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Relativistic configuration-interaction calculations have been performed for anion states representing
6p attachments to 4fm5d6s2 states in Gd and Tb as well as 6s attachments to 4fm5d26s thresholds
in Pr and Gd. The 4f subshell was treated as core-like with the same occupancy in all correlation
configurations, and recently developed methods for reducing the complexity of the 4fm subgroup
were also employed. Results predict a single weakly bound (24 meV) even state for Pr−, twelve even
states and three odd states for Gd− (the lowest level having an electron affinity of 234 meV), and
six odd states for Tb−. The lowest 4f85d6s26p Tb− state is bound relative to the neutral 4f96s2

ground state by 88 meV, indicating that the Tb− ground state may actually be an attachment to
the first excited state of the neutral atom. Revised calculations and analyses of the much simpler
Lu−, La−, and Ce− anions are also presented.

PACS numbers: 32.10.Hq, 31.15.am, 31.15.ve, 31.15.vj

I. INTRODUCTION AND MOTIVATION

Recent developments in our relativistic configuration-
interaction (RCI) methodology [1, 2] have focused on lim-
iting the size of our computational bases through univer-
sal jls restrictions of electron subgroups. This approach
has been applied to 6p attachments to lanthanide 4fn6s2

ground state configurations by treating the 4f subshell
as core-like and retaining the same occupancy (n) and jls
composition of the 4fn subgroup in every correlation con-
figuration. These calculations [2] predicted a linear de-
crease in electron affinity (EA) with increasing n for Pr−
(n=3, 177 meV) through Tm− (n=13, 22 meV), exclud-
ing Gd−. The work presented here is an expansion of this
methodology to anion states representing attachments to
4fm(5d+6s+6p)3 neutral thresholds, where m ≡ n− 1.
In general, these configurations represent an increase in
the complexity of the RCI calculations, since the neutral
thresholds now have a valence three-electron subgroup
(roughly as computationally difficult as the 4fn6s26p an-
ion cases), and the anion 4fm5d6s26p and 4fm5d26s2

calculations now have a valence four-electron subgroup.

For a comprehensive survey of the lanthanide anions,
it is useful to consider types of electron attachments and
expected binding energies (BEs). We have long used the
computational strategy of treating d attachments to neu-
tral dk−1s2 ground states as s attachments to excited dks
thresholds [3–5] to avoid difficulties of differing d occu-
pancy between neutral and anion calculations (reducing
the importance of core-valence correlation). However,
the example of the Ce− ground state, whose LS compo-
sition (4H primary, 2G secondary) [6, 7] suggests a literal
6s attachment to 4f5d26s 5H, has led us to consider the
position of these dks thresholds as paramount when at-
tempting to attach d electrons to ground states. Analysis
of s attachments in transition metals [8, 9] yields a lin-

ear trend in BE (excluding k=3 to k=5), though it is
unclear whether k=2 should necessarily follow this lin-
ear relation, since the relative s bindings of d2s2 for the
first two series do not produce bound anion states. Their
predicted relative s binding is ∼0.65 eV in both cases,
but the lowest d2s 4F3/2 thresholds in Sc and Y are at
1.428 eV [10] and 1.356 eV [11], respectively, so anions in
both cases are only created by p attachments to the ds2

ground state configurations [12]. Since the predicted rela-
tive s binding in the third transition series is ∼0.84 eV for
La− [8], and our own reinterpretation [7] of experimental
data [13] in Ce− gives an s binding of ∼0.95 eV relative
to 4f5d26s 5H3, we have considered potential 6s attach-
ments to lanthanide states with open 6s configurations
within ∼1.0 eV of the neutral ground state. Similarly,
since 6p attachments to lanthanide ground states have
been found to be less than 0.5 eV [2, 14–17], we have
considered potential 6p attachments to any lanthanide
state within ∼0.5 eV of the neutral ground state.

In Table I we list energies for the lowest identified
[10, 18] levels of several configurations for all the lan-
thanide elements. Not all the configurations are rel-
evant for all elements, but the energies have been in-
cluded here for completeness and to illustrate that most
of these manifolds are much too high (≥1.5 eV) to be
viable attachment thresholds. The choice of configura-
tions are those with open 6s subshells and those that are
potential thresholds for photodetachment from expected
bound states that could be seen by laser photodetach-
ment electron spectroscopy (LPES) [19] or tunable laser
photodetachment threshold spectroscopy (LPTS) [20] ex-
periments. For example, 6p attachments to 4fm5d6s2

states could detach the 6p electron (6p → εs + εd)
back to that same configuration, or they could detach to
4fm5d6s6p (6s → εp) or 4fm6s26p (5d → εp+εf) thresh-
olds (it is also possible to detach to 4fm5d26s thresholds
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due to 3-8% mixing of the 4fm5d26s6p configuration in
these anion states, though these partial cross sections are
likely much smaller).

Our earlier calculations [1, 2] involving attachments
to 4fn configurations found that 4fn5d6s2 states in Pr−
and Nd− were unbound by ∼0.2 eV, confirming that 6s
attachments relative to the 4fn5d6s thresholds (1.002 eV
and 1.051 eV, respectively) have relative bindings of 0.8-
0.9 eV. Similarly, in this study some preliminary calcu-
lations found that a 6s attachment to the Nd 4f35d26s
threshold at 1.091 eV was also unbound relative to the
Nd ground state by 0.2-0.3 eV. Given the consistency of
these values (less than 1.0 eV), we have not attempted the
much more complicated attachment to the Tb 4f85d26s
threshold at 1.015 eV.

Besides 6p attachments to the 4fm5d6s2 ground states
in this study we also considered the 4f26s2 (n=2, 0.591
eV) threshold in Ce and the 4f25d6s2 (m=2, 0.550 eV)
threshold in Pr. These calculations assume negligible
mixing between manifolds of differing 4f occupancy, so
this Ce− odd calculation does not include the 4f5d26s2

Ce− ground state configuration or its largest correlation
configurations. Nevertheless, it is interesting to find that
the final calculation places this Ce− state above the Ce
ground state, but bound relative to its threshold by 190
meV in good agreement with the extrapolation of the
4fn6s26p data [2], which predicts a value of 197 meV.
Preliminary calculations for this Pr− 6p attachment sug-
gest it is bound to the 0.550 eV threshold by less than 0.3
eV, as might be expected by the highest BE (300 meV
[7]) of the 6p attachments to the Ce ground state.

The goal of this current study is then to calculate
BEs for attachments to the remaining likely lanthanide
thresholds. This includes 6p attachments to 4fm5d6s2

states in Gd (ground state) and Tb (0.035 eV) as well as
6s attachments to 4fm5d26s states in Pr (0.832 eV) and
Gd (0.791 eV). We also revisit the ends of the lanthanide
row, Lu−, La−, and Ce−, as a means of estimating the
accuracy of our limited basis sets in these complicated
calculations near the center of the row. Finally, we in-
clude here the 6p attachment to the Lu 6s26p threshold
at 0.513 eV, which has higher binding (>0.5 eV) relative
to its threshold due to the double occupancy of the 6p
subshell in the Lu− 6s26p2 3P0 state. This state was not
explored in our earlier work [15], but it was previously
predicted bound by 93 meV by Eliav et al. [21].

II. METHODOLOGY

A. One-electron wave functions

Our one-electron wave functions are generated by the
multi-configurational Dirac-Fock (MCDF) code of De-
sclaux [22]. Neutral MCDF calculations generally in-
clude the three 4fm(5d + 6s)3 and two 4fm(5d + 6s)6p2

configurations. The anion 6p attachment calculations
similarly include 4fm(5d + 6s)36p and 4fm(5d + 6s)6p3,

while the 6s attachment calculations are generated with
4fm(5d + 6s)4 and 4fm(5d + 6s)26p2. However, when
treating 4fm5d26s2 anion states as 6s attachments to
4fm5d26s, we usually select a higher total J such that
4fm5d6s2 is absent and the 4fm5d26s reference level is
the lowest state of that J .

Subshells not present in the above MCDF configura-
tions are represented in RCI correlation configurations by
screened hydrogenic “virtual” orbitals, denoted vl. The
effective charge, Z∗, for each virtual subshell is deter-
mined via energy minimization within the RCI calcula-
tion. Generating MCDF 6p radial functions for the neu-
tral states even though there are no 6p electrons present
in the ground state configuration is important for anion
6p attachments, since our BE calculations are direct com-
parisons of total energies of correlated RCI calculations
that must be treated equally in terms of types of correla-
tion but also in terms of the extent of their one-electron
bases, e.g. 6p, vp, and vp′ in both neutral and anion cal-
culations. For these calculations, we have also included
the 6p subshell in calculations of 4fm5d26s2 anion states.
In the past [5] we have noted problems with the first vp,
whose Z∗ can take quite different values when optimized
to 6s2 → vp2 versus 5d6s → vpvf , the former resulting in
a more diffuse radial function. Generating 6p radials in
the 4fm5d26s2 calculations, primarily through inclusion
of 4fm5d26p2, ensures that the anion 6p fills the roll of
the more diffuse p orbital (the 〈r〉s of 6s and 6p are sim-
ilar in these cases), while the first vp is free to optimize
4fm5d6svpvf .

We have also recently [1, 2] focused on blending of one-
electron radial bases that are optimized to different anion
states. This is somewhat different that the weighted aver-
age of states that are used by some other practitioners of
the MCDF methodology [23]. Here we simply “swap out”
orbitals generated from two different MCDF calculations
optimized to different relativistic configurations. The 6p
attachments are the most critical example, where we find
that optimizing to a state that is predominantly a 6p1/2

attachment to a neutral threshold results in quite differ-
ent 〈r〉 for the two 6p radial functions, e.g. 6.7 a.u. versus
4.9 a.u. for 6p1/2 and 6p3/2 in Gd− 4f75d6s26p calcula-
tions. Including 4fm5d6p3 is important in generating an
MCDF solution, as multiple occupation of the 6p1/2 or-
bital in 4fm5d6p2

1/26p3/2 helps bind this electron to the
neutral core, but the 6p3/2 radial then tends to have an
〈r〉 similar to 6s due to 4fm5d6p1/26p2

3/2 (6s2 → 6p2
3/2).

A separate calculation optimized to another level or a
different J , where the state is predominantly a 6p3/2 at-
tachment to 4fm5d6s2, results in flipping of the more
diffuse radial between 6p3/2 and 6p1/2, and our hybrid
basis set then uses the diffuse radial function from two
separate MCDF calculations.

The impact of the hybrid basis on the RCI energy levels
of excited states is immediately apparent in even a small
few-configuration test calculation. Configurations rep-
resenting single electron replacements of the same sym-
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TABLE I: Survey of attachment (and photodetachment) thresholds of neutral lanthanide atoms with the energy of the lowest
level of each configuration given in eV [10, 18]. The notation “g.s.” indicates the ground state configuration, “n.a.” indicates
states that are not applicable in Lu (n=15), and “?” denotes configurations not identified by experiment [10, 18] (Pm, which
has no stable isotope, is less well known than the other lanthanides, but its unidentified levels begin at 2.121 eV).

Atom n (m) 4fn6s2 4fm5d6s2 4fn5d6s 4fn6s6p 4fm5d26s 4fm6s26p 4fm5d6s6p
La 1 (0) 1.884 g.s. 2.910 3.564 0.331 2.018 1.644
Ce 2 (1) 0.591 g.s. 1.502 2.267 0.294 1.929 1.676
Pr 3 (2) g.s. 0.550 1.002 1.665 0.832 2.398 2.247
Nd 4 (3) g.s. 0.839 1.051 1.695 1.091 ? 2.513
Pm 5 (4) g.s. ? ? ? ? ? ?
Sm 6 (5) g.s. 2.241 1.339 1.711 2.832 ? ?
Eu 7 (6) g.s. 3.453 1.602 1.744 3.869 ? ?
Gd 8 (7) 1.357 g.s. 3.007 3.181 0.791 1.666 1.740
Tb 9 (8) g.s. 0.035 1.872 1.846 1.015 1.688 1.860
Dy 10 (9) g.s. 0.938 2.172 1.930 2.290 2.556 2.856
Ho 11 (10) g.s. 1.039 2.339 1.966 2.500 2.303 2.990
Er 12 (11) g.s. 0.890 2.401 2.024 2.500 2.041 2.849
Tm 13 (12) g.s. 1.627 2.530 2.076 ? 2.786 3.634
Yb 14 (13) g.s. 2.875 3.036 2.143 4.639 3.976 4.945
Lu (14) n.a. g.s. n.a. n.a. 2.337 0.513 2.161

metry in our RCI calculations are considered a gauge
of the quality of our one-electron basis, and 6p → vp
can contribute as much as 0.4 eV in excited 6p3/2 at-
tachment states when using radial functions optimized
to a 6p1/2 level. With the hybrid basis using both dif-
fuse 6p radial functions, 6p → vp typically contributes
∼25 meV or less in all levels of interest, i.e. the bulk
of the 0.4 eV is now in the MCDF energy of the upper
states since 4fm5d6s26p is a much better zeroth order
approximation for both types of attachments. Compar-
ison of the 6p radial wave functions for the lanthanides
in this study are presented in Fig. 1, where the major
components of both radials from a 6p1/2 MCDF calcula-
tion are shown along with 6p∗3/2, the diffuse radial from a
6p3/2 calculation. Similar blends of radial bases are also
performed in the anion 6s attachments, where states of
differing 5d2

3/2/5d3/25d5/2/5d2
5/2 mixing can have similar

issues of differing 〈r〉, e.g. 2.5 a.u. versus 3.4 a.u. in Gd−
4f75d26s2.

B. Many-electron wave functions

Our many-electron RCI basis functions are eigenstates
of J2, Jz, and parity and are linear combinations of
antisymmetrized determinants of the one-electron ba-
sis functions. A typical prescription for building our
RCI bases begins with one set of virtual orbitals, re-
stricting l ≤ 3 (vf), with only first order single and
double replacements from the main DF configurations,
e.g. 4fm5d6s2 and 4fm5d6s26p in the neutral and anion
states. First order in this sense means leaving out config-
urations that are triple or quadruple replacements with
respect to our main DF configuration, e.g. 4fm5d2vpvd
would be 6s6p → vpvd for the important 4fm5d26s6p
correlation configuration but 6s26p → 5dvpvd relative

Lu--
m=14 0 5 10 15

r (a.u.)

Tb--
m=8

Gd--
m=7

Ce--
m=1

La--
m=0

6p1/2

6p3/2

6p*3/2

FIG. 1: One-electron radial 6p wave functions (major com-
ponents) from 4fm5d6s26p calculations. The more compact
6p3/2 functions from the basis sets that are optimized to 6p1/2

attachments are swapped out for the 6p∗3/2 functions which are
optimized to 6p3/2 attachments.

to the DF anion configuration (continuing the example
from above). Similarly, double replacements that do not
obey the same j range as the DF configuration are also
excluded at this stage, e.g. 6s2 → vsvd + vpvf are omit-
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ted since 6s2 is restricted to j=0, while the two-electron
subgroup 5d6s → vpvf would be restricted to j=3, even
though vpvf can go up to j=5.

The next stage of the calculation consists of two sep-
arate parts. The simpler step includes adding a sec-
ond set of virtual orbitals to saturate the one-electron
radial basis set, with the Z∗s of these virtual orbitals
also determined with first order correlation only. The
more difficult process involves determining which sec-
ond order effect are important to include. Continuing
the above 6p attachment example, double replacement
j restrictions as well as restrictions on the larger four-
electron subgroup are relaxed to allow correlation that
is first order relative to the most important correlation
configurations, 4fm5d26s6p and 4fm5d6p3, which can
each contribute correlation energies of several tenths of
an eV. Configurations such as 4fm5d26pvs, 4fm5d2vpvd,
4fm5d6p2vf , 4fm5d6pvpvf , and 4fm6p3vd provide cor-
relation to these first order configurations, increasing
their energy contributions while providing no direct first
order contribution to 4fm5d6s26p. Typically, we test
each purely second order configuration separately and
retain those that affect anion BEs by ∼2 meV or more,
in these cases resulting in 10-15 triple and quadruple re-
placements incorporated into the final bases.

The final RCI calculations include these second order
effects with the first set of virtual orbitals and only first
order effects with the second set of virtual orbitals. The
improvements of the one-electron radial bases discussed
in Sec. II A result in rapid saturation of the radial space
with total increased binding of anion states due to the
second set of virtual orbitals of 20-50 meV (a few percent
of the total correlation energy). Addition of a third set of
virtual orbitals to our bases would likely affect the BEs
by a few meV, while approximately doubling the RCI
basis size, therefore all the calculations presented here
are limited to two sets.

Current coded limitations allow 20k RCI basis func-
tions composed of up to 4 M determinants, and the total
number of determinantal coefficients that compose the
RCI basis functions is restricted to 75 M. These limits
could potentially be raised by added RAM or writing
out data to disc, but without the approximations made in
these calculations, the complexity of mid-row lanthanides
would require many times these current limits.

One other technique used here is to perform our calcu-
lations with the final RCI bases on anion states of higher
total J , using the fact that contributions due to the sec-
ond order effects and radial basis saturation discussed
above are relatively consistent for all the bound anion
states of the same attachment. Recall that the number of
determinants required for a given configuration of a par-
ticular J (with MJ=J), disregarding any j restrictions on
subgroups, is equal to the number of many-electron basis
functions for that configuration for its J and all possible
higher Js. When dealing with a wide range of bound
anion Js, as is the case in many of these calculations,
the lowest J can have as much as 6-7 times the deter-

minants as the highest J . Thus, final calculations from
the higher Js are used to adjust the BEs of intermediate
calculations of lower Js whenever our final bases would
exceed our RCI basis size, determinant, or coefficient lim-
its. We have previously used this approach to great effect
in the case of Tc− 4d65s2 states [5], where RCI basis size
was the limiting factor rather than determinants, and the
final basis was included only in the lowest J=0 calcula-
tions (∼10k basis functions versus ∼35k that would have
been needed for the J=4 ground state).

While our RCI methodology is fully relativistic, we
can perform LS analysis of levels be creating approxi-
mate LS basis functions for the configuration of interest.
This process is essentially a linear transformation of the
jj bases through simple diagonalization of the L2 and
S2 matrices treating the major component as a nonrel-
ativistic spinor and using the assumption that the two
radial functions (j=l± 1/2) for each orbital are identical
(cf. Fig. 1). We have also recently [1, 2] begun perform-
ing attachment analyses in which we track the j of the
neutral-core portion (4fm5d6s2) of the anion 6p attach-
ments. This is particularly useful for states for which this
core analysis is relatively pure, say 80% or more, since
this is an indication of which photodetachment channels
are most likely to be seen by experimenters. A similar
analysis of anion states representing 6s attachments is
precluded by the fact that one cannot “break” the 6s2

subgroup to analyze the j of the 4fm5d26s neutral-core
portion of the RCI basis functions. We can, however,
work backward from the neutral states, where the j of
the (m + 2)-electron subgroup, 4fm5d2, indicates the J
of the anion state formed when the 6s attachment closes
the 6s2 (j=0) subgroup of the neutral threshold.

C. 4fm jls restrictions

The largest improvement in our RCI methodology that
has allowed us to tackle these mid-row lanthanides is a
global restriction of the jls of the 4fm subgroup in ev-
ery correlation configuration [1, 2]. Throughout the lan-
thanide row, the 4fn,m subgroups are quite pure (>90%)
in their ls composition [10, 18] with the dominant term
having the highest allowed s = sd and the highest l = ld
among terms of that sd, as expected from Hund’s rules.
Secondary ls terms, both from our own analyses and that
of experiment [10, 18], consist of those with s = sd−1 and
ld − 1 ≤ l ≤ ld + 1. For example, the dominant ls term
of the 4f8 subgroup in the Tb− calculations presented
here is 7F , and all other terms have negligible mixing
except for 5D, 5F , and 5G. The j of the 4fm subgroup
is also restricted to those allowed by the dominant term,
regardless of the range of js of the secondary terms. For
example, 4f7 in the Gd− calculations has a dominant
term of 8S, so a single j=7/2 is allowed for the subgroup,
despite the fact that 6P can also make j=3/2 and j=5/2.
Neutral thresholds with 4fn,m subgroups dominated by
these secondary terms typically lie much too high in the
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spectrum to provide significant mixing in the thresholds
of interest, e.g. in Gd there are no 4f7 6P configurations
among experimentally designated levels [10, 18]. More
details of data preparation and the combination of these
4fm subgroups with the three- and four-electron valence
subgroups have been presented elsewhere [1, 2].

In the case of 6p attachments to 4fn6s2 thresholds [2]
determination of the mixing of the ls terms for each j
of the 4fn subgroup was straightforward due to the fact
that these ls were the same as the total LS of the neutral
levels with the corresponding total J , and no restriction
of ls terms was made prior to the linear rotation (ex-
cept for the case of Eu− where restriction to 8S and 6P
meant a great savings in determinants within the 4f7

subgroup). However, the presence of the 5d electrons
in both types of attachment thresholds considered here
complicates matters considerably. For example, in Tb
the 4f8 subgroup is present with j=6 for 4f85d6s2 J=7/2
through J=17/2 neutral levels, whereas in the prior work
[2] 4f9 had j=15/2 only in the 4f96s2 J=15/2 ground
state.

For the Gd− (m=7) calculations, we have actually pro-
ceeded much as in the prior case of Eu−, since we have
found a consistent ratio of 8S to 6P terms in the 4f7 sub-
group of all low-lying neutral thresholds, both 4f75d6s2

and 4f75d26s, with the 6P term contributing 1.95(2)%
to the RCI wave function. The 4f7 subgroup is thus re-
stricted to a single basis function with j = 7/2 rotated
to match this 98.05%/1.95% mixing of 8S/6P , resulting
in an energy loss of ∼0.3 meV in a moderate sized RCI
test calculation that compared this approximation to one
with two pure states of 8S and 6P (a similar comparison
in the 4f76s2 level in Eu− [2] shows less than 10 µeV
difference). This rotation thus saves us a factor of two in
RCI basis size, but note that the major benefit is from
leaving out the other forty eight basis functions of 4f7

j=7/2 that contribute ∼0.02% in a much larger test cal-
culation. Otherwise, our RCI many-electron bases would
be fifty times larger, essentially impossible to attempt
with this level of correlation even with a significant in-
crease of our current memory and processing speed.

Pr− (m=2) is a much simpler case, but we found a loss
of ∼50 meV for 4f25d26s 6L thresholds with a similar
rotation of the 4f2 basis. The problem was traced to dif-
ferent mixing of 3H/1G in 4f2 j=4 and 3H/1I in j=6 in
nearby 4f2(5d + 6s)2 levels and even between the 6L11/2

and 6L13/2 thresholds. Retaining 1G and 1I as separate
basis functions resulted in less than 1 meV change in the
neutral RCI energies, so ultimately the savings in these
Pr− calculations were due to restricting the 4f2 j to the
3H range (4 to 6) and omitting 3F4, which had negligible
contributions in the levels of interest, despite the experi-
mental placement of the 4f2(3F )5d6s2 4H manifold ∼0.4
eV [10, 18] above them.

Finally, for Tb− (m=8) we have relied on linear ro-
tation within ls terms as a best approach to maintain
similar accuracy in neutral energies in our test calcula-
tions. The dominant ls term of 4f8 is 7F , which ranges

from j=0 to j=6, and each of these js also has at least
one of the 5G, 5F , or 5D secondary terms with multiplic-
ities of 3, 2, and 3, respectively. These secondary terms
contribute a few percent to the RCI wave functions, but
this contribution differs by as much as several tenths of
a percent between levels or between different portions
of the valence subgroup, i.e. different mixing within
the 4f8 subgroup for 4f85d2

3/26s, 4f85d3/25d5/26s, and
4f85d2

5/26s. Mixing of 4f8 within the three 5G, two 5F ,
or three 5D functions is much more stable, however, and
each of these terms is rotated to a single function, approx-
imately halving the total size of the RCI basis with only
a few meV change in the neutral energy levels. Again,
the primary savings is the initial restriction to these jls
terms. Though our 4f8 basis consists of twenty two func-
tions, just over three times the prescribed size if a single
rotated function per j (0-6) were viable, the total num-
ber of possible 4f8 functions for this j range is over an
order of magnitude larger at 228 (there are also another
sixty seven possible 4f8 functions with j>6).

III. RESULTS

A. Gd− 6p attachments to 4f75d6s2

Binding energies for 4f75d6s26p levels of Gd− are pre-
sented in Table II. As expected, the lesser screening of
4f75d versus 4f8 has resulted in a larger EA than the ex-
trapolation of the data for 4fn6s26p [2], 234 meV versus
100 meV if the ground state of Gd were 4f86s2 rather
than 4f75d6s2. This value is in agreement with an accel-
erator mass spectrometry (AMS) estimate of ≥100 meV
[9]. Level composition is presented using a total config-
urational LS basis as well as a jj attachment analysis
which indicates the j of the 4f75d6s2 neutral-core por-
tion of the anion configuration where “(j)” and “{j}” de-
note 6p1/2 and 6p3/2 attachments, respectively. The lat-
ter analysis is useful in cases of relative purity, as it gives
an indication of likely strong photodetachment channels
that may be seen by experiment. For example, the low-
est anion state of each J=Ja (excluding Ja=5/2) is pre-
dominantly a 6p1/2 attachment to the neutral thresh-
old with J=Ja−1/2, so a photodetachment of the form
6p → εs + εd that leaves the atom in the 4f75d6s2 9D
level with Ja=Ja+1/2 is likely to have a relatively small
partial cross section.

Despite the above examples, most of these Gd− states
have much less jj purity than the 6p attachments to
4fn6s2 states which had typical leading terms with con-
tributions greater than 90% [2]. An analysis of this impu-
rity is presented graphically in Fig. 2. For comparison we
have included a reproduction of the corresponding data
for the six bound 4f76s26p states of Eu− from our prior
work [2]. Unlike Eu−, the Gd− data does not represent
the final RCI anion calculations but rather a series of in-
termediate calculations in which we have restricted the
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TABLE II: RCI ab initio BEs (meV) of Gd− 4f75d6s26p states. Both analyses are presented as percentages (rounded, with
contributions of 1% or greater). The total J of each state is given in the label of the leading LS term, and the notations of
the core j in the jj analysis, (j) and {j}, indicate 6p1/2 and 6p3/2 attachments, respectively. Note the gradual flipping of the

order of 10F and 8D levels from J≤7/2 to J≥9/2.

Gd− 4f75d6s26p LS jj attachment BE
10F3/2 65, 8D 33, 8F 1, 6P 1 (2) 98, {3} 2 234
8D3/2 67, 10F 32, 6P 1 {3} 58, {2} 40, (2) 2 78

10F5/2 63, 8D 33, 8F 2, 6P 1, 6D 1 (3) 51, (2) 44, {4} 3, {3} 1, {2} 1 212
8D5/2 52, 10F 24, 10D 21, 8P 1, 6D 1, 6P 1 {4} 45, (3) 21, {2} 15, (2) 14, {3} 5 70
10D5/2 74, 8D 14, 10F 10, 8P 2 {2} 54, (2) 17, (3) 13, {3} 13, {4} 3 54

10F7/2 60, 8D 35, 8F 4, 6D 1 (3) 70, (4) 21, {5} 4, {4} 3, {3} 1 179
8D7/2 59, 10F 33, 10D 5, 8P 1, 6D 1, 10P 1 {5} 31, {3} 28, (4) 26, {2} 9, (3) 4, {4} 2 54
10D7/2 90, 10F 4, 8D 5, 8P 1 {2} 45, (4) 29, {4} 16, (3) 7, {3} 3 20

8D9/2 49, 10F 42, 8F 5, 10P 1, 6F 1, 6D 1, 10D 1 (4) 82, {5} 9, {6} 5, (5) 2, {3} 1, {4} 1 135
10F9/2 52, 8D 44, 10P 1, 8F 1, 6D 1, 8P 1 {3} 33, (5) 27, {4} 17, {5} 12, {6} 11 35

8D11/2 57, 10F 32, 8F 5, 10P 3, 6F 2, 10D 1 (5) 73, {6} 16, (6) 5, {4} 3, {5} 5 76
10F11/2 61, 8D 34, 10P 2, 8F 2, 6F 1 {4} 45, (6) 30, {6} 14, {5} 8, (5) 3 3

4f75d6s26p configuration to a specific 4f75d6s2 core j
and a specific 6p1/2 or 6p3/2 attachment, forcing pure jj
states for this analysis. The T-shapes represent neutral
thresholds with the crossbars indicating the J range of
6p attachments (neutral J±3/2 with J increasing to the
right) and the stems indicating the position of the neu-
tral Js and the vertical energy scale (each stem is 200
meV). Using Eu− as an illustration, the full circles in-
dicate the two 6p1/2 attachments on either side of the
8S7/2 Eu ground state; J=3 on the left slightly more
bound than J=4 on the right, 117 meV versus 104 meV
[2]. The four weakly bound 6p3/2 attachments are rep-
resented by the open circles with slightly increasing BE
for J=2 through J=5. The plot for Gd− clearly shows
a break in this general symmetry of the 4fn6s26p data
where we saw two 6p1/2 attachments for each low lying
neutral threshold with approximately the same BE and
four 6p3/2 attachments also with approximately the same
BE but ∼100 meV above the 6p1/2 attachments. The
presence of the 5d electron has broken this symmetry in
two ways: there is now a three-way combination of the
js of the 4f7, 5d, and 6p subgroups to make the total
anion J (rather than the simpler 4fn and 6p triangle in-
equality), and there is also different mixing of 5d3/2 and
5d5/2 in the 9D Gd thresholds (ranging from 96% 5d3/2

in the J=2 ground state to 100% 5d5/2 in J=6), result-
ing in different patterns in relative attachment of the 6p
electrons for different thresholds as seen by the dashed
lines in Fig. 2.

From the analysis of Fig. 2 we can see the correspond-
ing leading terms of the jj attachment analysis of Table
II. The full circle to the right of the Gd ground state
stem indicates the leading “(2)” term of the Gd− 10F3/2

ground state, the two full squares correspond to the “(3)”
leading terms in 10F5/2 and 10F7/2, and (continuing to
the right in Fig. 2) the full diamond and full plus sym-

bols similarly correspond to the “(4)” and “(5)” leading
terms in 8D9/2 and 8D11/2. We can also gain some un-
derstanding of differences in jj purity of Table II from
the relative positions of the pure jj states of Fig. 2.
For example, in the J=3/2 case, just to the left of the
Gd J=2 stem, we see that the “(2)” state (full circle) is
over 300 meV lower than “{3}” (open square) and “{2}”
(open circle), which results in a fairly pure Gd− ground
state in the final calculation. Because “{3}” and “{2}”
are much closer, ∼75 meV, in Fig. 2 we see much greater
mixing between these states in the 8D3/2 level. Note that
additional correlation not present in these intermediate
calculations and the fact that these pure jj states are
allowed to mix in the final RCI calculations results in
greater binding of this second anion state of J=3/2, as
well as several other levels that appear above the neutral
ground state in Fig. 2.

As mentioned in Sec. II B, the final energies of the
lower Js are determined by comparing intermediate cal-
culations done on all Js with the final energies of the
higher Js, where the limiting factor of the determinants
is more manageable. This process necessarily assumes
that our first order calculations have accurately placed
the various anion states relative to one another, ensuring
very little change in the LS or jj composition from that
stage to our desired final RCI bases. In this case, our
coded limits could accommodate the final bases of the
J=9/2 and J=11/2 calculations (two bound states for
each). The increased binding between these sets of cal-
culations is ∼120 meV with a differential range among
these four states of 10.0 meV. However, a linear least
squared fit to these four data points based on relative
composition of 6p1/2 versus 6p3/2 attachment predicts
the value for each state to within 1.5 meV (essentially
a pure 6p3/2 state has ∼14 meV more binding at this
stage than a pure 6p1/2 one). It is this linear relation
that is used to scale the final values for the seven states
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FIG. 2: Patterns of 6p attachments to neutral states, Eu−

4f76s26p [2] versus Gd− 4f75d6s26p. The crossbar of the T-
shaped representation of the neutral thresholds indicates the
J range of 6p attachments (J increasing to the right), and
the stem gives the position of the neutral J and the vertical
energy scale (200 meV). The number at the bottom of each
stem gives the neutral J and, in the Gd case, the symbols
associated with that neutral level. The full and open symbols
represent anion 6p1/2 and 6p3/2 attachments to those levels,
respectively.

of Table II with J≤7/2. To illustrate the necessity of this
scaling, the final J=9/2 calculation has ∼3.5 M determi-
nants and ∼71 M determinantal coefficients in the RCI
basis functions (close to our 4 M and 75 M limits), and
an equivalent J=3/2 calculation with the same valence
correlation would need ∼12 M determinants and ∼170 M
coefficients.

B. Gd− 6s attachments to 4f75d26s

In Table III, we present BEs for Gd− 4f75d26s2 10F
states. Note that because S>L for these states as well
as their 4f75d26s 11F attachment thresholds, L=3 de-
termines the number of possible Js of each manifold,
and there is a one-to-one correspondence between each

of seven anion and seven neutral levels. To illustrate the
point that each of these anion states appears to be a 6s
attachment to each 4f75d26s threshold, rather than a 5d
attachment to 4f75d6s2, we have also included LS anal-
ysis of the neutral thresholds. Note the similar mixing of
each octet term in the anion levels with the corresponding
nonet term in each neutral level. We have also included
in the third column of Table III the neutral threshold
jj analysis of the nine-electron 4f75d2 subgroup as dis-
cussed in Sec. II B, which indicates that each neutral 11F
threshold is dominated by the configuration that would
form a the total J of the corresponding anion state of the
first column when the 6s2 subgroup is closed.

In the course of building the bases for these Gd− odd
calculations, the process was restarted with an improved
one-electron radial basis as described in Sec. II A. In this
case, anion states of lower J seemed to have more cor-
relation contributions from 5d → vd single replacement
configurations, suggesting a slightly poorer zeroth order
approximation for these levels. Essentially, states with
higher mixing of 5d2

3/2 in the the 5d2 subgroup (maximum
of 68% in J=3/2, decreasing to 0% in J=15/2) had prob-
lems with larger difference in 〈r〉 between the two 5d sub-
shells, whereas states which were mostly 5d3/25d5/2 gen-
erated radial functions very similar to those taken from
separately optimized 5d2

3/2 and 5d2
5/2 calculations. These

improvements greatly decreased the range of bindings of
these anion levels relative to their corresponding neutral
thresholds, i.e. the spread of 15 meV in relative bind-
ings for J=3/2 to J=11/2 was over three times larger
(46 meV) prior to the change of radial bases.

We have included all seven states here, even though
most are unbound in these ab initio calculations, be-
cause it is difficult to estimate the errors introduced by
the many approximations made for these mid-row lan-
thanides: 4fm jls restrictions, careful elimination of
small second order effects, two sets of virtual orbitals
only, and treatment of 4fm as core-like. Most important
from the analysis of Table III is that even if there is a
substantial increase in the binding of these states due to
a shift suggested by future experimental data, those ex-
perimenters should expect to see a single strong 6s → εp
feature in their spectra in the energy range of 850-950
meV, and since the true range of relative binding may be
even less than presented in Table III, individual channels
may be difficult to resolve.

The higher J anion states were again placed relative to
the neutral 4f75d26s J=7 threshold which was chosen to
eliminate the need to simultaneously correlate 4f75d6s2

(1≤J≤6, since 4f7 is restricted to j=7/2). In this case
our limits accommodated final RCI bases for J≥9/2, but
unlike the 6p attachments, the final increases in correla-
tion were consistent to within 1 meV for all the higher
J anion levels, so a common amount was used to scale
energies of the lower Js. A J=3/2 calculation with this
final RCI basis would have required ∼9 M determinants
and ∼125 M coefficients.
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TABLE III: RCI ab initio BEs (meV) of Gd− 4f75d26s2 states. Due to the high purity of these states, LS analyses are
presented as percentages rounded to the nearest 0.1% (the total J of each state is given in the label of the leading LS term).
The neutral jj coupling notation, 〈j〉, indicates the mixing (%) of the j of the 4f75d2 subgroup. The number in parentheses
in the “BE” column represents the anion binding relative to the corresponding neutral threshold from the second and third
column.

Gd− 4f75d26s2 LS Gd 4f75d26s LS Gd 〈4f75d2〉6s jj BE
10F3/2 97.3, 8D 2.3, 8F 0.4 11F2 97.5, 9D 2.1, 9F 0.4 〈3/2〉 88, 〈5/2〉 12 70 (861)
10F5/2 97.3, 8D 1.9, 8F 0.8 11F3 97.4, 9D 1.7, 9F 0.8, 9G 0.1 〈5/2〉 86, 〈7/2〉 14 52 (864)
10F7/2 97.3, 8D 1.3, 8F 1.3, 8G 0.1 11F4 97.4, 9D 1.2, 9F 1.2, 9G 0.2 〈7/2〉 87, 〈9/2〉 13 26 (867)
10F9/2 97.2, 8F 1.6, 8D 0.8, 8G 0.4 11F5 97.3, 9F 1.6, 9D 0.7, 9G 0.4 〈9/2〉 89, 〈11/2〉 11 −7 (874)
10F11/2 97.4, 8F 1.6, 8G 0.7, 8D 0.3 11F6 97.4, 9F 1.6, 9G 0.7, 9D 0.4 〈11/2〉 93, 〈13/2〉 7 −51 (876)
10F13/2 97.6, 8G 1.3, 8F 1.1 11F7 97.7, 9G 1.3, 9F 1.0 〈13/2〉 96, 〈15/2〉 4 −97 (888)
10F15/2 97.9, 8G 2.1 11F8 97.9, 9G 2.1 〈15/2〉 100 −148 (906)

C. Tb− 6p attachments to 4f85d6s2

In Table IV we present BEs for Tb− 4f85d6s26p states,
6p attachments to the low-lying Tb 4f85d6s2 8G thresh-
olds that begin just 35 meV [10, 18] above the 4f96s2

ground state. The prior study of 6p attachments to
4fn6s2 ground states [2] produced a maximum BE of
85 meV relative to 4f96s2 6H15/2. Here the 4f85d6s26p
9G7 state is bound relative to 4f85d6s2 8G13/2 by 123
meV, indicating a slightly reduced screening of the nu-
clear charge by 4f85d relative to 4f9. Given the ap-
proximations and difficulties of these calculations and the
3 meV difference in BE relative to the ground state, it
seems too close to call for these RCI calculations, but the
BE of 88 meV from Table IV certainly suggests that the
ground state of the Tb− anion may be an attachment to
the neutral Tb first excited state.

While our Tb− EA is below the AMS value of ≥100
meV [9], increased anion binding is certainly possible
given the approximations required to perform these cal-
culations, including the increased difficulty of jls restric-
tions of 4f8 compared to 4f7 in Gd− as discussed in Sec.
II C. Our principle goal here is to provide a reasonable
identification of anion levels, both in terms of leading LS
terms and relative position, to assist in analysis of exper-
imental spectra. More recent LPES measurements [19]
suggest an EA for Tb− >1.165 eV, but our expectation
is that such experiments are likely to see strong features
in photodetachment spectra representing channels that
leave the neutral atom in excited state thresholds, and
that studies using appropriate incident photon energies
should be able to exploit these channels. For example,
given the near degeneracy of 4f96s26p and 4f85d6s26p
in these calculations, one would hope to find a photode-
tachment threshold that would help distinguish the two
types of attachments. If we consider 6s → εp in both
cases, we can see from Table I that there is also a near
degeneracy, 1.846 eV versus 1.860 eV [10, 18], in the low-
est lying 4f96s6p and 4f85d6s6p thresholds, suggesting
possible difficulties in resolving these channels in exper-
imental data. However, if we consider 5d → εp + εf
photodetachment from the odd states (likely a smaller

cross section given the smaller 〈r〉 of 5d versus 6s), we
note from Table I that 4f86s26p thresholds beginning at
1.688 eV [10, 18] should be separated enough from the
above manifolds to identify a feature in the data at the
appropriate energy.

These Tb− odd calculations represent the most diffi-
cult calculations in our lanthanide studies. As mentioned
in the prior 4fn6s26p study [2], Sm− (n=6) was actu-
ally more difficult than Eu− (n=7) due to the fact that
the Eu− 4f7 subgroup (with an 8S dominant term) was
restricted to a single j=7/2. A similar situation exists
here between Tb− and Gd−, since our prescription of
our 4fm jls restrictions retains all seven js of the 7F
term (with our anion states of interest having total J≥5,
potential omission of the bottom few j=0,1,2 of this sub-
group would actually affect RCI basis sizes by only a few
percent). While our final RCI bases of ∼6000 functions
for Gd− were well within the coded 20k limit, these Tb−
calculations were constrained by this limit as well as the
4 M determinant and 75 M coefficient limits. In order to
approximate the same level of correlation as presented in
the Gd− 6p attachments of Table II the final RCI basis
had to be moderately trimmed to create a J=8 calcula-
tion that fit within these constraints, and a final estimate
of the remainder was made by an unbound J=9 calcula-
tion. Scaling for J≤7 was performed in a similar manner
as the Gd− case as discussed in Sec. III A. A hypotheti-
cal J=5 calculation made with the equivalent RCI basis
would contain over 100k basis functions consisting of ∼15
M determinants and nearly 5 billion coefficients. More
importantly, comparing to the run times on our 2.5 GHz
PC, this J=5 calculation would take about two months
of CPU time versus a typical one day of computation
time for the largest calculations of this study. Again, the
above comments are disregarding the basis size reduc-
tion by an order of magnitude from our 4f8 subgroup jls
restrictions, without which calculations with a tiny frac-
tion of the correlation included here would prohibitively
expensive, and the above hypothetical J=5 calculation
would be pushed into a time frame of several years.
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TABLE IV: RCI ab initio BEs (meV) of Tb− 4f85d6s26p states. The notation has the same meaning as in Table II.

Tb− 4f85d6s26p LS (%) jj attachment (%) BE
9G5 30, 9F 23, 7F 11, 9D 11, 9H 10, 7G 6, 7D 4, 9P 3, 7H 2 (11/2) 72, (9/2) 24, {9/2} 3, {11/2} 1 39

9G6 35, 9F 20, 9H 16, 7F 10, 7G 9, 9D 5, 7H 4, 5G 1 (11/2) 50, (13/2) 41, {11/2} 7, {15/2} 1, {13/2} 1 78
7F6 41, 7G 30, 9G 13, 9F 9, 9D 2, 5G 2, 7H 2, 9H 1 {15/2} 46, (11/2) 19, (13/2) 18, {11/2} 14, {9/2} 3 6

9G7 37, 9H 25, 7G 14, 7H 12, 9F 11, 9I 1 (13/2) 77, (15/2) 11, {13/2} 8, {11/2} 2, {15/2} 2 88
7G7 52, 9F 23, 9G 17, 7H 5, 5H 2, 9H 1 (15/2) 67, (13/2) 14, {13/2} 12, {15/2} 4, {17/2} 3 5

9G8 46, 9H 34, 7H 17, 9I 2, 7I 1 (15/2) 74, {15/2} 15, {13/2} 10, {17/2} 1 58

D. Pr− 6s attachment to 4f25d26s

Our previous lanthanide study [2] predicted a Pr−
4f36s26p ground state with an EA of 177 meV, consistent
with an AMS estimate of ≥100 meV [9]. Therefore, our
proposed 6s attachment to the excited 4f25d26s 6L11/2

threshold at 0.832 eV [10, 18] would be an excited anion
level. Note that our neutral calculation for J=11/2 was
performed using one-electron radial functions and virtual
orbital Z∗s optimized to the 6L11/2 level. Our usual ap-
proach of using a higher J threshold, 19/2 in this case, to
eliminate the need to simultaneously correlate 4f25d6s2

was precluded by the fact that energies of the 4f25d26s
6L manifold are not known experimentally [10, 18] for
J≥15/2.

This 6s attachment was determined to be unbound by
the 1995 calculations of our group [24], but improvements
of our anion one-electron radial basis have increased the
relative binding enough to predict a single weakly bound
J=6 state with a BE of 24 meV. The importance of this
state is apparent when we consider the 2002 LPES mea-
surements of Davis and Thompson [25] which found two
peaks in the photoelectron kinetic energy spectrum with
transition energies of 0.962(24) eV and 0.866(18) eV us-
ing an incident photon energy of 1.165 eV. From Table
I we see that the 4f36s6p thresholds begin at 1.665 eV
[10, 18], so 6s → εp photodetachments from the even
anion states could not have be seen by this experiment.
However, given the separation of the two peaks, 96 meV,
and the error bars on the measurements, the 114 meV dif-
ference between the 6L11/2 and 6L13/2 thresholds seems
to be the best candidate to explain these features of the
photodetachment spectrum. If we split the difference by
subtracting the average of the two experimental peaks,
914 meV, from the average of the two threshold energies,
889 meV, we get a BE relative to the Pr ground state of
25 meV, in excellent agreement with our calculation.

The LS composition of our single bound state is 92%
5L6 with 8% mixing of 3K. Unlike the Gd case presented
in Sec. III B, with L>S there is one fewer potential anion
state in the 5L manifold than in the 6L neutral manifold,
so the one-to-one correspondence of anion and neutral
states found in Gd is not seen here. In fact, the analysis of
the 4f25d2 subgroup in our neutral calculations showed
99.9% purity of j=6 for the 6L11/2 threshold, but nearly

equal mixing, 55% to 45%, of j=7 and j=6 in the 6L13/2

threshold. This suggests that our 5L6 anion state would
have large photodetachment cross sections via 6s → εp
to both of these thresholds, and we note that the larger
peak in the experimental kinetic energy spectrum [25] is
the one with higher photoelectron energy, which would
correspond to the the lower (and more pure j=6) 6L11/2

level.
Given the approximations and difficulties that have

gone into these calculations, even with small m=2 for
Pr−, the placement of our bound state within 1 meV
of the expected target seems incredibly fortuitous. Our
confidence in this position, however, lies in the threshold
analysis mentioned above. An RCI anion calculation of
the 5L7 level was found to lie ∼130 meV above the 5L6

level, unbound by over a tenth of an eV relative to the
neutral ground state. Note that this separation is also
similar to the experimental difference of 96 meV [25], in
fact barely within range if one stretches the error bars
in opposite directions (138 meV maximum). One might
consider that additional binding of ∼100 meV of the an-
ion states might also explain the two experimental peaks
as two anion states detaching to a single neutral threshold
rather than a single bound state detaching to two thresh-
olds. If this were the case the two channels of 5L6 →
6L11/2 + εp and 5L7 → 6L13/2 + εp might have transition
energies similar to the 0.962 eV peak of the experiment
[25], but the corresponding 5L7 → 6L11/2 + εp channel
would not create the noticeable 0.866 eV peak [25] since
there is no 4f25s2 j=7 mixing in the J=11/2 threshold,
and there would instead be a second peak with transi-
tion energy of ∼1.075 meV from the 5L6 → 6L13/2 + εp
channel.

Given the results of these two studies, we suggest to
interested LPES or LPTS experimenters that photon en-
ergies in the range of 1.8 eV to 2.0 eV or higher would be
useful in identification of channels involving the predicted
Pr− ground state [2, 24], i.e. 4f36s26p → 4f36s6p + εp
(0.177 eV [2] + 1.665 eV [10, 18]).

E. Review and update of Lu− m=14 states

To complete this lanthanide survey, we have revised
our earlier work on the ends of the lanthanide row. Since



10

the relative simplicity of these systems has historically
resulted in more computational interest, we also provide
here a brief review of each of these anion cases.

In 1993, Vosko and Chevary [26], using Dirac-Hartree-
Fock (DHF) and density functional theory (DFT), pre-
dicted a ground state of Lu− via 6p attachment to the
Lu 5d6s2 ground state with an EA of 190(110) meV,
contrary to the then expected 5d (or 4f) attachment.
From Table I we see that Lu 5d26s levels begin at 2.337
eV [10, 18], so this is not unexpected when consider-
ing 5d26s2 as a 6s attachment to these thresholds. In
1995, Eliav et al. [21], using the relativistic Fock-space
coupled-cluster method, confirmed this ground state con-
figuration with an EA of 260 meV and also predicted an
opposite parity 6s26p2 state bound by 93 meV. The AMS
EA from the 1997 anion survey of Nadeau et al. [9] was
≥100 meV, consistent with these calculations. Our 2000
RCI calculations [15] then predicted three Lu− 5d6s26p
bound states as shown in Table V, increasing the EA
prediction to 329 meV. The 2001 LPES measurements of
Davis and Thompson [17] yielded two bound states with
binding energies of 340(10) meV and 160(20) meV. Fi-
nally, recent Regge-pole calculations of Felfli et al. [27]
have produced a much smaller EA of 29 meV.

Note that the “4fm BE” column in Table V includes
valence correlation equivalent to the Gd− and Tb− 6p
attachments. The difference between these values and
our original RCI BEs [15] is accounted for by inclusion of
several more second order effects (∼10 meV), a third set
of virtuals (also ∼10 meV), and vg orbitals (2-3 meV); all
of which are omitted in the Gd− and Tb− calculations as
they would otherwise more than double our RCI bases.
The differences between these limited bases and the high-
est BEs presented in Table V are a good indication of
possible increased binding that may be missing from the
Gd− and Tb− calculations. Given the relative simplic-
ity of these calculations, we have the luxury of including
essentially every possible four-electron correlation con-
figuration that might contribute to the anion energies
(and corresponding correlation in the three-electron neu-
tral calculations where applicable). These “complete”
calculations contain RCI bases approximately five times
larger than the “4fm” calculations, including two sets
of virtual orbitals up to vh in the first and vf ′ in the
second. Correlation is included for configurations repre-
senting all combinations of the 5d, 6s, and 6p DF orbitals
for each parity as well second order correlation that con-
tains three or four virtual subshells. We note, however,
that relative position of anion states and their compo-
sition is relatively stable (with ∼10 meV) in these final
stages of the calculations, which has been our principle
assumption in the mid-row calculations of this survey [2].

Interestingly, the inadequacies of our one-electron ra-
dial bases were noted in our earlier study [15], and a
separate series of J=2 calculations were made with ra-
dial functions and virtual orbital Z∗s optimized to the
second level. This separate treatment of 3F2 can be seen
in the LS analysis of the earlier work where, for exam-

ple, the single 3F basis function appears to contribute
114% total to the two states (impossible within a single
calculation). In the “4fm” values here we have improved
the one-electron radial basis with our hybrid 6p subshell
and arrived at the same splitting of the J=2 levels to
within 1 meV in a single calculation. While the newest
EA presented here has actually surpassed the experimen-
tal error bars, we note that that 353 meV and 154 meV
are together in better agreement with the experimental
values [17]. These two experimental values were origi-
nally identified with the 1Do

2 ground state and the 3P e
0

state predicted by Eliav et al. [21]. We disagree with
the second identification because that analysis relied on
identifying peaks corresponding to detachments to the
Lu 2D3/2 ground state, and a photodetachment of the
form 6s26p2 → 5d6s2 + εp is unlikely without consider-
able mixing of 5d26s2 in this anion state.

Assuming the two experimental BEs correspond to the
two J=2 levels, we checked for possible features in the
experimental spectrum [17] that could correspond to the
other two predicted levels but found that these channels
were likely unresolved from those with J=2 initial states.
Since the 3P e

0 level is primarily 6s26p2
1/2, the 6s26p1/2

threshold is the only likely candidate for a strong pho-
todetachment channel with an expected photoelectron ki-
netic energy close to the peak labeled “4” in the spectrum
of Fig. 1 of reference [17], i.e. possibly degenerate with
the 1Do

2 → 2D5/2 + (εs + εd) channel. Similarly, we note
detachments from 3F o

3 to 2D3/2, 2D5/2, 2P1/2, and 2P3/2

could also contribute to the experimental peaks labeled
“1”, “2”, “5”, and “7” [17].

F. Review and update of La− m=0 states

While, La and Lu have essentially the same valence
configurations, the difference being the closed 4f14 sub-
group in Lu, we can see from Table I that the low lying
5d26s manifolds of La starting at 0.331 eV [10, 18] al-
low for La− 5d26s2 anion states, while none are present
in Lu−. Vosko et al. [28] confirmed this uniqueness of
La− within the group IIIB anions in 1991 with DFT-HF
calculations that predicted a 5d26s2 3F state bound by
110-270 meV and identified the reason for this dissimi-
larity with Sc, Y, and Ac (see Sec. I) as this low-lying
La 5d26s configuration. These calculations also predicted
three 5d6s26p bound anion states: 1D, 3D, and 3F with
BEs in the ranges of 270-410 meV, 140-220 meV, and
110-220 meV, respectively.

The experimental AMS measurements of Nadeau et
al. [9] in 1997 predicted an EA >500 meV, in apparent
agreement with the semi-empirical extrapolation of the
third transition series linear trend [8] (∼0.84 eV bound
relative to 5d26s at 0.331 eV). LPES measurements of
Covington et al. [16] in 1998 identified two bound states
with BEs of 470(20) meV and 170(20) meV. Our initial
1999 RCI calculations for La− [14] made extensive use
of second order correlation and core-valence correlation
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TABLE V: RCI BEs (meV) of Lu− 6p attachments, both even (6s26p2) and odd (5d6s26p) parity. The notation has the same
meaning as in Table II. Values in the “4fm BE” column are from calculations with correlation equivalent to the Gd− and Tb−

6p attachments presented in Tables II and IV. The “BE” column contains the recommended RCI values of our “complete”
calculations as discussed in Sec. III E.

Lu− 6s26p2/5d6s26p LS (%) jj attachment (%) BE 4fm BE 2000 BE [15]
3P e

0 94, 1S 6 (1/2) 86, {3/2} 14 78

1Do
2 68, 3F 30, 3P 1, 3D 1 (3/2) 77, {5/2} 12, {3/2} 6, (5/2) 5 353 308 329

3F o
2 70, 1D 29, 3P 1 {3/2} 39, (3/2) 20, {5/2} 20, (5/2) 19 154 102 124

3F o
3 99, 3D 1 {3/2} 50, (5/2) 50 96 39 63

involving the 5p subshell, and results seemed to corrobo-
rate the LPES values by identifying the two experimental
values with two 5d6s26p levels with BEs of 462 meV and
235 meV (see Table VI). The 5d26s2 states in these cal-
culations were found to be slightly less bound with their
highest BE of 434 meV (see Table VII).

In revisiting La− here we have left the core closed,
given the absence of core-valence correlation in the rest
of this lanthanide survey [2]. Opening the core can cause
problems with unintentional over-correlation of one con-
figuration over another, which may have been the case
in the earlier work [14]. Large correlation contributions
from 5p2 double replacements on the order of 1 eV or
more, essentially doubling the RCI correlation energy,
can drastically alter the relative position of levels of some
valence correlation configuration relative to levels of in-
terest. In the earlier RCI study, we had attempted to al-
leviate this problem by partially opening the 5p subshell
with exclusion type correlation only, i.e. configurations
involving subshells with differing occupation between the
neutral attachment thresholds and anion states. For
example, in the odd 6p attachments 5p6p pair corre-
lation and double replacements of the form 5p2 → p2

were included, while 5p5d and 5p6s pair correlation and
5p2 → s2 + sd double replacements were added to the
even calculations. A review of the correlation tables [14],
however, shows that these same types of replacements
were not included in all the important valence configura-
tions as a proper treatment of second order correlation
would require.

The first set of BE values of in Table VI represents the
“complete” calculation with the equivalent correlation as
described in the Lu− case in Sec. III E, i.e. all possible
second order effects, inclusion of vg and vh, etc. Our
interpretation of the similarity of these final BEs with
those of the 1999 calculations is that, much like single
replacements of the same symmetry, some of the core-
valence contribution in the 1999 calculations (specifically,
5p6p → vp2 + vpvp′) actually represented corrections to
the inadequate 6p one-electron radial functions. The im-
provements in treatment of 6p3/2 attachments is evident
in the fact that while the two 6p1/2 attachments are less
bound by 27 meV and 28 meV, most of the 6p3/2 attach-
ments are more bound in these final calculations than in
the 1999 work [14].

Increased binding of the newer calculations in the even
anion states of Table VII, even in the “4fm” values de-
spite removal of the 5p correlation, is similarly due to im-
provements in the one-electron 5d radial functions. These
improvements combined with the slight decrease in the
lowest odd BE have caused the RCI identification of the
ground state configuration to flip to 5d26s2. Diffuse 5d3/2

and 5d5/2 functions were purposely selected, but the ini-
tial MCDF calculations were also improved by inclusion
of a DF 6p orbital even though none is present in ei-
ther 5d26s or 5d26s2. The inclusion of 5d6s → 6p2 and
6s2 → 6p2 replacements in these calculations results in
greater mixing of 5d3/25d5/26s2 in the MCDF-stage an-
ion states, where nearly pure 5d2

3/26s2 states in the earlier
work created a 5d subshell that was less suitable to zeroth
order approximation of excited anion levels.

Note that, ironically, the “4fm” EA of Table VII actu-
ally agrees quite well with the Covington et al. 470(20)
eV EA [16]. In fact, their experimental analysis relied
on a peak in the photoelectron kinetic energy spectrum
that was identified essentially as the centroid of the an-
ion ground state to the two neutral 5d6s2 levels, 2D3/2

(ground state) and 2D5/2 (131 meV [10, 18]). However,
our RCI calculations show that the 3F2 ground state is
83% pure 5d2

3/26s2, suggesting a strong 5d3/2 → εp + εf

photodetachment only to the neutral ground state chan-
nel. Accounting for this point by shifting the experimen-
tal spectrum’s analysis [16] by 65 meV, approximately
half the energy difference of the 2D thresholds, to 535(20)
meV results in much better agreement with our final RCI
EA of 545 meV. This shift would also result in closer
alignment of other peaks in the experimental spectrum
[16] with 6s → εp photodetachment channels from the
La− 5d26s2 3F2 ground state to neutral 5d26s 4F3/2,
4F5/2, and 2F5/2 thresholds at 331 meV, 373 meV, and
869 meV, respectively. Much as our interpretation of
the many bound states in Ce− [7] with same LS terms
but different Js, similar energy differences occur for the
higher J anion 3F levels detaching to higher J 4F and
2F neutral thresholds. Finally, while there is no defini-
tive identification of each of the remaining peaks of the
experimental spectrum, we suggest that some odd lev-
els, particularly the 3F ones, are in reasonable positions
to detach via 6p → εs + εd to 5d6s2 and via 6s → εp
to 5d6s6p thresholds starting at 1.644 eV [10, 18] to ex-
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TABLE VI: RCI BEs (meV) of La− 5d6s26p states. The notation has the same meaning as in Table II. Values in the “4fm

BE” column are from calculations with correlation equivalent to the Gd− and Tb− 6p attachments presented in Tables II and
IV. The “BE” column contains the recommended RCI values of our “complete” calculations as discussed in Sec. III E.

La− 5d6s26p LS (%) jj attachment (%) BE 4fm BE 1999 BE [14]
3P0 100 {3/2} 100 10 −43

3D1 99, 1P 1 (3/2) 59, {3/2} 34, {5/2} 7 208 162 235

1D2 82, 3F 16, 3D 1, 3P 1 (3/2) 62, {5/2} 20, {3/2} 12, (5/2) 6 434 404 462
3F2 82, 1D 17, 3P {3/2} 37, (3/2) 34, {5/2} 17, (5/2) 12 286 248 282
3D2 98, 1D 1, 3P 1 {3/2} 46, (5/2) 44, {5/2} 9, (3/2) 1 149 104 145

3F3 99, 3D 1 {3/2} 52, (5/2) 48 240 199 247
3D3 98, 1F 1, 3F 1 {5/2} 64, (5/2) 21, {3/2} 15 84 36 56

3F4 100 {5/2} 100 139 96 84

TABLE VII: RCI BEs (meV) of La− 5d26s2 states. Values in
the “4fm BE” column are from calculations with correlation
equivalent to the Gd− 6s attachments presented in Table III
and the Pr− calculation discussed in Sec. III D. The “BE”
column contains the recommended RCI values of our “com-
plete” calculations as discussed in Sec. III E. Note that these
newer calculations indicate this 3F e

2 level is the La− ground
state, contrary to our earlier study [14] which had 1Do

2 more
bound.

La− 5d26s2 LS (%) BE 4fm BE 1999 BE [14]
3P0 98, 1S 2 128 27

3P1 100 103 5

3F2 96, 1D 3, 3P 1 545 478 434
1D2 90, 3P 6, 3F 4 259 118 62
3P2 93, 1D 7 52 −61

3F3 100 478 412 375

3F4 100 410 340 312

plain some of these features (as originally suggested in
the experimental analysis [16]).

G. Review and update of Ce− m=1 states

Ce− is perhaps the most interesting and most diffi-
cult lanthanide anion from the computational perspec-
tive. While the complexity of RCI basis functions with
m=1 is much less than m=7 in Gd and m=8 in Tb, dif-
ficulties arise from the density of low-lying states in the
Ce neutral spectrum. Consider, for example, the posi-
tion of the lowest 4fm5d26s thresholds [10, 18] for the
lanthanides of this study and then note the number of
nearby states above these thresholds, whose relative po-
sitions may be critical for proper mixing of the 4fm5d26s
states of interest. For Ce J=2, 3, 4 there are nineteen,
fourteen, and thirteen levels within 1 eV of the lowest
4f5d26s state. For Pr− the count is slightly fewer with
nine and twelve additional levels within 1 eV of 4f25d26s

J=11/2 and J=13/2 (recall it was problems with mixing
of these levels that led us to retain 4f2 1G and 1I basis
functions as discussed in Sec. II C). Moving across the
row, however, when one reaches Gd there are at most
two or three levels within 1 eV of the lowest 4f75d26s
threshold regardless of J , which is the same count as the
two or three levels within 1 eV of 5d26s 4F thresholds
in La. Combined with the fact that the lowest 4f5d26s
manifold in Ce begins at just 0.294 eV [10, 18], there
are a wealth of potential 6s attachment thresholds over
a wide range of Js.

In the early nineties high yields of Ce− AMS studies
by Berkovits et al. [29] and Garwan et al. [30] suggested
a large EA, perhaps >600 meV. The initial RCI calcula-
tion of our group [3] in 1994 predicted several 4f5d6s26p
levels with an EA of 259 meV and a single 4f5d26s2 state
bound by 179 meV. Later AMS studies essentially con-
firmed the earlier experimental estimates with Nadeau
et al. [9] giving an EA value ≥500 meV and Berkovits
et al. [31] increasing this value to 700(10) meV, though
the latter was dependent on the 1994 RCI ground state
identification.

In 2000, our first revisit of our Ce− RCI calcula-
tions [32] flipped the identity of the ground state with
a 4f5d26s2 EA of 428 meV and highest 5d6s26p BE of
349 meV. A later 2002 LPES study of Davis and Thomp-
son [13] identified at least three bound states with BEs
of 955(26) meV, 921(25) meV, and 819(27) meV. In 2004
Cao and Dolg [6], using the relativistic energy-consistent
small-core pseudopotential methodology, also predicted a
4f5d26s2 Ce− ground state now with an EA of 530 meV,
leaving a discrepancy of 425 meV between the most re-
cent experiment and calculation at the time.

In 2006, we again revisited our RCI Ce− calculations
[7], this time performing a detailed study of photode-
tachment partial cross sections, which suggested that the
ground state to ground state channel (5d → εp + εf)
was much weaker than channels to 4f5d26s 5H thresh-
olds (6s → εp). This reinterpretation of the experimen-
tal spectra effectively lowered the measured EA to ∼660
meV, but our ab initio EA was only 511 meV, in good
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agreement with Cao and Dolg [6] but still ∼150 meV
lower than experiment. However, our highest ab initio
4f5d6s26p BE was 328 meV, in reasonable agreement
with the 300 meV value determined by this reinterpre-
tation. Because we now regard Ce− as the model case
for melding computational [7] and experimental [13, 20]
analysis in these photodetachment studies, we have pre-
sented all BEs in Tables VIII and IX adjusted to these
values.

In 2007, an LPTS study by Walter et al. [20] that
focused on the incident photon energy range of 610-750
meV found a p-wave threshold above ∼650 meV, which
is consistent with the ground state to ground state chan-
nel of the reinterpretation of the Davis and Thompson
spectra [13]. Finally, recent Regge-pole calculations of
Felfli et al. [33] have predicted a Ce− EA of 610 meV, in
much closer agreement with our RCI values than in the
Lu− case [27].

Much as in the case of the La− 5p correlation, we have
found in our newer ab initio calculations that improve-
ments of one-electron radial functions have made the cor-
relation involving the 4f electron in the 2006 calculations
[7] obsolete. That is, prior to our semi-empirical adjust-
ment of the 6p attachment BEs to match the expected
300 meV value of the 2He

9/2 BE, this state was bound
by 326 meV compared to 328 meV in the 2006 calcula-
tion. Similarly, the 4Ho

7/2 Ce− ground state is bound by
530 meV compared to 511 meV in the 2006 calculation
prior to the adjustment to match the 660 meV EA. Test
calculations designed to check correlation involving the
4f electron using the improved one-electron bases showed
that replacements “out of 4f” (configurations with no 4f
electrons) as well as “into 4f” (configurations with 4f2

or 4f3 subgroups) both contributed ∼100 meV to RCI
energies, but the differential contribution between anion
and neutral calculations was ∼2 meV, resulting in negli-
gible impact on BEs. Of course, the question remains as
to what is missing from the 6s attachment calculations to
bridge the remaining 130 meV gap between our adjusted
EA and the calculation with RCI bases equivalent to our
Gd− 6s attachments. Similar to the La− and Lu− cases,
we found that the EA could be somewhat improved by
inclusion of additional second order effects and configu-
rations with vg virtuals, providing an additional binding
of ∼35 meV.

Considering the density of states as discussed above,
we have found that proper positioning of higher 4f5d26s
and 4f5d26s2 levels is more critical in Ce and Ce− than
in La− or Gd−. We note that our lowest anion 6p attach-
ments are being compared to their natural threshold, the
4f5d6s2 1G4 ground state, so any problems that occur
due to positioning of nearby states is somewhat allevi-
ated, i.e. the density of states in the anion J=7/2 and
J=9/2 calculations is similar to the neutral J=4 refer-
ence calculation, resulting in reasonable agreement with
our expected largest BE of 300 meV [7]. In the 6s at-
tachments, however, our selected neutral reference level,
4f5d26s 5I7 (chosen since 4f5d6s2 can only make J≤6),

has just three more neutral thresholds within 1 eV of
its position, whereas the lowest 4f5d26s 5H3 and 5H4

attachment thresholds have counts of fourteen and thir-
teen levels within 1 eV as mentioned above. To verify
that this difference in density of states can account for
the remaining discrepancy with our expected EA, we per-
formed similar J=3 and J=4 calculations using DF radial
functions and virtual orbitals optimized to the 4f5d26s
configuration. Even though there were problems with
4f5d6s2 mixing in these calculations, we found that our
RCI anion 4H7/2 ground state now had an EA of 670
meV or 645 meV when placed relative to the J=3 or
J=4 attachment thresholds, i.e. with similar density of
states between the anion and neutral calculations inad-
equacies in placement of nearby levels tended to cancel
out.

Given the above result, it is perhaps fortuitous that
the energies of higher J 4f25d26s thresholds of Pr were
not known so that we were forced to reference our bound
state from Sec. III D relative to its natural 6L11/2 attach-
ment threshold. Otherwise, we may have prematurely
declared that state unbound in the early stages of our
calculations. On the other hand, test calculations in Gd−
suggest that its lower density of states precludes similar
issues with the 6s attachments presented in Table III.

More detailed analysis of higher Ce levels found that
radial bases optimized to thresholds dominated by sin-
glet terms in the 5d2 subgroup had more diffuse 5d radial
functions, ∼0.2 a.u. increase in 〈r〉, than the states of in-
terest with 5d2 3F dominant terms. To gauge the error
in position of these levels we considered the neutral J=8
case where the 3K8 (5d2 1G) level was∼225 meV too high
relative to the 5I8 (5d2 3F ) level when compared with the
experimental spectrum [10, 18]. Moving this level down
to its correct position via shifts in the diagonal energy
matrix element corresponding to 3K resulted in negligi-
ble impact (0.3 meV) on the position of the 5I level; the
two levels of this high J case are 1.057 eV [10, 18] apart
with essentially no LS mixing between them. The im-
pact of similar shifts of basis functions with singlet 5d2

terms in the anion cases can be seen in the “Shifted BE”
column of Table IX with those levels most affected cor-
responding to those with less 5d2 3F mixing as indicated
in the second column. These values are intended to pro-
vide an estimate of possible differences of relative energy
positions between anion states if we had the capability
to simultaneously optimize our calculations to both 5d2

triplet and singlet terms. Again, these values have been
adjusted such that the anion ground state matches the
expected 660 meV value, and higher J levels that appear
to be slightly less bound post-shift have simply been low-
ered slightly less than the 4H7/2 ground state. The im-
portant point of this shifted data is that while it appears
that predicted positions of some of the weakly bound
excited states are perhaps much less accurate than the
lower levels, the relative position of the lowest 5H and 5I
anions states, which were critical to our reinterpretation
of the experimental data [7, 13], are much more stable.
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TABLE VIII: RCI ab initio BEs (meV) of Ce− 4f5d6s26p states calculated relative to the lowest 6p attachment, which has
been placed at 300 meV to match the experimental data [13] and our earlier interpretation of these data [7]. The notation in
the first two columns has the same meaning as in Table II. The third column core ls analysis (%) is included to illustrate the
bound states states that are actually attachments to low-lying 3F and 3H manifolds [10, 18].

Ce− 4f5d6s26p LS jj attachment core 1G/3F/3H BE 2006 BE [7]
2D3/2 62, 4F 25, 4D 7, 2P 6 (2) 88, (1) 3, {3} 3, {1} 3, {0} 2, {2} 1 0 /84/ 0 95 141

2F5/2 48, 4G 47, 2D 5 (2) 68, {4} 25, (3) 3, {2} 3, {1} 1 18/55/ 4 152 156
4G5/2 47, 2F 41, 2D 11, 4F 1 {4} 38, (2) 25, {2} 21, (3) 9, {3} 5, {1} 2 31/57/ 0 1

4G7/2 87, 4H 8, 2F 2, 4F 2, 4G 1 {4} 51, (4) 24, {2} 15, {5} 4, (3) 3, {3} 3 55/23/18 179 185
4H7/2 37, 2F 27, 2G 27, 4G 8, 4D 1 (4) 65, {2} 13, {4} 10, (3) 9, {3} 2, {5} 1 25/12/48 104 83
2F7/2 41, 4H 35, 4G 13, 2G 8, 4D 2, 4F 1 (4) 51, {4} 28, (3) 15, {2} 5, {3} 1 28/18/37 28

2H9/2 67, 2G 17, 4I 12, 4H 3, 4G 1 (4) 84, {4} 10, {5} 4, (5) 1, {3} 1 38/ 3 /57 300 300
4I9/2 47, 2G 43, 4F 4, 4H 3, 2H 2, 4G 1 {4} 60, (4) 37, {3} 2, {6} 1 41/ 6 /52 98 45
2H9/2 40, 2G 30, 4I 23, 4F 4, 4H 2, 4G 1 {4} 68, (4) 14, {5} 11, {3} 4, (5) 2, {6} 1 26/ 7 /61 18

2H11/2 70, 4I 23, 4G 4, 4H 2, 2I 1 {4} 67, (5) 25, {6} 4, {5} 2, (6) 2 52/ 4 /43 78 76

TABLE IX: RCI BEs (meV) and LS composition (%) of Ce− 4f5d26s2 states. The ls analysis (%) for mixing of terms in the
5d2 electron subgroup is presented to illustrate the relative improvements in states with less 3F purity. Binding energies are
presented for the ab initio and shifted calculations discussed in Sec. IIIG as well as the most recent previous values of our
group [7]. All three sets of data are presented relative to the Ce− 4H7/2 ground state which is placed at 660 meV to match the
experimental data [13]. Please note the typo in the 2006 LS analysis [7] that incorrectly identified the secondary term of the
Ce− ground state as 4G rather than 2G.

Ce− 4f5d26s2 LS 5d2 subgroup ls BE Shifted BE 2006 BE [7]
4D1/2 77, 2P 20, 2S 1 3F 66, 3P 20, 1D 12 349 396 302
2S1/2 40, 2P 28, 4P 18, 4D 14 3F 75, 1D 20, 3P 5 134 198 73

4D3/2 92, 2P 28, 4P 18, 4D 14 3F 70, 1D 20, 3P 5 281 305 231
4F3/2 94, 2D 5, 4D 1 3F 86, 3P 12, 1D 2 108 125 106

2F5/2 65, 4D 27, 4G 4, 4F 3, 2D 1 3F 63, 1D 17, 3P 15, 1G 3, 1S 2 292 349 234
4D5/2 65, 2F 24, 4G 7, 2D 3, 4F 1 3F 66, 3P 25, 1D 7, 1G 1, 1S 1 180 220 125
4G5/2 54, 4F 37, 2F 4, 4D 3, 2D 2 3F 86, 3P 10, 1D 3, 1G 1 70 84 54
4F5/2 56, 4G 31, 2F 11, 2D 2 3F 81, 3P 9, 1D 9, 1G 1 19 42

4H7/2 73, 2G 26, 2F 1 3F 94, 1D 3, 3P 2, 1G 1 660 660 660
2G7/2 56, 4H 26, 2F 15, 4G 2, 4D 1 3F 80, 3P 10, 1D 7, 1G 3 431 456 428
2F7/2 45, 4D 32, 2G 16, 4F 6, 4H 1 3F 70, 3P 18 253 290 232
4D7/2 38, 2G 28, 4G 23, 2F 10, 4F 1 3F 51, 3P 29, 1D 20 47 153 8

4H9/2 64, 2G 31, 2H 4, 4F 1 3F 92, 3P 5, 1D 2, 1G 1 560 562 550
4I9/2 92, 2H 6, 4H 2 3F 96, 1D 4 516 513 508
2G9/2 61, 4H 34, 4F 2, 4G 2, 4I 1 3F 85, 3P 13, 1G 1, 1D 1 413 420 403
2H9/2 84, 4I 7, 2G 6, 4H 2, 4G 1 1D 62, 3F 33, 1G 4, 3P 1 166 296 126

4H11/2 50, 4I 45, 2I 5 3F 98, 1G 2 423 414 419
4I11/2 48, 4H 46, 2H 5, 2I 1 3F 98, 1D 2 383 374 380
2I11/2 91, 4I 5, 2H 3, 4H 1 1G 51, 3F 49 60 165 20

4H13/2 47, 4I 42, 2I 11 3F 96, 1G 4 309 305 306
4I11/2 53, 4H 47 3F 100 223 207 220

4I15/2 100 3F 100 86 70 86

One final point regarding the uniqueness of Ce is not
just its density of states, but its low-lying manifolds that
provide thresholds for 6p attachments to states other
than the LS of its ground state. Even considering the op-
posite parity Tb and Lu cases presented here, all other

lanthanides anion 6p attachments of even (odd) parity
are attachments to thresholds of the same odd (even)
LS manifold. With Ce the ground state 1G manifold
has a single J=4, but there are also low-lying 4f5d6s2

3F , 3H, 3G, and 1D manifolds with levels beginning at
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28 meV, 159 meV, 172 meV, and 294 meV [10, 18], re-
spectively. In Table VIII we have include in addition
to our usual jj attachment analysis, an LS analysis of
the largest terms of the neutral-core portion of the anion
wave functions. While there is much LS mixing between
Ce neutral thresholds to begin with, it is clear that most
of these anion states are not pure attachments to the Ce
ground state (55% 1G, 29% 3H [10, 18]). The same point
can be seen in the jj attachment analysis where, for ex-
ample, in each of the groups of three J=7/2 and three
J=9/2 bound anion states the “(4)” term contributes a
total >100%, indicating more than one J=4 threshold is
contributing to these attachments.

IV. CONCLUSIONS

While a great leap forward in understanding was
made in the early nineties regarding the identification
of the 6p attachment to the ground state as the prin-
ciple mechanism for creation of lanthanide anion states
[3, 21, 24, 26, 28], it should be noted that earlier work
which expected anion states created by 5d attachment
to lanthanide ground states is directly applicable to our
6s attachments to 4fm5d26s thresholds. In Table X
we present some earlier representative calculations and
semi-empirical estimates, along with our lowest 6s at-
tachments from these lanthanides. Note that the config-
uration is different in the cases of Pr− and Nd− where
the older work was considering 5d attachments to 4fn6s2

ground states, but it is interesting that our selection of
possible bound states by considering excited thresholds
with open 6s subshells would have proved a reasonable
indicator of potential bound states for these earlier com-
putational studies. The authors of reference [36] indi-
cated that their methodology tended to over-estimate
5d binding and suggested that Pr− and Nd− were not
likely bound despite their calculated EAs of 110 meV
and 100 meV. This is consistent with our interpreta-
tion considering 6s binding of 0.800-0.900 eV relative to
Pr 4f35d6s 6L11/2 at 1.002 eV or Nd 4f45d6s 7L5 at
1.051 eV [10, 18]. We have included our unbound es-
timate for Nd− 4f35d26s2 here to illustrate the nearly
uniform binding of 6s relative to 4fm5d26s of 860(20)
meV. Of course, Ce− is the unusual case yet again, but
we note that the density of states in the neutral spec-
trum causes non-negligible mixing of 4f5d26s into lower
4f5d6s2 thresholds, possibly enhancing this binding.

The recently developed techniques of universal jls re-
strictions on 4fn,m subgroups [1, 2] have given us the
needed simplification of RCI bases to tackle the most
complex lanthanide anions. Together with our earlier
study of 6p attachments to 4fn6s2 ground states [2] the
work presented here represents a complete survey and
update of anions states of the entire lanthanide row.
In Table XI we present a comprehensive picture of our
current understanding of the types of attachments and
number of predicted states of each anion, noting that all

TABLE X: Comparison of RCI lanthanide BEs (meV) for
lowest lying 4fm5d26s2 anion states with earlier calculations
and semi-empirical estimates of lanthanide EAs by 5d attach-
ment to ground state configurations. The RCI BE for Ce−

has been shifted to match the experimental LPES data [16],
and the Nd− RCI BE is an estimate scaled from calculations
with incomplete RCI bases. The number in parentheses in the
“RCI” column is the binding relative to the lowest 4fm5d26s
threshold [10, 18]. Note that the earlier values for Pr− and
Nd− are for 4fn5d6s2 configurations.

Anion RCI Calc. Semi-emp.
La− 545 (876) 560 [34] 500 [35]
Ce− 660 (954) 810 [36] 600 [37]
Pr− 24 (856) 110 [36] 300 [37]
Nd− −250 (841) 100 [36] 100 [37]
Gd− 70 (861) 340 [36] 200 [37]

but Yb− are predicted to have 6p attachments to their
ground states, and six lanthanide cases are now predicted
to have opposite parity bound states as well. In La−,
Ce−, and Gd− the opposite parity states are 5d attach-
ments relative to the 4fm5d6s2 ground states but are
interpreted here as 6s attachments to excited 4fm5d26s
thresholds. This interpretation in bolstered by the Pr−
case where the single opposite parity state does not look
like a 5d attachment to the 4f36s2 ground state but
rather to the 4f25d6s2 configuration. However, the low-
est Pr 4f25d6s2 level is 4I9/2 at 550 meV [10, 18] so one
might expect a 5d attachment to this J=9/2 threshold to
have J=4 or J=5, leaving the best interpretation of our
single even 4f25d26s2 5L6 Pr− state as a 6s attachment
relative to 4f25d26s 6L11/2,13/2. Tb− and Lu− have the
distinction of opposite parity bound states produced by
the same 6p attachment mechanism, relative to 4f85d6s2

in Tb and 4f146s26p in Lu. Finally, La−, Ce−, and pos-
sibly Tb− are three cases where the alternate attachment
forms the anion ground state.

Errors introduced by the approximations required to
deal with mid-row lanthanides are difficult to estimate,
but comparisons with the “4fm” and “complete” results
in Tables V to VII suggest there may be an additional
30-50 meV binding missing from the Gd− and Tb− data
presented here. Whatever correlation is missed, however,
we would expect to contribute nearly equally to the an-
ion states of the same configuration allowing identifica-
tion of features in future experimental spectra to shift all
the RCI BEs of a particular anion parity by a common
amount. Given our thorough exploration of attachment
thresholds as presented in Table I, we do not expect that
there are any further bound lanthanide anion configu-
rations. At most we expect that adjustment of BEs by
future experimental analyses will slightly increase or de-
crease the number of bound states in any given anion.
Even with this completion of our survey of lanthanide an-
ion states there is more computational work to be done,
e.g. calculation of photodetachment partial cross sections
[1, 7] to aid in understanding of features of experimen-



16

TABLE XI: Lanthanide anion configurations, number of lev-
els (in parentheses), and lowest level BEs (meV) relative to
neutral ground states; 4fn6s26p cases are from the prior RCI
study [2].

Ground state + 6p Excited state + 6s/6p
Anion Config. BE Config. BE
La− 5d6s26p (8) 434 5d26s2 (7) 545
Ce− 4f5d6s26p (10) 300 4f5d26s2 (22) 660
Pr− 4f36s26p (6) 177 4f25d26s2 (1) 24
Nd− 4f46s26p (7) 167
Pm− 4f56s26p (8) 154
Sm− 4f66s26p (8) 130
Eu− 4f76s26p (6) 117
Gd− 4f75d6s26p (12) 234 4f75d26s2 (3) 70
Tb− 4f96s26p (2) 85 4f85d6s26p (6) 88
Dy− 4f106s26p (2) 63
Ho− 4f116s26p (2) 50
Er− 4f126s26p (2) 38
Tm− 4f136s26p (2) 22
Yb−

Lu− 4f145d6s26p (3) 353 4f146s26p2 (1) 78

tal spectra. While we certainly encourage any experi-
mental interest in continued lanthanide photodetachment
studies, there are also opportunities for further exami-
nation of the neutral lanthanide thresholds presented in
Table I (our RCI LS analysis is most useful in predicting
strong photodetachment channels in cases where the final
state threshold composition is also known). For example,
the current experimental analysis of level composition of
neutral Ce is incomplete for thresholds above ∼1.3 eV
[10, 18], which is well within the photon energies used by
typical LPES experiments [13, 16].
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