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Influence of nuclear motion on resonant two-center photoionization
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The photoionization of an atom in the presence of a neighboring atom of a different species is studied.
The latter first undergoes resonant photoexcitation, leading to an autoionizing state of the diatomic system.
Afterwards, the excitation energy is transferred radiationlessly via a two-center Auger process to the other atom,
causing its ionization. Assuming a fixed internuclear distance, it has been predicted theoretically that this indirect
ionization pathway can strongly dominate over the direct photoionization. Here, we extend the theory of resonant
two-center photoionization by including the nuclear motion in van der Waals molecules. An analytical formula
is derived reflecting the influence of molecular vibrational dynamics on the relative strength of the two-center

channel. For the specific example of Li-He dimers, we show that the two-center autoionizing resonances are split
by the nuclear motion into multiplets, with the resonance lines reaching a comparable level of enhancement over
direct photoionization as is obtained in a model based on spatially fixed nuclei.

DOI: 10.1103/PhysRevA.102.012818

I. INTRODUCTION

Studies on photoionization processes and other photo-
induced breakup reactions in atoms and molecules have al-
ways helped deepen our understanding of the structure and dy-
namics of matter on a microscopic scale. Due to well-defined
transfers of energy and momentum during photoabsorption,
such processes can provide detailed information on the under-
lying interaction mechanism as well as the involved atomic
system. Accurate and comprehensive tests of corresponding
theoretical models are nowadays enabled by kinematically
complete experiments [1].

Within the multitude of different photoionization pro-
cesses, electron-electron correlations often play an integral
part. A well-known example is resonant photoionization,
where photoexcitation creates an autoionizing state which
subsequently leads to ionization via Auger decay. This mech-
anism can also be generalized to systems consisting of two (or
more) atoms. In this case, the resonant excitation of one atom
leads—via interatomic electron-electron correlations—to a
radiationless energy transfer to a neighbor atom, resulting in
its ionization. This decay mechanism is a two-center version
of the (usually intra-atomic) Auger effect and is also well
known as interatomic Coulombic decay (ICD) [2—4]. It has
been experimentally observed in a variety of systems, e.g.,
in noble-gas dimers [5], clusters [6], and water molecules [7]
after photoabsorption. ICD can also be triggered by electron
impact, which has been demonstrated in various noble-gas
systems for a range of impact energies [8—11].

Stabilization through ICD is included in resonant two-
center photoionization (2CPI), which represents the gener-
alization of resonant photoionization to diatomic systems
[12,13]. The process describes the ionization of an atom A via
photoexcitation of a neighboring atom B of a different species.
In this way, an autoionizing two-center state is formed which
can decay via a two-center Auger decay, that is, through ICD.
2CPI has theoretically been studied in systems of two atoms
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whose internuclear separation was assumed to be fixed. Under
suitable conditions, it was shown to dominate over direct (i.e.,
single-center) photoionization of atom A by several orders
of magnitude. As a specific example, a diatomic system
of Li and He was considered [12,13]. Related theoretical
studies (see, also, [14]) have treated two-center single-photon
double ionization [15], strong-field multiphoton ionization
[16], and electron-impact ionization [17] in heteroatomic sys-
tems, as well as two-photon single ionization in homoatomic
systems [18].

Experiments on two-center processes are mostly per-
formed on van der Waals molecules or clusters, which are
characterized by small binding energies and large bond
lengths. In particular, experimental studies on 2CPI were
carried out on He-Ne dimers [19,20] and on Ne-Ar clusters
[21] using synchrotron radiation to induce the 1s-3p transition
in He at about 23 eV and the 2p-3s transition in Ne at
about 17 eV, respectively. Both experiments found strong
enhancements of the photoelectron yield as compared with the
direct-ionization channels of Ne or Ar, respectively.

In these experiments, the internuclear distance between the
two atoms is not fixed but varies due to the vibrational molec-
ular motion. Therefore, the original theory of 2CPI [12] needs
to be further developed to account for the nuclear motion as
well. Of particular interest is the influence of the latter on the
total cross section of 2CPI and its relative strength in compar-
ison with the direct photoionization. It is worth mentioning
that angular distributions of electrons emitted via 2CPI from
He-Ne dimers have been calculated in [20], including their
vibrational level structure (for a similar consideration of ICD
in He,, see [22]). In addition, we note that 2CPI has recently
been studied in slow atomic collisions where the internuclear
distance is not fixed either, but is subject to the relative atomic
motion which was assumed to follow a straight-line trajectory
[23].

In the present paper, we expand the theoretical descrip-
tion of 2CPI by incorporating the nuclear motion in weakly
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bound heteroatomic dimers. In this way, the corresponding
treatments for ICD [24,25] are extended by fully including the
photoexcitation step. While 2CPI in van der Waals molecules
is a rather complex process, we try to keep its treatment
as analytical as possible in order to facilitate the physical
interpretation of the results. Our approach allows us to ex-
amine the changes, which originate from the nuclear motion,
to the predictions on 2CPI for fixed internuclear separations
[12,13]. In addition, a comparison between 2CPI and the
direct photoionization in a dimer is drawn and a formula for
the ratio of the corresponding cross sections is obtained.

Our paper is organized as follows: In Sec. II, we present
our theoretical considerations of 2CPI. Applying the Born-
Oppenheimer approximation, we first treat the (fast) elec-
tronic transitions involved in 2CPI at fixed internuclear dis-
tance [26] and, afterwards, include the (slow) nuclear motion
in the potential formed by the Coulomb and van der Waals
interactions between the atoms A and B. An expression for
the 2CPI cross section in a weakly bound dimer is derived
which contains transition matrix elements between the rele-
vant molecular vibrational states. In Sec. III, we apply our the-
ory to 2CPI in Li-He dimers. The influence of the vibrational
nuclear motion is demonstrated and its physical implications
are discussed. Concluding remarks are given in Sec. IV.

Atomic units (a.u.) will be used throughout unless other-
wise stated. The Bohr radius is denoted by a.

II. THEORY OF RESONANT TWO-CENTER
PHOTOIONIZATION

As in [12], we describe the process of 2CPI in a simple
system of two atomic centers A and B. The geometry of
the system, in which both atoms are initially in their ground
states, is characterized by the linking vector R between the
nuclei. Within the Born-Oppenheimer picture, electronic and
nuclear processes can be treated separately. The fast electronic
transitions can be calculated for fixed interatomic distances
R, whereas the slow nuclear motion can be considered after-
wards. We note that R has to be sufficiently large (covering at
least several Bohr radii) in order to apply the approximations
used in the following.

A. Electronic transitions

To begin with, we calculate the process treating the two
atoms individually and incorporate molecular interactions in
the following sections. The nuclei which are assumed to be at
rest carry the corresponding charges Z4 and Zz. We take the
position of Z, as the origin and denote the coordinates of the
nucleus Zg, the electron associated with A, and the electron
associated with Bby R, r, and r' = R + &, respectively, where
& is the position of the electron of atom B relative to the
nucleus Zg.

The considered process involves two steps, i.e., the pho-
toexcitation of atom B and the subsequent radiationless energy
transfer leading to the ionization of A. Therefore, we need to
define the initial, intermediate, and final configurations of the
two electrons associated with A and B, which are illustrated
in Fig. 1. Within this basic consideration, we restrict the
expressions to one active electron on each center included in
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FIG. 1. Scheme of resonant two-center photoionization, 2CPIL.
A two-center autoionizing state is created via photoexcitation of
atom B (left). Subsequently, the latter transfers the excitation energy
radiationlessly to atom A, leading to its ionization via two-center
Auger decay (right).

the transition. Therefore, we obtain the following states: (I)
The initial state @, , = @,(r)x,(&§), with total energy E,, =
&4 + €, has both electrons of A and B in their ground state.
(I) In the intermediate state ®,, = @q(r)x.(§), with total
energy E,, = &, + €., the electron of B has been excited by
the electromagnetic field and the electron in A remains in its
ground state. (III) The final state @y , = @k (1) x,(§), with total
energy Ey o = &; + €, and g = % consists of the electron
from A, which has been emitted into the continuum with
asymptotic momentum K, and the electron of B, which has
returned to its ground state.

In order to ionize atom A in a two-center process including
atom B, the ionization potential Iy = |&,| has to be smaller
than the energy difference wp =€, — €, of the electronic
transition in atom B. The probability amplitude is calculated
via the time-dependent perturbation theory,

s = — f " VAB(Kk, R)e ™ FeemFrel

oo
t
x [ dt' W (w)e " Eesto=Eeo’, (1)
—00
The matrix elements are given by
V(K R) = (P o[ Vap(R)| Py.o), 2)
W @) = (@ye|We (@) Pyg).- 3)

The operator Wze™™' induces the photoexcitation of atom
B. The external field interacting with the atomic centers is
described as a classical field with linear polarization. Ap-
plying dipole approximation simplifies the employed vector

potential,
A(t) = Agcos(wt). 4)

The direction of polarization is set along the z axis, Ay =
Ape;. Hence, the interaction Wy reads

o Ao Pe

Wp = ———. 5)
2c

The interatomic interaction V,z causes the energy transfer

between A and B resulting in the ionization of A. The excited

state in atom B decays in a dipole-allowed transition. We
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neglect retardation effects and obtain

r-§ 3R -R)

Vas(R) = a 75 (6)
Integration of Eq. (1) leads to
. VA (k, )W (0)
P = 27is(Ey g — Egg — 0)——————,  (7)

A+ 4T

where A = €, + @ — €, is the energy detuning. The resonance
width I accounts for the instability of the excited state of atom
B and includes the radiative width I';,q and the two-center
Auger width Iy, [28],

=T+ 1—‘aug' (®)

The radiative decay rate I'y,q describes the decay of the excited
state of atom B via spontaneous emission of a photon. The
two-center Auger width I'y,e describes radiationless transfer
of the transition energy in atom B to atom A, leading to
its ionization. Accordingly, the widths are obtained from the
equations

4(1)% 2
['raa = 33 [{Xel&lxe) 1™, ©)
dsk, AB 1,/ 2 ’
Fag(R) = / _(Zn)2 V(' R)[78(e;, + €, — €5 — €¢).
(10)

B. Ratio of cross sections at fixed R

In order to compare the two-center photoionization, we
also calculate the direct photoionization of atom A. The corre-
sponding transition amplitude is given by

SO = / "t DI @)lgy e e (1)

oo

Here, the operator Wy = Agf' describes the coupling of the
electron in atom A to the electromagnetic field. The direct
photoionization process can interfere with the indirect pro-
cess leading to the same final state. The resulting transition
amplitude thus consists of two individual amplitudes,

s — ¢ +S(2)’ (12)

We then obtain the transition cross sections ¥, ¢@® and
o2 for the one-center, two-center, and total photoionization
processes, respectively, by virtue of

1 d*k
o= — [ ——Is"P, (13)
Tj 2r)
2
where t denotes the interaction time and j = ;% is the

incident photon flux. The cross sections for two-center
and direct one-center photoionization can be related. Fixing

r’ 3
= [
A B

FIG. 2. Scheme of the spatial dependencies considered in the
calculation of the energy shift.

R = Re,, one obtains
3
2) _ li d’k

2
o= e m|<§0ng|Z$z|¢gXe>|

|{xel 3.0 - Pel xe)
1
A2 4 ;T2

2
~ (1) Frzad 3¢?
o 7 12\ s ) (14)
On resonance, the ratio reads
0@ T2 (3
o " T2 \Rw?) - (13)

I'rag and Iyye (R) can be calculated from Egs. (9) and (10) or
obtained from the literature.

X 2m8(Ex g — Egq — w)

C. Inclusion of nuclear motion
1. Energy shift

The presence of an atom in the proximity of another atomic
center leads to an appearance of an interaction between them,
described by a static potential. As a consequence, the energy
of the system depends on their separation R. We therefore
include interactions of Coulombic and exchanging nature as
first-order perturbations. Also, van der Waals terms have to be
included in the picture as they generally become more relevant
than first-order shifts for larger distances [30]. The Coulomb
correction to the energy is given by

Veoull) = /ﬁd%(% - |Rﬁ_2 " IR/3-|3-E|

ﬂ4 2
+ R r+£|)|¢(r’ oI, (16)
where the spatial dependencies are shown in Fig. 2. Here, 8,
are coefficients containing the charges of particles involved in
the respective interaction.
The exchange energy takes the indistinguishability of the
electrons into account and is given by

(B BB
Vexc(R)_ 2/d rd S(R |R—I'| |R+£|

Ba

The factor of % is due to the spin. In general, the van der Waals

interaction can be calculated as a second-order correction of
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the form

3 (Pl Vas | Pr)
n'#m n m

However, when possible, we use the literature values for better
accuracy, where higher-order terms (%, %) can be included.
Consequently, the van der Waals interaction can be described
by
Cs Cs Cio
Viaw(R) = —f6(R)ﬁ - fs(R)ﬁ - flo(R)ﬁ~

The literature values require the restriction to one orientation
of the internuclear vector R. The van der Waals coefficients
are multiplied by damping factors [30],

72L+71 R n
frria(R) =1— k@ Z ;1(5) . (20)

n=0

19)

Here, a is defined by the ionization energies of both con-
stituents A and B: @ = }1( L_ + —L_) The damping func-

[2legl /2l

tions are introduced to include the effects of charge overlap
[31].

The total static interaction energy between the atoms is
then given by the sum of these three interactions,

Vinl(R) = Veoul + Vexe + Viaw. (21)

2. Vibrational states

The interaction of neighboring atoms A and B can lead to
a complex of these two constituents which can no longer be
treated individually. This bound system is then characterized
not only by its motion as a whole, but also by its relative
motion. The rotation and vibration of diatomic molecules
influences the binding energy on different energy scales. Since
the rotational motion creates levels with a spacing much
smaller than the levels due to vibrational motion, we will
restrict our calculations to vibrational effects solely [32]. We
consider vibrational levels and wave functions for the three
electronic states described in Sec. IT A.

(I) ¥, , = ¥i(R, v;) refers to the vibrational wave function
for the initial system including both atoms A and B in their
electronic ground states. The corresponding vibrational en-
ergy reads E;(v;) = —D; + Eyip(v;), where Dj is the maximum
depth of the corresponding interaction potential curve. (II)
W, . = Va(R, v,) denotes the vibrational wave function for
the intermediate system of an autoionizing state with A in its
electronic ground state and B excited via photoexcitation. The
vibration leads to the energy shift E,(v,) = —D, + Eyip(v,).
(III) Wy o = ¥¢(R, vr) describes the final vibrational wave
function with A being ionized and B back in its electronic
ground state. The vibration leads to the energy shift E¢(vf) =
—Ds + Eqip(v¢).

We calculate the vibrational wave functions and the energy
levels from the potential-energy shift. In order to avoid a
numerical computation of the vibrational energies and states,
we fit a Morse potential to our potential curves in order to find

J

the necessary parameters. The potential reads

Vatorse (R) = D[(1 — e~ *~Feay2 1], (22)
where D is the depth of the potential, Req is the equilibrium
distance, and « describes the width of the potential. Employ-
ing this fit, we obtain the vibrational energy levels,

2Da? 1 1 1\?
E;iw(v) = P (U + E) - ;(V + 5) s (23)

with « =,/8"—2D
o

The parameters obtained by the fit are then inserted in the
vibrational wave function [33],

and the reduced mass of the system pu.

ab(v!)

—z/2 (K72v71)/2£(l<72u71) 24
Te—v¢ ° v (), 24

W(R, \)) =

with the associated Laguerre polynomials £&~2""D(z), b =
Kk —2v—1,and 7 = ke *R—Req)

The vibrational wave functions contribute to the cross
section by the insertion of Franck-Condon factors, which de-
scribe the overlap of the vibrational nuclear wave functions as-
sociated with the two electronic states involved in a transition.
The factor therefore favors transitions with large overlaps,
involving no substantial changes of the nuclear motion in
terms of position and kinetic energy [34]. Photoionization,
photoexcitation, and the energy transfer via dipole-dipole
interaction do not limit the possible combinations of vibra-
tional states. Every matrix element describing an electronic
transition contains an integration over R as well. The general
form of a transition matrix element is given by

M = (@5, V2R, 1) [V (R, 1, )| T (r, Wi (R, v1)),
(25)
where V is an arbitrary operator, and the subscripts 1 and 2
refer to the initial and final states of the transition. The matrix
element depends on the vibrational levels v.

We do not apply the Condon approximation in our calcu-
lation since V,z depends heavily on R. Therefore, the cor-
responding Franck-Condon factor cannot be separated from
the matrix element consisting of electronic and vibrational
transitions. The vibrational levels v for the intermediate and
final state give rise to a multitude of transitions. Hence, we
have to sum coherently over all possible intermediate states
in the transition amplitude Sr(nzgl and incoherently over all
possible final states within the associated two-center cross
section.

Considering the vibrational wave functions, the previously
position-dependent I'y¢(R) is transformed into faug. For this
purpose, we average I'ug(R) over the probability density
|¥a(R, v,)|* of the intermediate vibrational state for every
vibrational level v, [35]. For the radiative width, the atomic
value from Eq. (9) is inserted because I';,g remains practically
unaltered in the presence of the neighbor atom.

Including vibrational levels, vibrational wave functions,
and decay rates, the explicit expressions accounting for the
molecular effects read

S@ _ _oni Z(S[Ek’g + E¢(vr) — Eg . — Ei(v;) — ]

mol —
Va
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(qu,quk.g'VAB R)] q)g,elpg,e> <q)g,e\pg,e |WB (w)| cI)g,glpg,g)

,» . , (26)
€+ Ei(v) + o — €, — Ey(vy) + E(Frad + Iﬂaug)
SO = —27i8[Ex ¢ + Er(vr) — Eg g — Ei(v5) — 0](®g g Wi o] Wa (0)| Dy ¥y o). 27)

Since W, and W do not depend on R, the corresponding
Franck-Condon factors can be separated from the electronic
transition matrix elements. Therefore,

Fia(vi, va) = /dR ViR, vi) ¥y (R, va), (28)

Fi (i, vp) = /dR ViR, v)Y{ (R, vy). (29)

For F, t(v,, v), however, one has to incorporate the R depen-

dency of V. The factor in question can be simplified to 1/R>;
see Eq. (6). This yields

dR 1!/.a(Rv Va)fF(R, Uf)'

R (30)

Fa,f(ven Vf) =

III. RESULTS AND DISCUSSION

Let us apply the theory established in Sec. II to the
photoionization of a weakly bound van der Waals molecule,
which is chosen as a "Li*He dimer. The internuclear axis is
taken along the z axis, which also serves as the quantization
axis. We choose effective electronic states x and ¢ in order
to achieve a reasonable comparableness to the atomic species
under consideration. Neither Li nor He are single-electron
atoms. To describe He as a two-electron system, we em-
ploy symmetrized superpositions of product states formed by
hydrogenlike wave functions with an effective charge Zpy..
The He ground state correspondingly reads xis(&,)x15(&,),
and the excited state is given by %[Xls(&l)XZpg (&) +
X2po(E1)x15(&,)]. Within such an approach, one can calcu-
late the matrix elements including helium by using only a
one-particle wave function y(£) and then multiplying by a
factor of +/2 contributing for the superposition. Note that,
accordingly, a multiplication by 2 applies to the two-center
Auger decay width I'y,e for both the atomic and molecular
consideration. For the valence electron of the alkali atom
lithium in its ground state, we choose the Bates-Darngaard
wave function as in [30], so that

1 1 2 a+% a—1 v —r/a
%)= =TT 1)<a) r (1 + r)e > GD
1
Vel
—%az(a — 1). Note that a corresponds to an effective nuclear
charge Z;; ~ 1.259 for |g,| = 5.39 eV [36].

After ionization, the influence of the remaining lithium ion
on the emitted electron of Li is accounted for by employing
a Coulomb wave ¢ [37]. For this state, the same effective
nuclear charge Z;; as in the ground state is chosen. In accor-
dance with Eq. (13), this continuum state is normalized to a
quantization volume of unity.

Within this system, we consider the dipole-allowed transi-
tion (1s-2pg) for the photoexcitation of atom B. The transition
energy defines the effective nuclear charge for both states.

with a = depending on the binding energy and v =

(

With an excitation energy wy. = 21.218 eV [36], we find
Zye = 1.435. We have now captured some basic features of
the Li-He dimer.

A. Results at fixed nuclei

Before incorporating molecular effects into our description
of the system [38], let us first calculate the cross sections
for the ionization of lithium by disregarding the molecular
structure and, rather, considering Li and He as two unbound
atoms which are separated by a fixed internuclear distance
R on which the two-center cross section strongly depends
[12,13].

Due to the atomic approach, the two-center Auger decay
width Iy in Eq. (10) is very sensitive to R. Both the decay
width 'y, and the square of the matrix element of the
radiationless energy transfer include the dependency on %.
On resonance, the R dependence of the ratio nffgmic(a), R) =
o;i)mic /cféftlo)miC is depicted in Fig. 3(a). For relatively small
distances R, the ratio of cross sections shows a steep incline
for increasing spacings. For sufficiently large separations, I'yg
becomes small in comparison to the constant radiative decay
width I'y,q. Consequently, the saturation of the total decay
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FIG. 3. Ratios n;fo)mic(a), R) = Zumic i 3 Li-He system, ignoring
atomic

molecular effects. (a) n;fgmic(w, R) plotted against the internuclear

distance R on resonance. (b) nfﬁmic(a), R) plotted against the incident

photon energy w for fixed internuclear distance R = 20ay (solid line)

and R = 30a, (dashed line).

012818-5



F. GRULL, A. B. VOITKIV, AND C. MULLER

PHYSICAL REVIEW A 102, 012818 (2020)

width I" sets in quickly. The dependence on R of the matrix el-
ement mentioned above, however, does not exhibit saturation.
Therefore, the cross-section ratio depicted in Fig. 3(a) shows
the mentioned % behavior after the maximum is reached.

For fixed internuclear separations R =20ay and R =
30 ay, the ratio of cross sections is plotted against the incident
photon energy  in Fig. 3(b). The plot shows a single peak
where the photon energy is resonant with the electronic 1s-2p
transition in He. The peak height demonstrates that 2CPI can
strongly dominate over the direct photoionization.

B. Effects of nuclear motion

Until now, we have not taken any effects of the molecular
bond in Li-He into account. In the neighborhood of each
other, the influence of the two atoms leads to a potential
surface creating a possibly bound state. We now consider
these potential-energy curves for the three electronic states
participating in the process depending on the internuclear
distance R.

Note that for the initial state, where both atoms are in
their ground state, the direction of R does not play a role. For
the intermediate state, however, where helium is excited, the
interaction depends on the direction of R. Here, R = Re; is
considered, as mentioned above.

For the chosen geometry, the van der Waals coefficients
can be given for the initial, intermediate, and final electronic
state of Li-He. (I) For the initial state, we find Cg = 22.5 a.u.,
Cg = 1.06 x 10% a.u. [30]. (II) The intermediate state is de-
scribed using Cg = 6123 a.u., Cg = 7.85 x 10° a.u., Cjp =
1.02 x 10% a.u. [39]. (III) For the ionic system of the final
state, Cg = 0.298 a.u., Cs = 1.98 a.u. are employed. In this
way, we obtain the relevant terms as calculated in [40].

In Fig. 4, the interaction potential curves of the relevant
electronic states of Li-He are depicted. For the initial state
®, . and the intermediate state ®, ., the potential minima are
close to each other. The final state ®y ,, however, features
its minimum at a much smaller distance. The depths of the
potential for the final and intermediate states are comparable
in magnitude.

The initial state, however, exhibits a much shallower po-
tential curve. This leads to the initial state supporting only
one vibrational level. The binding energy of merely 6 mK =
1.9 x 1078 a.u. [38] is not depicted graphically here since it
is too close to the plot axis. The vibrational level expands
widely and spans over a large range of interatomic distances
R, allowing for a very large bond length. In the results from
[38], the equilibrium distance Req ~ 11.3aq, representing the
minimum of the potential, is much smaller than the mean
distance, R & 55ay. The literature values for the potential
curves can be found for the initial and final states [30,40]
and show good agreement with our calculations (within about
10%). For the intermediate states, no literature values beyond
the van der Waals coefficients were available.

From the potential curves depicted in Fig. 4, the parameters
for a Morse potential [see Eq. (22) and Table I] are extracted.

The resulting vibrational energy levels are calculated ac-
cording to Eq. (23) and also shown in the figure. The inclusion
of molecular effects leads to a shift concerning the energy of
the Li-He system for every electronic state. Compared to the

(a)
-1x1078

S -
& -3x10°° E
£ w
-5x107°
10 12 14 16 18 20 22
-0.001 0.7787
: :
£ -0.002 0.7777 w
-0.003 0.7767
-0.001 0.9026
s 3
~ -0.002 0.9016 &
= w
-0.003 0.9006

R (a.u.)

FIG. 4. Potential-energy curves (solid line) of the electronic
states involved in the two-center photoionization process of Li-He
and some corresponding vibrational levels (dashed line). (a) Initial
state. The only supported vibrational level v; = 0 exhibits a binding
energy that is too small to be graphically resolved here. (b) Inter-
mediate state with the lowest-lying vibrational levels. In total, 11
vibrational levels (0 < v, < 10) associated with bound molecular
states were obtained; all of them are included in our numerical
calculations. (c) Final state including six bound vibrational levels
(0 < vy < 5). As an absolute scale, the potential energy E relative to
the ground-state energy at infinite internuclear distance is depicted
on the right side.

atomic consideration, the resonance energies of the system are
blueshifted [21].

The vibrational wave functions are calculated from the
obtained Morse potential as described in Sec. II C 2. Since the
positions of the potential minima for the initial and interme-
diate states are quite close to each other, their corresponding
vibrational wave functions yield a significant overlap for all
intermediate vibrational levels v,. The potential minimum of

TABLE I. Fitted Morse parameters (in a.u.) for the interaction
potential curves.

Ground state Intermediate state Final state

Req 11.9 11.0 35
D 5.7 x 107° 2.9 x 1073 3.5 x 1073
o 0.43 0.44 0.80
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the final state, however, is strongly shifted to smaller inter-
atomic distances R. An overlap with the other sets of states,
{¥a(R, vy)}, {¥i(R, vy)}, is only present for high vibrational
levels vg. This results in a strong dependence of the Franck-
Condon factors on the combination of vibrational levels.

For the calculation including molecular effects, the decay
widths have to be evaluated. Using the wave functions men-
tioned in Sec. ITA, T'Me = 6.62 x 107® a.u. is obtained. This
value differs from the literature value Tl = 4.35 x 108
a.u. [36] by a factor of about 1.5. However, since the wave
functions are inserted in all matrix elements of both processes,
we use our value for self-consistency. The two-center Auger
decay rate I",,¢(R) in Eq. (10) depends on the internuclear dis-
tance R and therefore is influenced by the nuclear motion. The
two-center Auger decay is only allowed for distances greater
than 4.3 ay, where our potential curves for the intermediate
and final states cross [41].

Before showing our numerical results, the analytical ap-
proach provides the possibility to obtain an approximate

formula displaying the influence of the nuclear motion on the
. . 2) . T

ratio of cross sections, n®(w) = Zingi; With the restriction

to one combination of vibrational levels v, and v, an approx-

imation of n® can be given:

0'(2) ~ 966 Frzad qu (Fi,aFa,f)2 )
m ~ w® R6 F (F )2 ’ (3 )
W=Wres res”"eq if

where I' already includes the two-center Auger width faug
incorporating the nuclear motion. Note that the resonant en-
ergy wres depends on the vibrational energy levels involved.
Ignoring molecular effects, w.s = wp meets the criterion for
resonance.

A comparison of Eq. (32) with Eq. (15), which was ob-
tained in an atomic picture, reveals the influence of molecular
effects on 2CPI. Considering the photoionization processes
including molecular effects, the formula in Eq. (15) is mod-
ified by multiplying the term in parentheses including the
Franck-Condon overlaps. R4 has been inserted in the paren-
theses of Eq. (32) to make the ratio of Franck-Condon factors
dimensionless, since F,r includes the R dependence of the
electron-electron interaction. Note that the ratios for Li-He
calculated from an atomic point of view are still dependent
on R.

It should be mentioned that the full calculation of the
2CPI cross section including vibrational effects calls for the
summation over v, of the transition amplitudes, as well as for
the summation over v in the cross section. Therefore, Eq. (32)
can only indicate estimated values for particular vibrational
transitions. As we will see below, for the strongest transitions
v = 5, the values computed from Eq. (32) are only slightly
reduced as compared with n;f(fmic(wg, R). The approximated
values are depicted by crosses for individual v, in Fig. 5(a).

With these preparations, we now proceed to the numerical

. . )
computation of the ratios 7@ (w) = 22 and ¥ (w) =

oD (w)
Z((llz))((o‘j’)). We include the vibrational levels v, =0,1,...,10
and vy =0, 1, ..., 5. While the direct photoionization process

exhibits a cross section smoothly depending on the incident
photon energy w, the two-center process is a resonant one
[12,13,19]. Including the various combinations of vibrational

(a)
106

104+

,,(2)

102

0.776 0.777 0.778 0.779 0.780

106 -

104+

n(12)

102

10°

0.776 0.777 0.778 0.780

w(a.u.)

0.779

FIG. 5. Ratios of cross sections in a Li-He dimer including
the vibrational levels v, € {0, 1,2, ..., 10}and v¢ € {0, 1, 2, 3, 4, 5}.
(a) n®(w) and values from the approximate expression in Eq (32)
(crosses). (b) n?(w) containing interference of direct and two-
center photoionization.

levels, the single atomic resonance peak of Fig. 3(b) is ex-
pected to fan out with respect to the photon energy w. The
ratios depicted in Fig. 5 show a multiplet of peaks caused by
the various vibrational levels of the intermediate molecular
state. They are responsible for the shift of the particular
resonant energy. The vibrational level of the final state does
not affect the resonance condition and therefore causes no
additional splitting. The peak on the most left-hand side can be
associated with vibrational level v, = 0, and v, is ascending
from left to right for the other peaks.

The ratio n'? considering the total cross section in
Fig. 5(b) shows a sequence of Fano profiles (alternating in
phase between adjacent vibrational levels v, and v, + 1).
The cross section o'?) includes both the direct and indirect
photoionization processes, which allows for interference and
therefore leads to the Fano profiles including minima and
maxima. However, the Fano profile of a given resonance
is strongly modified due to the summation over the final
vibrational level v;. The characteristics of the minimum differ
for each level v. Considering n!? for each vy individually, the
peak position remains the same, while the position and depth
of the minimum change. As a result, some Fano minima are
canceled by the overlap of all v¢. A relatively deep minimum
can only be seen in between v, = 0 and v, = 1 and next to
v, = 10, where the individual components overlap in order
to form a minimum. This modification represents a strong
contrast to the atomic calculation [12], where the Fano profile
is much more pronounced. Off resonance, the ratio eventually
falls off to 1. The ratio n('* shown in Fig. 5(b) involves inco-
herent summations over the final vibrational states, separately
in the numerator and the denominator. In order to obtain a pure
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TABLE II. Approximated Fano parameters g for each vibrational
state v, for vy = 5. For fixed nuclei and R = 10 a.u. (R =20 a.u.),
one finds ¢ ~ 3.2 x 10% (g ~ 3.6 x 10%).

Va q Va q Va q

0 1.0 x 10° 4 1.7 x 103 8 3.3x10°
1 —5.6 x 10? 5 —1.7 x 103 9 —-3.8x 10
2 1.2 x 10° 6 2.3 x10° 10 5.0 x 10°
3 —1.1x10° 7 —2.5x%x 103

Fano profile, a fixed value of vy must be considered instead.
For vf = 5, representing the strongest contribution to a peak,
the Fano parameters g are given in Table II. While the sign of
the Fano parameters alternates, their absolute value, roughly
speaking, increases from small to large v,. Being of the order
of 103, they resemble the corresponding values obtained for
fixed nuclei (see caption of Table II).

The orders of magnitude of the peak heights shown in
Fig. 5(a) are comparable to those in Fig. 3(b) and Ref. [12].
Therefore, the inclusion of molecular effects does not change
the magnitude of the resonant enhancement significantly. We
note that from left to right, i.e., from v, = 0 to v, = 10, the
peaks become more narrow and have a tendency to reach
larger maximum values.

In order to further compare the calculations for fixed nuclei
with the calculations involving molecular effects, the total
decay widths of the peaks can be considered in Table III.
They have been obtained by analyzing the data from the
numerical calculations. We see that the total width decreases
with the increase of the vibrational level of the intermediate
state v,. This is because the internuclear distance tends to
grow for higher-lying vibrational excitations, as illustrated in
Fig. 4. The same trend of decreasing ICD widths has also been
observed in He-Ne dimers [19,20].

Another relevant quantity is the integral resonance
strength. It can be roughly estimated by the product of
peak height and width. The corresponding value for v, = 0
is approximately o ®T'|, _ & 1.34 x 1077 a.u., for example,
whereas the relative integral resonance strength amounts to
n®T|,,—0 ~ 0.65 a.u. Summing the relative integral reso-
nance strength over all peaks, we obtain a total value of
about 15 a.u. It is comparable to values of ~12 a.u., which
are obtained in the atomic calculations 7,omic (wg, R)T'(R) for
a nuclear distance around R.q. Hence, loosely speaking, the
atomic resonance height is redistributed over the vibrational

TABLE III. Total decay widths of the intermediate states in a Li-
He dimer, depending on the vibrational level. For fixed nuclei, the de-
cay width amounts to I' = 6.91 x 1077 a.u. (' = 7.59 x 1078 a.u.)
at R =10 a.u. (R =20 a.u.).

Va I'(au.) Va I'(a.u.) Va T'(a.u.)
0 53 x 1077 4 3.8 x 1077 8 2.2 x 1077
1 5.0 x 1077 5 3.4 x 1077 9 1.8 x 1077
2 4.6 x 1077 6 3.0 x 1077 10 1.4 x 1077
3 42 x 1077 7 2.6 x 1077

g

0.776 0.777 0.778 0.779 0.780

FIG. 6. Ratio #® = Z5; for a Li-He dimer.

multiplet of resonance lines in the molecular case. This inter-
pretation fits to our previous approximation in Eq. (32).

In an experimental setup, the frequency of the external field
is not exactly defined, but exhibits a width Aw. In order to
account for this, we perform a corresponding averaging over
all frequencies by employing a Gaussian distribution with ¢ =

20 __ The averaged cross section reads

2212
_ (M) ' M), 1 —@=e?
" (w)= | do'o"(w)——e 2* . 33)
V2m¢?

Applying a FWHM energy width Aw = 1.7 meV of the in-
cident photon beam as used in [19], we obtain the averaged
ratios depicted in Fig. 6. Due to the finite width of the field
frequency, the peaks are reduced in height but also broadened.
As a consequence, the integral resonance strength remains
comparable to the one deduced from Fig. 5. For example.
when calculating the value again for v, = 0, we obtain the
same order of magnitude as given above.

Before proceeding to the conclusions, we note that the
inclusion of molecular rotations, which have been disregarded
in our treatment, is expected to lead to an additional fine
structure of the resonance lines in Fig. 5. Each of them
would be split into a multiplet of lines which are associated
with different rovibrational transitions from the ground to
the intermediate state [42]. The resulting line splitting within
such a multiplet would be very narrow, since the energy
differences between rotational states belonging to the same
vibrational level are very small. An experimental resolution
of this substructure would therefore be challenging.

IV. CONCLUSION AND OUTLOOK

Resonant two-center photoionization in weakly bound sys-
tems has been studied, including the nuclear motion due
to molecular vibrations. Earlier treatments of the process
assumed spatially fixed nuclei and obtained, accordingly, a
“local” 2CPI cross section which strongly depends on the
internuclear distance R and exhibits a single resonance peak.
When treating the system in a molecular way instead, the
R-dependent interaction potential is incorporated in a “global”
way by defining the vibrational states of the nuclear motion.

An approximate expression highlighting the molecular ef-
fects was established [see Eq. (32)] which shows that the
changes to the calculation assuming fixed R can be attributed
to Franck-Condon overlaps and vibrational energy levels. As
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a consequence, the two-center cross section splits up into
a multitude of peaks at various resonance energies which
are determined by the electronic and vibrational transition
energies. In the studied case of Li-He dimers, the cross section
of each peak is reduced as compared to the value obtained
for fixed (equilibrium) internuclear distance. Summing over
all peaks, however, yields a total value similar to the local
resonant cross sections, which are obtained when a fixed
internuclear separation R close to the equilibrium distance is
taken.

The latter observation indicates that theoretical treatments
of other two-center processes assuming fixed internuclear
distances can be expected to provide meaningful predictions

for weakly bound molecular systems, as well. Corresponding
recent studies have considered, for example, electron-impact
ionization [17] and photo double ionization [15], resonant
electron scattering and recombination [43], and electron cap-
ture [44]. The influence of nuclear motion in a van der Waals
molecule on (some of) these two-center processes will be the
subject of a forthcoming study.
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