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Resonant interatomic Coulombic decay in a laser field
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We consider photoionization in a system of two atoms of different species caused by a laser field. In this
process an inner-valence vacancy, created by photoexcitation in one of the atoms, decays not only due to intra-
but also interatomic electron-electron correlations with the energy release in the latter case being transferred to
the other atom which is ionized. We show that when the intensity of the laser field increases this photoionization
process—due to Rabi oscillations and Pauli blocking—may acquire qualitatively new features in its time
evolution and the electron emission spectra.
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I. INTRODUCTION

Even when two atoms are separated by a distance sig-
nificantly longer than the typical atomic size of ∼1 a.u.
≈0.53 Å, long-range electromagnetic interactions can still
quite efficiently couple electrons orbiting around different
atomic centers that lead to a variety of interesting physical,
chemical, and biological phenomena. For example, these cor-
relations are responsible for the energy transfer in quantum
optical ensembles [1], cold Rydberg gases [2,3], and between
chromophores [4].

Suppose that there are two atomic particles, A and B, which
are well separated in space, and let B be in an (electronically)
excited state whose excitation energy is larger than the ioniza-
tion potential of A. Then the presence of particle A leads to
the appearance of an additional channel for the relaxation of
B since the particles can exchange the energy via two-center
electron correlations. As a result of this, particle A deexcites,
and particle B is ionized. Such a deexcitation mechanism
can be especially efficient if particle B is initially in an ex-
cited state which can be reached from its ground state by an
(electric) dipole transition. Then the energy exchange occurs
via dipole-dipole transitions which possess a large effective
interaction range.

In Ref. [5] the process of interatomic Auger decay was
considered. In this process a vacancy in atom B is filled by
one of its electrons with the energy release transferred to a
neighbor atom A that ionizes the latter. The authors of Ref. [5]
argued that when the two atoms are well separated in space,
this process is driven mainly by the dipole-dipole interatomic
coupling and showed that it can even compete with the intra-
atomic (single-atom) Auger decay provided the energy release
is not very large.

In Ref. [6] a system of weakly bound atomic particles with
an inner-valence vacancy in one of them (say B) was consid-
ered. Because of energy constraints the vacancy could not be
filled via the intra-atomic Auger process. It was predicted that
the vacancy can decay due to the electron-electron interaction
between B and its neighbor whose ionization potential is suf-

ficiently small in order that the vacancy in B can be filled by
transferring the energy released in B to the neighbor which is
ionized. This interparticle relaxation mechanism was termed
intermolecular or interatomic Coulombic decay (ICD), and
this name is now widely used to denote decay mechanisms
which do not necessitate an overlap between electronic shells
of the interacting particles and occur via energy rather than
mass and charge transfer between them.

The predictions of Ref. [6] together with advances in ex-
perimental techniques (which made it possible to observe
ICD) triggered the renewed interest in mechanisms of energy
transfer between atomic particles, leading to ionization, and
during the past two decades various processes involving ICD
in bound systems [7] as well as in atomic collisions [8] have
attracted considerable attention.

In Ref. [6] it was assumed that an inner-valence vacancy
is created due to emission of an inner-valence electron. If
such a vacancy arises because an inner-valence electron was
transferred to an excited state, its decay via the interaction
with a neighbor center is termed resonant ICD (RICD) [9–12].
Depending on whether the excited electron (directly) partici-
pates or not in the energy transfer between the centers, RICD
is termed participator RICD (p-RICD) or spectator RICD (s-
RICD), respectively.

To our knowledge, up to now the decay of inner-valence
vacancies via s-RICD triggered by photoabsorption has been
studied in a weak electromagnetic field only. In such a case
the role of the field is to create a vacancy after which the
field becomes merely a spectator with no influence on the
consequent evolution of the two-center system.

An electron, transferred by a weak electromagnetic field
to an excited state, participates in the (intra-atomic) Auger
decay which competes with ICD, having, thus, an indirect
impact on the latter. It was also shown [13] that this electron
may influence the angular distribution of electrons emitted
via s-RICD. Keeping these two points in mind, in the case
of a weak field this electron can, nevertheless, be regarded as
a spectator since its direct impact on s-RICD remains quite
modest.
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FIG. 1. Schematic of electron configurations in the ground (|χ1〉,
ε1), intermediate (|χ2〉, ε2), and final (|χ3〉, ε3) states, respectively, of
atom B. Note that the configuration of the final state |χ3〉 corresponds
to the s-RICD channel.

The goal of the present paper is to get some first ideas
on how s-RICD can be modified if the electromagnetic field
becomes more intense. The paper is organized as follows. In
Sec. II we describe our approach to this problem. In Sec. III,
where it is applied to a model system and to He-Ne, we discuss
modifications in the time evolution and emission spectra of s-
RICD, which may appear when the field becomes sufficiently
intense. Section IV contains the main conclusions..

II. GENERAL CONSIDERATION

Let us consider a system consisting of two atoms A and B,
which are separated by a distance R, that is sufficiently long
to regard them (in the zeroth approximation) as individual
particles. Initially, both atoms are in their ground-states |ϕ1〉
with energy ε1 (in atom A) and |χ1〉 with energy ε1 (in atom
B). The ground state of B involves a fully occupied (sub)shell
I and partially or fully occupied (sub)shell II [see, for an
illustration, Fig. 1(a)].

Let at time t = t0 a laser field be turned on which can
resonantly drive an electron from the (sub)shell I to an initially
unoccupied level III of atom B [see Fig. 1(b)]. We denote by
|χ2〉 the state in atom B with energy ε2 which is formed when
an electron from (sub)shell I is transferred to level III and
(sub)shell II still keeps all its (initial) electrons.

Furthermore, let |χ3〉 be the state of atom B with energy
ε3 in which there is one electron on level III but (sub)shell I
has restored its initial number of electrons at the expense of
an electron transferred to it from (sub)shell II [see Fig. 1(c)].

We will assume that the transitions between |χ1〉 and |χ2〉
and between |χ2〉 and |χ3〉 are (electrically) dipole allowed.
We will also suppose that not only the energy ω21 = ε2 − ε1

corresponding to the transition |χ2〉 → |χ1〉, but also the en-
ergy ω23 = ε2 − ε3 related to the transition between states
|χ2〉 and |χ3〉 in atom B exceed the ionization potential IA of
atom A.

Once the laser field has moved an electron from subshell
I to level III, an inner-shell vacancy in atom B is created
that triggers various autoionization processes in the two-atom
system. Indeed, the vacancy can be filled either by an electron
from subshell II or by the electron from level III, and, in both
these cases, the corresponding energy releases are sufficient

FIG. 2. Illustration of (intra-atomic) Auger decay in atom B.

for ionization of either atom. If the energy release is absorbed
by atom B, the latter is ionized via (intra-atomic) Auger decay
(see Fig. 2). If this energy is transferred to atom A, the latter
is ionized due to ICD (p-RICD or s-RICD, see Fig. 3).

In the following we investigate the time evolution of this
two-atom system driven by a resonant laser field and analyze
the spectra of electrons emitted during this photoionization
process.

Since normally the rates for spontaneous radiative decay
are orders of magnitude smaller than Auger rates, the channels
of spontaneous radiative decay will be ignored. On the other
hand, the rates for direct photoionization in an intense field
may be non-negligible. Therefore, we take this ionization
pathway into account. However, since in what follows we
will consider systems in which the direct photoionization rate
for atom B is significantly larger than that for A, only direct
photoionization of atom B in either its ground-state |χ1〉 or its
excited-state |χ2〉 is included.

The Hamiltonian for the two-atom system in the presence
of a resonant laser field then reads

Ĥ = ĤA + ĤB + V̂AB + ŴB, (1)

where ĤA and ĤB are the free atomic Hamiltonians of atoms A
and B, respectively, V̂AB is the interaction between atoms A and
B and ŴB is the interaction of atom B with an electromagnetic
field. Treating this field as classical and assuming that it is
monochromatic with frequency ω0, we take interaction ŴB(t )

FIG. 3. Illustration of RICD channels in the system of atoms A
and B: (a) participator RICD and (b) spectator RICD.
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as ŴB(t ) = Ŵ 0
B f (t ) cos(ω0t ), where Ŵ 0

B is time independent
and f (t ) is the laser pulse envelope function.

As it follows from the previous discussion the essential
states of the two-atom system in the process under consid-
eration include the following.

First, the ground state |�g〉 = |ϕ1〉|χ1〉 with energy Eg =
ε1 + ε1.

Second, the excited bound-state |�e〉 = |ϕ1〉|χ2〉 with en-
ergy Ee = ε1 + ε2.

Third, the continuum states {|�pa
B
〉} = |ϕ1〉{|χpa

B
〉} with en-

ergies Epa
B
, where |χpa

B
〉 is the state of B in which subshell I

is occupied, level III is empty, subshell II misses one electron
and, due to intra-atomic Auger decay, an electron is emitted
from B with asymptotic momentum pa

B, where pa
B = |pa

B| ≈√
2(ω0 − IB), and IB is the ionization potential of B. We note

that continuum states {|�pa
B
〉} = |ϕ1〉{|χpa

B
〉} are also populated

due to the direct photoionization from the ground state of
atom B.

Fourth, the continuum states {|�ps
A
〉} = {|ϕps

A
〉}|χ3〉 with

energies Eps
A
, which correspond to the s-RICD process,

where |ϕps
A
〉 is the state in which an electron is emitted

from A with asymptotic momentum ps
A, where ps

A = |ps
A| ≈√

2(ε2 − ε3 − IA).
Fifth, the continuum states {|�pp

A
〉} = {|ϕpp

A
〉}|χ1〉 with

energies Epp
A
, which are related to the p-RICD process,

where |ϕpp
A
〉 is the state in which an electron is emitted

from A with asymptotic momentum pp
A, where pp

A = |pp
A| ≈√

2(ε2 − ε1 − IA).
Sixth, the continuum states {|�p′

B
〉} = |ϕ1〉{|χp′

B
〉} with en-

ergies Ep′
B
, where |χp′

B
〉 is the state of B in which one electron

is missing on subshell I (since it moved to level III) and one
electron is emitted from subshell II due to direct photoion-
ization with asymptotic momentum p′

B, where p′
B = |p′

B| ≈√
2(ω0 − I ′

B), I ′
B is the energy necessary to remove an elec-

tron from subshell II of atom B in the electron configuration
described by state |χ2〉.

As it was already mentioned, we neglect the direct pho-
toionization of atom A. One should also note that the direct
photoionization is possible from subshell III of atom B. How-
ever, since this subshell possesses just one (and relatively
weakly bound) electron, the rate for photoionization from it is
much smaller than from subshell II and, therefore, neglected
here.

The state vector |�(t )〉 of the two-atom system then can be
expanded into the set of essential states,

|�(t )〉 = g(t )e−iEgt |�g〉 + a(t )e−iEet |�e〉

+
∫

d3 pa
Bcpa

B
(t )e−iEpa

B
t |�pa

B
〉

+
∫

d3 ps
Acps

A
(t )e−iEps

A
t |�ps

A
〉

+
∫

d3 pp
Acpp

A
(t )e

−iEp
p
A

t |�pp
A
〉

+
∫

d3 p′
Bcp′

B
(t )e−iEp′B

t |�p′
B
〉, (2)

where g(t ), a(t ), {cpa
B
(t )}, {cps

A
(t )}, {cpp

A
(t )}, and {cp′

B
(t )} are

coefficients which describe the time evolution of the system
and which are to be determined.

Inserting the expansion (2) into the Schrödinger equa-
tion with the Hamiltonian given by Eq. (1) we obtain a
system of coupled differential-integral equations for g(t ), a(t ),
{cpa

B
(t )}, {cps

A
(t )}, {cpp

A
(t )}, and {cp′

B
(t )} which can be solved

using appropriate boundary conditions. Having obtained these
coefficients one can calculate the probabilities Pg(t ) = |g(t )|2
and Pa(t ) = |a(t )|2 to find the system in the ground |�g〉 and
excited |�e〉 states, respectively, the electron emission spectra,
and the total populations of the continua.

In what follows we will assume that the laser field begins
to act at t = t0 = 0, [g(t = 0) = 1, a(t = 0) = cpa

B
(t = 0) =

cps
A
(t = 0) = cpp

A
(t = 0) = cp′

B
(t = 0) = 0] and that its turn-

on time �T is much shorter than the lifetimes of the two-atom
system with respect to Auger and ICD decays and the inverse
rate of the field-driven oscillations of atom B between states
|χ1〉 and |χ2〉.

III. RESULTS AND DISCUSSION

The interaction of two bound states (say |χ1〉 and |χ2〉)
with a resonant laser field results in the transfer of the popu-
lation between them (the Rabi oscillations). It is the effective
strength 	 f = 0.5 |d12 · F0| of the coupling of these states by
the laser field, which determines the period T ∼ 	−1

f of the
Rabi oscillations and, thus, how fast the population moves
between these states. Here, d12 is the transition dipole matrix
element, and F0 is the amplitude of the laser field.

In the process under consideration the state |χ2〉 is unstable
due to Auger decay and ICD (moreover, in rather intense
fields, also photoionization rates for |χ1〉, |χ2〉, |χ3〉, and |ϕ1〉
have to be taken into account). If the total half-width 	t/2
of states |χ1〉 and |χ2〉 noticeably exceeds 	 f , then there will
not be sufficient time for the population to “travel” forth and
back between them due to their rapid depletion caused by
decay. Such a situation is inherent to the weak-field limit of
the two-atom photoionization, but it can also be encountered
if the field is so intense that the photoionization rates for the
states |χ1〉 and |χ2〉, which scale as ∼F 2

0 , noticeably exceed
	 f .

Therefore, one can expect that the most significant impact
of the laser field on the time evolution and emission spec-
tra of two-atom photoionization will be in the opposite case
when the quantity 	 f will noticeably exceed the total (half-)
width mentioned above. Indeed, in such a case a vacancy
in (sub)shell I of atom B will be periodically created and
eliminated due to Rabi oscillations that will effectively turn
on and off the channels of Auger decay and ICD.

In this section—motivated by the fact that the He-Ne dimer
was actively used for the experimental and theoretical studies
of ICD processes—we will consider photoionization in a He-
Ne system driven by a laser field, which is resonant to the
1s22s22p6 → 1s22s2p63p transitions in the Ne atom. One
has to note, however, that, even though it is the strongest
dipole allowed transition between the 2s and the np states
in Ne, the corresponding transition matrix element turns out
to be very small: |d12| = 0.05 a.u. This makes the condition
	 f > 	t/2 difficult to achieve and, as a result, the increase in
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the field intensity may lead to rather modest effects only (see
Subsec. B).

Therefore, in order to more clearly illuminate changes in
the time evolution and electron emission spectra of the pho-
toionization process, which may appear when the laser field
ceases to be very weak, we first consider this process in a
model system whose parameters will be chosen to be very
close to those of a He-Ne system, except the dipole matrix
element |d12|, which will be set to 0.2 a.u.

A. Photoionization of a model two-atom system

Let our model system consist of two atoms A and B, which
are weakly bound by the van der Waals force with a binding
energy that is negligible compared to their ionization poten-
tials, taken as IA = 24.6 eV and IB = 21.6 eV, respectively.

The atoms are irradiated by an electromagnetic field with
frequency ω0 ≈ ω21 = ε2 − ε1 which resonantly couples the
initial state |χ1〉 and the state |χ2〉 in atom B. The effective
strength 	 f of the coupling of states |χ1〉 and |χ2〉 caused by
the laser field depends on its amplitude F0 and the magnitude
of the transition dipole matrix element d12, 	 f = 0.5 |d12 ·
F0|. For our model system we choose ω21 = 45.6 eV and
|d12| = 0.2 a.u.

In addition to coupling states |χ1〉 and |χ2〉, the electromag-
netic field makes B unstable because of photoionization of B
from these states. The corresponding rates are proportional
to F 2

0 and become significant when the field is sufficiently
intense.

Once state |χ2〉 has been excited, the resulting two-atom
configuration |�e〉 = |ϕ1〉|χ2〉 becomes unstable also because
of autoionization. The corresponding decay channels include
the Auger decay in atom B and two-center ICD (see Figs. 2
and 3). The Auger decay results in emission of an electron
with energy ≈ω0 − IB = 24 eV; for the corresponding Auger
width 	a

B we take 13 meV.
In the presence of atom A, in addition to direct photoion-

ization and Auger decay in B, two more decay channels are
opened. First, the electron from level III can undergo transi-
tion back to (sub)shell I by transferring the energy ≈ω0 via
two-center electron-electron correlations to atom A that leads
to its ionization (the p-RICD channel). Second, provided the
transition frequency ω23 = ε2 − ε3 is larger than the ioniza-
tion potential of A, the vacancy in subshell I can be filled by
an electron from subshell II with the energy release transferred
to atom A via ICD (the s-RICD channel). For ω23 and the
width 	s

RICD of the s-RICD channel we will take the values
of 26.6 eV and 2.7 meV, respectively.

Focusing here on the two-center photoionization involv-
ing the s-RICD process, which is of primary interest for the
present paper, we will neglect the p-RICD channel. Indeed,
since the ICD rates scale roughly as 1/ω6

icd, where ωicd is
the energy transfer between the atoms, the p-RICD can be
expected to be significantly weaker than the s-RICD.

We will also neglect the spontaneous radiative decay
channels since, as it was already mentioned, the rates for
spontaneous radiative decay are normally orders of magnitude
smaller than the rates of Auger decay.

For weak laser fields, which can only very slightly deplete
the population of the initial state during the pulse, the dy-

FIG. 4. The time dependence of the population of excited-state
|�e〉 (dotted line), the continuum states caused by s-RICD (dashed-
dot line), and electron emission from atom B (dashed line) in the
weak-field case. The solid line displays the total continuum popula-
tion. The population of ground-state |�g〉 remains close to 1 and is
not shown.

namics of the photoionization process is rather simple. The
interaction with such a field is reduced to a single-photon
exchange and the field merely creates a vacancy in (sub)shell
I of atom B having essentially no effect on the two-atom
system afterwards (as is typical for the s-RICD process). In
particular, in weak fields the continuum population grows
monotonously in time (see Fig. 4) forming a narrow maximum
in the emission energy spectrum centered at the resonant
energies of ω23 − IA = 2 eV (for s-RICD, see Fig. 5) and
ω0 − IB = 24 eV (for electron emission from atom B).

When the intensity of the laser field increases, the dynam-
ics of the photoionization process may significantly change

FIG. 5. The spectrum of electrons emitted via the s-RICD chan-
nel given as a function of the electron energy and time in the
weak-field case.
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FIG. 6. The time dependence of the populations in the case of an
intense laser field (the field strength F0 = 10−2 a.u.): Ground-state
|�g〉 (bold dotted line), excited-state |�e〉 (thin dotted line), and
the continuum states caused by “active-spectator” RICD (dashed-dot
line), electron emission from atom B (dashed line), and the total
continuum population (solid line).

acquiring qualitatively new features. Such a case is illustrated
in Figs. 6, 7(a), and 7(b) for an intensity of 3.5 × 1012 W/cm2

(the field strength is F0 = 10−2 a.u.). At this field intensity the
effective strength 	 f of the coupling between resonant states
|χ1〉 and |χ2〉 in atom B already reaches a value of 10−3 a.u.
≈27 meV, which significantly exceeds the Auger and ICD
half-widths (6.5 and 1.35 meV, respectively). At this intensity
the widths of states |χ1〉 and |χ2〉 in atom B due to direct
photoionization are taken to be ≈2.6 meV each.

The time dependence of the populations of the bound
states and the continua is shown in Fig. 6. Unlike a weak
field, a more intense laser field induces transitions between
the initial ground |�g〉 and the excited bound |�e〉 states of the
two-center system in both directions that, in the absence of the
decay channels, would periodically transfer the population be-
tween them due to Rabi oscillations. Due to the Auger decay
and direct photoionization in atom B and ICD, the populations
of these bound states decrease with time becoming negligible
already at laser pulse durations of �300 fs. However, since
the quantity 	 f significantly exceeds the half-widths of Auger
decay, ICD and direct photoionization, the system has enough
time to perform several Rabi oscillations between the bound
states before their populations vanish due to decay.

The decay channels lead to the transitions to the contin-
uum states whose populations increase in a stepwise manner
until reaching their asymptotic values at laser pulse durations
where the bound states are already completely depleted by
decay. The stepwise increase in the ionization probabilities is
caused by the interplay between Rabi oscillations and Pauli
blocking. Once the field drives the system from the ground
|�g〉 into the excited state |�e〉 a vacancy in (sub)shell I of
atom B is created and can be filled either by one electron from
(sub)shell II or by the electron from level III that results in
ICD and the Auger decay, respectively. However, the vacancy
can also be filled due to the interaction with the laser field
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FIG. 7. (a) The spectrum of electrons emitted via the active-
spectator-RICD channel given as a function of the electron energy
and time. (b) The time dependence of the population of very narrow
energy intervals centered at (2 ± 0.027) eV (solid line) and 2 eV
(dashed line). [The energies (2 ± 0.027) and 2 eV correspond to
the maxima and minimum, respectively, of the emission spectrum
at large t .] For more explanations see text.

that—because of the Pauli blocking—effectively turns off the
above decay channels.

As in the weak-field limit, the laser field and the electron,
which is driven by this field between the resonant states,
remain spectators in the sense that they do not participate in
the energy exchange between the atoms. However, now both
the field and the electron play a very active role by periodically
turning intra- and interatomic autoionization channels on and
off, this way significantly influencing the time evolution of the
photoionization process. Therefore, in the considered case of
intense fields the “spectator RICD” can be termed as “active-
spectator RICD” (a-s-RICD).

More insight into the time evolution of the continuum
population in the intense-field s-RICD can be obtained by
considering the energy spectrum of the emitted electrons. It is
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seen in Figs. 7(a) and 7(b) that the population not only evolves
in time nonmonotonously, but also that the character of this
evolution qualitatively depends on the energy of the emitted
electron.

In particular, in the energy intervals where two pronounced
maxima will finally be formed, the population of the contin-
uum as a function of time shows a stepwise behavior in which
time domains where the population grows are separated by
intervals where it remains almost constant. After the first few
significant gains the increase in the population becomes less
and less pronounced until the population eventually reaches
its asymptotic value.

In contrast, in the energy interval between the two maxima
the spectrum shape exhibits a rather deep valley. At these
energies a rapid initial increase in the continuum population is
replaced by its significant decrease that leaves less than half of
the preceding gain. Then the population starts to grow again
(but much more smoothly) reaching a local maximum after
which it slightly decreases and increases before reaching its
asymptotic value.

Because of the qualitatively different character of the time
evolution of the continuum population in resonant energy
ranges where the pronounced maxima finally emerge and in
the middle range where a deep minimum is eventually formed,
the stepwise increase in the total continuum population with
time is substantially less pronounced than that of the narrow
energy intervals around the resonances [compare Figs. 6 and
7(b)].

To conclude this subsection we note that the stepwise
increase in the total continuum population is similar to that
predicted in Ref. [14] for the process of two-center photoion-
ization in the Li-He system. However, the physics behind
it is somewhat different since in the present case the Pauli
blocking plays the crucial role. In addition, since the process
considered here involves the “extra” state |χ3〉, which is not
coupled by the electromagnetic field to the other bound states,
the shape of the spectra of electrons emitted via the a-s-RICD
qualitatively differ from that predicted in Ref. [14] possessing,
for instance, a two-peak structure instead of a three-peak one
inherent to the process considered in Refs. [14].

B. Photoionization of a He-Ne system

Let us consider photoionization of a He-Ne system where
now He and Ne play the roles of atoms A and B, respectively.
In the He-Ne dimer the He and Ne atoms are weakly bound
by the van der Waals force with an equilibrium internuclear
distance of 3 Å. The binding energy of the dimer ground
state is only 2 meV that is much smaller than the ionization
potentials of He and Ne atoms given by 24.587 and 21.564 eV,
respectively.

Now states |ϕ1〉 and |χ1〉 of our model represent the
ground-states 1s2 (1S) and 2s22p6 (1S) of He and Ne, re-
spectively. The states |χ2〉 and |χ3〉 correspond to electronic
configurations 2s2p63p and 2s22p53p of Ne.

There are four states [2s2p63p (3P0), 2s2p63p (3P1),
2s2p63p (3P2), and 2s2p63p (1P1)] which can be populated
by transferring an electron from the 2s subshell to 3p states.
Among them state 2s2p63p (1P1) possesses the largest rate
(2.34 × 108 s−1) for spontaneous radiative decay to the

ground state [15] and, consequently, has the largest dipole
transition matrix element with the ground state and will be
taken to represent the |χ2〉 state of our model, the correspond-
ing transition energy is ω21 ≡ ε2 − ε1 = 45.547 eV. The value
of the dipole matrix element d12 for the transitions between
states |χ1〉 and |χ2〉, follows from the spontaneous radiative
decay rate and the transition energy: |d12| = 0.05 a.u. Note
that we extracted about the same value for |d12| from experi-
mental results of Ref. [16].

The state 2s2p63p (1P1) is also unstable with respect
to intra-atomic Auger decay into the 2s22p5 (2P1/2) and
2s22p5 (2P3/2) states and has the corresponding (total) Auger
width 	a of 13 meV [16]. This width can be compared with
the radiative width 	r of this state which is ≈0.15 μeV: The
latter is, thus, four orders of magnitude smaller than 	a and
can safely be neglected.

There are ten different states corresponding to an
electronic configuration 2s22p53p [(i) 2s22p53p (3S1), (ii)
2s22p53p (3D3), (iii) 2s22p53p (3D2), (iv) 2s22p53p (3D1),
(v) 2s22p53p (3D2), (vi) 2s22p53p (3P0), (vii) 2s22p53p (3P1),
(viii) 2s22p53p (3D2), (ix) 2s22p53p (3P1), and (x) 2s22p53p
(1S0)] which can be populated from the 2s2p63p(1P1) state
with the respective energy release ranging from ≈26.58 to
≈27.17 eV [17]. Thus, the 2s2p63p (1P1) state can decay into
all these states via ICD since the energy differences are larger
than the helium ionization potential IA ≈ 24.6 eV.

In order to estimate s-RICD rates we employed the relation
[5,18],

	
j
s-ricd = 3α

8π

c4

ω4
j

	
j
r σ

(He)
ph (ω j )

R6
. (3)

Here, c is the speed of light, 	
j
r is the rate for sponta-

neous radiative decay of the jth state of Ne, where j ( j =
1, 2, . . . , 10) numbers the ten states corresponding to the con-
figuration 2s22p53p, ω j is the energy transferred from Ne to
He, σ

(He)
ph (ω j ) is the cross section for He single ionization

by absorption of a photon with frequency ω j , R is the inter-
atomic distance, which we took as the equilibrium distance of
≈3 Å in the He-Ne dimer and α is a numerical parameter ∼1
which depends on the angle between the field polarization and
the internuclear vector of the He-Ne system [18].

Since for all these transitions the frequencies ω j are
relatively close to each other, the photoionization cross sec-
tion σ

(He)
ph (ω) can be taken the same for all of them and using

the results of Ref. [19] we obtain σ
(He)
ph ≈ 6.59 Mb. Using cal-

culated rates 	
j
r for spontaneous radiative decay [15], the total

width, 	t
s-ricd = ∑

j 	
j
s-ricd, of the two-center state |ϕg〉 |χ3〉

due to the s-RICD channels was estimated to be 2.7 meV [20].
As was already mentioned, the energies and widths for

the model system, which was considered in the previous sub-
section, were chosen to be very close to those of the He-Ne
system. However, the very small magnitude of the dipole ma-
trix element d12 (|d12| = 0.05 a.u.) for the transitions between
the resonant |χ1〉 and |χ2〉 states of Ne renders the coupling of
these states by the laser field much less efficient than in the
case of the model system.

In order to somewhat compensate for the small value of
d12, in our consideration of the He-Ne system, we have chosen
an intensity of 1.1 × 1013 W/cm2, corresponding to a field
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strength of F0 = 1.75 × 10−2 a.u. (which is by a factor of 1.75
larger that the field strength taken for the model system). With
this choice we obtain 	 f = 12 meV for the coupling between
the resonant states in Ne.

One should note, however, that at F0 = 1.75 × 10−2 a.u.
the rates 	Ne

ph for the decay of |χ1〉 and |χ2〉 in Ne due to
photoionization reach a value of ≈8 meV. They, thus, become
comparable to the Auger rate and already significantly exceed
the s-RICD rate. We note that since the rates for the direct
photo decay grow with the field strength as F 2

0 whereas the
coupling parameter 	 f ∼ F0, any further noticeable increase
in the field strength leads to the condition 	 f < 	t/2 (where
	t is the total decay rate) such that the system will not have
time to oscillate between the bound states due to a very fast
decay.

Our results for the He-Ne system are shown in Figs. 8(a)
and 8(b) where we focused on the continuum energy range
	1.9934 eV populated by electrons emitted from He via
ICD involving the 2s2p63p (1P1) → 2s22p53p (1S0) transition
in Ne with the corresponding ICD rate of 0.3 meV [note
that this emission line is separated by about 240 meV from
the nearest one related to the transition 2s2p63p (1P1) →
2s22p53p (3P1)]. Compared to the model system, results for
which are displayed in Fig. 7, we observe very substantial dif-
ferences which are caused by the significantly smaller value of
the dipole matrix element d12 and, consequently, the coupling
parameter 	 f . In particular, now 	 f cannot noticeably exceed
the total decay rate since the photodecay rate 	Ne

ph grows faster
with the field strength F0 than 	 f .

For instance, in contrast to the results shown in Fig. 7(a),
in Fig. 8(a) the stepwise increase in the population of the
continuum is obscure and can only be clearly observed by
focusing on very narrow energy intervals [see Fig. 8(b)]. The
insufficiently large magnitude of the coupling parameter 	 f

does not enable the laser field to drive an electron between the
resonant states |χ1〉 and |χ2〉 several times before the Auger,
ICD and photodecay already completely depleted them. Fur-
thermore, since the coupling 	 f between the resonant bound
states is responsible for the splitting of the energy spectrum
into two maxima, its modest magnitude is also behind the fact
that these peaks in the spectrum shown in Fig. 8 are not well
separated (which is in sharp contrast to the spectrum in Fig. 7).
Moreover, the effective distance between the peaks becomes
even shorter due to their significant overlap.

IV. CONCLUSIONS

In the “standard” s-RICD process, which occurs in a weak
electromagnetic field, both an electron, transferred by pho-
toabsorption from an inner-valence (sub)shell to an excited
state, and the electromagnetic field, after having created the
vacancy, become essentially merely spectators with very little
influence on the consequent time evolution in the two-center
system.

Here we considered how this process can be altered when
the electromagnetic field becomes more intense. According to
our results, at higher field intensities, an increased strength
of the interaction between the former spectators—the electro-
magnetic field and the electron—may qualitatively change the
process. Now they together may play the active role having

(b)

(a)

FIG. 8. (a) The spectrum of electrons emitted via the a-s-RICD
channel in the He-Ne system as a function of the electron energy
and time. (b) The time dependence of the population of very nar-
row energy intervals centered at (1.9934 ± 0.0077) eV (solid line)
and 1.9934 eV (dashed line). (The energies 1.9934 ± 0.0077 and
1.9934 eV correspond to the maxima and minimum, respectively, of
the emission spectrum at large t .) For more explanations see the text.

a profound impact on the time evolution of the irradiated
system and the spectra of emitted electrons. This occurs if the
field-driven oscillations of the spectator electron between its
initial and excited states are significantly faster than Auger
decay and ICD processes. Then the oscillations periodically
create and eliminate an inner-valence vacancy in one of the
atoms that—due to the Pauli blocking—turns on and off the
channels for Auger decay and ICD, profoundly modifying the
photoionization process.

For the He-Ne system considered above such modifica-
tions turned out to be rather modest since the field-driven
oscillations cannot be sufficiently rapid due to the very small
dipole matrix element for the 2s ↔ 3p transitions. Our pre-
liminary estimates suggest, however, that the effects discussed
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in this paper can be significantly stronger in a 4He-23Na sys-
tem [21] irradiated by a laser field resonant to the 2p63s ↔
2p53s (3P) 4s transitions in Na.
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