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ABSTRACT
Charge transfer (CT) at avoided crossings of excited ionized states of argon dimers is observed using a two-color pump-probe experiment at
the free-electron laser in Hamburg (FLASH). The process is initiated by the absorption of three 27-eV-photons from the pump pulse, which
leads to the population of Ar2+∗–Ar states. Due to nonadiabatic coupling between these one-site doubly ionized states and two-site doubly
ionized states of the type Ar+∗–Ar+, CT can take place leading to the population of the latter states. The onset of this process is probed by a
delayed infrared (800 nm) laser pulse. The latter ionizes the dimers populating repulsive Ar2+ –Ar+ states, which then undergo a Coulomb
explosion. From the delay-dependent yields of the obtained Ar2+ and Ar+ ions, the lifetime of the charge-transfer process is extracted. The
obtained experimental value of (531 ± 136) fs agrees well with the theoretical value computed from Landau-Zener probabilities.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5116234., s

I. INTRODUCTION

Understanding of molecular relaxation mechanisms behind
charge migration and energy redistribution is of utmost relevance
for a complete description of more general and thus more com-
plex chemical processes which occur in chemical media. An isolated
excited atom or molecule can relax via fluorescence or, if energeti-
cally allowed, by Auger decay (autoionization). If it is embedded in
an environment, however, new interatomic or intermolecular relax-
ation pathways open up. These nonlocal relaxation processes involve
energy transfer and/or charge exchange between the neighboring
constituents.

In interatomic or intermolecular Coulombic decay (ICD), a
relaxation mechanism predicted by Cederbaum et al.1 in 1997, an
excited atom or molecule can relax by transferring its excess energy
to a neighbor, which consequently becomes ionized. It was shown
that ICD and related processes2 are omnipresent in weakly bound
systems like dimers,3,4 clusters,5,6 endohedral fullerenes,7 and pure
water8,9 as well as in aqueous solutions.10

In argon dimers, ICD has been observed in numerous studies.
Morishita et al.11 reported about experimental evidence of ICD in
Ar2 by inner-valence ionization and subsequent intra-atomic Auger
decay, thereby exciting ICD-active dimer states. Their work, as well
as others, could undoubtedly demonstrate that ICD represents an
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important contribution to the relaxation of excited Ar2.12–19 A res-
onant process of energy-transfer in Ar2, which happens below the
energy threshold for ICD, has been reported by Mizuno et al.20

Therefore, a 3s−1 hole created by photoionization is filled by a 3p
electron at the same site while the released energy is transferred to
the neutral neighbor, which, in turn, becomes electronically excited,
but not ionized like in ICD.

Besides mechanisms that involve only transfer of energy,
excited Ar2 may also relax via pathways which in addition com-
prise charge transfer (CT) from one site to its neighbor. Electron-
transfer mediated decay (ETMD)21 was observed by Sakai et al.22 in
one-site triply ionized dimers with an inner-valence 3s−1 vacancy
[Ar3+(3s−13p−2)–Ar]. In ETMD, an electron from the neutral Ar
atom is transferred to the ion while another electron from the for-
merly neutral Ar atom is emitted into the continuum. The result-
ing Ar2+–Ar2+ dimer undergoes a Coulomb explosion. In radiative
charge transfer (RCT),23 the transfer of an electron is accompa-
nied by the emission of a photon. Saito et al.24 found evidence of
RCT after excitation of states with the Ar2+(3p−2)–Ar configuration,
which decay to Ar+–Ar+ by emitting a photon.

Charge transfer (CT) can also take place at avoided crossings of
electronic states.25 Different from RCT, however, the charge trans-
fer is mediated by nonadiabatic couplings between the states and no
photon is emitted. So far, this type of charge transfer has not been
largely investigated in Ar2. It is discussed by Stoychev et al.18 and
was observed in argon trimers.26

In this paper, we report a time-resolved study of charge transfer
at avoided crossings of excited states in ionized Ar2. In order to pop-
ulate CT-active states, we take advantage of the unique high photon
intensities of free-electron laser (FEL)27 radiation, which allows the
absorption of multiple extreme-ultraviolet (XUV) photons within a
single FEL pulse. In this way, specific dimer states can be excited via
sequential ionization and excitation of electrons.

The sequential absorption of three 27-eV-photons leads
to the population of the excited dicationic states of Ar2+–Ar
character. These states of the dimer originate from the same
atomic multiple and primarily comprise Ar2+(3s−13p−11P)–Ar and
Ar2+(3p−3(2D)3d1P)–Ar configurations, which contribute to an
equal degree.18 In the following, we will refer to these states as
Ar2+(3s−13p−1)–Ar for brevity. These states are located about 61 eV
above the Ar2 ground state, i.e., in a regime where ICD is ener-
getically not allowed (cf. Fig. 1). It has a bound potential energy
curve (PEC) and is crossed by several repulsive states of Ar+(3p−2nl)
–Ar+(3p−1) character. At the crossings, nonadiabatic couplings can
lead to transitions to the repulsive PECs,18

Ar2+(3s−13p−1) −Ar CTÐ→ Ar+(3p−2nl) −Ar+(3p−1). (1)

As the neutral Ar becomes singly charged and the Ar2+ ion is par-
tially neutralized in the transition, the underlying process is a charge
transfer.

In order to trace this charge transfer in time, we employ XUV-
pump IR-probe spectroscopy. Following the ionization with intense
FEL radiation, pulses of a synchronized IR laser are used to probe
the population of the states after charge transfer [cf. Eq. (1)] by ion-
izing the excited nl electrons, finally reaching repulsive triply ionized
states [Ar2+(3p−2)–Ar+(3p−1)]. The delay-dependent yields of Ar2+

and Ar+ ions from Coulomb explosions carry information about the

FIG. 1. Potential energy curves of the argon dimer relevant for the present
experiment in the interval 30–80 eV. The potential energy E is given with
respect to the Ar–Ar ground state. The Ar2+(3s−13p−1)–Ar (black curve) and
Ar+(3p−2nl)–Ar+(3p−1) states (light-green curves) are calculated in this paper.
The Ar+(3p−2n′ l′)–Ar+(3p−1) Rydberg states (orange dotted curves) were approx-
imated as Ar+(3p−2(1D)3d2P)–Ar+(3p−1) states18 which are asymptotically shifted
to respective values taken from NIST.36 The remaining potential energy curves are
taken from Stoychev et al.18 and Miteva et al.19 For simplicity, only one PEC of
the manifold of Ar+(3p−1)–Ar+(3p−1) states is depicted (blue curve). The purple
vertical arrows indicate transitions with photons of ̵hω = 27 eV at the equilibrium
internuclear distance.

lifetime of the charge-transfer process. The experiment is compared
to calculations based on Landau-Zener (LZ) probabilities.

In Sec. II, the experimental and theoretical methods are pre-
sented. In Sec. III, we identify the relaxation channels following
sequential XUV photoabsorption and then focus on the determina-
tion and calculation of the charge-transfer lifetime. The conclusions
are given in Sec. IV.

II. METHODS
A. Experiment

The experiment was carried out at beamline BL2 at the free-
electron laser FLASH.28 FEL pulses of (27.0 ± 0.5) eV (FWHM)
photon energy and pulse durations of approximately 50 fs (FWHM)
were spatially and temporally overlapped with near-infrared (IR)
pulses from a synchronized Ti:Sa laser29 with a 10 Hz pulse repeti-
tion rate. The FEL beam was focused down to a diameter of approx-
imately 20 μm by an ellipsoidal mirror,28 whereas the IR beam was
focused by a lens. To collinearly overlap the two beams, the IR laser
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is deflected by 90○ with a holey mirror. A large IR focus of about
50 μm ensures that the interaction region is uniformly probed.

The FEL pulse energy was EFEL = 10–20 μJ, and the intensity
is estimated to IFEL ≈ 1013–1014 W/cm2 and that of the IR laser
to IIR ≈ 1014 W/cm2. The IR laser polarization axis is perpendic-
ular to the FEL polarization axis. The overall temporal resolution
of the experiment is (280 ± 20) fs (FWHM). It is determined by
fitting an error function to the simultaneously measured XUV-IR
delay-dependent yield of atomic Ar2+ ions. Two 27-eV-photons are
sequentially absorbed to resonantly excite long-lived Ar+∗ states just
below the double ionization threshold. A delayed IR pulse efficiently
probes these Ar+∗ states to Ar2+ by ionizing the excited electron.
This gives rise to a step-like yield of Ar2+ ions as a function of
the XUV-IR delay. The rising slope of the step defines the tempo-
ral resolution. It is the convolution of the FEL and IR laser pulse
durations and includes the temporal jitter between the FEL and the
IR laser.29

Both beams are focused into a supersonic gas jet at the center of
a reaction microscope.30 Argon dimers are produced by expanding
pure argon gas through a 30 μm diameter nozzle with an injection
pressure of 2 bars. The ratio of dimers to monomers within the target
jet was determined to be about 1:20.

Ions are guided onto a large-area (120 mm diameter) time- and
position-sensitive detector by means of a homogeneous electric field
(55 V/cm). By measuring the time-of-flight and the impact position
on the detector, the three-dimensional momentum of each ion is
reconstructed. Momentum conservation is employed to select those
ions resulting from the fragmentation of Ar2 that emerge from the
same dimer and the corresponding kinetic energy release (KER) is
determined.

B. Theory
The PECs of the doubly-ionized states of Ar2 were com-

puted with the second-order Algebraic Diagrammatic Construction
[ADC(2)] approach to the two-particle propagator31,32 using the
cc-pVQZ basis set33 augmented with 5 sets of s, p, and d diffuse
functions34 (cf. Fig. 1). The Hartree-Fock orbital energies and two-
electron integrals needed for the ADC calculation were computed
with the GAMESS-US package.35

III. RESULTS AND DISCUSSION
A. XUV excitation scheme

In what follows, we disentangle the electronic relaxation pro-
cesses in Ar2 following the sequential absorption of 27-eV-photons
by analyzing their fingerprints in the coincident KER spectra of Ar+

and Ar2+ ions.
The potential energy curves of the states relevant for the discus-

sion are presented in Fig. 1. Starting from the neutral Ar–Ar ground
state, the absorption of one photon results in single ionization of the
dimer,

Ar −Ar 1st XUVÐÐÐ→ Ar+(3p−1) −Ar. (2)

Then, the absorption of a second photon can either happen at the
neutral site or at the already ionized site. In the first case, repulsive
two-site doubly ionized states are populated,

Ar+(3p−1) −Ar 2nd XUVÐÐÐÐ→ Ar+(3p−1) −Ar+(3p−1). (3)

This leads to a direct Coulomb explosion of the dimer at the
equilibrium internuclear distance, Req = 3.76 Å37 (cf. Fig. 1). The
Ar+ + Ar+ ions obtained from this direct channel are expected to
have kinetic energies with a maximum around 3.8 eV, and there-
fore, they contribute to the lowest peak on the KER spectrum shown
in Fig. 2.

If the second photon is absorbed at the already singly ion-
ized site, a one-site singly ionized excited state is resonantly
populated,

Ar+(3p−1) −Ar 2nd XUVÐÐÐÐ→ Ar+(3p−2(1D)4d 2S) −Ar. (4)

This state has enough energy to undergo ICD,

Ar+(3p−2(1D)4d 2S) −Ar
↓ ICD

Ar+(3p−1) −Ar+(3p−1).
(5)

Due to the long ICD lifetime (1.4 ps at Req
17) compared to the

vibrational period of this state, ICD competes with the vibrational
motion. The former therefore occurs predominantly in the vicinity
of the classical inner turning point,17,19 i.e., at R ≈ 2.7 Å where the
ICD lifetime is the shortest (cf. Fig. 1, dark-green PEC). Accord-
ingly, the decay of this state gives rise to the peak at 5.3 eV in the
KER spectrum in Fig. 2.

The absorption of a third photon can happen on either site of
the dimer. From the Ar+(3p−24d)–Ar state [cf. Eq. (4)], if the photon
is absorbed by the neutral site, Rydberg states just below the triple
ionization threshold are populated (cf. Fig. 1, orange PECs),

Ar+(3p−24d) −Ar 3rd XUVÐÐÐÐ→ Ar+(3p−2n′l′) −Ar+(3p−1). (6)

Their PECs are repulsive, and the dimers with these states pop-
ulated therefore fragment via so-called frustrated triple ionization
(FTI).38–40 The KER during the fragmentation depends on the radius
of the orbit of the Rydberg electron RRyd. If it is smaller than the

FIG. 2. Kinetic energy release (KER) of Ar+ + Ar+ ions measured in coincidence.
Contributions from different channels are color-coded. The KER of Ar2+ + Ar+ ions
is superimposed (yellow curve). The vertical dashed and dashed-dotted lines mark
the expected KER for fragmentation into Ar+ + Ar+ and Ar2+ + Ar+ at the equilib-
rium internuclear distance Req, respectively. The peaks designated with arrows are
discussed in the text.
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internuclear separation R, RRyd < R, the KER will be equal to that
of two singly-ionized ions at the equilibrium interatomic distance,
KER ≈ 3.8 eV. If however, the orbit of the Rydberg electron extends
beyond the internuclear separation, RRyd > R, a KER close to that of
an Ar2+ + Ar+ fragmentation will be observed. The KER spectrum of
Ar2+ + Ar+ ions is measured in the experiment as well. Multiphoton
absorption leads to the direct population of two-site triply charged
states, Ar2+(3p−2)–Ar+(3p−1) (cf. Fig. 1). These states are repulsive
and their signature can be observed in the KER spectrum of Ar2+

+ Ar+ ions, which is also shown in Fig. 2. It exhibits a single peak
at ∼7.5 eV. At the same time, the Ar+ + Ar+ KER spectrum in Fig. 2
shows a peak at 7.2 eV, which we therefore attribute to FTI of the
Ar+(3p−2n′l′)–Ar+(3p−1) states.

Alternatively, the third photon can be absorbed at the already
ionized excited site populating the CT-active Ar2+(3s−13p−1)–Ar
state (cf. Fig. 1, black curve),

Ar+(3p−24d) −Ar 3rd XUVÐÐÐÐ→ Ar2+(3s−13p−1) −Ar. (7)

The Ar2+(3s−13p−1) atomic state splits into four states in the dimer—
1Σ+

g , 1Σ+
u , 1Πg , and 1Πu. Already asymptotically, the identification of

these states and the character of the states crossing them is a tedious
task due to the high density of states in this region of the energy
spectrum. We therefore restrict our analysis to the Ar2+(3s−13p−1)
− Ar 1Σ+

g state. With the aid of the NIST database,36 we analyzed
the states below Ar2+(3s−13p−1) − Ar 1Σ+

g asymptotically. Thus, we
identified the crossings between the left turning point of the respec-
tive PEC (≈2.96 Å) and the ground state equilibrium interatomic
distance (3.76 Å).37 In our calculation, there are 5 such states with
the Ar+(3p−2nl)–Ar+(3p−1) configuration (cf. Fig. 1, light-green
curves).

Assuming sequential instantaneous ionization and excitation
processes, the CT-active state is populated at the ground-state equi-
librium distance. Since the corresponding PEC is bound, the dimer
starts shrinking and charge transfer occurs at the avoided cross-
ings between R = 3.0–3.7 Å, i.e., at larger internuclear distances
compared to ICD. However, since the Ar+(3p−2nl)–Ar+(3p−1)
PECs are steeper compared to the Ar+(3p−1)–Ar+(3p−1) ones,
charge transfer also contributes to the KER peak at ≈5.3 eV
(cf. Fig. 2).

B. XUV-pump IR-probe scheme
After having identified the excitation and relaxation channels

in the static multiphoton study, in what follows, the time-resolved
measurement of the CT process is discussed. The XUV-pump IR-
probe scheme is illustrated in Fig. 3. The XUV-pump pulse pop-
ulates the CT-active Ar2+(3s−13p−1)–Ar state. Assuming instanta-
neous excitation and ionization processes, it is populated at the
ground-state equilibrium distance. Due to the bound character of
this state, the wave packet starts propagating toward smaller internu-
clear distances thus reaching the avoided crossings with Ar+(3p−2nl)
–Ar+(3p−1) states (cf. Fig. 3, light-green PECs), where charge trans-
fer happens (cf. Fig. 3, orange-shaded area). The population of these
states, and therefore the lifetime of the CT process, is probed by
a delayed IR laser pulse, which removes the excited nl electron
reaching a triply ionized state (cf. Fig. 3, gray PEC),

FIG. 3. Potential energy curves (PECs) of the argon dimer in the energy range
56–68.5 eV relevant for the experiment. The absorption of a third XUV pho-
ton (purple arrow) leads to the population of the Ar2+(3s−13p−1)–Ar state (black
curve) at Req. Due to the bound character of the respective PEC, the wave packet
starts to evolve to smaller distances. At the crossings (orange-shaded area) with
Ar+(3p−2nl)–Ar+(3p−1) states (light-green curves), charge transfer may happen.
The IR pulse (red arrows) probes the population of the Ar+(3p−2nl)–Ar+(3p−1)
states by ionization to triply ionized Ar2+(3p−2)–Ar+(3p−1) states (gray curve).
For simplicity, only the lowest-lying PEC of the manifold of Ar2+(3p−2)–Ar+(3p−1)
states is depicted. Relevant potential energies and corresponding internuclear
distances are indicated by horizontal and vertical dashed lines, respectively.

Ar+(3p−2nl) −Ar+(3p−1)
↓ IR Probe

Ar2+(3p−2) −Ar+(3p−1).
(8)

From Fig. 3 and Eq. (8), one sees that the IR probe can only ionize
to triply ionized states if the charge transfer has already happened.
Thus, charge transfer can be followed in time by measuring the
yields of Ar2+ + Ar+ and Ar+ + Ar+ ions as a function of the pump-
probe delay. As discussed in Sec. III A, the KER encodes information
about the dimer fragmentation dynamics and thus allows select-
ing the Ar2+ and Ar+ ions which are relevant to measure the CT
lifetime.

Figure 4(a) shows the delay-dependent KER of Coulomb-
exploded Ar2+ ions. Due to the 10 Hz repetition rate of the IR laser,
the count rate in the Ar2+ + Ar+ coincidence channel is very low and
thus noncoincident data have been included in the data analysis to
improve statistics. However, having already identified the relaxation
channels by their respective KER in the static study (cf. Sec. III A),
where ions are recorded in coincidence, alleviates to process non-
coincident pump-probe data. To distinguish Ar2+ ions originating
from Coulomb explosions of dimers from those stemming from ion-
ization events of monomers, a time-of-flight and position condition
is used for the data shown in Figs. 4(a)–4(d).

First, the delay-dependent features of Fig. 4(a) are discussed.
A KER trace starting from ∼7.5 eV at delay zero and asymptoti-
cally reaching ∼5.3 eV at +4 ps is observed. This delay-dependent
KER is discussed by means of Fig. 3. As the initial Ar2+(3s−13p−1)
–Ar state is very flat in the region between Req and the internuclear
distances at the crossings, the total KER of final Ar2+ + Ar+ ions is
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FIG. 4. (a) Delay-dependent KER spectrum of Coulomb-exploded Ar2+ ions. (b) Projection onto the KER axis for delays between −4 and −2 ps. (c) Same as (b), but for
positive delays: from +2 to +4 ps. (d) Projection onto the delay axis for KERs between 7.0 and 8.4 eV. (e) Theoretical delay-dependent KER spectrum of the Ar2+ + Ar+

channel. A charge-transfer lifetime of τ = 400 fs was used as an input for the simulation. (f) Projection onto the delay axis for KERs between 7.0 and 8.4 eV. The red curve
shows the result of an exponential fit.

in good approximation given by the KERnl gained on the respec-
tive Ar+(3p−2nl)–Ar+(3p−1) PEC and KERf accumulated on the final
Ar2+(3p−2)–Ar+(3p−1) PEC,

KER ≈ KERnl + KERf

= Ei(R×) − Enl(R(td)) + Ef (R(td)) − Ef (R→∞), (9)

where Ei is the potential energy on the initial Ar2+(3s−13p−1)–Ar
state, Enl is that of an intermediate Ar+(3p−2nl)–Ar+(3p−1) state, and
Ef is that of the final Ar2+(3p−2)–Ar+(3p−1) state. R×, R(td), and R
→∞ are the internuclear distances at the crossing, at the instant td
of the IR probe, and in the asymptotic limit, respectively.

The measured asymptotic KER of ∼5.3 eV [cf. Fig. 4(c)]
matches that of the CT channel [cf. Fig. 2], and the delay-dependent
KER in Fig. 4(a) behaves as expected from Eq. (9).

Contributions to the signal from probing the ICD channel
[cf. Eq. (5)] are expected to be negligible. The IR-ionization prob-
ability of the excited nl electron of the Ar+(3p−2nl)–Ar+(3p−1) states
is much higher compared to that of ionizing a 3p electron from
the lower-lying Ar+(3p−1)–Ar+(3p−1) states, the final states after
ICD.

The energy difference between the Ar+(3p−2nl)–Ar+(3p−1)
states and the final Ar2+(3p−2)–Ar+(3p−1) state changes as a func-
tion of the internuclear distance R. This implies an R-dependent
IR-ionization probability as different numbers of photons are req-
uired in the probe step depending on the internuclear distance R(td)
at the moment of the probe. As in the first approximation KER ∝
1/R, the use of an explicit KER window circumvents an R-dependent
IR-ionization probability as restricting the KER corresponds to
restricting the internuclear distance R(td) up to which the final states
after charge transfer [Ar+(3p−2nl)–Ar+(3p−1)] are probed.

Restricting the KER is also necessary for another reason. The
population of the Ar+(3p−2nl)–Ar+(3p−1) states consists of three

contributions: the gain by charge transfer, the loss by the IR probe,
and the loss by dissociation. Employing a KER window ensures
that the interplay between these contributions is investigated within
a fixed range of internuclear distances. This is a basic require-
ment for the applied method to extract the CT lifetime.20 For
these reasons, and in accordance with the KERs measured in the
static experiment (cf. Fig. 2), KER windows of 7.0–8.4 eV and
4.8–5.8 eV are applied to measure the yields of Ar2+ and Ar+

ions, respectively, which are used to determine the CT lifetime
(cf. Sec. III D).

An increase in the yield of Ar2+ ions with KERs from 7.0 to
8.4 eV for delays between 0 and +1 ps is visible in Fig. 4(a) and also
in the corresponding projection onto the delay axis [cf. Fig. 4(d)].
The yield increases step-like at time zero and slowly drops toward
positive delays. In Secs. III C and III D, it is shown that this drop is a
measure of the CT lifetime.

Besides the delay-dependent features discussed so far, Fig. 4(a)
shows delay-independent features. A constant KER contribution is
present at 7.5 eV [see also Figs. 4(b) and 4(c)], which originates from
ionization to two-site triply ionized states [Ar2+(3p−2)–Ar+(3p−1)]
(cf. Fig. 1) by absorption of multiple 27-eV-photons of the XUV
pulse.

For negative delays (IR pulse early), a delay-independent con-
tribution at KER ≈ 4.5 eV is observed [cf. Fig 4(b)], which vanishes
for positive delays. This contribution is also present in the non-
coincident data of Coulomb-exploded Ar2+ ions in the static XUV
experiment (not shown), but not in the coincident Ar2+ + Ar+ data
(cf. Fig. 2). Thus, the contribution stems from a fragmentation into
Ar2+ + Ar, which is solely induced by XUV photoabsorption. Besides
Rydberg states of the Ar+(3p−2n′l′)–Ar+(3p−1) configuration [cf.
Eq. (6)], Rydberg states of the Ar2+(3p−2)–Ar(3p−1n′′l′′) configura-
tion can also be excited and the 4.5-eV-channel can be assigned to
frustrated ionization: the Rydberg electron alters the shielding of the
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nuclear charges and the KER is close to that of two singly charged
ions, 3.8 eV.

The absence of the KER ≈ 4.5 eV contribution for positive
delays (IR pulse late) supports this interpretation. The Ar2+(3p−2)
–Ar(3p−1n′′l′′) states are located just below the triple ionization
threshold and for positive delays, the IR probe pulse ionizes the
excited n′′l′′ electron.

C. Classical simulation
In order to extract the CT lifetime from the data in Figs. 4(a)–

4(d), the experiment is modeled by a classical simulation similar to
that used in Refs. 4 and 41. Within this model, the nuclear motion
is simulated as a motion of classical particles on potential energy
curves according to Newton’s classical equations of motion.

The simulation starts with the population of the Ar2+(3s−13p−2)
–Ar state (cf. Fig. 3, black PEC) by the XUV-pump pulse at time
t0 = 0. The subsequent oscillatory motion and dispersive broaden-
ing of the nuclear wave packet are not explicitly taken into account.
They are rather included into the simulation by assuming a common
lifetime τ > 0 after which the point-like classical particle is placed
onto one of the repulsive Ar+(3p−2nl)–Ar+(3p−1) PECs (cf. Fig. 3,
green PECs) at the respective crossing. The probability for reaching
a specific repulsive state is given by the Landau-Zener probabilities
for each crossing (cf. Sec. III E). On the repulsive PEC, the parti-
cle propagates until the arrival of the probe pulse, which promotes
the particle to a 2/R Coulomb curve after a variable time tprobe >
τ. The 2/R Coulomb curve models the final Ar2+(3p−2)–Ar+(3p−1)
state. Having reached this curve, the particle is propagated to asymp-
totically large internuclear distances (R = 100 Å) and the KER is
determined [cf. Eq. (9)]. In order to match the full experiment, a
constant background of events generated by directly populating the
2/R Coulomb curve at Req is included in the simulation.

As already discussed in Sec. III B, the R-dependent
IR-ionization probability in the probe step can be eliminated by
selecting events within a certain KER window. Therefore, to simplify
our simulation, a constant IR-ionization probability is assumed.

The result of the simulation for a common input lifetime of
τsim = 400 fs is shown in Fig. 4(e). The KER of the Ar2+ + Ar+

channel is plotted vs the pump-probe delay. The agreement with
the experiment is convincing. For the projection onto the delay axis
[cf. Fig. 4(f)], the same KER window of 7.0–8.4 eV is used for the
experiment and simulation, and an exponential fit returns the input
lifetime τsim. This shows that the delay-dependent yield of Coulomb-
exploded Ar2+ ions for a fixed KER window allows determining the
CT lifetime.

D. Extraction of the charge-transfer lifetime
Figure 5 shows the yields of Ar2+ and Ar+ ions for

KER windows of 7.0–8.4 eV and 4.8–5.8 eV, respectively. As
already mentioned, the IR probe will only ionize the Ar+(3p−2nl)
–Ar+(3p−1) states to two-site triply ionized states, if the charge
transfer has already occurred [cf. Eq. (8)]. This explains the
sharp increase/decrease in the count rate and the subsequent slow
decay/rise, which gives the CT lifetime.

As shown in the work of Mizuno et al.,20 the lifetime τi of the
initial Ar2+(3s−13p−1)–Ar state is imprinted in the falling edge of the

FIG. 5. (a) Yield of Ar2+ ions after the Coulomb explosion of triply charged Ar
dimers within the KER window 7.0–8.4 eV as a function of pump-probe delay. (b)
Yield of Ar+ ions within the KER window 4.8–5.8 eV as a function of pump-probe
delay. The red lines are exponential fits to the data. The magenta lines depict
the error function whose FWHM of 280 fs marks the upper limit of the temporal
resolution of the experiment (cf. Sec. II A).

yield distribution, if τi is large compared to the dissociation time τdiss
of the Ar+(3p−2nl)–Ar+(3p−1) states. In the present case, the dissoci-
ation time is defined by the time a wave packets needs to propagate
from the respective crossing to the maximum allowed internuclear
distance [R(td) ≈ 7.5 Å] to obtain total Ar2+ + Ar+ KERs within
the window 7.0–8.4 eV. Within our classical model, the dissocia-
tion time of the Ar+(3p−2nl)–Ar+(3p−1) states is estimated to be τdiss
= (115 ± 5) fs.

As shown in Fig. 5, two exponential fits result in lifetimes of
τAr2+ = (529 ± 108) fs and τAr+ = (532 ± 165) fs, respectively, which
yield a mean value of τexp = (531 ± 136) fs. In the present case, this is
the mean lifetime of all charge transfers happening at the crossings
as τi > τdiss.

E. Calculation of the charge-transfer lifetime
In our calculations, the total lifetime of the charge-transfer pro-

cess is estimated from the ratio of the vibrational period τvibr of
the Ar2+(3s−13p−1) − Ar 1Σ+

g state and the total probability PCT for
charge transfer from this state to all Ar+(3p−2nl)–Ar+(3p−1) states
crossing it. In its turn, the total probability can be estimated as
PCT = 1 − Pi, where Pi is the probability that the wave packet stays
on the Ar2+(3s−13p−1) − Ar 1Σ+

g state within a single vibrational
period. Assuming independent charge transfer processes between
the different crossings, Pi is then equal to the product of squared
Landau-Zener probabilities Pi→fk corresponding to each transition
from Ar2+(3s−13p−1)–Ar to Ar+(3p−2nl)–Ar+(3p−1),

Pi =∏
k
P2
i→fk . (10)

Here, i and f k are the adiabatic states, which asymptotically cor-
respond to the Ar2+(3s−13p−1)–Ar and the Ar+(3p−2nl)–Ar+(3p−1)
states crossing it. Each of these probabilities was computed using the
Landau-Zener formula,

J. Chem. Phys. 151, 084314 (2019); doi: 10.1063/1.5116234 151, 084314-6

Published under license by AIP Publishing

https://scitation.org/journal/jcp


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

Pi→fk = exp( − 2π
h̵
∣ΔEifk ∣

2

dΔE/dt), (11)

where ΔEifk is the energy splitting between the two states at the
avoided crossing, and dΔE/dt = v(dEi/dr − dEfk/dr), where v and
dEi/fk/dr are the classical velocity and derivatives taken at the cross-
ing point.42–44 Finally, for the total lifetime of the charge trans-
fer process from the Ar2+(3s−13p−1) − Ar 1Σ+

g state, we obtain
τLZ = 559 fs.

IV. CONCLUSIONS
In conclusion, we studied relaxation processes following

sequential XUV photoabsorption in the argon dimer. The differ-
ent relaxation channels were disentangled by measuring the kinetic
energy release of Ar+ and Ar2+ ions. Moreover, we identified ultra-
fast interatomic charge transfer via avoided crossings in an energy
regime, where interatomic Coulombic decay is energetically for-
bidden. By means of a time-resolved XUV-pump IR-probe exper-
iment, it is shown that the Ar2+(3s−13p−1)–Ar states mainly decay
to dissociative Ar+(3p−2nl)–Ar+(3p−1) states by charge transfer
within τexp = (531 ± 136) fs. The measured lifetime is in good
agreement with the theoretical value of τLZ = 559 fs determined
using Landau-Zener probabilities. Our experiment shows that the
charge-transfer process is the predominant decay mechanism of
these high-energy doubly-ionized states of the dimer and underlines
the importance of nonlocal relaxation processes in weakly bound
systems.
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