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a  b  s  t  r  a  c  t

Interatomic  Coulombic  Decay  (ICD)  is a  relaxation  phenomenon,  which  takes  place  in weakly  bound
atomic  and  molecular  systems,  typically  within  a few  to hundreds  of  femtoseconds  depending  on the
system  and  the  particular  decay  mechanism.  The  creation  of  ICD-active  states  requires  the  production
of  highly  excited  systems,  usually  populated  by innershell  ionization  or excitation.  To  this  end,  XUV  and
X-ray radiation  from  synchrotrons  was  conventionally  applied  for the  majority  of  experiments  due  to
the desired  state-selective  ionization  of  certain  sub-shells.  The  advent  of Free-Electron  Lasers  (FELs)  has
enabled  an  entirely  new  class of  experiments,  which  finally  allow  to trace  ICD  directly  in  the time  domain
due  to  the  femtosecond  pulse  duration.  Within  this  paper,  the  first  time-resolved  ICD  measurement  using
an XUV-pump–XUV-probe  scheme  will  be  discussed  in detail.  The  experiment  was  performed  on  neon
dimers  and  ICD  was  triggered  by  removing  a 2s  electron  from  one  of the  neon  atoms  using  a  58  eV pulse
EL
ime resolved

from  the  FEL  in Hamburg  (FLASH).  The  onset  of  ICD  was  probed  with  a delayed  copy  of  the trigger  pulse
that  further  ionized  one  of  the  two Ne+ ions  emerging  after ICD.  Thus,  the  delay-dependent  yield  of
coincident  Ne+ + Ne2+ ion  pairs  contains  the  lifetime  of  the  2s-innershell  vacancy  decaying  via ICD.  The
result  of 150  fs  ±  50 fs  is in  good  agreement  with  theory  but  only  for those  calculations  that  explicitly
take  nuclear  motion  into  account.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction
Interatomic and Intermolecular Coulombic Decay (ICD) are
ltrafast relaxation mechanisms on the few to hundred femtosec-
nd (fs) time-scale [1] where an excited atom or molecule relaxes
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obert.moshammer@mpi-hd.mpg.de (R. Moshammer).

ttp://dx.doi.org/10.1016/j.elspec.2015.07.009
368-2048/© 2015 Elsevier B.V. All rights reserved.
by transferring its excess energy to a neighbor, which is in turn
ionized (cf. Fig. 1). It appears in various environments, like clus-
ters [2,3], He droplets [4], fullerenes [5], and aqueous solution
[6]. Therefore, ICD is expected to be a universal relaxation mech-
anism in weakly bound systems. It is of particular relevance for
biological samples because the secondarily emitted ICD electrons

have typically low kinetic energies and therefore damage molec-
ular bonds efficiently by dissociative electron attachment [7]. As
a consequence, ICD is expected to play an important role for DNA
damage in radiation therapy [8] and may  even be exploited as a

dx.doi.org/10.1016/j.elspec.2015.07.009
http://www.sciencedirect.com/science/journal/03682048
http://www.elsevier.com/locate/elspec
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ig. 1. ICD in Ne2: a previously innershell-ionized Ne+ ion relaxes via ICD by refilling
ts  2s vacancy and transferring its excess energy to a neighboring Ne atom, which is
n  turn ionized.

ool to destroy malign tissue [9,10]. However, only little is known
xperimentally about such a fundamental property of this decay
echanism as the decay time.
The lifetimes � of non-local relaxation mechanisms such as ICD

nd the related Electron-Transfer-Mediated Decay (ETMD) [11],
re challenging to study because electronic and nuclear degrees
f freedom are often strongly interwoven. Consequently, the decay
idths � = 1/� exhibit a complex R-dependent behavior, where R

s the internuclear distance. Theoretically this challenge is tackled
y calculating � for different R, as shown in Fig. 2 [12] and adding
uclear wave-packet dynamics with � (R) [13]. This approach has
een successfully demonstrated for rare-gas dimers, like Ne2 [14],
ut it is too expensive from a computational point of view for com-
lex molecular systems. In particular for larger systems, the need
o include nuclear dynamics into the calculations is debated. As
he number of atomic or molecular neighbors grows, the ICD life-
imes decrease [15]: While an isolated excited Ne+(2s−1) ion needs
bout 0.2 ns [16] to return to its ground state via radiative decay,
he same ion embedded into a large neon cluster relaxes within

 few fs [15,17] via ICD. The theoretical prediction of only 2 fs for
he decay of a neon ion caged into a fullerene is even faster [5].
CD in large water clusters [18] and dimers [19] was experimen-
ally confirmed to take place within a few to ten fs. Therefore, a fast
lectronic decay on the few fs time-scale might not be affected by
he onset of nuclear motion, which typically occurs within tens
f fs. On the other hand, for more neighbors and consequently
aster decays ICD takes place on the time-scales of Auger decay and
utoionization. Thus, ICD might play an essential role in particular
n large systems because it is not outpaced by competing processes.
n addition, it was demonstrated that nuclear motion has a signifi-

ant impact on the decay mechanism even if the ICD lifetime is only

 few fs: By a combined experimental and theoretical investigation
n the core-ionization dynamics of liquid water, it was shown that
roton transfer clearly affects the ultrafast electronic relaxation

ig. 2. Calculated decay widths � for ICD in Ne+
2 (2s−1) for both intermediate states,

2�+
g and 22�+

u . The electronic decay width was calculated at five internuclear
istances using the Fano-ADC method [12] and interpolated in between.
nd Related Phenomena 204 (2015) 245–256

mechanism [20]. Very recently, calculations revealed that the onset
of proton transfer in a water environment can significantly enhance
non-local relaxation processes, like ICD and ETMD [21]. Therefore,
despite the common belief, nuclear motion is not negligible for
large systems due to the fast proton-transfer dynamics.

So far, the majority of ICD experiments were performed using
synchrotrons. The state-selectivity of XUV and X-ray radiation is
ideal for the removal of certain innershell electrons and creat-
ing ICD-active states. However, synchrotrons deliver pulses with
picosecond duration, which is by far not sufficient to resolve ICD
directly in the time-domain. Therefore, temporal information on
ICD had to be extracted indirectly in the frequency domain. An
early experiment determined the ICD lifetime of the 2s inner-
shell vacancy in large neon clusters by measuring the width of
the photoemission line. For bulk atoms, 6 fs were extracted while
vacancies in surface atoms were found to decay within 30 fs [17].
However, the width of the photoline returns the lifetime only if
nuclear motion during the decay process is negligible. For the bulk
atoms of large neon clusters this assumption is justified. For small
systems, like dimers or light molecules, in particular those contain-
ing hydrogen, nuclear motion cannot be neglected. However, one
exception should be pointed out: If only one specific vibrational
level of an ICD-active state is populated, the state is stationary and
therefore the decay width independent of R, as shown in [22,23]. A
recent experiment succeeded in investigating the impact of nuclear
motion on the ICD lifetime by means of He-dimers exploiting
Post-Collision Interaction (PCI) [24,25]. Temporal information was
extracted by converting electron kinetic energies in time delays
using a classical model [26]. In summary, all of these methods
required a transformation from the frequency- to the time-domain
which implies certain assumptions about the decay mechanism.

This paper will focus on the first ICD experiment performed
directly in the time-domain on neon dimers employing an XUV-
pump–XUV-probe scheme at the Free-Electrons Laser (FEL) in
Hamburg (FLASH) [27]. Only recently, fast-pulsed and short-
wavelength light sources based on High-Harmonic Generation
(HHG) and FELs became available. They opened up the possibility
to investigate dynamics of innershell-ionized or -excited systems
on the fs time-scale. HHG sources and FELs offer ideal conditions
to study ICD because they combine the state-selectivity of XUV
radiation and X-rays with the temporal resolution to access ultra-
fast molecular dynamics in real time. While HHG sources stand
out thanks to their pulse durations down to the attosecond time-
domain and their excellent synchronization with the optical driving
laser, FELs feature orders of magnitude higher intensities from the
XUV into the X-ray regime. For the latter, pulse durations of a few
fs were demonstrated in the X-ray regime by the Linac Coherent
Light Source (LCLS) [28] and tens of fs in the XUV energy regime are
routinely available at FLASH. For pump–probe experiments these
pulses may  either be used with optical lasers that can be synchro-
nized up to a few fs [29] or with a delayed replica split-off from the
XUV or X-ray pulse itself. In addition, the high intensities of FELs
allow to study collective relaxation dynamics in clusters, which
require the simultaneous excitation of multiple atoms [30,31].

Within this paper, we will discuss the ICD-lifetime determina-
tion in Ne2 using an XUV-pump–XUV-probe scheme. In Section
2, the experimental set-up, consisting of a Reaction Microscope
in combination with a split- and delay-mirror unit, will be cov-
ered. Section 3 will introduce the employed pump–probe scheme
with emphasis on the relevant potential-energy curves (PECs) of
the neon dimer in Section 3.1. In order to interpret the obtained
experimental data, classical simulations were performed that will

be discussed in Section 3.2. Based on these results, the lifetime
determination procedure will be discussed in Section 3.3. Since the
lifetime determination relies on monitoring the delay-dependent
ion yield of a specific coincidence channel, it is crucial to investigate
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Fig. 3. Sketch of the REMI with split- and delay-mirror set-up: the unfocussed FEL
beam passes through the interaction chamber onto a cut-in-half back-reflecting
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Fig. 4. Relevant PECs for the illustration of the pump–probe scheme for the lifetime
determination. A preceding photon from the pump pulse initiates ICD by the creation
of  a 2s vacancy at one of the neon atoms. If ICD has occurred before the probe pulse
arrives (probe A), one of the Ne+ Ne2+ curves is accessed. For an early probe pulse
(probe B), the unstable Ne2+(2s−12p−1) Ne state may  be populated, which decays
ultilayer mirror, which focuses the split beams into the supersonic gas jet. Charged
ragments are guided onto the time- and position-sensitive detectors on the top and
ottom by means of homogeneous electric and magnetic fields.

ompeting pathways that could also feed into this channel. Possible
ackground sources and their impact on the lifetime determina-
ion will be discussed in Section 3.4. In Section 4, the experimental
ata will be compared with the outcome of different calculations.
inally, the paper closes in Section 5 with a discussion of the
btained results.

. Experiment

The experiment was carried out at the unfocused branch of
eamline BL3 at FLASH [32] using a Reaction Microscope (REMI)
33] with XUV split- and delay-unit. The FEL delivered 800 pulses/s
t an intensity of roughly 1012 W/cm2, which was chosen compar-
tively low to suppress multi-photon ionization within a single
ulse. The central photon energy of the FEL was  58.2 eV with a
andwidth of roughly 1 eV (FWHM) due to SASE fluctuations [34].
s depicted in Fig. 3, the incoming pulse of roughly 60 fs (FWHM)
asses through the interaction region onto a 1 in back-reflecting
o/Si multi-layer mirror that is split in half. By moving one half of

he mirror back and forth with respect to the other, a temporal delay
etween the geometrically split pulses is introduced. Both beams
re then spatially overlapped in the focal point, which has a diam-
ter of 10 to 15 �m.  The focus is located within the gas jet created
y supersonic expansion. To this end, Ne gas is expanded through

 30 �m diameter nozzle, kept at room temperature, with an injec-
ion pressure of 21 bar. The expansion conditions were optimized to
uppress the production of clusters larger than Ne2 [35]. The exact
nternal temperature of the jet could not be determined during the

easurement, however comparison to earlier experiments shows
hat the dimers were most likely produced in their vibrational
round state. The momenta and energies of all ions were recon-
tructed by means of a REMI. A homogenous electric field of 35 V/cm
as applied to accelerate the ions over a distance of 10.5 cm from

he interaction region onto a time- and position-sensitive detector
MCP and delayline anode with 120 mm diameter active area). From
he impact time and position the three-dimensional momenta were
econstructed.

. Results

.1. Pump–probe scheme

The XUV-pump–XUV-probe scheme used to determine the ICD
ifetime in Ne2 is illustrated in Fig. 4. For its explanation, we intro-

uce the relevant PECs in Ne2 that are accessible via two-photon
bsorption from the ground state. The energy region between 52 eV
nd 90 eV contains further PECs, which are not displayed here for
implicity.
via a competing ICDcompeting into Ne+ Ne2+, as will be discussed in Section 3.4.
The  PECs were extracted from Ref. [36]. For each curve the final charge state in the
dissociation limit is indicated at the respective line.

The role of the pump pulse is to initiate ICD by the creation of a
2s inner-valence vacancy at one of the neon atoms. Once the excited
Ne+

2 (2s−1) state is created, the essential question arises how long
it takes until the excited dimer decays into Ne+ Ne+ ions. In order
to answer this question, the dimer’s charge state has to be moni-
tored continuously. Experimentally, this is realized by probing the
charge state with a delayed second XUV pulse that further ionizes
the dimer into a distinct state, which reveals whether the dimer
had already decayed by the time the probe pulse arrived or not.

Thus, by scanning the time delay and simultaneously detecting the
fragments created after the probe pulse, the lifetime of the excited
state, i.e., the ICD lifetime, is determined. Fig. 4 shows a simpli-
fied version of the pump–probe scheme: If ICD has occurred by the
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Fig. 5. Delay-dependent KER spectra of coincident Ne+ Ne2+ fragments for a lower
FEL  intensity in (a) and a higher one in (b). In addition the projections onto the
KER  axis for large delays are shown in the right panels. Note that the multi-photon
contribution around 8 eV is pronounced for higher photon intensity in (b), while
the pump–probe contribution around 5 eV is dominating for the lower intensity in
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assigned lifetime, the system jumps onto the repulsive ∝ 1/R  curve
a). The total ion yield in (b) is lower due to shorter measurement times. Therefore,
ifferent scales were chosen for the projections of (a) and (b).

ime the probe pulse arrives, one of the two created Ne+ fragments
s further ionized, resulting in a coincident Ne+ Ne2+ ion pair. If
nstead ICD has not taken place when the probe pulse impinges, a
urther electron from the dimer ion Ne+

2 (2s−1) is removed, resulting
n Ne2+

2 . This molecular ion will most likely dissociate into Ne Ne2+

r Ne+ Ne+, as will be discussed in Section 3.4 in more detail. Thus,
 PEC with the final charge state Ne+ Ne2+ is only reachable for
hose dimers that have already undergone ICD before the probe
ulse arrives. Therefore, we expect a time-dependent Ne+ Ne2+ ion
ield that increases as according to the ICD lifetime. However, these
onsiderations do only take into account the situation in which a
ingle photon is absorbed within the pump and a single photon
ithin the probe pulse.

Since the lifetime of the 2s vacancy in Ne+
2 is determined by

nspection of the yield of coincident Ne+ Ne2+ ion pairs, all possible
athways leading to this fragmentation channel must be analyzed
arefully. The delay-dependent KER of coincident Ne+ Ne2+ frag-
ents for a data set recorded at low intensity is shown in Fig. 5(a),

s well as another one recorded at higher intensity in Fig. 5(b).
uring the measurement, the delay between pump and probe
ulse was continuously scanned between −600 fs and 600 fs (cf.
ig. 5), meaning one of the pulses is preceding the other for neg-
tive delays and succeeding it for positive delays. Therefore, the
ecorded data are mirror symmetric with respect to time delay
ero where both pulses overlap temporally. The spectra show two
ominant features: one with a constant KER around 8.6 eV and a
ime-dependent one converging to 5 eV for large delays. The time-
ndependent band stems from Ne+ Ne2+ ions that were created
y multi-photon absorption within one pulse, which is confirmed
y evaluating the KER as follows. For two point-like charged par-
icles, one singly and the other doubly charged, the expected KER

ssuming an instantaneous Coulomb-explosion at the equilibrium
nternuclear distance of Req = 3.1 Å amounts to 9.28 eV. Since this
alue is close to the observed 8.6 eV, a relatively fast ionization
nd Related Phenomena 204 (2015) 245–256

process can be assumed. In order to create the triply ionized
dimer Ne3+

2 directly from the ground state, three photons must
be absorbed. This assumption is supported by the KER distribu-
tions of the high and the low intensity spectra in Fig. 5: At the
higher intensity, the peak at 8.6 eV, which is attributed to three-
photon absorption, is much more pronounced. As our pump–probe
scheme relies on single-photon absorption within the pump and
the probe, contributions from multi-photon processes cause a
constant background to the delay-dependent ICD signal. Thus, in
order to achieve a good contrast of signal to background, multi-
photon processes were suppressed by keeping a low FEL intensity
of roughly 1012 W/cm2, for which data is shown in Fig. 5(a). Here,
the three-photon contribution is clearly reduced compared to the
delay-dependent feature. We  would like to emphasize, that multi-
photon contributions only cause a constant offset in the ion yield,
but do not affect our lifetime result.

The lifetime information is contained in the time-dependent
trace in Fig. 5. For small delays, the constant and the time-
dependent contributions overlap energetically because the steep-
est PEC, Ne+ Ne2+, is accessed around Req. Instead, for larger delays
an intermediate charge state with a shallower PEC is populated,
which results in a lower KER because the final potential curve
is accessed at an increased internuclear distance. For asymptoti-
cally large delays and correspondingly large internuclear distances,
no energy is gained at all by the population of a steeper curve
because from some distance on all potentials can be considered
flat. As a result we  are able to reconstruct the intermediate charge
state by analyzing the asymptotic KER for large delays. As it con-
verges to an energy of roughly 5 eV, we  conclude that the precursor
Ne+ Ne+ was populated by the pump pulse, which is in line
with the proposed scheme in Fig. 4. The observed KER is slightly
higher than the expected one of 4.64 eV from a Coulomb explo-
sion at Req. This indicates that the KER has not yet converged
to its asymptotic value after the observed 600 fs. Around time
delay zero the ion yield is increased due to the doubled intensity
in the temporal overlap region of the pulses. At high intensi-
ties, the multi-photon process becomes more likely, resulting in
an increased number of Ne+ Ne2+ ions. The enhanced ion yield
around time delay zero cannot be completely suppressed, even for
small intensities, and thus causes background events for the life-
time determination. In order to understand how the ICD lifetime
is contained in the time-dependent trace of Fig. 5, we have per-
formed classical simulations, which are discussed in the following
Section 3.2.

3.2. Classical simulations

The classical simulation used to model our pump–probe spectra
treats molecular motion as a point-like particle moving on PECs
according to Newton’s classical equation of motion. The respective
PECs for Ne2 have been calculated [36] and can therefore be used
as input for the simulation. The simulation starts by placing the
point-like classical particle either on the 22�+

g or 22�+
u curve at

Req = 3.1 Å, which models single-photon absorption from the dimer
ground state. Both states are assumed to be populated with equal
probability, which is in line with experimental observations [37].
While the particle moves towards smaller R when placed on the
attractive 22�+

u curve, it will more or less stay at rest on the virtually
flat 22�+

g PEC. The ICD of the intermediate state is implemented
by assuming a random decay time t that follows the exponential
propability distribution exp (−t/�) with the ICD lifetime �. At t, the
where it pursues its motion until the probe pulse arrives after an
adjustable time delay td, thereby promoting the system onto the
steeper ∝ 2/R  PEC.
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Fig. 6. Classical simulation of the delay-dependent KER spectrum for Ne+ Ne2+ ion
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In order to determine the ICD lifetime from our experimental
airs produced after ICD. (a) Population of the flat intermediate 22�+
g curve. (b)

opulation of the attractive intermediate 22�+
u curve.

In Fig. 6, the comparisons of the classical simulations for 22�+
g

nd 22�+
u are shown with an exemplary ICD lifetime of � = 100 fs.

f the 22�+
g PEC is populated, the system will remain close to Req.

hus, the shape of the spectrum is determined by the interplay
f the exponential decay and the arrival time of the probe pulse.
he time when ICD occurs is simulated by an exponential prob-
bility distribution, thus it may  take place at any time after the
reation of the 2s vacancy. If ICD occurs immediately after the
ump pulse, the repulsive 1/R  curve is populated early giving the
uclei the largest possible time to dissociate before the probe pulse

urther ionizes the system into Ne+ Ne2+ fragments. Thus, events
ith a small decay time are located close to the low-energy cut-off

f Fig. 6 because the steep Ne+ Ne2+ curve is populated at large
nternuclear distances where the Coulomb-potential-energy gain
s already small. In contrast, for dimers decaying just before the
robe pulse arrives, the internuclear distance when the fragments
re further ionized is still close to Req resulting in a much larger
nergy gain on the steep Ne+ Ne2+ PECs. Thus, these events occur
t larger KERs.

In Fig. 6(b), the corresponding spectrum for the population of
he intermediate 22�+

u state is shown. It features an additional
ing-like structure compared to the 22�+

g state, which is due to
uclear motion before ICD has occurred. The low-energy cut-offs

n Fig. 6(a) and (b) are identical because they have the same origin:
or a fast ICD, nuclear motion on the intermediate 22�+

u curve is
egligible, resulting in the well-known behavior of delayed ioniza-
ion. Instead, if ICD takes place late, the classical particle will start to

ove towards smaller R leading to a smaller R by the time the dimer
on decays. Therefore, the steepest PEC, Ne+ Ne2+, is accessed at
nternuclear distances smaller than Req resulting in KERs higher
han those expected at Req. However, the KER in Fig. 6(b) rises
nly up to roughly 11 eV, which translates into an internuclear dis-

ance of R = 2.6 Å. ICD is only energetically allowed as long as the
2�+

u curve lies above the Ne+ Ne+ curve and the crossing region
f the two curves lies around R = 2.6 Å. Thus, no KERs higher than
nd Related Phenomena 204 (2015) 245–256 249

the one corresponding to a Coulomb explosion at the crossing point
occurs.

In the simulation, a small number of Ne+
2 ions reach this crossing

point and the question arises how to deal with them. In Fig. 6(b),
we have assumed immediate decay at the crossing point onto the
Ne+ Ne+ curve, which causes the sharp cut-off at high energies
beyond 120 fs. Alternatively, we have also performed simulations
where the classical particle may  cross the intersection. In this
region, dimers can only decay radiatively, which is not included
in our simulation. Therefore, those dimers that have crossed the
intersection will eventually return to the region of internuclear
distances where ICD is allowed. This difficulty demonstrates the
limitations of our model of classical point-like particles moving on
PECs. Furthermore, for quantum-mechanical calculations employ-
ing nuclear wave-packet propagation the wave packet exhibits a
certain width. The fraction of the wave packet beyond the crossing
may  decay only radiatively because the ICD decay width drops to
zero. However, even if the wave packet propagates to smaller R the
decay rate does not vanish completely as some part of the wave
function remains before the crossing. This condition is fulfilled for
Ne+

2 (2s−1) for all times, as the highest vibrational levels are pre-
dominantly populated by the pump pulse and these levels exhibit
nuclear wave functions that are extended to larger R. Therefore, the
probability density before the crossing never vanishes completely
and ICD remains allowed at all times.

Experimentally, we are not able to distinguish between the
22�+

u and the 22�+
g state. Fig. 8 shows the superposition of the

simulation for equal contribution of each intermediate state. The
general behavior of the time-dependent experimental trace (cf.
Fig. 5) is well reproduced by our simulation supporting the pro-
posed pathway. However, the characteristic increases of the KER
due to nuclear motion on the 22�+

u curve are not observed in
the data. The absence of this feature has various reasons: Counts
from direct multi-photon absorption overlap energetically with
the expected KER increase and cannot be separated from the
pump–probe contribution with statistical significance. In addition,
our simulation was performed at a fixed initial internuclear dis-
tance Req, which is in contrast to the spatial distribution of the
ground-state wave function, as shown in Fig. 7. If we  perform
the simulation with a distribution of initial internuclear distances
according to the ground state wave function the wing-like structure
gets washed out, as demonstrated in Fig. 8(b).

Up to now, we have not discussed the observation that the sim-
ulated rate of Ne+ Ne2+ ion pairs decreases for small pump–probe
delay, which is especially apparent in Fig. 8. In order to more closely
investigate this time-dependence we  have to evaluate the projec-
tion of all KERs onto the delay axis, as shown in the lower panel of
Fig. 8(b). The Ne+ Ne2+ ion yield vanishes for small delays and satu-
rates for larger delays. This behavior becomes clear when recalling
the involved PECs: Coincident Ne+ Ne2+ ion pairs are only pro-
duced when ICD has already occurred by the time the probe pulse
impinges. For small delays, only few dimers have undergone ICD
and consequently only a small fraction of Ne+ Ne+ ion pairs are
further ionized to Ne+ Ne2+. By contrast, for large delays almost
all Ne+

2 (2s−1) ions have decayed into Ne+ Ne+ pairs and thus the
number of Ne+ Ne2+ ions is large as well. Performing an exponen-
tial fit to the time-dependent ion yield returns the input lifetime of
the simulation. Thus, by analyzing the Ne+ Ne2+ ion yield we have
found a tool to directly measure the ICD lifetime.

3.3. Lifetime determination
data, we proceed the same way  as introduced for the simulation in
Section 3.2: The measured time-dependent KER spectrum of coin-
cident Ne+ Ne2+ ions is projected onto the delay axis, as shown in
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Fig. 7. Mapping of the squared nuclear wave function via projection onto the 1/R
PEC.  The squared nuclear wave functions |�|20,0 of the lowest (in blue) and |�|20,1 of
the  first excited (in red) vibrational level are mapped onto the Ne+ Ne+ Coulomb
curve and translated into the corresponding KER distribution. Here, instantaneous
population of the Coulomb curve is assumed. However, nuclear motion in the inter-
mediate state will affect the shape of the wave packet. Thus, comparing the shape of
the  measured KER distribution and that expected from the ground state wave func-
tion reveals important information on the nuclear dynamics in the intermediate
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Fig. 8. Simulation of the delay-dependent KER spectra of coincident Ne+ Ne2+ ion
pairs considering both intermediate states 22�+

u and the 22�+
g excited together

(Fig. 6(a) and (b) superposed) for an ICD lifetime of 100 fs. The projection of all
KERs onto the delay axis is strongly time dependent and the dependence of the ion
yield returns the input lifetime of the simulation. (a) Simulation for an initial fixed
internuclear distance of Req = 3.1 Å. (b) Simulation with R distributed according to
the  squared vibrational ground state wave function |�|20,0, shown in Fig. 7.

+ 2+
tate. Wave functions are taken from Ref. [38]. (For interpretation of the references
o  color in figure legend, the reader is referred to the web  version of the article.)

ig. 9. The projection exhibits a clear drop in the ion yield towards
mall delays as predicted by the simulation. The origin of the con-
tant offset in the ion yield in Fig. 9 will be discussed in detail in
ection 3.4. To avoid fluctuations in the ion yield due to imperfec-
ions of the delay stage, the projected spectra are normalized to the
otal time the delay stage spent at each scanning step.

In order to make full use of the collected data, the counts for neg-
tive delays were added to those of the respective positive delays
cf. Fig. 10(a)) as the experiment is mirror-symmetric with respect
o time delay zero. However this assumption is only true, if the FEL
ntensity was distributed equally among the split beams and spatial
verlap was kept constant for all delays. We  inspected the beams’
istribution and overlap before each delay scan and confirmed con-
tant conditions by comparing the ion yield of the constant and the
ime-dependent trace in Fig. 5(a) for positive and negative delays.
ig. 10(b) shows the projection of all coincident Ne+ Ne2+ ion pairs
n the energy range from 0 eV to 11 eV onto the delay axis. An expo-
ential fit yields an ICD lifetime of 150 fs ± 50 fs with a purely
tatistical uncertainty. An upper limit of the temporal resolution is
etermined by the uncertainty arising from the finite pulse length:
or a Gaussian pulse with � = 26 fs the uncertainty due to the tem-
oral overlap of pump and probe pulse amounts to ±�  ·

√
2 = ±

6 fs. Thus, the accuracy of the lifetime determination is not yet
imited by the pulse duration. Moreover, we expect an even bet-
er temporal resolution due to the spiky structure of the FEL pulses
39]. The given pulse length of 60 fs (FWHM) is averaged over a
arger number of pulses while each individual pulse exhibits spikes

ith a width of a few fs, corresponding to the temporal coherence
ength [40]. The peak structure manifests in our data as a sharp

oherence peak at time delay zero. As it is unrelated to ICD, it has
o be excluded for the lifetime fit. Still it influences the fit result to
arger lifetimes and consequently our result should be understood

Fig. 9. Projection of all KERs in the time-dependent Ne Ne spectrum onto the
delay axis. The red lines indicate the increasing ion yield from small towards larger
delays. (For interpretation of the references to color in figure legend, the reader is
referred to the web version of the article.)
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Fig. 10. (a) Delay-dependent KER spectrum of coincident Ne+ Ne2+ ions where
negative delays from Fig. 5(a) are flipped onto the positive delay range in order to
improve statistics. (b) Projection of KERs between 0 and 11 eV onto the delay axis.
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Fig. 11. Competing pathways via the population of the Ne2+(2s−12p−1  1P) Ne
potential curve (in purple). The indicated state can decay into background coin-
he  exponential fit (in red) returns an ICD lifetime of 150 fs ± 50 fs. (For interpre-
ation of the references to color in figure legend, the reader is referred to the web
ersion of the article.)

s an upper limit for the lifetime. On the other hand, the peak allows
s to determine the zero of the time-delay axis, when the pulses
ave perfect temporal overlap, to an accuracy of a few fs. This is
rucial for adding the ion yield of negative delays onto the positive
nes.

.4. Competing pathways

In order to ensure that the increasing ion yield of Ne+ Ne2+

on pairs is caused by ICD, we have to investigate all competing
athways leading to the same charge state very carefully. This
ay  be done by identifying the relevant pathways and perform-

ng classical simulations to study their influence on the overall
e+ Ne2+ ion yield. As the time-independent contribution from
ulti-photon absorption causes only a constant offset in the ion-

ield spectrum the lifetime determination is not disturbed by
his competing pathway. Relevant are only pathways with delay-
ependent ion yield because those could influence the outcome
f the lifetime fit. If the inner-valence-ionized dimer Ne+

2 (2s−1)
bsorbs another photon before ICD has occurred it will result in
he fragmentation channels Ne+ Ne+ or Ne Ne2+. One particular
tate, Ne Ne2+(2s−12p−1 1P), also decays via ICD into Ne+ Ne2+ ion
airs and thus causes a time-dependent background. Fig. 11 shows

 zoom into the PEC spectrum into the region from 90 eV to 106 eV
llustrating the competing decay channels ICD2, ICD3, and ICD4
rom the Ne Ne2+(2s−12p−1 1P) state. These ICD processes were
redicted theoretically [36,41] and have been confirmed exper-

mentally [42]. However, in these studies the population of the
ecaying state was initiated by the creation of a 1s core hole that

ecayed via an Auger cascade.

Here, the population of the Ne Ne2+(2s−12p−1 1P) state is either
chieved by sequential two-photon absorption within one pulse
r by a single-photon pump single-photon probe scheme for
cident Ne+ Ne2+ ion pairs via ICD2, ICD3 or ICD4. The orange arrow indicates Req.
The PECs are taken from [36]. (For interpretation of the references to color in figure
legend, the reader is referred to the web  version of the article.)

Ne+
2 (2s−1) ions that have not yet undergone ICD (cf. Fig. 4). The

latter pathway is most prominent for small time delays because
shortly after the pump pulse only few dimers have undergone ICD
and are consequently probed into the Ne Ne2+(2s−12p−1 1P) state.
For small delays, the nuclei are given little time for motion in the
intermediate 22�+

g and 22�+
u states. Thus, the shape of the wave

packet accessing the Ne Ne2+(2s−12p−1 1P) curve should still be
close to that of the ground state and peak around Req. The same
argument holds for the population of the curve via two-photon
absorption within the pulse duration of 60 fs. However, in order
to enable decay via ICD2 internuclear distances beyond the curve
crossing of the initial and final state at 3.8 Å must be populated (cf.
Fig. 11). Although the wave packet is broad, only a very small frac-
tion of the distribution will exceed the crossing allowing the decay.
Thus, the overall contribution of ICD2 is negligible:

Ne Ne2+(2s−12p−1 1P)

↓ ICD2

Ne2+(2p−2 1S) Ne+(2p−1 2P).

(1)

ICD3 instead takes place for internuclear distances larger than
≈2.6 Å which covers the distance range at which most of the nuclear
wave packet is launched. The decay occurs via direct ICD:

Ne Ne2+(2s−12p−1 1P)

↓ ICD3

Ne2+(2p−2 1D) Ne+(2p−1 2P).

(2)

The transition time is predicted to be 80 fs [41]. For a fast decay,
only little nuclear motion takes place resulting in a KER distribu-
tion of the Ne+ Ne2+ fragments corresponding to distances around
Req. Therefore, events from ICD3 are expected to emerge at sim-
ilar KERs as those from direct multi-photon absorption and will
consequently be indistinguishable from them. The maximal cut-
off energy for this decay channel is computed by translating the
internuclear distance of the curve crossing at 2.6 Å into the corre-
sponding KER of 11 eV.

The transition ICD4 in Fig. 11 takes place for R as small as 2.13 Å
resulting in a maximum KER of 13.5 eV. However, our estimate of

purely Coulombic PECs might not be adequate anymore for these
small distances. It is important to note that ICD4 differs from the
ICD transitions discussed so far. It is not mediated by exchange of
a virtual photon alone. Instead an additional spin-flip is needed, as
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Fig. 12. KER spectrum of coincident Ne+ Ne2+ ions at large delays. The green shaded
area marked with “Pump probe after ICD” contains the counts that are relevant for
the lifetime determination. Note that the pump–probe region is extended up to
11  eV, when considering all delays. Therefore, it will energetically overlap with the
blue shaded “Multi photon + ICD3” region. The projection range used for the lifetime
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Table 1
Electronic states accessible via single-photon absorption by the Ne+(2s−1) ion, the
competing ICD active state is highlighted in bold. In addition the spin multiplicity
of  each state is given. The approximate cross sections for each ionization step are
those for isolated atoms and ions [44].

Configuration Spin multiplicity Cross section (Mbarn)

Ne Ne2+(2s−12p−1 1P) 1 7
Ne Ne2+(2s−12p−1 3P) 3 7
Ne+(2p−1 2P) Ne+(2s−1 2S) 2 7
etermination in Fig. 10 is indicated on the top x-axis. (For interpretation of the
eferences to color in figure legend, the reader is referred to the web version of the
rticle.)

 singlet P-state has to be transformed into a triplet P-state. How-
ver, a transition including a spin-flip is dipole-forbidden and thus
trongly suppressed [36]. Therefore, different types of ICD occur:
xchange ICD (exICD) or ETMD. As shown in Fig. 13, both require the
xchange of electrons, contrasting the “normal” ICD where energy
s transferred via a virtual photon. The decay reads

Ne Ne2+(2s−12p−1 1P)

↓ exICD + ETMD

Ne2+(2p−2 3P) Ne+(2p−1 2P).

(3)

In exICD, the inner-valence vacancy located at the Ne2+ ion is
lled by a 2p electron from the neutral Ne neighbor, thereby remov-

ng another 2p electron from the formerly excited ion resulting in
oincident Ne+ Ne2+ ions. ETMD is different in the sense, that the
xcess energy after population of the inner-valence hole is trans-
erred to a 2p electron from the formerly neutral neighbor atom,
hich is then ionized. Both processes are illustrated in Fig. 13. As
echanisms involving the migration of electrons require sufficient

rbital overlap, exICD and ETMD can only occur at smaller R com-
ared to “normal” ICD and thus demand nuclear motion prior to
he decay. For smaller distances, the decay rates can be strongly
nhanced due to the orbital overlap [43]. However, nuclear motion
akes time and causes the electron-transfer processes to be much
lower than ICD via virtual-photon exchange [11].

Fig. 11 shows an overview of the different processes leading to
oincident Ne+ Ne2+ ions and the corresponding relevant energy
anges are indicated in Fig. 12. The high-energetic contribution in
he range from 11 eV to 16 eV stems most likely from the previously
iscussed exICD and ETMD processes (indicated as ICD4 in Fig. 11).
he peak around 5 eV stems from the discussed asymptotic limit
f our desired pump–probe channel. For small time delays, it cre-
tes a signal in the intermediate KER range of 6 eV to 11 eV where
t overlaps with the contributions from sequential multi-photon
bsorption and from ICD3 .

.5. Simulation of competing processes
The delay-dependent KER trace that contains the ICD lifetime
annot overcome an energy of ≈11 eV due to the curve crossing
t 2.6 Å. At this distance, the 22�+

g,u curves intersect the repulsive
Ne+(2s−1 2S) Ne+(2s−1 2S) 2 0.5

Ne+ Ne+ curves and for smaller R, ICD is energetically not pos-
sible anymore. Therefore, the competing processes occurring via
exICD and ETMD, which arise in the KER spectrum at higher val-
ues than ≈11 eV, are suppressed by projecting only smaller KERs
than that onto the delay axis. All time-independent processes will
cause a constant offset for the ion yield but do not disturb the over-
all shape of the decay curve. The only remaining delay-dependent
background stems from Ne+

2 (2s−1) ions that are further ionized by
the probe pulse to the Ne Ne2+(2s−12p−1 1P) state and decay via
ICD3. Thus, we  will further investigate the influence of this pathway
on the lifetime fit by utilizing our classical pump–probe simulation.

The simulation starts by populating the intermediate 22�+
u or

22�+
g potential curve and classical propagation in time until ICD

occurs or the probe pulse arrives. Only if the latter event takes place
first, the particle is placed on the Ne Ne2+(2s−12p−1 1P) curve from
where it decays onto a Coulombic Ne+ Ne2+ curve. The lifetime
of ICD3 does not alter the delay-dependence of the Ne+ Ne2+ ion
yield as long as the lifetime is much shorter than radiative decay.
This condition is well met  and thus all dimers will decay via ICD3.
Therefore, the population of the yield of coincident Ne+ Ne2+ ions
produced via the competing pathway is expected to be large for
small delays and decreasing towards larger delays, which is inverse
to the behavior of the primary ICD process.

Fig. 14 shows the result of a simulation of the competing process
with an exemplary input lifetime of 100 fs, starting from the equi-
librium internuclear distance Req. The time-independent feature at
9 eV corresponds to the pathway via the intermediate state 22�+

g .
It is constant because nuclear motion in the intermediate state is
negligible and the decay of the doubly ionized dimer is assumed to
be instantaneous. The ICD3 time dependence is irrelevant for the
ion yield as discussed earlier. Introducing the finite lifetime of ICD3
into the simulation would yield a spread along the KER axis but
it would not influence the delay-dependence. The time-dependent
trace in the upper panel of Fig. 14 corresponds to the population of
the intermediate 22�+

u state. The nuclear motion causes the char-
acteristic KER increase within the trace. As we probe the number of
ions that still dwell in the intermediate 2s hole state the projection
of the ion yield produced via the competing process also returns the
input lifetime and could in principle also be used for the lifetime
determination.

The population of the Ne Ne2+(2s−12p−1 1P) PEC is only one
possibility out of many options that can be reached after single-
photon ionization of the intermediate Ne+

2 (2s−1) ion. Thus, in order
to evaluate the relevance of the competing process we will count
the total number of accessible electronic states and compare it
with the direct ICD pathway. Fig. 4 shows only a small selection
of accessible curves. A complete overview may  be found in Ref.
[36]. In Table 1, the four possible electronic states are listed and
weighted according to their spin multiplicity. Creating another 2s
vacancy is unlikely and thus left out of the following consider-
ations. Including the spin multiplicity, the probability to access the

Ne Ne2+(2s−12p−1 1P) state is only 1/6 for a photon that is absorbed
by the Ne+

2 (2s−1) ion. Note that this is a pessimistic estimate as the
third process in Table 1 should be more probable because a neutral
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ig. 13. Comparison of exICD (right) and ETMD (left) for ICD4. In exICD, the relaxat
n  ETMD the energy is transferred to the initially neutral side.

e is ionized and ETMD and exICD, which reduce the rate of ICD3,
re not taken into account.

In Fig. 15, a comparison between a simulation including the
ompeting pathway and one without is shown with an exemplary
nput lifetime of 100 fs. The direct and the competing process are
ormalized in the following way: Each dimer that has undergone

+ 2+
CD will end up in a Ne Ne state when further ionized by another
hoton from the probe. But only 1/6 of dimers that have not yet
ecayed via ICD will result in Ne+ Ne2+ ion pairs. Therefore, the
ontribution of the competing process in the simulation occurs

ig. 14. Simulation of the competing process ICD3 with an input lifetime of 100 fs.
he  upper panel shows the delay-dependent KER of Ne+ Ne2+ ions for both inter-
ediate states and the lower panel shows the projection of all events onto the delay

xis. An exponential fit (in red) also returns the ICD lifetime as the rate of competing
on pairs decreases at the rate the direct ICD rate increases. (For interpretation of
he references to color in figure legend, the reader is referred to the web version of
he article.)
ergy is transferred to an electron of the initially inner-valence ionized side, while

suppressed by a factor of 6. The lifetime fit of the total ion yield
is almost unaffected. Thus, ICD3 can be assumed to not affect the
lifetime determination.

3.6. Comparison with theory

Due to the availability of numerous different calculations, Ne2
serves as an excellent prototype-system to benchmark ICD theory.
Calculations that include nuclear motion are challenging because
the electronic-decay widths vary strongly with the internuclear dis-
tance, as shown in Fig. 2. Since the decay-widths calculations for a
single distance alone are already highly demanding, most theoret-
ical studies focus on the decay rate at the equilibrium internuclear
distance. Therefore, we will first discuss some purely electronic
calculations, which neglect nuclear motion and treat ICD as if it hap-
pened at a fixed internuclear distance. This is necessary, as those

build the foundation for studies including nuclear motion which
will be discussed subsequently.

The purely electronic calculations were almost exclusively
carried out for the 2�g state at an internuclear distance of

Fig. 15. Simulation of the Ne+ Ne2+ ion yield for the direct ICD (blue), the com-
peting pathway (orange) and the superposition of both (red). The results of an
exponential fit for the respective spectra are also given. (For interpretation of the
references to color in figure legend, the reader is referred to the web  version of the
article.)
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Fig. 16. Comparison of experimental (exp.) and theoretical delay-dependent
Ne+ Ne2+ ion yield: Calculations including nuclear motion start from the vibra-
tional ground state and were performed with the time-dependent propagation of
wave packets. The different methods for the determination of the electronic decay
widths are color-coded in green (CAP-CI), red (Fano-ADC) and purple (CAP-MRCI).
Both intermediate states are indicated, long dashed lines stand for the 22�+

g state
and  short dashed lines for the 22�+

u state. The experimental result is displayed in
dark blue with its uncertainty as a light blue area. (For interpretation of the ref-
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rences to color in figure legend, the reader is referred to the web version of the
rticle.)

 = 3.2 Å. Only the results that are expected to be most accu-
ate are discussed here. An early calculation employing the
omplex-Absorbing-Potential (CAP) method with Multi-Reference
onfiguration Interaction (MRCI) expansion yielded a value of

 = 64 fs [45]. A further study was carried out in the CAP framework
sing the Algebraic-Digrammatic-Construction (ADC) method,
hich yielded a value of � = 92 fs [46]. Using the Fano-ADC method

o determine the ICD lifetime resulted in � = 82 fs [12]. The disagree-
ent with the experimental result may  be attributed to nuclear
otion not been taken into account. However the large spread of

he predicted lifetimes is worth noting.
In order to add nuclear motion to the calculations, nuclear-

ynamics calculations must be carried out, i.e., time-dependent
ropagation of nuclear wave packets [13,47] is used. In principle,
his requires the knowledge of the decay rates for all internuclear
istances. In practice, the R-dependent rates are determined by
alculating static electronic decay rates for several discrete internu-
lear distances and interpolating in between, as shown in Fig. 2. The
esults of the three available calculations for � including nuclear
otion are shown in Fig. 16. All of them were performed starting

rom the vibrational ground state with the time-dependent propa-
ation of wave packets. The respective method used for calculating
he electronic-decay widths is also indicated in Fig. 16.

We  begin by discussing the curve calculated via the CAP-CI
ethod [2] in Fig. 16, which agrees the least with our measured

ifetime. It was expected that the agreement of this calculation
ould be worse as it shows already a large deviation from the other

ifetimes before nuclear motion was added. Therefore, it was  not
entioned in the earlier discussion on purely electronic calcula-

ions. The curve of the CAP-MRCI method was obtained by inferring
he R-dependence from the CAP-CI result by scaling it to the single
ata point obtained with the former. In contrast to the previous, this
ethod clearly underestimates the lifetime. The Fano-ADC result

xhibits the best agreement, notably it lies within the error bars of
ur data.

Fig. 17 is analogue to Fig. 16 with the difference that the wave-

acket calculations are performed starting from the first excited
ibrational state. Obviously, the agreement is much worse and
emonstrates nicely the strong dependence on the nuclear wave
Fig. 17. Same as Fig. 16, but with calculations starting from the vibrationally excited
ground state.

function of the initial state: The first excited state is extended
towards larger R where the decay width decreases strongly.
Therefore, the calculations yield larger lifetimes compared to the
ground-state wave function, which is centered at smaller R, as
shown in Fig. 7.

4. Discussion

The ICD lifetime of 150 fs ± 50 fs for Ne+
2 (2s−1), discussed here,

was determined under the assumption that the recorded ion yield
can be approximated by an exponential fit. However, it was empha-
sized in Section 3.6 that this is only true for a dimer remaining at
a fixed internuclear distance before ICD occurs. The decay width �
is thus different for all internuclear distances, as shown in Fig. 2.
Nuclear motion will always be present when populating ICD active
states via ionization, as done on our Ne2 experiment. Therefore,
we measure a decay time averaged over all internuclear distances
that are covered from the creation of the inner-valence vacancy
to the arrival of the probe pulse. This corresponds to the range of
distances accessed by wave-packet dynamics in the intermediate
state within 600 fs, the longest delay in the measurement. In addi-
tion, the intermediate state is populated with a spatial distribution
according to the spatial width of the electronic ground state wave
function.

The internuclear distance at which ICD occurred is imprinted in
the KER. However, the KER does not carry information on how the
dimer reached that particular distance and how long it took to get
there. This would only be possible if all dimers started at Req on a
known intermediate PEC. However, in the experiment, we  were not
able to distinguish both intermediate states because the KERs over-
lapped energetically. For a measurement that detected also the ICD
electrons the assignment to an intermediate state might be possi-
ble to some extend by considering the angular distribution of the
emitted electrons [37]. In addition, the KER distribution is smeared
out from the beginning due to the width of the ground-state wave
function. Thus, we are neither able to determine the populated
intermediate state nor the ground state internuclear distance. The
situation is further complicated by experimental uncertainties,
such as the finite pulse width, contributions from multi-photon
absorption, limited statistics, and limited momentum resolution.
Therefore, we have to average over both intermediate states and
the dynamics taking place within the 600 fs of delay, which we  do
The strongest deviation from an exponential behavior is
expected for large delays because the assumption of an exponen-
tial decay gets worse the longer the wave packet evolves on the
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ntermediate potential curves. This assumption is in line with the
alculated curves in Fig. 16, which follow an exponential behavior
or small to intermediate delays and deviate for large ones.

. Conclusion and outlook

We  have exploited the unique properties of FEL radiation, i.e.,
hort pulse duration and high intensities, to access ICD in Ne2
irectly in the time domain. Employing an XUV-pump–XUV-probe
cheme we succeeded in determining the lifetime of the ICD-active
s innervalence vancancy in Ne+

2 to 150 fs ± 50 fs. Our measure-
ent agrees well with theory if nuclear motion prior to the decay

s included in the calculations. From this, we infer the importance
f nuclear motion for small systems, such as Ne2, undergoing ICD.

In order to ensure that the delay-dependent yield of Ne+ Ne2+

on pairs correctly reflects the ICD lifetime, we had to make sure that
o other relaxation process is causing or influencing the observed
ehavior. This required the knowledge of the PEC spectrum. Since
hese spectra are available or can be calculated for various small
ystems, the presented pump–probe scheme will be applicable for
ther rare-gas and small molecular clusters. One limitation of the
resented XUV-pump–XUV-probe scheme is the temporal resolu-
ion imposed by the duration of the XUV pulse itself. Therefore,
ast ICDs on the few fs time-scale are not accessible in this manner,
iven the currently available pulse durations at FLASH. Another
ethod to resolve the delayed emission of electrons is routinely

pplied in attosecond science for intrinsically synchronized XUV
nd IR pulses. This streaking method [48] has already been success-
ully employed to measure temporal shifts in photoemission [49].
t FLASH an analogous scheme can be applied using synchronized
UV- and THz-pulses. Here, electrons ejected by the XUV pulse
re emitted into a THz-field and dependent on the time of emis-
ion they experience a characteristic momentum shift. Therefore,
hen compared to an instantaneously emitted electron, delayed

lectrons carry a characteristic momentum shift, which has the
mission time imprinted.

In conclusion, the presented experiment on Ne2 shows how the
roperties of ultrashort intense XUV or X-ray radiation delivered
y FELs can be used to enrich the field of ICD studies.
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