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ABSTRACT

Interatomic Coulombic electron capture (ICEC) is an environment-mediated process in which a free electron attaches to a species by transfer-
ring excess energy to a neighbor. While previous theoretical investigations assumed fixed nuclei, recent studies indicate that nuclear dynamics
significantly influences the ICEC process. In this work, we incorporate the vibrational motion into an analytical model of the ICEC cross
section, including both energy and electron transfer. To validate this approach, we compare the results to the adiabatic-nuclei approxima-
tion based on fixed-nuclei ab initio R-matrix calculations. We apply our theory to the helium-neon dimer, which is ideal for studying diverse
dynamical effects. We show that while vibrational dynamics can slightly reduce ICEC efficiency, ICEC remains dominant over photorecombi-
nation and can trigger dimer dissociation. Accounting for the nuclear motion also enables to describe the broadening of the electron spectrum
and enables evaluation of temperature-dependent cross sections—capabilities beyond the reach of fixed-nuclei approaches.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0280381

I. INTRODUCTION

The capture of free electrons by atoms, ions, molecules, and
quantum dots is a fundamental process with wide-ranging impli-
cations in both basic and applied sciences. It plays a key role in
astrophysics and plasma physics, where it influences stellar pro-
cesses and ionized gases.”” Furthermore, electron capture is critical
for understanding electrochemical and photochemical reactions,
impacting biological systems® and solid-state technologies.*

One such electron capture mechanism is the interparticle
Coulombic electron capture (ICEC) that occurs exclusively in sys-
tems embedded within an environment.” In ICEC, a free electron
is captured by an electron acceptor (A), which in this work will
be a cation, while the excess energy is transferred via Coulomb

interaction to a neighboring electron donor (D), leading to the
ionization of D,

ek +A+D—> A" +D" +ep. (1)

This environment-mediated coupling significantly enhances the
probability of electron capture across various systems, as shown in
theoretical studies.”” A detailed overview of the mechanism and its
theoretical basis can be found in Ref. 8.

In most earlier studies, theoretical approaches to investigate
ICEC have assumed static nuclei, neglecting the influence of nuclear
dynamics.® However, recent results’ reveal that nuclear motion, par-
ticularly vibrational dynamics, can substantially affect the efficiency
and outcome of the process. Findings for related processes, such as

J. Chem. Phys. 163, 084313 (2025); doi: 10.1063/5.0280381
Published under an exclusive license by AIP Publishing

163, 084313-1

€0:0€°0Z 5202 429010 62


https://pubs.aip.org/aip/jcp
https://doi.org/10.1063/5.0280381
https://pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0280381
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0280381&domain=pdf&date_stamp=2025-August-28
https://doi.org/10.1063/5.0280381
https://orcid.org/0000-0001-5512-1051
https://orcid.org/0009-0006-2386-5631
https://orcid.org/0000-0002-7741-9673
https://orcid.org/0000-0002-0747-4546
https://orcid.org/0000-0002-8567-5263
https://orcid.org/0000-0001-8187-6052
mailto:elke.fasshauer@gmail.com
https://doi.org/10.1063/5.0280381

The Journal

of Chemical Physics

resonant two-center photoionization'’ and two-center dielectronic
recombination,'’ further support the importance of nuclear motion
in interparticle electron capture. These findings highlight the neces-
sity of incorporating nuclear dynamics into ICEC models to achieve
amore complete theoretical understanding.

In this work, we extend the previous analytical energy and
electron transfer model”'* of ICEC by explicitly incorporating the
relative nuclear motion between the interacting partners, provid-
ing intuitive insights grounded in the physical characteristics of
the individual systems. We apply this approach to the positively
charged helium-neon dimer and benchmark our results against
the adiabatic-nuclei approximation based on fixed-nuclei ab initio
R-matrix calculations, which offer a rigorous quantum mechan-
ical treatment of ICEC as a scattering process.'”'* Using both
approaches, we assess the impact of nuclear dynamics on ICEC and
aim to provide theoretical guidance for future experimental efforts.

This paper is organized as follows: we first establish the theoret-
ical framework in Sec. 1], incorporating nuclear degrees of freedom
into the analytical model of ICEC. In Sec. III, we describe the
approximations taken to include nuclear dynamics into the R-matrix
approach. Section I'V describes the physical parameters of our exam-
ple of a weakly bound system, the positively charged helium-neon
dimer. Section V outlines the computational details. The results for
the ICEC cross sections of the helium-neon dimer are discussed in
Sec. V1. Finally, we summarize our findings and their implications in
Sec. VIL. We use atomic units (i = m, = e = 1) throughout this paper,
unless explicitly mentioned otherwise.

Il. NUCLEAR DYNAMICS IN THE ANALYTICAL ENERGY
AND ELECTRON TRANSFER MODEL OF ICEC

From a scattering theory perspective, ICEC is a multichan-
nel inelastic process in which an incoming electron interacts with
a target.”"” It is characterized by a cross section that quantifies
its probability for a given electron energy. Our goal is to derive
an approximation to the ICEC cross section that includes nuclear
dynamics.

We consider the process in Eq. (1), where an electron is cap-
tured by an electron acceptor A and a neighboring electron donor D
emits an electron. Both species can be atoms, molecules, or ions. The
corresponding differential cross section is

do 1 K
M[, (2)

oy (2n)’ k

where Q- is the solid angle of the outgoing electron and M is the
transition matrix element,”"” in our case between two vibronic states
W, accounting for the vibrational dynamics between A and D. We
describe the vibronic states as a single term of the Born-Huang
expansion, 16,17

[¥a(r,R)) = |$a(r;R)) [va(R)), €

where ¢ 1 the electronic wave function, v, is the nuclear wave func-
tion, r are the electronic coordinates, and R is the distance between
the centers of mass of A and D.

As shown in Ref. 12, the antisymmetry of the electronic wave
function leads to two distinct contributions to M,"”

MK < k)= Ma(K < ke =ep) + Man(K' < ko #ep). (4)
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The electron transfer term, M., assumes the incoming and outgoing
electrons are the same and describes direct scattering accompanied
by electron relocation from donor to acceptor. The energy trans-
fer term, Mep, involves capture of the incoming electron by A, with
excess energy transferred to D, which emits an electron.

These two mechanisms dominate at different distances between
the two particles: electron transfer requires short-range interactions,
while energy transfer remains effective even at larger separations.'®
In the following, we focus on incorporating nuclear dynamics into
the energy transfer contribution before turning to electron transfer.

A. Energy transfer contribution to ICEC

For the energy transfer contribution Men, we extend the deriva-
tion from Refs. 5 and 6, incorporating the necessary modifications
to account for nuclear motion. Here, we treat the process as events
taking place separately on A and D, linked by the energy transfer
via first order of perturbation theory. This approach is referred to as
“asymptotic” or “virtual photon” approximation in the literature.®
We will see that this enables us to express the cross section in terms
of physical parameters of A and D, which can be found in the
literature or obtained from experiments.

We begin by approximating the initial (/) and final (f) electronic
wave functions as products of the individual states of A and D,

|6} = |$ax)|¢p),

5
107) = 104 ) o1} ®

where the energy-normalized state ¢, (¢p+ ) describes A (D)
together with the incoming (outgoing) electron of momentum k
(k').” This is justified if A and D are far enough away from each
other and the electronic interaction between them can be assumed
to be weak.

By wusing Egs. (5 and (3) and employing the
Born-Oppenheimer approximation, the transition matrix ele-
ment within the first order of perturbation theory for a single initial
and final state is

Men = ("f‘ (Pa-l{dp+ x| V|¢A,k>|¢D> |Vi), (6)

where V is the Coulomb interaction between the charges of the two
systems and v; (vy) is the nuclear wave function of the initial (final)
state according to Eq. (3).

For sufficiently large distance R between A and D, we expand
V in a Taylor series around R and retain the leading term that yields
a non-zero contribution to the transition matrix element Me,. This
term corresponds to the dipole-dipole interaction of the two charge
densities,

.1
Vi = o5 (@afip =3 (ur - fia) (ur - i), 7)

where ug is the unit vector pointing from A into the direction of
D. As the electronic dipole moment operators f1a and fip of A and D
are independent of R, we can separate the integration over electronic
and nuclear coordinates.
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Substituting Eqgs. (6) and (7) into Eq. (2) yields the differen-
tial cross section in the lowest-order approximation for the energy
transfer contribution to ICEC,

do 1 k’ -3 2
ko, (2 )2 k|[.”A pp =3 (ur-py) (ur-pp ](Vf|R |"i> >
(8)
where fy = gy | fa [$ax) and iy = (| i o) are the elec-

tronic transition dipole moments. To obtain the total cross section,
Eq. (8) is integrated over the solid angle ( of the outgoing elec-
tron and averaged over the incoming electron angle Q. To facilitate
this integration, one expands the plane waves in the initial and final
states in terms of spherical waves.”"’

The dipole transition moments involved in the process can be
related to the corresponding photorecombination (PR) and pho-
toionization (PI) cross sections. The PR cross section of the electron
acceptor A is given by’

_47Iw

o) = o

where c is the speed of light and ¢ is the kinetic energy of the incom-
ing electron, corresponding to momentum k. The quantity w is the
energy of the emitted photon, corresponding here to the excess
energy of the electron capture. Its value is given by the sum of ¢ and
the electron attachment energy of A, which is equal to the ionization
potential of A7, IP,-.

Similarly, the PI cross section for the electron donor D is'’

‘FA| 9)

an*’

PI 7
op(w) = 3

|.”D|2’ (10)

where ' corresponds to the energy available to ionize D. The differ-
ence of ' and w is Awg = Ef — E;, where E; (Ef) is the energy of the
initial (final) vibrational state of the dimer. As a result, the kinetic
energy of the outgoing electron is

¢ =w-Awys —IPp, (11)

where IPp is the ionization potential of the electron donor D.

Using these two expressions, we arrive at an approximation to
the energy-transfer contribution to the ICEC cross section for the
transition from vibrational state |v;) of AD to vibrational state |v)
of ATD™,

4

ox" () op (0 - Awyy) (v

—ﬂ (0o £|R[vi) |. (12)

o(k,vi—vp) =

Having established a working expression for the energy trans-
fer contribution to ICEC, we now turn our attention to the electron
transfer mechanism.

B. Electron transfer contribution to ICEC

For the electron transfer contribution Mg, we extend the
derivation from Ref. 12, modifying to account for nuclear motion,
analogously to Sec. II A. In this approach, the overlap of the elec-
tronic wave functions is not neglected but instead approximated by
the overlap of two Gaussians.' >’

In the electron transfer contribution, we assume that we can
distinguish the scattering electron from the bound electrons of

ARTICLE pubs.aip.org/aipl/jcp

(AD). We further assume that we can treat the interaction of the
continuum electron and the target as a simple interaction of charge
distributions, neglecting electron correlation. We can then write our
initial and final electronic states as

1) = [pap)[k+),

13
) = 40 ) ), )
where ¢, (¢s-p+) is the electronic wave function of the dimer
and k (k') is the initial (final) momentum vector of the continuum
electron. We denote with + (-) the incoming (outgoing) scattering
state,'” where the continuum electron scatters off of AD (A"D").

Although we do not consider the electrons of A and D as
distinguishable, the electron correlation between them can still be
treated as a perturbation. Applying Egs. (3) and (13) within the
Born-Oppenheimer approximation, the transition matrix element
at first order of perturbation theory for a single initial and final state
is given by

M. = (Vf| (k’_ [{¢a-p| 14 ‘¢AD>‘k+> |Vi), (14)

where V is the Coulomb interaction between electrons situated on
A (including the incoming electron) and on D, and now, ¢ neglects
the correlation between electrons on A and D as the zero-order wave
function.

We can again apply the multipole expansion to V [cf. Eq. (7)],
but the lowest contributing order is now the R™! term, as we assume
the wavefunctions of A and D to have a nonzero overlap. We obtain
the transition matrix element as
(fa-pr|¢ap) (K - [k+)
R

Mel = <Vf

Vi>. (15)

Assuming a single Slater determinant for the initial and final
electronic states of the dimer, the overlap (¢,-p+|¢an) reduces to
the product of the virtual orbital of A, which accepts an electron, </>£ )
and the orbital of D, which donates said electron, ¢5. Approximating
these two orbitals as Gaussians of widths as and ap results in the
following expression for the overlap:'?

Sap(R) = (¢alds) = ( 2A9D )3/2 eXp( K ) (16)
aire ax +ap 2(aj +ap)

Note that the true overlap of the two orbitals can vanish due to their
symmetries.

Now, let us gather the results for the approximation to the
differential cross section of the electron transfer path of ICEC by
substituting Eq. (15) into Eq. (2),

2
do 1 k’ SAD (k’ - |k+)

= - 24D AR =y, 17

ko( (27_[)2 k <Vf R V, ( )

To obtain the total cross section o, we integrate Eq. (17) over

the solid angle Q- of the outgoing electron. The angular dependence
enters only through the overlap of the incoming and outgoing scat-
tering states, (k” — |k+). Assuming the potential of the dimer can be
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approximated by its spherical component, we employ a partial wave
expansion of the scattering states,'” leading to

1 o = _
K —fke) =y [ dry 20+ 1) v (nR
( [k+) 221k Jo "Z%( ) Yo (rR)

x Yo (r, R)Po (k' - k), (18)
where the hat denotes unit vectors, y* are the radial incoming
and outgoing scattering wave functions, and P, is the Legendre
polynomial. The angular parts of this expansion—the Legendre

polynomials—do not depend on R, hence we can carry out the
integration over (. If we then define

]Z;:fo dryy (n,R) va(r,R), (19)

the total cross section reads

! i (26+1) ‘(Vf‘ Sap Jo R Vi) 2, (20)

oo = 327
3.7
e’ £=0

&‘

where ¢ (¢) is the kinetic energy of the incoming (outgoing) electron.
Note that compared to Ref. 12, the integral defining J, is not squared
and that we cannot simplify the absolute square further due to the
integration over R.

We further assume an exponential decrease in J, squared, as in
Ref. 12,

]fmCexp(—€(€+l)), (21)

2
Kyv

where we defined K3y = (aa + R)*e + (ap + R)*¢/, and an ad hoc
dependence of Con &’ — ¢,

’
— £ -¢
CzCexp(—| |), (22)
d

where C and d are fitting parameters taken from Ref. 12.

With both the energy and electron transfer contributions estab-
lished for a single vibrational transition, let us summarize the
results.

C. Final considerations of the analytical energy
and electron transfer model

In our model, the total ICEC cross section is given by the sum
of energy and electron transfer contributions,

0 = Oen + O¢l, (23)

with expressions provided in Egs. (12) and (20), respectively.
Although these mechanisms could, in principle, interfere, their tran-
sition amplitudes are only comparable over a narrow range of R.!?
Since the integration spans all internuclear distances, their direct
interference contributes only marginally and an incoherent sum of
cross sections is appropriate.

So far, we have considered only a single vibrational transi-
tion. In practice, ICEC involves transitions to multiple bound and
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dissociative final states. For the former, we sum over all final vibra-
tional states Ve, and for the latter, we integrate over the dissociation
energy E,

Enmax
a(k,vi) = Zf: o(k,vi = vs) + /E:O %(k, vi > E) dE, (24)

where Emax = w —IPp + E; is the maximum dissociation energy
allowed by energy conservation, corresponding to the limit of ¢’ = 0.

To account for a thermal population in the initial state, we aver-
age over initial vibrational states using a Boltzmann distribution,
which introduces temperature dependence,

1 _
o(k,T) = WZ e B/ D 5k ), (25)

where E; is the energy of vibrational state v;, T is the thermodynamic
temperature, and kg is the Boltzmann constant. This temperature
dependence is a key feature of our model, made possible by explicitly
including nuclear motion.

With this theoretical foundation, we now turn to the R-matrix
approach.

lll. NUCLEAR DYNAMICS IN THE R-MATRIX
APPROACH

We aim to compare the results of the semi-empirical model
introduced in Sec. II with a more rigorous approach. We calculate
the cross section for the vibronic transitions using an approxima-
tion building upon the fixed-nuclei scattering T-matrix. We evaluate
this T-matrix using the ab initio R-matrix method,”>** which is well
suited for low-energy electron-molecule scattering calculations. The
fixed-nuclei cross section is given in terms of the T-matrix as”*

V3
0i—>f(€§R) = 2 Z ‘Tilmefl’m’(e’ 5,5R)|2) (26)

Iml'm’

where I,m (I',m") denote all the contributing partial waves of the
incoming (outgoing) electron.

We employ the adiabatic-nuclei (AN) approximation’ to com-
pute the vibrationally resolved scattering cross section. In this
approach, the vibrational scattering matrix is constructed as follows:

Tiv fvy (6€) = (vf|T,~_,f(£,€';R)|vi>R. (27)

The incoming ¢ and the outgoing ¢’ electron energies in the vibra-
tionally resolved picture are related by the conservation of energy
[an equivalent of Eq. (11)],

e+& =€+ é”}", (28)
where &" (é";f ) is the energy of the initial (final) vibronic state. If we
define the energy reference as the energy of the final electronic state
in the limit of large R, then g;f = Ey. The approximation utilizes the
fixed-nuclei on-shell T-matrix, Ti-j(e, &'; R), where the incoming &
and the outgoing &’ electron energies are related by the R-dependent
conservation of energy,

e+Ei(R) =& +E;(R), (29)
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where E;(R) [Ef(R)] is the potential energy curve of the initial (final)
electronic state. This means that §" # ¢, i.e., the cross section for
a vibronic transition at given outgoing electron energy ¢’ is calcu-
lated from fixed-nuclei data corresponding to a different, in fact
R-dependent, outgoing energy &’. This is because the AN approx-
imation does not take the energy of the vibrational states into
account. Nevertheless, it has been used successfully for vibrational,”®
rotational,”” and electronic?® excitations and it is valid for electron
energies larger than the corresponding excitation thresholds.”

In ICEC, dissociation in the final state can be prominent, mak-
ing the adiabatic-nuclei approximation invalid in a larger range of
electron energies above the ICEC threshold. To remedy this, we use
the energy-balanced adiabatic-nuclei (EBAN) approximation intro-
duced for calculating electron impact dissociation of Hy in Ref. 29.
In this approximation, we use

T,-Vi_,fvf(s,e') = (vf|T,-_,f(£',e';R)’vi>R, (30)
instead of Eq. (27), and
é+E;(R) =& + Ef(R), (31)

instead of Eq. (29). In this variant, the vibronic outgoing electron
energy coincides with the fixed-nuclei outgoing electron energy, and
the non-equivalence is transferred to the incoming electron energies.
So far, we have not specified whether the vibrational states are
bound or dissociative. In our study, the initial vibrational states
are going to be bound, and in the final state, we consider both
bound and dissociative ones. For the bound-bound transitions,
Eq. (26) can be readily applied, replacing i by iv; and f by fv;. For
bound-dissociative transitions, a similar formula holds

daiv,v—> ‘Vg(s) n
digl = P Z |Tiv,lm—>fvEl'm'(£’€,)‘2’ (32)

Iml'm’

provided that the dissociative states v are energy-normalized.””’
We note that for dissociative states, the vibrational energy E equals
the kinetic energy release (KER).

The dissociative character of the final states also hints at why, in
Eq. (30), we should use the correct outgoing electron energy instead
of the incoming electron energy. In our case, the fixed-nuclei incom-
ing electron energy £ differs from the correct one, ¢, on the energy
scale of the dissociation threshold of the initial electronic state. If we
took the correct incoming electron energy, the fixed-nuclei outgo-
ing energy would have differed from the correct one on the scale of
the dissociation energy. This discrepancy varies for different ¢’ with
a fixed ¢ and is severe when most of the energy is released as KER
and the outgoing electron is slow. For the ICEC scenarios which
correspond to electronic deexcitation, we have to use AN because
EBAN introduces an unphysical threshold. An illustration and more
detailed discussion of the AN and EBAN cross sections can be found
in the supplementary material. Let us also note that for very low
incoming electron energy, both AN and EBAN break down. Further
work is necessary to properly understand how their performance
compares, perhaps by an analytically or numerically exactly solvable
model.

With both the analytical model and the R-matrix approach in
place, let us introduce the physical system we shall investigate.

ARTICLE pubs.aip.org/aipl/jcp

TABLE |. Parameters of the surfaces X, A, and B from Ref. 31: equilibrium distance
Re, dissociation energy De, harmonic vibrational frequency we, and electronic energy
E at equilibrium. The last column denotes corresponding asymptotic (R — oo) states.

Re D. We

State A (em™) (em™) E (au.) Asymptotics

X2zt 143 5200 911
AP, 242 283 152
B2zt 266 343 152

~130.94349 He + Ne*(2p.")
-130.92176 He +Ne*(2p, )
~130.80754 He"(1s') + Ne

IV. THE SYSTEM STUDIED: (HeNe)*

In the previous sections, we introduced two approaches for
calculating vibrationally resolved ICEC cross sections. Section II
presented an analytical model extended to include nuclear dynam-
ics, accounting for both energy and electron transfer mechanisms.
In Sec. 111, we built upon the ab initio fixed-nuclei R-matrix results
and included the nuclear dynamics using the AN or EBAN approx-
imation, referred to as the R-matrix. We apply both methods to the
(HeNe)™" dimer as an example of a weakly bound system.

To contextualize the calculations, we begin with the struc-
tural and electronic properties of (HeNe)*. Neon and helium have
ionization potentials of 21.56 and 24.59 eV, respectively. Energy con-
servation implies that when He™ captures an electron, the electron
affinity is sufficient to ionize neon. In contrast, electron capture by
Ne" requires additional kinetic energy.

Vibrational dynamics are described using Morse potentials for
the three lowest electronic states, offering analytic solutions. Para-
meters from Ref. 31 are used and listed in Table I. Without loss
of generality, we assume the dimer is aligned along the z axis. The
ground state X asymptotically corresponds to HeNe™ (2p; "), with

FIG. 1. Schematic potential energy surfaces X, A, and B corresponding to
the three lowest electronic states of (HeNe)*. For ease of comparison, sur-
faces A and B are multiplied by 4 and B is shifted down by 2.5eV. The
figure is taken from E. M. Jahr and J. Senk (2025). “Influence of vibra-
tional motion and temperature on Interatomic Coulombic electron capture -
Figures,” Figshare. https://doi.org/10.6084/m9.figshare.28883378.v2.32 Copyright
2025 Author(s), licensed under a Creative Commons Attribution 4.0 License.

J. Chem. Phys. 163, 084313 (2025); doi: 10.1063/5.0280381
Published under an exclusive license by AIP Publishing

163, 084313-5

€0:0€°0Z 5202 429010 62


https://pubs.aip.org/aip/jcp
https://doi.org/10.60893/figshare.jcp.c.7959266
https://doi.org/10.6084/m9.figshare.28883378.v2

The Journal

of Chemical Physics

the charge localized on neon, also noted in the last column of Table I.
The first excited state A—not to be confused with the electron
acceptor—corresponds to HeNe* (2p, /ly), sharing the same asymp-

totic energy as X. The second excited state B, He*(1s™")Ne, is the
first with the charge on helium.

This system provides an excellent platform for studying a wide
range of vibrational effects, as it features potential energy surfaces
with distinct characteristics. The excited states A and B are shallower
and shifted toward larger internuclear distances compared to X (see
Fig. 1), providing a diverse range of conditions found in different
physical systems.

V. COMPUTATIONAL DETAILS

In this section, we outline the computational framework used to
model ICEC in the (HeNe)* dimer. We first describe the numerical
implementation of the analytical model, followed by the details of
the R-matrix calculations.

A. The analytical energy and electron transfer model

To implement the model, we require (i) atomic photoionization
cross sections for the energy transfer term in Eq. (12), (ii) Gaussian
widths for the electron transfer term in Eq. (20), and (iii) vibra-
tional states of the dimer. The implementation®® was carried out
in Python using the mpmath module,** which supports confluent
hypergeometric functions with complex arguments—necessary for
the dissociative Morse states adopted from Ref. 35.

Photoionization cross sections for He and Ne were taken from
Ref. 36. Since the three degenerate 2p orbitals in Ne contribute
equally under an isotropic field approximation,'’ we divide the total
cross section by three: a;’; ) = o /3.

For the electron transfer contribution, we follow Ref. 12, using
Gaussian widths in Eq. (16) based on covalent radii*’ scaled by
a = 1.6. Electron transfer efficiency depends on orbital orientation:
in the ground electronic state (X), the 2p, orbital of Ne™ aligns with
the interatomic axis and facilitates the transfer. In the excited A state,
the perpendicular 2p,, orbital results in negligible overlap with He’s
s-orbital, suppressing electron transfer. Consequently, we include
electron transfer only in X to B and B to X transitions and restrict
A to B and B to A transitions to the energy transfer mechanism.

We use the analytical bound and dissociative solutions of the
Morse potential from Ref. 35. Dissociative states are discretized and
normalized within a finite box, R € (0,10 A]. All but the highest
bound vibrational state of each electronic state remain well con-
fined within this range. We, therefore, exclude the highest initial
bound state due to unreliable overlap with dissociative states in
the finite box; this is justified at low temperatures where its pop-
ulation is negligible. Final vibrational states are not restricted, as
long as only bound initial states are considered—excluding the high-
est initial state. Energy-normalized dissociative cross sections are
obtained by multiplying the corresponding cross sections from box-
normalized dissociative states of energy E, with the density of states,
p(Ef) = 2/|Eges - By,

Unless stated otherwise, we assume the dimer starts in the
vibrational ground state of the initial electronic state and sum over
all final vibrational states. For fixed-nuclei calculations, the ICEC
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cross section is evaluated at the equilibrium distance Re of the initial
electronic state.

B. The R-matrix approach

We employed the fixed-nuclei R-matrix method as imple-
mented in the UKRmo1+ suite.”® Molecular orbitals for the scattering
calculations were obtained using the MOLPRO™ "' implementation of
the Hartree-Fock method applied to the HeNe system, with the cc-
pVDZ basis set. Continuum orbitals were constructed using a radial
GTO basis optimized for an R-matrix radius of a = 13ao, as provided
in the UKRmol-scripts release,”” and included partial waves up to
angular momentum [ = 6.

As the target orbitals of the scattering model, we used the 1s
orbital of Ne as frozen and the 2s, 2p, and 3p orbitals of Ne and the
1s and 2s orbitals of He as active. We included four target states into
the scattering calculations, as only those are energetically accessible
in the investigated region of scattering energies. The R-matrix was
propagated to r,¢ = 80ap.

We performed the fixed-nuclei R-matrix calculations for inter-
atomic distances ranging from R = 1.5a9 to R = 9.5a¢ with a step
of AR = 0.5ay. To evaluate the dissociative states, we use the sine
discrete variable representation (DVR)* in the confinement box
R € (0,10 A] with 3000 grid points.

We use the AN approximation for the transitions B to X and B
to A and the EBAN approximation for the transitions X to B and A
to B. The R-integral in Egs. (27) and (30) for AN and EBAN, respec-
tively, is facilitated using a composite 10-point Gauss-Legendre
quadrature.”""” Because the dissociative states in the energy range
studied can oscillate with high frequencies, it is necessary to inter-
polate the fixed-nuclei T-matrices because performing the ab initio
calculations on such a dense grid would be excessively computa-
tionally demanding. In the region of energies that we investigate,
there are no resonances and the T-matrix elements are smooth both
in energy and in R. The cubic spline interpolation® is used. The
R-quadrature is carried out over the extent of the DVR box. For
obtaining the T-matrix values outside the range of the fixed-nuclei
calculations, we used linear extrapolation for R < 1.549 and 1 /R3
extrapolation for R > 9.5a¢ motivated by the form of the asymptotic
approximation® to fixed-nuclei ICEC cross sections that is valid in
this range. The implementation is available at Ref. 47.

With the computational framework in place, we proceed to
analyze the ICEC cross sections for the (HeNe)™ dimer.

VI. RESULTS AND DISCUSSION

In this section, we present the computed ICEC cross sections
for the (HeNe)* dimer, examining how vibrational motion affects
the efficiency of electron capture. We compare results from the ana-
lytical model*® and the R-matrix approach,”’ highlighting key trends
and deviations.

We begin by discussing the energy transfer and electron trans-
fer contributions to ICEC in Sec. VI A. In Sec. VI B, we investigate
the total cross section for ICEC from the ground vibrational state
and compare to the transitions from the excited vibrational states.
Then, we present the temperature-dependent ICEC cross section in
Sec. VI C. Last but not the least, we investigate the spectrum of the
outgoing electron for a fixed incoming electron energy in Sec. VI D.
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FIG. 2. ICEC cross section vs incoming electron energy ¢ for v; = 0 from energy transfer (orange), electron transfer (red), and R-matrix (blue). The solid lines indicate nuclear
dynamics; the dotted lines indicate fixed-nuclei results. The fixed-nuclei model uses asymptotic energies while R-matrix considers a vertical transition at Re, resulting in
different thresholds for X to B. The figure is taken from E. M. Jahr and J. Senk (2025). “Influence of vibrational motion and temperature on Interatomic Coulombic electron
capture - Figures,” Figshare. https:/doi.org/10.6084/m9.figshare.28883378.v2.52 Copyright 2025 Author(s), licensed under a Creative Commons Aftribution 4.0 License.

A. Energy vs electron transfer for B to X and X to B

The analytical model, introduced in Sec. II, includes both
energy and electron transfer contributions to ICEC. While energy
transfer applies to all transitions, electron transfer is only relevant
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when the state X is involved (see Sec. V A). We, therefore, focus on
the B to X and X to B transitions in this chapter.

Figure 2 shows the corresponding ICEC cross sections as a
function of the incoming electron energy. The electron transfer con-
tribution (red) dominates over energy transfer (orange) by three
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FIG. 3. ICEC cross section vs incoming electron energy ¢ for v; = 0. Left panel: electron captured by He*; right panel: captured by Ne*t. R-matrix (blue) and model
(red) results: the solid lines represent bound-dissociative, the dashed lines represent bound-bound transitions, and the dotted lines represent fixed-nuclei results.
In panels (a) and (c), the dotted and dashed lines nearly coincide. The dashed gray lines represent photorecombination cross sections on the capturing atom. The
figure is taken from E. M. Jahr and J. Senk (2025). “Influence of vibrational motion and temperature on Interatomic Coulombic electron capture - Figures,” Figshare.
https://doi.org/10.6084/m9.figshare.28883378.v2.52 Copyright 2025 Author(s), licensed under a Creative Commons Attribution 4.0 License.
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orders of magnitude, making it the primary mechanism for these
transitions. This dominance stems from the electron transfer being
strongly favored at short interatomic distances around R..'” Despite
their magnitude difference, both contributions show similar trends
with increasing kinetic energy e.

We compare the analytical model to the R-matrix results (blue),
which include both energy and electron transfer contributions.
While all curves exhibit the same overall trend, the analytical model
is roughly a factor of three larger than the R-matrix results. This
discrepancy stems from the electron transfer term, which is exag-
gerated due to parameter choices in the Gaussian description of the
electronic distributions for the (HeNe)™ system.'”

From here on, we include both energy and electron transfer
contributions in the model for the X to B and B to X transitions.
We now turn to comparing the total cross section with vibrationally
resolved and fixed-nuclei results.

B. Total cross section

Figure 3 presents ICEC cross sections for all electronically dis-
tinct processes, comparing the analytical model, the R-matrix, and
fixed-nuclei results. Across all cases, the model agrees with the
R-matrix approach within an order of magnitude, consistent with
the comparisons discussed in Sec. VI A.

Threshold energies differ between channels. When He* cap-
tures the electron (left panels), the process can occur at zero incom-
ing electron energy due to the high electron affinity of He*. For the
reverse process (right panels), the incoming electron has to supply
an energy of 3-4 eV to make ICEC possible.

The relative importance of bound-bound (b-b) and
bound-dissociative (b-d) transitions varies by channel. For B
to X and B to A (left panels), b-b transitions dominate by about two
orders of magnitude, driven by large overlaps between the ground
vibrational state of B and bound states of X or A. For A to B, b-b
transitions still dominate but only marginally.

In contrast, the X to B process is dominated by b-d
transitions—by up to ten orders of magnitude. The suppression of
the b-b transitions arises from minimal overlap between the ground
state of X and the bound states of B due to the shift in equilibrium
distance R, as shown in Fig. 1. The same holds even for low-energy
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dissociative states but the overlap grows with increasing KER (the
energy of the dissociative state), as the turning point moves to
smaller R. With larger kinetic energy ¢, more dissociative states are
accessible, enhancing the total cross section. Once the relevant dis-
sociative states are fully accessible, the cross section saturates and
eventually decreases due to the kinetic energy dependence.

Comparison with fixed-nuclei results calculated at the equilib-
rium distance of the initial electronic state (dotted lines) reveals the
impact of nuclear dynamics. For transitions B to A, B to X, and A to
B, the fixed-nuclei cross sections are comparable with the dominant
b-b or b-d contribution. For A to B, the agreement in magnitude is
within a factor of two across the full energy range.

The X to B transition, however, shows a significant dis-
crepancy in threshold between the fixed-nuclei and vibrationally
resolved cross sections. This stems from different energy conserva-
tion assumptions: the fixed-nuclei model (dotted red) uses asymp-
totic energy conservation, ¢’ = ¢ + IP,- — IPp,° leading to a thresh-
old energy of 3.02 eV for X to B, while the fixed-nuclei R-matrix
(dotted blue) uses vertical transitions at R., shown in Eq. (29), cor-
responding to 6.9 eV. Both the model and R-matrix approaches for
including nuclear dynamics instead conserve the vibronic energy,
Eq. (11), yielding a more gradual onset of the cross section.

In all cases, the dominant ICEC cross section—whether b-b or
b-d—surpasses the photorecombination cross section of the cap-
turing ion by at least three orders of magnitude. For the X to B
transition, the enhancement reaches up to six orders of magnitude,
highlighting the efficiency of ICEC and its significant role in envi-
ronments where low-energy electrons and weakly bound systems are
present.

C. Temperature dependence

To model ICEC realistically, the thermal population of initial
vibrational states must be considered. Unlike fixed-nuclei methods,
our approach includes vibrational averaging via a Boltzmann distri-
bution, introducing temperature dependence into the cross sections,
as outlined in Sec. II C.

We show in Fig. 4 how the ICEC cross section for (HeNe)*
changes with increasing incoming electron energy for different tem-
peratures. For the B to X, A to B, and B to A transitions, increasing

104
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FIG. 4. Temperature-dependent ICEC cross section vs incoming electron energy e. Shades of blue: the R-matrix; shades of red: the model. Lighter shades correspond to
higher temperatures. The curves for T = 15 and 77 K coincide in the right panel. The figure is taken from E. M. Jahr and J. Senk (2025). “Influence of vibrational motion and
temperature on Interatomic Coulombic electron capture - Figures,” Figshare. https://doi.org/10.6084/m9.figshare.28883378.v2.52 Copyright 2025 Author(s), licensed under

a Creative Commons Attribution 4.0 License.
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the temperature to T =298 K results in a reduction in the total
cross section. For instance, in the B to X transition (panel 4a),
the asymptotic model predicts a decrease of up to a factor of 1.4
when comparing 298 K (orange) with 15 K (red). This trend is also
observed in the R-matrix calculations (blue). The decrease stems
from significant population of excited vibrational states at higher
temperatures and for these transitions, excited initial states yield
lower cross sections. A detailed analysis of this vibrational-state
dependence is provided in the supplementary material.

In contrast, the X to B transition [panel Fig. 4(b)] exhibits
the opposite behavior. At low incoming electron energies, the cross
section increases with temperature. This enhancement is due to the
strong contribution from higher initial vibrational states, which,
in this case, produce substantially larger cross sections in the low-
energy regime due to lowering the threshold and enhancing the
overlap between initial and final vibrational wave functions. More
details can be found in the supplementary material. At higher elec-
tron energies, where the dependence on the initial vibrational state
becomes weaker, the temperature effect diminishes and the cross
section remains nearly unchanged.

Moreover, for X to B, we observe a lowering of the ICEC thresh-
old with increasing temperature. This is a direct consequence of
the reduced threshold energies associated with vibrationally excited
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initial states, which begin to dominate the vibrational average at
higher temperatures.

D. Spectrum

Nuclear dynamics significantly impacts the spectrum of the
outgoing electron in ICEC. At fixed incident electron energy, the
spectrum features discrete peaks from bound-bound transitions and
a continuum from bound-dissociative transitions.

Figure 5 presents the outgoing electron energy spectra for
all ICEC processes considered, assuming initial ground vibrational
states. We use ¢ =1 eV (He" as acceptor) and ¢ =5 eV (Ne' as
acceptor). The line part of the spectrum denotes bound-bound
transitions, with the signal of the highest outgoing electron energy
corresponding to the ground vibrational final state; the continuous
curves represent bound-dissociative contributions. Energy conser-
vation links the outgoing electron energy to the final vibrational
state, shown in the secondary x axis at the top of the plots. Spectra
are truncated below 10~ x opg due to experimental irrelevance.

For A to B, B to A, and B to X, bound-dissociative
cross sections decrease with increasing KER, often with modu-
lations. This behavior persists for higher initial vibrational states
(see the supplementary material). For X to B, by contrast, the

Ef[eV]
0.8 0.6 0.4 0.2 0.0
107 : ‘ ‘
(b) A toB
N model
10 —— R-matrix
)
2 10-3
©
————————————————————————————————————— T oPR
10-5
12 14 16 18 2.0
¢ [eV]
E/leV]
125 100 075 050 025 000 —-025 —0.50
10°
10!
)
S 107!
©
1073 (dXtoB :
> | —— model T\ 7T I
10 —— R-matrix
000 025 050 075 100 125 150 175 2.00

£ [eV]

FIG. 5. ICEC cross section vs outgoing electron energy &’ for v; = 0. Each panel shows a different electronic ICEC process: left for He (e = 5 eV), right for Ne* (e = 1 eV).
The line spectrum denotes bound-bound transitions and the solid curves represent bound—dissociative differential cross sections in Mb eV~"; see Egs. (24) and (32).
R-matrix (blue), model (red), photorecombination reference (dashed gray), and fixed-nuclei data (dotted line spectrum) are included. In panel (d), the fixed-nuclei ICEC
channel is closed for the R-matrix result and, therefore, not represented. The figure is taken from E. M. Jahr and J. Senk (2025). “Influence of vibrational motion and
temperature on Interatomic Coulombic electron capture - Figures,” Figshare. https://doi.org/10.6084/m9.figshare.28883378.v2.52 Copyright 2025 Author(s), licensed under
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FIG. 6. ICEC cross section vs outgoing electron energy & for X to B. Ne*
captures the incident electron with a kinetic energy of ¢ =5 eV. The initial
vibrational state is v; = 5. The dotted curve represents the reflection principle
prediction of the cross section. The reference (gray curve) shows the model
data for v; = 0 [i.e., from panel Fig. 5(d)]. The blue and red lines are as in
Fig. 5. The figure is taken from E. M. Jahr and J. Senk (2025). “Influence of
vibrational motion and temperature on Interatomic Coulombic electron capture -
Figures,” Figshare. https://doi.org/10.6084/m9.figshare.28883378.v2.32 Copyright
2025 Author(s), licensed under a Creative Commons Attribution 4.0 License.

bound-dissociative cross section increases rapidly with KER. Higher
v; introduce modulations, with an increasing number of minima.

Note that in Fig. 5(d) (X to B), the discrepancy between the
energy conservations discussed in Sec. VI B manifests in the fixed-
nuclei ICEC channel being closed for the R-matrix approach and
open for the analytical model. The fixed-nuclei R-matrix result is,
therefore, not represented in this spectrum.

Figure 6 compares X to B spectra for v; = 0 and v; = 5. Three
key differences arise: (i) the entire spectrum for v; =5 is shifted
by ~ 0.4 eV due to the initial vibrational energy difference; (ii)
bound-bound cross sections increase by eight orders of magnitude
for v; = 5, due to enhanced overlap with final bound states at larger
R; and (iii) the dissociative spectrum for v; = 5 shows multiple peaks
and valleys, in contrast to the monotonic shape for v; = 0.

This structure can be qualitatively explained using the reflec-
tion principle.”’ By projecting the initial vibrational state’s den-
sity, weighted by the electron transfer interaction o< exp (—CR2 ) /R,
Egs. (16) and (20), we reproduce the overall shape and nodal struc-
ture of the cross section. However, the predicted peak positions are
systematically shifted to higher ¢’, likely due to the approximation of
the final-state potential by its linear component at the turning point
within the reflection principle approximation.

Finally, we compare the analytical model and the R-matrix
results. Overall, the model cross sections agree well with the
R-matrix results—both in magnitude and qualitative behavior. They
show consistent trends and magnitudes for the bound-bound spec-
tra and similarly capture the shape of the bound-continuum transi-
tions. The largest discrepancies occur in bound-dissociative tran-
sitions with He" as electron acceptor: the model predicts more
pronounced oscillations and shows a faster decay with increasing
KER compared to the R-matrix results. These differences likely arise
from limitations of the model, including the neglect of higher-order
multipole terms and interference between energy and electron trans-
fer mechanisms. The reliability of the R-matrix approach, on the
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other hand, is affected by the use of the AN approximation in B to X
and B to A, which becomes less accurate at higher KER.

VIl. CONCLUSION

We have presented a comprehensive theoretical investigation
of how nuclear motion influences the ICEC cross section in the pos-
itively charged helium-neon dimer—an example of a weakly bound
system. In our approach, we incorporate vibrational dynamics into
an analytical model of ICEC, including both the energy and elec-
tron transfer mechanisms in terms of a semi-empirical model. To
validate the model, we implemented an approximation based on
fixed-nuclei ab initio R-matrix results, finding agreement within
an order of magnitude. Beyond this quantitative agreement, the
model also reproduces the qualitative behavior and offers valuable
interpretative insight.

Our results demonstrate that including nuclear motion and
temperature dependence leads to important modifications of the
ICEC cross sections. These include changes in threshold posi-
tion, threshold behavior, energy dependence, outgoing electron
energy, and overall magnitude. When the neon cation captures
the incoming electron, the cross section rises near the threshold
and is predominantly followed by dissociation at higher electron
energies— tendency that becomes even more pronounced at ele-
vated temperatures. In contrast, electron capture by the helium
cation favors bound-bound transitions, with slightly reduced cross
sections observed at lower temperatures. We find that electron
transfer dominates the cross section, as the bound vibrational
states are localized in the short-range region where the asymp-
totic energy-transfer approximation breaks down. Although nuclear
motion can slightly reduce the total cross section compared to fixed-
nuclei calculations at equilibrium geometries, ICEC remains several
orders of magnitude more efficient in the helium-neon dimer than
photorecombination, reinforcing its physical relevance.

It is important to note that, although we treat the electronic
states X and A as distinct within our theoretical framework, such
separation may not be feasible experimentally due to limited reso-
lution, which could obscure individual contributions. In addition,
while our treatment neglects molecular rotations, their inclusion
would introduce further fine structure in the bound-bound transi-
tions. However, resolving this substructure would be experimentally
challenging, as the energy splitting between rotational states within
the same vibrational level is minimal.

The influence of nuclear dynamics on ICEC has important
implications for both theoretical modeling and experimental detec-
tion. Our results highlight the need for including this dynamics
into ICEC descriptions, particularly in molecular and weakly bound
systems.

SUPPLEMENTARY MATERIAL

The supplementary material provides the ICEC cross sections
for higher initial vibrational states, which underlie the temperature
dependence discussed in Sec. VI C. We further show the cross sec-
tions for different temperatures for all electronic transitions, as well
as the spectra for higher initial vibrational states. We also show a
comparison of the AN and EBAN cross sections in two example
cases.
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We report the theory for time-resolved spectator resonant interparticle Coulombic decay (ICD) processes.
Following excitation by a short extreme ultraviolet pulse, the spectrum of the resonant ICD electron develops.
Strong-field ionization is imagined to quench the decay at different time delays and to initiate regular ICD. In this
latter process, the ICD electron signal can be measured without interference effects. The typical lifetimes of ICD
processes allow for the observation of oscillations of the time- and energy-differential ionization probability. We
propose to utilize this oscillation to measure lifetimes of electronic decay processes.

DOI: 10.1103/PhysRevA.101.043414

I. INTRODUCTION

Interparticle Coulombic decay (ICD) [1,2] is an electronic
decay process of ionized systems consisting of at least two
weakly bonded units, be it atoms, molecules, or clusters. ICD
has been observed in multiple systems like noble gas clusters
[3—11] and clusters of different solvent molecules like water
[4,5,12] or ammonia [13-16]. It allowed one to explain the
repair mechanism of the enzyme photolyase [17] and was used
to establish a more efficient double ionization strategy [18].
ICD is furthermore discussed as a source of slow electrons,
which are most efficient in damaging the DNA after exposure
to high energy radiation or radioactive materials in the human
body [19-24]. In this work, we shed light on this fundamental
process by offering a time-resolved perspective directly of the
electron dynamics.

Due to developments in creating short pulses in the extreme
ultraviolet (XUV) and x-ray domain [26] a time-dependent
investigation of ICD processes should be within reach. Fano
profiles of a much faster autoionization (AI) process were
recently measured [27,28]. A few time-resolved investigations
of ICD have already been performed theoretically and ex-
perimentally, where the ions produced in the process were
measured [29-36]. However, electrons can be measured with
higher energy resolution than ions and grant direct access
to the electron dynamics and interference effects during the
process. In this work, we will therefore focus on the evolution
of the time- and energy-differential ionization probability,
propose how it might be possible to measure this quantity
in experiment, and discuss how decay lifetimes can be deter-
mined from the time-resolved signal.

In brief, the ICD process starts from a unit A, which is
ionized in the inner valence shell. This vacancy is filled by
an electron from the same unit and the excess energy is
simultaneously transferred to a neighboring unit B. The latter
is consequently ionized by emission of the ICD electron. The
two positively charged units undergo a Coulomb explosion

“elke.fasshauer @ gmail.com
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(see Fig. 1). A related process is initiated by an excitation of
unit A. This resonant ICD (RICD) can be characterized by
the behavior of the excited electron: it either participates in
the decay process or not. The respective processes are called
participator RICD (pRICD) [37] and spectator RICD (sRICD)
[37—42]. In this work, we will focus on the SRICD signal: Unit
A is excited from the inner valence. The vacancy is then filled
by an electron from the valence and the excess energy is used
to ionize the neighboring unit B (see Fig. 1). This process is
usually characterized by lifetimes of several tens to hundreds
of femtoseconds. After the SRICD process, the excited unit
A decays via fluorescense within a few nanoseconds. Al and
pRICD are competing decay channels and their effect on the
SRICD signal is taken into account in the theory developed
below.

We propose to initiate an SRICD process by exciting with a
short XUV pulse. The system will then decay under emission
of an sRICD electron. This is illustrated in Fig. 1 for electronic
energies and resonance parameters corresponding to the neon
dimer after an excitation to the Ne 2s~'5p state. At a later
time f;, a second short and intense infrared (IR) laser pulse
quenches the sRICD process by ionization. By varying the
time delay ¢, one should be able to observe the time-dependent
formation of the sRICD signal, as illustrated to the right in
Fig. 1 before the second laser pulse, by pump-probe spec-
troscopy similar to the Al process measured in Ref. [27].
At the same time, the proposed quenching would initiate
an ICD process involving the excited ion A**. Due to the
strong-field ionization initiating this latter process, the signals
are well separated in energy. In this paper we provide the basic
formulation for a purely electronic solution upon which more
complex scenarios, including nuclear dynamics, will be built
in future work.

II. THEORY

The relevant property for the description of the time evolu-
tion of the ICD processes is the time- and energy-differential
ionization probability obtained from the time-dependent wave
function |W(r)) by P(Eiin,t) =), [(E;|¥(t))|>. Here |E;)

©2020 American Physical Society
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FIG. 1. Illustration [25] of the considered process. At t = 0, a spectator resonant interparticle Coulombic decay (sRICD) is initiated by
XUV excitation. At a later time 7, which in this example plot is 35 fs, a second strong infrared laser pulse quenches the sRICD process by
ionization and thereby initiates ICD. The signals of the respective electrons with kinetic energies Ey;, are well separated. While the sRICD
appears from the start of the XUV pulse centered at + = 0, the ICD signal appears after the second pulse. This approach allows for a time-
resolved measurement of the SRICD signal and an interference free measurement of the ICD signal. SRICD: unit A is excited from the inner
valence shell. The created vacancy is filled with an electron from the outer valence and the excess energy is simultaneously transferred to B,
which emits the sSRICD electron. ICD: The initial state is created by removing the excited electron in A. It is then filled by an electron of the
outer valence of A while the excess energy is transferred to B, which consequently emits the ICD electron. The two units are both positively
charged and therefore undergo Coulomb explosion. The panel to the right illustrates typical time and energy resolved traces of SRICD and ICD

electrons (see text).

denotes a continuum state with energy E;, which entails
both the kinetic energy Eyj, of the emitted electron and the
energy of the final cationic state i. These continuum states are
orthogonal to all bound states of the system and amongst each
other. Because the signals of the competing decay channels
do not overlap, we can and will focus on the sRICD signal.
Atomic units are used throughout unless stated otherwise.

We obtain the wave function of the system by solv-
ing the time-dependent Schrodinger equation id, |\W(¢)) =
H(t)|W(¢)) for a model system consisting of the ground state
|G), the resonant state |R) for the sRICD, and the resonant
state |I) for the ICD process, as well as three sets of continuum
states characterized by the respective final state energy of the
decay process. All parameters describing a general resonant
state are designated by the index r. The Hamiltonian consists
of the single configuration Hamiltonian Hy, the residual con-
figuration interaction operators Vricp and Vicp as well as V,
for the competing autoionization and pRICD decay channels,
and the operator Hx (¢) of the exciting XUV pulse:

H(t) = Hy + Viricp + Vo + Viep + Hx (2). (D

The effect of the ionizing infrared pulse is modeled by termi-
nating the sSRICD and starting the ICD process at the time of
the second pulse 7,. We will come back to this point below.

A. Description of the RICD process

The sRICD process we intend to describe in a fully time-
dependent manner is schematically illustrated in Fig. 2. Start-
ing from the ground state |G) we excite the system with an
XUV pulse with a mean photon energy €2 into the resonant
state |R) with the corresponding energy Eg. This resonant
state can then under emission of an electron either decay
to the continuum state characterized by a final state of the
SRICD |Ez) with a partial lifetime of 7,z or to a continuum
state characterized by the shared final state of pRICD and
autoionization (Al) decay |E,) with a different partial lifetime
7,. The continuum state of the sSRICD couples to other con-
tinuum states under emission of a photon. This fluorescence
process is usually several orders of magnitude slower than the
electronic decay process and is therefore ignored in this work.
Alternatively to arriving in the continuum via the decaying
resonant state, a simultaneous direct excitation and ionization

043414-2
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FIG. 2. Schematic illustration of the energy levels involved in the
RICD process. The laser pulse with mean photon energy 2 excites
the system into the resonant state |R) with energy Eg. The resonant
state couples to two continua (denoted Cont. in the figure), one
characterized by the sRICD final state and the other characterized by
the pRICD and Al final state. Both channels have partial lifetimes in
the order of femtoseconds. The continuum state of the SRICD process
can then couple to other continuum states by emission of a photon.
This fluorescence process has a lifetime tq , which typically is in the
order of nanoseconds and therefore much larger than the timescales
of interest here. Alternatively, all continuum states can be reached
directly by simultaneously ionizing and exciting in the case of the
SRICD or single ionization in the case of the pRICD and Al All
couplings to the continuum via spontaneous radiative transitions are
ignored in this work.

in the case of sRICD or a direct ionization in the case of the
pRICD and AI channel, is also possible, which is denoted
“dir” in the figure.

We assume low field strengths of the XUV pulse and
therefore use first-order perturbation theory to describe its
interaction with the system. Hence the wave function evolves
according to

() = U(r,10)G(t9)) — i/ dt'U(t,t"Hx (1) |G(t")) .

fo
) o)
Here, U(t, tp) is the time evolution operator from a time f
until time ¢ of the unperturbed system pertaining to the first
four terms on the right-hand side of Eq. (1).

We are free to choose an energy reference and therefore set
Es = 0. This conveniently removes the time dependence from
the ground state, since |G(ty)) = exp{—iEsto} |G) = |G).

We introduce approximations for the time-evolution oper-
ator U (t,t') appearing in the last term of Eq. (2). After the
system has interacted with the XUV via Hx(¢') at time ¢/,
the system decays via the configuration interaction V. In this
general discussion, V refers to the sum of all configuration-
interaction terms of Eq. (1). We will specify the explicit form
of V for the different cases below. In the continuum we neglect
the Coulomb interaction for simplicity, which leads to the
time-evolution operator

t
U(t,ﬂ):Uo(t,t’)—i/ dt"Uy(t,t"HV UG, 1), (3)

t

where Uy(z, t') is the free-particle time-evolution operator.
By inserting Eq. (3) into Eq. (2) we arrive at

W) =U(t, 1)) |G)

iy / dt' Up(t, 1) Hy () |G)

fo

t t
—/ dt’/ dr" Uy(t,t" VU (", ") Hy (') |G) .
fo t
4)

The time-evolution operator U(t”,t') in the last integral
describes the contribution of the Hamiltonian Hy + V. This is
equivalent to the Hamilton operator used in Fano’s description
[43] of a decaying resonant state and below we therefore add
the subscript F' to the time-evolution operator and remove the
tilde.

We now project on a continuum state |Egz) characterized
by the sRICD final state energy of the ionized system and the
kinetic energy of the emitted electron. The first term vanishes,
because of the orthogonality between bound and continuum
states, and we obtain

t

(Esg|W(1)) = — i/ dt’ (Ex|Uo(t,t")Hx (t)|G)

fo

t t
—/ dt// dt" (Eg|Up(t,t")V
I t

x Up(t", 1) Hx (t) |G) . ®)

The time-evolution operator Uy(t,t’) solves the time-
dependent Schrodinger equation for the Hamiltonian j%/2.
The corresponding wave functions with wave vector k are

W2(0)) = |k) exp[—i [*__ dt'1k?]. Another way of formulat-

ing a time-evolution operator is by a projection from basis
functions at time ¢’ to such of time #:

Up(t, 1) = /di’é |w2)) (W] (6)

At this point we only consider the kinetic energy of
the emitted electron and can therefore write the projection
of a general continuum state (E| on the free-particle time-
evolution operator in the following way:

(E|Uo(t,1') = (E| explido(E, 1,1")] )

t k2
= (E] exp[—i / <E+Eﬁn)dt’”], ®)

where k%/2 is the kinetic energy relative to the final state
Es,. The interaction V between a general resonant state |r)
coupling to one of the continuum states is given by

V= / dE' |E') Vg, (r] + / dE' 1) Vie (E']. ()

For two different final states, and therefore two continua, it
reads

V= / dE; |E}) Vi, (rl + f dE] |r) V,g; (E{]

+de£ |E3) Vi (7] +/dE£ Ir) Vig, (B3| . (10)
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This case is, e.g., relevant for systems that cannot only
decay via sRICD but also via autoionization or pRICD,
which both yield a singly ionized system, which is the
case that we investigate. At the same time, the initiating
energy of the XUV laser pulse will be chosen too low
to initiate an ICD process. Hence V = Vricp +V,, in our
case.

We also insert the resolution of the identity between
the Fano time-evolution Ug(t”,t’) operator, to be speci-
fied below, and the Hamilton operator of the XUV field

J

using

1= |R) (R| +/dE{ E)) (E]| +de5 ENE

= |R) (R| + f dEj |Ej) (EqRl + / dE}|E)) (E)|. (12)

By suppressing all dependences on angular momentum and
using Eqgs. (5), (10), and (12) we arrive at an amplitude of
the sRICD process for the resonance |R) consisting of four
terms:

(Esg| V(1)) = — i/ dt’ (Ex|Uo(t,t")Hx (t)|G) —/ dt// dr" (Eg|Uo(t,1")|Esg) Ver (RIUE ", 1")R) (RIHx (1")G)

fo

t t
- / dr' / ar" / dE!y (ElUp(t, ")\ Eyk) Ver (RIUEC", 1) Elg) (ELel Hy (1)]G)
T t

t t
- / ar / % / dE, (EuslUn(t, ")\ Esk) Vir (RIURQ", )EL) (EJ)Hy (1)]G) (13)
to t

In these expressions, Uy(t,t") is the free particle time-
evolution operator, whose action was specified in Eq. (8).
Ver = (E|V|R) = 4/T'sg/(27) is related to the partial SRICD
decay rate of the resonant state ;g and UR(t”,1') is the
Fano time-evolution operator, which is specific to the resonant
state |R). The variables of the other, competing, processes
are designated with the index o. The total decay width of the
RICD resonant state is given by 'y = I'sg + ['y.

The terms of Eq. (13) are linked to the different pathways
shown in Fig. 2 as follows. The first term of Eq. (13) de-
scribes the direct excitation and ionization to the continuum
state, while the second term describes the excitation from the
ground state to the resonant state followed by a decay to the
continuum state. The third, indirect, term describes the direct
excitation and ionization to the continuum state related to the
sRICD final state, which couples to the resonant state, which
then again decays into the continuum state. The last term is
similar to the indirect term, but couples to the continuum of
the competing pRICD and Al channels. Due to a different
model system including only one final state, the latter term is
not present in Eq. (11) of Ref. [44]. The interference of these
different terms leads to the characteristic Fano profile [43].

We describe the interaction between the system and the ex-
citing XUV field in the dipole approximation. Therefore, the
corresponding Hamilton operator in the length gauge is given
by Hx(1') = —pEx(t)) = —pu-LAx () fx (), where Ex(t')
denotes the time-dependent field strength of the XUV laser,
while p denotes the dipole operator, Ax (') = Aoy cos(S2t')
is the vector potential of the laser field in the direction
of the linear polarization, and fx(¢') is the Gaussian pulse
envelope. Over the energy range of interest, we assume the
transition dipole matrix element from the ground state to
the continuum to be independent of the energy of the con-
tinuum state. To indicate these assumptions, we change the
notation as (E;|u|G) = (C;|t|G). We furthermore assume the
coupling elements between the resonant and the continuum
state to be real and independent of the continuum energy
and therefore change the notation Vg,g — Vg and Vg,g — Wx.
Then, the Fano matrix elements, i.e., (RI[UX(",¢')|R) and

(

(RIUR@",1")|E") of Eq. (13), can be solved using the pro-
jection formulation of the Fano time-evolution operator and
solving the resulting integral by contour integration. Hence
we write the Fano time-evolution operator as

Up(t". 1) = / dE [Wp (")) (Ue ()]

_ / dE W) (Ws| expl—iEG" — ). (14)

The evaluation of these Fano matrix elements is given in the
Appendix and for the sRICD signal we finally arrive at

(E]W(D)) =i<CsR|M|G>/ dt’ expli®o(Er, t,1")]Ex (1)

fo
+ (Vi (RI1|G) — i Vg (Cix| 1 G)
— inVeWg (C,|u|G))
1 t
X f dt/f dt” expli®g(E, t,t")]
) t
x exp { —i[Er — in (Vg + Wg)] ("

— ")} Ex ().
(15)

The first integral corresponds to the direct ionization pro-
cess. The second integral is identical for the resonant and
the two indirect terms. They have, though, different pref-
actors. For the case of a slowly varying envelope function
[% fx(@")~ 0] and only considering the absorption of an
XUV photon these two integrals are solved analytically for
times after the exciting pulse. The direct term is given by

_ Apx 2 (Cr|1|G)

4 eXP[_if(Ekin + Eﬁn)]

o2 5
X exp _T(Ekin + Egn — 2)

x Re{erf[ﬁ(%x + i0?(Exin + Efin — Q))] } (16)
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where Re denotes the real value and erf denotes the error function. The resonant and indirect ionization terms without their

respective prefactors are given by
Aoy Q

4[Eg — in (V + W2) — Exin — Egun
Aox Q2

+

2

exp[—it[Eg — i (V7 + Wg)]] exp[—%(ER - 9)2} (erf (T max) — erf (T1,min))

2

o
— exp[—it (Exin + Efin)] CXP[—T(Ekm + Egp — Q)z} (erf(To,max) — erf (T2, min)), (17)

4[ER —im (VRZ + WRZ) — Eyin — Eﬁn]

With Ty max= 5 (5 —io*[Eg — im (Vi + Wg)=Q1), Timin =

-+ —im(VF+ W) = Q). Tame = 75
(% —io?(Bun + Enn — @), and  tomin = — o5~ (5 +

i0%(Ein + Efn — Q)). Here, o is the standard deviation
of the Gauss distribution in time and T is the duration of the
exciting XUV pulse.

The time- and energy-differential ionization probability of
the RICD process is the absolute square of the amplitude given
in Eq. (15) and therefore a sum over 28 different terms (seven
absolute squares and 21 mixed interference terms). Their

relative contributions are determined by the Fano parameter
— _(RInIG)
4= ClulG)Ve-

B. Transition from the resonant state of the RICD process
to the initial state of the ICD process

We propose a time-resolved measurement of the RICD pro-
cess, where the quenching of the RICD process by strong field
ionization with an IR pulse at time 7, entails the initiation of
an ICD process. Technically, this means a population transfer
from the resonant state of the RICD process to the initial state
of the ICD process. We assume the transition in time to be
Gaussian shaped and that the ICD signal is unaffected by pulse
shape effects. The transition is modeled as follows.

We determine the remaining population of the resonant
state of the RICD process Ny at the beginning of the second
pulse t =1, — 4t as

2
Ny = m exp[—a%(Q — Eg)*]
x exp[—(T'sx + I,)(t; — 81)]. (18)

Here, 6t is chosen as %O‘IR with or being the standard devi-
ation of the IR pulse in time. We assume the decrease of the
population Ng(t) in the resonant state of the RICD process
|R) to have a Gaussian shape fig(¢) centered around the time
of the second pulse:

dNg(t)
dt

= —fir(ONr(1) 19)

and therefore

Ne(t) = No exp[—% erf(—%, t\/};)] (20)

Correspondingly, the population of the initial state |I) of
the ICD process Ng(t) is increased:

Nj(t) = No — Ng(1). 21

(

The square roots of the time-dependent populations are
then updated in every time step and used instead of (r|u|G) in
the calculation of the amplitude of the ionization probability.
In order to allow for a complete depopulation of the resonant
state, we have chosen o = 8.

Since we assume a direct population of the resonant state
of the ICD process |I) from the resonant state of the SRICD
process |R) induced with a short and intense laser pulse,
we assume that the terms of Eq. (13), which are mediated
by the continuum, can be neglected. After the end of the
ionizing pulse the amplitude of the ICD process associated
with resonance |I) therefore reads

(E|W(@)) = —/ dts/ dt" (E\Uo(t,t")|E)
1)) 45t

x Ver (I\UE@", t)T) /Ny (22)

III. COMPUTATIONAL DETAILS

In our model system, where the nuclei are kept fixed,
we evaluated Eq. (13), and simulated the time-dependent
buildup of the Fano resonance for the sRICD process for
parameters corresponding to those of the neon dimer at the
equilibrium distance of 3.08 A [47] after an excitation to the
Ne2s~'2p%5p. state. The parameters are given in Table 1. All
simulations were performed with ELDEST [48-52], where
only the outer integral over ¢’ in Eq. (15) is solved numerically.
We use the Fano parameter g = 10. The exact g value is
unknown to us, but we expect it to be larger than unity due
to the low probability for direct single photon ionization and
excitation. Since the exact g values are unknown, we assume
equal values for the two continua. We have performed calcu-
lations for a range of g parameters, of which a cut is shown
in Fig. 3. The time of + = 93 fs after the initiating excitation

TABLE 1. Energies and lifetimes for the excited states
Ne2s~'2pSnp-Ne (n =4, 5) undergoing RICD. The resonant en-
ergies are taken from Ref. [45], the final-state energies of the
SRICD Ne2s?2p°(Ps 2,172 p-Ne2p’ (Ps /2,172), of the pRICD and Al
Ne2s?2p*(P2.1/2)-Ne and the ICD process were averaged to give
approximations of nonrelativistic energies. The lifetimes, 7, of the
SRICD and pRICD+-AI are from Ref. [40] and the ICD lifetime are
from Ref. [46].

n=4 n=5 pRICD+Al ICD
E, [eV] 47.1230 47.6930 48.4750
Egn [eV] 41.8391 424138  21.6290  47.8688
s 'np)' SH [fs] 112 106 206 98
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FIG. 3. Peak shape of the spectator RICD electron spectrum for
50 cycles of the exciting pulse with different values of the Fano ¢ pa-
rameter at time ¢t = 93 fs after the excitation at time # = 0. The Fano
profile is modified by an oscillation in energy. This oscillation stems
from the interference terms of the direct term with the resonance
terms of P(Eypn,?) and is described by Eq. (24). The larger ¢, the
less likely the direct path and therefore, for increasing ¢, the signal is
damped for a given transition dipole moment into the resonant state.

was chosen to illustrate a typical behavior. It becomes evident
that the basic features of the spectra are identical, even though
the width and the amplitude of the signal differ. Therefore, the
conclusions of this paper are independent of the choice of the
q parameter.

The exciting pulse for the main results in Figs. 1 and 5 has
Aox =5 x 108W/cm?, Q =47.6930eV, and a FWHM =
6.1fs corresponding to 50 cycles. This duration ensures that
the bandwidth is so small that only the Ne2s~'2p%5p, state in
the neon dimer is resonantly excited.

1x10°F 7 ' ' ' ' iy =501
’ H‘ ---- off. res.
8 x 1076} \ —ny =301
‘)\ —nNxy = 20
—~ 6x1070F | ny = 10}
5
& 4x107°
2 x 1076
0 x 100

16 48 5 52 54 56 58 6
Ekin (CV)

FIG. 4. Peak shape of the sRICD electron spectrum for late time
> r‘—R after excitation of our system with electronic parameters
corresponding to those of the 5p state in the neon dimer depending
on the number of cycles of the exciting pulse ny. The shape can be
explained by folding the Fourier transform of the exciting pulse in
time with a Fano profile. In this example, the Fano parameter is
g = 10. Around the resonance energy, the peaks are identical. The
width of the peak is decreased for an increased number of cycles ny
and therefore determined by the duration of the exciting pulse. The
dashed line illustrates an excitation 0.5 eV off resonance for ny = 30.

6 M I 1 2.5x107
' | H 2x107
t=271s t="70fs
4 F @0 1 ™) -
— i { 1Nl ] 7
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£
I -7
L 1x10
o | | Ll
[(©) i
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FIG. 5. Time-resolved sRICD and ICD spectrum after initial
excitation atr = 0 and quenching the SRICD at¢ = 35 fs. The sRICD
signal centered around 5.3 eV before the second pulse shows the
buildup of a Fano profile, with an additional oscillation in energy
cos [(Exin + Egn — E,)t] [see (a) and text]. After depopulation of the
sRICD resonant state around ¢, the signal shape remains constant
[see (b)]. For the ICD signal centered around 0.6 eV shown in (c),
only the resonant term of Eq. (13) contributes, which has the shape of
a Voigt profile. A pump-probe spectrum can be obtained by varying
t;.

We assumed a complete population transfer from the res-
onant state of the SRICD process to the resonant state of the
ICD process during the second ionizing pulse over a time of
15 fs as realized experimentally [27].

IV. RESULTS AND DISCUSSION

In the investigation of decay processes with short laser
pulses, the shortness comes with the cost of an energy broad-
ening. As a consequence, the kinetic-energy spectrum of an
SRICD electron is given by a Fano profile centered around
the kinetic energy, that corresponds to the energy of the
resonant state, convoluted with a Gaussian centered around
the kinetic energy, that would correspond to a direct excitation
and ionization into the final state. Here, we show the Voigt
profile part inherent to most terms of the absolute square of
Eq. (15):

exp [ — 02 (Exin + Efin — )]

P(Exin, 00) =
(Exin + En — ER)* + F

(23)
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The shapes of the spectra are illustrated for different num-
bers of cycles ny for the exciting pulse in Fig. 4 for a late
time £ > FLR There, the mean pulse energy was chosen to
be on resonance and, therefore, the Fano profile is centered
on the maximum of the Gaussian. It is clearly seen how the
peak is narrowed with an increased number of laser cycles
in the exciting pulse. In order to only excite into a single
state we choose ny = 50, such that other excited states are
outside 3o of the energy distribution of the exciting pulse.
In future investigations of the interaction between several
decaying resonant states, a smaller number of cycles will be
appropriate.

For the case of an off-resonant excitation, the Fano profile
and the Gaussian will not be centered around the same kinetic
energy of the sRICD electron and the sRICD electron peak
will be damped accordingly as illustrated by the dashed line
of Fig. 4 for ny = 30.

By using the parameters for the neon dimer (see Table 1),
we simulated the time evolution of an initial excitation at
t =0 and quenching of the decay processes by ionization
with a second laser pulse centered at the time t = 35fs. The
results are presented in Fig. 5. We will discuss its different
characteristics separately.

The time-resolved spectrum shows two energy-separated
signals within the chosen kinetic-energy range. The signal of
the sSRICD process is initiated with the first and the signal
of the ICD process by the second laser pulse, which at the
same time reduces those contributions of the sRICD signal
that involve a population of the resonant state. Due to the fast
depopulation of the resonant state, the signal before and after
the second pulse are effectively the same [compare Figs. 5(a)
and 5(b)]. This allows one to generate a full pump-probe
spectrum. The competing autoionization and pRICD process
would result in much higher kinetic electron energies of about
26 eV and can therefore unambigously be distinguished from
the sRICD and ICD electrons shown in Fig. 5.

While the sRICD signal shows the buildup of a Fano profile
[see Fig. 5(a)], and therefore interference effects, the ICD
signal is an interference free Voigt profile [see Fig. 5(c)],
because only the resonant term [see Eq. (22)] significantly
contributes to it. This can be explained by the initiating pro-
cess being ionization rather than excitation. In case of the ICD
process, the final state is characterized by a doubly ionized
system. A single photon double ionization with low laser
intensities is very unlikely compared to a single ionization.
Hence the corresponding Fano parameter would be very large
and interference effects would have low amplitudes. At the
same time, the kinetic-energy distribution of the two emitted
electrons can be expected to be wide and not necessarily
to peak at the energy of the ICD electrons, which would
further marginalize the contribution of the direct pathway. As
a result, the signal shape is described by the absolute square
of Eq. (22), i.e., the terms of Eq. (17).

We now turn our attention from the variation of the signals
in energy to their variation in time. During the buildup of
the signals over time, they show oscillations in both energy
and time, which are easiest seen for the ICD in the video of
the Supplemental Material [53]. For the sRICD process, the
variation in time can be obtained by solving the dominant part
of the absolute square of Eq. (15) analytically. For the ICD

| Eian = 5.30V]|
6x107"rk e a exp{—%} +cl]

0 01 02 03 04 05 06 0.7 08 09 1
t (ps)

FIG. 6. Oscillation in time for observing the sRICD electron with
a kinetic energy of 5.3 eV, for ny = 50 and ¢ = 10. This oscillation
can be described by cos [(Eyxin + Egn — E,)t]. Its period is therefore
dependent on the kinetic energy of the electron. It is damped in
time by the decay of the resonant state exp(—I",7/2). While the
oscillations in energy are known and have been observed in energy,
the oscillations in time require a process with a long enough lifetime
to be observed around the resonance energy.

process, the dominant part of the absolute square of Eq. (22)
needs to be solved. In both cases, it can be shown that the
signal is proportional to

COS[(Er - Ekin - Eﬁn)t] exXp (_%t> . (24)

This equation is not specific to the decay process and therefore
valid for both the sRICD and the ICD signal (r = R, I). The
variation in energy, illustrated in Fig. 5(a), is in agreement
with Ref. [54]. As can be seen from Eq. (24), the oscillation
is also visible in time as shown in Fig. 6 for a fixed kinetic
energy of the sRICD electron of Ey;, = 5.3eV.

In order to be observed, such an oscillation requires long
enough lifetimes of the resonant state. The comparably slow
SRICD process offers the opportunity to observe and utilize
it. An oscillation in time has recently been observed experi-
mentally for an Al process [55]. In both the latter and in our
case, a discrepancy between the actual and the fitted lifetime
is observed. Given the analytical expressions of this work, we
are able to understand this discrepancy. The kinetic energy in
Fig. 6 is slightly higher than the kinetic energy corresponding
to the resonant state. The further away from the resonance
this energy is chosen, the shorter the period of this oscillation.
The oscillation is exponentially damped by the lifetime of the
decaying state. However, the dynamics of the system are more
complex than shown in Eq. (24), because some terms of the
resonant and indirect contributions are damped by exp(—I",¢)
while others are damped by exp(—1I",¢/2), which can be seen
by evaluating the time dependence of the absolute square
of Eq. (15). This behavior is effectively only observed in
the beginning of the decay, because its contribution becomes
small within a short time. Therefore, a fit of the maxima
at longer times, where the parts damped by exp(—I',¢) can
be neglected, to the function a exp[—(t — b)/2d] + ¢ gives
a good estimate of the lifetime d = t,. The fit in Fig. 6,
where the first maximum was omitted, yields a lifetime of
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68 fs . The effective overall lifetime of the excited resonant
state used as 1nput parameter for the simulations is given by
ﬁ = $ + — and e = 70fs using the parameters given
in Table T. The Value determined from the fit is slightly lower
than this effective lifetime but still matches it very well. This
kind of fit can therefore be used to determine the lifetime of

the electronic decay process.

V. SUMMARY

We have presented a time-dependent theoretical descrip-
tion of the SRICD and ICD processes investigated with short
laser pulses for a model system with frozen nuclei. We suggest
SRICD as the primary process. We then imagine that it is
possible to quench the SRICD process by a strong laser pulse
and thereby initiate the ICD process interference free. We

J

have shown an oscillation of the ionization probability in time,
which is general for electronic decay processes. For processes
with comparably long lifetimes, such as the ICD processes,
this oscillation allows for a new way of measuring the lifetime
of the underlying processes. Moreover, the basic formula-
tion opens the door for future investigations in controlling
the decay processes and to guide time-resolved experimental
studies.
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APPENDIX: FANO MATRIX ELEMENTS

1. One continuum final state

The time-independent wave function |V ) is a solution to the same Hamiltonian as considered in Ref. [43]. We therefore have

the same solution

|wg>=cm£>v>+¥/dE7mmgnEw, (AD)
with coefficients
v,

E)=— , A2
=L Fror v A

_Vea(E)

be/(E) “E-&

E—E —F(E) ,

S(E — E). (A3)

- JIE-E —FE]P + 7V}

Here, F(E) is a small shift in the energy position of the resonant state |r), which is of second order in V and which we neglect

in the following.

The Fano matrix elements of Eq. (13) involving the Fano time-evolution operator can now be solved by contour integration
in the negative complex half-plane, where a_; is the first-order residue and we use that (rjr) = 1, (E|E’) = §(E — E’), and

(E|r)y =0:

(r|Up(", t)Ir) = /dE exp[—iE(t" — )] |a(E)|*

_V2/d

_szd

= V? exp[—iE,(t" — )] / dE

= exp[—i(E, — inV?)(t"

/dE’ (rlUp (", tIE") = /dE/dE/ exp[—iE(t" — t)] a(E)by (E)

(A4)
exp[—iE(t" —1)]

(E — E,? + m2V? (A5)

exp[—iE(t" —1")]
(E—E,+inV?)(E —E, —inV?) (A6)

exp[—iE(t" —1')]

E 1 inv2) (£ —inv?) AD
=2mi V7 exp[—iE,(t" —1')] a_ (A8)
-], (A9)
(A10)

(E — E,)exp[—iE(t" —1')]
— V2 / R Ve (A11)
(E — E,)exp[—iE(t" —1')] (A12)

=V} | dE
’ / T (E-E +inV?)(E—-E, —inV?)
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E exp[—iE({t" —1')]

=Vy? —iE (1" — 1 /dE _ _ Al3

~ exp[—iE,( )] E+ V) (= V) (A13)
=27iV? exp[—iE,(t" —t')]a_, (Al4)
= —inV,exp[—i(E, — inV?) (" —1)]. (A15)

2. Two continuum final states

The time-independent wave function |Wg) is a solution to the same Hamiltonian as considered in Ref. [43]. After neglecting
F (E) as before we therefore have the same solutions

[Wg) = a(E)|r) + f dE b (E) |E}) + / dE;bg;(E) |E;), (A16)
with coefficients
/Vrz + Wr2
a(E) =— , (A17)
\/(g —E +72(V2+W2)
V,a(E E—E,
by (E) =2 = S(E — E. (A18)
VVPAWHE=ED (B 4+72(V2+W2)
W,a(E) E—E ,
cg(E) = 3(E - Ey). (A19)

VVI+WXE — E}) \/(E —EY+ (V2 + Wr2)2

The Fano integrals can now be solved by contour integration in the negative complex half-plane, where a_; is the first-order
residue and we use that {r|r) = 1, (E|E’) = §(E — E’), and (E|r) = 0:

(rlUp@", 1))]r) = (V7 +W7) / dE exp[—iE(" — )] |a(E)I (A20)
_E t// _ t/
= (V2 + W) / gg — SPLTEW )] . (A21)
(E—E)?+m2(VZ+W?)
_ E t” _ t/
= (V2 + W) / dE __ expliE( . (A22)
[E—E +in(V2+W2)][E - E — in(V}+W?)]
) . exp[—iE(t" —1')]
= (V> + W?) exp[—iE.(t" — 1’ /dE _ _ A23
(V2 W) expl—if 7 =01 [ dE s S [~ (e W] O
=27i (V? + W?) exp[—iE,(t" —t)]a_ (A24)
= exp{—i[E, — i (V} + W?)]@" — )}, (A25)
/ dE' (r|Up(t",t)|E") = / dE [ dE" exp[—iE(t" —t")] a(E)by,(E) (A26)
E —E, —iE(t" -t
—v, / i &= Er) expLE )]2 (A27)
(E—E?+m2(VF+W?)
E—E, —iE@t" -1
—v f dE .(_ ) exp[—iE( .)] (A28)
[E—E +in(V2+W)][E—-E —in(VZ+W2)]
o _ E exp[—iE(" —1t")]
=V, exp[—IiE (" —t dE — ~ A29
Pttt =0 [ 0 G AT = (7 T 4
=2miV, exp[—iE,(t" —t")]a_; (A30)
= —inV, exp{—i[E, — in (V} + W?)]¢" — ")} (A31)
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