observed structure, g values, intensities,
and other data can in such cases lead to unambiguous
assignments representing high purity. (Examples are the
lower levels of most 4f ¥6s?, 4f¥6s, and 4f " configurations in
the rare earths.) Quite often, however, the levels to be
interpreted comprise a dense structure to which several
configurations are known or expected to contribute. Some
preliminary configuration assignments may be possible and
useful in such cases, but such assignments for the bulk of
the levels are often best regarded as tentative until
confirmed by calculations. In many cases, meaningful single-
configuration assignments do not exist.

We have tried to indicate doubtful features of the
interpretations in the discussions of particular spectra and,
to some extent, in the tables. A question mark following the
configuration indicates explicitly that the assignment is
doubtful. A doubtful ancestor term is indicated by a
question mark after the term symbol within parentheses.

In some cases the configuration for a level may be known,
although the appropriate ancestor terms (or even the
preferred order of coupling of the electrons) cannot be
determined without calculations. Such a configuration
assignment (together with the final term and J value)
without full ancestry does not in general serve as a unique
name for the level.

c¢. Limits

The wavenumber corresponding to the principal ionization
energy is entered in proper sequence under “Level.” The
corresponding entry in the first column is the symbol for
the next higher spectrum of the element, followed by the
term designation and J value for the ground level of this
next ion. The configuration is normally omitted, and the
word “Limit” appears in the “Term” column (the levels of
the higher ion being limits for series in the lower spectrum).
If the known levels of the lower ion (or atom) extend above
the principal limit, one or more of the higher limits are also
given at appropriate positions.

42. Term

a. Levels Tabulated With Leading Percentages:
Naming of Levels, Grouping of Levels Into Terms,
Other Conventions

A term symbol in the second column belongs to the
eigenvector component whose configuration and ancestry
appear in the first column. The assignment of a set of levels



to a term is indicated by grouping the levels and by listing
the configuration and term symbol for only the first (lowest)
level of the group.” The presence of both a configuration
with all necessary ancestor terms in the first column and a
term symbol in the second column guarantees that each of
the levels grouped with the term is uniquely designated by
the symbols in the first two columns, together with the J
value; i.e., such levels have names. This naming convention
also applies to isolated levels not grouped into terms. The
use of the (J,,J,) term symbols in this connection should be
noticed; a J,J, configuration notation in the first column is
indicated as a name for the associated level(s) only if a
(J,,J,) symbol appears in the second column.

We usually retained or formed a term (by grouping levels)
if half or more of the candidate levels for the term were
known and had leading components approximately 45% or

larger. The 45% requirement was sometimes lowered
significantly for levels having leading components
sufficiently larger than the corresponding second

components. Additional levels of lower purity (~30% to
45%) were retained (or assigned) to help complete a
multilevel term provided certain conditions were met. Thus
the component for an assigned term name is normally the
leading component in the eigenvector, and is also as large a
percentage of the particular name as occurs in the
vigenvector of any other level (known or not) with the same
J value. We have also tried to avoid a name for which the
configuration contributes less to the total composition of the
level than some other configuration. These are minimal
requirements for avoiding completely inappropriate names.

One can assure more generally satisfactory names by
disallowing any name representing significantly less than
50% eigenvector purity; and in the case of a leading
percentage near 50%, by requiring that the second
percentage be significantly smaller (alternate designation
clearly less appropriate), and that no other eigenvector
should have a comparable leading percentage (~50%) for the
same designation. The weaker criteria for the grouping and
naming of levels outlined above were adopted to allow
practically any significant term structure within a single
configuration to be exhibited in the tables. In cases of
strong configuration interaction it sometimes happens that
assignment to a particular term type remains appropriate
for a level or level group for which no meaningful
configuration assignment is possible. Such term names are
not indicated by our scheme but may usually be deduced by
¢xamination of the two leading eigenvector percentages (see
see. 4.6).

Most of the calculated leading percentages for levels in
question as to naming are probably uncertain by several
percent. In order to facilitate term assignments, we have
allowed a relatively few small deviations (by up to ~4%)
from the above requirements on naming. These deviations
ure probably within the uncertainties of the calculations.

\ yroup of levels (or a single level) constituting a term is always set off from neighboring terms or
sveln by full vertical spaces. For compactness, neighboring levels not belonging to terms are in
many cases separated by less than full vertical spaces. Groups of such levels are not to be confused

«ith the significantly more compact groups constituting terms.

225-298 O - 78 - 2
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Many of the resulting terms are incomplete, in the sense
that no observed level is listed for one or more of the
possible J values of the term. A level “missing” from such a
term may not have been found in the analysis; alternatively,
it may be that no theoretical eigenvector is appropriate for
the corresponding designation, even under the relaxed
criteria described above. The first case is distinguished in
the tables by printing the J value of the level, and leaving a
blank space in the “Level” column. The leading percentages
for such a missing level are given if available. In the second
case, the best candidate levels for the missing designation
are usually known and lie in the same region as the levels
assigned to the term.

Levels belonging to a term most of whose levels have not
been found may nevertheless be grouped if the term
appears to be an important one or lies in a region where
most terms are more complete. The printed J values of the
missing levels explicitly indicate possible extensions of the
analysis. No predicted term is shown, however, unless at
least one level is known, and we emphasize that missing
predicted levels are generally not indicated in these tables:
No term symbols or J values are listed for missing levels
having low eigenvector purities or belonging to terms the
levels of which are not grouped (for whatever reason). The
reader is urged to consult the references to published
calculations for additional predicted levels.

A level with the leading percentage >45% from a single-
level term (singlet, S term, etc.) is usually so named (shown
as a term) if the second percentage is significantly smaller,
and if the other conditions outlined above are met. Isolated
levels (those remaining after the formation of all terms) are
named according to similar conditions.

Some levels of f“ and dV configurations have large
eigenvector components from two or more terms of the
same LS type (sec. 2.2.a). Since the resultant lowering of the
purities has no physical significance, we have retained the
names of such levels having adequate total purity of a
particular LS type and labeled them with the Nielson-
Koster index number for the term of the leading component.
(Of course the corresponding group-theoretical numbers
have little meaning for such a low-purity term.) Similar
considerations have been applied in designating parent (or
grandparent) terms arising from f¥ configurations.

A question mark after a term designation indicates that
the assignment of the observed level(s) to the calculated
eigenvector(s) is uncertain.

b. Levels Tabulated Without Leading Percentages

Most of the discussion in section 4.1.b of configuration
assignments of levels with no calculated eigenvectors is
pertinent to term assignments. Some of the additional
difficulties often encountered in attempts to assign term
names will be obvious from the preceding discussion.

We note here also that a term symbol in the second
column does not guarantee that the symbols in the first two
columns (and the J value) uniquely name the level; the
necessary nominal parentages may not be given.
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4.3. Total Electronic Angular-Momentum
Quantum Number J

An uncertain J value -for a level is usually known to
within two or three possible values; in such cases all the
possible J values are listed. Two or more J values may also
be listed at a single energy position to denote the
unresolved levels of a term, etc. Three or more such J
values are indicated by listing the two extreme values
separated by a dash.

4.4. Level

The levels are normally given in units of em™, with
respect to the ground level at zero em™'. Odd-parity levels
are printed in italics. The uncertainty of the level positions
in units of the last decimal place is not constant; it may vary
by an order of magnitude even within an analysis. If no
statement about the accuracy is made, it is usually safe to
assume that the probable error is between 2 and ~20 units
in the last place. A better estimate of the error in a
particular case may sometimes be obtained by consulting the
original paper(s) or line list.

Levels within terms are listed in order of position. Terms
are listed in order of lowest (known) levels, with ungrouped
levels being treated as terms. The J value and blank space
indicating a missing level of a term are given in the order of
the corresponding calculated level if such a value is
available.

A question mark following a level always indicates that
the level may not be real.

An asterisk (*) following a level has the same meaning as
a4 question mark following the assignment—the term
assignment of the level is questionable. For configurations
that have been calculated, this means that the correlation of
the caleulated eigenvector to the experimental level is
questionable. The asterisk notation is used mainly for
questionably assigned levels included in terms. An uncertain
assignment of an isolated level may be indicated by an
asterisk, but only if the configuration in the first column
would be unchanged by any possible reassignment of the
level (no question mark in the first column).

4.5. Experimental g Value

These  (dimensionless) magnetic splitting factors are
usually obtained from measurements of weak-field Zeeman
patterns (sec. 2.4). The relation between the uncertainty and
the number of decimal places given differs according to the
ubserver and the particular value; the range covered by this
relation is similar to that for the level values (see above).
More specific comments are made on the g values for some
spectra

A colon following a ¢ value indicates that it may be
ayrnificantly less accurate than values given to the same
number of decimal places but not so marked. Values
followed by a question mark are tentative, usually being
based on assumptions made to allow reduction of the
Zeeman patterns.

4.6. Leading Percentages

This column normally gives one or two percentages from
the calculated eigenvector of the level. The space for the
second percentage (on the right) is used in either of two
ways, as explained below. All percentages are rounded off to
the nearest percent, and the “%” symbol is omitted.

Any use of this column in a manner not outlined below is
explained in the tables for particular spectra.

a. First Percentage

If the level has an assigned name (see sec. 4.2), the first
percentage is for this “name” component. A first percentage
followed by a term symbol represents the largest component
in the eigenvector of a level having no assigned name, the
configuration and ancestry for this component being shown
under “Configuration.”

b. Second Percentage From Same Eigenvector
as First Percentage

If two percentages are listed without the word “or”
between them, the second percentage is the largest of the
remaining percentages from the same eigenvector as the
first percentage. If the second component belongs to the
same configuration as the first, usually only the parent
terms (or parent levels where appropriate) and final term
for the second component are given after the percentage.
Electron subshells common to different configurations for
the first and second percentages may be omitted from the
second configuration, the most frequent example being a
common 4f" core. Term notations common to all second
percentages listed for the levels of a term are usually given
only once.

The coupling scheme for a second eigenvector component
belonging to a different configuration may be different from
the scheme for the first component; this should not be
confused with case ¢ below, where the second listed
percentage is the leading percentage in a different coupling
scheme.

Since many authors list only the largest percentage for at
least some levels, the absence of a second percentage in this
compilation does not necessarily mean that it is less than the
smallest percentage used here (0.5%, given as 1%).

The relative signs of the two eigenvector components are
not given. These are often not given in the original
publications. Furthermore, these signs depend on certain
conventions, no one set of which has been accepted by all
authors. The original articles can be consulted for (possibly)
more complete eigenvectors with signs.

c. Second Percentage Is for Leading Component of
Eigenvector in Alternate Coupling Scheme

Where the eigenvectors from a calculation are available in
more than one coupling scheme, we often give in the second
percentage space the leading percentage from the
eigenvector calculated in an alternate scheme. This use of
the second percentage space is indicated by the word “or”
between the two percentages, since each is a leading



percentage. Competitively high coupling purities for a
configuration in different coupling schemes were, of course,
regarded as an argument for giving leading percentages in
alternate schemes, as was the case in which a second scheme
for the configuration in question is the preferred scheme for
a related configuration (two configurations connected by a
strong transition array, etc.). We have favored LS coupling
as a second scheme in cases where another scheme was used
for naming the levels.

It should be noted that the leading component in a secon.
scheme is not necessarily a name for the level in that
scheme; in cases of low purity, the eigenvectors of two (or
more) levels of the same J value may have the same leading
component.

For some configurations, the alternate coupling schemes
are both LS coupling, but with the electrons coupled
differently in the two cases (see Eu 1 4f"5d6s, for example).
In this case it is usually possible to set up terms in either
scheme, as indicated by printing the term symbol for the
sccond scheme only for the first level of each term.

5. Note on Tables of Wavelengths for
Rare-Earth Spectra

Several of the more comprehensive collections of atomic
spectral wavelengths that include the rare earths are listed
here, since we have usually not included these publications
in the references for particular spectra. The most complete
existing lists of observed lines for many rare-earth spectra
are at present unavailable in either published or report
form.

Gatterer, A., and Junkes, J., Atlas der Restlinien, Vol. 11,
Spektren der Seltenen Erden, Specola Vaticana, 347
pp. (1945). )

Wavelength range, 2265-7600 A. Mainly first
and second spectra. Main tables have a total of
41605 lines arranged by element, with Se, Y,
Zr, and Th included in addition to the
lanthanides. Generally the most complete
collection of rare-earth lines having tables
separated according to element. Otherwise,
these tables have been superseded. No energy
level classifications.

Harrison, G. R., MIT Wavelength Tables, MIT Press,
Cambridge, Mass., 429 pp. (1969).

Wavelength range, 2000-10000 A. Mainly first
and second spectra. Main table has all elements
and spectra together, arranged by wavelength.
Includes original measurements of thousands
of lines of the more complex rare-earth
spectra, and was used extensively in the
preparation of several other publications listed
here. No energy level classifications.
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Meggers, W. F., Corliss, C. H., and Scribner, B. F., Tables
of Spectral-Line Intensities, Nat. Bur. Stand. (U.S.),
Monogr. 145, Part I, 403 pp.; Part 11, 228 pp. (1975).

Wavelength range 2000-9000 A. Mainly first
and second spectra. Part I is arranged by
element. About 16000 of the strongest lines of
the rare-earth spectra are included, and the
tables for several of these spectra have lines
and energy levels (for classified transitions)
that have not been published elsewhere. Part
Il is arranged according to wavelength with all
(70) elements together.

Moore, C. E., A Multiplet Table of Astrophysical Interest,
Nat. Stand. Ref. Data Ser., Nat. Bur. Stand. (U.S.),
40, 253 pp. (1972). A reprint of the 1945 edition.

Wavelength range, 2950-13000 A. Has
multiplet tables (by spectrum) and a finding
list (all included spectra together). Lines of
several rare-earth spectra (as available in 1945)
are listed in the multiplet format especially
convenient for some users.

Wysocka-Lisek, J., Spectrum Lines of Rare Earths
Arranged by Wavelengths, Lubelskie Towarzystwo
Naukowe, Lublin, Poland, 583 pp. (1970).

Most complete published collection of spectrum
lines of the neutral and singly ionized rare
earths for the region 2000—10000 A (58000 lines
including lines of Se, Y, Zr, and Th, in addition
to the lanthanides). Arranged by wavelength
with all elements together. No energy level
classifications.

Zaidel’, A. N., Prokof’ev, V. K., Raiskii, S. M., Slavnyi, V.
A., and Schreider, E. Ya., Tables of Spectral Lines,
IFI/Plenum, New York, 782 pp. (1970).

Part 1 has 52000 lines of 60 elements, including
the rare earths. This part is arranged by
wavelength, with all elements together (mainly
first and second spectra, range 2000—8000 A).
Part 2 has 38000 lines of 98 elements arranged
by element, and includes lines from third and
higher spectra. Both parts were revised to
include material published in the 1960’s. The
wavelength range of Part 2 extends into the
vacuum ultraviolet and further to the infrared.
For the rare earths, the main advantage of
Part 2 (relative to the other publications) is the
tabulation of the stronger lines of some third
and higher spectra. Also includes the energy of
the upper level (to the nearest 0.01 eV) for
classified lines.
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6. State of Analyses of Rare-Earth Spectra

The table! below roughly summarizes the status of the
analyses for the first six spectra of the rare earths, based
on the data available for this compilation. Analyses of
spectra of ions in crystals or solutions are included only to
the extent of indicating (by brackets) nine triply ionized
species for which the levels tabulated here are entirely
derived from such data. Analyses of the atomic and free-ion
spectra are indicated by numbers one to four, with the
following approximate meanings:

1. The spectrum has been well excited and measured over
the relevant optical range. For a first or second spectrum
the Zeeman effect has been observed. Practically all of the
strong lines are classified. (In practice the number of
“strong” lines varies from less than 100 to several thousand,
depending on the complexity of the spectrum.) The more
important configurations have been calculated; all the lower
levels and more than half of all the known levels have been
interpreted according to the calculations. More or refined
calculations might be needed, such as the inclusion of
additional configuration interactions, use of effective
interactions, recoupling transformations, or extension to
additional configurations. Such additional calculations
probably would allow some extension and refinement of the
analysis, especially in the case of a first or second spectrum;
however, the analysis is now one of the most complete for
the type of spectrum.

2. These analyses are less complete than those described
above. Important configurations are not known or have not
been interpreted theoretically. The wavelength descriptions
are usually satisfactory, but in some cases further
observations are needed.

3. The analysis has progressed beyond the beginning
stages, but important configurations are not known relative
to the ground configuration; or the basic configurations have
not been calculated. More observations may be needed.

4. Only a beginning analysis exists.

The number for a particular spectrum thus indicates
roughly the completeness of the analysis relative to other
spectra of the same type and level of complexity. The main
tables should, of course, be perused for details on the
analyses. Summary tables of “Observed Terms,” of the type
given in AEL Vols. I-III, have been omitted here as being
impractical for many of the complex rare-earth spectra with
extensive configuration interactions.

The energy levels for 57 of the atomic species in the
present compilation are from analyses of atomic or free-ion
spectra;' before 1960, there were no analyses at all for 35 of
these spectra. Also since 1960, there has been additional
work on all but 2 or 3 of the 22 spectra analyzed earlier. It
is clear from the table, however, that this progress on the

m'I‘he table is a revised version of a similar summary made several years ago [Martin, 1972]. The
separated group of spectra in the upper part of the table belong to the Xe 1 and I I isoelectronic
sequences; the 4f-electron orbit is not collapsed (rare-earth like) in the low-ionization members of
these sequences. The first three Lu spectra are also separated off, since the analyzed configurations
include 4f electrons only in the closed shell. Three additional spectra that have been analyzed,
Sm XXXV, Gd XXXVII, and Dy XXXIX, are not shown.

11
Analyses of crystal or solution spectra are excluded from consideration in the following remarks.

rare earths during the past 15 years or so has in most cases
not included the fourth and higher spectra. (No analyses of
third or fourth rare-earth spectra were carried out during
the 20 years from the late 1930’s to the late 1950’s.) More
complete data on energy levels and wavelengths for the rare
earths are needed in several important areas of research. It
is fortunate that work on a number of these difficult spectra
is now continuing or planned.

Status of analyses of rare-earth spectra.
See text for explanation.

Z i 1 I v v VI

57 La
58 Ce
59 Pr
60 Nd
61 Pm
62 Sm
63 Eu
64 Gd
65 Tb
66 Dy
67 Ho
68 Er
69 Tm
70 Yb
71 Lu

CO =t

————

POIND = DO DO DD DO DD~ W DNDN
DO~ — DO CO DD W = RO WK W~ N

DO — DO DD & DD DO DD W
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9. Tables for the Introduction

TABLE 1. Allowed terms for LS coupling of equivalent electrons?
Config. Allowed terms
8 S
s2 1S
p and p3 | 2P°
ptandp*|*P 'D 1S
p3 4Qe 2.D° 2pe
pb 1S
d and d? | 2D 1 (10)
d*and d8| 3F 2 (11) 'G 2 (20) 'S 0 (00)
3p 2 (11 'D 2 (20)
d*and d”| *F 3 (11) 2 3 (21) 2 3 (21) :D2 3 (21)
4P 3 (11 G 3 (21) D1 1 (10) 2p 3 (21)
dtandd®| 5D 4 (10) 3F2 4 (21) T 4 (22) 1D1 2 (20)
3H 4 (21) 3D 4 (21) IG1 2 (20) D2 4 (22)
3G 4 (21) 3P1 2 (11) 1G24 (22) 1S1 0 (00)
31 2 (1D 3Pp2 4 (21) IF 4 (22) 152 4 (22)
d® 6S 5 (00) 1P 3 (11) :G2 5 (22) :D2 3 (21)
1G 5 (20) 2] 5<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>