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We demonstrated the accurate prediction of a quasibound spectrum of a negative ion using a
novel high-precision theoretical approach. We used La− as a test case due to a recent experiment
that measured energies of 11 resonances in its photodetachment spectrum attributed to transitions
to quasibound states [C. W. Walter et al., Phys. Rev. A 102, 042812 (2020)]. We identified all of the
observed resonances, and predicted one more peak just outside the range of the prior experiment.
Following the theoretical prediction, the peak was observed at the predicted wavelength, validating
the identification. The same approach is applicable to a wide range of negative ions.

Introduction. Negative ions are important for both
fundamental and practical reasons, such as medical ap-
plications [1, 2]. They are key constituents of terrestrial
and space-based plasmas [3], and they play crucial roles
in many chemical reactions, as highlighted, for exam-
ple, in the very recent study of the astatine negative ion
[2]. Beams of short-lived radioactive nuclei are needed
for frontier experimental research in nuclear structure,
reactions, and astrophysics, and negatively charged ra-
dioactive ion beams have unique advantages and can
provide the highest beam quality with continuously vari-
able energies [4]. Laser cooling of negative ions may al-
low a sympathetic cooling of antiprotons for the produc-
tion of cold antihydrogen for tests of fundamental sym-
metries [5, 6]. From a fundamental standpoint, since
the extra electron in a negative ion is not bound by
a net Coulomb force, their properties critically depend
on electron-electron correlation and polarization, giving
valuable opportunities to gain insight into these impor-
tant multibody interactions [7–9]. Therefore, negative
ions serve as key test systems for state-of-the art atomic
structure calculations.

Excited states of negative ions, both bound and quasi-
bound states known as resonances, pose even more chal-
lenges and opportunities for both theory and experiment
[1, 7, 10]. They are important in low energy electron
scattering from atoms and molecules [11–13], electron at-
tachment [12, 14], chemical reactions [15, 16], and pho-
toabsorption [1, 7, 8, 17, 18]. Recent studies of negative
ion excited states have focused on a diverse range of as-
pects, including the possibility of laser cooling negative
ions [5, 6, 19–23], negative ion resonance spectroscopy
using ultralong-range Rydberg molecules [24], and reso-
nances in inner-shell photodetachment from small carbon
molecular negative ions [25]. Clearly, progress in theoret-
ical calculations of negative ion excited states would be
very valuable for a wide variety of both practical appli-

cations and fundamental insights.

In this work, we demonstrate for the first time that a
high-precision relativistic hybrid approach that combines
the configuration interaction and the coupled-cluster
methods (CI+all-order) [6, 26] can be used to accurately
predict the energies of quasibound states of a negative
ion. This method was designed for low-lying bound states
and generally bound state approaches cannot be used to
compute properties associated with levels beyond the ion-
ization (or in this case photodetachment) threshold for
reasons described below, but we have developed success-
ful ways to extend this technique to quasibound states of
complex negative ions.

As a test case in the present study, we used the negative
ion of lanthanum, La−, which is one of the most intrigu-
ing of all atomic negative ions. Whereas most negative
ions only have a single bound state configuration because
of the shallow, short-range nature of their binding poten-
tials [7], La− possesses multiple bound states of opposite
parity [19, 20]. Indeed, La− has the richest spectrum
of bound-bound electric-dipole transitions yet observed
for any atomic negative ion [20], and it has emerged as
one of the most promising negative ions for laser-cooling
applications [6, 19–21, 27]. Beyond the complex bound
structure of La−, very recent measurements of its pho-
todetachment spectrum have revealed a remarkably rich
near-threshold spectrum including at least 11 prominent
resonances due to excitation of quasibound negative ion
states in the continuum [28]. This recent observation of
its photodetachment spectrum allowed for an immedi-
ate test of our theoretical predictions of the quasibound
state structure of La−. We were able to identify all of
the 11 observed resonances (peaks), and predicted sev-
eral peaks that were too weak to be observed in [28]. Our
theoretical resonance energies agree with experiment to
0.03-0.3% for “narrow” peaks and to 2.3-3% for “wide”
peaks associated with higher energy levels. We also pre-
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dicted that there should be a resonance peak just outside
the photon energy range of the original experiment. Fol-
lowing our prediction, the peak was observed at exactly
the predicted position, validating the identification; this
new measurement is reported here. While we used La−

as an example, the same approach is applicable to a wide
range of negative ions. Moreover, we developed a way
to reliably extract hundreds of states in the framework
of the CI+all-order method instead of just a few bound
states.

We start with a description of the theoretical computa-
tions and specific solutions that allowed us to extract the
quasibound states and identify the measured resonances.
Then, we describe a new experiment that found the peak
predicted by the theory.

Theory. In 2018, the CI+all-order approach was used
to accurately predict energies of then unmeasured bound
states of La− as well as transition rates and branching
ratios relevant to the laser cooling of La− [6]. In the
CI+all-order method, the linearized coupled-cluster ap-
proach is used first to construct an effective Hamiltonian
that includes core and core-valence correlations. Then,
the many-electron wave function is obtained in the frame-
work of the CI method as a linear combination of all dis-
tinct many-electron states of a given angular momentum
J and parity: ΨJ =

∑
i ciΦi. The energies and wave func-

tions of the low-lying states are determined by diagonaliz-
ing this effective Hamiltonian. La− is considered as a sys-
tem with four valence electrons and Xe-like 54-electron
core. The CI+all-order method uses Dirac-Hartree-Fock
one-electron wave functions for the low-lying valence elec-
trons; 6s, 5d, 4f , 6p, 7s, and 7p in the present work. We
use a finite basis method to construct all other orbitals
(up to 35spdfghi) in a spherical cavity using B-splines.
Such an approach discretizes the continuum spectrum:
a sum over the finite basis is equivalent (to a numerical
precision) to the sum over all bound states and integra-
tion over the continuum. The obvious downside of this
approach is the limitation of its applicability to relatively
low-lying bound states. For example, even for the largest
practical size of the cavity (a few hundreds atomic units)
the method is limited to the orbitals with the princi-
pal quantum number less than 20, so higher Rydberg,
or other delocalized states cannot be treated accurately.
The situation for negative ions is more favourable, where
there are (if any) only a few bound states, no usual Ryd-
berg series, and quasibound states (if any) are still highly
localized.

There are two major problems in using the CI+all-
order method to find quasibound states of negative ions.
The first problem is the separation of true quasibound
states from spurious “continuum-like” states that are ar-
tifacts of the finite basis (i.e. states containing orbitals
with n > 9 that do not fit inside the cavity and represent
near-continuum states). We solved this issue by running
two set of calculations that were identical with the excep-

TABLE I. Quasibound levels of La− energy levels in meV. All
energies are counted from the 6s25d2 3F2 even ground state.
Levels labelled A, B, C, and D in experimental work [28] are
assigned terms. Calculated g-factors are compared with the
nonrelativistic values (NR) in the last two columns.

Level Term Theory Expt. Diff.(%) g-factor
NR CI+all

6s25d6p 3P1 567.0
6s25d6p 3P2 643.2

6s5d2(4F )6p 5G2 725.0 723.34(4) -0.2% 0.333 0.347
6s5d2(4F )6p 5G3 763.0 761.26(7) -0.2% 0.917 0.924
6s5d2(4F )6p 5G4 814.1 811.27(4) -0.3% 1.150 1.150
6s5d2(4F )6p 5G5 877.7 1.267 1.266
6s5d2(4F )6p 5G6 955.7 1.333 1.333

6s5d2(4F )6p 5F1 900.4 0.000 0.083
6s5d2(4F )6p 5F2 920.1 1.000 1.001
6s5d2(4F )6p 5F3 953.3 979.3(11) 2.7% 1.250 1.231
6s5d2(4F )6p 5F4 1005.9 1.350 1.312
6s5d2(4F )6p 5F5 1068.0 1.400 1.386

tion of the size of the cavity. We have theorized that the
cavity size will affect the number and energies of the spu-
rious states. The bound and quasibound states will not
be affected as the smaller cavity size is chosen to fit them
inside the cavity (we expect quasibound states to be well
localized). We find that our supposition is correct and
the energies of the quasibound states are indeed stable
with the change in the cavity size from 60 a.u. to 85 a.u.
The difficulty of this approach comes from the second
problem: a large number of spurious states drastically
affect convergence of the iterative procedure used by the
CI, which is already very poor for negative ions making
the computations prohibitively long. Furthermore, the
convergence procedure was known to break down when
some states reached convergence while other closely-lying
states were still strongly varying. We separated the com-
putation into seven different ones, each for a single value
of the total angular momentum from J = 0 to J = 6
to improve convergence as well as resolved the issue of
disparate convergence levels.

Building upon the Message Passing Interface (MPI)
version of the CI code developed in [29], we improved
both efficiency and memory use, allowing to run such a
large number of already complicated computations in a
short time. Each of the computations contained 110 000
- 186 000 configurations, corresponding to 4-6.6 million
Slater determinants and requiring at least 100 iterations
(where usual is under 20). We computed a total of 74
odd states with J = 0 − 6 and identified eight of these
states as known bound states and twelve more states as
quasibound states. We verified that the bound states
agree with experiment to 0.1-2%. We find that dominant
configurations for “spurious” states contain a large frac-
tion of the np electrons with n > 8 unlike the quasibound
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states where configurations with 6p and 7p dominate.

The energies of quasibound states are listed in Table I
relative to the 6s25d2 3F2 even ground state (detachment
threshold 557.546(20) meV [30, 31]). Two of the quasi-
bound states complete the 3PJ triplet, with 3P0 state
being the last bound state. We classify the remaining 10
states as 2 quintets, 6s5d26p 5G and 5F . Both can be
formed by attachment of a 6p electron to the 6s5d2(4F )
excited states of La. To verify our term assignments we
compute the g-factors for all states and compare them
to the g-factors obtained from the non-relativistic Landé
formula. We find a near perfect agreement of the cal-
culated g-factors with the non-relativistic values, see the
last two columns of Table I, unambiguously confirming
our term identification.

The dipole selection rules allow for eight transitions
from the three lowest-lying 6s25d2 3F2,3,4 even states to
the 5G odd levels and nine transitions to the 5F odd
levels. There are no allowed transitions involving the
5G6 level. The transition energies for these 17 transitions
are listed in Table II, together with the identification of
peaks observed in [28] and their measured energies. All
“narrow” (<1 meV width) peaks 13-19 observed in [28]
involve the 5G levels. Due to excellent agreement of the
theoretical predictions with the measured energies, all of
these peaks were straightforward to identify. All of the
transition energies agree to 0.03-0.3%. The only allowed
transition that was not observed in [28] is 3F4 →

5G3,
which is expected to be weaker than the observed 3F2,3 →

5G3 transitions, because ∆J = −∆S for that transition.
All observed transitions are illustrated in Fig. 1 a) which
shows a partial energy level diagram of relevant states
of La− and La showing quasibound excited states in the
5G manifold. The numbered arrows indicate resonance
transitions that have been assigned in this study.
The remaining “wide” (>1 meV width) peaks 20-23 in

the spectrum are associated with transitions to the 5F

multiplet. Peaks 20 and 23 have to involve the same 5FJ

level, as they are separated by 89 meV, which matches
the energy difference of the 3F3 and 3F4 even states
[20, 30, 31]. However, complete identification of the peaks
20-23 is more complicated as there are multiple ways to
match these observed transitions to theory predictions.
We expect theory to be less accurate for these higher
states due to stronger configuration mixing. The study of
the fine-structure splittings within the 5F quintet shows
these to be regular, i.e. matching non-relativistic values
to within a few meV. Therefore, we expect similar differ-
ences between theory and experiment for all 4 measured
transitions, with the deviation not exceeding a few (∼5)
meV. This requirement leaves only one possible identi-
fication of peaks 20-24 given in Table II in which all 4
measured energies differ from the theory by 20-25 meV.

In this identification scheme, we predict that 3 tran-
sitions where total angular momentum J is lower for
the quasibound state than for the even bound state, i.e.

TABLE II. Identification of peaks observed in [28]. Transition
energies are given in meV. The recommended values given
in “recomm.” column are shifted by 22 meV from the ab

initio values. Last column gives the difference between the
experimental and theoretical values in meV.

Transition Theory Expt. Peak Diff.
ab initio recomm.

3F2 →
5G2 725.0 723.34(6) 17 1.7

3F3 →
5G2 640.5 639.41(5) 14 1.1

3F2 →
5G3 763.0 761.24(9) 19 1.8

3F3 →
5G3 678.5 677.36(5) 15 1.1

3F4 →
5G3 587.5 not observed

3F3 →
5G4 729.6 727.32(3) 18 2.3

3F4 →
5G4 638.6 638.41(3) 13 0.2

3F4 →
5G5 702.2 701.01(4) 16 1.2

3F2 →
5F1 900.4 876.4 not observed

3F2 →
5F2 920.1 898.1 blended with 23

3F3 →
5F2 835.6 813.6 not observed

3F2 →
5F3 953.3 931.3 predicted

observed 930.5(9)*
3F3 →

5F3 868.8 846.8 847.8(9) 21 21.0
3F4 →

5F3 777.8 755.8 not observed
3F3 →

5F4 921.4 899.4 895.6(19) 23 25.8
3F4 →

5F4 830.4 808.4 806.3(13) 20 24.1
3F4 →

5F5 892.5 870.5 872.1(12) 22 20.4

*Present work

3F2 →
5F1,

3F3 →
5F2, and 3F4 →

5F2, were too
weak to be observed in the experiment of Walter et al.

[28]. In addition, two of the transitions, 3F3 →
5F4

and 3F2 →
5F2, have nearly the same energy resulting

in blending of two transitions in Peak 23; note that the
expected separation of these two transitions of only 1.3
meV is substantially less than Peak 23’s width of 8.8(18)
meV [28].

We use four peaks (20, 21, 22, and 23) measured in [28]
and identified in this work, as experimental benchmarks
for the 3F →

5F transitions. The method accuracy is
expected to be similar for all peaks, so we shifted the
calculated energies by 22 meV, which is the weighted
average of the difference of theory and experiment for
these four peaks. These improved theory predictions for
other peaks are listed as the recommended values in the
“recomm.” column, with expected uncertainties of less
than 5 meV.

Importantly, from our identification of the quasibound
state structure we expect a new resonance photodetach-
ment peak associated with the 3F2 →

5F3 transition at
slightly higher energy than the previously measured spec-
trum of Walter et al. [28]. With its predicted wavelength
just outside of the laser range used in [28], it was unob-
served for a different reason than the other transitions: it
was outside of the measured spectra. The other identifi-
cation schemes that we have tried will not have a peak at
this wavelength. Since all of the 3F →

5F transition en-
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FIG. 1. Partial energy level diagram of relevant bound states
of La− (black), neutral La (blue), and quasibound excited
states of La− (red) in the a) 5G and b) 5F manifolds. Num-
bered arrows indicate resonance transitions observed previ-
ously by our group [28] (Peaks 13-23) and in the present study
(Peak 24) that have been identified in the present study.

ergies are related by the 3F (measured) and 5F (theory)
fine-structure intervals, finding this one predicted peak
predicts placement of the others. We expect that they
may be detected in future experiments.

The predicted resonance energy of this new peak due
to 3F2 →

5F3 can be calculated based on the energy
of Peak 21, which is due to transition to the same 5F 3

upper state but from a different lower state, 3F 3. Thus,
the predicted energy of new Peak 24 is the energy of
Peak 21 (847.8(9) meV) plus the La− (3F 2 - 3F 3) fine
structure splitting (83.941(20) meV [20, 30, 31]), yielding
a predicted energy for Peak 24 of 931.7(9) meV. Peak 20-
23 identification and new Peak 24 are illustrated in Fig. 1
b), which shows transitions to the 5F manifold.
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FIG. 2. Measured La− photodetachment spectrum above the
ground state threshold energy of 557.546 meV. Data below
920 meV are from our previous work [20, 28]; data above 920
meV are from the present study. The numbered peaks are due
to resonant detachment via excitation of quasibound negative
ion states; the newly observed Peak 24, which was predicted
and verified in the present study, is indicated in red.

Experiment. To test the theoretical interpretation of
the La− resonance spectrum, our previous measurements
[28] were extended to slightly higher photon energies to
search for the predicted resonance due to the La− 3F 2 →

5F 3 transition near 931 meV. The relative photodetach-
ment cross section was measured as a function of photon
energy using a crossed ion-beam-OPO laser-beam system
described in detail previously [28, 32, 33]. In the present
study, the tuning range of the OPO was extended be-
yond its nominal short wavelength limit of 1350 nm by
manually controlling its crystal in order to measure pho-
todetachment from 920 - 948 meV (1350 - 1310 nm).

Figure 2 shows the La− photodetachment spectrum
from Walter et al. [28] together with the present mea-
surements above 920 meV. The continuum photodetach-
ment cross section rapidly rises above 920 meV in a nearly
linear fashion due to the opening of photodetachment
channels from bound states of La− to the La 4F man-
ifold. Most importantly, the new measurements reveal
an additional resonance peak, Peak 24, which appears
as a weak hump in the cross section at an energy near
931 meV. The measured photodetachment spectrum in
the vicinity of the newly observed Peak 24 is shown in
Fig. 3, together with a fit of the Fano resonance formula
[34] with a linear background continuum cross section.
The Fano profile provides an excellent fit to the data,
yielding a resonance energy of 930.5(9) meV and peak
width of 5.8(10) meV.

The measured energy of Peak 24 of 930.5(9) meV
agrees with the predicted value of 931.7(9) meV based
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FIG. 3. Measured photodetachment spectrum in the vicinity
of the newly observed Peak 24, which is due to the La− 3F 2

→
5F 3 transition. The solid line is a fit to the data of a Fano

profile with a linear background. The inset shows the remain-
ing peak after the linear background has been subtracted from
the measured neutral signal.

on its theoretical identification as the 3F 2 →
5F 3 transi-

tion. Furthermore, the measured widths of Peaks 21 and
24 (6.2(10) meV and 5.8(10) meV, respectively) are the
same within uncertainties, as expected since the peak
width depends on the lifetime of the 5F 3 upper state
which is the same for both peaks. The agreement be-
tween the predicted and measured energy and width of
the newly observed Peak 24 clearly verifies the present
theoretical interpretation of the La− quasibound reso-
nance spectrum and demonstrates the power of the cal-
culational methods.

It is important to note that the theoretical calculations
were absolutely necessary to be able to find the new peak,
since it is very weak (< 8% of the background signal)
and situated on a steep slope due to a rapidly increasing
continuum photodetachment cross section.

Conclusion. We demonstrated the ability to accu-
rately predict the quasibound spectrum of negative ions.
The accuracy of the theoretical calculations is unambigu-
ously confirmed both by the identification of all resonance
transitions in [28], and, most importantly, prediction and
observation of a new resonance peak. While we use La−

as a test case, this method can predict quasibound states
(if they exist) for other negative ions.
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