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Ultrafast Coulomb explosion imaging of
molecules and molecular clusters
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Taking an image of their structure and a movie of their dynamics of small quantum systems have always been a
dream of physicists and chemists. Laser-induced Coulomb explosion imaging (CEI) provides a great opportunity to make
this dream a reality for small molecules or their aggregation — clusters. The method is unique for identifying the atomic
locations with angstrom spatial resolution and capturing the structural evolution with a femtosecond time scale, in particular
for imaging transient state products. This review summarizes the determination of three-dimensional equilibrium geometry
of molecules and molecular cluster system through the reconstruction from the fragments momenta, and also shows that the
dissociation dynamics on the complex potential energy surface can be tracked in real-time with the ultrafast CEI (UCEI).
Furthermore, the detailed measurement and analysis procedures of the CEI theoretical methods, exemplary results, and

future perspectives of the technique are described.

Keywords: Coulomb explosion imaging, molecular structure, molecular cluster, ultrafast dissociation dynam-

ics
PACS: 33.20.Xx, 36.40.Mr, 82.53.Eb

1. Introduction

Promoting the ability to measure the structures of
molecules and clusters and their evolution has always been

151 Various ad-

a motivation of physicists and chemists.
vanced technologies have been developed for last thirty years,
such as optical spectroscopy in microwave® and infrared
regions, -8 photoelectron spectroscopy,[®! x-rays or electron

diffraction, [2-410-13]

These methods show great power in
structural imaging in the atomic precision. With the rapid de-
velopment of femtosecond laser technique, a class of imaging
methods emerged for real-time “seeing” the structural evolu-
tion, i.e., ultrafast x-ray or electron diffraction, Coulomb ex-

14-16] Thege new methods in femtosec-

plosion imaging (CEI).!
ond (fs) temporal and &ngstrom (A) spatial scale!!’~23! in par-
ticular enable us to deeply understand the dynamics of small
quantum systems and enrich the study to a large extent of ul-
trafast science community.

Among these imaging methods, CEI is a direct, real-time
imaging for the structure and its evolution of small quantum
systems in gaseous phase, typically in a molecular frame of
reference. The Coulomb explosion (CE) phenomenon was
firstly observed in the early time of the studies for the in-
teraction between fast molecular ion beam and thin solid

[24-27] By the interaction, the valence electrons of the

foils.
small molecular ion were rapidly striped furtherly. In the fast
fragmentation during the CE, the molecular structure deter-

mined the velocity vectors of the repelled fragment ions, as
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shown in Fig. 1. In turn, exploiting the measured velocity vec-
tor of the fragments, CEI was introduced for reconstructing
the static structure of the molecular ion.[!426-28-30] Taking ad-
vantage of this principle, the first foil-induced CEI experiment
was done by Vager et al. in 1989!'#! in which the structure of
small molecules such as positively charged methane ions CHI

was successfully determined. (1428

Detector

Magnified view

Fig. 1. Schematic diagram of the CEI by thin-foil experiment.[14!

Irradiation of molecules by a laser with a ps/fs pulse
duration emerged as an alternative method to induce the
Coulomb explosion around 1990 with the development of in-

=361 By contrast, the laser induced CE

tense ultrafast lasers.[3!
technique shows unique advantages in application of neutral
molecules and clusters and together with detailed study of
molecular dynamics through pump—probe method. Therefore,

soon after that, laser-induced CEI was first demonstrated by
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Stapelfeldt ef al. in measuring the nuclear wavepacket struc-
ture and dynamics of I molecule produced in an fs-pulsed
laser field.['77] In this pump—probe measurement, a first fs
laser pulse was used to launch a wavepacket in a dissocia-
tive excited state of the molecule, and a probe pulse was used
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to induce strong-field ionization and CE of the dissociating
molecule. As shown in Fig. 2, increasing pump—probe delays
correspond to increasing internuclear distances, thus the disso-
ciation dynamics were mapped in the measured kinetic energy
release (KER) spectrum.

|¥ (R)I' (arb. units)

0.4 ps

10 12 14 16 18 20 22 24
R(A)

4 6 8

Fig. 2. Dissociative ionization dynamics in I, probed by CEI. (a) Kinetic energy release spectrum of I and (b) square of the internuclear wave
function of dissociative I molecule measured at different times after excitation by the pump laser. 37!

Developing new detection method has promoted a signif-
icant progress of laser-induced CEI technique. In the early
works on laser-induced CEI, a time-of-flight mass spectrome-
ter was used generally, which confined it to the KER mapping
of molecular structure and dynamics or the mass-resolved two-
dimensional (2D) momentum imaging of molecular CE.!!”!
To determine structural information of a polyatomic molecule,
the correlation between fragments is essential to be acquired.
One solution is covariance mapping technique that identi-
fies the correlation between directions/velocities of the frag-
ments via a covariance analysis.[*’8 Recently, the angle-
resolved covariance mapping with a 2D detector has been ap-
plied in imaging torsion of chiral molecules, identifying struc-
tural isomers and imaging structures of molecular dimer and
trimer.**) Another solution is coincidence momentum imag-
ing technique by employing time- and position-sensitive de-
tectors, such as, typically, cold-target recoil-ion momentum
spectroscopy (COLTRIMS).[ #0421 The technique implements
a direct and differential measurement of three-dimensional
(3D) momenta of all the fragment ions after the CE pro-
cess. The earliest coincidence imaging focused on triatomic
molecules (CSz, D20 and SO,).[*3*3] One of the employed
apparatus is shown in Fig. 3. In these works, by reconstruct-
ing the bond length and bond angle of molecules before CE
from the correlated momenta of fragments, it demonstrated the
structural deformation in intense laser fields and sequential ex-
plosion process prior to the complete CE of molecule. Nowa-

days, through measuring all the five fragments of molecule
(see Fig. 12),1340] or selectively detecting partial fragments
(as shown in Fig. 4) to obtain clear momentum images de-
picting all the atoms within molecule,*”) which overcome the
barrier for complete CEI of complex molecule, the stereo con-
figurations of chiral or ring single molecules have been deter-
mined with coincident CEL

Urep Uacc G

Fig. 3. Experimental apparatus for coincidence momentum imaging of CS;
molecule. A velocity mapping configuration is employed with spaced repeller,
accelerator, and ground electrodes. PSD: position-sensitive detector.*!

Compared with other ultrafast imaging techniques such as
ultrafast electron diffraction (UED) and ultrafast x-ray diffrac-
tion (UXD), 8] the femtosecond laser-induced CEI or ultrafast
CEI has a better temporal resolution (up to several femtosec-
onds) with a spatial resolution of angstrom and is compact and

simple in device and easy to realize in method, as shown in
Table 1.
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Fig. 4. Newton plots of N* and H* (left) and N and C* (right) show the
measured absolute momenta following CE of 2-iodopyridine (CsH4IN). For
all the shots in which IT, N, and at least one H" and one C* were detected,
the coordinate frame is rotated such that the I'" momentum points along the
7 axis.[47]

Table 1. Characteristics of typical ultrafast imaging techniques for gas-
phase samples.

Technique Temporal resolution ~ Spatial resolution Setup
UCEI!723:57] few to tens of fs angstrom tabletop
UXDU8I tens of fs sub-angstrom large device
UED[8! hundreds of fs sub-angstrom large device

In particular, it is beneficial to image the transient struc-
tures of molecules and clusters in a table-top apparatus. The
technique has generally been applied in structure-sensitive and
dynamics studies for molecules and molecular clusters, in-
cluding quantitative characterization of alignment and orienta-
tion for various molecules, 3%%] determination of the absolute

[15,16

configuration of chiral molecules, | identification of struc-

Multiple ionization

&
N
o

Coulomb explosion

O 0 0> u&?&eﬁw

tural isomers,’3%>!l time-resolved imaging of intramolecular
processes,>%) and visualizing geometry and intermolecular in-
teraction of weakly bound molecular cluster.33-6!

2. The basic of laser induced CEI

The basic idea of CEI can be simply described as a
process that a multiple charged molecule/cluster occurs a
rapid break-up due to the strongly repulsive force from the
Coulombic interaction among each charged sites within the
molecule/cluster. For igniting a CE, multiple electrons are
removed from molecule by absorbing enough amount of en-
ergy, either by charged particle (electron/ion) collision>8-61]
or by photon (x-ray irradiation/intense laser).[!7#7:62-74] Thig
process need to be fast enough for ensuring the nuclei within
the molecular frame do not move. The system, in the quan-
tum view, are populated in the high-lying repulsive potential
energy surfaces of its cation after several electrons releas-
ing, and the relative momenta of the charged fragments pro-
duced preserve the information of the initial structure of the
molecular system when the axial recoil approximation!’>~"7]
holds due to the ultrafast ionization of the system, as shown
in Fig. 5. Then the structural parameters of molecules and
clusters can be readily reconstructed by the fully coincidently
measured momenta of these fragments with the help of solv-
ing the classical Newtonian laws of motion within a Coulomb

potential.[’7]

Momentum imaging

Fig. 5. Schematic diagram of laser-induced CEI of molecules. After strong-field laser-induced multiple ionization, the resulted multiple charged
cation undergoes a rapid dissociation, i.e., Coulomb explosion, due to strong Coulomb repulsions. The structure of molecules or molecular
clusters can be reconstructed from the coincidently measured momenta of fragments.

The accuracy of reconstructed molecular structure by CEI
mainly depends on the configurational change during multiple
ionization and the validity of the Coulomb approximation. For
laser-induced CEI, the obtained structure is actually the instan-
taneous structure just before the CE, thus the possible defor-
mation of configuration from neutral to high-charge states has
a remarkable influence on the accuracy, and few-fs pulses and
heavy nuclei are more beneficial for experiment. If pulses with
tens of fs duration are used in measurement, molecular vibra-
tions mainly contribute to the motions involved in molecular
configurational changes on this time scale, where the stretch-
ing of bond length is significant in longer pulses while the
change of bond angle is small.!”8! In addition, bending motion
of molecules induced by laser-modified potential energy sur-

face has little effect on the accuracy, because its time scale is
much larger than that of stretching motion, usually on the order
of hundreds of fs or even ps.!””#9 Another important assump-
tion is Coulomb approximation that describes the interaction
between fragments by only Coulomb repulsion. However, due
to non-Coulombic interactions between the fragments, it may
results in an overestimated bond length in comparison to the
actual situation. For example, the bond length of CO; obtained
with using the ab initio potential is 1.1 A, which is basically
consistent with the neutral result of 1.16 A, while the bond
length obtained by using the Coulomb potential is 1.7 A.[63]
This deviation can be reduced by using ab initio potential for
reconstruction or by fast ionization to higher charge states to
induce the CE. By the way, in spite of the confinements in
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acquiring precise structure parameter of molecule, CEI has
played an important role in fs-resolved real-time imaging of
molecular dynamics and chemical reaction due to its high tem-
poral resolution.

The structural imaging based on strong-field ionization
triggered CE also relies on the understanding of the pro-
cess of ionization and fragmentation.>7-6381-831 In a study of
wavelength-dependent CE of D, it shows that the measured
internuclear separation between two D atoms increases from
around 0.88 A to 1.11 A before CE when the time delay of rec-
ollision increases about 2.5 fs. Furthermore, the most probable
bond distance extracted from measurement can change when
the duration of laser pulse becomes longer, and this effect will
diminish when the laser duration is small because the nuclei do
not have enough time to stretch. Some evidences also demon-
strate the effect of the polarization of laser pulse on the CE
of molecules.[*7-84851 When linearly polarized (LP) and circu-
larly polarized (CP) laser being used, the reorientation during
CE and geometry modification shows different behaviors.

Importantly, the study on fragmentation mechanisms of
ultrafast ionization and dissociation of molecules in turn pur-
sues the ability of CEI. Generally, concerted and sequential
fragmentation processes of molecules can occur after multi-

(63811 i which, however, only the fragment mo-

ple ionization,
menta from the concerted process meets the recoil approxima-
tion and can be used to reconstruct the molecular structures.
Fortunately, the studies of molecular dynamics can be per-
formed in the UCEI process by combining with a femtosec-
ond laser pump—probe method. For example, the vibration
and bond-breaking of molecules were tracked in real-time by

18-23.86] resulting in the fea-

a wide variety of research groups, !
sibility in the fs time-resolved studies on conical intersection
of different electronic states,'3”) proton migration (H3+ forma-

tion), and roaming dynamics of molecules as well,[%38-%01

3. Experimental method and calculation proce-
dure

In a CE process, the measurement of the momenta of
the fragments from molecular explosion has been achieved
in different techniques: in early time such as time-of-flight
(TOF) mass spectrometer or velocity-map imaging (VMI)
setup were employed,*%->721-921 and nowadays coincidence
momentum imaging setup,*>*! especially COLTRIMS, was
in general used for acquiring the 3D momenta of fragments
coincidently.[*!#?] In the measurement of laser induced CE
by COLTRIMS, as shown in Fig. 6, multi-charged molecu-
lar ions are produced by femtosecond laser pulses focused on
a supersonic molecular beam. Normally, the field of the laser
pulses can reach a peak intensity ranging from 10'* W/cm? to
10'® W/cm? for the laser duration of several to tens of fs. With
a relatively weak homogeneous electric field along z axis, the

produced ions are projected onto the delay-line detector which
has a good position detection ability and a rapid time response
of sub-nanosecond. In this case 3D momenta of the ions can
be calculated from their position on the detector (x, y) and time
of flight (fToF)

P, = xm/ttoF, (1

P, = ym/troF, )
1

P, = _EthTOF +mL/ttoF, 3

where m is the ion mass, ¢ the charge, E the electric field
strength, and L the length of the flight. In the meanwhile,
the event count rate per laser shot is always limited to less
than 1 to satisfy the basic coincidence condition for the case
of molecules, thus a long acquisition time is required for multi-
body coincidence measurement, especially for cluster samples
whose proportion is small in the molecular beam, under the
proper momentum conservation conditions for selecting the
correct fragment signals from the same molecule/cluster.

UCEI: pump-probe scheme

“’.. (] :"'k —
v e o e e
@ S

CEl: strong field laser

a k
Fig. 6. Schematic diagram of the strong field CE experimental setup. The
COLTRIMS can coincidently measure the full 3D momenta of fragments
from strong field laser-induced CE, which are used to reconstruct molecu-
lar structure. The UCEI of molecular dynamics can be performed based on
pump—probe scheme.

The simulation of the CE can be performed both in ab ini-
tio and classical trajectory methods, whose difference lies in
how to calculate the potential energy surfaces (PESs) and the
nonadiabatic transition between the surfaces.!!*1>7-77] The
nuclear movements during CE are performed by solving New-

ton’s equation of motion

Yoy = mi (i=1,2,3), )
73]

where m;, g; are the mass and charge of the i-th fragment ion,
respectively, #; is the second derivative of the position vector
of the i-th ion, and 7;; is the position vector from the j-th to
i-th ion. In the case of ab initio trajectory simulation, the PESs
are calculated with quantum chemical methods.7%77 Thus,
the initial velocity (starts with zero) of the ion is accumulated
from its moving on the previous PESs, accelerated (a deriva-
tive of the PES), and its final velocity is obtained from the time
step as inputs for Newton’s equations of motion to predict the
distance traveled within the step. This calculation is repeated
and all these outputs would be put to the next iteration of the
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loop until the movement is ended when the ions are far away
from each other or reach a defined evolution time.

Moreover, the nonadiabatic transition between different
PESs can be calculated by a nonadiabatic ab initio molecu-
lar dynamics or using a semiclassical Landau—Zener surface
hopping method,??! but, it is very difficult to carry out for
a system with complex structure or lying at a high charge
state.!’®77] To solve those problems, a classical CE trajectory
simulation must be carried out, in order to provide detailed in-
formation on the dissociation dynamics of the system, together
with the help of a genetic algorithm with setting the goodness
parameter

N N
n =Y 1pf—pil+ Y |Ap§; — Apjj] (5)
i=1 J>i
to reconstruct the structural parameters of the system.

Taking a four-body CE of the cluster as an example, fig-
ure 7 shows the flow of structure reconstruction in coordinate
space according to the measured fragment momenta. The mo-
menta of four fragments from the classical CE trajectory sim-
ulation are compared with the measured ones by varying the
initial structure using a genetic algorithm. The correct struc-
tures are saved when the goodness parameter 1] meets the pre-
defined requirement. Normally, this goodness parameter is set
lower than 1% of the magnitude of the momenta of the frag-
ments (about 200 a.u. here), and those structures with higher
goodness parameters are required to be reconstructed again.

Random
geometry

: M
= S
&

[ ple’ pZe’ p3e’ }

Molecule

/Clusters

N N
n=Y|p-p |+ Ap; - Ap; |
i=1

J>i

l

[ Selection, cross-cutting, variability ]

No

Yes

[ Output geometry ]

Fig. 7. Flow chart of structural reconstruction based on the classical CE
simulation (CCES).

4. Imaging the structures of molecules and clus-
ters directly by CEI

The CE dynamics of molecules in the strong laser field
not only enriches the understanding of laser—matter interac-
tion but also prompts a lot of interesting applications, includ-
ing structural imaging of small molecules, chiral molecules,
and molecular clusters.

4.1. CEI for small molecules and chiral molecules

In practice, it is not a easy task for the realization of a
molecular CEI. As mentioned above, the molecular structural
imaging based on intense laser-induced CE relies on the un-
derstanding and analysis of the process of molecular ioniza-
tion and fragmentation.37:6381-83] Since sequential and nonse-
quential ionization of molecule have different time scales for
multiple electron emissions, from tens of fs to sub-fs, it may
lead to a discrepancy of extracted structural parameters even
the CE occurs in the same charge states of the molecule.>7-83]
At the same time, when molecular bond length increases over
a critical distance, the molecule can ionize more efficiently in
the strong laser field, known as charge resonance enhanced
ionization. %93 Therefore, the responses of molecule dynam-
ics during ionization and dissociation to the strong laser fields
influence largely the obtained final momenta of fragments and
also the reconstructed molecular parameters.

In the analysis of fragmentation dynamics of molecule,
Newton diagram and Dalitz plot are usually introduced to un-
derstand the relations of ion momentum vector and correlation
of energy of three-body CE. As shown in Fig. 8(a), in the New-
ton diagram, the measured momentum vectors of all the three
fragments are rotated into a plane while keeping their relative
angles unchanged. Momentum vector of one of the fragments
is rotated to the positive half of horizontal axis, and those of
the other two fragments are rotated to the upper and lower half
of the plane, respectively. Then their absolute values are nor-
malized by the magnitude of the first ion. The Newton dia-
gram aims to analyze the statistical characteristics of the rel-
ative angles of momentum vectors of fragments in the same
mass center system and distinguish the concerted or sequen-
tial fragmentation. For example, in the Newton diagram of
the laser induced three-body CE channel CT 4+ O" + S* of
OCS molecules in Fig. 8(a), the concentrated crescent distri-
bution is caused by a simultaneous CE of the three fragments,
i.e., a nonsequential or concerted fragmentation, while the an-
nular distribution is caused by rotation of intermediate state
during the dissociation process, indicating a step-by-step se-
quential fragmentation. The correlation of fragment momenta
through the sequential fragmentation is schematically shown
in Fig. 8(b). In the Dalitz plot, the horizontal axis is set as
(& —&)/(v/3W) and the vertical axis & /W — 1/3, where &,
&, and &; denote the measured kinetic energy of the ions and
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W is their energy sum. By analyzing the energy correlation
of the three fragments in the Dalitz plot, with reference to
the simulated distribution of fragmental momentum vectors
as shown in Fig. 8(d), the changes of bond length and bond
angle can be illustrated intuitively and the mechanism of dis-
sociation and deformation of molecular configuration can be
further distinguished. For example, the involved processes
during fragmentation in black, red and green circular areas in
Fig. 8(d) are determined as direct CE, bending of molecular
bond and asymmetric stretching of molecular bond, respec-
tively. The green circular area also corresponds to the annular
part in Fig. 8(a), thus, it means a sequential dissociation chan-
nel caused by asymmetric stretching of molecular bond. By
analysing separated regions in the Newton and Dalitz plots, it
is helpful for distinguishing distinct fragmentation regime and
improving the accuracy of CEL
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Ion momentum / a. u.
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3 -1 0 1 2

Ion momentum / a. u.
© (d)
0.4 0.4
|
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(eg+ — &g+) /N3

Fig. 8. (a) Newton diagram of the coincidently measured fragments of
OCS>*, the red dot represents the normalized mometum of oxygen ions
along the x axis. (b) Schematic diagram of the momentum vector distri-
bution of the three ions. (c) Dalitz diagram for the same CE channel, the
ordinate represents the energy of carbon ion and the abscissa represents the
energy difference between oxygen ion and sulfur ion. (d) Simulated mo-
mentum vectors of the three ions in the Dalitz distribution.

It is found that the duration, intensity, polarization, and
wavelength of laser pulse have important effects on the CEI
of polyatomic molecules.!%”-8485] For example, molecule may
undergo an ultrafast deformation of geometrical structure in
strong laser field and it is related to the pulse duration.[”393]
Figure 9 shows the reconstructed distribution of bond angles
of several typical triatomic molecules from coincidently mea-
sured three-body CE in ~ 40-fs laser fields, and the extracted
bond angles and bond lengths from experiment are compara-
tively present with the corresponding theoretical values from
equilibrium molecular geometry in Table 2. It shows larger

deviations for bond length than bond angle between the ex-
periment and theory, which indicates that, during the multiple
ionization process, a configuration deformation happens and it
mainly results from the stretching of bond length rather than
the change of bond angle. Polarization of laser fields also have
an influence on molecular CE.[%7-941 As an example, the reori-
entation and geometry modification of OCS molecule during
CE show different behaviors when using linearly and circu-
larly polarized laser, which is indicated by the KER spectrum
of CEs from various charge states, as shown in Fig. 10. It is
found that the KER induced by the LP laser is higher than that
obtained from the CP laser, especially when the charge state
is higher than 5. This is attributed to the stronger molecular
bending in highly charged states before three-body CE in the
CP laser fields.[%”]

Table 2. Bond angles and lengths of molecules extracted from CEI mea-
surement and calculated by theory. The theory values correspond to an
equilibrium molecular geometry and experimental results are extracted
from three-body CE of triply-charged ions.

Bond angle (°) Bond length (A)
Experiment  Theory Theory Experiment
ocCsS 165 172 1.16/1.56 1.96/2.13
N,O 165 174 1.13/1.19 1.65/1.67
NO, 128 134 1.2 1.7
SO, 100 119 1.43 2.3

Normalized intensity
N o o
~ (=) [}

o
¥

80 100 120 140 160 180
Bond angle / (°)

o
o

Fig. 9. Molecular bond angles reconstructed from measured momenta vec-
tor of three-body CE-induced fragments.
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Fig. 10. Total KER spectra of CE channels of OCS in the LP and CP laser
fields, (m, n, q) represents the charges of fragments (O™, Cnt, ST, [67]
On the other hand, CEI is helpful to understand the mech-
anism of laser-induced ionization and dissociation. Through
CE]l, it is observed that the dissociative ionization dynamics
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strongly relies on the C—S or C—O bond breakage of asym-
metric molecules OCS.!%8! With measuring the evolution of
KER distributions of different two-body CE channels of C-S
and C-O bond breakages, and the nuclear distances between
fragments of ions at the time of the Coulomb explosion were
calculated. The value of bond length R scarcely changes (ap-
proximately 3.3 A) for the C—S bond breaking, whereas it in-
creases for the C—O bond breakage from 2.3 A to 3.2 A as
the parent charge state increases from 2 to 4. With the help
of the potential-energy curves (PEC) obtained from the mul-

tistate density-functional-theory method in Fig. 11, the en-
hanced multiple ionization proceed through field ionization to
the higher charge states at the same position of critical dis-
tance R., which dissociate along all the PECs of Coulombic
repulsion states. The CE along the C—O bond breakage must
overcome a potential barrier step by step, which process is
named as ladder-climbing-type sequential ionization. Thus,
through CEI of laser induced dissociative ionization, the ion-
ization mechanism of asymmetric molecules is shown to be
determined by the bond breaking mode.

(a) 30 \ T T (b) 30
20} ] 20
il R > CO* +8%] 10
0
20
> 10
>
g 0
3 20
=
m
10
0
10
NG ocs*
0 of
; : 5B i i J
FC 2 4 6 FC 2 4 6
Rocs/ A Rocs/ A

Fig. 11. Mechanism of dissociative ionization of OCS on molecular potential-energy curves when (a) stretching along the C—S bond, (b)

stretching along the C—O bond.[%®!

Chiral molecule is a class of molecules having an enan-
tiomer with non-identical mirror stereo configurations.>16!
The identification of molecular chirality is particularly mean-
ingful in chemistry, biology, and medicine. Recently, the
CEI has been successfully demonstrated in determining the
absolute stereo configuration of chiral molecules CHBrCIF
and C,D,H,0.11516] Figure 12 gives the measured linear mo-
menta in fivefold fragmentation (C™, HT, Br*, CI*, F") of
CHBICIF enantiomers from coincidence measurement after
laser-induced ionization of the molecules.!'! The obtained
CEI clearly shows two mirrored enantiomers well and directly
resolved. However, the five-body coincidence measurement
requires not only a high detection efficiency but also an in-
creased laser repetition rate for enough statistics of the data
collected. Several studies have also indicated that combin-
ing with laser-induced alignment the CEI can further identify
the absolute configuration of chiral molecules more efficiently
for complex molecules. Christensen et al. have successfully
demonstrated this method in determining the absolute config-
uration of C3HsBr,FoN molecule, though all of whose 23
atoms is hard to be full-coincidently measured for the state
of the art technique. 193] Tn the measurement, the difference be-

tween the interactions of left or right circularly polarized laser
with molecules has been used to identify the chiral of sam-
ples. A recent study shows that the circularly polarized laser
can induce a chiral fragmentation of a planar and thus a chi-
ral molecule during its CE, in which the measured enantiomer
structure from CEI strongly depends on the orientation of the
molecule relative to the light propagation direction and the he-
licity of the ionizing light.”®! Furthermore, the CEI method
has also been proven very successful in differentiating the con-

formational (geometric) isomers, like CoHy4Br, and CgH3F51
5. [50,51,97]

molecule

Fig. 12. Measured linear momenta in the fivefold fragmentation of
two CHBrCIF enantiomers, i.e., (left) (S)-CHBrCIF and (right) (R)-
CHBrCIE.[S)
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4.2. Weakly-bound molecular clusters

Previously, the CEI has succeeded on obtaining the struc-
tures of atomic clusters,*® the dimer formed by a molecule
and an atom,?%100] a5 well as molecular dimer, [93-55-56:101.102]
Molecular clusters have complex structures and always with
different isomers because of the weakly binding energies be-
tween their constitutive molecules. Imaging the structures of
these molecular clusters is a challenge task for CEI due to
their complicated interactions, multiple coexisted structures,
and multi-body coincident measurement.

In the case of OCS dimer, there are four isomers with con-
siderably different structures, i.e., polar, nonpolar S-in, non-
polar O-in, and cross-shaped isomers. The four-body coinci-
dence channels (OCS)é+ — CO1t+ ST+ COT+ S* have been
used to identify these four isomers and determine their stereo

(101} Though both the concerted and sequen-

configurations.
tial fragmentations induced by the fs-laser fields are usually
simultaneously measured in the experiment, only the event
counts from the concerted process are selected, with the help
of a classical trajectory simulation, for structural reconstruc-
tion. This can be achieved by examining the kinetic energy
correlation maps of four CE fragments, where the experimen-
tal correlation diagrams exhibit two obvious regimes, marked
by the red dashed circles and lines, respectively, as shown in
Figs. 13(al), 13(b1), and 13(c1), whereas the events from the
sequential process distribute along the diagonal lines in the fig-
ures, indicating that two fragments share the same total energy

available. The CCES results are also given out in the figure,
in which the signal from concerted (sequential) fragmenta-
tion is shown in Figs. 13(a2), 13(b2) and 13(c2) [Figs. 13(a3),
13(b3), and 13(c3)]. In this way, the concerted and sequential
events from the experimental measurement can be fully distin-
guished.

After the identification, a correlation map between
0co+_cos and B can be given for the relative angular distri-
bution (6cos_co-, B) for the momenta of the four ions from
concerted fragmentation as Fig. 14(a). As marked in the plots,
there are three main regions, representing polar, nonpolar S-in,
and cross-shaped structures, respectively. These multi-peak
distributions in Figs. 14(b) and 14(c) can be well reproduced
by performing the CCESs with three different structures of the
dimers. The distributions for the angle 3 peak at 0°, 90°, and
180°, originating from the polar, cross-shaped, and nonpolar
structures respectively.

Finally the stereo configurations of different isomers for
(OCS); are obtained through the reconstructions with the help
of CCES as shown in Fig. 15. Furthermore, it is also demon-
strated that the possible structures of other molecular clus-
ters like CS, dimer and OCS cluster can be distinguished
with the help of the combination of laser impulsive alignment
and laser-induced CE.’>3¢! These results show that the CEI
presents great power in resolving the possible structures and

imaging all the structures of molecular clusters directly.

30
20
10
. 1.0
C 129l E % 0.8
Sy + '_ Mg
s @) e 0.6
> 196 1 &
() — Q
g 3 183} 183 { 0.2
83 8 83
0.0
0
9
6
3_
0

0 3 6 9 12 0 3
Energy CO™ / eV

Energy CO™ / eV

9 12 0 3 g 9 12
Energy S*/ eV

Fig. 13. Kinetic energy correlation maps for CO* and S™: (al)—(a3) for CO™ versus S*, (b1)—~(b3) for CO™ versus CO™, and (c1)—(c3) for ST
versus ST. Panels (al)—(c1) are the experimental data; panels (a2)—(c2) and (a3)—(c3) are the simulation results of the concerted and sequential

processes for the nonpolar S-in isomer, respectively.!!0!]

103304-8



Chin. Phys. B 31, 103304 (2022)

10 20 30 Counts
(T T " T T () 100 200
= T
‘/* *
s
3 _
- P2
X
L . %
. N %
+s ol )
o ¥,
+' *lk
] <
O ~ X _
D '}i'
- * %

t
Experiment

- - -Fitting
L - = - Cross-shaped
g 100 be Polar
- - = -Nonpolar
S sol*x . *‘:*f*ﬂ/
S O TS xS
s> ~
0 e = > i aa 1S e
0 30 60 90 120 150 180
B/

Fig. 14. (a) Correlation map distribution of 6co;_co+ and B for the con-
certed fragmentation events. Distribution of integrated angle (b) dihedral 8
and (¢) Oco+—co+ for experiments (black stars) and simulations, along with
the best fitting of the experiments according to simulations in black dashed
lines. (d) The schematic diagram of the relative angles between momenta of
fragments.[101]
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by =

Fig. 15. The reconstructed geometries of the isomers and the corresponding
predicted geometries shown as ball-and-stick models, (a) for nonpolar S-in,
(b) for nonpolar O-in, (c) for polar, and (d) for cross-shaped isomers. 101]

In case of trimer, the stereo-configuration of molecular
cluster containing benzene (Bz), e.g., BzoAr complex, can
also be captured by femtosecond laser-induced CE.!'%3 Exper-
imently, the momentum vectors of fragments from a femtosec-
ond laser-induced three-body CE ([BzoAr]’t — Bzt 4 Bzt +
Ar™) of BzyAr are coincidently measured by the COLTRIMS
setup. As shown by the measured Dalitz plot in Fig. 16(a), the
distribution indicates that only a concerted fragmentation pro-
cess occurs during the three-body CE of the Bz, Ar, which may
be attributed to the weak van der Waals interactions between
the monomer molecules and atoms. As mentioned above, this
analysis of dissociation process avoids the possible inaccuracy
and unreliability of structural reconstruction induced by the
sequential fragmentation.

The structure of the BzyAr can be preliminarily deter-
mined by the relative momenta of the three ions by simulat-
ing the mapping between momentum and structure. As shown
in Fig. 16(b), the measured result at coordinate (0, 0.12) give

the relative angles between the momentum vectors of two Bz
about 125° and those of Bz and Ar™ about 117°. Since the
mapping between momentum and structure is not unique, the
momentum configuration can retrieve two potential candidate
structures, (56°, 62°, 62°) and (120°, 30°, 30°), in the an-
gle order of (£/Bz-Ar-Bz, Z/Ar-Bz-Bz, /Ar-Bz-Bz), by a
point charge approximated CE simulation. And further quan-
tum chemical computations are necessary to distinguish the
two geometries.

0 4 8 1216

O .
T T T
(a)

04 .
e 02F ]
~
—

1
200 ]
o
[Sa)

02 F ]

1 1 | I 1 1 1
02 00 02 02 00 02

Fig. 16. (a) Dalitz plot of the events from three-body CE of Bz, Ar, where
E| and E; correspond to the kinetic energy of Bz", and E3 corresponds to
that of Ar". The distribution is centered at (0, 0.12). (b) Simulated positions
of calculated isomers in the Dalitz plot and the relative momentum vector of
the three ions are shown as arrows, red and blue for Bz and black for Ar.1103]

Figure 17 shows the optimized structures of the eight iso-
mers of Bz, Ar, showing mainly two types of isomers, triangu-
larly distributed structure (in panels (a), (c), (d), (f)) and nearly
linearly distributed structures (in panels (b), (e), (g), (h)). The
relative angles among the center of mass of the constituents
of Bz Ar show that the geometry of isomers (a), (c), and (d)
are close to the structure (56°, 62°, 62°), and no isomer cor-
responds to the other preliminary candidate. This means that
Bz, Ar is probable to be a nearly equilateral triangular struc-
ture. The identification of structure is verified through a CCES
of the three-body CE. Figure 16(b) presents the simulated po-
sitions of the eight optimized structures in the Dalits plot,
which also indicates that the structure of Bz, Ar is probable
to be like (a), (c), and (d) isomers. The structure of Bz, Ar can
be reconstructed in coordinate space by fitting the simulated
momenta to the measured ones for various initial structures
using a genetic algorithm. The obtained values of bond length
is only a little larger than that from quantum chemistry cal-
culation, which may originate from the non-Coulomb effects,
polarization between fragments, and the undetected internal
energy during dissociation. Similarly to the trimer Bz,Cu and
Bz,Zn, the triangular structures of Bz, Ar system indicate that
the interaction between Ar and Bz is very weak and the 7—H
interaction between two Bz molecules is dominant, due to the
fully occupied valence orbitals of Ar. This work further shows
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the potential of femtosecond laser-induced CE for imaging
configuration of weakly bound molecular trimer.
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Fig. 17. The optimized structures of low-lying energy isomers of Bz Ar
determined by M06-2X/6-311G(d), using the GAUSSIAN 09 package. 103!

It is worthy to note that the measured structural parame-
ters, especially the atomic distance, are always larger than that
from theoretical prediction. The discrepancies are induced by
multiple factors during ionization and dissociation including
the non-Coulomb effects between the explode spices!'** and
laser-induced deformation, which lead the fragmentation pro-
cess in experiment to be actually beyond the simple model
of direct CE with Coulomb potential approximation. Fur-
thermore, capturing the structures of complex molecules and
molecular clusters are still limited by the detection efficiency
during multiple-body coincidence measurements, though the
five-body coincidence measurement for molecules, and four-
body coincidence measurement for molecular cluster have
been demonstrated successfully.!!>#6:1911 For imaging the
structures of complex molecules and molecular clusters in the
near future, increasing the detection efficiency and laser rep-
etition rate, developing new correlation imaging methods, i.e.
covariance and coincidence mapping method based on VMI
images, 1951061 and combining the advanced laser manipula-
tion molecules technology#%:93-197-101 are required.

5. Tracing the ultrafast structural evolution of
molecules

Naturally, molecules often lie in a nonequilibrium or ex-
cited state, especially in the interaction with radiation, in
the process of chemical reaction, or even in warm dense
matters. Molecules become unstable when they absorb en-
ergy, and different quantum states can be populated selec-
tively by photoexcitation,!!%-!13:18-231 which opens a door for
quantum manipulation of molecular process in physical sci-
ence. During the processes, bond breaking and visualizing
nuclear movement of molecules play a vital role. This can
be traced by a pump-probe method with the fs time scale

In the
pump—probe method, the molecules are excited by the pump

resolution, which brings out the femto-chemistry.

pulse and it triggers the dynamics along the potential en-
ergy surfaces as shown in Fig. 18. In the UCEI scheme, a
strong probe pulse is used to ionize the excited molecules to
their multi-charged states.!'8231 After that, the CE between
the constitutive atoms/fragments are measured to reconstruct
the structure at different delay times, representing the struc-
tural evolution. The ultrafast bond breaking, vibration, con-
ical intersection, as well as roaming, have been imaged on
the femtosecond time scale, thus, the molecular movies are

presented [18-23,52,87-90,110,111]

.
Probe  Charged state

Energy / a. u.

\\LEXCilcd states

N~ ——

Pump

Ground state
| 1 1 1 | 1

R/au.
Fig. 18. The schematic diagram of UCEL In the process, the pump laser first
excites the molecule, and then a delayed probe laser further ionizes the ex-
cited molecule to multiply charged state and induces CE to track the nuclear
evolution of samples.

It is well known that N,O™ is the intermediate product
of the very important reaction OT+ Ny — NOT+ N in the
upper ionosphere of our earth.!!''>113] Zhao er al. probed the
ultrafast dissociation dynamics of N> O cation and dictation by
using a UCEI method.! The time-dependent three-body co-
incidence measurement (N,O3* — NT+ N*+4+ O1) reveals
the ultrafast structural deformation and the dissociation of
N,O* and N,O?*. Figure 19(a) presents the measured time-
dependent KER from the three-body CE channel. In the UCEI,
the measured KER(t) = Eg+ Ecou(f) (Where Ecoy(t) = 1/R(2))
is determined by the structure of the molecules when a probe
laser arrives. Three bands can be resolved from the time-
dependent KER spectra, in which the KER of two of them
decreases as increasing the delay time. They come from the
fast bond breaking of the molecular ions, and thus, the struc-
ture evolution after the molecular dissociation is further traced
by coincidently measured momenta of three fragments, N +
N*+ O'. In this work, they have identified the dissocia-
tion with the momenta distribution of electrons as shown in
Figs. 19(b) and 19(c). Since the targets are further probed by
the elliptically polarized laser (€ ~ 0.7), the two peaks and
three peaks distribution correspond to the cases of one electron

and two electrons being ionized by the probe laser.!!14-116]
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Fig. 19. (a) Pump-probe delay dependence of the KER for the three-body CE
channel N*+ Nt4+ Ot from further ionization of N,O" and N>O*". Two
dashed lines are added to visualize the time dependence of KERs for two dis-
sociation channels. Also shown are the corresponding ion sum-momentum
distributions Pgym for (b) the low-KER band (1.5 eV-7.0 eV) and (c) the high-
KER band (7.0 eV-16.0 eV).[21]

This method makes the identification of the dissociation
channel easier. The two-body and three-body dissociations
from the B2IT state of N,OT are tracked in real-time, fur-
thermore, two two-body and two three-body fragmentation

30

C*+O™+S"

KER / eV

09r

0.6}

031

Intensity (arb. units)

0.0
0

KER / eV

pathways are assigned with the help of energy correlation
and time-resolved Dalitz plots for the ultrafast dissociation of
N,O?*.

Another example is triatomic OCS molecules. The cou-
pling between its cation states is found important in OCS™
ultrafast dissociation.*?! Figure 20 gives the measured time-
dependent KER from UCEI of OCS, in which the nuclear
movement is tracked. For comparison, a theoretical calcula-
tion is performed based on the full calculation of PESs along
with the semiclassical simulation considering the effect of
Landau—Zener surface,!!!”! as shown in Figs. 20(c) and 20(d).
In the low-KER channel from the direct three-body dissocia-
tion, the OCS™ lies in the 32A” state after the ionization and
then transfers to the 22A” state by a radial coupling, which can
be treated as a direct breakup process. The high KER channel
associated with both two-body and three-body dissociations
is assigned to a sequential channel, in which the dissociation
mainly starts from the 32A’ state, and crosses the 42A’ and
52A’ states by an orbital overlapping and a conical intersec-
tion.

C*™+O"+S*
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C*+O*+S*
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Fig. 20. (a) The measured time-dependent KER for the three-body CE channel CT+ O+ St of OCS molecule. (b) The integral KER spectra
at three delay times (0.3, 0.5, and 1.0 ps) between pump—probe lasers. Panels (c) and (d) are the calculated time-dependent KER from sequential

dissociation pathway and direct three-body fragmentation pathway. >}

The coupling between excitation states is important dur-
ing the ultrafast conical intersection between 3Qu and 'Q
states of CH3L,[37! which are tracked by ionizing the molecules
to dictation states and measuring the time-resolved KER from
CE channel CH;r + I*. The corresponding evolutions along
different states have been identified by performing the surface-

hopping trajectory calculations. The UCEI has been also

widely used to capture the H migration process of charged hy-
drocarbon molecules, both the single and double H migration
have been observed in real-time.[''8 Furthermore, the cor-
responding roaming dynamics have been proposed and cap-
tured in the time-resolved measurement.>>% Recently, the
other case has been published in science, in which they di-

rectly imaged individual “roamers” on ultrafast time scales in
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the prototypical formaldehyde dissociation reaction by using
UCEL In the experiment, the D,CO molecules are excited to
A state and trigger the roaming dynamics by absorbing one
304-nm photon, and another strong laser (800 nm, 8 fs) ion-
izes the molecules to the trication state and induces the CE of
molecules.’?) The time-dependent three-body breakup frag-
ments, DT+ DT+ CO™, are measured, and the time evolution
of the experimental KER versus deuteron momentum angle
representation shows the evidence of roaming contribution of
molecules, as given in Fig. 21. Therefore, the real-time roam-
ing dynamics of D,CO are captured on the fs time scale and
A spatial scale with the help of high-level first-principles sim-
ulations.

The UCEI can also be used to study the neighbor effect in
fragmentation of cluster on femtosecond timescale. Recently,
we perform a time-resolved study on tracking the neighbor
roles in the fragmentation of N>O molecules in a dimer.[!'°! In
experiment, the time-dependent three-body CE channel (N1 -+
NO™'+ N,O") is measured coincidently. With the help of
calculated PECs by the complete active space self-consistent
field (CASSCF) method, the results show that the existence of
neighbor molecule or molecular ion will induce the rotation of
molecules during fragmentation. A fast rotation of NoO™ is

(a)

——— equilibrium — -~ roaming Relative Yields
- - - - dissociation to D -1
- - - dissociation to D,

observed when the neighbor is a molecular ion and the rota-
tion is slower when the neighbor is a neutral molecule. The
existence of a neighbor ion changes the yield ratio of prod-
ucts by modifying the parity of states during molecular disso-
ciation due to the spin-exchange effect, which open new dis-
sociation channel of molecules and leads to the formation of
metastable products NgO;r from the ion—-molecule collision.
These observations through UCEI contribute a significant step
to understanding of the neighbor effect on the fragmentation
of molecular clusters.

These studies demonstrated the great power of UCEI on
the complex dynamics of polyatomic molecules. However, the
study of ultrafast dynamics of the molecular clusters through
UCET is still very limited since the difficulty in both the exper-
iments and theories.[!11:120.1211 1y the molecular cluster, the
reaction between molecules or the environmental effects be-
comes important. It suggests that tracking the ultrafast dynam-
ics not only will promote our understanding of the dissociation
or formation of clusters but also pave the way to control the
reaction between molecules. Thus, it is reasonable to believe
that tracking the ultrafast dynamics of the molecular clusters
will capture great attention in the ultrafast science community.

(b)
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Fig. 21. Experimental results of the three-body breakup (DT, D™, CO™) channel after pumped by a 304-nm photon. (a) and (b) Time-integrated
angular distribution of deuteron momenta for the experiment (red and purple solid lines) and molecular dynamics simulations. (c) Yields of

selected KER and angular regions as a function of time delay.!5?!
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6. Summary

Laser-induced CEI presents a great ability to image the
static stereo configurations of small molecules and molecu-
lar clusters, and it can also be extended to track the ultrafast
dynamics of these systems with the help of the pump—probe
method. This ultrafast measurement technique requires multi-
ple ionization of samples, which can capture the structure of
molecules and clusters with A spatial and fs temporal reso-
lution. However, due to the complex dynamics in molecular
fragmentation, the correct structural reconstruction also relies
on the full understanding of the ionization and dissociation
dynamics during the strong laser interaction with molecules
and clusters. The exemplary previous results show that the
structures, the chiral configurations, and the conformation of
molecules and molecular clusters can be imaged and deter-
mined. With the UCEI method, the dissociation dynamics, the
conical intersection between excitation states, and the com-
plex roaming dynamics of molecules can be tracked on the fs
time scale. Furthermore, combined with the laser alignment
technique as well as developing new imaging techniques, the
UCEI method can be extended to more complex molecules
and molecular clusters, which further give more opportunity
to study the environmental effects on ultrafast dissociation of
small quantum systems. The development of FEL in recent
years also promotes the combination of fs FEL and CEI being
a promising atomic-resolution imaging tool, whose key advan-
tage lies in the ease of creating very high charge states within
a few femtoseconds.!*’! More applications of FEL-induced
CEI integrated with two-color or time-resolved pump—probe
method is expected to be achieved in the near future,[!??!
which benefit from the shorter and shorter pulse durations and
increasing repetition rates of FELs nowadays. In general, the
combination of CEI techniques with state-of-the-art theoreti-
cal toolkits will further deepen our fundamental understanding
of chemical reactivity and chemical bonding, and achieve the
dream of making ultrafast time-resolved molecular movies.
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