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Interatomic Coulombic electron capture in H+–Li and H+–He–Li
systems: The role of He as an intermediate species

Ju Meng(孟举), Zhitao Pang(庞志涛), and Kedong Wang(王克栋)†

School of Physics, Henan Normal University, Xinxiang 453007, China
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Interatomic Coulombic electron capture (ICEC) is an environment-assisted electron capture mechanism where a free
electron efficiently attaches to a quantum system by transferring its excess energy to a neighboring atom or molecule,
thereby ionizing it. In this study, we explore electron attachment in the H+–Li and H+–He–Li systems, emphasizing the
role of the intermediate He species in the ICEC process. The calculations are performed using the ab initio R-matrix
method, combined with the configuration interaction method to account for electronic correlation. Convergence is tested
by varying active spaces and the number of partial waves in the Legendre expansion for the one-electron and two-electron
integrals. When the ICEC process involves He− as a virtual intermediate state, our results show that He can significantly
enhance ICEC efficiency. In contrast, when He acts merely as a geometric intermediate without participating as a virtual
state, its presence has little effect on the direct ICEC process between H+ and Li. Pronounced resonance features are
observed in the ICEC cross sections, and the partial contributions are analyzed in detail.

Keywords: electron capture, ab initio R-matrix method
PACS: 34.80.Bm

DOI: 10.1088/1674-1056/ae37fe CSTR: 32038.14.CPB.ae37fe

1. Introduction
Interatomic Coulombic electron capture (ICEC) is a pro-

cess in which a free electron is efficiently captured by an ac-
ceptor A (i.e., atom, molecule, quantum dot), while its excess
energy is non-radiatively transferred to a neighboring electron-
donor system B, resulting in the ionization of B. It was shown
that the environment can strongly enhance the electron capture
cross sections by atoms and ions compared to the capture by
the isolated species A. ICEC might thus be a general process
underlying the damage of living cells under ionizing radiation
as well as a major actor in the electron-mediated chemistry
that leads to the formation of pre-biotic species in interstellar
environments.[1]

ICEC was first predicted in 2009 by Gokhberg and
Cederbaum,[2,3] who concluded that ICEC can dominate over
photorecombination (PR) even at ion-neighbor distances of
a few nanometers. Remme et al.[4] showed that the pres-
ence of an additional third atom can greatly enhance this in-
teratomic process when the capture transition energy in the
first atom resonates with a dipole-allowed excitation in the
assisting atom — a mechanism known as three-center reso-
nant electron capture. In contrast to these calculations based
on analytical models, Sisourat and coworkers[5] used an ab
initio R-matrix method to compute the ICEC cross sections.
They found that their calculated cross sections were much
larger than those predicted by the asymptotic formula, pri-
marily due to orbital overlap. Subsequently, using the same

method, they investigated electron attachment to a proton
in water. They[6,7] investigated the Fano interferences and
how the distortion of the equilibrium geometry of the water
molecule influences the ICEC process. Later, they[8] reported
the contribution of virtual photon exchange and electron trans-
fer to the total ICEC cross section as a function of the dis-
tance between the charged and neutral particles. With a differ-
ent method, based on the multiconfiguration time-dependent
Hartree (MCTDH) approach and complex absorbing potential,
Sisourat and coworkers[9] performed time-dependent quantum
simulations and studied the impact of the nuclear motion on
ICEC.

ICEC is closely related to the interparticle Coulombic
decay (ICD) process. Although both share the same funda-
mental decay mechanism, they differ in their initiation: ICEC
is triggered by electron capture, whereas ICD begins with
the creation of an inner-shell vacancy. Recently, Miteva et
al.[10] showed that a helium atom can function as a bridge
in the Ne+–Ne system, significantly enhancing the efficiency
of ICD, due to the resonance state of Ne+He−Ne+. Bennett
et al.[11] investigated three-body ICD within the virtual pho-
ton approximation, incorporating macroscopic quantum elec-
trodynamics, and demonstrated that the presence of a pas-
sive atom can significantly modify the ICD rate. Similarly,
Kuleff[12,13] studied related processes by examining electronic
decay in OCnF2 and HOCnH(2n−1)F3 using the multielec-
tron wavepacket propagation method. Their results showed
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that the decay proceeds more efficiently along the carbon chain
than through free space. Despite these advances, the influence
of the surrounding medium on ICEC decay processes has not
yet been explored.

The objective of this work is to investigate the role of he-
lium as an intermediate species in the ICEC process involv-
ing a proton and a lithium atom. Using the ab initio R-matrix
method,[14] we compute both total and partial ICEC cross sec-
tions for the H+–Li and H+–He–Li systems. To ensure the
reliability of the results, various computational models were
tested to verify the convergence of the cross sections. Fur-
thermore, this study explores resonance structures in the ICEC
cross sections, providing a theoretical basis to support poten-
tial experimental observations of the process.

2. Computational details
The ICEC process can be viewed as a scattering inter-

action between the captured electrons and the system. The
R-matrix method has been extensively used in the study of
low-energy electron scattering with multi-atomic molecules,
making it suitable for analyzing the ICEC process.[5,15–17] In
the fixed-nuclei (FN) approximation, the R-matrix approach
divides the coordinate space into an inner and an outer region,
with the coordinate system’s origin placed at the molecule’s
center of mass. The inner region includes the N electrons of
the molecule and one continuum electron, and the identical na-
ture of these electrons leads to significant electron correlation
and exchange effects. In the inner region, the wave function is
written using the form of a close-coupling (CC) expansion

Ψk(𝑥1 · · ·𝑥N+1) = 𝒜∑
i j

αi jkφi(𝑥1 · · ·𝑥N)ui j(𝑥N+1)

+∑
i

βikχi(𝑥1 · · ·𝑥N+1), (1)

where 𝒜 is an antisymmetrization operator, φi is the multi-
particle wavefunction of the N-electron target state i, ui j repre-
sents the spin-coupled continuum orbitals, here, representing
the incident and outgoing electrons in ICEC. The second term
represents the short-range correlation and polarization effects,
χi are the L2 configurations that can be generated by setting
all N + 1 electrons in target molecular orbitals. To obtain the
coefficients αi jk and βik, the matrix obtained from the sum of
the (N + 1) Hamiltonian and the Bloch operator[18] is diago-
nalized. The inner region must be large enough to completely
contain the N-electron wave function of the target. In the outer
region, the effects of electron correlation are considered negli-
gible, and the scattering electron is treated as interacting solely
with the multipolar potential field of the target molecule. The
R-matrix method facilitates the matching of wavefunctions at
the boundary between the two regions, with the R-matrix be-
ing computed using the energy-independent wavefunction in

the inner region, Ψ(𝑥1 · · ·𝑥N+1), as given in Eq. (1). By prop-
agating the R-matrix to larger distances and matching it to the
asymptotic solutions, the K-matrix is obtained. The eigen-
phase sums, cross section (via the S matrix), and other scat-
tering data can be obtained from the K-matrix.

In our calculations, the H+–He–Li is assumed to have a
linear structure. The structure of H+–He–Li is shown in Fig. 1.
The distances between H+ and He, He and Li, and H+ and
Li are denoted as R1, R2, and R, respectively. In R-matrix
electron-molecule scattering calculations, the symmetry is re-
duced from C∞v to C2v due to computational limitations. Fi-
nite point groups like C2v are compatible with standard codes
and basis sets and allow efficient, symmetry-consistent treat-
ment of the system. Wavefunctions were obtained using the
restricted Hartree–Fock (RHF) method implemented in the
MOLPRO package.[19] The RHF electronic configuration for
the ground state of H+–He–Li is 1σ22σ23σ1, while that for
H+–Li is 1σ22σ1. To describe the target states, we use
the complete active space configuration interaction (CAS-CI)
method, implemented in the UKRmol+ package[20,21] with 6-
311G(2df,2pd) basis sets. For H+–He–Li, three different ac-
tive spaces are explored: CAS(5,10), consisting of orbitals 1–
6a1, 1–2b1, and 1–2b2, CAS(5,11), with orbitals 1–7a1, 1–
2b1, and 1–2b2, CAS(5,14), including orbitals up to 8a1, 3b1,
and 3b2. In all cases, no core electrons are frozen, and all five
electrons are allowed to occupy the designated active orbitals
freely.

R

R1 R2

Fig. 1. The structure for H+–He–Li.

Table 1 lists the vertical excitation energies of the target
states for the H+–He–Li system, calculated at the CAS(5,11)
level. The first seven states include the six lowest-energy states
associated with the presence of a neutral lithium atom, as well
as one state corresponding to the Li+ cation, which represents
the final state in the ICEC process. The first vertical excitation
energy is 8.26 eV, representing the energy difference between
the initial and final states involved in ICEC. This value is in
good agreement with the known energy difference of 8.22 eV
between the ground states of isolated hydrogen and lithium
atoms.[22] The energy difference between the first and sec-
ond excited states is 1.84 eV, corresponding to the first ex-
citation energy of the Li atom. This value is also in excellent
agreement with the experimental result of 1.85 eV reported
in the Computational Chemistry Comparison and Benchmark
Database (CCCBDB).[22] These results confirm the reliability
and accuracy of our present calculations.
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Table 1. Vertical excitation energies (Tv in eV) for the target states of H+–He–Li and H+–Li with R1 = R2 = 8 Å, R = 16 Å. The absolute
ground-state energy for H(1s)–He–Li+(2s−1) and H(1s)–Li+(2s−1) is −10.5957 a.u. and −7.7357 a.u., respectively. The initial ICEC state is
underlined, the final ICEC states are in regular font, and the lowest excited electronic states involving neutral Li are in bold.

Sym. Tv for H+HeLi States for H+HeLi Tv for H+Li States for H+Li
2A1/2Σ+ 0.00 H(1s)-He–Li+(2s−1) 0.00 H(1s)-Li+(2s−1)
2A1/2Σ+ 8.26 H+–He–Li(X̃)(12Σ+) 8.26 H+–Li(X̃)(12Σ+)
2A1/2Σ+ 10.10 H+–He–Li*(22Σ+) 10.10 H+–Li*(22Σ+)

2B1 +
2 B2/2Π 10.11 H+–He–Li*(12Π) 10.11 H+–Li*(12Π)

2A1/2Σ+ 12.31 H+–He–Li*(32Σ+) 12.31 H+–Li*(32Σ+)
2A1/2Σ+ 12.82 H+–He–Li*(42Σ+) 12.82 H+–Li*(42Σ+)

2B1 +
2 B2/2Π 12.83 H+–He–Li*(22Π) 12.83 H+–Li*(22Π)

2B1 +
2 B2/2Π 21.49 63.67

2B1 +
2 B2/2Π 24.25 68.47

2A2/2Σ− 34.84 71.67
2A2/2Σ− 35.27 72.24
2A2/2Σ− 36.85 75.52
2A2/2Σ− 37.04 75.83
2A2/2Σ− 37.86 75.93

The active space CAS(5,11) for H+–He–Li includes the
following orbitals: 1sH, 1sHe, 1sLi, 2pLi. For consistency and
ease of comparison, the corresponding orbitals of hydrogen
and lithium are also included in the active space for the H+–Li
system. In the absence of the helium atom, the active space
for H+–Li is defined as 1–6a1, 1–2b1, and 1–2b2. Using this
active space and the 6-311G(2df,2pd) basis set, the vertical ex-
citation energies for H+–Li are also calculated and presented
in Table 1. The results reveal that the H+–Li system exhibits
almost the same electronic structure characteristics as the H+–
He–Li system. As discussed above, these results show excel-
lent agreement with available reference data, further validating
the reliability of our computational approach.

In the present work, B-spline type orbitals (BTOs) are
used to represent the continuum. Compared to Gaussian-type
continuum orbitals, BTOs are easier to extend to higher angu-
lar momentum partial waves and offer better numerical stabil-
ity. Continuum orbitals with angular momentum up to ℓ = 6
are employed. The orthogonalization deletion threshold for
BTOs is set to 10−6. B-splines of order 6 are used, with a
total of 30 radial B-splines included in the basis set. The
first two radial B-splines are excluded because they possess
a nonzero first derivative at the origin, which would violate
smoothness conditions. In both the H+–He–Li trimer and the
H+–Li dimer, the lighter proton is positioned farther from the
center of mass compared to the other atoms. To ensure that the
R-matrix sphere contains the N-electron wave function of the
target, an R-matrix radius of r = 30a0 is used for H+–He–Li
and r = 36a0 for H+–Li.

For the scattering calculations, the L2 configurations are
categorized into two classes: (CAS)5(virtual)1 and (CAS)6.
The R-matrix is propagated from the inner region boundary
at r out to 100a0, ensuring that the continuum electron’s ra-
dial wave function is converged to the asymptotic form at the
propagation limit.

Convergence tests with respect to both the R-matrix ra-
dius and the propagation distance confirm the adequacy of this
approach. A total of 18 target states, obtained from CAS-
CI calculations, are included in the close-coupling expansion.
Both singlet and triplet spin states are taken into account dur-
ing electron capture processes. The expansion of the long-
range multipole potential is truncated at the quadrupole term,
retaining multipoles up to rank 2.

3. Test of models
We focus on the direct ICEC process, where one electron

is captured by the proton to form the ground state of hydro-
gen, while the other electron is emitted from the ground state
of lithium.

The total ICEC cross section results for H+–He–Li with
two different basis sets and three active spaces are presented
in Fig. 2. As seen from the figure, the cross section results ob-
tained using the 6-311G(d) and 6-311G(2df,2pd) basis sets ex-
hibit nearly identical amplitudes within the same active space
for both CAS(5,10) and CAS(5,11). This indicates that the
6-311G(2df,2pd) basis set is sufficiently flexible to yield con-
verged results for the H+–He–Li system under the present
computational conditions.

Using this basis set, we observe that extending the ac-
tive space from CAS(5,10) to CAS(5,11) — by including one
additional virtual orbital — leads to an increase in the total
cross section amplitude in the low-energy region (electron en-
ergies below 8.9 eV). To further verify convergence, we also
tested a larger active space, CAS(5,14), with the same basis
set. The results, also shown in Fig. 2, reveal a strong similar-
ity between the CAS(5,11) and CAS(5,14) curves. This sim-
ilarity suggests that polarization and correlation effects in the
electron scattering process with H+–He–Li are well accounted
for in the CAS(5,11) model. In summary, the combination of
the 6-311G(2df,2pd) basis set with the CAS(5,11) active space
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provides an optimal balance between computational efficiency
and accuracy. This setup is adopted for all subsequent calcu-
lations and analyses involving the H+–He–Li system.

IC
E
C

 c
ro

ss
 s

e
c
ti
o
n
 (

M
b
)

Incident electron energy (eV)

Fig. 2. ICEC cross section for H+–He–Li obtained by summing the
cross sections for singlet and triplet states with two different basis sets
and three different active spaces for R1 = R2 = 8 Å.

The parameters single-electron-nucleus and two-electron
integrals control the highest partial wave included in the Leg-
endre expansion of the Coulomb potential when calculating
the BTO integrals. In this work, we assess the influence of
different truncation limits in the Legendre expansions of these
integrals. Figures 3 and 4 present convergence tests for the
H+–Li and H+–He–Li systems, respectively, using six differ-
ent maximum angular momentum values in the Legendre ex-
pansions of the mixed nuclear attraction and two-electron in-
tegrals. As the maximum Legendre order increases, the com-
puted cross sections for both systems gradually decrease, in-
dicating improved accuracy. Convergence is nearly reached at
an expansion limit of 70 and is clearly achieved at 80. For
comparison, a previous study[8] employed maximum Legen-
dre orders of 85 and 35 for the one-electron and two-electron
integrals, respectively. We tested this combination and found
that it yields results identical to those obtained with both lim-
its set to 80. Considering the reduced computational cost, we
adopt 85 and 35 as the respective maximum Legendre orders
for the one-electron and two-electron integrals in all subse-
quent calculations.
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Fig. 3. ICEC cross section for H+–Li with six different maximum val-
ues in the Legendre expansion of 1el and 2el for R = 16 Å.
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Fig. 4. ICEC cross section for H+–He–Li with six different maximum
values in the Legendre expansion of 1el and 2el for R1 = R2 = 8 Å.

Based on the preceding analysis, the optimal model for
describing ICEC in the H+–He–Li and H+–Li systems com-
bines the CAS(5,11) active space with the 6-311G(2df,2pd)
basis set and employs maximum Legendre expansion orders
of 85 for the one-electron integrals and 35 for the two-electron
integrals. The results presented in the following section are
based on this model.

4. Results and discussion
4.1. ICEC cross sections

Figure 5 presents the total cross sections, scaled by R6,
for three different internuclear distances R between H+ and Li
in the H+–Li system. At R = 4 Å, the scaled cross section is
on the order of 100. When R increases to 8 Å, the cross section
decreases slightly. As the distance further increases from 8 Å
to 16 Å, the cross section drops by approximately two orders
of magnitude, reaching the order of 10−2 at R= 16 Å. It can be
seen that as R increases, the ICEC cross section gradually de-
creases, mainly due to the reduction in orbital overlap between
the atoms, which eventually leads to convergence toward the
result of the virtual photon model. Our calculations are limited
to R ≤ 16 Å for two primary reasons. First, the computational
cost increases significantly with larger internuclear distances.
Second, accurately representing the continuum becomes in-
creasingly difficult as the spatial extent of the system grows.
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R/4 A
R/8 A
R/16 A
Virt. Ph

Fig. 5. ICEC cross sections for H+–Li multiplied by R6: ab initio re-
sults compared with the asymptotic one of Eq. (2).
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The cross sections computed with the R-matrix approach
can be compared with those obtained with the virtual photon
approximation. It is valid in the limit of large R and provides
an analytical formula for the cross sections:[2,3]

σICEC(ε) =
3h̄4c2

8πme

gH

gH+

σ
(H)
PI (ε)σ

(Li)
PI (ε ′)

εR6E2
vph

. (2)

While gH and gH+ are the statistical weights of the quantum
states of H and H+,[23] σ

(H)
PI (ε) and σ

(Li)
PI (ε ′) correspond to

the photoionization cross sections of H at ε and Li at ε ′, re-
spectively. Evph represents the energy of the virtual photon,
while R denotes the atomic separation distance. Several fac-
tors influence the efficiency of the ICEC process, including the
energy of the incident electron (equivalent to the energy differ-
ence between the virtual photon and the ionization potential of
the hydrogen atom), the photoionization cross sections of H
and Li, and the distance between the interacting species. The
ionization energy of He is notably high at 24.58 eV, rendering
it incapable of participating in ICEC processes in the investi-
gated region of energies. The ICEC cross sections for the H+–
He–Li system are not calculated using this formula. For the
H+–Li system, the electron affinity of the proton is 13.61 eV,
and the ionization potential of Li is 5.39 eV, which ensures the
ICEC channel remains open for all kinetic energies of the in-
cident electron when the system is already in the initial H+–Li
state of the ICEC process. Additionally, the statistical weights
are gH = 2, gH+ = 1. The photoionization cross sections used
in this analysis were taken from Refs. [24,25].

The ICEC cross sections obtained using the virtual photon
approximation for the H+–Li system are presented in Fig. 5
for comparison. The cross section results from the ab initio
calculations are at least two orders of magnitude higher than
those predicted by the analytical formula at R = 4 Å and 8 Å.
When the distance R increases to 16 Å, in the low-energy re-
gion, our calculations are close to the results of the virtual pho-
ton approximation. But at higher energies, our results are still
higher. Molle et al.[7] investigated the ICEC cross section for
the H+–H2O system and found that the ab initio ICEC cross
sections below 6 Å are significantly larger than those predicted
by the asymptotic formula. They attributed this substantial en-
hancement to orbital overlaps between H and H2O, which are
neglected in the derivation of the asymptotic formula. In the
present study for the H+–Li system, the distance R between
H+ and Li ranges from 4 Å to 16 Å. The cross section re-
sults from ab initio calculations are higher than those from the
analytical formula, indicating that orbital overlap between the
proton and Li persists even at large separations.

Figure 6 shows the absolute cross sections of the ICEC
of H+–Li and H+–He–Li at three different R with the values
of 4 Å, 8 Å and 16 Å, respectively. For H+–He–Li, when
R = 4 Å, the ICEC cross section has the order of 102 Mb.

When R = 8 Å, the ICEC cross section has the order of
100 Mb. With R increasing from 8 Å to 16 Å, the cross sec-
tion decreases sharply by three orders and reaches the order
of 10−3 Mb. Similarly, the H+–Li system exhibits almost the
same cross section magnitude. In general, the cross sections
of the two systems exhibit the same trend with increasing R:
they decrease. This is mainly due to the orbital overlap be-
tween atoms, which has been illustrated to enhance the ab ini-
tio ICEC cross section results between H and H2O.[7]

In order to study the intermediate He effect on the ICEC
process, we compare the absolute cross sections of the ICEC
of H+–Li and H+–He–Li. As shown in Fig. 6, both sys-
tems exhibit numerous resonance peaks. These peaks result
from the temporary trapping of the emitted electron by the tar-
get system, leading to the formation of short-lived resonance
states that manifest as peaks in the cross section. Notably,
the cross section of the H+–He–Li system exhibits more pro-
nounced resonance features, which are particularly evident at
R = 16 Å, as shown in the figure. This enhancement arises
from the ability of the three-body system — unlike H+–Li
alone — to support additional H–He−–Li+ resonance states.
These states significantly enhance the ICEC cross section, as
clearly demonstrated in the figure. In the non-resonant energy
region, however, the cross sections of H+–Li and H+–He–Li
are comparable at R = R = 4 Å, 8 Å, and 16 Å, indicating that
the presence of the He atom has minimal impact on the direct
ICEC process between H+ and Li.

Miteva et al.[10] demonstrated that, following inner-
valence ionization of Ne in both NeHeNe and NeNe systems,
the ICD process becomes six times faster in the presence of
the bridging He atom. They attributed this enhancement to
the intermediate virtual resonant states involving He−. In our
current study of the H+–He–Li system, we observe more res-
onance peaks in the ICEC cross section compared with the
H+–Li case. While a detailed identification of all these reso-
nances is challenging, we speculate that the additional peaks
arise from resonant states such as H+–He−–Li or H–He−–
Li+, indicating the formation of a He−-mediated virtual state.
This observation is in good agreement with the conclusions of
Miteva et al. Our results further demonstrate that when the
ICEC process involves He− as a virtual intermediate state, the
cross section is significantly enhanced, reinforcing the notion
that a third atom can facilitate energy transfer through virtual-
state mediation. As discussed earlier, although ICD and ICEC
are initiated by different processes, they share a common de-
cay mechanism. The enhancement observed in both processes
through the involvement of a third atom highlights a general
strategy for controlling interatomic decay via virtual-state en-
gineering.

Remme et al.[4] investigated both three-center resonant
electron capture (rICEC) and direct (nonresonant) ICEC in the
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H+–He–Li system using an analytical approach. Their the-
oretical model shows that the cross section for three-center
rICEC can be significantly enhanced compared to direct ICEC,
in which the intermediate atom (He) does not participate. They
reported a direct ICEC cross section of 2.2 × 10−23 cm2 at
R1 = R2 = 5.3 Å with an incident electron energy of 7.62 eV.
In contrast, our calculations yield direct ICEC cross sections
on the order of 10−19 cm2 at R = 10 Å within the electron en-
ergy range of 8.26–9.76 eV, as shown in Fig. 6. Due to differ-
ences in methodology and the electron energy ranges consid-
ered, a direct quantitative comparison is not made. However,
it is worth emphasizing that our approach accounts for orbital
overlap, an effect neglected in the analytical model of Remme
et al. Despite the quantitative differences, both studies lead
to the same qualitative conclusion: the involvement of the he-
lium atom in forming a virtual intermediate state can strongly
enhance the ICEC cross section.
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Fig. 6. A comparison of the absolute ICEC cross sections for H+Li and
H+HeLi systems as functions of the incoming electron energy using the
R-matrix approach.

4.2. ICEC resonance

A more detailed analysis of the energy dependence of the
cross section can be carried out by examining the symmetry-
resolved contributions. Figures 7 and 8 display the total and
symmetry decomposition cross sections, based on 18-state CC
calculations at R = 16 Å for the H+–Li and H+–He–Li sys-
tems. As illustrated in these figures, the 1A1 and 3A1 symme-
tries dominate the cross section. Our calculations reveal sev-
eral resonance-like structures in the cross sections. These arise
when an incoming electron temporarily forms a quasi-bound
(resonant) state with the target, appearing as peaks in the cross
section. In multichannel scattering, genuine resonances are
identified not only by distinctive structures in the cross sec-
tions, but more definitively by a sharp π-radian jump in the
eigenphase sum over a narrow energy interval. By analyzing
the eigenphase sums obtained from the 18-state CC model,
we determined the resonance parameters associated with three
prominent sharp peaks. These values, along with tentative
state assignments, are presented in Tables 2 and 3. All the

observed states correspond to Feshbach resonances. All the
resonance peaks in the ICEC cross section can, in principle,
be identified by systematically removing different target states
and varying the active space. However, in practice, many chal-
lenges arise that prevent the complete identification of all these
peaks.
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Fig. 7. Partial ICEC cross sections of H+–Li obtained with the R-matrix
approach for R = 16 Å.

IC
E
C

 c
ro

ss
 s

e
c
ti
o
n
 (

M
b
)

Incident electron energy (eV)

1A1
1B1

3B1

1B2

3B2
3A1

1A2

3A2

Singlet

Triplet

Sum

Fig. 8. Partial ICEC cross sections of H+–He–Li obtained with the R-
matrix approach for R1 = R2 = 8 Å.

Table 2. Resonant states of the e–H+Li scattering system obtained with
R-matrix approach for R = 16 Å.

Resonance parameter Parent state
State Position (eV) Width (meV) State Position (eV)

1Π & 3Π 8.80 19 8.6 12Π 10.11
1Σ+ & 3Σ+ 8.82 7.5 7.8 22Σ+ 10.10
1Σ+ & 3Σ+ 9.02 7.9 10.3 22Σ+ 10.10

1Π & 3Π 9.02 9.1 9.2 12Π 10.11
1Σ+ & 3Σ+ 9.81 8.0 7.6 42Σ+ 12.82

1Π & 3Π 9.81 9.3 9.0 22Π 12.83

Table 3. Resonant states of the e–H+HeLi scattering system obtained
with R-matrix approach for R1 = R2 = 8 Å.

Resonance parameter Parent state
State Position (eV) Width (meV) State Position (eV)

1Σ+ & 3Σ+ 8.80 10 7.9 22Σ+ 1.84
1Π & 3Π 8.80 6.9 6.5 12Π 1.85

1Σ+ & 3Σ+ 8.98 7.9 7.7 22Σ+ 1.84
1Π & 3Π 8.98 7.6 7.3 12Π 1.85

1Σ+ & 3Σ+ 9.69 8.5 6.0 42Σ+ 12.82
1Π & 3Π 9.69 7.7 7.6 22Π 12.83
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As shown in Fig. 7, a pronounced double-peak structure
appears in the cross section of the H+–Li system near 8.81 eV,
with the peaks located at 8.80 eV and 8.82 eV. The first peak
corresponds to 1,3Π symmetries with the electronic configu-
ration 1σ21π2, and it is associated with its parent state, 12Π,
via detachment of a 1π electron. The second peak is associ-
ated with 1,3Σ+ symmetries, whose parent state is 22Σ+ with
the configuration 1σ22σ2 and 1σ22σ3σ . A sharp peak is also
observed at 9.02 eV in the 1,3Σ+ cross sections. This feature
arises from a resonance formed when a 3σ electron attaches to
the 22Σ+ state, resulting in a configuration of 1σ22σ3σ . This
peak is also related to the 1,3Π symmetries with a configura-
tion of 1σ21π2σ , which originate from the parent state 12Π.
At 9.81 eV, another set of peaks appears, involving both 1,3Σ+

and 1,3Π symmetries. The 1,3Σ+ resonances have the parent
state 42Σ+, while the 1,3Π resonances originate from the 22Π

state.
The same three resonance peaks also appear in the cross

sections of the H+–He–Li system, though slightly shifted in
energy to 8.80 eV, 8.98 eV, and 9.69 eV, respectively, as shown
in Fig. 8. These peaks exhibit the same resonance character as
those in the H+–Li system at 8.81 eV, 9.02 eV, and 9.81 eV.
The small shifts in peak positions indicate that the inclusion of
the He atom has only a minor effect on the original resonance
states of the H+–Li system. As shown in Fig. 6, the H+–He–
Li system exhibits a greater number of resonance peaks over-
all. This enhancement is attributed to the presence of the He
atom, which alters the interaction dynamics and facilitates the
formation of additional resonance states. Since multiple reso-
nance peaks are present in these systems and the calculations
involve complex interactions, it is difficult for us to identify
which specific resonant states originate from the virtual states
of He.

5. Conclusion
We have conducted a comprehensive study of the ICEC

process in the H+–Li and H+–He–Li systems, reporting total
cross sections, partial cross sections, and the resonance struc-
ture. The calculations were performed with the multichannel
R-matrix method where a B-spline basis is employed to rep-
resent the continuum orbitals and the configuration interaction
method is used to describe electronic correlation. This distinc-
tive feature of the present calculations allowed us to generate
an accurate description of the bound and continuum states.

We emphasize the convergence of the results and the ac-
curacy of the target description for more complex systems:
H+–He–Li. In order to check such important effects as target
polarization and the influence of coupling to the target con-
tinuum, we compared the results from three different active
spaces with two different basis sets. We also checked the six

combinations for the highest partial waves in the Legendre ex-
pansion for the one-electron and two-electron integrals. The
differences between the results from these models provided an
indication regarding the convergence of cross sections.

Using our most accurate model, we investigated the ICEC
cross sections for the H+–Li system to examine the role of an
intermediate He atom in mediating energy transfer. The results
show that the cross section is significantly enhanced when He−

is involved as a virtual intermediate state in the ICEC process.
In contrast, when He does not participate in the mechanism, its
presence has little effect on the direct ICEC process between
H+ and Li. This is evidenced by the comparable cross sections
observed for the H+–He–Li and H+–Li systems.

We also compared the present results with other available
studies. We find that introducing a He atom as an intermediate
virtual resonant state can significantly enhance the Coulomb
decay cross section. This finding is consistent with the results
reported by Remme et al.[4] and Miteva et al.[10] However, our
calculated direct ICEC cross sections are higher than those re-
ported by Remme et al.,[4] which can be attributed to differ-
ences in the employed methodologies and the electron energy
ranges considered.

The present calculations suggest that even atoms with no
intrinsic ICEC activity can influence energy transfer when in-
troduced into a system, thereby modulating the ICEC mecha-
nism. This finding could facilitate experimental efforts aimed
at measuring and validating ICEC processes. In realistic sys-
tems containing multiple adjacent atoms, the impact on ICEC
may depend on the type, position, and number of bridging
atoms. Although the presence of multiple bridge atoms may
mimic the effect of several neighboring atoms on the ICEC
cross section, the underlying mechanisms are likely more in-
tricate and require further investigation.
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WIREs Comput. Mol. Sci. 2 242

[20] Carr J M, Galiatsatos P G, Gorfinkiel J D, Harvey A G, Lysaght M
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[21] Mašı́n Z, Benda J, Gorfinkiel J, Harvey A and Tennyson J 2019 Com-
put. Phys. Commun. 249 107092

[22] Computational chemistry comparison and benchmark database
[23] Sobel’man I I 1972 An Introduction to the Theory of Atomic Spectra

(Oxford: Pergamon)
[24] Leiden database for photodissociation and photoionization of astro-

physically relevant molecules
[25] Heays A N, Bosman A D and Dishoeck E F van 2017 Astron. Astro-

phys. 602 A105

093401-8

http://dx.doi.org/10.1103/PhysRevA.104.022818
http://dx.doi.org/10.1063/5.0203795
http://dx.doi.org/10.1063/5.0203795
http://dx.doi.org/10.1103/PhysRevA.110.042804
http://dx.doi.org/10.1103/PhysRevLett.119.083403
http://dx.doi.org/10.1103/PhysRevLett.119.083403
http://dx.doi.org/10.1103/PhysRevLett.122.153401
http://dx.doi.org/10.1016/j.chemphys.2016.09.007
http://dx.doi.org/10.1088/1361-6455/aba1ca
http://dx.doi.org/10.1088/1361-6455/aba1ca
http://dx.doi.org/10.1016/j.physrep.2010.02.001
http://dx.doi.org/10.1103/PhysRevA.105.062824
http://dx.doi.org/10.1103/PhysRevA.105.062824
http://dx.doi.org/10.1088/0953-4075/38/21/013
http://dx.doi.org/10.1103/PhysRevA.97.012703
http://dx.doi.org/10.1103/PhysRevA.97.012703
https://doi.org/10.1002/wcms.82
https://doi.org/10.1002/wcms.82
http://dx.doi.org/10.1140/epjd/e2011-20653-6
http://dx.doi.org/10.1016/j.cpc.2019.107092
http://dx.doi.org/10.1016/j.cpc.2019.107092
http://cccbdb.nist.gov
https://home.strw.leidenuniv.nl/ewine/photo/cross_sections.html
https://doi.org/10.1051/0004-6361/201628742
https://doi.org/10.1051/0004-6361/201628742

	1. Introduction
	2. Computational details 
	3. Test of models
	4. Results and discussion
	4.1. ICEC cross sections
	4.2. ICEC resonance

	5. Conclusion
	References

