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Rare gas clusters are model systems to investigate structural properties at finite
size. However, their structures are difficult to be determined with available exper-
imental techniques because of the strong coupling between the vibration and the
rotation. Here we experimentally investigated multiple ionization and fragmentation
dynamics of argon trimer by ultrashort intense laser fields and reconstructed their
structures with Coulomb explosion technique. The measured structure distribution
was compared with our finite-temperature ab initio calculations and the discrepancy
was discussed. The present study provides a guidance for the development of theo-
retical methods for exploring the geometric structure of rare gas clusters. © 2015 Au-
thor(s). All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4932041]

I. INTRODUCTION

Rare gas clusters are made of rare gas atoms through van der Waals forces and are the most
weakly bound of all clusters. Theoretical explorations have been extensively carried out to predict
their structures, dynamics and thermodynamics.'> Due to the knowledge of accurate pair-wise inter-
action potentials, they serve as excellent model systems to investigate the structural properties of
clusters at finite size.>™ It has been predicted that their unique structures can be changed by adding
a single atom or electron. Among them helium cluster structures have been attracted much attention
because of the dominant role of quantum effects. The results demonstrated that “He clusters are
bound at all sizes. In the case of He,, the binding energy is only 95 neV and the mean value of the
internuclear distance is 52 A.%'° Hes is more tightly bound than He,. However, various preferred
shapes of He; have been predicted, from the quasi-linear to the equilateral triangle.!'~'> In the case
of Ars, the geometric structure is predicted to be equilateral triangle. Some other structure-distinct
isomers, such as T-shaped structure and linear structure, appear when the temperature is beyond
20 K.'®!7 In contrast, the structure of Ars* is predicted to be linear up to about 300 K.'® Bressanini
and Morosi compared those theoretical predictions and found a number of disagreements among
them.!> Unfortunately, the structure of rare gas clusters remains difficult to be determined with
available experimental techniques, such as spectroscopic method and diffraction method, because
of the floppy structure. Novel experimental techniques are required to determine the structure of
rare gas clusters. These experimentally measured structural parameters are important for testing
theoretical predictions and guiding the development of theoretical methods.

It has been demonstrated that laser-induced Coulomb explosion technique can image molec-
ular structures,'®° in which molecules are multiply ionized by short intense laser pulses. Due to
the Coulomb repulsive forces, multiply charged molecular ions are quickly fragmented through
the process of so-called Coulomb explosion and their structures can be deduced from momentum
vectors of correlated atomic ions produced in the explosion process. However, there are still some
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challenges for imaging molecular structures using laser-based Coulomb explosion technique due
to the complicated laser-molecule interaction.”’” The first challenge is to correctly identify the
Coulomb explosion channel. It is known that many-body fragmentation can occur through a sequen-
tial process (a stepwise breakup process by emitting fragmental ions one after the other with the
existence of an intermediate) or Coulomb explosion process (a concerted breakup process with
all bonds break simultaneously by their Coulomb repulsion forces).?>?® Proficient experimental
technique and data processing skill are required to separate the experimental data of Coulomb
explosion and sequential fragmentation. The second challenge is to ensure the molecular structure
unchanged during the multiple ionization induced by intense laser fields. Structural deformation and
bond length stretching often occur during the ionization process depending on the laser parameters.
Therefore, when imaging molecular structures using Coulomb explosion technique, laser pulses
with suitable parameters are required to ensure that the molecular structure is kept unchanged
during the process of multiple ionization and all molecules have the same probability to be ionized
in the laser focus regardless of their structures.’” Only these conditions are met, the reconstructed
structural parameters for molecular ions can really represent the structure of the neutral molecules
before the laser irradiation. The third challenge is to convert the momentum vectors of correlated
atomic ions into the structural parameters of molecular ions. Coulomb potential approximation is al-
ways applied in the reconstruction of molecular structure due to the lack of the ab initio many-body
fragmentation potential surface. However, the approximation is not always accurate to describe the
Coulomb explosion process, especially when the internuclear distance is not large.?>°

Laser-based Coulomb explosion is a feasible method to image the structure of rare gas clusters
because they have large equilibrium internuclear distances'”'® and Coulomb potential is accurate
enough to describe the explosion dynamics. Ulrich et al. studied the structure of the neon and argon
dimer, trimer and tetramer using the Coulomb explosion imaging.?® The results show that the re-
constructed structural distribution agrees with the theoretical calculation for neon trimer. However,
the reconstructed angular distribution is broader than that calculated by the theory for argon trimer.
The discrepancy between the reconstructed structure and the theoretical prediction has attracted
significant attention. One possible explanation is that the molecular structure is changed during
the multiple ionization. Thus the reconstructed structure of Ars®>* cannot represent the structure
of Ar; before laser irradiation. In this article, we systematically investigated multiple ionization
and Coulomb explosion dynamics of argon trimer by ultrashort intense laser fields. The structures
of Ars®* and Ars®" were reconstructed. The similarity rules out the possibility that the molecular
structure was changed during the multiple ionization. Thus the reconstructed structure of the argon
trimer ions can represent the structure of the neutral one before the laser irradiation. In the theory,
we calculated the structure of argon trimer using ab initio methods and compared with the recon-
structed structure. The detailed discussion was included for discrepancy between the reconstructed
structure and the theoretical prediction.

Il. EXPERIMENT

The experiment was carried out using the combination of an intense femtosecond laser ampli-
fier and a reaction microscope.?'** The argon trimer was generated by the supersonic expansion
of argon gas through a 30-pum nozzle with a driving pressure of 8 bars. The laser pulse has a pulse
duration of 25 fs and a central wavelength of 780 nm. The ions produced in the laser-molecule
interaction were collected by a time and position-sensitive detector (RoentDek, Germany). By
measuring the time of flight and the position in the detector, the ion can be identified and the
initial three-dimensional momentum can be calculated. The temperature of the supersonic molec-
ular beam, an important parameter for determining the structure distribution of argon trimer, was
derived by measuring the velocity distribution of the supersonic beam. Because the momentum that
the atom gained in the direction perpendicular to the laser polarization is small during the process
of tunneling ionization, the velocity distribution of Ar* can represent that of argon atoms in the
propagation direction of the supersonic beam. Figure 1 shows the velocity distribution of Ar* along
the propagation direction of the supersonic beam and the black circles represent the experimental
data. Ar* was generated through single ionization of argon atoms by 780-nm, 25-fs laser pulses at
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FIG. 1. Velocity distribution of argon gas along the propagation direction of the supersonic beam. The black circles represent
the experimental data and the red line represents the one-peak Gaussian fitting line. The temperature of the supersonic beam
was thus determined to be 6 K.

an intensity of 1.5 x 10'* W/cm?. The laser polarization was perpendicular to the molecular beam
direction. The temperature of the supersonic beam was determined to be 6 K by fitting the velocity
distribution (full widths at half maximum), which is represented by the red line.

There are many reaction channels when the laser intensity reaches 1.3 x 10'> W/cm?. One of
the advantages of the reaction microscope is that the data of all reaction channels can be recorded in
one experiment. In the off-line analysis, these reaction channels can be distinguished by designing
some constraints to filter the experimental data. Multiple ionization followed by fragmentation of
argon trimer is only a tiny fraction among all the recorded ionization events. Through carefully
designing some constraints to filter the experimental data, the following three-body fragmentation
channels were selected out for further analysis.

Ars(1,1,1) : Ar3" — Ar* + Ar* + Ar* (D)
Ar(1,2,1) : Ar" — Art + Ar** + Art 2)
Ar3(2,1,2) 1 A" — A + Art + Ar* 3)
Ar3(2,2,2) : Arg+ — AP+ AP+ AP 4)

Figure 2 shows two-dimensional momentum distributions (P,;, and P,) in the center-of-mass
coordinate frame for argon atomic ions generated in the three-body fragmentation of argon trimer
ions with varied charge states. The P,, and P, represent the momentum vectors parallel and perpen-
dicular to the laser polarization axis, respectively. All the analysis and conclusion were based on
these raw experimental data. It can be seen that there were two ring-like structures for the channels
of Arz (1, 2, 1) and Ars (2, 1, 2) and one ring-like structure for the channels of Ar; (1, 1, 1) and
Ars (2, 2, 2). The ring-like structure indicates that argon atomic ions have almost the same kinetic
energy when they carry the same charge in the three-body fragmentation process.

lll. RESULTS AND DISCUSSION

Three-body fragmentation can take place through the Coulomb explosion process or the
sequential fragmentation process. In the case of Coulomb explosion process, all chemical bonds
break simultaneously and the three ions are generated at the same time. In the case of sequential
process, the ions were generated one after the other with a time interval of the molecular rotational
period of the intermediate. Due to the rotation of the intermediate, the symmetry in the geometric
space will be destroyed in the momentum space. As a result, the molecular structure can be deduced
only from momentum vectors of correlated atomic ions that are generated in the Coulomb explosion
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FIG. 2. Experimentally measured two-dimensional momentum distributions of correlated atomic ions generated in the
three-body fragmentation of argon trimer by intense laser pulses. The laser has a central wavelength of 780 nm, a pulse
duration of 25 fs and an intensity of 1.3x 1013 W/cm?.

process. Newton diagram is effective to identify the mechanism of three-body fragmentation pro-
cess due to the ability of visualizing the momentum correlation of reaction products. Therefore, we
display the experimental data in Newton diagrams, as shown in Figure 3. The momentum vector of
an argon atomic ion is represented by an arrow fixed at one arbitrary unit. The momentum vectors

FIG. 3. Newton diagram of three-body fragmentation process of argon trimers irradiated by intense laser pulses. The laser
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FIG. 4. (a) KER distributions for the Coulomb explosion channels Arz (1, 1, 1), Ar3 (1, 2, 1), Ar3 (2, 1, 2) and Ar3 (2, 2, 2).
(a) experimental data, (b) theoretical calculation.

of the other two argon atomic ions are normalized to the amplitude of the first argon ion momentum
vector and mapped in the left of the plot. The angle is kept unchanged between momentum vec-
tors of any two argon ions. Because of the rotation of the intermediate, a circle structure will be
exhibited in the Newton diagram if the sequential three-body fragmentation occurs.?? The lack of
circle structure demonstrates that the three-body fragmentation occurs through Coulomb explosion
process. Thus, the molecular structure can be deduced from momentum vectors of correlated atomic
ions.

Figure 4 shows the kinetic energy release (KER) distribution, which can be obtained through
the equation of KER = ﬁ > |P)* with P and m being the momentum and the mass of the atomic
ions generated in channels (1-4). The distributions can be well simulated by a Gaussian function
with one peak for all channels. The single-peak distribution indicates that there is one isomer in
the supersonic beam. The observation is consistent with our theoretical prediction that there is only
one isomer for argon trimer at 6 K, the temperature of our molecular beam. The peaks locate at
11.3 eV, 18.7 eV, 29.8 eV and 44.7 eV for the channels of Ar; (1, 1, 1), Ar3 (1, 2, 1), Ar; (2, 1, 2)
and Ar; (2, 2, 2), respectively. One might expect the structure might be modified during the multiple
ionization because the laser pulse duration is 25 fs.2° Thus, the reconstructed structural parameters
for ions cannot represent the structure of the neutral one before the laser irradiation. Here, using the
geometric structure of Ars predicted by the theory, we simulate the explosion dynamics of Arj; after
multiple ionization based on Coulomb potential approximation. The theoretical calculated KERs
are also included in Figure 4 and agree with the experimental data well for all explosion channels,
especially the peak location. The agreement indicates that the nuclear motion can be neglected
during the multiple ionization and the reconstructed structural parameters for ions can represent the
structure of Ar; before the laser irradiation.

The symmetry in the geometric space can be preserved in the momentum space if the identical
components carry the same charge in the three-body Coulomb explosion process.”> Therefore we
reconstruct the structure of Ars>* and Ar;®* based on the momentum vectors of the atomic ions
produced in the explosion channels of Ars (1, 1, 1) and Ar; (2, 2, 2), respectively. In the process
of reconstruction, Ar;>" and Ar;®" were initially given a specific geometry. Then we simulate the
explosion dynamics of Ars>" and Ar;®" with the Coulomb potential approximation. By solving the
equation of nuclear motion numerically, we obtained the momentum vectors of the three argon
atomic ions generated in the explosion channels of Ars (1, 1, 1) and Arsz (2, 2, 2). The calculated
momentum vectors were compared with the measured momentum vectors. The initial structure
was iteratively modified until the agreement was achieved between the theory and the experiment.
The structure of the argon trimer ion was thus reconstructed for each three-body explosion event.
Because the molecular structure is kept unchanged during the multiple ionization, the reconstructed
structural parameters of Ar;>* and Ar;®* represent those of Ary before the laser irradiation. By
imaging a single molecule frame by frame, we found that both the bond length and the bond angle
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FIG. 5. Bond angle - bond angle distribution for (a) Ars**, (b) Ars®* and (c) Ars. Ar3>* and Ar;®* are experimentally
reconstructed from the explosion channels Arz (1, 1, 1) and Ars (2, 2, 2), and Arj is predicted by the theoretical calculation.

have a variation. Through the statistical analysis of thousands of single-molecule images, we obtain
the geometric structure distribution as a function of structural parameters.

The geometrical structure distribution of argon trimer can be described by bond angle - bond
angle distribution and average bond length distribution. The bond angle - bond angle distribution
gives the probability to find the trimer with particular shapes. Figure 5(a) and 5(b) show the angle
- angle distribution of Ar3>* and Ars®*, reconstructed from Ars (1, 1, 1) and Arz (2, 2, 2) channels,
respectively. It can be seen that similar structure distributions are reconstructed, both centered at
0; = 0, = 60° regardless of the explosion channels. The observation demonstrated that argon trimer
fluctuates around the equilateral triangle structure. Figure 6 shows the average bond length distri-
bution of Ar33+ and Ar36+, reconstructed from Ars (1, 1, 1) and Arz (2, 2, 2) channels, respectively.
Both the distribution can be fitted by a Gaussian function with one peak at 3.9 A. The reconstructed
structural parameters, both the bond angle and the bond length, are similar for Ars>* and Ar;®*.
The similarity indicates the derived structural parameters don’t depend on the channel from which
the molecular structure is reconstructed. These observations further support the conclusion that the
nuclear motion is frozen during the multiple ionization and the reconstructed structural parameters
for ions represent the structure of Ars before the laser irradiation.?’

In order to test the reliability of our reconstructed molecular structure, we also calculate the
geometric structure of argon trimer using ab initio methods. The Fritz-Haber Institute ab ini-
tio molecular simulations (FHI-aims) package is chosen for the geometry optimization and the
molecular dynamics simulations.>*3> To account for the weak Van der Waals interaction between
the Ar atoms, the Tkatchenko-Scheffler vdW-TS method is employed in the descriptions of the
inter-atomic potentials.>® The molecular dynamics simulations are run in the constant-volume, con-
stant temperature (NVT) canonical ensemble with the Andersen thermostat for the controlling of
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FIG. 6. Normalized average bond length distribution for Ar;**, Ar;®* and Ars. Ars®* and Ar;®* are experimentally
reconstructed from the explosion channels Arz (1, 1, 1) and Ars (2, 2, 2), and Arj is predicted by the theoretical calculation.

the temperatures. A time step of 0.5 fs is used and a trajectory of 200 ps after thermalization is
employed for the statistics of the geometric properties. The results are also included in Figures 5
and 6. It can be seen that the preferred structure also exhibits equilateral triangle with bond length
peak at 3.9 A, in agreement with the experimental results. However, a closer inspection also indi-
cates there are some discrepancies. The main discrepancy is that the predicted structure distributions
are narrower than the ones extracted from experiments, which can be attributed to two effects. One
is the assumptions introduced in the process of structure reconstruction. We assumed that the mo-
mentum of each nucleus is zero before explosion and the measured momentum completely origins
from the Coulomb energies during the process of structure reconstruction. In fact the momentum
of argon ions will not be zero because the energy exchange between the argon ion and the ionized
electron during the process of ionization.’” Neglecting the initial momentum of the argon ions
before explosion will overestimate the broadness of the structure distribution. The other is the pres-
ence of nuclear quantum effects at low temperatures, which we haven’t taken into account in our
theoretical simulations. It is known that the nuclei are intrinsically quantum particles. In standard ab
initio molecular dynamics simulations as reported, they are treated as classical point-like particles.
The presence of these nuclear quantum effects becomes more important at low temperature. And
it has been shown in Ref. 17 that inclusion of such effects induces a broader distribution of such
functions

IV. CONCLUSION

In summary, we have experimentally studied multiple ionization and fragmentation dynamics
of argon trimer by intense femtosecond laser fields. Newton diagram demonstrated that three-body
fragmentation occurs through Coulomb explosion process for argon trimer ions at different charge
states. Their geometric structures were reconstructed through the momentum vectors of atomic ions
generated in the Coulomb explosion process. The reconstructed structures are shown to be identical
regardless of the charge state of argon trimer ions, indicating that the nuclear motion is frozen
during the multiple ionization. Therefore the reconstructed structure of the argon trimer ions can
represent the structure of the neutral one before the laser irradiation. This conclusion was supported
further by our high level ab initio calculation. Very recently, the geometric structure of helium
trimer was successfully determined by Coulomb explosion technique.?® All these studies demon-
strated Coulomb explosion technique can image the structure of clusters, particularly for floppy
clusters whose structures remain difficult to be determined by available experimental techniques.
The measured structural parameters can be applied to test theoretical predictions and guide the
development of theoretical methods.
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