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Strong-field photoionization in two-center atomic systems
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Photoionization of an atom A by a strong laser field in the presence of a spatially well-separated neighboring
atom B is considered. The laser field frequency is assumed to lie below the ionization potential of atom A and
be resonant with a dipole-allowed transition in atom B. In this situation, the ionization may occur either directly
by multiphoton absorption from the laser field at the first atomic center or via an indirect pathway involving two-
center electron-electron correlations, where the neighbor atom B is first photoexcited and, afterwards, transfers
its energy upon deexcitation radiationlessly to atom A. Considering monochromatic as well as bichromatic laser
fields, we study various coupling regimes of the photoionization process and identify experimentally accessible
parameter domains where the two-center channel is dominant.
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I. INTRODUCTION

Starting from the early days of quantum mechanics, pho-
toionization (PI) studies have been paving the way towards an
increasingly deep and thorough understanding of the structure
and dynamics of matter on a microscopic scale. Nowadays
this is accomplished by kinematically complete experiments
[1] which allow us to put the most advanced photoionization
theories to the test.

In various PI mechanisms, electron-electron correlations
play a crucial role. Well-known examples are single-photon
double ionization and resonant PI. The latter process relies
on resonant photoexcitation of an autoionizing state, with
subsequent Auger decay. In recent years, a similar kind of
ionization mechanism has extensively been studied in systems
consisting of two (or more) atoms. Here, a resonantly excited
atom transfers its excitation energy radiationlessly via inter-
atomic electron-electron correlations to a neighboring atom,
leading to its ionization. This Auger-like decay involving two
atomic centers is referred to as interatomic Coulombic decay
(ICD) [2-4]. It has been observed in a variety of systems
comprising noble gas dimers [5], clusters [6], and water
molecules [7]. Similar intersite energy transfer mechanisms
occur in slow atomic collisions [8], between Rydberg atoms
in ultracold quantum gases [9] and as Forster resonances
between chromophores [10].

As a closely related process, we have theoretically studied
resonant two-center photoionization (2CPI) in heteroatomic
systems, consisting of an atom A and a well-separated atom
B of different species [11]. It turns out that this ionization
channel can be remarkably strong and can dominate over the
usual single-center PI by orders of magnitude. The photon
energy was assumed to exceed the ionization potential of
atom A, rendering the absorption of a single photon already
sufficient to promote the electron into the continuum. Such
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a process has been experimentally observed in helium-neon
dimers using synchrotron radiation [12]. Calculations on PI in
two-atomic systems have also been presented in Refs. [13,14].
In addition, resonant two-photon ionization in a system of
two identical atoms has been analyzed [15]. The influence
of a second neighbor atom [16] and collective effects in a
multiatom ensemble [17] have been studied as well.

With the advent of free-electron lasers, it has become
possible to study interatomic autoionization processes also in
intense photon fields of high frequency [18]. In particular,
time-resolved pump-probe measurements of ICD in neon
dimers have been performed, where the autoionizing state
was populated by resonant one-photon [19] or two-photon
absorption [20]. Correlated electronic decay processes and
Penning-type ionization have also been observed in clusters
and nano-droplets after irradiation by free-electron lasers
[21,22]. Very recently, such interatomic processes were found
to occur as well in clusters exposed to nonresonant infrared
laser fields of high intensity, where an efficient energy transfer
between adjacent electrons may proceed due to Rydberg-state
formation in a nanoplasma [23]. Theoreticians have also stud-
ied strong-field control of ICD in quantum-dot systems [24].

Motivated by these developments, we generalize in the
present paper our consideration of the 2CPI process to elec-
tron correlation-driven photoionization in strong laser fields.
The laser frequency is assumed to lie below the ionization
potential of an atom A, which is to be ionized, and to
be resonant with a dipole-allowed transition between bound
states in a neighboring atom B. The absorption of multiple
photons from the laser field is thus required to promote the
electron into the continuum (see Fig. 1). It is assumed that
no bound-state resonances are hit in atom A. We develop a
theoretical description of the two-center ionization process
which is based on the strong-field approximation to describe
the interaction of the active electron in atom A with the laser
field. For the resonant coupling of the laser field to atom
B, two different cases are considered, where this coupling is
either relatively weak or rather strong. The interatomic inter-
action is treated as a perturbation throughout. Monochromatic
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FIG. 1. Scheme of strong-field two-center photoionization in a
bichromatic laser field. An assisting atom B is first resonantly
photoexcited and, subsequently, transfers the excitation energy to
atom A. In combination with the energy of several other photons,
which are simultaneously absorbed from the laser field, atom A is
ionized. If the amplitude of the second frequency mode is rather high,
the states of atom B become strongly coupled, as indicated in the
picture.

as well as bichromatic laser fields are considered, with the
focus on the latter case. By considering suitable two-center
model systems we show that the photoionization of atom A
can be dominated by the two-center channel for parameters
which are experimentally accessible.

Our paper is organized as follows. In Sec. II a theoretical
approach to strong-field PI in two-center systems is developed
which is based on the strong-field approximation describing
the emitted photoelectron by a Volkov state. We start with
considering monochromatic laser fields (Sec. I A) and af-
terwards treat bichromatic laser fields (Sec. II B). In both
scenarios, the cases of weak and strong laser-atom coupling
are distinguished and their qualitatively different features
revealed. In Sec. III our theoretical findings are illustrated
by some numerical examples, which compare the strengths of
various single-center and two-center ionization channels. Our
conclusions are given in Sec. IV. Atomic units (a.u.) are used
throughout unless otherwise stated.

II. THEORETICAL FRAMEWORK

In order to understand the basic physics of 2CPI in strong
laser fields, we consider photoionization in a very simple
atomic system consisting of two atoms (A and B), each having
just one “active” electron. Both are initially in their ground
states and separated by a distance R large enough that one
can still speak about individual atoms. Let us further suppose
that the atomic nuclei having charge numbers Z, and Zg,
respectively, are at rest. We take the position of the nucleus
Z 4 as the origin and denote the coordinates of the nucleus
Zp, the electron of atom A, and that of atom B by R, r,
and r' = R + &, respectively, where £ is the position of the
electron of atom B with respect to the nucleus Zp.

A. Monochromatic laser field

We first consider two-center photoionization in a
monochromatic laser field, LA(¢), of frequency w, which is
taken in the dipole approximation. For definiteness, the latter

is assumed to be linearly polarized:
A(t) = Ag cos(wt)e. (D

The corresponding electric field amplitude is Fo = 2 Ag. Two
different limiting cases are considered. They are distinguished
by the relative value of the Rabi frequency Q25 ~ Fyag, which
is associated with the dipole transition in atom B, as compared
with the radiative width I'p of the excited state in atom B.
Here, ag denotes the Bohr radius. First, we discuss the case of
intense laser fields whose amplitude, still, is small enough that
the coupling to atom B may be treated perturbatively (Q2p <
I'p). Afterwards, the opposite case of nonperturbative strong
coupling is treated, where the dynamics is determined by the
Rabi frequency (Qp > I'p).

1. Perturbative coupling of the field to atom B

Two-center ionization involving the absorption of a single
photon from such a field was studied in Ref. [11]. In the
regime of low field intensities, the process can be calculated
starting from the second-order amplitude

oo
S =i [ dt (ol Vg o) B0
—00

e {(Eow—Eoi+w)

x (Wor | Wg|Woo) »
Eoq — Eot + @ + 5T
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Here and henceforth, the superscript “(m)” will be used to
indicate the monochromatic case. The relevant two-electron
configurations involved in this expression are as follows:
(i) Woo = @o(r)xo(§) with total energy Ego = & + €9, de-
scribing both electrons in the corresponding ground states
o and xo; (i) Wor = ¢o(r)x1 () with total energy Eo =
&0 + €1, in which the electron of atom A is in the ground
state while the electron of atom B is in the excited state y;;
and (iii) Wp o = @p(r)x0(§) with total energy Eyo = &, + €0,
where the electron of atom A is in the continuum state ¢
and the electron of atom B is in the ground state. I'p denotes
the radiative width of y;. The photoexcitation of atom B is
induced by the interaction term

. A
Wp=—ps e, 3)
2c

with pp denoting the momentum operator of the electron at
center B, whereas the interaction between the atomic transi-
tion dipoles is governed by

g _rE 3@-RER)
AB = R3 RS :

Accordingly, the first matrix element in Eq. (2) describes the
photoexcitation of atom B and the second matrix element
describes the interatomic energy transfer, leading to ionization
of atom A. The § function expresses the energy conservation
in the process.

The generalization of Eq. (2) to account for the possibility
of multiphoton absorption by atom A can be achieved by using

4)
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the strong-field approximation (SFA) [25]. The continuum
state @p(r) e~'*»" is replaced by a Volkov state,

A) _ P —i/ﬁ PN
v (r,r)—ﬁexp( : [p+CA(z)] ar'). ©)

which is taken in the velocity gauge. Here, V denotes the nor-
malization volume. The corresponding transition amplitude
can be written as

oo
sy = if dt (W5 xo|Vaslpoxi) e "ot
—00

(x11Wzlxo)
€ — €1 +w+ IEFB

(6)

The time integral can be evaluated by performing a Fourier
series expansion based on the generating function of the
Bessel functions [see Eq. (18) below]. Then, the transition
amplitude adopts the form

st = 211 5 10l Vaslen) b0l W o

2 - i
>0 60—E1~|-CU+2FB

x Cpd(ep —gp — U, + nw). @)

Assuming hydrogenlike wave functions for the bound states,
the spatial integrations in the matrix elements can be per-
formed by elementary means. The summation index n counts
the number of photons absorbed in the process; ng is the
smallest integer with nw + &9 — U, > 0, such that the argu-
ment of the § function can become zero. Here, U, denotes
the ponderomotive energy in the laser field. The coefficients
C, generally depend on the field parameters and the electron
momentum. For the case of a linearly polarized laser field (1),

2
the ponderomotive energy reads U, = :‘T% and the coefficients

are given by C, = J, (o, B), where J, denotes a generalized
Bessel function which is related to the ordinary, cylindrical
Bessel functions through the identity [26]

T, B) =" Jn-2e(@)Je(B), ®)
£

where

A A2
a=—0p~e, B=— 0
cw

8clw’ ©)
From the amplitude (7), the monochromatic two-center ion-
ization rate is obtained by taking the absolute square and
integrating over the outgoing electron momenta:
R _ 1 Vd? p
= —
T ) Q2n)
where T denotes the interaction time.

We point out that SFA theories more advanced than the
basic one applied in Eq. (6) exist as well (see, e.g., Ref. [27]
and references therein). In this paper, however, our main goal
is to provide order-of-magnitude estimates of the ionization
rates in order to reveal the relative importance of strong-field
2CPI as compared with the corresponding well-established
single-center ionization process. To this end, our approach
shall be sufficient because the enhancement in two-center
systems turns out to be enormous, amounting to several orders

2
El

|3 (10)

of magnitude (see Sec. III). A relative enhancement of similar
strength may be expected to arise in improved theories as well.

2. Nonperturbative coupling of the field to atom B

A laser field which is resonant with the transition in atom
B can drive Rabi oscillations between the ground and excited
states xo and y;. The corresponding Rabi frequency Qp
induces a splitting of the level (quasi)energies due to the
dynamic Stark effect. If this splitting is larger than the width
I's due to spontaneous radiative decay, another theoretical
description of 2CPI other than that in Sec. IIA 1 will be
necessary.

The strong coupling between the laser field and atom B
requires a nonperturbative treatment. This can be achieved by
using field-dressed bound states instead of the stationary states
Xxo and x; of atom B. They can be written as

DL, 1) = [(AF Qe xo(&) + 2Wiox1(£)]

e*iGil
X )
V(A F Qp)? +4[Wyo2

with the detuning A = ¢y + w — €, the Rabi frequency Qp =

A%+ 4[Wiol2, Wio = (x1lWalxo), and ex = 5(€o + €1 +
o F Qp). In the derivation of Eq. (11), the rotating-wave
approximation has been used and the interaction with the field
is assumed to be switched on adiabatically [28,29].

The field-dressed states ®d. are now used as basis states
for the combined system “atom B + laser field.” The only re-
maining interaction is the interatomic dipole-dipole coupling,
which is treated in the first order of perturbation theory, as
before. The ionization amplitudes, accordingly, have the form

(1)

o0
Sy =i f At (YD Vaglgo®.) e (12)
o0

We assume here that the proper initial condition at t — —oo
is encoded in the state @, . Since the interaction of atom
B with the laser field has been incorporated in the dressed
states, the structure of Eq. (12) looks simpler than the second-
order amplitude (6). Note, however, that there are two partial
contributions, S>; and S,_, which differ by the final field-
dressed state in atom B. The spatiotemporal integrations in
Eq. (12) can be performed in a straightforward way, resulting
in a lengthy expression which is omitted here.

Since the total final states 1//l()A)<D+ and wl()A)CD_ are or-
thogonal to each other, the amplitudes in Eq. (12) add up
incoherently to yield the ionization rate

1 Vdip
TJ) Q2m)

Before proceeding to the next section, we point out that our
consideration of the monochromatic case has been performed
mainly for reasons of completeness and for building a bridge
to our previous studies of 2CPI by single-photon absorption
[11]. Particularly in the case of relatively weak fields—where
the permissible laser intensities are restricted by the condition
Qp < I'p—the probability for multiphoton absorption is very
small (see Sec. III and also Ref. [24]). As a consequence, our
main focus in the present paper is on 2CPI in bichromatic
laser fields where these limitations can be circumvented by

Ry = (US24 1> + 152 1%). (13)
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a proper choice of the field parameters. This more complex
case is considered next.

B. Bichromatic laser field

Now we turn to two-center photoionization in a bichro-
matic laser field. The latter is assumed to be of the form

A1) = A (1) + A (1), (14)

with a strong, low-frequency component of circular
polarization,
Ai(t) = Agi[cos(wit)e, + sin(wit)ey], 15)

and a comparably weak, high-frequency component of linear
polarization,

Ay (1) = Agy cos(wat)e, (16)

whose amplitude satisfies the relation Agy; << Ag;. The corre-
sponding field strengths are given by Fp; = % Ag; for j €
{1,2}. The higher frequency w, is assumed to be resonant
with a dipole-allowed transition in atom B. We remark that
the low-frequency field is chosen to have circular polarization
merely for reasons of computational convenience.

In principle, each atom is subject to both fields .A; and
A,. However, we may simplify our treatment considerably
by noting that a resonant field can couple two bound states
much more efficiently than a nonresonant field, even though
the amplitude of the former may be much lower than the
amplitude of the latter. Conversely, an intense field of low
frequency exerts a much stronger impact on an electron in
the continuum than a weak field of high frequency does.
Therefore, to a good approximation, we describe the ionized
electron by the Volkov state w(““‘)(r t) [see Eq. (5)] which
includes the strong field A only With regard to atom B, we
consider only the interaction with the resonant field .Az. Its
(nonresonant) impact on atom A is instead ignored.

As before, we distinguish the cases where the resonant field
component is rather weak or relatively strong, respectively,
in terms of the relation between the induced Rabi frequency
and the radiative linewidth. We note that, in contrast to the
monochromatic laser field of Sec. I A, a bichromatic field
offers the advantage that the amplitude of the resonant mode
can be kept quite small, without suppressing the probability
for multiphoton absorption which can be controlled by the
amplitude of the low-frequency mode.

1. Weak resonant field

We first discuss the case, when the high-frequency field
component is weak (i.e., Fppap ~ Qp < I'g). Then, its in-
teraction with atom B can be treated in the first order of
perturbation theory. Accordingly, the ionization amplitude in
the bichromatic field can be written approximately as

o
bi . A s .
S0 =i [ty sl Daslen e

<xl|W< 1 x0)

) 17
A+ % FB a7

where Wg) ‘;02 Ps-eand A = ¢y — €] + w is the detun-
ing. Besides, the superscript “(bi)” is used to indicate the

bichromatic case. Similarly as before, the time integral can
be evaluated by performing a Fourier series expansion of the
periodic parts in the Volkov states, based on the identity

o0

> a@)e™. (18)

n=—00

eiot sinn —

Then, the bichromatic ionization amplitude becomes

S;bi) 2mi Z

n>n0

x D, 8(gg — &, — U, +nw; + ). (19)

(€™ xol Vaglooxi) GalWe 1 xo)
A+1ilg

Since the strong field is circularly polarized, the coefficients
are given by ordinary Bessel functions, according to D, =
Jo () ™. Here, the argument reads o = A‘“’” , with p; =

/P2 + py denoting the magnitude of the electron momen-

tum component which lies in the polarization plane of the
field \A;, and the phase 7, is defined by the relations p, =
p1cosn,and p, = p, sinn,. The summation index n counts
the number of low-frequency photons absorbed from the field
Ay;; ng is the smallest integer with nw; + w, + &9 — U, > 0.
The ponderomotive energy results from the strong, circular-
polarized field and reads U, = ;1652‘ )

The § function in Eq. (19) reflects the energy conservation
in the process. It shows that the ionization is achieved by
combining the energy of a high-frequency photon w,, which
has first been absorbed by atom B, and a variable number 7 of
low-frequency photons .

From the amplitude (19), we obtain the corresponding ion-
ization rate R(zbl) by an analogous expression like in Eq. (10).
It can be cast into the following form:

o) ALTE =
R, E Fu, (20)
6[ A2 2
R [A +3 F n>n0
which highlights its overall structure and main dependencies.
Further, more detailed information such as the interatomic

geometry is encoded in the functions F,,.

2. Strong resonant field

Let us now turn to the case of a relatively strong high-
frequency field component A,, satisfying Q5 > I'g (but still
Ay < App). In the same spirit as in Sec. I[I B 1, we may obtain
the corresponding contributions to the ionization amplitude
by performing in Eq. (12) the replacement Ilf‘()A)(I‘, t) —
wéA')(r, t) and taking states ®.(&,¢) in atom B which are
dressed by the resonant field A, only. Thus, the action of the
field \A; is neglected on atom A, whereas the action of the
field A, is neglected on atom B.

Accordingly, the two-center ionization in the bichromatic
field is described by the transition amplitudes

o0
S =i [ di (00 anlen®i e 2D
—00
They give rise to two incoherent contributions to the total

2CPI rate, Ry = R + RS, in analogy with Eq. (13).
Focusing on their main dependencies, these partial rates can
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be written in the form

AL (A — Qp)? nd
RO[(A — Qp)? + 4|Wo|?]? 26

n=ng

(bi)
RED =

and a similar expression for Rgb_‘)
contain all remaining dependencies.

From the structure of Eq. (22) we see that, exactly on
the resonance (A = 0), the rate becomes independent of A,
because the Rabi frequency then reduces to Qp = 2|Wjy|,
with Wiy = (1 |W§2)| Xo) being proportional to Agy [see the
line below Eq. (17)]. Thus, as a function of the resonant field
amplitude, the bichromatic 2CPI rate first increases like A(z)2
in the weak-coupling regime where Qp < I'p [see Eq. (20)],
then the growth reduces in the intermediate transition regime
(Qp ~ I'p), and eventually saturation occurs in the strong-
coupling regime (25 > I'p).

. Here, the functions G,

C. Competing single-center processes

Below, we shall illustrate the relevance of two-center ion-
ization in a bichromatic laser field by way of several examples.
Before doing so, however, we should note that atom A can
also be ionized directly, i.e., without participation of atom B.
There are various channels for this single-center ionization
which compete with the 2CPL. If they are too strong, they can
mask the two-center ionization.

In accordance with the usual strong-field approximation
in the velocity gauge, the direct ionization of atom A in the
bichromatic laser field (14) can be described by the amplitude

o0
Si=i [ dr A Al e 23

oo

where y{1+42) denotes a Volkov state in the bichromatic field
and the interaction Hamiltonian

Hp=H? +AY + A® (24)

may be decomposed into contributions of increasing order in
the weak-field component:

. 1 1
H? = A - ps+ 55 Aj (25)
c 2c
L1
AHY = —(pa+-A |- Ay, (26)
c Cc
A= L 27)
S 227

The bichromatic Volkov state can be written as

YAFA) g (A o=l [ AD- Aot s 5 At
P p

~ wéA‘)[l —1 / %(p-{- %A1) . Azdti|,

where in the final step an expansion in powers of .4, has been
performed and terms of order O(A%) and higher have been
dropped.

These decompositions allow us to identify various single-
center ionization mechanisms in the amplitude (23). First, it
contains the amplitude for ionization of atom A by the strong
field A, alone:

o0
SV = —i / dt (Y[ HO o) e (28)
Besides, there is a combined amplitude for ionization which
involves the strong field to all orders along with one photon
from the weak field,

o0
0= =i [~ AP, @

oo

with
. . ' 1 .
Ay =AY + %f <p + ;Al> - AdtHO. (30)

In analogy with Eq. (10), the corresponding single-center
ionization rates are obtained from

3

R =7 [ G lsiOF G31)
T /) Q2n)

with the upper index ¢ € {0, 1} denoting the order of A, in-

volved. We emphasize that no quantum interferences between

the amplitudes S }Z) arise, provided the frequencies w; and w,

are incommensurate.

Ionization pathways which involve the field A, together
with higher orders of the field A, are not considered in the
subsequent discussion. For the chosen parameters, they can
be estimated to give just a small contribution to the single-
center ionization. Nevertheless, in our comparative discussion
below, we include ionization solely by the field .A;. It may be
calculated approximately from the SFA amplitude

[e.¢]

1 . .

S = —i / di{yg™|=pa - Ao+ HPlgo) ™. (32)
—00

The corresponding rate R'® which follows from an expres-
sion analogous to Eq. (31), serves us as a reference value for
comparisons with the other ionization mechanisms.

Before moving on to the results section, two comments
are appropriate. First, it is possible to embed the two-center
ionization amplitude (21) and the single-center ionization
amplitude (23) into a common frame, which makes their con-
nection more transparent. lonization of atom A in a two-center
system, which is subject to the bichromatic field (14), can
occur either through its coupling to the field via the Hamilto-
nian (24) or through the interatomic mechanism involving the
dipole interaction (4). The combined amplitude may thus be
written as

o0
Sip = i/ dt (YD ¢ |(Hine + Vag)lpo®) e,
—00

where either f = +or f = —. Since ﬁim acts on atom A only,
this amplitude can be decomposed according to

o0
Sip=i84 f dt (Y1) | Hin o) 70"
-0

o0
i / dt (WD | Vaplp® ) e

oo
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where § . = (®¢|®P, ). Hence, due to the orthogonality of the
field-dressed states, the first line of this equation contributes
only for f = +, and then it coincides with the single-center
amplitude (23). The second line gives the two-center ampli-
tudes (21), where the additional approximation {414 ~

I/fl()A') has been applied because, here, the coupling of the res-
onant high-frequency field .4, to the bound states of atom B is
much more relevant than its impact on the continuum state of
atom A. While this consideration shows that the single-center
processes of the current section can be treated with 2CPI in
a unified way, their separate calculation offers the advantage
that the relative importance of the various ionization mecha-
nisms can be compared with each other (see Sec. III).

Second, it is worth mentioning that also atom B can be
ionized in the presence of the bichromatic field, for example,
through resonant ionization by two-photon absorption from
the high-frequency mode. This kind of single-center process,
however, is well known in the literature (see, e.g., Ref. [28])
and is not within the scope of the present paper. We are solely
interested in the ionization of atom A. Therefore, it only mat-
ters to us that the ionization of the atoms B is not too strong,
so that their majority survives and can participate in the 2CPI
of atom A. Note that, in an experiment, electrons ejected from
atom B can be distinguished from those originating from atom
A by their different kinetic energies.

III. RESULTS AND DISCUSSION

We illustrate the results obtained in the previous section by
some examples. Our general intention is to see whether two-
center ionization in bichromatic laser fields can be a relevant
ionization pathway in comparison with the competing pro-
cesses. To this end we consider simplified, generic model sys-
tems for the two-center atomic system. Each center is treated
as an effective one-electron atom, which is parametrized by an
effective nuclear charge Z4 or Zp, respectively. The charges
will be chosen in such a way as to offer some similarity with
real atomic species. The interatomic displacement vector is
always taken along the z axis, R = Re;.

In our first model system we assume that a hydrogen atom
represents center B. During 2CPI the 1s — 2 p transition with
€] — €p ~ 10.2 eV is resonantly driven. The partner atom A is
supposed to have an ionization potential which is larger than
the excitation energy, but smaller than the binding energy in
hydrogen. These conditions guarantee that (i) atom A cannot
be ionized by single-photon absorption from the resonant field
and (ii) it is somewhat easier to ionize atom A than atom B,
since the latter process would reduce the number of two-center
systems which can contribute to 2CPI. We chose an ionization
potential of |gg| & 12.1 eV, corresponding to Z4 = 0.94. For
simplicity, the ground state of atom A is assumed to be
describable by a ls wave function. A very simple prototype
model for a two-center system is established this way. To
have a succinct name, we denote the system as “Xe-H-like”
since the chosen ionization potential coincides with the value
in xenon.

The parameters of the second model are chosen to mimic
an existing system more closely, taking a He-Ne dimer as a
reference. Helium represents atom A, which is to be ionized
from the ground state; the effective nuclear charge is chosen

as Z, = 1.345 to match the binding energy |eg| & 24.6 eV
of helium. To model neon as the neighboring atom B, the
resonant photoexcitation is calculated from a 2p state to a
3s state, with Zg = 1.259 chosen in correspondence with
the excitation energy €; — ¢y &~ 16.85 eV in neon [30]. Our
“He-Ne-like” model system thus captures some basic features
of a real He-Ne dimer. Note that this van-der-Waals molecule
was used in the experimental studies of 2CPI [12]. In its
electronic ground state, the interatomic distance varies as
R ~ 2-8 A, with the minimum of the potential curve lying
at the equilibrium distance R.q ~ 3 A [31].

The frequency w, of the high-frequency field mode is
always chosen to be in exact resonance with the transition
energy in atom B, which is lower than the binding energy
in atom A. Thus, in contrast to our previous studies in
Ref. [11] and the experiment in Ref. [12], the absorption of
more than one photon is required. The ionization potential
of atom A can be surmounted either by absorption of two
(or more) high-frequency photons w, or in a genuinely
bichromatic process by absorbing one high-frequency photon
together with a number of low-frequency photons. The
parameters in our model systems are chosen such that a single
high-frequency photon provides already a large fraction
of the required energy. The low frequency is supposed to
satisfy the condition w; < w,. Besides, it is assumed that no
resonance is hit in atom A while climbing the energy ladder
go+nw +w; (n=0,1,2,...) up to the continuum. For
definiteness, the polarization vector e of the exciting laser
field (16) is taken along the x axis, throughout.

We mention that single-center photoionization in a bichro-
matic laser field with w, < |eg| was studied theoretically
in Ref. [32]. Photoionization of single atoms and ions in
bichromatic laser fields with w;, w, < |gg| was calculated in
Ref. [33]. Several experiments on strong-field photoionization
of atoms in bichromatic laser fields were conducted, com-
bining extreme ultraviolet (xuv) or soft x-ray radiation with
infrared or optical laser beams. For example, nonresonant
photoionization of argon atoms by xuv high harmonics in
the frequency range 17 eV < w; < 38 eV and an intense,
near-optical laser pulse (w; ~ 1.5 eV, I ~ 10'> W/cm?) was
observed [34]. Related studies applied high-frequency radia-
tion from a synchrotron source [35] or free-electron laser [36]
in combination with optical laser fields.

A. Weak resonant field

Figure 2 shows the rates of various ionization chan-
nels in our Xe-H-like two-center model system. The high-
frequency field component has a field strength of Fp, = 3.7 X
10719 a.u. ~ 1.9 V/cm, corresponding to a Rabi frequency
of Qp~3x 1071 au. which is 2 orders of magnitude
smaller than the radiative decay width 'z = 1.5 x 1078 a.u.
of the excited 2p state in hydrogen. The amplitude of the
low-frequency field component is varied in Fig. 2; it has a
field strength of the order of Fy; ~ 7 x 107% au. ~ 3.5 x
10° V/cm, corresponding to an intensity of ~10'© W /cm?.

Despite its small amplitude, the presence of the high-
frequency field leads to a strong enhancement of ionization
for the single-center processes (see dashed red and dash-
dotted orange curves). The high-frequency field alone is not
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FIG. 2. Photoionization in a Xe-H-like system with w; = 1.8 eV,
w, = 10.2 eV, and eAy, = 3.7 x 107 eV (weak-field case) at inter-
atomic distance R = 10 A. Various ionization channels are shown
(from top to bottom): bichromatic 2CPI [thick solid blue line,
see Eq. (19)], bichromatic single-center PI [dashed red line, see
Eq. (29)], monochromatic 2CPI in the field .A, [thin solid black line,
see Eq. (10)], monochromatic single-center PI in the field .A; [dash-
dotted orange line, see Eq. (28)], and monochromatic single-center
PI in the field A, [dotted green line, see Eq. (32)].

powerful, though, as it leads to a negligibly small single-
center ionization rate (dotted green curve). Compared with the
latter, the monochromatic 2CPI rate (thin solid black curve)
is already much larger. Overall, however, the bichromatic
2CPI rate R(zb]) [thick solid blue curve, cf. Eq. (19)] is by
far the largest for the chosen parameters. Since the ionization
requires two low-frequency photons w; to be absorbed along
with one high-frequency photon w;, it scales with ~Agl and
exceeds both the bichromatic single-center ionization rate
R(ll) [cf. Eq. (29)] and the monochromatic 2CPI rate R(Zm)
[cf. Eq. (10)] in the resonant field A, by several orders of
magnitude. The latter rate relies on the absorption of two
high-frequency photons w;, in total.

The monochromatic 2CPI rate lies 8 orders of magnitude
above the monochromatic single-center rate R(12) in the field
A, [cf. Eq. (32)]. In our previous studies [11], a ratio between
the two-center and the corresponding single-center PI rates of
roughly [c/(w;R)]® was found, which is in good agreement
with the current data.

To ionize atom A solely by absorption from the low-
frequency field mode, at least nyp = 7 photons w, are re-
quired to overcome the ionization potential. The correspond-
ing monochromatic ionization rate R(IO) [cf. Eq. (28)] in Fig. 2
scales approximately with NA(I)?, indicating that the main con-
tributions stem from n = 7 and 8 photons. Note in this context
that the ponderomotive energy U, ~ 1 meV is very small.
Accordingly, the Keldysh parameter y = ,/|eol/2U, ~ 80 is
large and the ionization occurs in the perturbative multiphoton
regime.

Our second model system is shown in Fig. 3. Since the
binding energy of helium is twice as large as that in xenon,
the applied vector potentials are chosen to be larger by

lonization Rates R [1/s]

0.32 0.34 0.36 0.38 0.4 0.42
eA,, [keV]

FIG. 3. Photoionization in a He-Ne-like system with w; =
1.7eV,w, = 16.85¢eV, and eAp = 3.7 x 107> eV (weak-field case)
at the interatomic distance R = 5 A. The various ionization channels
are distinguished by the same line style and color coding as in Fig. 2.

1 order of magnitude than before, corresponding to the field
strengths Fo; ~ 6 x 1073 a.u. ~ 3 x 10’ V/cm and Fp =
6.2 x 107° a.u. &~ 30 V/cm, respectively. As before, the
Keldysh parameter y ~ 35 indicates perturbative multiphoton
ionization and Qp < I'p implies weak coupling between
atom B and the resonant field component. The interatomic
distance is chosen to lie in the middle of the relevant range
mentioned above. )

The bichromatic 2CPI rate Rg") is again the largest. lon-
ization via this channel requires at least five low-frequency
photons w; in addition to one high-frequency photon w,. To
a good approximation, the rate shows a scaling with NA(I){. It
exceeds the bichromatic single-center PI rate R{" by more
than 6 orders of magnitude. In comparison with Fig. 2 we
see that the monochromatic 2CPI channel has become rel-
atively more important. This is because, even though both
field amplitudes are enlarged, the probability to absorb a
second high-frequency photon has grown more strongly than
the probability to absorb the required photons from the low-
frequency field, since their number has increased. For similar
reasons, the monochromatic PI in the high-frequency field
Aj is much stronger than the monochromatic PI in the low-
frequency field A,. The latter requires absorption of a large
number of 15 photons and is, thus, heavily suppressed in the
multiphoton regime.

B. Strong resonant field

We now turn to the case of strong laser-atom coupling
with Qp > I'p. Figure 4 shows our corresponding results
for the first model system. For the chosen amplitude of the
resonant field component, the Rabi frequency is larger by an
order of magnitude than the radiative width. As compared
with Fig. 2, the 2CPI rates Ry and R{™ have increased
by several orders of magnitude, accordingly. Note, however,
that the increase of Rgm) is less than suggested by an ~Ag,
power-law scaling, which indicates the saturation occurring
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FIG. 4. Photoionization in a Xe-H-like system with w; = 0.3 eV,
w> =102 eV, and eAg, = 3.7 x 1073 eV (strong-field case) at the
interatomic distance R = 10 A. The various ionization channels are
distinguished by the same line style and color coding as in Fig. 2.

in the strong-coupling regime. Conversely, despite the satu-
ration effect, the bichromatic rate R;b‘) has grown more than
suggested by an ~A(2)2 scaling [see Eq. (20)]. This is because
the parameters of the low-frequency field .A; have distinctly
changed in comparison with Fig. 2. They now correspond to
an enlarged intensity of ~10'> W/cm? and a ponderomotive
potential of U, ~ 10-17 eV. The latter increases the energy
threshold for ionization substantially. The absorption of at
least ny ~ 50 photons w; from the strong-field component, in
addition to one high-frequency photon w,, is required to reach
the continuum.

The saturation effect is also responsible for the circum-
stance that the relative enhancement factor between the
monochromatic two-center and single-center ionization chan-
nels, RY™ /R{> ~ 103, is less than that in Fig. 2. This is a
general result, which was also obtained in Ref. [11]: While
the absolute magnitude of 2CPI rates is enlarged in the strong-
coupling regime, the relative enhancement as compared with
the competing single-center ionization channel is reduced.
Also the ratio of the bichromatic rates has decreased to
R(zbl) /R(ll) ~ 10°. Nevertheless, for the parameters chosen in
Fig. 4, the bichromatic 2CPI rate is still by far the largest.

Regarding the monochromatic single-center PI rate RO,
we note that at least ng ~ 85 low-frequency photons w,; are
required to overcome the ionization threshold. The Keldysh
parameter of y ~ 0.7 implies that the coupling with the field
A, is situated in the nonperturbative regime of tunneling
ionization.

Figure 5 illustrates the strong-coupling regime for our
He-Ne-like model system. For the chosen parameters, the
resulting ionization rates quite closely resemble the ones in
Fig. 4, exhibiting the same relative order. In particular, the
bichromatic 2CPI rate Réb‘) is the largest; it dominates over
the other rates by at least 2 orders of magnitude. In compar-
ison with Fig. 3, the rate R;b’) has strongly increased by 8
orders of magnitude. The same holds for the monochromatic

10

10° | 1

107 o |

lonization Rates R [1/s]
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FIG. 5. Photoionization in a He-Ne-like system with w; =
0.85 eV, w, = 16.85 eV, and eAy = 3.7 x 1072 eV (strong-field
case) at the interatomic distance R = 5 A. The various ionization
channels are distinguished by the same line style and color coding as
in Fig. 2.

2CPI rate R;m), which now lies 3 orders of magnitude above
the single-center rate 7'\’,52) in the field A;. Regarding the

single-center rate Rio) in the field A;, we note that about
ng ~ 45 low-frequency photons must be absorbed at least,
with the Keldysh parameter y ~ 1 indicating nonperturbative
laser-atom coupling in the above-threshold regime.

IV. CONCLUSION

Photoionization of two-center atomic systems in strong
laser fields has been considered. The ionization occurred
through resonant photoexcitation with subsequent radiation-
less energy transfer to the neighboring atom, combined with
additional multiphoton absorption to overcome the ionization
threshold. The case of monochromatic fields was treated to
establish a direct generalization of earlier studies on 2CPI with
single-photon absorption to the multiphoton regime at higher
field intensities. Ionization rates large enough to be measured
in experiments are difficult to achieve in this scenario, though.

Therefore, the focus was laid on 2CPI in bichromatic
fields, consisting of a weak resonant field component and a
rather strong low-frequency component which allows for siz-
able multiphoton absorption. Various laser-atom interaction
regimes were studied. The relative enhancement of strong-
field 2CPI over the competing single-center process is particu-
larly high when the coupling to the resonant field is relatively
weak (25 <« I'g). However, larger absolute 2CPI yields can
be achieved in the opposite regime of strong coupling where
the resonant field-induced energy shift exceeds the natural
linewidth of the excited state. Also for the low-frequency field
component various interaction strengths were analyzed, rang-
ing from the perturbative multiphoton domain to the nonper-
turbative regimes of above-threshold and tunneling ionization.

Numerical calculations to illustrate the effects were per-
formed on the basis of generic two-center model systems
which, despite their relative simplicity, still enable one to
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capture the essential physics of 2CPI in strong-laser fields.
Our general predictions on largely enhanced ionization yields
might be tested experimentally by using as a real system, for
instance, He-Ne dimers in the presence of a weak soft-xuv
beam, which is in resonance with a dipole transition in neon,
and a moderately strong (near-)optical laser field.
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