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Abstract: The rigorous Regge-pole method is used to investigate negative-ion formation in actinide
atoms through electron elastic total cross sections (TCSs) calculation. The TCSs are found to be
characterized generally by negative-ion formations, shape resonances and Ramsauer-Townsend(R-
T) minima, and they exhibit both atomic and fullerene molecular behavior near the threshold.
Additionally, a polarization-induced metastable cross section with a deep R-T minimum is identified
near the threshold in the Am, Cm and Bk TCSs, which flips over to a shape resonance appearing
very close to the threshold in the TCSs for Es, No and Lr. We attribute these new manifestations
to size effects and orbital collapse significantly impacting the polarization interaction. From the
TCSs unambiguous and reliable ground, metastable and excited states negative-ion binding energies
(BEs) for Am−, Cm−, Bk−, Es−, No− and Lr− anions formed during the collisions are extracted and
compared with existing electron affinities (EAs) of the atoms. The novelty of the Regge-pole approach
is in the extraction of the negative-ion BEs from the TCSs. We conclude that the existing theoretical
EAs of the actinide atoms and the recently measured EA of Th correspond to excited anionic BEs.

Keywords: generalized bound states; actinide atoms; elastic cross sections; anionic binding energies;
electron correlations; core–polarization interaction; Regge poles

PACS Nos: 34.80. Bm; electron elastic scattering

1. Introduction

The determination of unambiguous and reliable values of electron affinities (EAs) for
complex electron-heavy systems such as lanthanide and actinide atoms, as well as fullerene
molecules, is currently one of the most challenging problems in atomic and molecular
physics and still plagues both experiments and theories alike. Unfortunately, progress
toward a theoretical understanding of the fundamental mechanisms underlying low-energy
electron scattering from complex heavy atoms, including fullerene molecules, to stable,
negative-ion formation has been very slow. Accurate and reliable atomic and molecular
affinities are essential for understanding chemical reactions involving negative ions [1].
Additionally, the EA provides a stringent test of theoretical calculations when their results
are compared with those from reliable measurements.

For most of the lanthanide atoms, producing sufficient anions that can be used in
photodetachment experiments is very challenging [2]. For the actinide atoms the situation
is even worse; due to their radioactive nature, they are difficult to handle experimentally. A
great motivation for this investigation is the remarkable agreement between the recent first
ever EA measurement of the highly radioactive At atom [3] and various theoretical EAs [4].
The authors of [3] used the coupled-cluster method, while [4] employed a multiconfigu-
ration Dirac Hartree-Fock method. Furthermore, in [4], an extensive comparison among
various sophisticated theoretical EAs was carried out. Most importantly, in the context of
the present investigation, the measured EA of the atomic At matched excellently with the
Regge-pole-calculated binding energy (BE) of the ground state of the At− anion (see Table 1
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for the comparison). Additionally, recently the EAs of Th and Hf were measured [5,6]. For
both atoms the measured and calculated EAs corresponded to the Regge-pole-calculated
BEs of their anions in excited states [7,8] and not in their ground states.

Theoretically, the large number of electrons involved and the presence of open d- and
f-electrons in both the lanthanide and actinide atoms, results in enormously intricate and
diverse electron configurations. These present formidable computational complexities
when using conventional theoretical methods, such as the Relativistic Configuration In-
teraction (RCI) method. This renders obtaining unambiguous and reliable EAs for these
systems very difficult, if not impossible. Indeed, many existing experimental and sophis-
ticated theoretical EAs of the lanthanides and actinides are difficult to interpret, see for
example [7–10]. A serious question then arises: Does the EA of complex heavy systems
correspond to the BE of electron attachment in the ground, metastable or the excited state
of the formed negative ion during the collision?

The main objective of this paper is to investigate negative-ion formation in low-energy,
E < 10 eV, electron elastic scattering from the large actinide atoms, Am, Cm, Bk, Es, No and
Lr, through the total cross sections (TCSs) calculation, and present new TCSs. From the
TCSs, the unambiguous and reliable ground, metastable and excited-state, negative-ion
binding energies (BEs) of the Am−, Cm−, Bk−, Es−, No− and Lr− anions, formed during
the collisions, are extracted and compared with the existing EAs of these actinide atoms to
understand the existing EAs. Additionally, we investigate in the TCSs of the atoms, Am to
Lr, new manifestations due to the size effect and the effect of 6d-orbital collapse.

For the investigation we use the rigorous Regge pole method. The novelty and
generality of the Regge-pole approach is in the extraction of the anionic BEs from the
calculated TCSs of the complex heavy systems; for ground state collisions these BEs yield
the unambiguous and definitive EAs, which are theoretically challenging to calculate. Very
recently, the ground state anionic BEs extracted from our Regge-pole calculated electron
elastic TCSs for the fullerene molecules, C20 through C92, have been found to match
excellently with the measured EAs (see [11,12] for comparison). For the complex, heavy
atoms, Au and Pt, including the highly radioactive At, the agreement between our Regge-
pole calculated ground-state anionic BEs and the measured EAs of Au [13–15], Pt [13,16,17]
and At [3], as well as of C60 [18,19], is outstanding. The method requires no assistance
whatsoever from either experiment or from any other theory to achieve the remarkable feat,
namely obtaining the ground state anionic BEs for Au, Pt, and At atoms and the fullerene
molecules, C20 through C92 [11,12], that match excellently with the measured EAs, see
Table 1 for comparison.

The paper is organized as follows: Section 2 presents the Method of Calculation,
Section 3 presents the Results and the Summary and Conclusions are presented in Section 4.

2. Method of Calculation
2.1. Elastic Scattering Total Cross Section (TCS)

The use of theoretical methods, that account adequately for the vital electron–electron
correlation effects and core–polarization interaction, is fundamental to a reliable investi-
gation and understanding of negative-ion formation in complex electron heavy systems.
Regge poles, singularities of the S-matrix, rigorously define resonances [20,21] and in the
physical sheets of the complex plane they correspond to bound states [22]. Being general-
ized bound states within the complex angular momentum (CAM) description of scattering,
Regge poles are therefore appropriate for the present investigation. Indeed, in [23], it was
confirmed that Regge poles formed during low-energy electron elastic scattering become
stable bound states. In the Regge pole, also known as the CAM method, the important and
revealing energy-dependent Regge trajectories are also calculated. Their effective use in
low-energy electron scattering has been demonstrated in [24,25].

The Mulholland formula [26] is used here to calculate the near-threshold electron–
atom/fullerene collision TCS, resulting in the formation of negative-ions as resonances.
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In the formula below, the TCS fully embeds the essential electron–electron correlation
effects [27,28] (atomic units are used throughout):

σtot(E) = 4πk−2
∫ ∞

0 Re[1− S(λ)]λdλ

−8π2k−2∑
n

Im λnρn
1+ exp(−2πiλn)

+ I(E) (1)

In Equation (1), S(λ) is the S-matrix, k =
√

2mE, with m being the mass, E is the
impact energy, ρn is the residue of the S-matrix at the nth pole, λn and I(E) contains the
contributions from the integrals along the imaginary λ-axis (λ is the complex angular
momentum); its contribution is negligible [24].

2.2. The Potential

As in [29], here we consider the incident electron to interact with the neutral, complex
and heavy system (atom/fullerene) without consideration of the complicated details of the
electronic structure of the system itself. Therefore, within the Thomas–Fermi theory, Felfli
et al. [30] generated the robust Avdonina–Belov–Felfli (ABF) potential which embedded
the vital core–polarization interaction:

U(r) = − Z
r
(
1 + αZ1/3r

)(
1 + βZ2/3r2

) (2)

In Equation (2), Z is the nuclear charge, α and β are variation parameters. For small r,
the potential describes the Coulomb attraction between an electron and a nucleus, U(r) ~
−Z/r, while at large distances it has the appropriate asymptotic behavior, viz. ~−1/(αβr4),
and properly accounts for the polarization interaction at low energies. For an electron,
the source of the bound states giving rise to Regge trajectories is the attractive Coulomb
well it experiences near the nucleus. By adding the centrifugal term to the well one could
‘squeeze’ these states into the continuum.

The strength of this extensively studied potential [31–33] lies in that it has five turning
points and four poles connected by four cuts in the complex plane and can be continued
analytically in the complex plan. The presence of the powers of Z as coefficients of r
and r2 in Equation (2) ensures that the spherical and non-spherical atoms and fullerenes
are correctly treated. Additionally, small and large systems are appropriately treated.
The effective potential V(r) = U(r) + λ(λ + 1)/2r2 is considered here as a continuous
function of the variables r and complex λ. The details of the numerical evaluations of the
TCSs are described in [28] and further details of the calculations are found in [34].

The novelty and generality of the robust Regge-pole approach lies in that the crucial
electron–electron correlation effects are fully embedded in the Mulholland formula. Ad-
ditionally, the ABF potential contains the vital core–polarization interaction. These two
important effects are identified as the major physical effects mostly responsible for electron
attachment in low-energy electron scattering from complex heavy systems, leading to
stable negative-ion formation. These effects are particularly important in the study of the
experimentally difficult-to-handle radioactive actinide atoms, and because of the difficulty
experienced by conventional theoretical calculations to obtain unambiguous and reliable
EAs for the lanthanide and actinide atoms [7–9,35]. Crucial in the CAM methods are the
Regge trajectories, viz. Im λn(E) versus Re λn(E) (λn(E) is the CAM). These probe electron
attachment at the fundamental level near threshold, thereby allowing for the determination
of reliable anionic binding energies (BEs). For the fullerene molecules, C20 through C92,
these BEs matched excellently with the measured EAs (see [11,12]). Thylwe [25] investi-
gated Regge trajectories using the ABF potential, and demonstrated that for the Xe atom
the Dirac Relativistic and non-Relativistic Regge trajectories yielded essentially the same
Re λn(E) when the Im λn(E) was still very small. This clearly demonstrated the insignificant
difference between the Relativistic and non-Relativistic calculations near the threshold
electron impact energies, provided that the appropriate physics is accounted for adequately,
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as in our case. Importantly, for the physical resonances the poles must be close to the real
axis, namely Im λn(E) << 1.

The potential (2) has been used successfully with the appropriate values of α and β. It
was found that when the TCS, as a function of β, has a resonance [24] corresponding to
the formation of a stable negative ion, this resonance lives the longest for a given value
of the energy, which corresponds to the EA of the system (for ground state collisions) or
the BE of the metastable/excited anion. This was found to be the case for all the systems,
including fullerenes that we investigated thus far. This fixes the optimal value of “β”
in Equation (2) when the optimum value of α = 0.2. The effective use of Im λ → 0 is
demonstrated in [24] and carefully explained in [35]. Although we previously referred to
Connor [36] for the physical interpretation of Im λ(E), the original interpretation was given
by Regge himself [37]. For a true bound state, namely E < 0, Im λ(E) = 0, and therefore the
angular life, 1/(Im λ(E))→ ∞ implies that the system can never decay. Obviously, in our
calculations Im λ(E) is not identical to zero, but this can be clearly seen in the Figures [35];
the dramatically sharp (long-lived) resonances hardly have a width, as opposed to shape
resonances for instance (see also [24] for comparison). We limit the calculations of the
TCSs to the near threshold energy region, namely below any excitation thresholds to avoid
their effects.

We emphasize here that the investigation of the Regge trajectories allows us to readily
identify the electron impact energy range where Relativity is unimportant in the calcula-
tion of the TCSs, i.e., for small-electron impact energies. Additionally, the use of the Im
λn(E) allows us to differentiate among the important ground and metastable negative ion
formation, as well as the shape resonances. The very small value of Im λn(E) indicates the
presence of a ground state negative-ion formation, see for example [24].

3. Results

The focus of this paper is toward a fundamental understanding of negative-ion for-
mation in low-energy electron scattering from the actinide atoms, Am, Cm, Bk, Es, No
and Lr, through the calculation of electron elastic TCSs using the rigorous Regge pole
method. From the characteristic dramatically sharp resonances in the TCSs manifesting
ground, metastable and excited-state negative-ion formation, we extract the BEs of the
formed negative ions during the collisions. These BEs, presented in Table 1, are used to
understand the existing EAs of these atoms. The results are also used to explain the new
manifestations in the near threshold TCSs of Am through Lr, as well as to elucidate the
observed fullerene behavior in these TCSs. To strengthen the discussions of the results and
the attendant conclusions, the standard measured EAs of the Au, Pt and At atoms are also
presented, as well as the relevant data of the C60, C28, and C24 fullerenes.

The calculated electron elastic TCSs for Am, Cm, Bk, Es, No and Lr atoms are presented
in Figures 1–6, respectively. Indeed, generally all the TCSs in Figures are characterized by
R-T minima, shape resonances (SRs) and dramatically sharp resonances, corresponding to
the Am−, Cm−, Bk−, Es−, No− and Lr− anionic formation in their ground, metastable and
excited states. Consequently, the need for their delineation and identification is evident so
that the unambiguous and reliable determination of the atoms’ EAs can be achieved. At
a glance, the TCSs for each atom in the Figures appear complicated. However, they are
readily understood and interpreted if we focus on one single color-coded curve at a time,
since they represent the scattering from different states, resulting in negative-ion formation.
For the convenience of analysis, the TCSs in the Figures are divided into two groups:
Group 1 consists of the TCSs of Am, Cm and Bk, while Group 2 has TCSs for Es, No and Lr.
Group 1 is characterized by the appearance of the polarization-induced metastable TCS
with a deep R-T minimum near threshold. In Group 2 TCSs this R-T minimum has flipped
over to a SR very close to threshold. The second metastable TCS (blue curve) changes very
little throughout the Figures; here we are interested only in the BE of its anion.
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Figure 1. Total cross sections (a.u) for electron–Am scattering. Red, blue and brown curves represent
ground and metastable TCSs, respectively. Orange and green curves are two excited-state TCSs. The
polarization-induced TCS due to size effect is the brown curve.

Figure 2. Total cross sections (a.u) for electron–Cm scattering. Red, blue and orange curves represent
ground and metastable TCSs, respectively. Brown and green curves are two excited-state TCSs. The
polarization-induced TCS due to size effect is the orange curve.
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Figure 3. Total cross sections (a.u) for electron–Bk scattering. Red, blue and orange curves represent
ground and metastable TCSs, respectively. Brown and green curves are two excited-state TCSs. The
orange curve is the polarization-induced TCS due to size effect.

Figure 4. Total cross sections (a.u) for electron–Es scattering. Red, blue and brown curves represent,
ground and metastable TCSs, respectively. Orange and green curves are two excited-state TCSs. The
polarization-induced TCS due to size effect is the brown curve.
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Figure 5. Total cross sections (a.u) for electron–No scattering. Red, blue and orange curves represent,
ground and metastable TCSs, respectively. Brown and green curves are two excited-state TCSs. The
polarization-induced TCS due to size effect is the orange curve.

Figure 6. Total cross sections (a.u) for electron–Lr scattering. Red, blue and brown curves represent,
ground and metastable TCSs, respectively. Orange and green curves are two excited-state TCSs. The
polarization-induced TCS due to size effect is represented by the brown curve.

Figure 1 displays the TCSs for atomic Am; they typify those of the other actinides.
Three general observations can be made: (1) The ground-state TCS (red curve) with the
anionic B,E located at the second R-T minimum, is typical of complex heavy atoms such
as Au, Pt and At; (2) The highest excited-state TCS (green curve) exhibits fullerene behav-
ior [11]; (3) The metastable TCS (brown curve), with a deep R-T minimum, represents the
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polarization-induced TCS. It manifests the combined effects (size and 6d-orbital collapse),
significantly impacting the polarization interaction, thereby causing this first appearance
of the polarization-induced TCS in the actinide atoms, viz. in Pu [7]. Below, we discuss the
individual results for clarity.

3.1. Ground State Total Cross Sections (TCSs)

The fundamental physics underlying these curves can be readily understood if we
focus on each color-coded TCS. For the analysis we select the ground-state TCS curve,
the red curve of Figure 1. From the near threshold the ground-state TCS decreases mono-
tonically with the increase in the electron impact energy, E. As the electron continues
to approach the Am atom in its ground state, the atom becomes polarized, reaching a
maximum polarization manifested through the appearance of the first R-T minimum in
the TCS at about 1.1 eV. With a further increase in E, the electron becomes trapped by the
centrifugal barrier whose effect is seen through the appearance of the SR at about 1.6 eV. As
the electron continues to leak out of the barrier, the polarizability of the Am atom leads to
the generation of the second deep R-T minimum at 3.28 eV. At this absolute minimum, the
long-lived ground state Am− anion is formed; its BE is seen to be 3.32 eV, corresponding to
the EA of the atomic Am, consistent with the Au, Pt and At cases, including the fullerene
molecules. At this R-T minimum, the Am atom is transparent to the incident electron,
and the electron becomes attached to it forming the stable Am− ground state anion. The
electron completes many angular rotations about the Am atom as the Am− anion decays,
with the angular lifetime determined by 1/(Imλ(E))→∞, since for the ground-state anionic
formation, Imλ(E)→ 0. Indeed, the appearance of the R-T minimum in the TCSs of Figure 1,
demonstrating the vital importance of the electron correlation effects and the polarization
interaction, corroborates that these effects are accounted for adequately in our calculation,
consistent with the conclusion of [38].

3.2. Polarization-Induced Total Cross Sections (TCSs)

We now consider the polarization-induced TCSs appearing in the TCSs of Figure 1
(brown curve), Figure 2 (orange curve) and Figure 3 (orange curve). Such a TCS first
appeared in the actinide TCSs of Pu (see Figure 4 of [7]). This is due to the size effect and
the first collapse of the 6d-orbital in transitioning from Np[Rn]7s25f46d to Pu[Rn]7s25f6.
This also causes the ground state BE of Pu− to increase to 3.25 eV. The combined effects
(size and 6d-orbital collapse) impact the polarization interaction significantly, causing the
first appearance of the polarization-induced TCS in the actinide atoms, namely in Pu. The
polarization-induced TCSs in the Am, Cm and Bk can be explained similarly. It is noted
here that the ground-state BEs of the Pu− and Am− anions are the same: 3.25 eV. However,
the BE of the ground-state Cm− anion increases to 3.32 eV due to the size effect.

In Figure 1, there are two metastable TCSs, namely the blue and the brown curves. The
blue curve, also a polarization-induced TCS, does not change significantly as we move from
Am through Lr. In all these atoms, the very sharp resonance in the second R-T minimum of
the blue curve with a slight maximum near the threshold always remains behind the SR of
the ground state curve. However, in the TCSs for fullerenes, the sharp resonance moves
closer to the ground state resonance as the fullerene size increases. (See comparisons in
Figures 1 and 2 of [39]).

In the Group 2 TCSs, namely for Es, No and Lr (Figures 4–6) the deep R-T minimum
flips over to an SR very close to the threshold. This is explained through the second collapse
of the 6d-orbital, in transitioning from Cm[Rn]7s25f76d to Bk[Rn]7s25f9. The impact of this
on the polarization interaction is to flip the deep R-T minimum into an SR very close to the
threshold and increase the ground state BE of the Bk− anion significantly, to 3.55 eV (this
can be compared with those of the Cm− and Es− ground-state BE values of 3.32 eV and
3.42 eV, respectively).
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3.3. Fullerene Molecular Behavior

In the paper [11] it was concluded that the TCSs for C20 fullerene exhibited atomic
behavior while those for C112 demonstrated a strong departure from atomic behavior. This
behavior was attributed to the size effect, which impacted the polarization interaction
significantly as the fullerene increased in size. The value of the first excited-state TCS at the
second R-T minimum divided by that of the TCS at the first R-T minimum, defined the ratio
R. It was used in the analysis as the fullerene size varied from C20 (the smallest fullerene
thought to exist at that time) through to C112. The conclusion was that for R < 1, fullerene
behavior was implied (as an example, R < 1 for C112) while for R > 1, such as in the TCSs
for atomic Au and At, the behavior was atomic. In Table 1, the ratio R is also included to
demonstrate that most of the TCSs for the actinides exhibited fullerene behavior. The ratio
was obtained using the highest excited-state TCSs (the green curves in Figures 1–6) [11].
For clarity, we also included this ratio R for the fullerenes C60(0.24), C28(0.66), and C24(1.05).
Clearly, it increases as the size of the fullerene approaches that of the atom; see the ratios
for Au and Lr. The C28 and C24 fullerenes were selected because the measured EAs of
C28 [40,41] and C24 [40,41] agreed well with the Regge pole calculated BEs, see Table 1.

Indeed, the results demonstrated the crucial importance of the polarization interaction
in low-energy electron scattering calculations of TCSs of complex, heavy, multi-electron
systems. These characteristic R-T minima were also observed in the Dirac R-matrix low-
energy electron elastic scattering cross sections calculations for the heavy, alkali-metal
atoms Rb, Cs and Fr [42], corroborated that the important polarization interaction was
accounted for adequately in our calculation, consistent with the conclusion by Johnson
and Guet [38]. The energy positions of the sharp resonances correspond to the anionic
BEs of the formed negative ions during the electron collision with the ground, metastable
and excited actinide atoms. The data from Figures 1–6 are summarized in Table 1. The
anionic BEs for the ground, metastable and excited Am− through Lr− negative ions are
compared with the Relativistic Configuration-Interaction (RCI) [43] and the QR-LSD-GX-
SIC-GWB [44]-calculated EAs.

3.4. Understanding Table 1

To better understand and appreciate the results of our investigation in the context of
the available EAs of the actinide atoms, Am through Lr, we included in Table 1 the standard
measured EAs of the Au, Pt and At atoms, as well as of the C60 fullerene molecule. These
were compared with our Regge-pole-calculated BEs of their ground-state negative ions and
the agreement was excellent. Notably, each of these atoms (Au, Pt and At) has, in addition
to the ground-state anionic BE, a metastable and an excited-state anionic BE. A similar
behavior is also exhibited by the Regge-pole-calculated anionic BEs of the Th atom (see
also Ref. [7]). However, for Th there are two anionic excited states with BEs (EXT-1 0.149 eV
and EXT-2 0.549 eV), including a ground-state anionic BE of 3.09 eV and two metastable
anionic BEs of 0.905 eV and 1.36 eV. The measured and calculated EAs of Th are 0.608 eV
and 0.599 eV [5], respectively. Both these values are closer to our excited-state BE and not
to the ground-state value.

We now analyze the data in Table 1 for the actinide atoms from Am through Lr in
the context of the calculated EAs [43,44]; there are no measured EAs available for these
atoms for a comparison. We first observe that, due to the size effect, each of these atoms
has a ground-state anionic BE, two metastable anionic BEs (MS-1 and MS-2) and two
excited-state anionic BEs (EXT-1 and EXT-2), see Table 1. Their ground state anionic BEs lie
between 3.25 eV and 3.88 eV; they generally increase according to the size of the atom. The
RCI [43] and GW [44]-calculated EAs of these atoms are presented in the last two columns,
respectively. A quick glance at the values shows that they vary significantly from each
other. Even worse are the GW [44] EAs, which have both positive and negative values,
making it very difficult to interpret their meaning. Notwithstanding, we attempted to
compare and contrast the EAs of [43,44] with our Regge-pole calculated anionic BEs; the
closest are those labeled EXT-1 and EXT-2.
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For the Am atom the EAs of [43,44] are small compared with our anionic BEs of the
excited states, EXT-1 (0.243 eV) and EXT-2 (0.619 eV) to carry out a meaningful comparison.
For atomic Cm the EA of 0.321 eV [43] is close to the 0.283 eV of [44] as well as to our anionic
BE value of 0.258 eV. However, the 0.447 eV EA of [44] is closer to our BE value of 0.519 eV.
Here it is simple to conclude that the EAs of [43,44] correspond to the BE of an excited
anionic state of Cm. Our BE values of 0.267 eV and 0.505 eV for the Bk- anion are close to
the Abs (−0.276) eV and Abs (−0.503) eV EA values of [44], respectively. However, they are
larger than the 0.085 eV EA of [43]. Clearly, it is challenging to draw a definitive conclusion
from these data. For the EA of Es, a fair comparison between the values of [43,44] cannot be
made with respect to our BEs because of the significant differences between the EAs. There
is no EA value from [43] for No. Our anionic BE of 0.292 eV cannot be compared with the
very large negative values of [44]. For atomic Lr our anionic BE values of 0.321 eV and
0.649 eV are reasonably close to the EAs of 0.295 eV and 0.465 eV of [43], respectively. It is
noted here that there is a SR at 0.43 eV (between 0.321 eV and 0.649 eV, see also Figure 6).
Our first excited state BE value of 0.321 eV is close to the Abs (−0.313) eV EA of [44].
Additionally, the EA value of 0.310 eV [45] is very close to our BE value of 0.321 eV, while
the 0.476 eV EA value of [46] could be used safely for the anionic BE of the first excited state
or the second excited state. Also included in Table 1 for comparisons are the theoretical
BEs of Au [47] and Pt [47] as well as the EAs of At [48–50], C28 [51] and C24 [52].

Clearly, the analysis leaves one much confused regarding the meaning of the EAs of
the actinide atoms as was the case with the lanthanide atoms [8]. Indeed, the sophisticated
theoretical methods experience difficulties producing unambiguous and reliable EAs of the
actinide atoms. This calls for careful theoretical investigation of the EA of each actinide
atom as was done for the case of the At atom [4].

From the comparisons in Table 1 we can safely conclude:

(1) The measured and calculated EAs of Th [5] are quite close to the Regge-pole-calculated,
second, excited-state, anionic BE and not to the ground-state, anionic BE, as was found
in the cases of the Au, Pt and At atoms, as well as the C60 fullerene molecule. Indeed,
these EAs could be considered at best as the BEs of excited states of the formed
negative ions, but definitely not with the ground state.

(2) The existing EAs of the Lr atom calculated using the sophisticated theoretical meth-
ods [43–45] tend to be reasonably close to the Regge-pole BE of the first excited anionic
state. The second set of the EAs of [43,45] are closer to the Regge pole BE of the second
excited anionic state. These EAs could be used to guide future experimental research
and the theoretical exploration of the EA of Lr.

Indeed, the serious question still remains: does the EA of complex heavy systems such
as the actinides correspond to the BE of electron attachment in the ground or the excited
state of the formed anion during the collision?
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Table 1. Negative ion binding energies (BEs) in eV and energy positions of ground-state Ramsauer–Townsend (R-T) minima,
in eV obtained from the TCSs for the atoms Am, Cm, Bk, Es, No and Lr. Additionally, included for comparison are the data
for Au, Pt, At, Th and Pu, as well as for C60 fullerene. GRS, MS-n and EXT-n (n = 1, 2) represent ground, metastable and
excited states, respectively. The experimental EAs, EXPT and the theoretical EAs, including RCI [43] and GW [44], are also
presented. R is the ratio described in the text.

System/
Z

BEs
GRS

BEs
MS-1

BEs
MS-2

EAs
EXPT

BEs
EXT-1

BEs
EXT-2

R-T
GRS

BEs/EAs
Theory

EAs
[43]

EAs
[44] R

Au 79 2.26 0.832 -
2.309 [13]
2.301 [14]
2.306 [15]

0.326 - 2.24 2.262 [47] - - 1.36

C60 2.66 1.86 1.23 2.684 [18]
2.666 [19] 0.203 0.378 2.67 2.66 [12] - - 0.24

At 85 2.41 0.918 - 2.416 [3] 0.412 - -

2.38 [4]
2.42 [48]
2.51 [49]
2.80 [50]

- - -

Pt 78 2.16 1.197 -
2.128 [13]
2.125 [16]
2.123 [17]

0.136 - - 2.163 [47] - - -

C28 3.10 1.80 0.305 2.80 [40]
3.00 [41] - - 2.97 3.39 [51] - - 0.66

C24 3.79 2.29 0.428 3.75 [40]
2.90 [41] - - 3.71 3.55 [52] - - 1.06

Th 90 3.09 1.36 0.905 0.608 [5] 0.149 0.549 3.10 0.599 [5] 0.368 1.17 -

Pu 94 3.25 1.57 1.22 N/A 0.225 0.527 - - 0.085 −0.503
−0.276 0.72

Am 95 3.25 1.58 0.968 N/A 0.243 0.619 3.27 - 0.076 0.103 0.78

Cm 96 3.32 1.57 1.10 N/A 0.258 0.519 3.31 - 0.321 0.283
0.449 0.83

Bk 97 3.55 1.73 0.997 N/A 0.267 0.505 3.53 - 0.031 −0.503
−0.276 0.86

Es 99 3.42 1.66 0.948 N/A 0.272 0.642 3.44 - 0.002 0.103
0.142 0.87

No 102 3.83 1.92 1.03 N/A 0.292 0.705 3.85 - - −2.302
−2.325 0.94

Lr 103 3.88 1.92 1.10 N/A 0.321 0.649 3.90
0.310 [45]
0.160 [45]
0.476 [46]

0.465
0.295

−0.212
−0.313 1.05

4. Summary and Conclusions

In this paper we investigated the response of the actinide atoms Am, Cm, Bk, Es, No
and Lr, to low-energy electron collisions through the elastic TCSs calculation using our
robust Regge-pole method. The objective was to obtain first-time electron elastic TCSs and
extract unambiguous and reliable anionic binding energies. The TCSs for the investigated
atoms were found to be characterized generally by ground, metastable and excited negative-
ion formations, shape resonances and R-T minima. The anionic BEs extracted from the
TCSs were compared with the existing EAs. Except for Th the experimental EAs for the
actinides were unavailable because of the difficulty of handling them experimentally due
to their radioactive nature.

We also discovered new manifestations in the low-energy electron scattering TCSs of
the atoms. Namely, we discovered both the atomic and fullerene molecular behavior near
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the threshold and also a polarization-induced metastable cross section with a deep R-T
minimum near the threshold of the Am, Cm and Bk TCSs. In the TCSs for Es, No and Lr,
this R-T minimum flipped over to a shape resonance appearing very close to the threshold.
We attributed these peculiar tunable behaviors in the TCSs to both size effects and the 6d-
orbital collapse, significantly impacting the polarization interaction. This provided a novel
mechanism of tuning a shape resonance and an R-T minimum through the polarization
interaction via the size effect. The comparison between the Regge-pole-calculated anionic
BEs with the existing theoretical EAs demonstrated that the existing theoretical calculations
tended to obtain the excited-states BEs and equate them with the EAs (this was also found
with the lanthanide atoms [8]).

We conclude that the meaning of the existing calculated and/or measured EAs of
the actinide atoms is both ambiguous and confusing because these EAs are close to the
Regge-pole-calculated BEs of excited anionic states (see Table 1). This conflicts directly
with the usual meaning of the EAs found in the measurements of the EAs of atomic
Au, Pt and At, as well as of the fullerene molecules, C20 through C92. For these heavy,
complex electron systems, their EAs matched excellently with the Regge-pole-calculated,
ground-state anionic BEs. The ground, metastable and excited negative-ion BEs calculated
here for the actinide atoms, and presented in [8] for the lanthanide atoms, can now be
used in sophisticated theoretical methods such as the Coupled-Cluster method, Dirac
R-matrix, MCDHF, and MCDF-RCI, etc., to generate reliable EAs for the actinide atoms,
wave functions and fine-structure energies. What is needed for the unambiguous and
definitive meaning of the EAs of the actinide atoms is to use our anionic BEs in sophisticated
theoretical methods and carry out careful investigations, such as those conducted in [3,4],
for the At atom.
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