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In this article we present the results of an ab initio study of electron transfer mediated decay (ETMD) in
NeXe dimer triggered by the K-LL Auger decay of Ne. We found that the Ne®'(2p~2 'D)Xe and
Ne?*(2p2 1S)Xe states which are strongly populated in the Auger process may decay by ETMD emitting
a slow electron and leading to the Coulomb explosion of the dimer which results in Ne™ and Xe** ions.
We also computed the corresponding decay widths, the ETMD electron spectra, and the kinetic energy
release of the nuclei (KER) spectra. We showed that the spectra corresponding to the decaying states
which derive from the two multiplets have completely different shape which reflects differing accessibil-
ity of the ETMD final states. Thus, in the Ne*(2p-2 1S)Xe state ETMD is allowed for all interatomic dis-
tances accessible in nuclear dynamics, while in the Ne**(2p~2 'D)Xe state the ETMD channels become
closed one by one. This in turn leads to the different behavior of the ETMD decay widths and ultimately
the spectra. We show how these differences make it possible to study ETMD of the two states separately
in a coincident measurement. We also discuss how the dynamics which follow ETMD in the final state

manifold may lead to the appearance of the unusual products: Ne, Xe** and a slow electron.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The initial effect of ionizing radiation interacting with a weakly
bound medium is to ionize or excite constituent atoms and mole-
cules. The energy invested locally by photon absorption dissipates
through a sequence of relaxation processes, with the processes
involving electronic degrees of freedom being among the fastest.
For highly excited electronic states local autoionization processes
such as Auger decay [ 1] take place. However, in a medium ultrafast
electronic decay may occur even if the local autoionization chan-
nels are closed. As Cederbaum and co-workers showed in 1997
[2], inner-valence vacancies in small hydrogen-bonded clusters of
HF which cannot decay in the Auger process decay instead in the
process they named interatomic Coulombic decay (ICD). In ICD
the excess energy on the monomer with the inner-valence hole
is transferred to a neighbor ionizing it. Numerous investigations
published since the original article have established, first, that
the process is completely general and occurs for any type of elec-
tronic excitation which has sufficient energy to ionize its environ-
ment [3]. Second, that it occurs on the femtosecond timescale [3]
and is efficient in quenching concurrent processes such as photon
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emission [4] or molecular dissociation [5,6]. Third, that ICD is an
integral part of complex de-excitation cascades which follow ion-
ization or excitation of deeply lying core levels [7-10]. Efficient
ionization of the environment, such as solvent, inherent in ICD,
as well as production of electrons in the range of few to a few tens
of eV make this process important in explaining radiation damage
to molecules [11].

To a large extent the success in studying the properties of ICD
can be attributed to close collaboration among theorists and exper-
imentalists. This collaboration has been particularly fruitful in
investigating ICD in rare gas dimers where both ab initio calcula-
tions and the experimental observations can be done with a great
degree of detalization and to high precision. Thus, the theoretical
investigation of ICD in Ne dimer [12,13] was a motivation for the
first unambiguous experimental observation of ICD [14] which, in
turn, led to refined calculations [15] to account for the discrepan-
cies between the experimental and the previous theoretical results.
This call-and-response interaction between the experiment and
theory and the reliance on rare gas dimers to clarify the fundamen-
tal properties of ICD have led to its successful investigation as part
of Auger driven cascades [7,8,16-18], in extreme quantum systems
such as He dimer [19], or as it progresses in real time [20,21].

Contrasted with the success of studying ICD the theoretical
and experimental investigation of a related interatomic
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process - electron transfer mediated decay (ETMD) - lags behind.
The process was originally demonstrated by Zobeley et al. to occur
together with ICD in mixed rare gas clusters following the inner-
valence ionization of constituent atoms [22]. In ETMD a neighbor
donates an electron to an ionized species and the released energy
is used to ionize the donor (ETMD(2)) or another neighbor
(ETMD(3)). The ETMD is possible whenever the electron attach-
ment energy of an ion is larger than the double ionization potential
of its environment. Both the original publication and the subse-
quent theoretical work [23] have shown that for inner-valence ion-
ized systems the rate of ETMD (picosecond timescale) is orders of
magnitude smaller than the one of ICD making it a minor decay
channel.

However, should ICD become energetically forbidden, ETMD
may become the leading relaxation process. Ab initio calculations
helped to identify a number of mixed small rare gas clusters where
the ICD channel for the inner-valence ionized state is either out-
right forbidden (ArKr,, KrXe,) [24,25] or is allowed for geometries
which the cluster cannot access (ArXe,) [26]. Even if ICD becomes
allowed in larger clusters such as Arp,Xe, it does not occur with the
nearest neighbors and its rate becomes comparable to that of
ETMD [27]. First unambiguous experimental observation of ETMD
was achieved simultaneously in larger Ar,Kr, clusters following
the 3s-ionization Ar [28], and in Ar, after the double Auger decay
of the 2p-vacancy which populates the states in which ICD is either
forbidden or slow [29].

It has been only recently realized that multiply, or even singly,
ionized atoms with holes in the outer-valence shells represent a
general type of a system where ETMD is the leading electronic
decay process when such ions are embedded in a suitable environ-
ment [30,31]. Such electronic states carry little or no excess energy
in isolated ions, therefore, ICD channels are closed in a medium. On
the other hand their electron attachment energy is often larger
than the double ionization potential of the neighboring species
enabling ETMD.

The multiply charged ions are produced in abundance following
the Auger decay process, and the subsequent ETMD step leads to
their partial neutralization, while the neighbors become doubly
ionized and a slow electron is set free. This ETMD driven neutraliza-
tion has been demonstrated theoretically in NeKr, clusters, where it
was shown to occur within a few picoseconds at the equilibrium
geometry of the cluster and to be considerably accelerated due to
the motion of the nuclei [30]. ETMD leading to the rapid neutraliza-
tion of multiply charged species was found to be a crucial step in the
de-excitation cascades initiated by X-ray photoabsorption of the
microsolvated metal ions [32] where it occurs already within a
few tens of femtoseconds. The ETMD of the outer-valence ionized
states is also an efficient way of producing doubly ionized species
in a medium. Thus, the ETMD driven single-photon double ioniza-
tion was theoretically shown to be the leading ionization mecha-
nism for atoms and molecules embedded in He environment [31].
This process has been recently experimentally demonstrated in
He nanodroplets doped with the Mg, clusters [33].

For all the investigations of ETMD reported so far no study anal-
ogous to the exemplary work on ICD in Ne, has been carried out. In
this article we discuss a rare gas dimer which can be used for a
detailed investigation of ETMD both ab initio and experimentally.
We present here the results of calculations of the ETMD process
in the NeXe dimer which takes place following the normal Auger
decay of a 1s-vacancy in Ne. The latter process leads predomi-
nantly to the production of the Ne**(2p~2) ions (~70%) which con-
tinue decaying in the ETMD(2) process with Xe. This leads in turn
to the emission of a slow electron and the production of Ne" and
Xe?* jons which fly apart in a Coulomb explosion as is shown by
the following equation

Ne** (2p~2)Xe — Ne*(2p~1)Xe?" (5p~2) + exmmp
— Ne™ + Xe*" + egmup. 1)

The proposed system is the only rare-gas dimer where ETMD of the
outer-valence ionized atom can be observed in an electron-ion-ion
coincidence experiment following a one step Auger process [34].
This system has important advantages over higher charged states
necessary in other dimers (see the Ar, case in Ref. [29]). First, the
doubly ionized states are more tractable computationally than the
higher charged states. Second, they are efficiently produced in the
one-step Auger decay, while to obtain higher charged states one
needs to rely either on the double Auger process with its relatively
low yields or on complicated Auger decay cascades. In what follows
we present the results of an ab initio computation of the energies

and the ETMD rates of the Ne?" (2p-2)Xe states, as well as the exper-
imentally observable ETMD electron and nuclear kinetic energy
release spectra.

2. Computational methods
2.1. Potential energy curves

The NeXe ground state potential energy curve (PEC) was com-
puted by the coupled cluster singles, doubles and perturbative tri-
ples (CCSD(T)) method implemented in the GAMESS-US 2011
quantum chemistry package [35]. For this purpose we used the
aug-cc-pVQZ basis set on neon and the aug-cc-pVQZ-PP basis set
on xenon, taking the scalar relativistic effects on xenon into
account by a 28-electron effective core potential [36]. An addi-
tional mid-bond basis set containing 3 s-type, 3 p-type, 2 d-type,
2 f-type, 1 g-type (3s3p2d2flg) basis functions was used to
improve the description of the electronic density between the
atoms [37]. The resulting curve was corrected for the basis set
superposition error.

The potential energy curves for the doubly ionized decaying
states and the triply ionized ETMD final states in NeXe were
obtained by adding the corresponding non-relativistic ionization
energies to the energy of the NeXe electronic ground state. The dou-
ble and triple ionization energies were in turn computed within the
framework of the Algebraic Diagrammatic Construction (ADC)
scheme based on the perturbational expansion of the two-particle
and three-particle propagator, respectively, complete up to second
order in perturbation theory (ADC(2)) [38,39]. The double ioniza-
tion energies were computed using the strict version of the ADC
(2) method in which there is no coupling within the
3-hole-1-particle block. The extended version of the ADC(2)
scheme, where the coupling within the 4-hole-1-particle block is
taken to first order, was used to compute the triple ionization ener-
gies. The calculation of the respective ionization energies also
allows to determine which electronic decay channels are open for
each specific decaying state; this information is important for the
calculation of the total and partial decay widths described below.

The relativistic effects are important in the final triply
ionized Ne*Xe?" and NeXe® states accessible via ETMD. The most
prominent of them - the spin-orbit splitting of the
Net(2p~!2P)Xe**(5p—23P) state - is taken into account
phenomenologically. Obtaining the ETMD final state manifold
which comprises the correct interactions between Ne'Xe?' and

NeXe3* states requires full relativistic calculations. They were not
done, since as we discuss below the phenomenological model
derived from the non-relativistic results leads to the ETMD spectra
of sufficient accuracy. Moreover, the relevant electronic decay
widths can be currently computed only non-relativistically,
making the utility of fully relativistic PECs questionable.
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The NeXe reference electronic state, molecular orbitals and
electron integrals required by the ADC calculations were computed
by the restricted Hartree-Fock method as implemented in the
MOLCAS 7.4 package [40]. We used cc-pVQZ basis set on neon
and the nonrelativistic cc-pVQZ basis by Mahler et al. [41] in the
ionization energies’ calculations.

2.2. Electronic decay widths

The ETMD widths were calculated by means of the Fano-
ADC-Stieltjes method [23,42,43]. According to the Fano approach
[44] the total decay width, I', can be found from the coupling term
between the bound part |®,) of the resonance wave function and
its continuum part at the corresponding resonance energy, | ):

I =203 (@yHazy ) @
f

where H, denotes the electronic Hamiltonian and f enumerates
open decay channels. The bound and continuum parts of the reso-
nance wave function as well as the coupling between them were
constructed by means of the extended second order adiabatic
diagrammatic construction (ADC(2)x) scheme for the two-particle
propagator [42].Within this scheme the many-electron wave
functions are expanded in the intermediate state basis N2 (see
Ref. [45]) which spans the 2h (two-hole) and 3hl1p (three-hole
one-particle) space built on top of a reference function [38]. In the
particular case of the ADC(2)x method the spin-adapted 3h1p inter-
mediate states P, are just the corresponding 3h1p configuration
state functions which are obtained by the application of the physi-
cal excitation operators C; to the restricted Hartree-Fock ground
state |®y)

P2 = (| ®o) = chckciCm| Do), 3)

where cy, ¢/, ¢y denote the annihilation operators acting on occupied
orbitals and c} the creation operator acting on virtual orbitals.

The bound and continuum components of the resonance wave
function are obtained by diagonalizing the projections of the ADC
Hamiltonian matrix onto the Q (initial) and P =1 - @ (final)
subspaces, respectively. The final subspace comprises all open
channels whose total number, nq.n, and electronic structure are
ascertained in the calculation of the triply ionized states described
in the previous section. To construct the P-subspace we first note
that the 3h1p configurations in Eq. (3) represent the final triply
ionized states with a continuum electron remaining in the vicinity
of the system. Holding the particle index p constant and varying
the hole indices we select a subset of intermediate states. This sub-
set is used to construct and diagonalize a Hamiltonian matrix
which yields the adapted [43] states

1Oy = ey N2 (4)
1

The spectrum of these states usually has a similar structure to the
spectrum of triply ionized states which allows one to identify differ-
ent channels. Thus, the lowest ny,., adapted states are taken to rep-
resent the open decay channels and are added to the P subspace,
while the rest is added to the Q subspace. This procedure is
repeated for all p’s producing the P subspace. To obtain the com-
plete O subspace one should augment the corresponding set of
the adapted states by adding to it all 2h intermediate states.

In NeXe ETMD proceeds predominantly into the states of the
Ne'(2p-1)Xe*"(5p2) character. There are 90 different
Ne'(2p~! 2P)Xe*" (5p~2) non-relativistic final states which split
into three groups derived from the 3P, 'D and 'S multiplets of
Xe?"(5p~2). The spin multiplicity of the final states when a

continuum electron is added can be either 2 or 4. The spin-quartet
states are inaccessible in the electronic decay, since the decaying
states in our system are spin-singlet and the coupling term is spin
free. This leaves 27 doubly degenerate spin-doublet Ne*Xe?" final
states accessible at large interatomic distances, and we chose the
corresponding number of adapted states to represent the P
subspace. At intermediate interatomic distances, where the decay
into the Ne*Xe®"(5p=21S) states is forbidden, only 24 adapted
states are used to construct P, while the 3 adapted states lying just
above them are removed from the calculation. At short
interatomic distances, where only the channels corresponding to
NetXe?*(5p~2 3P) are open, the P subspace contains only the low-
est 9 adapted states. It has to be remarked that the states removed
from the P subspace when the corresponding channels are closed
do not enter the Q subspace to avoid irregular behavior of the
decay width with the interatomic distance.

Diagonalizing the electronic Hamiltonian projected onto the Q
subspace, OH,,Q, one obtains the decaying states |®,) and the cor-
responding energies E, which can be taken with sufficient accuracy
as the positions of the respective resonances. The diagonalization
of the PH, /P projection of the electronic Hamiltonian yields the

discrete pseudocontinuum states j;,, having the energies E,
E; = (7:|PHaP| 1) (5)

and coupled to the decaying state |®,) via the PH,Q part of the

Hamiltonian. The pseudocontinuum states obtained in an L2
calculation have wrong normalization and asymptotic behavior.
However, we obtain accurate value and the correct dimensionality
of the decay width I' by applying the Stieltjes imaging procedure
[46,42] to the auxiliary quantities

Jr = 270|(®p|QHP| 1) (6)

The procedure described above is used to compute the total
ETMD width of Ne?"(2p~2)Xe states. The partial ETMD widths, T,
corresponding to the decay into the specific Ne*(2p~1)Xe*" (5p-2)
states correlating with different multiplets of Xe?* were computed
by the projection operator approach described in Ref. [23] for the
Ne?*(2p~2 'D)Xe decaying states. Similar computation was not
possible in the case of the Ne*"(2p-2 'S)Xe decaying state due to
the strong mixing of the Ne*(2p~1)Xe*" (5p-2) and NeXe’" (5p~3)
final states.

Within this approach the total final subspace is represented as

P=>P (7)
f

where Ps is a projector on the channel f. The partial widths are
obtained from the auxiliary quantities

70 = 270 (@4 | QH Py |7, ®)

similarly to the case of the total width. In constructing the projector
operators Py we relied on the fact that the intermediate states span-
ning the subspace P are just the 3h1p configuration state functions
(see Eq. (3)). Thus, a Hamiltonian matrix is built within the basis of
3h configurations

(@) ) = CL|®o) = CuCiC| Do), (9)
whose diagonalization yields a set of triply ionized states

B2 = @) 7). (10)
L

Different decay channels can be clearly identified among the @}’*3)
states. A discretized representation of a scattering state correspond-
ing to the open decay channel f is then obtained in the following
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series of steps. First, a continuum electron is added to a virtual orbi-
tal p:

D)) = @), (11)
Second, the 3hlp states |Ci>’;f*2> are orthogonalized relative to the
bound component |®,)

[D5%) = D)) — |®p) (B2 |y), (12)

yielding a set of states \(i)gfz). Finally, the latter are further

orthonormalized among themselves by a symmetric orthonormal-
ization procedure:

PN-2) Z\@N ) (o ) (13)
Ppp = (P2 1D)2). (14)
The 3h1p states |\?gf2> are used to construct the projector onto the
channel f:

Py 72)11” (P2 (15)

By construction the sum of partial widths, I'y, over the open
channels should give, as required, the total width I'. However,
the errors involved in the numerical computation mean that the
two quantities may differ. In the current calculation the sum over
partial widths deviate from the total width by a factor of about 1.3.
The final partial widths are, therefore, obtained by renormalization
of the sum to the independently calculated total width.

The decay width calculations were performed using the cc-pvVQZ
basis sets on neon [36] and nonrelativistic cc-pVQZ [41] basis set on
xenon. For an improved description of the pseudocontinuum
additional 5s5p5d3f continuum like Kaufmann-Baumeister-jungen
(KBJ) [47] basis functions on neon, 7s7p7d4f1g basis functions on
xenon and 2s2p1d midbond basis functions were used.

2.3. Nuclear dynamics and ETMD spectra

The nuclear dynamics accompanying the electronic decay pro-
cess is described by using a theoretical framework based on the
propagation of nuclear wave packets, described in detail in Ref.
[13] to which the reader is referred. The nuclear wave packets
propagating along the initial, decaying and final states PES are
obtained by solving a system of coupled time-dependent
Schrédinger equations. The Hamilton operator associated to each
of the electronic states is given by the sum of the nuclear kinetic
energy operator Ty and the associated potential energy operators
Vi, Vg, and V;, obtained as described in Section 2.1, where i stays
for initial, d for decaying and f for final state and the indices j
and k number the decaying and final states, respectively. Addition-
ally, for the decaying states the complex term —il'%/2 has to be
added, with I'% being the corresponding total decay width opera-
tor computed as in Section 2.2: this renders the Hamilton operator
for the ETMD states non-hermitian. The partial decay width oper-
ator F}j{( associated to the transition from a given decaying state to
a specific final state f,, is responsible instead for the coupling
between the equations for the corresponding decaying and final
wave packets. In principle, also the equations for the initial and
the decaying wave packets are coupled through the excitation
operator, which typically contains the transition dipole moment
between the states. For the present study, however, the ionization
process is assumed to be instantaneous, and the excitation
operator independent on the nuclear coordinate. Furthermore,
due to the much shorter Auger lifetime of the Ne"(1s~!)Xe state

in comparison to the ETMD lifetime of the Ne?*(2p-2)Xe states,
the nuclear dynamics is neglected also in the Auger decay step,
so that the nuclear wave packet propagation is started by a vertical
transition of the initial wave packet to the PES of the states decay-
ing via ETMD, as done in similar dynamical studies of Auger-ICD
cascades (see e.g. Refs. [18,48]). Therefore the initial condition is
W (to) = Wi(to), where Wy, is the wave packet propagating along
the PES of thed]f” decaying state and ¥; is the wave packet
associated to the initial electronic state. The initial wave packet
at time to, Wi(to), is taken to coincide with the lowest vibrational
eigenstate of the electronic ground state of NeXe: it is therefore
gaussian-like and centered at about 3.9 A, the equilibrium distance
of the ground state PES (see Section 3). The numerical grid used
starts at 2 A, ends at 11 A and contains 1806 points, the wave
packets are propagated for about 200 ps before convergence for
all decay channels is obtained.

All the spectroscopic information required for the computation
of the ETMD electron spectrum is contained in the wave packets
for the final electronic states. In the absence of non-adiabatic cou-
plings between the decaying and final states, the total electron
spectrum is obtained as the sum of the partial spectra associated
to the decay from each intermediate to each accessible final state,
i.e.

™ (Egrup) = lima (Egmp. ©)

= !LIEZZW?L (Eermp, t) \‘//}ji (Eemmp, t)), (16)
i k

where Egpyp is the energy of the emitted ETMD electron and
1//}11' (Eermp) is the final wave packet propagating along the kth final
state and resulting from the decay of the jth decaying state. There-
fore, by the knowledge of the nuclear wave packets at each time, it
is possible to follow the time evolution of the spectrum, given by
0 (Egmmp, £).

The kinetic energy release spectrum for the fragments emitted
after the decay is obtained from the electron decay spectrum by
making use of the reflection principle [15], which is based on the
principle of energy conservation and, therefore, exploits the rela-
tion Eror = Egrmp + Exer + V', where V{© is the asymptotic value
of the final state PES. Note however that, as it will become clear
in Section 3, additional information about the different decay chan-
nels can be extracted from the KER, which is instead hidden in the
electron spectrum.

3. Results and discussion
3.1. PECs of the initial and final states of ETMD

In this article we consider electron transfer mediated decay of
doubly ionized states of NeXe populated by the Auger decay pro-
cess of 1s-vacancy on Ne (see Eq. (1)). The Auger decay in weakly
bound vander Waals clusters has overwhelmingly atomic character
[49], therefore,the population of different Auger final states can be
taken directly from the atomic data. In the case of Ne it is mostly
different Ne®* states (93%) which are produced with an insignifi-
cant admixture of the Ne?* states (6%) [50]. Among the Ne?" states
the most populated are the ones characterized by the 2p—2 config-
uration: Ne?*(2p~2 D) (61.2%) and Ne** (2p~2 1S) (9.6%) [51]. These
states lie at energies of 3.20 eV and 6.91 eV, respectively, above the
ground state Ne**(2p-2 3P); both excess energies are below the
ionization potential of Xe (12.1 eV). However, attaching an electron
to these states and producing Ne*(2p~' ?P) releases 44.2 eV and
47.9 eV, respectively, which is above the double ionization
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potential of Xe (33.1 eV). Therefore, in NeXe these states will decay
predominantly via ETMD, since ICD is energetically forbidden.
Strong population of the Ne®" (2p~2) states in the Auger decay pro-
cess and the absence of available electronic decay channels other
than ETMD make these states ideal for the study of ETMD in rare
gas dimers. The Ne**(2s-12p-! 'P) state which is also noticeably
populated in the Auger decay (17.0%) undergoes ICD, whose signa-
ture is different from that of ETMD and can be recognized in a coin-
cidence experiment [8,52]. Although the interatomic electronic
decay channels are also open for the Ne*" states, we will not study
them in this article due to their low population.

The non-relativistic PECs of the doubly ionized states of NeXe
which correlate with the decaying Ne*'(2p2'D)Xe and
Ne?* (2p~2 1S)Xe are shown in Fig. 1. The five PECs of £, IT, and A
symmetries which correspond to the former multiplet are virtually
degenerate for all interatomic distances but the shortest. The PECs
are bound and have the binding energies of 0.92-0.95 eV and the
equilibrium distances ~2.85A. The PEC of the Ne®'(2p~21S)Xe
(X) state has the binding energy of 0.95 eV at 2.90 A. The minima
of the PECs of both decaying states lie at shorter interatomic dis-
tances than the equilibrium distance Ry =3.90 A in the electronic
ground state of NeXe. Therefore, we expect ETMD to be accompa-
nied by nuclear dynamics leading to the contraction of the average
interatomic distance [30,31].

The non-relativistic final states of ETMD correlate at large
interatomic  distances with the Ne'(2p~!2P)Xe?"(5p~23P),
Ne®(2p~! 2P)Xe*" (5p~2 'D), and Ne*(2p~! 2P)Xe®* (5p~21S) states.
These states form three energetically well separated groups (see
Fig. 1). Both Ne?"(2p=2 'D)Xe and Ne*'(2p~2 'S)Xe states decay
into this manifold of states emitting an electron and setting off
the Coulomb explosion of the Ne* and Xe?* nuclei. Under the effect
of the spin-orbit coupling the lowest group corresponding to the
Net(2p~! 2P)Xe** (5p~2 3P) states will split into three correspond-
ing to the three atomic terms of Xe®'(5p~2):3P,,3P;, and 3P,
(see Fig. 2).

The manifold of the final states of ETMD is made complicated by
the appearance of the states of NeXe®*'(5p~3) character.
Asymptotically these states lie only about 10 eV higher than the
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Fig. 1. Non-relativistic ab initio diabatic PECs of the decaying Ne**(2p~2)Xe states
and adiabatic PECs of the final Ne*Xe?* (dashed lines) and NeXe>* (dashed-dotted
lines) states of ETMD. The PECs of the decaying states were shifted so as to match
the experimental atomic energies as given in Ref. [53] at asymptotic separations.
All final states were uniformly shifted so that the PECs of the
Ne*(2p~! 2P)Xe? (5p~2 'D) match the asymptotic value available experimentally.
The errors in the asymptotic energies of other states were <0.54 eV. Note, that
ETMD of the Ne?*(2p~2 'D)Xe leads only to the appearance of the Ne™ and Xe?*
ions. The decay of the Ne?* (2p-2 1S)Xe state can also produce the Ne, Xe** pair. The
dotted vertical line denotes the equilibrium distance Ry of the NeXe ground state.
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Fig. 2. (Solid lines) Non-relativistic diabatic PECs of the decaying Ne’*(2p-2)Xe
states and the PECs of the final Ne*Xe?" states obtained using a phenomenological
model. The final states are approximated by 2/R curves which have correct non-
relativistic energies at the limit of the separated atoms. (Dashed lines) The 2/R
curves corresponding to the spin-orbit split Ne*(2p~! 2P)Xe** (5p~2 3P) states. The
dotted vertical line denotes the equilibrium distance R, of the NeXe ground state.

Ne'Xe?" states. Their PECs lie above the ones of the
Ne?"(2p~2 'D)Xe decaying state and are inaccessible from it in
the electronic decay; however, the Ne’*'(2p-21S)Xe state can
electronically decay into these states. Such decay may be termed
double ETMD, since two electrons are transferred from Xe to Ne,
while the third one is emitted into continuum. Double ETMD
which involves three electrons of which two are transferred
between atoms should be much slower than the normal ETMD
which suggests that this channel might be neglected. However,
the fast growing repulsive Ne*Xe®" states cross and interact with
the NeXe®* states leading to the appearance of a series of avoided
crossings between 2 A and 4 A, i.e. exactly at interatomic distances
where ETMD takes place. Thus ETMD might efficiently proceed into
a Ne™Xe?" state to be followed by the separation of the nuclei on an
adiabatic PEC such that it is Ne and Xe** which are produced and
not Ne* and Xe?".

This shows that if high precision is desired in the description of
ETMD spectra of the Ne?" (2p~2 1S)Xe state one needs the accurate
knowledge of the positions of and coupling strengths at the
avoided crossings between Ne*Xe?" and NeXe®* final states which
can be obtained only in high level relativistic calculations. More-
over, to find accurate branching ratio of the decay into each of
these two classes of final states calculation of the non-adiabatic
nuclear dynamics in the final state is necessary. However, the
decay of the Ne®"(2p21S)Xe state proceeds mostly into the
Ne*Xe** manifold; the decay to the NeXe>" states remains weak.
Therefore, in our computations of the spectra we rely on a model
Ne*Xe?* final state manifold introduced in the next paragraph,
while the decay into NeXe** states will be discussed qualitatively.

The PECs of the Ne*Xe?" final states behave very nearly as 2/R
for the interatomic distances at which ETMD of the
Ne?* (2p~2 'D)Xe multiplet takes place. Therefore, we replace the
respective PECs via the 2/R curves and shift the latter individually
so that each matches the respective experimental energies at the
separated atoms’ limit (see Fig. 2). For the interatomic distances
where ETMD into the respective final states is allowed the approx-
imation works best for the PECs deriving from the
Ne'(2p~' 2P)Xe*" (5p~2 'S) states (cf. Figs. 1 and 2). The group of
PECs corresponding to the Net(2p~! 2P)Xe**(5p-2 'D), which are
degenerate at large interatomic distances, are not degenerate
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anymore at the distances where the ETMD of Ne®*(2p-2'D)Xe
takes place. However, the energy splitting amounts to a few
hundred meV atmost and will result in small changes of the
spectra’s shape. Finally, for the Ne"(2p~! 2P)Xe?" (5p-2 3P) state a
similar degeneracy lifting and the appearance of the avoided
crossing with a NeXe>* state should similarly have a small impact
on the ETMD spectra. The spin-orbit interaction in the
Ne"(2p~! 2P)Xe?" (5p~2 3P) multiplet is the most important rela-
tivistic effect in the final states manifold. Since the overall shape
of the PECs will be mostly determined by the Coulomb repulsion
between Net and Xe?" in the range of R relevant for ETMD, the
impact of this interaction will be to split the corresponding group
of states into three. We can also use this model to estimate the
ETMD spectra obtained in the decay of the Ne?* (2p~2 1S)Xe state,
although the expected result will be less accurate due to the more
complex structure of accessible final state manifold.

We can immediately use the phenomenological model of the
ETMD final states in Fig. 2 for a qualitative discussion of the ETMD
spectra. Thus, ETMD of the Ne?'(2p2'D)Xe state into the
Net(2p~!2P)Xe**(5p=2'S) channel becomes forbidden at
R = 4.5A. Since the initial vibrational wavepacket is centered
about Ry =3.90 A, and the dynamics in the decaying state leads
to the shortening of the average interatomic distance, the
ETMD into this channel will be limited only to the exponential
tail of the wavepacket and, thus, will be negligible. Therefore,
ETMD proceeds mostly in the Ne®(2p~!2P)Xe?"(5p~2'D) and
Ne'(2p~!2P)Xe?" (5p~23P) channels which become closed at
3.45 A and 3.00 A, respectively. From the positions of the thresh-
olds we conclude that the electron spectra cut-off lies at 0 eV,
while the maximum KER available in the system is about 9.60 eV
(10.10 eV if the spin-orbit splitting of the Xe?*(5p~23P) term is
taken into account).

The decay from the Ne**(2p—2 'S)Xe is possible into all three
ETMD channels. Only the Ne'(2p-!2P)Xe*'(5p=21S) channel
becomes closed at 3.05 A, while the two other channels remain
open for all interatomic distances of interest. Therefore, a large
proportion of ETMD events will take place at the inner turning
point R;; ~2.45 A. The minimum electron energy expected in the
decay of this state is, thus, about 0.55 eV, while the maximum
KER is about 11.66 eV. The larger maximum KER in this case indi-
cates that ETMD might take place at shorter interatomic distances
compared to the case of the Ne®"(2p~2 1D)Xe state.

3.2. Total and partial ETMD widths

To obtain the full shape of the electron and KER spectra we
first need to know the values of the total and partial ETMD
widths for each decaying state. The total ETMD widths of the
13111, and 'A terms which derive from the Ne?'(2p-2!D)Xe
multiplet are shown in Fig. 3. First we observe that for all but
the shortest interatomic distances the widths show exponential
behavior characteristic for the charge transfer driven processes.
The sudden jumps at 4.55A, 3.45A, and 3.05A occur due to
the closing of the Ne®(2p~!2P)Xe®*(5p2!S), Ne*(2p~! 2P)Xe?"
(5p2'D), and Ne'(2p~' 2P)Xe*'(5p~23P) channels. The total
widths of the 'Y and 'IT terms are very similar for all R in ques-
tion and are up to two orders of magnitude larger than the
width of the'A term. This ordering of the total decay widths
can be explained by the different extent of the overlap between
the hole density in Ne?" and the valence electrons of Xe which
determines the efficiency of the charge transfer. Thus the X
and 'TI terms derive from the pe—2 and po'pn—' configurations

100 %

le-061

Fig. 3. Total ETMD widths of the terms deriving from the Ne’*(2p-2 'D)Xe, and
Ne**(2p21S)Xe decaying states. (Dashed line) 'S term derived from the
Ne?*(2p~2 1S)Xe, (Dotted line) ' term, (Solid line) 'T1 term, (Dashed-dotted line)
A term derived from the Ne**(2p-2 'D)Xe. The numbered dashed vertical lines
enumerate different channel thresholds in the decay of the Ne?*(2p~2'D)Xe
multiplet: (1) Ne*(2p~!2P)Xe*"(5p21S), (2) Ne*(2p ' 2P)Xe*'(5p2'D), (3)
Ne*(2p~! 2P)Xe?* (5p~23P). The dotted vertical line denotes the equilibrium
distance Ry of the NeXe ground state.

of Ne*" respectively. The hole in the po orbital overlaps well
with the valence electrons on Xe facilitating ETMD. On the con-
trary, the hole density in the 'A term is described by the pm—2
configurations and overlaps much less with the electron density
on Xe.

We next consider more closely the behavior of the total widths
in the region where the dynamics during ETMD takes place. The
total widths of the three terms at Ry, are 0.298 meV (2.18 ps),
0.308 meV (2.11 ps), and 0.042 meV (15.47 ps) for the X, I,
and 'A terms, respectively. The width grows with decreasing dis-
tance, however, it does so non-monotonically due to the closing
of the Ne* (2p~! 2P)Xe®" (5p~2 'D) channel at 3.45 A. This behavior
leads to an interesting result that for the 'I1, and 'A terms the
width reaches maximum not at the shortest distance at which
the decay is possible but at the Ne*(2p-! 2P)Xe**(5p~2 'D) thresh-
old. For the 'T term the values of the width at both thresholds
(denoted (3) and (2) in Fig. 3) are very close. Therefore, due to
the closing of the channels the total width oscillates in the range
of R where the nuclear dynamics takes place during ETMD.

The behavior of the partial decay width will be discussed only
briefly. Since our methods do not always allow the construction
of channel projection operators, one often approximates the partial
decay width by dividing the total width through the number of
available final states. This approximation may lead to noticeable
errors; however, their impact on the measurable spectra will be
small if the final states are nearly degenerate and do not interact
with other states. Therefore, in our case it is sufficient to
compute only the partial decay widths into the groups of nearly
degenerate states correlating with the Ne"(2p~! 2P)Xe?" (5p~2 3P),
Ne'(2p~!2P)Xe*" (5p~2 'D) and Ne'(2p~! 2P)Xe®" (5p~2!S) atomic
multiplets. We could carry out such calculation of the partial
widths only for the Ne?" (2p~2 'D)Xe decaying state. Interestingly,
at R > 4.55 A where all three channels are open the ratio of partial
widths is 3.3:4.0:1.0 (averaged over the initial Ne*"(2p-2 'D)Xe
multiplet) which should be compared to the ratio of final states
multiplicities 9:5:1. At R, where the decay into the
Net(2p~!2P)Xe**(5p~2'S) is forbidden the ratio of the partial
decay widths into the two remaining channels is 6:5 compared
to the 9:5 ratio of their multiplicities.

The behavior of the total ETMD width of the 'Y term deriving

from the Ne*"(2p-2 'S)Xe state is also shown in Fig. 3. An impor-
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tant difference between the T" of this state and the states consid-
ered previously is that ETMD channels remain open for all R’s
where the nuclear dynamics during ETMD takes place. This state
is dominated by the po~2 + pm—2 configuration and, therefore, at
larger R exhibits similar overlap between Ne?* and Xe and the total
decay width similar to ones of the 'S,'TI terms of the
Ne?"(2p~2 'D)Xe state. Up to the threshold at 3.05A the width
behaves nearly exponential, while at shorter distances it is strongly
enhanced due to the admixture of states of the
Ne®(2p — 1)Xe™(5s71) character. At Ry the total width is 0.30 meV
(2.17 ps), however, at R =2.4 A the combined effect of the shorter
interatomic distance and the electron delocalization between Xe
and Ne?* leads to the ETMD width of 72.91 meV (8.92 fs). To com-
pute the partial widths in the decay of the Ne?" (2p~2 !S)Xe state
we had to resort to dividing the total ETMD width through the
weights of the final states multiplets. As we discuss in the Methods
the definition of the channel projectors becomes difficult due to
the mixing of the Ne*Xe?" and NeXe®* states. The computed par-
tial widths ratios in the case of the Ne?" (2p-2 'D)Xe multiplet allow
us to estimate the errors incurred.

3.3. ETMD electron and KER spectra

Using the ETMD widths in Fig. 3 and the non-relativistic
phenomenological PECs shown in Fig. 2 we computed ETMD
electron and KER spectra plotted in Figs. 4 and 5, respectively.
We also estimated the effect of the spin-orbit splitting on the
spectra and found it to be limited as discussed in the last
paragraphs of this section. The easiest to interpret are the spectra
of the Ne’*(2p-21!S)Xe state.The KER spectrum (see Fig. 5(a)),
which shows what is the probability for the decay to take place
at aspecific R, appears as a single narrow peak at 12 eV indicating
that ETMD occurs predominantly at the inner turning point of the
decaying state PEC at 2.45 A. ETMD proceeds almost exclusively
into the Ne"(2p!'2P)Xe?"(5p2'D) and Ne'(2p~!2P)Xe?"
(5p~2 3P) channels which are open for all R of interest, while the
decay into the Ne'(2p~'2P)Xe*"(5p~2'S) channel is negligible.
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Fig. 4. ETMD electron spectra computed using the final state manifold in Fig. 2. (a)
Electron spectrum corresponding to the decay of the Ne®*(2p-21S)Xe state. (b)
Electron spectrum corresponding to the decay of the Ne?*(2p~2 'D)Xe state. (c)
Total electron spectrum obtained by summing the spectra in (a) and (b). The ratio of
the integrated spectra in panels (a) and (b) corresponds to the ratio of the respective
populations (1:6) of the ETMD decaying states reached in the Auger decay.
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Fig. 5. KER spectra computed using the final state manifold in Fig. 2. (a) KER
spectrum corresponding to the decay of the Ne**(2p-2'S)Xe state. (b) KER
spectrum corresponding to the decay of the Ne®'(2p~2'D)Xe state. (c) Total
KER spectrum obtained by summing the spectra in (a) and (b). The ratio of the
integrated spectra in panels (a) and (b) corresponds to the ratio of the respective
populations (1:6) of the ETMD decaying states reached in the Auger decay.

The decay into these two energetically separated channels is well
visible in the ETMD electron spectrum (see Fig. 4(a)) as two sharp
peaks at 0.7 eV and 2.2 eV. The narrow width of the peaks in both
electron and KER spectra is due to the behavior of the total ETMD
width which grows almost ten-fold between the minimum of the
decaying state’s PEC and the inner turning point.

The electron spectrum due to ETMD of the Ne*'(2p-2 'D)Xe
state (see Fig. 4(b)) appears as one broad peak between 0 eV and
4 eV. The overwhelming contribution to this peak comes again
from the decay into the Ne®(2p~!2P)Xe*’"(5p2'D) and
Ne'(2p~! 2P)Xe?" (5p~2 3P) channels which close at distances smal-
ler than Ro. The appearance of this spectrum which is so different
from the spectra of the Ne*"(2p-2 S)Xe state is due to the fact that
none of the ETMD channels remains open for all R where nuclear
dynamics take place. It leads to the behavior of the total width
which we noted above - instead of reaching a maximum at the
smallest available R it exhibits two maxima, one at each threshold.
Since the probability of the decay does not vary much in the
interval of R where the nuclei move, it results in a broad
distribution of the energies of the emitted electrons. Another con-
sequence of this behavior of I" is the appearance of the vibrational
structure in the spectrum with the peaks at 0.4eV and 1.9eV
corresponding to the decay close to the ETMD thresholds. Our
calculations show that this structure is due to the decay into the
Ne*t(2p~! 2P)Xe**(5p~2 3P) channel (see Fig. 6).

The KER spectrum due to the ETMD of the Ne*'(2p-2 'D)Xe
state lies between 6.5 and 10.5 eV (see Fig. 5(b)) and is also quite
structured. The peaks at approximately 8.5 and 10 eV correspond
to the thresholds of the Ne"(2p~!2P)Xe®"(5p2'D) and
Ne'(2p'2P)Xe?" (5p~23P) channels respectively. We see
prominent peaks marking the channel thresholds due to the non-
monotonic behavior of the total ETMD width which has maxima
at the respective R. Moreover, these peaks are distinguishable in
the KER spectra, since the thresholds lie at different values of the
interatomic distance. Again a vibrational structure is visible in
the spectrum due to the decay to the Ne*(2p~! 2P)Xe®* (5p~2 3P)
state.
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Fig. 6. Comparison of the electron spectra obtained in ETMD of the
Ne**(2p~2 'D)Xe !X term into the Ne* (2p-! 2P)Xe?* (5p-2 3P) channel with (dashed
line) and without (solid line) taking into account the spin-orbit splitting of the
Xe?" (5p~2 3P) multiplet. Note the vibrational structure visible in both spectra.
Similar vibrational structure appearing in the ETMD spectra of the Ne?* (2p~2 'D)Xe
state (see Figs. 4(b) and 5(b)) is due to the decay into the Ne* (2p-! 2P)Xe** (5p2 3P)
channel.

Adding up the ETMD spectra of the Ne’*(2p~2'D)Xe and
Ne?"(2p~2 'S)Xe states we obtain the total ETMD electron (Fig. 4
(c)) and KER (Fig. 5(c)) spectra which should be observable in NeXe
following the Auger decay of the 1s-vacancy on Ne. One may
immediately see that the two electron spectra overlap making it
difficult to discern the contributions of ETMD from the different
decaying states. The KER spectra, on the contrary, are well sepa-
rated energetically with the sharp peak due to the ETMD of the
Ne?"(2p~2 1S)Xe state clearly visible at 12 eV. This spectral struc-
ture offers a convenient opportunity to investigate the ETMD of
the two decaying states independently. Thus, a measurement of
slow electrons coincident with the Ne* and Xe®* nuclei which
have 12eV of KER should give the electron spectrum in
Fig. 4(a). The electron spectrum corresponding to the ETMD of
Ne?" (2p~2 'D)Xe can be obtained by collecting slow electrons coin-
cident with the nuclei having 6-10.5 eV of KER.

We would also like to note that the PECs of ¥ and IT symmetries
corresponding to the lower lying Ne**(2p-2 'D)Xe state cross at
about 3.5A the respective PECs of the Ne'(2s~' 2S)Xe(5p~' 2P)
state which is not populated directly in the Auger decay. Therefore,
nuclear dynamics which is set off by the Auger decay may lead to
the electron transfer and population of the Ne* (25~ 2S)Xe(5p~" ?P)
state. The latter is electronically unstable and decays by ICD into
the same final states as ETMD. In addition to ICD, populating the
Ne™(2s71 2S)Xe(5p~! 2P) state leads to the Coulomb explosion of
the cluster. Since ICD rate decreases fast with the interatomic dis-
tance the majority of ICD events will take place close to the cross-
ing point resulting in the electrons of 0-1.6 eV and KER of about
8.2 eV. These values lie within the ETMD electron and KER spectra.
Although the energy splitting due to the crossing was found to be
0.04-0.1 eV we assume the non-adiabatic coupling to be weak,
since electron transfer is accompanied by the excitation of a 2s-
electron of Ne. Therefore, we do not expect that the signal from this
sequential electron transfer ICD process will be discernible in the
experimental spectra.

To estimate the effect that the spin-orbit splitting of the
Ne'(2p~! 2P)Xe*" (5p~2 3P) final state would have on the ETMD
spectra of the Ne?"(2p~2 'D)Xe state we computed the electron
spectra for the decay of the Ne**(2p-2 'D)Xe 'S state using the
model curves for the split Xe®*(5p-23P) multiplet. The results
shown in Fig. 6 indicate that the overall appearance of the spec-
trum remains very much the same. However, the integrated inten-
sity of the spectrum in the spin- orbit case is larger indicating that

the decay into the Ne* (2p~! 2P)Xe®* (5p~2 3P) becomes more prob-
able. This is due to the shifting of the ETMD thresholds so that the
contribution of the 3P, channel which closes at shorter interatomic
distances outweighs the contributions of the 3P, and 3P; channels
which close at longer ones. We expect the effect of the spin-orbit
splitting on the spectra of the 'IT and 'A terms to be similar.
Importantly, the spin-orbit splitting of the final state does not
destroy the vibrational structure visible in the spectra.

In the case of the Ne?" (2p-2 'S)Xe state the spin-orbit splitting
will have no effect on the KER spectrum, since the latter is defined
by the value of R at which the decay predominantly takes place.
However, in the corresponding electron spectrum the peak at
2.2eV will be split into three reflecting the splitting of the
Ne'(2p~! 2P)Xe?" (5p~2 3P) multiplet in the final state.

We would like to conclude the discussion of the results by some
qualitative consideration of ETMD into the NeXe** channel possible
from the Ne®*(2p~2 'S)Xe state. Decay onto the PECs denoted by the
dashed-dotted lines in Fig. 1 will lead to the dissociation of the
dimer and the production of Ne and Xe®* if the adiabatic nuclear
dynamics takes place on the final PEC. Assuming that the decay is
the strongest at the thresholds or the inner turning point of the
decaying PEC we can estimate that the ETMD electrons will have
energy between 0 eV and 1 eV. The KER of Ne and Xe*" lies between
1.5 eV and 3 eV. Therefore, the corresponding decay should be seen
from the coincidence of an electron with energy <1 eV with the
Xe>" having energy between 0.2 eV and 0.4 eV. Due to the relatively
low population of the Ne**(2p~2 !S)Xe state and a small number of
accessible NeXe®" states the probability of such coincident events
may not be large. However, experimental observation of such
events will be an important demonstration of the impact that
nuclear dynamics in the final states have on the ETMD process.

4. Conclusions

In this work we carried out an ab initio study of electron transfer
mediated decay (ETMD) of Ne®'(2p-2)Xe states abundantly
produced in NeXe dimer following the normal Auger decay of a
1s-vacancy on Ne. Our calculations show that the states
deriving from the Ne®* (2p2 'D)Xe and Ne?"(2p-2 'S)Xe multiplets
efficiently decay into the Ne'(2p~!2P)Xe*"(5p~23P),
Ne'(2p~' 2P)Xe*" (5p~2 'D), and Ne®(2p~! 2P)Xe*" (5p~2'S) ETMD
final states. The decay is accompanied by the emission of a slow
electron and the Coulomb explosion of Ne™ and Xe®*. We found
that ETMD channels remain open for the Ne?*(2p~21S)Xe state
for the interatomic distances, R, at which nuclear dynamics take
place in the decaying state. In the case of the Ne?* (2p~2 'D)Xe mul-
tiplet they become closed one by one in the relevant range of R.
Thus the ETMD electron and KER spectra of the two multiplets
have completely different shape.

In the case of the Ne?" (2p—2 'S)Xe state the decay happens at a
narrow range of R close to the inner turning point in the respective
PEC. This is due to the strong exponential growth of the ETMD
width with decreasing R, so that the ETMD lifetime becomes as
short as 9 fs at the turning point compared with the 2.2 ps at the
electronic ground state equilibrium distance. This leads to
the KER spectrum consisting of a single narrow peak at 12 eV.
The electron spectrum comprises two narrow peaks at 0.7 eV
and 2.2eV corresponding to the decay into two open and
energetically separated channels: Ne*(2p~! 2P)Xe®* (5p~23P) and
Ne'(2p~! 2P)Xe*" (5p~2 'D).

The spectra due to the decay of the Ne’"(2p-2 'D)Xe has a
completely different appearance. Although the decay still
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predominantly proceeds into the Ne®(2p~! 2P)Xe**(5p-2 'D) and
Ne'(2p~! 2P)Xe?" (5p~2 3P) channels both become closed in the
range of R where the nuclear dynamics take place. This leads to a
non-monotonic behavior of the ETMD width so that it does not
strongly vary in this range. This results in broad peaks in the
electron (0-4eV) and KER (6.5-10.5 eV) spectra which exhibit
vibrational structure. Since the total ETMD width has maxima at
the positions of the thresholds, the latter become visible both in
the electron and KER spectra.

The clear separation between the KER peaks offers a way to
observe the decay from the Ne**(2p-2 'D)Xe and Ne®" (2p~2 1S)Xe
states separately. Measuring slow electrons in coincidence with
the Ne* and Xe®* ions having about 12 eV KER should reproduce
the electron spectra of the Ne?"(2p—2 'S)Xe state. A similar mea-
surement of these ions with KER between 6.5eV and 10.5eV
should give the Ne?" (2p-2 'D)Xe electron spectrum.

At last, we observed that the PECs of the NetXe?" states may
cross and interact with the PECs of the NeXe®* states in the range
of interatomic distances where ETMD occurs. From the energetic
considerations only the Ne**(2p-2 1S)Xe state can decay into the
NeXe>** manifold. Such decay entails the transfer of two electrons,
while a third is emitted into the electronic continuum which
should make this process much slower than the normal ETMD.
However, the decay into such states might occur in directly follow-
ing the normal ETMD into a Ne*Xe?" state which interacts with the
NeXe®" one. The subsequent nuclear dynamics on an adiabatic
final PEC will lead to the dissociation of the dimer which produces
Ne and Xe*'. We estimated that a possible signature of such pro-
cess would be a coincident observation of electrons with energies
<1eV and Xe*" nuclei with energies 0.2-0.4 eV. This shows that
in properly accounting for the products of ETMD non-adiabatic
nuclear dynamics in the final states is important. Moreover,since
triple ionization potentials in larger molecules may not be that
far away from the double ionization potentials similar effects
would be very important whenever ETMD takes place between a
multiply charged ion and such a molecule.
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