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In this work we present a comprehensive and detailed study of Interatomic Coulombic Decay (ICD) occur-
ring after irradiating argon dimers with XUV-synchrotron radiation. A manifold of different decay chan-

nels is observed and the corresponding initial and final states are assigned. Additionally, the effect of
nuclear dynamics on the ICD electron spectrum is examined for one specific decay channel. The internu-
clear distance-dependent width I'(R) of the decay is obtained from the measured kinetic energy release
distribution of the ions employing a classical nuclear dynamics model.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

During the last 20 years Interatomic Coulombic Decay (ICD) has
been established as a common decay mechanism of an electronic
excitation in weakly bound matter i.e. clusters. As ICD occurs, the
excitation energy of one atom or molecule of a loosely bound sys-
tem is transferred to a neighboring atom or molecule of the com-
pound. The latter energy acceptor emits an electron in order to
release the excess energy. After its prediction in 1997 by the Ceder-
baum group [1], ICD was identified in several pioneering experi-
ments on Ne clusters [2-4]| employing different experimental
techniques. Follow-up studies during the recent years showed that
ICD is not an exotic process, but rather a very common decay route
in nature as it occurs after excitation by photons [2-4], electrons
[5], and ions [6] and in differently bound systems from van der
Waals clusters, such as the extreme case of He, [7], to systems con-
sisting of hydrogen bonds, such as water clusters [8,9]. A review of
an experimentalist point of view of the “early years of ICD” can be
found in Ref. [10] and of more recent studies in Ref. [11]. Two
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comprehensive theoretical review papers by Santra et al. [12]
and Averbukh et al. [13] are available, as well.

The ICD process in argon dimers or small argon clusters has
been studied in the past by employing different excitation schemes
prior to ICD. In pioneering work by Morishita et al. ICD in argon
dimers was observed after Auger decay of a 2p-vacancy created
by means of synchrotron radiation [14]. In follow-up work [15-
17] the occurrence of ICD in triply charged breakup channels

<Ar2+ /Ar*) was examined in more detail, and in addition a radia-

tive charge transfer was observed yielding doubly charge breakup
channels [18,19]. Similar findings were reported in electron impact
studies [5,20,21] and studies on ICD after resonant Auger decay
[22,23].

In the present article a study of ICD at low incident photon ener-
gies is presented. Photon energies in a similar range were
employed by Lablanquie et al. [24] in pioneering experiments in
2007 in order to examine the onset of different ICD channels in
several rare-gas dimers. The present work was performed at a fixed
energy showing the occurrence of several ICD channels after sha-
keup ionization. Furthermore, several decay pathways of radiative
charge transfer are observed after a direct double ionization of the
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dimer. This is in line with aforementioned studies, where doubly
ionized states were populated after Auger decay [18,19].

Already very early theoretical work showed (due to the strong
dependence of the decay rate on the internuclear distance R of
the atoms participating in ICD) a vast deviation of the ICD spec-
trum for different decay times [25]. Accordingly, the decay width
of a IC decaying state in NeAr was determined by comparing mea-
sured ICD spectra to a set of calculations employing several differ-
ent decay widths [26]. In our present work we were able to extract
the R-dependent decay width directly from the experimental data
by performing an iterative procedure using potential energy curves
and the ground state vibrational wave function of the dimer as an
input.

2. Experimental setup

The experiment was performed using a Cold Target Recoil lon
Momentum Spectroscopy (COLTRIMS) [27-29] apparatus at beam-
line 10.0.1 of the Advanced Light Source (ALS) in Berkeley operat-
ing in two-bunch mode. A beam of linearly polarized photons of
hv = 51 eV energy was crossed with a supersonic gas jet. The jet
consisted of a mixture of 40% nitrogen and 60% argon expanding
through a 30 um nozzle at 300K at a driving pressure of 3.4 bar
into vacuum. The amount of argon dimers that were generated
under the given expansion conditions was of the order of a few
percent. The setup consisted of a two stage supersonic gas jet
yielding a target density of approximately 1e—5 mbar. The ions
and electrons created in the photo reaction were measured in coin-
cidence by guiding them onto two separate position- and time-
sensitive microchannel plate detectors employing an electric field
of 5.6 Vecm™'. A magnetic field with a magnetic flux density of 7
G parallel to the electric field was superimposed in order to achieve
a solid angle of detection of 47 for electrons having up to 17 eV
kinetic energy. The electron arm of the COLTRIMS analyzer con-
sisted of a time-focusing scheme [29]. From the measured times-
of-flight and positions of impact the 3-dimensional momentum
vector (and accordingly the energy and angular emission direction)
of all charged fragments, i.e. two electrons and two fragment ions
was obtained.

3. Results

At a photon energy of hv = 51 eV a variety of reactions may
occur in an argon dimer. However, neither outer-valence ionization
nor inner-valence ionization i.e. removing a 3s-electron, which is
bound by an energy of E = 29.3 eV, can trigger ICD in Ar,, as the
excitation energy of the latter ionized state is insufficient to further
ionize the dimer. The energetically lowest lying states that can
undergo ICD are Ar; shakeup states of the type Ar—Ar"*(3p*nl).
Yet another open channel is single-site direct double ionization.
The double ionization ground state (Ar“(Bp4 3P)—Ar) is located
at a threshold of 43.43 eV and the first two single-site doubly ion-
ized excited states (Ar2+(3p4 1D)—Ar) and (Ar2+(3p4 1S)—Ar) can
be found at energies of 45.10 eV and 47.48 eV [17].

In Fig. 1 we show how our coincident detection of both elec-
trons and both ions can be used to unambiguously disentangle
these different reactions. Fig. 1(a) depicts the energy of one of
the measured electrons as a function of the kinetic energy release
(KER) of the ions. In this type of plot horizontal lines indicate pho-
toelectrons from the population of states which can decay by ICD
as their energy is independent of the KER. The first excitation levels
of the singly charged 3p-ionized Ar atom are in the range of 19.7-
25.4 eV. Accordingly, photoelectron features can be expected in an
energy range of 9.8-15.5 eV. However no horizontal photoelectron
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Fig. 1. (a) Experimental yield as function of the electron energy and the kinetic
energy release plotted on a logarithmic scale; (b) Yield as function of the sum
kinetic energy of the two electrons and the kinetic energy release. The diagonal
lines between 12 eV and 18 eV occur due to ICD, while the horizontal lines between
4eV and 10eV belong to direct double ionization; (c) Yield as in (a) with an
additional restriction that the sum energy of the two electrons is between 12 eV
and 18 eV and therefore just events from the upper diagonal ICD line in (b) are
plotted. Red arrows indicate the position of five separate lines corresponding to
different sum energies of electron energy and kinetic energy release.

line is apparent in Fig. 1(a). Instead only a single broad feature is
visible, which is due to the limited electron energy resolution of
our experimental setup. On the other hand a number of diagonal
lines can be found, belonging to a constant sum of the electron
kinetic energy and the KER. These lines occur as the excitation
energy of the decaying Ar;" is shared between the kinetic energy
of the emitted electron and the two ions, which is the case, for
example, in ICD.

In Fig. 1(b) the sum kinetic energy of the two electrons is
depicted versus the KER. In this representation ICD can be distin-
guished from processes in which an additional photon is emitted.
Events of ICD appear in the upper part of the figure between
12 eV and 18 eV as diagonal lines. For these events the sum energy
of all fragments is a constant. The two horizontal lines located at an
electron sum energy of 6 eV and 8 eV on the contrary show no
dependence on the KER. A constant sum kinetic energy of the
two electrons is an evidence for double ionization of one atom of
the dimer followed by an electron transfer from the other (neutral)
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atom and the simultaneous emission of a photon balancing the
energy and a Coulomb explosion of the remaining doubly charged

Ar%+ dimer. According to their energy values, the two horizontal
lines belong to the double ionization into the Ar" ground state

and the first excited Ar3™ state.

Fig. 1(c) shows a subset of the data presented in Fig. 1(a) with a
gate on the diagonal ICD line in Fig. 1(b). Compared to Fig. 1(a) the
relative intensity in the region of high KER values of approximately
5.2 eV is significantly reduced. Using the reflection approximation
[30,31] the internuclear distance R of the two atoms at the instant
of the decay can be obtained from the KER (in atomic units) by
R =1/KER. A value of 3.7 eV corresponds to an internuclear dis-
tance of 3.9 A (7.4 a.u.), which is very close to the mean internu-
clear distance of the ground state of the argon dimer [32]. As
most of the dimer shakeup states have a slightly attractive poten-
tial in the Franck-Condon region the dimer contracts during ICD.
The main contribution to the decay seems to occur already at lar-
ger distances. The increased intensity at a KER of approximately
5.2eV corresponds to a smaller internuclear distance of
2.8 A (5.2 a.u.) indicating the inner turning point of the excited
Ar™*—Ar potential energy curve (PEC). A total of five diagonal lines
are visible in Fig. 1(c) having sum energies of approximately (1)
4.0eV,(2)5.2eV,(3)6.9eV,(4)7.5eV, and (5) 9.2 eV, respectively.
Line (2) appears to consist of an overlap of a shorter line similar to
line (3) and a longer line similar to (4) and (5). Comparing the mea-
sured energy values to the PECs shown in Fig. 2(a) yielded the
assignment of the decaying states listed in Table 1. The assign-
ments are in line with those done in [33].

The potential curves of the Ar™(3p—24d)—Ar states were
approximated by averages of the PECs of the parent

Ar**(3p~2)—Ar states (see Ref. [34]). The potential energy curves
of the remaining ionization satellites and the final two-site dica-
tionic states of Ar, were computed using the configuration interac-
tion singles doubles (CISD) method as implemented in the
GAMESS-US package [35,36]. We employed the cc-pVDZ [37] basis
set augmented with four diffuse s and d, and two compact d func-
tions [38]. In the case of the Ar™*(3p—24p)—Ar satellites, we aug-
mented the basis set further, adding two diffuse p functions.

For a better comparison of PECs and measured data, the elec-
tron energy is plotted versus the internuclear distance of the atoms
in Fig. 2(b). The blue dashed line in Fig. 2(c) shows the Ar, ground
state wave function. The comparison with the measured distribu-
tion highlights that for all ICD channels the dimer contracts. This
is in line with the PECs shown in Fig. 2(a) which are all attractive
in the Franck-Condon region.

4. Extracting the absolute decay width

For theoretical considerations, the decay width as function of R
and the potential energy surfaces are the primary building blocks

<

Fig. 2. (a) Potential energy curves for selected intermediate states of the argon
dimer of the type Ar—Ar"(3p*X) (upper six panels). The respective states X are
indicated in the upper right corner of each panel. The energy axis is shifted to the
Ar' (3p®)—Ar" (3p®) (i.e. the lowest panel) threshold so that it indicates the states’
excess energy which is then converted into ICD electron energy and KER. The
dissociating Ar*(3p®)—Ar" (3p°) states are depicted in the upper panels in gray; (b)
Electron energy versus internuclear distance obtained within the reflection
approximation (see text); (c) The upper curve (solid black) depicts the internuclear
distance distribution of events decayed from the (1D)4d’S state. Below that the
calculated Ar, dimer ground state wave function density is indicated (dashed blue).
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Table 1
Assignment of possible states belonging to the diagonal lines in Fig. 1(c).

Line Measured sum State Calculated sum
energy [eV] energy [eV]
(1) 4.0 (3p~23P)4p 2D 4.06
(2.1) long 52 (3p~2 'D)4p 2F 5.40
(2.2) short 5.5 (3p2'D)3d 2D 5.63
(3) 6.9 (3p21'D)3d2s 7.07
(4) 7.5 (3p~23P)4d 2P 7.84
(5) 9.2 (3p2'D)4d?S 9.69

for the prediction of experimental observables like the distribution
of KERs and electron kinetic energies. The interplay of nuclear
dynamics and the R-dependent decay width leads to the non-expo-
nential decay of the metastable state and makes the KER and elec-
tron energy spectra often very sensitive probes of the absolute
value of the decay width. Prominent examples can be found in
[25,39,40]. Examining NeAr dimers O’Keeffe et al. [41] obtained
indirect evidence for the ICD lifetime from the broadening of the
electron kinetic energy distribution towards lower energies and
Ouchi et al. [26] used even the relative height of two peaks in
the KER distribution to verify the calculated decay width directly.
Here we invert this procedure and extract absolute decay widths
from our data using calculated PECs.

For our procedure, an energetically isolated state is needed for
which the PEC is known and the KER distribution must be experi-
mentally separated from that of other states. The ('D)4d 2S inter-
mediate state satisfies this requirement. We filter events
corresponding to the ('D)4d 2S intermediate state (i.e. line (5) in
Fig. 1(c)) by requiring a sum kinetic energy of
8.3eV < Eip +KER < 9.8 eV. For these events we calculate the
internuclear distance using the reflection approximation (Fig. 2(c)).

For our inversion procedure we create a one dimensional his-
togram of internuclear distances R consisting of K discrete intervals
AR. K corresponds to the number of bins in the histogram in Fig. 2
(c). In the following we denote the ith bin of the histogram as Bin;
(where i =1 corresponds to the largest value of R and larger i
belong to smaller R). The histogram is initialized with N test parti-
cles with a reduced mass p where the total amount of test particles
(N = 4442) is determined by the total number of experimentally
observed decays (i.e. the sum of all entries in the histogram shown
in Fig. 2(c), top). The N particles are distributed in the histogram
according to the shape of the vibrational wave function of the
Argon dimer ground state (blue dashed line in Fig. 2(c)). The num-
ber of particles initially occurring in Bin; is denoted as n;, so that
N= Z!ﬂoni.

Because the PEC of the studied decay channel is solely attractive
within the Frank-Condon region and all particles are initialized
without any initial momentum, all test particles will move towards
smaller distances on propagation. The particles from Bin;|;_; (i.e.
largest R) are now propagated along the ('D)4d 2S potential energy
curve using classical mechanics. The time that is needed to reach
the internuclear distance of the next bin, i.e. Bin;|;_,, is labeled as
til;_;. In order for the extraction method to work, a further assump-
tion has to be made: the majority of the vibrational wave function
density has to decay within the first vibrational cycle of the nuclear
motion and accordingly none of the test particles move towards
larger R. With this approach the decay width I" can now be calcu-
lated at the distance R; corresponding to the Bin;|;_, by dividing the
number of measured decays D; in Bin;|;_, by the number of test par-
ticles n|;,_, in that bin and their residence time t;|;_;.

ri_ Di
M - Giliy

(1)

The test particles that did not decay in bin i are fed into the next
bin i + 1. However, as the particles initialized in bin i + 1 have zero
velocity and the particles originating from bin i have a velocity cor-
responding to the difference in the potential energy between R; and
Ri;1, they need to be treated differently during the further steps of
the extraction algorithm. Therefore, two further variables 7/ and &/
are needed: ﬁ{ denotes the number of particles present in bin j

which were originally initialized in bin i. f{ denotes the time that
particles originally initiated in bin i need to move from bin j to
bin j + 1. With these definitions, the number of particles fed into
the next bin is given as: "' =n; —D; =n; - (1 - r. ti)isq-

The general equations for processing the following bins are:

. i1
ﬁ{:ni-H<1—F’-f§) 2)
1=1
Accordingly, the number of particles which were originally ini-
tialized in bin i and are now present in bin j is equal to the number
of particles initiated in bin i minus all particles that decayed
between bin i and bin j. Furthermore:

D;

J i
111t

= (3)

The decay width belonging to bin j is therefore the number of
measured decays in bin j divided by the number of particles pre-
sent in bin j (which includes particles from all previous bins) and
their respective residence times. Note that for the calculation of

I/ all values of fi/ are needed while for the calculation of 7/ the val-

ues of I'™! are sufficient.

Performing this procedure results in the experimentally deter-
mined decay rates shown in Fig. 5 together with the theoretical
prediction. The latter theoretical calculation was performed using
the Fano-ADC-Stieltjes method [42]. The bound and continuum
parts of the resonance states as well as the coupling between them
were constructed using the extended ADC(2) x scheme for the one-
particle propagator [43]. The basis set on each atom consisted of an
effective core potential (ECP) with 4s, 4p, 4d, and 1f basis func-
tions with 8 active valence electrons [44]. The basis was further
augmented by 15s, 15p, 13d, 7f, and 5g diffuse functions on the
atomic centers and additional sets of 5s, 5p, and 5d functions on
5 ghost atoms on the interatomic axis. The diffuse functions were
specifically designed for the computation of Rydberg and contin-
uum states [45].

As Fig. 5 shows, the agreement between the ab initio calculation
and the I'; values extracted from the data is rather poor. This is
partly in line with the findings in Ref. [26], where the ab initio
treatment overestimated the decay width, as well. However, in
the present case not only do the overall values differ by a factor
of 10 and more, but the qualitative slope of the R-dependence is
also different. As noted before some strong simplifications as
neglecting the initial momentum distribution, all quantum
mechanical coherence effects and assuming the decay will take
place within the first vibrational cycle of the vibrational wave
packet were made which could easily cause such disagreement
between experiment and theory. In order to check the validity of
our classical extraction method for obtaining the R-dependent
decay width from the measured KER distribution, we computed
the KER spectra produced in the decay of the

r"(3p~2 ('D)4d 2S)—Ar state quantum mechanically using differ-
ent decay widths: the one extracted from the experimental data,
the ab initio decay widths corresponding to the Zg* and X states
(see Fig. 5) and the ab initio decay widths scaled such that they
equal the experimental one at the equilibrium distance of
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Ary, Reg=3.8 A. For all calculations we used the ab initio PECs of
the ground, decaying and final states shown in Fig. 2(a).

The partial KER spectra corresponding to a particular decay
channel

‘ inf , R , 2
0 (Fian) = 2 [ e (B Wa,s i () )

were computed following the procedure described in Ref. [46]. Here
|Er,) are the eigenfunctions of the Hamiltonian of nuclear motion in

the final state k, Hj,. The operator Wy, is related to the partial
decay width of the state i to the final state k as
l"dﬁfk(R):2n|Wdﬁfk(R)\2 within the local approximation [47].
The time evolution of the nuclear wave packet of the decaying state
g (£)) is obtained by solving the time-dependent Schrédinger
equation

iy (1) = (Hdi - i%)wdi(t», )

where Hy, is the Hamiltonian of the decaying state and I';, denotes
the total decay width of the decaying state i. The total KER spectra
corresponding to a particular decaying state were obtained as a sum
of the partial KER spectra corresponding to all possible decay chan-
nels (see Ref.[34])

Nc
0i(Eker) = ZG?(EKER) (6)
k=1

Subsequently, we calculated the distance distributions from the
total KER spectra using the reflection approximation R = 1/KER.

In Figs. 3 and 4 we show the experimental and computed KER
and distance distributions for the Ar"(3p=2('D)4d 2S)—Ar state.
There is a satisfactory comparison between the experimental KER
spectrum and the one computed using the experimental decay
width which confirms the validity of our classical model for the
extraction of the R-dependent decay width. Both spectra have a
double-peak structure reflecting the interplay between ICD and
nuclear dynamics. On the contrary, the KER spectrum computed
using the theoretical decay width exhibits a pronounced peak
around 3.8eV, indicating that due to the larger value of the
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Fig. 3. Comparison between experimental and computed KER spectra produced in
the decay of the Ar*(3p~2(1S)4d 2D)—Ar state. The theoretical KER spectra were
computed using the experimental decay width (black solid line) theoretical decay
widths (red dashed line), and the theoretical decay widths scaled such that
they equal the experimental one at the equilibrium interatomic distance
R.q = 3.8 A (green dashed-dotted line). All spectra were scaled such that their area
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reader is referred to the web version of this article.)

% * From Experimental KER
E —=— Theory
g 1004 —F
5 \\/
(0] T,
\I
x x \l
x \.
L} \'\_
10_: I \I\.\
EEEEEIEI . EE\E&
¥
* IIIIIIIII L]
1 T T T T T T
25 3.0 3.5 4.0 R [A]

Fig. 5. T" extracted from KER (black squares) compared to theoretical ab initio
calculations (blue line). Statistical errors in I" are indicated.

computed decay width, the decay occurs mainly around the equi-
librium distance with little dynamics taking place. Uniformly scal-
ing the ab initio decay widths corresponding to the Zg and X
states by a factor of 0.228 and 0.271, respectively, results in an
enhancement of the second peak at higher energies. However,
the ratio between the two peaks differs from that of the ones
observed in the experimental spectra because the experimental
decay width increases faster at shorter distances compared to the
theoretical one (see Fig. 5).

At distances around and greater than 4 A increasing decay rates
can be seen in the experimentally derived values, which is contrary
to the prediction and physical intuition. We believe those increas-
ing values to be a result of underestimating the initial particle
numbers n; at the falling edge of the ground state wave function
density as well as the residence times which are calculated for zero
momentum particles instead of particles with a momentum distri-
bution. However, already around the center of the Franck-Condon
region at 3.85 A our inverting procedure is rather insensitive to the
details of the PEC and to small variations in position and width of
the initial distribution of test particles. The most likely reason for
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the discrepancy between the experiment and the theory is a failure
of the ADC(2) x scheme to reproduce with sufficient accuracy the
wave function of the intermediate (3p~2 'D)4d %S ionization satel-
lite state, in particular the spatial extent of the 4d orbital. On the
experimental side, the use of a purely classical nuclear dynamics
model in the inversion procedure can also result in some inaccu-
racy. However, the fall of the experimental rates in the region
below 3.7 A is sound and our experiment confirms directly the
strong R-dependence of ICD so far only known from theory.

In conclusion, we have given a comprehensive overview of pho-
ton-induced double ionization of Ar dimers at low photon energies.
The coincident detection of both electrons and ions allowed to sep-
arate radiative charge transfer following single-site double ioniza-
tion from the contribution of ICD following shakeup single
ionization. From the measured KER distribution we obtained abso-
lute decay rates for the ICD as a function of the internuclear dis-
tance. These experimental decay rates show the expected strong
dependence on the internuclear distance but are significantly
smaller than predicted by the theoretical model.
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