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We experimentally investigated the photoionization and fragmentation of a van der Waals cluster of argon
dimer (Ar2) exposed to intense laser fields. By performing femtosecond pump-probe experiments in a reaction
microscope, we tracked the spatiotemporal evolution of the nuclear wave packet (NWP) launching onto the
excited bound states of Ar2

+. By interrogating the measured time-resolved vibrational structures in the kinetic
energy spectra obtained from Coulomb explosion imaging of the Ar2

+ NWP, the vibrational revival and rotational
excitation of the long-living rovibrational NWP were observed in real time. The vibrational populations of the
NWP on the potential curves of three excited bound states of Ar2

+, i.e., I (3/2)g, II (1/2)u, and I (3/2)u, were
identified by the Fourier analysis of the time-dependent kinetic energy spectra of nuclear fragments.
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I. INTRODUCTION

Direct imaging of the light-induced nuclear wave packet
(NWP) of molecules could greatly improve our understanding
of the quantum dynamics of nuclear motion in the photochem-
ical reactions. A powerful tool for tracking the ultrafast NWP
motion in light-driven molecules is suggested by combining
the femtosecond pump-probe arrangement with the Coulomb
explosion imaging technique [1,2]. In such approach, the
pump pulse prepares a bound or dissociating NWP by ion-
izing or exciting the molecule, and the probe pulse projects
the NWP wave function onto the Coulomb repulsive state.
The NWP dynamics can then be revealed by monitoring the
time-resolved kinematic emission of the repelling nuclear
fragments. Using such scheme, the spatiotemporal evolution
of rotational, vibrational, and dissociation motion of the NWP
has been observed in covalent diatomic molecules, such as H2

[3–5], D2 [6–8], N2 [9,10], O2 [11,12], and CO [10,13].
As compared to the covalently bound molecules, the noble

gas dimers are bound by weak van der Waals (vdW) forces.
The large internuclear distance of the vdW dimers gives rise
to the localization of electrons at the two atomic centers. This
makes the NWP dynamics differ from that of strongly bound
molecules [14–16]. For instance, due to the shallow potential
wells of the noble gas dimer and their cations, the vibrational
periods of the populated bound NWP are longer than those of
covalent molecules by an order of magnitude. The feature of
relatively slow nuclear motion has made the noble gas dimer
ions suitable for investigating the vibrational echo phenom-
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ena in a single molecule [17]. Moreover, due to their simple
electronic structure and large internuclear distance, the noble
gas dimers have widely been used to study the intermolecular
charge transfer reactions [18,19]. The time-resolved NWP
dynamics of the rare-gas dimer and their cations, which is
important for understanding the strong-field intersystem in-
teraction, however, has received comparatively less attention
to date.

The argon dimer (Ar2) is a prototypical vdW molecule. As
motivated by the importance in development of rare-gas laser
technology [20,21], its singly ionized state Ar2

+ has been
studied extensively both theoretically [22] and experimentally
[23]. Due to its simple electronic structure, Ar2

+ is also con-
sidered as a clean model system for studying the properties of
large rare-gas cluster ions [24,25]. Ab initio quantum chemical
calculations [26] and spectroscopic experiments [27] have
shown that Ar2

+ possesses six low-lying and closely spaced
electronic states [see Fig. 1(b)], labeled as I (1/2)u, I (1/2)g,
I (3/2)u, I (3/2)g, II (1/2)u, and II (1/2)g [28–30], where I
and II designate electronic states correlating to the two dis-
sociation limits of Ar2

+, and g, u are the electronic parities.
The nuclear vibrational and rotational properties on various
states have been mostly investigated in spectroscopic study
[27]. Ion coincidence measurements have enabled the study
of laser-induced dissociation dynamics of the bound NWP
populating on the lowest and deepest state I (1/2)u of Ar2

+

[31,32]. Yet, to the best of our knowledge, the spatiotemporal
imaging of the laser-induced dynamics of the bound NWP on
the other electronic states of Ar2

+ with a relatively shallower
well has still not been thoroughly experimentally explored.

In this paper, we experimentally studied the rovibrational
motion of the Ar2

+ NWP on the I (3/2)g, II (1/2)u, and
I (3/2)u states. The spatiotemporal evolution of the NWP is
imaged by using a femtosecond pump-probe approach with
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FIG. 1. (a) Schematic diagram of the experimental setup. (b) Illustration of the potential energy curves relevant for the pump-probe
approach in the experiment. The potential energy curves of the ground state of neutral Ar2 and the six low-lying electronic states of Ar2

+

are depicted in the left vertical coordinates in black. The blue curves in the right vertical coordinate show the two Coulomb repulsive states,
Ar+ + Ar+ and Ar2+ + Ar+, respectively. For the Ar2

+ states, the potential curves of the I (3/2)g, II (1/2)u, and I (3/2)u states studied in this
work are represented by the solid black lines, while that of the other three states are plotted using dashed gray lines. Initially, the Ar2 dimer at
the equilibrium internuclear distance Req ∼ 3.8 Å is singly ionized by the pump pulse, followed by the population of vibrational NWPs onto
Ar2

+ bound states of I (3/2)g, II (1/2)u, and I (3/2)u via a Franck-Condon vertical transition. For the sake of simplicity, only the motions of
the NWPs on the I (3/2)g state of Ar2

+ are depicted for illustration. A time-delayed probe pulse is used to either induce the two-site double or
triple ionization followed by Coulomb-exploded fragmentation into Ar+ + Ar+ or Ar2+ + Ar+. The inset illustrates the vibrational levels of
the nuclear wave packets propagating on the Ar2

+ I (3/2)g state. The six potential energy curves of Ar2
+ are adapted from Ref. [30].

the Coulomb explosion imaging technique. As depicted in
Fig. 1(b), an intense pump pulse ionizes the neutral Ar2

and launches bound NWPs onto the Ar2
+ states. As induced

by a delayed probe pulse, the long-living Ar2
+ NWPs may

undergo further ionization towards the Coulomb repulsive
states, where the NWP finally dissociates into two ionic frag-
ments repelling each other. By coincidently measuring the
time-resolved kinetic energy release (KER) spectra of the
resulting nuclear fragment pairs from the Coulomb explosion
channels, we tracked the NWP motion of Ar2

+ in real time.
The rovibrational NWP dynamics on different bound states of
Ar2

+ were revealed by the Fourier analysis of the observed
time-dependent oscillating structures. The long-term (up to
∼400 ps) field-free evolution allows us to resolve the collapse
and fractional revival of the Ar2

+ NWP.

II. EXPERIMENTAL METHODS

As schematically shown in Fig. 1(a), the experimental
measurements were performed in a reaction microscope of
cold target recoil-ion momentum spectroscopy (COLTRIMS)
[33,34]. Details on the setup can be found in Refs. [35,36].
Neutral Ar2 molecules were produced through a collimated
supersonic jet of Ar gas with a driving pressure of 2.4 bars.
The detailed geometry of the jet system and the parame-
ters of the supersonic expansion source, such as the driving
pressure and gas source temperature, ensure that a fraction
of about 1% Ar2 dimers are produced with respect to the

atomic Ar monomer in the jet beam [37–39], and the density
of the Ar2 dimers in the laser focal volume is estimated to
be 3.2×106 particles/cm3. A linearly polarized femtosecond
laser pulse derived from a multipass amplifier Ti:sapphire
laser system (28 fs, 790 nm, 10 kHz) was fed through a Mach-
Zehnder interferometer to produce pump and probe pulses.
The time delay between the two pulses was finely adjusted
with a step size of 40 fs using a motorized stage. The laser
pulses were later recombined and tightly focused onto the
supersonic molecular beam by using a concave silver mirror
( f = 7.5 cm) inside the vacuum chamber. The intensity of the
pump and probe pulses at the interaction region was estimated
to be ∼3.5×1014 and ∼3.0×1014 W/cm2, respectively. The
KER spectra and three-dimensional (3D) momentum distribu-
tion of the laser-created charged fragments were reconstructed
from their time of flight and positions recorded using a time-
and position-sensitive detector.

III. RESULTS AND DISCUSSION

To conduct the Coulomb explosion imaging method,
we concentrated on the Coulomb-exploded Ar2(1, 1) and
Ar2(2, 1) channels, where the neutral Ar2 finally breaks into
Ar+ + Ar+, and Ar2+ + Ar+, respectively. The two ionic
fragments in each channel are detected in coincidence by con-
sidering the momentum conservation law. In the experiments,
the ion yield rates for the Ar2(1, 1) and Ar2(2, 1) channels are
estimated to be 24.8×10−3 (events/laser shot) and 4.72×10−3
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FIG. 2. (a), (b) Measured time-dependent nuclear KER spectra of fragmentation channels of (a) Ar2(1, 1) and (b) Ar2(2, 1). (c), (d)
Time-integrated KER distributions of fragmentation channels of (c) Ar2(1, 1) and (d) Ar2(2, 1) measured with the pump-probe scheme (red
curve) and pump only (blue curve). (e) The time-dependent ion yields of the Ar2(1, 1)pp channel (blue curve) and the Ar2(2, 1)pp channel
(red curve) obtained by integrating over the KER range from 4.5 to 5 eV in (a) and the KER range from 8.5 to 11 eV in (b). (f) Measured
KER-integrated (8.5 eV< KER < 11 eV) ion yields of the Ar2(2, 1)pp channel for time delay ranging from 395 to 400 ps.

(events/laser shot), respectively. Figures 2(a) and 2(b) show
the measured KER spectra of the Ar2(1, 1) and Ar2(2, 1)
channels, respectively, as a function of the time delay between
the pump and probe pulses. The ion yields of the dominant
KER band lying at ∼3.8 eV for the Ar2(1, 1) channel, and
∼7.5 eV for the Ar2(2, 1) channel, are essentially delay in-
dependent. As shown in Figs. 2(c) and 2(d), the two main
KER peaks in the corresponding time-integrated KER spec-
tra are comparable with that obtained using only the pump
pulse. These two peaks stem from the direct two-site double
and triple ionization of neutral Ar2, respectively, followed by
Coulomb-exploded fragmentation at equilibrium internuclear
distance of Req ∼ 3.8 Å [38]. Besides the main peak, a minor
peak with higher KER at 5.3 eV can be observed in the KER
spectra of the Ar2(1, 1) channel. This 5.3 eV peak is attributed

to a relaxation process involving spontaneous radiative charge
transfer [40], which can be induced by the femtosecond pump
or probe pulses individually.

Clear time-dependent ion yield distributions with broad
and periodic stripes are observed in the KER region with
3.8 eV < KER < 5.3 eV for the Ar2(1, 1) channel, and the
KER region with KER > 7.5 eV for the Ar2(2, 1) channel.
As shown in Figs. 2(c) and 2(d), the corresponding time-
integrated ion yields exhibit noticeably enhanced distribution
in the KER spectra as compared to that measured with a
single pump pulse. This indicates that the signals emerged
in the KER spectra of the Ar2(1, 1) and Ar2(2, 1) channels,
labeled as Ar2(1, 1)pp and Ar2(2, 1)pp, respectively, originate
from the collaborated contributions by the pump and probe
pulses.
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The observed pump-probe-induced periodic stripes in
Figs. 2(a) and 2(b) can be attributed to the following pro-
cesses. As illustrated in Fig. 1(b), the pump pulse initially
releases an electron from one site of the neutral Ar2. Af-
ter the single ionization, a vibrational NWP composed by a
number of vibrational states is created on the Ar2

+ bound
state of I (3/2)g or II (1/2)u or I (3/2)u via Franck-Condon
vertical transition. The bound NWP classically propagates
inwards and outwards on the potential energy curves, which
may also undergo dispersion due to the anharmonicity of the
Ar2

+ potential curves. To visualize time-dependent dynamics
of the bound NWP, it is crucial to introduce a time delayed
probe pulse to further ionize the Ar2

+ ion and project the
propagating NWP onto the Coulomb repulsive curve, explod-
ing the molecular ion. The single or double ionization of
Ar2

+ induced by the probe pulse leads to the Ar2(1, 1)pp
and Ar2(2, 1)pp channels, respectively. By scanning the time
delay between the pump and probe pulses, the dynamics of a
bound NWP on the Ar2

+ states can thus be encoded into the
time-resolved ion yields of the Coulomb explosion channels.
In analogy to the previous pump-probe studies for the covalent
molecules [4,6,7,9–11], the measurements of time-resolved
oscillation of a bound-state NWP allow one to track the spa-
tiotemporal evolution of the NWP on the Ar2

+ intermediate
state.

Figure 2(e) shows the KER-integrated oscillating yields
for the Ar2(1, 1)pp (blue curve) and Ar2(2, 1)pp(red curve)
channels. For the two curves, the well-matched oscillation
periodic structures with nearly identical oscillation period
suggest that the bound NWPs populated onto the Ar2

+ state
towards the Ar2(1, 1)pp and Ar2(2, 1)pp channels have com-
parable vibrational dynamics in the time domain. We note
that the phase shift between the oscillation structures, if they
exist—which might be caused by the ultrashort time delay be-
tween the formation process of the Ar2(1, 1)pp and Ar2(2, 1)pp
channels—is hard to distinguish in the presented results due
to the large step size of the pump-probe scan. By inspecting
the oscillating structures, the fast collapse dynamics of the
vibrational NWP and its subsequent revival on Ar2

+ state
are observed. Because of the anharmonicity of the Ar2

+ po-
tential curve, the vibrational levels populated by the pump
pulse are not equally spaced in potential energy. Therefore,
the propagation of NWP on the potential curve will undergo
diffusion instead of regular oscillation after a few oscillations
[6,7]. This is reflected in the apparent decaying oscillation
amplitude of the vibrational structures for delay around 1 and
5 ps, as shown in Fig. 2(e). After about 7 ps, comparable
strong oscillating structures reappear, indicating restored peri-
odicity of the vibrational NWP motion [13]. This is attributed
to the quantum vibrational revival of the NWP, where the
propagating NWP will later return back to its initial position
after a field-free evolution [41–43]. With the vibrational re-
vival time of the Ar2

+ NWP being ∼14 ps, the here-observed
reappearance of oscillations corresponds to half revival [17].
As shown in Fig. 2(f), in spite of the dissipation of coherent vi-
bration motion, the coherence of vibrational structures is well
preserved even at a large time delay of ∼400 ps, indicating a
rather long lifetime of the vibrational NWP on the involved
states of Ar2

+.

We also visualized the spatial evolution of the NWP on
the Ar2

+ state in real time by exploiting the Coulomb explo-
sion imaging [44]. Considering that the bound Ar2

+ NWP is
nearly at rest with negligible kinetic energy at the instant of
explosion, the internuclear distance R of the Ar2

+ ion can
be directly reconstructed from the measured KER using the
Coulomb law. Figure 3(a) shows the differentially normal-
ized NWP probability density of the Ar2(2, 1)pp channel as
a function of the internuclear distance R and the pump-probe
time delay. To increase the visibility and eliminate the time-
independent signal induced by an individual pump or probe
pulse, a background subtraction is employed in this two-
dimensional (2D) map. Note that similar R- and time-resolved
oscillating structures are observed for the Ar2(1, 1)pp chan-
nel as well, indicating comparable NWP dynamics for both
channels in the spatial domain. In Fig. 3(a), the fast-ascending
tilted line structures propagating beyond R ∼ 4.0 Å within
less than 1 ps are originated from the pump-pulse-induced
direct dissociation of the Ar2

+ NWP, which is Coulomb ex-
plosion imaged by the probe pulse. The broad oscillating
structures spreading between R ∼ 2.7 Å and R ∼ 4 Å reflect
the back-and-forth stretching motion of the vibrational NWPs
on the Ar2

+ bound state.
The observed characteristic oscillation structures also en-

able one to identify the major states contributing to the
bound-state NWP motion of the Ar2

+ ion. The oscillation
period of the observed oscillating structures is ∼482 fs,
which is longer than the previously studied vibrational period
(∼250 fs) of the Ar2

+ ion in the lowest I (1/2)u state [31,32].
This indicates that higher electronic states of Ar2

+ with a
relatively shallower potential well are populated. The oscil-
latory structures are a consequence of the quantum beating of
coherently superposed wave functions at various vibrational
levels on the bound states [6]. To quantitatively reveal the
vibrational states contributing to the oscillating structures and
identify the involved electronic states in the nuclear dynamics
of Ar2

+, we studied the vibrational structures in the frequency
domain by a Fourier analysis of its time evolution trace [3].
The time-dependent ion yields of the Ar2(2, 1)pp channel as a
function of internuclear distance R shown in Fig. 3(a) were
Fourier transformed to resolve the contributing vibrational
transitions’ coherence (νi–1 → νi ), where i is the vibrational
quantum number. In order to achieve higher resolution, the
time-delay range was extended up to 47 ps. The obtained 2D
power spectrum of R versus frequency is shown in Fig. 3(b).
The distribution is dominated by three R-resolved regions with
frequencies in the ranges 1000–1200 GHz, 1500–1700 GHz,
and 1900–2800 GHz, which implies population of bound
NWPs on various states of Ar2

+.
The Fourier transformed intensity spectra integrating over

different R ranges are shown in Figs. 3(c)–3(e). Each peak
represents a transition coherence between the adjacent vibra-
tional states. There are two dominant peaks in the intensity
spectra with 4.0 Å < R < 4.5 Å, and 3.2 Å < R < 3.5 Å, re-
spectively, and multiple peaks in the intensity spectra with
2.5 Å < R < 3.2 Å. The corresponding transition frequencies
f (νi–1 → νi ) of the spectral peaks are listed in Table I.
By matching the frequencies of the vibrational transitions
obtained in the experiments with that known from the
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FIG. 3. (a) The differentially normalized density distribution of the Ar2
+ NWP as a function of the internuclear distance R and the pump-

probe delay. The R distributions are reconstructed from the experimental data of the Ar2(2, 1)pp channel according to the Coulomb law of
KER = 2/R. The background subtraction is applied to the 2D map of KER versus time to eliminate the time-independent signal from an
individual pump or probe pulse. (b) The 2D Fourier transform frequency spectra for the R versus time spectrum of the Ar2(2, 1) channel
measured with time delay scanning from 0 to 47 ps. (c)–(e) R-integrated 1D frequency spectra with different R ranges: 4.0–4.5 Å, 3.2–3.5 Å,
and 2.5–3.2 Å, respectively. The vibrational transitions (νi–1 → νi ) in the different Ar2

+ states are indicated by the colored vertical lines.

spectroscopic data of various states of Ar2
+ [30], the ob-

served two dominant spectral peaks in Figs. 3(c) and 3(d)
are identified to be mostly contributed from the vibrational
transitions of ν0 → ν1, ν1 → ν2 on the I (3/2)u and II (1/2)u
states of Ar2

+, respectively. The electronic state responsible

for the various spectral peaks in Fig. 3(e) for 2.5 Å < R <

3.2 Å is identified to be the I (3/2)g state of Ar2
+, where sev-

eral frequency peaks are assigned to the adjacent vibrational
transitions between ν5 and ν10. Moreover, we also inspected
the potential energy parameters for the three different states

TABLE I. Comparison of the experimental results with the spectroscopic data in the literature [27,30]. For the vibrational transition
coherence frequency f (νi–1 → νi ), the experimental values were obtained from the Fourier analysis of the experimental data, while the
referenced values were derived from the calculation of the energy differences of the vibrational energy levels of the corresponding electronic
states in Ref. [30]. The frequency unit of cm−1 in [30] has been converted to GHz using the relation 1 cm−1 = 29.979 25 GHz. For the potential
energy parameters of vibrational constant ωe, and anharmonicity constant ωexe, the referenced values for the I (3/2)u, II (1/2)u, and I (3/2)g

states of Ar2
+ are obtained from Ref. [27].

f (νi–1 → νi ) (GHz) ωe (cm−1) ωexe (cm−1)

State i Expt. Ref. [30] Expt. Ref. [27] Expt. Ref. [27]

1 1116.7 1121.2 40.5 41.7 1.64 1.90
I (3/2)u 2 1018.3 1022.3

1 1672.3 1678.8 58.3 58.6 1.26 1.30
II (1/2)u 2 1597.0 1600.9

5 2823.0 2857.0
6 2678.9 2689.1
7 2531.6 2521.2 117.9 118 2.45 2.49

I (3/2)g 8 2386.9 2374.3
9 2238.6 2257.4
10 2098.5 2188.5
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FIG. 4. (a)–(d) Measured normalized ion yields in the
Ar2(2, 1)pp channel in the yz plane as a function of the pump-probe
time delay, integrating over (a) all ion emission angles θ

(b) 0◦ � θ � 20◦, (c) 20◦ � θ � 40◦, and (d) 40◦ � θ � 60◦,
relative to the laser polarization direction.

of Ar2
+. The frequency f (νi–1 → νi ) of vibrational transi-

tion coherence between the levels νi–1 and νi is given by
f (νi–1 → νi ) = ωe−2ωexei, where i is the vibrational quan-
tum number, ωe is the vibrational constant, and ωexe is the
anharmonicity constant [43]. As shown in Table I, for the
involved three states, the characteristic parameters, ωe and
ωexe, obtained from the experimental data are in good agree-
ment with the values reported in the previous spectroscopic
study [27]. This further confirms our assignment of the three
excited bound states of I (3/2)u, II (1/2)u, and I (3/2)g of Ar2

+

contributing to the observed vibrational NWP dynamics. Here
we directly visualize the coherent vibrational motions of the
NWPs on these states in real time.

Finally, we turn our attention to the rotation dynamics of
the NWP on the Ar2

+ state. In Fig. 2(e), it can be observed
that the initially degenerated vibrational structures yield a sig-
nificant enhancement around 3.5 ps before the occurrence of
vibrational revival (half revival) at around 7 ps. The enhanced

yield of the vibrational structures around 3.5 ps is caused by
the postpulse field-free alignment of the Ar2

+ NWP induced
by the pump pulse. The dynamical NWP alignment is probed
by the later-arriving probe pulse by tracing the subsequent
fragmentation of the aligned molecular ion [39]. The excita-
tion of rotational NWPs in the Ar2

+ states can be confirmed
by inspecting the Coulomb explosion rate for various angular
intervals �θ of the exploding molecule with respect to the
laser polarization. Here the θ is defined as the ion emission
angle in the laser polarization plane (yz plane), and θ = 0◦
indicates a molecular fragmentation along the laser polar-
ization direction (y axis). Taking the vibrational structures
in the Ar2(2, 1)pp channel as an example, the corresponding
fragmentation yield integrated over all θ is shown in Fig. 4(a)
for comparison. As shown in Figs. 4(b)–4(d), significant dif-
ferences among the spectra with varying �θ can be observed
around 3.5 ps. The ion yields at ∼3.5 ps for �θ1 = 0◦–20◦
are significantly enhanced as compared to that for larger �θ .
For �θ1 = 40◦–60◦ in Fig. 4(d), a suppressed envelope of
the overall vibrational structure can be observed, showing
a trend of antialignment of the molecular ion. This clearly
indicates that the dynamical alignment of the Ar2

+ NWP is
induced by the y-polarized pump pulse. Moreover, as shown in
Fig. 2(e), the Ar2(2, 1)pp channel shows a stronger response of
the impulsive alignment than that of the Ar2(1, 1)pp channel.
This is in line with the expectations that the Coulomb-
exploded triple and double ionization processes have different
degrees of orientation dependence, where the freeing of the
third electron in the Ar2(2, 1)pp channel is expected to be
more favored when the molecule is oriented parallel to the
polarization [39].

IV. CONCLUSION

In summary, we have experimentally studied the NWP dy-
namics in the dissociative ionization of Ar2 induced by strong
laser fields. The femtosecond pump-probe measurements in
a reaction microscope allow imaging of the spatiotemporal
dynamics of bound NWPs on the Ar2

+ states. The vibrational
revival and rotational excitation of the long-living rovibra-
tional NWP were observed. The observation of time-resolved
vibrational revivals enabled us to identify the three major
states, i.e., I (3/2)u, II (1/2)u, and I (3/2)g, contributing to the
observed bound-state NWP motion in the Ar2

+. Our results
provide insight into the strong-field driven nuclear dynamics
of vdW molecules and demonstrate the ability to precisely
identify the rovibrationally excited nuclear motion in a weakly
bound molecular system.
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