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Abstract

Intense femtosecond lasers as well as X-ray free electron lasers provide new means to
produce multiply charged molecular cations. The fragmentation processes that these high
energy species undergo, termed Coulomb explosion, are utilized to determine the static
molecular structures as well as to trace the molecular dynamics of ultrafast chemical
reactions. This review focuses on recent advances made in studies of Coulomb explosion
imaging, highlighting the use of this process to determine the static structures of complex
molecules, geometric isomers, chiral molecules and molecular complexes. Briefly, we
summarize the recent time-resolved studies of surface electric fields and the controversy
pertaining to the contribution of Coulomb explosion to the mechanism for ablation of

solid surfaces.
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1. Introduction

The advent of intense femtosecond lasers opens up new avenue for generating
attosecond light pulses [1, 2], visualizing wave functions [3-5], real-time imaging of
molecules [6, 7] and controlling the dynamics of chemical reaction [8, 9]. Moreover, these
lasers have been used in a wide variety of analytical applications such as environmental
sensing by filamentation [10, 11], inductively coupled plasma mass spectrometry [12]
and laser desorption ionization imaging mass spectroscopy [13]. The advantageous
features of femtosecond laser in processing solid materials are well known [14]. From a
chemical viewpoint, the utilization of tailored intense laser pulses to control chemical
reactions, such as promoting changes in the branching ratios of products, has had a strong
impact [8, 15-17].

Strong electric fields emanating from high intensity laser distort potential energy



surfaces of molecules followed by multiple electron ejection resulting in the formation of
multiply charged molecular cations (MMCs). Strong Coulomb repulsions cause the
MMCs to undergo rapid dissociation [18], which was termed “Coulomb explosion” by
Carlson and White in 1966 [19]. When the charge numbers of MMCs are large enough,
the energies released in Coulomb explosion are easily several tens of eV, which is
significantly more than typical chemical bonding energies. Coulomb explosion processes
have been discussed for molecules [20] and clusters [21-23] in the gas phase. In contrast,
Coulomb explosions of solids such as metals, dielectrics, semiconductors, polymers, and
molecular crystals have been less emphasis even in recent reviews of the subject [24-27].
Recent studies have uncovered examples of Coulomb explosion of metal nanoparticles in
the liquid phase [28-30], molecules in liquid helium droplets [31-33] as well as alkali
metals in water [34].

Historically, MMCs have been produced by accelerating a molecular cation, for
example CH4", to within a few percent of the speed of light followed passage through a
thin metal foil with a few nm thickness [35]. In this manner, the binding electrons are
stripped away within 100 as, a time frame in which nuclear motion does not occur. As a
result, MMCs have the same geometries as their molecular cation counterpart. Following
stripping of binding electrons, the relative distances between the atoms in the original
molecular cation expand as a consequence of Coulomb repulsive force between the
similarly charged ionic centers in the MMCs. The expanded MMC is then projected on a
detector plane (Fig. 1), thus, revealing the positions of the atomic ions which can be
utilized to reconstruct the structure of the original molecular cation. By using this
technique, called foil-induced Coulomb explosion imaging (CEI), identification of the

structures of the enantiomers of the cation of trans-2,3-dideuterooxirane were elucidated



in 2013 [36].

Detector

Fig. 1. Schematic of the Coulomb explosion imaging by thin-foil experiment. Reprinted

with permission from Ref. [35]. Copyright 1989 AAAS.

Although thin-foil-induced CEI is a powerful method for structure determination,
it is not applicable to neutral molecules. Another technique developed to produce MMCs
involves collision with high energy projectiles, Xe**" for example. The collision and
ensuing charge transfer process takes place in only a few fs, but concern exists that within
this short time frame the molecular fragmentation step is dependent on the energy of
projectiles [37].

Carrying out of multiple ionization of atoms and molecules became a common
process following the developments of intense pico- and femto-second lasers [38]. A
variety of isolated molecules, molecular complexes, and molecular clusters have been
transformed to the corresponding MMC:s in gas phase upon exposure to intense ultrashort
laser pulses. The most highly explored substrates for Coulomb explosion in 1990’s were
small molecules such as diatomic and triatomic molecules [20, 39, 40]. In contrast to use
of the foil-induced and energetic projectile induced methods, Coulomb explosion
promoted by using femtosecond laser pulses allows molecules to structurally deform

especially along bond stretching coordinates because the interaction times are comparable



to bond vibrational periods. Although some concern exists about deformations of
molecular structures as a results of strong laser electric fields, identification of molecular
structure by using CEI has been successfully carried out using femtosecond laser pulses.

Basically, Coulomb explosion can be considered as arising from the interplay
between charged atoms under a point charge approximation. For example, the
representative four-atom linear molecule, acetylene, possesses an elongated but still linear
structure during Coulomb explosion. The resulting carbon ions are ejected along the laser
polarization direction at 2.5x10'> W c¢cm2 (790 nm, 130 f5) [41]. In cases where two
charges of different masses exist within close proximity in the MMC, the light ion will be
ejected while the heavy ion remains close to its original position to conserve momentum.
If the heavy ion disturbs the direction in which light ions move, the light ions undergo
structural deformation that enables them to move away. For example, heavy iodine atoms,
which have a mass that is 11-times that of carbon, block the movement of lighter carbon
ions in the Coulomb explosion of diiodoacetylene at 3.6x10'* W cm 2 (800 nm, 45 fs)
[42]. As a result, the angular distributions of carbon and hydrogen ions closely coincide
in the case of acetylene, while carbon ions are ejected perpendicularly with respect to the
iodine ones. The trajectories of ions following Coulomb explosion can be simulated by
numerically solving the classical equation of motion under the assumption that each
fragment ion is treated as a point charge and the repulsive forces between fragment ions
are all Coulombic [43].

However, the dynamics of Coulomb explosion are strongly affected by electric
fields and electron motions when much higher laser intensities are used. In 2000, we
reviewed studies of Coulomb explosions of benzene and fullerene initiated by lasers

above 10'® W cm™2 [18]. At this high laser intensity, field ionization, electron hopping,



and a significant deformation of the molecular structure take place first followed by
Coulomb explosion resulting in multiply charged atomic ions. The influence of laser
electric fields on the ejection of carbon ions was demonstrated by using molecular
dynamics (MD) simulations that considered ion—ion, electron—ion and electron—electron
interactions. Although neutral fullerene has a spherical structure, our MD simulation
studies show that the precursor ion has a rugby-ball-shape oriented along the laser
polarization direction during the Coulomb explosion at 1x10'® Wem™ (800 nm, 120 f5)
[44]. We also found that benzene deforms to form a ladder-like shape oriented the laser
polarization direction during Coulomb explosion at 8.0x10'®* W cm2 (800 nm, 120 f5)
(Fig. 2) [45]. Consequently, it is known that molecular deformations caused by strong
laser electric fields determine the ejection behavior of atomic ions. Furthermore, the
deformation is more significant in the case of CeFe (800 nm, 130 fs, 1x10'® Wem ), in

which the fluorine atoms have a mass that is 19 times that of hydrogen [46].
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Fig. 2. Simulation of Coulomb explosion dynamics of benzene at 8.0x10'® W cm 2. The
arrow shows the direction of the laser electric fields. Open circles indicate H'. The
smallest gray circles indicate C and the largest ones C*". The dots present electron

trajectories. Reprinted with permission from Ref. [45]. Copyright 2002 AIP Publishing



LLC.

From our viewpoint, multiply charged cationic species can be divided into three
groups according to their charge number and stability. In this manner, they are composed
of groups distinguished as dications, short-lived MMCs, and intact MMC. Coulomb
explosion of dications, often called a charge separation process, has been extensively
studied by using electron ionization (EI) mass spectrometry [47]. Recently, the chemical
reactions of dications have risen to an important position in intense laser chemistry
because the yields of dications are greatly enhanced by using femtosecond laser ionization
[48-54]. Here we would like to define short-lived MMCs as species that are not detected
by using time-of-flight mass spectrometer (TOF-MS). In other words, short-lived MMCs
have lifetime that are shorter than a few hundred ns, which is a typical acceleration time
in the TOF-MS. We will discuss about the CEI of short-lived MMCs in the following
sections. On the contrary, intact MMCs are definitively identified by the mass-to-charge
ratio, isotope pattern, and narrower peak width than those of lower-charged ions by using
TOF-MS. The lifetime of intact MMCs are longer than a few hundred ns, for example,
diiodoacetylene tetracation does not decay completely at least for 11 us, which is the
flight time from the ion source to the entrance of the second mass analyzer (reflectron) in
TOF-MS [55]. In contrast to Coulomb explosions of short-lived MMCs, the chemistry of
intact MMCs have been only rarely explored (see Section 2.2). Despite this, the
generation of intact MMCs, which are a new class of chemical species, is of current
interest to those studying high-energy chemistry, photochemistry, interstellar chemistry,
particle beam therapy and spin chemistry [47, 56-64].

The discussion in this review focusses on Coulomb explosions of molecules,



molecular complexes, clusters and solid surfaces that are induced by femtosecond laser
pulses and, in part, by X-ray radiations from synchrotron source or X-ray free electron
lasers (XFELSs). In the next section, the mechanism for ionization of these substrates in
intense laser fields is described, together with a short introduction of intact MMCs. In
Section 3, we describe the detection of Coulomb explosion events while in Section 4 the
details of Coulomb explosions of isolated molecules, molecular complexes and clusters
are introduced along with highlights of the identification of molecular structures by using
CEL Recent developments arising from time-resolved studies of electric fields on solid
surfaces along with the relationship between Coulomb explosions and mechanism for
ablation of solid surface are presented in Section 5. Finally, a summary of studies in this

field and perspective for future efforts are provided in Section 6.

2. Ionization and multiple ionization
2.1. Ionization in intense laser fields

Ionization is a fundamental and primary process in photochemistry. The first
ionization potentials of organic molecules typically fall in the 6—12 eV region. Single
photon ionization has been carried out by using vacuum ultraviolet light emitted from a
rare gas lamp, for example those composed of helium (58.4 nm, 21.2 eV) and Krypton
(117 nm, 10.6 eV), and/or by using a synchrotron light sources. In contrast, the shortest
wavelength of commercially available pulsed laser is 157.6 nm (7.87 eV); therefore, more
than two photons are required to ionize molecules by using conventional lasers.
Resonance enhanced multiphoton ionization (REMPI) in combination with supersonic jet
techniques has been utilized to distinguish molecules of similar structure [65, 66]. As the

intensity of the laser pulse increases, nonresonant multiphoton ionization, corresponding



to simultaneous multiple photon absorption by one atom or molecule, occurs. The
nonselective nature of nonresonant multiphoton ionization is an ideal feature when the
technique is utilized in time-resolved photochemical studies [67-71].

Yamanouchi described the processes that occur in intense laser field in terms of
light-matter interactions that take place in the Coulombic and relativistic intensity
regimes (Fig. 3) [72]. In the Coulombic regime, strong laser electric fields perturb the
motion and structure of a molecule causing molecular alignment and deformation.
Moreover, multiple electron ejection caused by the field (tunnel) ionization is followed
by Coulomb explosion. X-ray and high-energy particles are produced and nuclear fusion

reactions occur in the relativistic regime.
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Fig. 3. Behaviors of molecules and clusters in intense laser fields. Reprinted with

permission from Ref. [72]. Copyright 2002 AAAS.

It is important to consider how ionization of atoms and molecules take place
within the Coulombic regime. A number of ionization schemes have been proposed
including above-threshold [73], tunnel (sequential) [74], barrier suppression (over the
barrier) [75] and nonsequential ionization (electron rescattering) [76]. Laser intensities of

10" to 10> W cm 2 correspond to electric field strengths of 103~10° V ecm ™!, which are
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comparable to those used in the field ionization method (ca. 10’ V cm™') employed in
mass spectrometry and the atom probe method (ca. 108 V cm™). Supposing that a
hydrogen atom is exposed to these strong electric fields, the potential of a hydrogen atom

can be expressed by equation 1,
V(r,t) = —Fl +eE()r (1)

where V(r,t), e, &, and E(t) are Coulomb potential (in J unit) depending of nuclear
coordinate r (in m unit) and time t (in s unit), elemental charge (in C unit), vacuum
permittivity (in C2 J™! m™! unit), and electric field strength (in V m™!' or N C! unit),
respectively. In Figure 4 is shown a schematic of the potential energy curve for a hydrogen
atom exposed to an electric field (1.9x10'' V. m™"), which is correspond to laser intensity
of 5x10'> W cm . Before the external field is applied, the electron in the Coulomb
potential well, where the Coulomb field of a hydrogen atom is 5.1x10" V m™!, moves
back and forth along a nuclear coordinate ». When the external field is applied, the
electron would escape from the potential barrier by tunneling. In the case of molecules in
intense laser fields, many interesting and molecular specific phenomena such as Coulomb
explosion [77], bond softening [78], charge resonance enhanced ionization [79-82],

above-threshold dissociation [83], and orientation-selected ionization [84] can occur.
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Fig. 4. The potential energy curves of a hydrogen atom with (bold red line) and without
external electric fields (solid black line). The dashed red line indicates the external electric

field (1.9x10" Vm™, 510" W cm™).

One of the important findings arising from studies of intense laser field chemistry
is that intact molecular cation radicals as well as intact MMCs are generated. The former
is utilized as a soft-ionization method to elucidate the molecular mass of molecules while
the latter has opened a new research field because intact organic MMCs cannot be
generated in abundance by any other methods. The possibility of soft-ionization, i.e.
nearly fragment-free ionization by using femtosecond laser pulses, was proposed in 1995
by three groups [85-87], and the advantages of femtosecond laser pulses were reviewed
by Ledingham and Singhal in 1997 [88]. However, it was found that femtosecond laser
pulses do not always produce intact molecular cation radicals but sometimes cause heavy
fragmentations of substrates. Many attempts were made to investigate the factors
governing intact molecular cation radical formation and fragmentation in ionization [89-
92] or post ionization processes [18, 71, 93-101]. Regardless of the method of generation,

fragmentation is expected to take place for electronically excited molecular cation radials

12



as a consequence of repulsive interactions. The possible modes for production of
electronically excited states of molecular cation radicals include nonadiabatic excitation
process [89-92], ejection of an electron from low-lying molecular orbital [102-106] and
resonant excitation of a molecular cation radical by the tailing edge of the laser pulse [18,
93-98]. Supposing that an electron in molecule adiabatically responds to a laser electric
field, the likelihood and nature of ionization will be independent of the ionization
wavelength. On the contrary, the quasi-static scenario fails if an electron cannot follow
the oscillating laser electric field. In this nonadiabatic case, electron dynamics is
ionization-wavelength and molecular-length dependent. According to these
considerations, fragmentation is expected to occur when shorter (high frequency)
wavelength light and longer (larger) molecules are employed. Nonadiabatic
(multi)electron dynamics has been used successfully to explain many interesting
phenomena, including fragmentation reactions, in the field of ultrafast intense laser
science [107]. However, fragmentation of large molecules is not a straightforward process.
Fragmentation is not always dominant at shorter wavelength but it is at longer
wavelength: for example, Fe(CO)s dissociates at 0.8 um but stays intact at 1.35 pum,
whereas for Ni(CO)4 fragmentation is higher at 1.35 um than at 0.8 pum; Cr(CO)s shows
little fragmentation at both wavelengths [108]. Moreover, the yield of specific fragment
ion is maximized at the specific ionization wavelength [109-114]. In addition, the
molecules having similar size show significantly different fragmentation behavior [93, 96,
98]. These observations indicate that phenomena that cannot be resolved by using the
nonadiabatic scenario have been simply explained by separately treating the ionization

and dissociation processes (i.e., photo-absorption by a molecular cation radical).
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2.2. Intact multiply charged molecular cations

In contrast to molecular cation radicals described above, whose thermal and
photochemical reactions have been well explored, little is known about intact MMCs.
However, several attractive properties are expected for intact MMCs including high
electron affinity, high potential energy, high density of electronic states with various spin
multiplicities and charge-dependent chemistry. The fundamentals and some applications
of intact MMCs have been reviewed in detail [56-59] although these reviews have focused
mainly on dications. The production of various kinds of inorganic MMCs [60] has been
reported to take place by using femtosecond laser pulses [115], ion beam sputtering of
solid surfaces as well as atom probe field ion microscopy [116, 117]. The first observation
of long-lived metastable diatomic inorganic tetracations, for example NbHe*" and AuNe**,
in the gas phase was made in 1970 by Mueller et al [118]. The stabilities of inorganic
tetracations have also been investigated by utilizing theoretical calculations [119, 120].
Contrary to inorganic MMCs, the dissociation of organic MMCs is expected to occur
readily partly because of the presence of C—H bonds. The liberation of hydrogen atoms
by tunneling as well as ejection of protons by Coulomb explosion is expected to take
place easily in organic MMC:s. In Figure 5 are shown organic molecular tetracations that
have been produced by several methods such as EI[121, 122], collision with high energy
projectiles [123] and femtosecond laser ionization [42, 55, 124, 125]. The organic
molecular tetracation of ovalene (C32Hi4), a large polycyclic aromatic hydrocarbon that
has a structure containing 10 fused benzene rings that enable delocalization of multiple
charges, was detected for the first time using EI (80 eV) [121]. In 1985, organic molecular
tetracations of six aromatic hydrocarbons were generated by using EI (70 eV), but the

yields of these species were small relative to those of the corresponding molecular cation
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radicals [122]. (eg., 5x107% (anthracene, Ci4Hio), 1x1077 (tetracene, CisHi2), 1x107°
(benz[a]anthracene, CisHi2), 6x1077 (chrysene, CisHi2), 3x1078 (triphenylene, CisHi2),

2x1078 (pyrene, Ci6H1o)).

Electron ionization, 70 ¢V
Kingston et al. (1985)

F. F
> AL
@ 94 | | F
fs-laser, 1.4 pm Xe20', 300 keV fs-laser, 0.8 um fs-laser, 0.8 pm
Yatsuhashi et al. (2010) Lawicki etal. (2011) Yatsuhashi et al. (2011, 2016) Kitashoji et al. (2017)

Electron ionization, 80 ¢V
Bursey et al. (1970)

O

Fig. 5. Organic molecular tetracations formed by electron ionization, collision with high

energy projectiles and femtosecond laser irradiation.

The relative yields of intact MMCs produced by femtosecond laser pulses are
significantly high compared with that by electron ionization. Ledingham et al. detected
triply charged benzene cation (790 nm, 50 fs, 2x10'> W ¢cm 2 [126].) However, a lot of
dissociation channels still exist for large aromatic hydrocarbons by using the fundamental
wavelengths (0.8 um) of a Ti:Sapphire laser [124, 127]. The mass spectrum is dominated
by hydrocarbon-loss fragment ions and the relative abundance of intact MMC is very
small. It is emphasized that the production of intact MMCs is dependent on the ionization
wavelength and pulse duration of intense femtosecond lasers. The suppression of

fragmentation and a dramatic increase of triply charged molecular cation yields was
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achieved by using wavelengths that are longer than 0.8 pum. As explained in 2.1, this is
partly due to the fact that the photo-absorption and thus accumulation of vibrational
energies in molecular cation radical and/or MMCs followed by fragmentation is avoided
[94, 124]. For example, this method was used to generate trication radicals of decatetraene
(C10H14; 1450 nm, 40 fs, 10'* W cm2) [90], anthracene (C14Hio; 1.4 um, 130 fs, 5x10'3
W cm 2) and naphthalene (CioHs; 1.4 um, 130 fs, 1.5x10'* W cm 2 [128]). The relative
yield of triphenylene (CisHi2) tetracation formation by using 1.4 pum femtosecond laser
pulses was 14,000 times larger than that obtained by employing EI [124], leaving no doubt
that femtosecond laser ionization has a potential to produce intact MMCs in abundance.
For the case of aromatic hydrocarbons, the use of collision with high energy projectiles

(Xe?®, 360 ke V) also enables improvements in MMCs production yields [123, 129, 130].

relative ion yield

100 200 300 400 500 600 700
m/q

Fig. 6. Mass spectra of Ce¢°” (z = 12) measured by using fs-pulses (1800 nm, 70 fs, 10'°
W cm2). The insets are magnifications of three highest charged cations. Reprinted with

permission from Ref. [131]. Copyright 2003 American Physical Society.

Bhardwaj et al. described an MMC with the highest charge number obtained to
date is 12 using fullerene (Fig. 6) [131]. Recently, detection of the pentacation radical of

methane was reported by using the irradiation of a small methane cluster with

16



femtosecond laser pulses (624 nm, 100 fs, 8x10'* W cm™) [132]. However, this is
unlikely because the multiply charged ion arising by removal five out of eight valence
electrons should be highly prone to dissociation [133].

The potential energy surfaces of MMCs are determined by the balance between
repulsive Coulombic forces and chemical bonding. When the charge number is large,
instantaneous fragmentation of MMC:s is expected to occur especially for small molecules.
The only exception found to date is the MMC of diiodoacetylene [42, 55, 125]. It is
worthy to note that the smallest organic tetracation ICCI*" was formed using 0.8 um
pulses [42, 55, 125], while ICCI** was the highest charge number state formed by using
collision with Ar®* (3 keV) [134]. The unusual stability of ICCI*" is explained in terms of
charge localization on the terminal iodine atoms, which leads to minimum Coulomb
repulsion between adjacent atoms as well as maximum charge-induced attractive dipole
interactions between iodine and carbon [55]. Recently, we successfully produced the
smallest aromatic tetracation, CsFs*" by using femtosecond laser pulses [135]. As a
dramatic increase in the charge numbers observed takes place, intact MMCs will become
worthwhile subjects to investigate, especially in terms of their charge-dependent
spectroscopic properties. In addition, exploring chemical reactions as well as theoretical

calculations of intact MMCs are great challenges of physics and chemistry [136].

3. Coulomb explosion

MMCs dissociate into atomic and/or molecular fragment ions with high kinetic
energy by Coulomb explosion. In the history of Coulomb explosion studies, in the 1990’s
various kind of small MMCs were extensively investigated. Codling and Frasinski

reviewed the results of studies with N», HCI, H», D2, I, CO, N.O, CO,, C2H», and C>H4
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in 1994 [20]. Reports on femtosecond ionization of complex molecules increased in 1998
and ionization and dissociation of large molecules by femtosecond pulses was reviewed
by Levis and DeWitt in 1999 [137]. We summarized the vigorous discussions about the
ionization of organic molecules by using the fundamental wavelength (0.8 um) of a
Ti:Sapphire laser during 1997-1999, in addition to the Coulomb explosion of benzene and
fullerene in 2000 [18]. Reviews discussing the ionization of fullerene were published by
Hertel et al. in 2005 [138] and by Johansson and Campbell in 2013 [139].

In the past two decades, Coulomb explosion of various kinds of molecules by
using intense femtosecond laser fields has been intensively explored. There is no doubt
that simple two- and few-atomic molecules are very important substrates to test newly
developed theories and experimental methods [140]. Despite this, we have listed here
only selected studies performed from 2004 to data on Coulomb explosion of isolated large
molecules initiated by femtosecond laser pulses. The family of molecules include
aliphatic and [52, 125, 141-159] aromatic hydrocarbons [92, 160-162], halogenated
molecules [33, 42, 163-176] and alcohols [49, 51, 53, 155, 177-182]. In addition,
examples of organometallics [183, 184], organic acids [185], amines [186], molecules
containing silicon [187, 188], nitriles [189], ketones [96, 155], heterocycles [95],

nitroaromatic compounds [190], and SF¢ and its anion [191, 192] are also investigated.

3.1. Observation of Coulomb explosion

Observations of ions ejected during Coulomb explosion have been made by
using mass-selective instruments such as a TOF-MS where they are detected by using a
microchannel plate (MCP). A linear relationship between the time of flight and the initial

momentum of a fragment ion along the ion flight axis exists when a Wiley-McLaren
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configuration is employed [193]. Thus, a simple Wiley-McLaren TOF-MS equipped with
a conventional MCP can be used to determine kinetic energies and momenta. The typical
feature of an ion generated by Coulomb explosion is the presence of split peaks in the
TOF spectrum. In Figure 7 are shown the doublet and/or multiplet peaks observed for H',
H," and H3" ejected by Coulomb explosion of MMC of ethane (800 nm, 100 fs, 1x10'
W cm2) [145]. These features are a consequence of the fact that ions with certain kinetic
energies are emitted along both the forward and backward direction relative to the ion
flight axis, which is determined by the applied static electric field. These respective ions
are detected either at earlier or later times in the TOF spectrum. The peak associated with

an ion not having kinetic energy would be found in the center of multiplet.
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Fig. 7. Time-of-flight spectra of (a) H', (b) H2", and (¢) H3" ejected from the MMC of

ethane. Upper and lower traces are those measured with laser polarization orthogonal and
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parallel with respect to the ion flight axis. The kinetic energy scale is also presented for
both forward and backward emitted ions. The components originated from ethane
dication are shadowed. Adapted with permission from Ref. [145]. Copyright 2011 AIP

Publishing LLC.

1

The kinetic energy, E} (in J unit), and momentum p (in kg m s unit), of an

ion are calculated using equations 2 and 3, respectively.

_ (ze)?

2m

Ey

F2(t; —t))* (2)

p = zeF (t; — to) 3)
, where z, e, m, F, t;,and t, are the charge number of the ion, elemental charge (in
C unit), mass of the ion (in kg unit), electric field for extraction (in V. m™' or N C ™! unit),
flight time of the ion (in s unit) emitted forward to the detector and the calculated flight
time of ion with zero kinetic energy (momentum), respectively. By taking into account
momentum conservation, the counterpart of ion in the Coulomb explosion process can be
identified, especially for diatomic molecules. The momentum spectra of nitrogen ions
generated by two-body Coulomb explosion of N2 (795 nm, 100 fs, 3.5x10" W cm™2) is
shown in Fig. 8 [194]. By adhering to the momentum conservation law, it is possible to
identify the different Coulomb explosion pathways occurring, the channels for which
clearly resolved in Fig. 8, where (p, ¢) denotes the fragment ions formed by the Coulomb
explosion of N§p+q)+ — NP* + N9* Based on the charge number and kinetic energy (or
momentum) of ions participating in the Coulomb explosion, the bond distance of diatomic
molecules at the moment of Coulomb explosion can be calculated. It is noted that
momentum matching can also be applied to treat two-body Coulomb explosions of

molecular dimers (see 4.2.2).
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Fig. 8. The momentum spectra of N*, N**, and N** ejected from Na. The assignment of

explosion channels, ng+q>+ — NP* + N9* | are denoted as (p, g). Reprinted with

permission from Ref. [194]. Copyright 1998 Elsevier.

Another important feature of Coulomb explosion initiated by using an intense
linearly polarized laser is anisotropic ejection of ions with respect to the laser
polarization direction. Supposing that linearly polarized laser pulse is used for
ionization, the probability of tunnel ionization of molecules depends on how they are
aligned with respect to the polarization direction of laser pulse [40]. Because the
ensuing multiple ionization processes will be regulated by the initial ionization step,
anisotropic emission of ions from MMCs with respect to the laser polarization direction

is observed.
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Fig. 9. Schematic of the configuration between the ion flight axis and the laser
polarization direction. The angle & measured with respect to the laser polarization
direction from the ion flight axis to the detector. HWP denotes a half-wave plate.

Adapted with permission from Ref. [125]. Copyright 2016 Elsevier.

Figure 9 contains an illustration of the configuration of the ion source in a
TOF-MS, consisting of a repeller electrode, an extraction electrode, an einzel lens (not
shown), electrostatic deflectors (not shown) and a MCP. A narrow slit is located on the
extraction electrode perpendicular to the laser propagation direction in order to collect
ions that are generated at the most tightly focused point of the laser beam (achieving ion
collection from an axially symmetric parallel beam geometry). The direction of laser
polarization (linear) with respect to the ion flight axis is changed by using a half-wave
plate. When the direction of laser polarization is parallel (4 = 0, 180 degree) or
perpendicular (8 =90, 270 degree) to the ion flight axis, the conditions are referred to as
“parallel” or “orthogonal,” respectively. In the cases of diatomic molecules, emission of

ions is greatly diminished under the orthogonal condition. Thus, the extinction of ions,
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that is, the ratio of the ion intensity measured under an orthogonal condition to that
measured under a parallel condition is nearly zero. In the cases of large and complex
molecules, TOF spectra can provide information about only kinetic energy (momentum)
and ion yields. In spite of this, by considering the anisotropy (extinction) of ion
emissions, these data give important information about the molecular structure and
Coulomb explosion processes.

For example, the angular distribution and the kinetic energy spectra of carbon
and oxygen ions ejected from the MMC of Cr(CO)s are displayed in Fig. 10. It is
obvious that the extinction of oxygen ion is smaller than 1. In contrast, extinctions of
carbon ions are larger than 1, and are largely seen at higher kinetic energy. Supposing
that the most preferable ionization axis is along a line inclined 45° relative to
CO—Cr—CO axis in a Cr(CO)4 plane, and four configurations of molecules with respect
to laser polarization direction and ion flight axis are considered as shown in Fig. 11, we
can evaluate the extinctions of oxygen and carbon ions to be 0.75 and 1.5, respectively.
Although the above simplified considerations overestimate the extinction of oxygen and
underestimate the extinction of carbon ions, the characteristic extinction values can be
qualitatively explained [183].
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Fig. 10. Angular distribution and kinetic energy spectra of O*, O**, C*, and C*" ejected
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from Cr(CO)s at 1.3 x 10" W cm 2. Angle in the polar plot indicates the relative angle
between the polarization plane of the laser fields and the ion flight axis to the detector.
The radius of the polar plot indicates kinetic energy in eV units. The red and black lines
in the kinetic energy spectra give data obtained under parallel (0 and 180 degrees) and
orthogonal (90 and 270 degrees) conditions, respectively. Reprinted with permission from

Ref. [183]. Copyright 2016 American Chemical Society.

Extraction Parallel Orthogonal
electrode
Xy-plane

yz-plane

Fig. 11. Schematics of the tunnel ionization of Cr(CO)s when the laser electric field is
parallel to a line inclined 45° relative to CO—Cr—CO axis in a Cr(CO)4 plane under the
parallel (left) and orthogonal (right) conditions. The ion flight axis (x), the extraction
electrode with a slit, and laser propagation direction (y) are also shown. The z-axis is
parallel to the plane of the extraction electrode that is perpendicular to the x- and y-axes.
Arrows indicate the emission of oxygen (red solid arrows) and carbon ions (black dotted
arrows) that contribute the kinetic energy spectrum and angular distribution. Adapted

with permission from Ref. [183]. Copyright 2016 American Chemical Society.

Even though qualitative interpretations of ion emissions even for large molecules
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can be made to some extent by considering preferable ionization axes and molecular
symmetry, the actual structure during the Coulomb explosion cannot be obtained because
correlations between ions are not known. Investigations of the structure deformation at
the moment of Coulomb explosion by using two-dimensional momentum measurements,
namely mass-resolved two-dimensional momentum imaging, have been carried out by
Hishikawa et al. [194-197]. The covariance mapping technique [198-200] as well as ion-
ion coincidence measurements [201] have been utilized to determine exact correlations
between fragment ions (i.e., fragmentation channels) for small molecules. Recently,
covariance mapping has been increasingly used to investigate the dynamics of inner shell
electron ionization brought about by using intense XFELs. Coulomb explosion imaging,
1.e., measurement of three-dimensional momenta of ions, has become an important
technique in physics and chemistry since the invention of velocity map imaging technique

[202].

3.2. Covariance mapping

Coulomb explosion can be identified by using a TOF-MS. Because this
instrument basically gives one-dimensional arrival time information, it cannot be
employed to clarify relationships between ions. The covariance mapping technique,
which extends a one-dimensional TOF spectrum into a two-dimensional correlation
map, can be utilized to determine correlations between ions from TOF data [198-200].
Coincidence measurements (single coincident event per laser shot) described later
cannot be utilized to correlate ions if more than one neutral molecule is ionized. In
contrast to coincidence measurements, covariance mapping can be utilized for the

multiple coincident events occurring per laser shot. Thus, this method can be utilized
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even using pressures in the 10”7 Pa range (ca. 4x10~'* mol dm ™ at 300 K), which enable
generation of sufficient amounts of ions to gain reliable signals using a conventional
oscilloscope. Covariance mapping measures the fluctuations of ion signals in a TOF
spectrum on a shot-to-shot basis. Correlations of ion intensity fluctuations occur only
when fragment ions arise from the same fragmentation channel. The covariance
coefficient C(X,Y) between the TOFs of X and Y is defined by equation 4.

CX,Y) = (X — (XN — (V) = (XY) — (XKY) (4)

, where the mean values ( ) are obtained over N laser shots. Here, we evaluate the
covariance coefficient C (X (ty), Y(tz)), representing covariance between ions detected
at t; and at t, is therefore expressed in equation 5.

C(X(t0), Y(t2)) = (X (t)Yi(t2)) — (X; (t)NYi(t2))

= P IL XY ~ [F I @) x [FE V)| )

, where X; and Y; are number of ions measured at ith laser shot. Covariance mapping
has been successfully applied to treatment of few-atomic molecules [20, 39, 40, 197, 200],
as well as large molecules [33, 43, 203-205] and clusters [206-209].

The most notable and straightforward success of covariance mapping was its
application to two-body Coulomb explosion of diatomic molecules [210]. In Figure 12(a)
is given the covariance map of N at a pressure of 5x1077 Pa determined using linearly
polarized laser pulses (800 nm, 40 fs, 3x10'> W cm?2), and where the ion detection was
limited by a 1 mm diameter hole in the electrode. In this covariance map, X; and Y; are
taken from the same TOF spectrum. The strong diagonal line in the map in Fig. 12(a)
corresponds to the (X;%) — (X;)?> component. The mirror symmetry about the diagonal
line is attributed to the fact that C (X (ty), Y(tz)) =C (X (ty), Y(tl)). The eight islands

on the map correspond to correlations between the ion pairs, C(N?*,N?*), C(N3*,N2%),
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C(N?*,N3*), and C(N3*,N3*). The origin of the respective fragment ion pairs is
identified as being N>**, N2>*, N»°*, and N2°*. In Figure 12(a), N**r and N°*y, denote the
zth charged nitrogen atoms emitted in a forward and backward direction relative to the
detector. Thus, islands corresponding to C(NF*,Nf*) and C(N;*,N;*) should not
exist. Owing to the conservation of momentum, the tilt angle, a, indicated in Fig. 12(b)
reflects the charge ratio of the ion pairs. The observed tilt angles well match the calculated
values, which are 45 degrees (tana = 1) for C(N?*,N?*) and C(N3*,N3%), and 34

degrees (tana = 2/3) for C(N?*,N3*) and C(N3*,N2%).
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Fig. 12. (a) Covariance map of N». The bottom and left traces represent average time-of-

flight spectra. Reprinted with permission from Ref. [210] . Copyright 1999 American

Physical Society. (b) Schematic illustration of the tilt angle « for a pair of C(N2*,N37%).
Covariance mapping is now utilized in many fields of science and technology

[198]. The angle-resolved covariance mapping generated by using a two-dimensional

detector has proven to be a powerful tool for the determination of molecular structure
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(see 4.1.1). In recent years, Coulomb explosions initiated by ionization of inner shell
electrons have been explored by using intense XFELs [211, 212]. Utilization of the
combination of covariance mapping and XFELs is an ideal because of the high intensity

but low repetition rate inherent in XFEL experiments.

3.3. Velocity map imaging

The advent of time and position sensitive detectors, for example a MCP equipped
with multi-hit delay-line anodes or with a phosphor screen backed by an intensified
charge coupled device, enables recording of both the hit position and TOF information of
ions. In 1997, Eppink and Parker invented the velocity map imaging (VMI) technique
[202]. VMLl is a type of TOF mass spectrometry, in which ions of the same mass and initial
velocity are guided to the same position on a two-dimensional detector by optimizing the
electric fields in the ion source. VMI ion optics consist of a repeller, an extractor and a
ground electrode as is employed in a Wiley-McLaren setup, but in this case extractor and
ground electrodes have open holes. In Figure 13 are displayed simulated ion trajectories
in a VMI instrument. Although the origin position of the ions differs by 3 mm, ions with
the same initial ejection angle impact the same position on the focal plane. The trajectories
indicated by 1, 2, and 3 in Fig. 13 correspond to ejection angles of 0 and 180 degree (in
x direction), 45 and 135 degrees (in y direction), and 90 degrees (in y direction),
respectively. Another benefit of VMI is that the shape of the ion trajectory is independent

of the charge of ion.
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Fig. 13. Simulated trajectories of ions formed at different initial positions and with
different initial ejection angles in velocity map instruments. Reprinted with permission

from Ref. [202]. Copyright 1997 AIP Publishing LLC.

A schematic of the VMI setup for photodissociation experiments is shown in Fig.
14. In this setup, laser 1 initiates photodissociation and laser 2 ionizes the resulting
fragments. The polarization of the ionizing laser 2 is parallel to the detector plane. The
ions generated by Coulomb explosion expand on a Newton sphere defined by the
conservation of momentum, i.e., ions of the same initial velocity are on the same surface
of the sphere under VMI conditions. Because a linearly polarized laser pulse is used, the
symmetry of the velocity distribution is cylindrical around the laser polarization direction
denoted by E.An expanding Newton sphere is accelerated along the ion flight axis and,
thus, Newton spheres for different ions are mass-separated. Newton spheres are projected
on the two-dimensional detector and ion-images D(z, x) are recorded. Because the
momentum distribution is anisotropic along with E , D(z, x) becomes two opposing
crescent shapes. The velocities of ions arise from 1) the impact position on the detector,
where the kinetic energy is proportional to the square of the ring radius, 2) the distance

between the ionization zone and the detector, and 3) the arrival time of the ions. Based on
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the knowledge of the mass and charge of ions, the corresponding linear momenta of ions
can be reconstructed. The ion image D(z, x) is mathematically transformed (Abel
inversion) to obtain a velocity map F(z, ), where r is the coordinate perpendicular to z
axis. Furthermore, the full three-dimensional momentum vectors of ions in a single-

molecule basis are obtained if we detect ions ejected from a molecule in coincidence.
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Fig. 14. Schematic setup of a velocity map imaging experiment showing the relation
between the Newton sphere, ion image, and velocity map image. Reprinted with

permission from Ref. [213]. Copyright 2014 Royal Society of Chemistry.

The details of VMI have been reviewed before [214-216]. Below, we only briefly
discuss recent studies of VMI. Techniques for recovering of three-dimensional
momentum from a two-dimensional ion image without using mathematical procedures,
referred to as slice imaging, have been developed. Slice imaging is achieved by slicing
the middle of a Newton sphere. Several approaches have been proposed for this purpose
including optical, Doppler, DC and pulsed field slicing [216]. Imaging only the central
part of a Newton sphere by utilizing a fast gating detector results in equivalent data quality

as those obtained by employing Abel inversion of a conventional ion image [215].
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Nowadays, VMI is used in a wide range of research fields such as photoelectron
spectroscopy [217], photodissociation dynamics investigations [218] and attosecond
pulse characterization [219]. CEIs with VMI have also been used to explore electronic
structural changes [220] and chemical reaction dynamics [221, 222]. Hydrogen migration
in cationic and/or dicationic species is one of the most interesting chemical reactions
occurring in intense laser fields. Yamanouchi and co-workers have studied in detail
hydrogen migration taking place in ions derived from acetonitrile [48, 50], methanol [49,
51,53, 179-181], allene [52, 149], butadiene [150, 151], and methylacetylene [153].

Another substance that has attracted great attention in the field of intense laser
chemistry is acetylene. The isomerization reaction of acetylene (HC=CH) to vinylidene
(CCH2) has been investigated by using pump and CEI probe methods. A pump pulse
ionizes acetylene to form its cation radical or dication which undergo isomerization by
hydrogen migration, and a probe pulse is used to excite transient states to the Coulombic
repulsive states (C2H2*") which dissociate into atomic and molecular fragment ions by
Coulomb explosion. The time evolution of three-dimensional momenta of fragment ions
are determined by using coincidence VMI and by varying the time delay between the
pump and probe pulses [156, 157, 223, 224].

Some applications of coincidence VMI are introduced in section 4.1.2. It should
be mentioned that another powerful tool for carrying out three-dimensional momentum
measurements for the imaging molecular structures is cold target recoil-ion momentum
spectroscopy (COLTRIMS) and/or reaction microscopy [225, 226]. The applications of

COLTRIMS method will be discussed in sections 4.1.3 and 4.2.1.

4. Coulomb explosion of molecules
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4.1. Isolated Molecules

Ions generated by Coulomb explosion of molecules have specific and
characteristic momenta. Therefore, the reconstruction of molecular structure is possible
by the measurements of three-dimensional momenta of the ions in covariance and/or
coincidence. In the case of diatomic molecules, the correlation of momenta of two
fragment ions gives the internuclear distance at the moment of Coulomb explosion. The
deformation of the molecular structures of tri- and multi-atomic molecules in intense laser
fields has been a central topic of several studies [194, 195, 227]. At the current time, we
are able to investigate the structure of large and complex molecules, as well as geometric
isomers, positional isomers and enantiomers. In this section, the recent progresses about

the discrimination of molecular structure are reviewed.

4.1.1 Complex molecules

Recently, Slater et al. have shown that covariance measurement of CEI can be
utilized to visualize the structure of the specific but relatively large molecule, 3,5-
dibromo-3°,5’-difluoro-4’-cyanobiphenyl (BP, Ci3Br2FoHsN), with the aid of both
supersonic expansion cooling and adiabatic molecular alignment [43, 203, 204]. BP is
first adiabatically aligned in the laboratory frame by using a nanosecond laser pulse (1064
nm, 10 ns, 20 Hz, 8x10'"' W ¢m?) and then irradiated using an intense femtosecond laser
pulse (800 nm, 30 fs, 3x10'* W cm2). The most polarizable axis of BP, i.e., C> symmetry
axis, which is along the C-C bond between the two phenyl rings, is one-dimensionally
(head-to-tail or tail-to-head) aligned along the polarization direction of nanosecond laser.
In this case, the relative alignment of BP with respect to the detector plane can be fixed,

but molecules are allowed to rotate around a C> symmetry axis.
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In Figure 15(a) are shown the laboratory-frame image of H' (left) and the
covariance image of H" with respect to N* (right) taken by aligning BP parallel to the
detector plane. The laboratory-frame image of H' is symmetric with respect to the
horizontal and vertical axes because BP, which contains four hydrogen atoms around the
waist and one hydrogen atom on its tail, freely rotates around its C> symmetry axis. In
contrast, strong asymmetry with respect to the horizontal axis is present in the covariance
image because the covariance image represents the two-vector velocity correlation
between H" and N*. The asymmetry is representative of the asymmetric location of five
hydrogen atoms marked by red circles with respect to the nitrogen atom marked by a blue
circle in Fig. 15(a). In contrast to the images taken by aligning BP parallel to the detector
plane, less information (one spot in the middle of image) comes from the covariance
image in the perpendicular alignment (aligned normal to the detector plane, not shown in

this review, please refer Fig.7 in Ref. [43]) because H and N are collinearly ejected toward
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Fig. 15. (a) (left) Laboratory-frame image of H" and (right) covariance image of H" with

the detector.
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respect to N (b) and (¢) Covariance image of A" with respect to B*". A and B are
indicated below and above the image, respectively. BP is aligned parallel (a, right panels

of' b and c) and perpendicular (left panels of b and c) to the detector plane. Reprinted
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with permission from Ref. [43]. Copyright 2015 American Physical Society.

The so-called autocovariance images are shown in Fig. 15(b) for different
alignments of BP. The images taken in the perpendicular alignment (Fig. 15(b), left panel)
represent that one fluorine (bromine) ion marked by a blue circle is ejected upward as
indicated by the white arrow in the image, and the other fluorine (bromine) ion marked
by a red circle is ejected in the opposite direction (downward). This is a consequence of
the fact that the two fluorine (bromine) atoms are located at meta positions of the same
phenyl ring. In the parallel alignment (Fig. 15(b), right panel), the effect of free rotation
around C> symmetry axis is reflected in the presence of two peaks in the autocovariance
images.

In contrast to the autocovariance images (Fig. 15(b)) and the covariance image
of H" (Fig.15 (a) right), the covariance images of fluorine ion with respect to bromine ion
in the perpendicular alignment indicate the dihedral angle between the two phenyl rings
(Fig. 15(c), left panel). A pair of peaks that represent the relative locations of two fluorine
atoms are indicated by the red circles in the left panel of Fig. 15(c). The clearly separated
four covariance peaks, arising from rotation of molecules around C> symmetry axis, are
comprised of two pairs of peaks oriented diagonally. An inverse Abel transformation can
be applied to improve the accuracy of covariance image by removing randomness in the
alignment of the planes of the two phenyl rings. After the processing, the recoil angles of
F* and Br' relative to the N* were precisely determined to be 61.7+0.2 and 127.1£0.3
degree, respectively [43]. The covariance images of F' with respect to Br" and Br" with
respect to F in parallel alignments are shown in the right panel of Fig. 15(c). The V-shape

images can be understood by taking into account the dihedral angle between the C—F and
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C—Br bonds. A stronger covariance signal is present in the bottom of the image because
one of the F" (Br") is always ejected in an antiparallel manner relative to the Br™ (F"),
while the other F* (Br") is ejected in nearly an opposite direction giving rise to weaker
signals on either side of the image. These results demonstrate that CEI of aligned
molecules is an important technique to obtain information about the molecular structure
and, in particular, relative bond angles.

The advantage of utilizing pre-aligned (reduced degree of freedom) molecules
in VMl is clearly demonstrated by the studies described above. In order to perform precise
structural determination by Coulomb explosion, the degree of alignment must be high.
Moreover, reducing the degrees of freedom by orienting molecules (i.e., head-to-tail and
tail-to-head discrimination) is helpful for structural determination by CEI. The orientation
of molecules in the gas phase has been achieved by taking advantage of interactions
between induced dipole moments of molecules and laser electric fields in addition to those
between permanent dipole moments of molecules and static electric fields [228-231].
Furthermore, the degree of orientation is strongly enhanced by using the molecules in the
lowest-lying rotational states separated by a strong inhomogeneous static electric field
before interacting with laser pulses [232-234]. Figure 16 shows that the asymmetry of I
images for the lowest-lying rotational states (labeled “Deflection”) is more significant
than that for the ensemble of few rotational states of iodobenzene (labeled “No
deflection”). The permanent dipole (iodine end is negative and phenyl end is positive) of
iodobenzene is oriented along the electric field (Estat, the ion acceleration direction), and
thus iodobenzene directs its phenyl end towards the detector (lower electric field side).
Then, the orientation of iodobenzene can be controlled by changing the angle (f), the

polarization direction of orientation laser pulse (Eyac) with respect to the Estar. As clearly
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presented in Fig. 16, I" ions are preferentially ejected downwards for #<90°, whereas they

are ejected upwards for f>90°.

No deflection Deflection No deflection Deflection

Bl 80°| B2 80°| B3 30°| B4 30°

C3 150°| C4 150°
8 .

Fig. 16. The images of I" ejected from iodobenzene. Images labeled “No deflection” are
obtained for the ensemble of few rotational states. Images labeled “Deflection™ are
obtained for the lowest-lying rotational states. The polarization direction of orientation
laser pulse (Evac) and the probe pulse (Eprobe) With respect to the detector plane and the
static electric field (Eswat) 1s shown schematically at the left. Figures at the upper right
corner of the images are the angle . Adopted with permission from Ref.[232]. Copyright

2009 American Physical Society

The combined use of CEI and above mentioned molecular orientation techniques
should aid investigations of more complex molecules [234]. In addition, one-dimensional
orientation in the absence of static electric fields can be attained by using the interaction
between anisotropic hyperpolarizability of molecules and an intense nonresonant two-
color laser field [235]. However, molecules of general interest consist of lighter atoms
and hydrocarbon moieties and, thus, improvements in mass resolution may be required in
order to determine small mass differences. In addition, the orientation of the molecules

having small permanent and induced dipoles as well as small hyperpolarizability is
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challenging. Furthermore, the uncertainty of angular distribution originating in nonaxial
recoil of ions should be corrected even if the perfect alignment and/or orientation is
achieved. Because the structural reconstruction by CEI is based on the assumption that
the fragment ions recoil along the bond of which ion forms, the deviation from axial recoil
prevent us from retrieving actual molecular structure. Recently, a method to remove the

uncertainty originating in nonaxial recoil of ions is presented [236].

4.1.2. Geometric isomers

Application of coincidence VMI of Coulomb explosion to discriminate between
geometric isomers (cis and trans) in a mixture of isomeric 1,2-dibromoethenes (C2H2Br»)
was described by Ablikim et al. [237]. MMCs were formed by inner-shell electron (Br
3d) excitation using a XUV photon (140 eV) of a synchrotron radiation followed by Auger
decay. The molecular structure was reconstructed from the three-fold coincidence of ions
(CoHo" + ¥Br + 3!Br"). In Figure 17 are shown the counts of three-fold coincidence
events as a function of the angle between the momentum vectors of two Br". The two
peaks were assigned as Br" emitted from trans (cos 0 = —1, 180 degree) and cis (cos 6 =
—0.58, 125 degree) isomers. The ratio of abundances deduced by fitting with two
Gaussian functions (shaded areas in Fig. 17) was estimated to be 2.04+0.07, which is in
agreement with the isomeric composition determined by using gas chromatography (2.06).
Thus, the results of this effort proved that the identification and the quantitative analysis
of mixed geometric isomers is possible by using the coincidence CEI. In Fig. 18(a) is
shown the Newton plot that the momenta of Co:Hx" (upper half) and Br' (lower half) in
the frame of the momentum of the other Br" indicated by an arrow. The schematics of the

momentum vectors of the three fragments are shown in Fig. 18(b) for reference purposes.
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Inspection of the plot demonstrates that two Br' are ejected in the opposite (ca. 157
degree) direction from trans isomer, while CoH," remains close to the original location.
In contrast, C;H>™ and Br™ with similar momenta are emitted from the cis isomer at an

angle of ca. 125 degree with respect to each other.
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Fig. 17. Three-fold coincidence counts (CoHx™ + Br™ + Br') of 1,2-dibromoethenes as a
function of the angle between the Br" ion momenta. Black squares and red dashed line
are experimental data and fitted date by two Gaussians (shaded areas), respectively.
Reprinted with permission from Ref. [237]. Copyright 2016 Nature Publishing Group.

Licensed under a Creative Commons Attribution 4.0 International License.
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Fig. 18. (a) Newton diagram of the three-fold coincidence channel (C2H>" + Br™ + Br")

for trans and cis isomers of 1,2-dibromoethenes. Reprinted with permission from Ref.
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[237]. Copyright 2016 Nature Publishing Group. Licensed under a Creative Commons
Attribution 4.0 International License. (b) Schematic illustration of momentum vectors of

trans (upper) and cis (lower) isomers extracted from the Newton diagram.

Recently the same authors applied a similar strategy to distinguish between the
positionally isomeric 3,5- and 2,6-difluoroiodobenzenes (C¢HzF2I) [238]. The success of
coincidence VMI of Coulomb explosion to distinguish geometric and positional isomers
is an important step in investigating isomerization dynamics by using future time-

resolved pump-probe experiments.

4.1.3. Enantiomers

Recently, several spectroscopic methods including photoelectron circular
dichroism [239] and microwave three-wave mixing [240] have been developed to
discriminate enantiomers in the gas phase [241]. Kitamura et al. demonstrated that
dynamic chirality can be determined by exploring the four-fold coincidence of ions (C*,
D", D", DY) ejected by the Coulomb explosion of CD4*, which was produced by collision
with energetic Ar®* [242]. Pitzer et al. have determined the absolute stereochemistry of
CHBrCIF in racemic mixture on a single-molecule basis by using COLTRIMS of a
Coulomb explosion induced by femtosecond laser pulses (800 nm, 40 s, 6x10'* W cm?)
[243]. Enantiomer discrimination by utilizing CEI has several advantages such as 1) that
it can be employed on a single-molecule basis, and it is 2) applicable to gas samples, 3)
mass-selective, 4) independent of quantum chemical calculation, and that 5) enantiopure
samples are not required.

The chirality of CHBrCIF is judged by the chirality angle 6 defined in eq. (6).
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Pr * Ber X Per) = |PrllBet X Porlcos®  (6)

, where Pr, D¢, and pg, are the momenta of F*, C1*, and Br", respectively. The arrows
in the inset of Fig. 19 represent pr (green), pg; (yellow), and pg, (red), respectively.
The plane defined by p.; and ppg, is indicated by an orange disk. The cross product of
Do and pg, is represented by a blue arrow, which is normal to an orange disk. The angle
between pr and P X P, hence the inner product of pr and Pg; X Pg,, gives the
chirality angle 6. The S enantiomer of CHBrCIF has obtuse chirality angle (cos 6 is
negative), whereas the R enantiomer has acute chirality angle (cos 6 is positive).
Consequently, as shown in Fig. 19, the S and R enantiomers can be distinguished from
one other. Moreover, the enantiomer excess (S/R) of the mixture of enantiomers can be
determined by integrating the counts in the region of |cos 8| > 0.6. The experimental
value was determined to be 1.09, which is in the statistical uncertainty for a racemic

sample.
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Fig. 19. Five-fold coincidence counts as a function of the chirality angle §. The peaks at
negative and positive cos @ correspond to the S and R enantiomers, respectively. Reprinted

with permission from Ref. [243]. Copyright 2013 AAAS.
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Fig. 20. Linear momenta in five-fold fragmentation of (left) (S)-CH”’Br*’CI1**Cl and
(right) (R)-CH”Br’’CI*°Cl enantiomers. Reprinted with permission from Ref. [243].

Copyright 2013 AAAS.

Discrimination of the enantiomers of isotopically chiral, CHBr**CI*’Cl, was
carried out by using five-fold coincidence measurements (C* + H" + 7Br" + 3’C1" +3°CI")
(Fig. 20). This method gave an enantiomer excess (S/R) of 1.03, which matches that of an
isotopically racemic sample. It is noted that the central carbon, whose momentum is
indicated by a gray arrow, is accelerated in the same direction as the proton (momentum
is scaled by a factor of 2 and indicated by white spheres), and away from the center of
mass due to momentum conservation (i.e., repulsion with slowly moving heavier ions). It
should be mentioned that difficulty arises because of the small probability (>107°) of five-
fold coincidence events. Therefore, long accumulation times are required even when a
high repetition rate laser (100 kHz) and an acquisition system (10 kHz) is used. In any
event, the use of this method for quantitative discrimination of isotopically chiral
molecules on a single-molecule basis demonstrates a great advantage of mass
spectrometric detection of VMI.

Recently, CEI of CHBrCIF using a single X-ray photon (710 eV) from a

synchrotron light source was reported by the same authors [244]. The results show that
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faster and more accurate determination of absolute configurations are possible as a
consequence of the enhancement of coincidence events, faster fragmentations by inner
shell excitation followed by Auger decay, and the suppression of linear momentum
distribution broadening especially of proton compared with femtosecond laser pulses.

The challenge of the use of CEI to identify chiral molecules is its application in
the discrimination of enantiomer of large molecules containing several stereogenic
centers. In this case, the probability of chirality-sensitive coincidence events dramatically
decreases as the number of fragment pathway increases. Pitzer et al. showed that
incomplete fragmentation (partial break-ups), corresponding to four-fold and even three-
fold coincidence events of five-atom (CHBrCIF) [244] and eight-atom (CHCIBrCF3)
molecules [245], can also be used to identify enantiomers. In addition, the same authors
examined site-selective excitation of chiral C*HCIBr—CF3 containing two carbon atoms
by varying the photon energy so that only the stereogenic carbon center C* (299.0 eV) or
both carbon atoms (305.0 eV) are excited [245]. The four-body Coulomb explosion
involving CH" did not show a photon energy dependence, whereas that involving H" was
improved (3.5-9.7 times) when the photon energy was increased.

Pitzer et al. demonstrated that enantiomers arising by the existence of chiral
atoms can be distinguished by using CEI. Meanwhile, other types of stereogenic centers
including axial, planar, helical, and mechanical chirality can be present in molecules.
Axial chirality exists in atropisomeric biaryl compounds, wherein rotation about the aryl-
aryl bond is hindered by large substituents [246]. Christensen et al. have demonstrated
that the axial chirality of BP (see above), which is not atropisomeric and thus it has
dynamic axial chirality at room temperature, can be determined by using CEI at low

temperature [247]. As described in 4.1.1, the discrimination of enantiomers resulting from
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axial chirality is based on the one-dimensional alignment (head-to-tail or tail-to-head) of
the chiral axis of molecule along the laser polarization direction of nanosecond laser pulse.
Orientational discrimination (head-to-tail and tail-to-head) is made possible by measuring
the correlation between a pilot atom, for example, nitrogen of cyano group on the edge of
BP, and fluorine and bromine atoms, which are attached to different aryl groups.

The results summarized above show that a major step has been taken in applying
Coulomb explosions to determine the absolute configuration of chiral molecules, even
two-carbon molecule with a chiral center as well as a large molecule with axial chirality.
A great challenge of efforts in this area is the identification of the absolute configurations
of more complex chiral molecules as well as biological chiral molecules usually

consisting of only lighter atoms such as hydrogen, carbon, nitrogen and oxygen.

4.2. Molecular complexes and clusters

Molecular complexes and clusters are aggregates of molecules, which are
bounded together by weak van der Waals forces and/or hydrogen bonding interactions. It
is well known that carboxylic acids form dimer and phenol forms a trimer in the gas phase.
Complexation and clustering of molecules change potential energy surfaces as well as
electronic configurations giving rise to photophysical and photochemical properties that
are different from those of isolated molecules. These properties are dependent on the size
of the clusters or complexes. However, few studies on Coulomb explosion of molecular
complexes are found in the literature. Some dimers, such as those of CO» [248], acetic
acid [249], formic acid [250], water [251] and rare gas complexes [252-254] have been
investigated using intense femtosecond laser fields.

In contrast, interactions between cluster and intense lasers followed by Coulomb
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explosion have been well studied [255]. For example, photoionization of rare gas clusters
has been extensively studied for the purpose of generating X-ray radiation [21]. Recently,
ionization of rare gas clusters by utilizing few-cycle femtosecond laser pulses was
reviewed by Krishnam et al. [256]. Moreover, ionization of D>, Hz, and CD4 clusters by
intense laser pulses has been explored in the context of nuclear fusion and/or neutron
generation [257]. Castleman and coworkers have vigorously studied the ionization of
metal clusters including those of Nd, Eu [258]; U [259]; Ta, Nb, V [260]; Ti, V, Cr, Nb,
Ta [261]; Pd, Zr [262]; Nb, Ta [263]; Ni, Pd, Pt [264]; Zr, Pd, W [265]; Ti, V, Cr, Nb, Ta
[266]. Transition metals (V, Nb ,Ta, Ni, Pd) [267] and their clusters (Ni) [268] have also
been studied by Stolow and coworkers. Except for the results of pioneering work
described in the late 1990°s [208, 269-272] and the early 2000’s [206, 209, 273], only
few reports exist about the Coulomb explosion of molecular clusters such as aliphatic
hydrocarbons [ 132, 274], haloalkanes [275], and ammonia [276]. Higher kinetic energies
and larger charge numbers of atomic ions are produced from these molecular clusters than
from isolated molecules. Succeeding ionizations by electrons, which are accelerated by
laser electric fields, are dominant energy gain mechanisms in molecular clusters.
However, it should be mentioned that Coulomb explosion of clusters followed by the
ejection of ions with large charge number and high energy occurs even by using
nanosecond laser pulses [22, 23]. In the cases of the Coulomb explosion processes
initiated by using nanosecond and/or picosecond laser pulses, clusters can relax to their
most stable structures and, thus, information about the initial configuration is lost.
Therefore, we will not discuss details about the ionization and Coulomb explosion of
clusters although these processes are interesting in the context of high energy and large

charge number fragment ion productions. Instead, we focus on the Coulomb explosion of
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the molecular complexes, which are interesting from the view-point of structure

determinations.

4.2.1. van der Waals complexes

Molecular complexes, which are weakly bounded by van der Waals force, are
one of the interesting and valuable candidates for CEI studies. Since complexes of this
type are floppy, the determination of their structures requires special consideration and
the results may be highly ambiguous. Microwave rotational spectroscopy is a powerful
tool to determine the equilibrium bond lengths and angles in neutral van der Waals
complexes. However, structural analysis of multiply charged and floppy van der Waals
complexes is beyond the capabilities of any spectroscopic methods. CEI has been
successfully applied to the treatment of rare gas complexes such as N>Ar [252, 253], O2Ar,
02Xe [252] and ArCO [254]. In Figure 21 is shown a Newton diagram of the three-fold
coincidence channel of multiply charged N>Ar generated by femtosecond laser pulses
(780 nm, 25 fs, 1.3x10'> W cm2). Charge numbers of N, Ar and N are indicated in the
parenthesis. Three-body Coulomb explosion of this triatomic complex can be clearly
identified but a question arises about whether or not the three-body dissociations occur in
a direct or sequential manner. Because the complex consists of a weak van der Waals
bond between N> and Ar and a strong covalent double bond in Ny, it is expected that
dissociation of the weaker bond occurs before that of stronger bond. Based on the
assumption that a sequential dissociation process is involved and it has a time-scale that
is comparable to the rotational period of N2, the isotropic (i.e. circle) structure will be
reflected in the Newton diagram. However, the observation of a crescent-like structure

indicates that the three-body dissociation occurs in a concerted manner, at least within the
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rotational time period.

In contrast, Wu ef al. reported that both direct and sequential dissociation
processes occur in the three-body Coulomb explosion of NoAr** (790 nm, 35 fs, 1.2x10"
W cm?) [252]. Circle structures were observed in the Newton diagram, and they are
interpreted to be caused by the dissociation of rotating N»?" into two N* after departure
from Ar". The origin of the differences observed in the above studies is not certain because
both experiments were carried out under similar experimental conditions. However, it is
possible that intense crescent-like coincidence events may mask the isotropic components,
and vice versa.

Neutral N>Ar is expected to have a T-shape structure. The second question that
arises concerns whether the multiply charged complex retains a structure that is similar
to that of the neutral state. It is surprising that N>Ar complex retains its T-shape structure
up to a charge number corresponding to N2Ar®* [253]. In addition, analysis of two-body
Coulomb explosion for charge states up to NoAr*" reveal that the distance between the N,
center of mass and Ar at the moment of Coulomb explosion was estimated to be 3.88 A
and independent of the initial charge state and dissociation channels (symmetric or

asymmetric charge distributions).
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Fig. 21. Newton diagram of the three-fold coincidence channels (a, b, ¢) of N2Ar. a, b,
and c denote the charge number of N, Ar, and N, respectively. Adapted with permission

from Ref. [253]. Copyright 2014 AIP Publishing LLC.

In addition to the complex of a rare gas atom with a homonuclear diatomic
molecule, that of a rare gas with a heteronuclear diatomic molecule is interesting in view
of electronic structures, anisotropic intermolecular interactions as well as ionization
behaviors. Gong et al. found that the ArCO complex has a tilted T-shape structure, in
which argon is closer to the oxygen than to the carbon of CO, and the bond angle between
the covalent CO and van der Waals bonds is 65 degrees [277]. In the CEI of ArCO using
COLTRIMS, relative phase controlled elliptically polarized two-color pulses (790 nm,
7.6x10"* W cm2; 395 nm, 3.4x10'* W cm?) was used to achieve orientation selected
ionization. In Figure 22 are given the results of the three-body (Ar" + C* + O") Coulomb

explosion of ArCO. Inspection of Fig. 22(a) indicates the existence of both direct (region
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D) and sequential (region S) Coulomb explosion channels, which are identified by kinetic
energy releases. Ar carries relatively larger kinetic energy in the first step of sequential
Coulomb explosion (ArCO*" — Ar" + CO*") than it does in the direct Coulomb explosion
channel (ArCO** — Ar" + C* + O") because of momentum conservation. In the case of
the sequential Coulomb explosion channel, the momentum of Ar* (indicated by an orange
arrow in Fig. 22(b)) and that of C* and O" are independent since the subsequent Coulomb
explosion of long-lived metastable CO*" is accompanied by its rotation. Therefore, the
sequential Coulomb explosion is mapped in a Newton diagram as a circle structure

(indicated by a red dashed circle in Fig. 22(b)).
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Fig. 22. (a) Distribution of kinetic energy release (KER) of C" and O" as a function of
that of Ar". (b) Newton diagram of the three-fold coincidence channel (Ar” + C* + O%).
Direct and sequential dissociation processes are denoted by D and S, respectively.

Adapted with permission from Ref. [254]. Copyright 2013 American Physical Society.

In contrast to the Newton diagram of NxAr, the distribution of C* and OF
momenta in direct Coulomb explosion channel are slightly tilted with O" being closer to
Ar'. The initial bond angle Zarcoy and distance Rear, co) given in Fig. 23 was

reconstructed from the asymmetric distribution of momenta by using a molecular
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dynamic simulation. In the simulation, a pure Coulomb potential curve, which is
described by the reciprocal of internuclear distance, was not used but instead a repulsive
potential curve of 325 was used for CO?**. Moreover, it was assumed that the direct
Coulomb explosion of ArCO complex does not occur in an axial manner as shown in
Fig.23. Consequently, an initial bond angle Zapcoy of 65 degree with initial bond

distance R(Ar, CO) of 3.9 A was obtained.
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Fig. 23. Schematic illustration of the geometry of ArCO. Reprinted with permission from

Ref. [254]. Copyright 2013 American Physical Society.

As demonstrated by using ArN; and ArCO, the structures of floppy and weakly
bounded complexes are analyzed by CEI. Beside the rare gas atom and diatomic molecule
complexes mentioned above, Coulomb explosion of other van der Waals complexes have
been only seldom explored. Recently, Fan et al. investigated the three-body Coulomb
explosion of triply charged CO> dimer by coincidence VMI (780 nm, 25 fs, 4x10'* W
cm 2) [248]. The three-body Coulomb explosion of this species (CO2", CO*, O") prefers
at least 100-fold to take place by sequential rather than concerted dissociation. The weak
van der Waals bond dissociates to first form CO2>" and CO," followed by cleavage of one

strong covalent bond in CO»?" resulting in formation of CO* and O,
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4.2.2. Hydrogen-bonded dimers

As in the cases of the small rare gas van der Waals complexes, hydrogen bonded
dimers which are interesting from a physical, chemical, biological and medical viewpoint,
have also been only rarely examined. Unlike rare gas complexes, hydrogen bonded
dimers of interests are too large to be investigated by using the powerful coincidence VMI
technique. Hoshina and coworkers investigated the Coulomb explosion of the hydrogen
bonded dimers of formic acid (HCO>H) [250] and acetic acid (CH3CO>H) [249] dications
by using TOF-MS (800 nm, 100 fs, 1x10'* W ¢cm2). Dissociation of dimer dications into
the corresponding intact monomer cations was demonstrated using momentum matching
of ions as well as quantum chemical calculations. Coulomb dissociation into intact
molecular cations is a worthwhile process to investigate because Coulomb explosion into
atomic ions have been the main focus of studies carried out to date. The mass spectrum
of the formic acid dimer is dominated by H;O", HCO", HCOO", HCOOH", (HCOOH)H",
and (HCOOH)HCOO" at a stagnation pressure of 50 kPa using He seed gas. The
candidate ions that originate from Coulomb explosion were identified by their split peaks
as explained in Section 3.1. The ions ejected along the laser polarization direction are
COO', HCOO" (DCOO") and HCOOH" (DCOOD"). In Figure 24 is compared the
momentum distribution of DCOOD™ with that of COO" and DCOO". Neither COO" nor
DCOO" are the counterpart of DCOOD" because momentum conservation is not satisfied
in the two-body Coulomb explosion of the dimer dication. The kinetic energy release was
3.6 eV, which agrees with the value of 3.40 eV estimated by the quantum chemical
calculations for the two-body Coulomb explosion of the formic acid dimer dication to

produce two intact monomer cations. These findings show that the formic acid dimer is
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doubly ionized prior to hydrogen bond breaking in intense femtosecond laser fields.

-100 0 100
Momentum / amu ms ™

Fig. 24. Momentum-scaled spectra of (a) COO", (b) DCCO", and (¢) DCOOD" produced
from formic acid-d> dimer dication. Reprinted with permission from Ref. [250].

Copyright 2012 American Chemical Society.

The two-body Coulomb explosion of the dimer dication of formic acid is
preferred when the laser polarization direction is parallel to the carbon—carbon axis.
However, the two-body Coulomb explosion of the acetic acid dimer dication, a
homologue of formic acid, occurs when the laser polarization direction is perpendicular
to carbon—carbon axis, indicated by Zc..c in Fig. 25. This observation suggests that
deformation of the neutral structure during formation of the metastable and transition
states of the dication is preferably induced by applying laser electric field perpendicular
rather than parallel to the carbon—carbon axis.

The possible structure and two-body Coulomb explosions of dimer dications of
acids resulting in two intact monomer cations can be clearly identified. However, the

contribution of this process to the mass spectra is very small compared with other
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dissociation processes. In order to eliminate ambiguities, heterodimers may be promising
candidates, and the combination of size-selection [278, 279], stepwise ionization and
coincidence measurements could be useful.

The finding outlined above indicate the possibility of applying CEI to the other
interesting complexes that have been studied by previously using spectroscopic methods.
Potentially interesting targets for this applications are, for example, dimer and trimer of
phenol studied by using double resonance spectroscopies [280], and the triple-
proton/hydrogen atom transfer in the hydrogen bond network of trimers such as 7-
azaindole with two methanol [281] or two water molecules [282] studied by fluorescence

excitation spectra, REMPI, and theoretical calculations.
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Fig. 25. Calculated stable structure of acetic acid dimer at (a) neutral, (b) metastable
dication, and (c) the transition state of dication for dissociation to two monomer cations.

Reprinted with permission from Ref. [249]. Copyright 2015 Elsevier.

Experimental studies on the dynamic structural changes of molecular complexes

in multiply charged states followed by Coulomb explosion are challenging. Herein, we
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briefly show an example of theoretical calculation. MD simulation of water dimer
exposed to intense laser fields was explored by Wang et al [251]. The time evolution of
the structures (Fig. 26) and OH bond lengths (Fig. 27) of the water dimer in intense
femtosecond laser fields at different laser intensities (800 nm, 8 fs, 1x10'* — 3x10'5 W
cm 2) were elucidated by utilizing time-dependent local-density approximation coupled
nonadiabatically to MD. Four OH bonds oscillate with different amplitudes at a laser
intensity of 1x10'* W ¢cm 2, where the number of emitted electron is 0.2. The oscillation
is significant and asynchronous in the hydrogen bond donor (Hi—Oi;—H2). Further,
oscillation of O;—Hz (3666 cm™), which forms intermolecular hydrogen bond (H2—0),
precedes that of O1—H;. The cleavage of the O1—H, bond occurs at 4x10'* W ¢m 2, where
1.9 electrons are emitted. All OH bonds show the pattern of Coulomb explosion at 3x10!°

W cm 2, where 6.5 electrons out of 16 valence electrons are emitted.

Fig. 26. The time evolution of structure of water dimer exposed to intense laser pulses.
(a) 1x10™ W cm™, (b) 4x10* W ecm 2, (c) 3x10'> W cm 2. Figure reprinted from Ref.
[251]. Copyright 2014 Astro Ltd. Reproduced by permission of IOP Publishing Ltd. All

rights reserved.
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Fig. 27. The time evolution of OH bond lengths of water dimer exposed to intense laser
pulses. (a) 1x10™* W ecm 2, (b) 4x10* W cm 2, (c) 3x10'> W cm 2. Figure reprinted from
Ref. [251]. Copyright 2014 Astro Ltd. Reproduced by permission of IOP Publishing Ltd.

All rights reserved.

Contrary to the findings coming from experiments with acid dimers, the
Coulomb explosion of the water dimer into an intact monomer was not described. The
simulation constructed for treating the water dimer revealed that the hydrogen bond donor
and its hydrogen bonded OH bond are more sensitive to the intense laser fields. The
simulations produced an important suggestion that the hydrogen bond donor determines
the ionization as well as structural changes, and consequently the Coulomb explosion
behavior. Thus, it is interesting to investigate hetero-hydrogen bonded complexes either
experimentally and theoretically as model systems for biological molecules such as amino

acids as well as DNA.

5. Coulomb explosion of solid surfaces
Coulomb explosions of isolated molecules, molecular complexes and clusters in
the gas phase has been described in the former sections. It is natural to think that in

analogy to gas phase experiments multiple ionization of solids should occur at laser
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intensities above 10'* W cm 2. Generally, the ionization potential of molecules in the solid
phase is lower than that in the gas phase. For example, the vertical and adiabatic ionization
potentials of fullerene are 7.61 eV in the gas phase, while the work function, threshold
(bulk), and peak (near to the surface) ionization potentials of solid fullerene are 4.85, 6.17,
and 6.85 eV, respectively [283]. The possibility that ablation can be caused by Coulomb
explosion was suggested for dielectrics [284, 285], semiconductors [286] as well as
metals [287, 288] in 2000’s. Debate about this issue has been extensive during past
decades [289, 290]. Several processes including Coulomb explosion that lead to material
ejection have been proposed and discussed (Fig. 28). The experimental difficulty
associated with probing the phenomenon of Coulomb explosion related ablation arises
from the fact that the initial and succeeding processes cannot be separated. In addition,
the dominance of succeeding thermal ablation processes possibly mask the consequences
of the initial Coulomb explosion event. Therefore, it may be difficult to identify the
existence of very fast initial Coulomb explosion process by observing the ablation plume
and/or resultant solid materials. Experimental observations of morphology changes and
discussions about the Coulomb explosion mechanism were described during 2009 and
2016 for silicon [291, 292], metals [293, 294], and dielectrics [295, 296], however, in a
strict manner, these events might not give direct evidence for the operation of a Coulomb

explosion (electrostatic) process.
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Fig. 28. A schematic of the pathway of energy deposition, dissipation, phase changes
and ejection of materials following laser excitation. Reprinted with permission from

Ref. [24]. Copyright 2016 Materials Research Society.

It is known that time-resolved reflectivity images give important information
about plasma formation [297-299]. TOF measurement, which can identify cationic
species, has demonstrated that emission of high energy ions from the solid surfaces
takes place. In the early 2000’s, it was shown that the existence of electrostatic
repulsion in the ablation processes of dielectrics is reflected in the presence of the non-
thermal kinetic energy distribution of ejected ions [285, 289], whereas the emission of
energetic ions from metals (gold) or semiconductors (silicon) was not observed in those
experiments. On the contrary, Sakabe and coworkers proposed that Coulomb explosion
is responsible for the self-formation of periodic grating structures on a metal surface
[300]. The emission of energetic ions from copper surface was confirmed by using TOF
measurements in 2010 (800 nm, 130 fs, 0.028—2 J cm2) [301]. Furthermore, it was

found that the kinetic energy of ions emitted from copper does not follow a Maxwell-
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Boltzmann distribution (800 nm, 170 fs, 80—100 mJ cm2) in 2012 [302]. It is not
doubted that information about the velocity (momentum) and kinetic energy of emitted
ions gives important information about electrostatic interactions, however, this
information is the results of the contribution of events that occur over the acceleration
time of TOF-MS. Furthermore, care should be taken in experimental results arising
from studies of the multiple-laser shots problem. For example, a strong influence of
surface morphology on the energy of emitted ions was reported [302]. For a fresh target,
the mean energy of copper ions was 50 eV by averaging 100 measurements (0.08 J

cm 2). In contrast, the mean energy of copper ions increased to 180 eV even at the same
laser fluence when a preirradiated (600 laser pulses at 0.14 J cm2) target was used.
After the prolonged irradiation, the energies of copper ions are reduced and becomes
close to that obtained for fresh sample. Experimentally, this enhancement has been
explained by invoking a Coulomb explosion of nanostructure formed on the surface by
preirradiation [302]. This is important issue but a few studies have concentrated on
Coulomb explosions of nanoparticles on substrates [303, 304] or in liquid [28-30].

In the past decades, the importance of ejected electrons and residual positive
charges in the ablation process has been recognized. Time-resolved studies carried out by
using electron shadow imaging and electron beam deflection [305], and electron
deflectometry [306, 307] have proven the existence of electric fields caused by emitted
electrons and, in principle, residual positive charges on the surface. In this section, we
will introduce below the results of some time-resolved studies of electric field applied for
semiconductor (silicon), metal (copper), dielectric (sapphire) and polymer. In addition,
theoretical calculations about metals carried out since 2014 are briefly mentioned. We

emphasize that our main focuses here is on the ablation of carbon based compounds
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including organic molecular crystals and powders that can be compared with the

ionization of isolated and cluster form of corresponding molecules.

5.1. Time-resolved study of the electric fields

Electric field dynamics were explored using an electron deflectometry by Miller
and coworkers in 2008 (silicon, 390 nm, 150 fs, 5.6 J cm2) [305] and by Sakabe and
coworkers in 2011 (aluminum, 800 nm, 200 fs, 1x10'®* W cm™2) [307], using electron
shadow imaging and an electron deflectometry by Cao and coworkers in 2011 (copper
and sapphire, 800 nm, 50 fs) [306], and using low-energy electron scattering by Greber
and coworkers in 2009 (copper, 800 nm, 100 fs, 10! W cm2) [308]. It should be noted
that a simple comparison of electric field strengths determined in these experiments is
difficult because the strengths are measured at different delay times between pump laser
pulses and probe electron pulses, different probe positions relative to the pump laser focal
spot, and different measurement techniques. In addition, the origins of the electric field
are not solely residual positive charges, which are important for Coulomb explosion of
cationic species, but also electron clouds. The expanding electron clouds may pull
positive species from the surface but such effect is difficult to observe experimentally.
Although the electric field generated on the solid surface may not directly be connected
to Coulomb explosion of cationic species, the investigations of charges on the solid
surface should be worthwhile evidences to present in this review.

Miller and co-workers observed the time evolution of electric fields on a silicon
surface with an electron probe beam (55 keV, >200 fs) after a femtosecond pump laser
pulse (390 nm, 150 fs, 5.6 J cm 2, 17 um in diameter at fwhm) irradiation in 2008 [305].

In Figure 29 is shown a schematic of the electron deflectometry setup. A silicon strip with
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330 um thickness was exposed to a focused femtosecond pump laser pulse at normal
incidence. The probe electron beam impinges the side of the sample, and the deflection
of the part of this beam that passes through sample surface, is observed. Integrated images
of the probe electron beam, shown in Fig. 30, were interpreted in the following manner.
Initially, the probe electron beam is strongly deflected (toward the right) away from the
surface due to the space charge of the emitted electron cloud. The probe electron beam
then splits into two lobes (3—9.5 ps) caused by the expanding electron cloud, and the
electron beams above and below the excitation spot are deflected behind the sample
because of the attractive field of the residual positive charges. After expansion of the
electron cloud, the probe electron beam returns to the center of the laser focal spot as a
single beam. However, the probe electron beam is still deflected toward the sample
surface (toward left) after 300 ps as a result of attraction by residual positive charges. The
dynamics of probe electron beam images up to 10 ps was well reproduced by numerical
simulation. The electric field strength 3 ps after the pump laser pulse was estimated to be

3.5x10° Vm! (at 5.6 J cm?) from the maximum deflection of electron probe beam.
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Fig. 29. Schematic of laser pump and electron beam probe experiments on the silicon
surface. Reprinted with permission from Ref. [305]. Copyright 2008 American Physical

Society.
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100 ps i 300ps {1000 ps

Fig. 30. Time-resolved images of probe electron beam. The surface of silicon strip
indicated by yellow line was exposed to laser beam coming from right hand side.

Reprinted with permission from Ref. [305]. Copyright 2008 American Physical Society.

In Figure 31(a) are given time evolution of electron shadow images taken by the
probe electron beam (40 keV, 300 fs, 1.5 mm in diameter) after pump laser excitation
(800 nm, 50 fs, 2.2 J cm™2, 100 pm in diameter) of a 100 pm thick copper slab. A
semispherical shadow clearly grows at 5 ps and then disappears. Displacement of the
reduced-size probe electron beam (75 um in diameter) pass the points indicated by A and
B as a function of the time delay between pump and probe pulses is shown in Fig. 31(b).
Positions A and B are along with the line of the pump laser beam path, and 120 um away
from the front and back surface of the sample, respectively.

The electron beam at point A is deflected in the positive direction, away from the
sample front surface, during the first ten picosecond. Then the probe electron beam
suddenly changes its direction toward the sample surface (negative direction). After
reaching a negative maximum at around 30 ps, the electron beam slowly moves back to
the original position. These features are explained in terms of transient electric fields
generated both by ejected electrons and residual positive charges confined in a surface

layer. In contrast, the probe electron beam passing position B is not affected. Therefore,
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the electric field does not exist on the back surface of the copper slab. In the case of
sapphire, the trend of probe electron beam deflection on the front surface is basically
similar to that displayed by copper. However, the probe electron beam does not return to
the original position even after 1.6 ns. Consequently, it is safe to say that screening in

sapphire is weaker than that in copper.
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Fig. 31. Time evolution of (a) electron shadow images 0, 5, 10, 26, and 600 ps after the
laser pulse irradiation to copper surface, (b) the center of mass position of the electron

beam. Reprinted with permission from Ref. [306]. Copyright 2011 AIP Publishing LLC.

Interestingly, Cao and coworkers compared the electron deflection by copper
and sapphire by using two-dimensional deflectometry, in which the electron beam
passes the asymmetric line of the laser propagation direction. In Figure 32(a) are shown
two-dimensional deflectometry traces for copper and sapphire. Also, for convenience
purposes, a schematic illustration of the experimental configuration, laser focal spot

(100 um in diameter), electron beam size (75 um in diameter), thickness of sapphire
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(340 pm), and the position of electron beam (A, 120 pum above the surface and the
center of the excitation laser beam; E(F), 40 um above the surface and 140 pm from the
center of the excitation laser beam), is given in Fig. 32(b). Contrary to one-dimensional
deflectometry measurements taken along the line of the pump laser beam path, the
electric fields outside of the target area are determined by the anisotropic power balance
between the self-expanding electron cloud and residual positive charge confined on the
surface. Thus, the two-dimensional traces of the probe electron beam should contain
more information about the residual positive charges than the one-dimensional traces.
The time to reach the minimum Z component is 20 ps both in the cases of
copper and sapphire. However, the Z component of the probe electron beam remains
nearly constant (around —250 pm) until 480 ps in the case of sapphire, while probe
electron beam immediately changes its Z direction in the case of copper at 20 ps. In the
case of copper, the probe electron beam (E in Fig.32) is deflected nearly perpendicular
to the surface, the Y component of probe electron beam is always positive, and the
amplitude of deflection is larger than that of sapphire. These features are expected when
a purely repulsive force is operative, i.e., deflection is dominated by ejected electrons
and thus the screening in copper is completed. On the contrary, in the case of sapphire,
the amplitude of probe electron beam (F in Fig.32) deflection is smaller than in the case
of copper, and the direction of the Y component is changed from positive to negative at
200 ps. These features are explained in terms of the existence of a lasting positive
charge at the pump laser focal spot that attracts probe electron beam. These observations
led to the conclusion that instantaneous shielding (neutralization) of positive charges on
copper surface occurs, whereas the residual positive charge on sapphire remains within

the excited area for hundreds of picoseconds. Although the interpretation of
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deflectometry is only qualitative, the results offer strong support for the conclusion that
Coulomb repulsion between positive charges is the driving force of ionic fragments

ejection from the sapphire surface.
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Fig. 32. (a) Two-dimensional deflection traces of copper (E, inverted triangles) and
sapphire (F, squares). The traces form counterclockwise loops with increasing time
(copper, 0, 4, 8, 12, 16, 20, 60, 100, 140, 180, 300, 700, 1100, and 1500 ps; sapphire, 0,
4,8, 12, 16, 20, 28, 36, 68, 108, 200, 480, 880, 1280, 1680, and 2080 ps). Reprinted with
permission from Ref. [306]. Copyright 2011 AIP Publishing LLC. (b) Schematic

illustration of experimental configuration.

Sakabe and coworkers utilized the interaction between two electron clouds to
investigate electric field dynamics [307, 309, 310]. A schematic of the time-resolved
electron deflectometry setup is displayed in Fig. 33. The pump laser pulse creates both an
electron cloud, which propagates isotopically, and positive charges confined on the
surface. After a time delay, the probe laser pulse generates another electron cloud close
to the spot where the pump laser pulse was focused. The distance between two laser spots
on aluminum foil of 12 um thick was varied between 30 um and 240 um. Relatively high

intensity laser pulses (800 nm, 200 fs, 4x7 um?, 1x10'® W cm2) were used as either the
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pump or probe. The electrons emitted in the target-normal direction were collected, and
energy-selected electrons (120 keV) were projected to a fluorescent screen by using an
electron lens with high spatial resolution. The image was obtained on a single-shot basis.
The deflection of electron cloud, which is created by probe laser pulse, was determined
from the displacement of the distance between the two electron cloud images from that
between pump laser and probe laser spots. Because the electron clouds are deflected by a
Lorentz force, the distance between two electron images becomes shorter or longer when
the probe electron cloud is deflected by negative or positive charge. Sakabe and
coworkers concluded that the probe electron cloud is deflected by the electron cloud
rather than by the residual positive charge because the distance between two electron

images is always shorter than the distance between two laser focal spots.
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Fig. 33. Schematic of the setup for electron deflectometry. Reprinted with permission

target

from Ref. [310]. Copyright 2012 American Physical Society.

In Figure 34 is shown the deflection of the electron cloud as a function of the
delay time between pump and probe laser pulses. As expected, deflection of the two
electron clouds is maximized when the time delay is zero. The solid lines in Fig. 34
correspond to curves fitted by using an exponential function to estimate the maximum of

electric field and the decay time of the interaction between two electron clouds. In the
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case when the shortest laser spot distance of 30 um is used, deflection of the probe
electron cloud was observed to occur between —1 to 1 ps, and the decay time was
estimated to be 400+50 fs. As the distance between the electron clouds increases, the
decay time becomes longer. These observations clearly indicate that the electric field that
originates from the initially formed electron cloud leaving the sample surface remains
several picoseconds and within several hundreds of micrometers. After the certain period,
the electric field along the sample surface is diminished. The estimated maximum electric
field from Fig. 34 (30 um) at zero delay time is 2x10® V m™!, which is two orders of
magnitude larger than that obtained for silicon surface (probed by electron beam, 3 ps

after the laser excitation) [305].
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Fig. 34. The deflection of electron cloud as a function of the time delay between pump
and probe laser pulses for the different laser spot distances. Reprinted with permission

from Ref. [307]. Copyright 2011 AIP Publishing LLC.

In contrast to deflectometry measurements of metal surface, Sakabe and

coworkers investigated the deflection of a probe electron cloud by the residual positive

charge on polyethylene foil of 10 um thick, which was irradiated by using an ultra-intense
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laser pulse (810 nm, 40 fs, 1.3x10'® W cm™2) [309]. The striking difference of this pump
and probe measurement, compared with that using an aluminum target, is that the ultra-
intense laser was used to irradiate the front side of the polyethylene foil, and the probe
electron cloud was formed on the back side of this foil. Deflection of probe electron beam
arising in this manner showed a trend that is opposite to the one using an aluminum target.
Deflection of probe electron beam in the polyethylene foil case was explained by the
presence of residual positive charge for several hundred picoseconds. The calculated
electric field 2.5 mm away from the laser focal spot was 3.6x10° V. m! [309].

It has been suggested that the Coulomb explosion process is strongly inhibited
in metals because the screening (neutralization) effect dominates when a large number of
free electrons with large mobility are present. The electron deflectometry experiments
carried out on metals support this proposal [306, 307]. However, the results of recent
theoretical calculations indicate that the electric fields generated by the femtosecond laser
pulse excitation exceed the threshold of Coulomb explosion. Those calculations were
presented for aluminum in 2017 (800 nm, 90 fs, 17.7 mJ cm2) [311] and 2014 (800 nm,
90 fs, 28 mJ cm2) [312], copper in 2015 (800 nm, 100 fs, 100400 mJ cm 2) [313] and
in 2013 (0.6, 0.8, 1.0 um, 70 fs, >10' W cm?) [314], gold in 2014 (800 nm, 25 fs, 400
mJ cm?) [312], and silver in 2011 (800 nm, 75 fs) [315]. The electron densities, i.e.,
electric fields, of metals were calculated within the framework of a two-temperature
(electron and lattice) heat transfer and electron continuity function, and by using the
particle-in-cell method schematically described in Fig. 35. The electric field was

calculated by solving the Poisson’s equation.
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Fig. 35. Schematic of the theoretical model used to calculate electric fields induced by
femtosecond laser irradiations. Reprinted with permission from Ref. [312]. Copyright

2014 Elsevier.

Li et al. showed that the electric field strength inside copper reaches the
calculated Coulomb explosion threshold (1x10'® V- m™") at 200 fs (800 nm, 100 fs, 0.3 J
cm 2, evaluated from Fig. 4 of ref. [313]). The electron density reaches a minimum at
about 500 fs and that redistribution of free electron requires about 10 ps [313]. Moreover,
the calculations reproduced the experimentally obtained macroscopic ablation depth
[316] at laser fluences between 0.35 and 0.8 J cm 2. However, a mismatch still exists
below 0.3 J cm™2, where the calculation gives a zero-ablation depth because the electric
field strength is below the Coulomb explosion threshold. This mismatch presumably
originates from the relatively high Coulomb explosion threshold (1x10!° V m™) derived
from cohesive energy, free electron density and permittivity. It should be noted that
Hashida et al. have reported the precise ablation rates of copper for laser fluences between
0.02 J cm 2 and 20 J cm 2 [317]. They have already concluded that Coulomb explosion
of copper is operative at 0.1-1.2 J cm™2 (800 nm, 130 fs) [301].

In summary, we realize that it is not an easy task to discuss the inconsistency of
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the electric field strength obtained experimentally and by using calculations. The
calculated Coulomb explosion threshold is 1x10'° V m™! for both copper [313] and gold
[312]. In contrast, the experimentally reported electric fields are 2x10% V m™! on copper
(30 um away from the laser focal spot probed by electrons at a moment of pump laser
excitation, 1x10'® W cm™2) [307], 3.5x10° V. m ™! on silicon (3 ps after the laser excitation,
5.6 J cm2) [305], and 3.6x10° V. m! on polyethylene foil (2.5 mm away from the laser
focal spot on the back side) [309]. Because of the physical limitations of probe method
such as time and space resolutions, available probe positions relative to the laser focal
spot and sensitivity, consistency between theories and experiments is difficult to achieve
at this moment.

Further, the electric field strength originated from residual positive charges
cannot be investigated in a manner that is independent of emitted electrons because probe
electron beam passes through the expanding electron cloud [305-307]. In the case when
polyethylene foil is utilized, the existence of residual positive charges is determined by
measuring the electric field on the back side of the foil and far away from the laser focal
spot on the front side [309]. The long-range goal of studies in this area is to directly
correlate the real-time imaging of the expansion of cationic species and the evolution of
the electric field generated by the residual positive charges at the pump laser focal spot.
The possibility to realize the deflectometry both with positively [318-320] and negatively
charged probes is low but the results of experiments of this type could provide

complementary results.

5.2. Carbon based materials

At the current time, laser ablation is regarded as an indispensable direct sampling
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method in mass spectrometry [321]. The most utilized ionization process for solid
materials is matrix-assisted laser desorption ionization (MALDI) [322]. Basically,
MALDI is a protonation process instead of electron emission caused by the photoelectric
effect. As a result, the emission of ions by MALDI is strongly dependent on the nature of
the matrix and its preparation procedure. In addition, the difficulty in exploring the
ablation mechanism of solid surface arises from many factors. In the case of analytes
deposited on the substrate surface, heating of substrate is not avoidable when laser
irradiation is employed. For the cases of metals, semiconductors and dielectrics, bond
breaking is required to eject fragments.

The mechanism for ablation of polymers by ultraviolet nanosecond laser pulses
has been discussed in detail. Excellent reviews on polymer ablation were presented in
2003 [323-328]. Several ablation mechanisms such as photochemical, photothermal and
photomechanical (transient pressure) have been proposed for organic solids and polymers.
Detailed time-resolved emission, absorption, interferometric imaging and scattering
studies have been employed to detect intermediates and morphological changes [27].
However, the contribution of strong electrostatic fields generated by intense femtosecond
pulses has not been considered. As described in 5.1, the Coulomb explosion process has
been suggested to be as a strong candidate as a mechanism for ablation of dielectrics and
possibly semiconductors. Therefore, it is natural to believe that Coulomb explosion plays
a role in the ablation of polymers that are typical insulators.

The Coulomb explosion mechanism has been proposed for carbon-based
materials such as graphite and polytetrafluoroethylene (PTFE). Energetic carbon ion
emission has been identified as a clue of Coulomb explosion on graphite (800 nm, 100

fs) [329-331] by Palmer and coworkers, and on PTFE by Hashida et al. (800 nm,
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130-1000 fs, 0.08—40 J cm2) [332]. Figure 36 shows a single-shot TOF spectrum of
graphite (800 nm, 120 fs, 89 mJ cm2) consisted of a prominent C* and C>* peak followed
by those for medium (C2" —C»7") and large (Ci20" —Cse0") size carbon clusters [329]. The
appearance of multiply charged carbon ions from graphite and PTFE [332] indicates the
existence of multiple ionization and electrostatic interactions on the surface.

The ablation of graphite is, however, complicated because this material consists
of covalent bonded planes, which are bound each other by van der Waals forces. Therefore,
large size carbon clusters as graphene flakes are stripped away from the surface, whereas
atomic carbons should be ejected only after covalent C—C bonds are broken [330]. Thus,
both interlayer and interatom Coulombic interactions need to be considered. The former
presumably is simple because ejection could be regarded as two-body or many-body
Coulomb explosion of graphene flakes. However, the wide range of size distributions
makes this analysis impossible. Thus, the ejection behaviors of carbon ions have been the
focus of the studies. The velocities of ejected carbon ions are considerably higher than
those expected to be generated thermally. The mean velocities of carbon ions ejected from
graphite by femtosecond laser pulse (800 nm, 120 fs, 89 mJ cm™') were 26.52x10* and
52.35x10° m s7! for C* and C?", respectively [329]. These values correspond to kinetic
energies of 43.7 and 170 eV, respectively. Furthermore, the ratio of the mean velocity
(moment) of C>* to that of C" (1.97) is consistent with their charge ratio (2). The
coincidence of the velocity (momentum) scaling to the charge ratio is strong evidence for
the occurrence of Coulomb explosion because the velocity of ions is not necessary
dependent on their charges but rather their temperature when thermal ablation process
takes place. In the case of multiple-shot experiments, where identical pump and probe

pulses (800 nm, 100 fs, 100 mJ cm 2) were used, the relative velocities of C*, C**, and
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C3" at zero delay time were 1, 2.03, and 2.97, respectively [331]. These coincidences

support the electrostatic repulsions as a driving force for carbon ion ejection from graphite.

2+
100 C

0 20 0 60
Velozity (103mis)

A B C

Vo

Counts

L

10 100
Time of Flight [us]

Fig. 36. Single-shot time-of-flight spectra of graphite. Inset shows velocity distribution
of C" and C?*. The markers A—D indicate the expected flight time of C27", Ceo™, C120™,
and Csgo", respectively. Reprinted with permission from Ref. [329]. Copyright 2007 AIP

Publishing LLC.

In contrast to metal, semiconductor, dielectrics, polymers and graphite, the
binding energy of molecular aggregates is negligibly smaller than Coulomb repulsion
energy between cations. Therefore, the comparison of the same molecules in different
forms such as isolated, clusters, crystals, and powders will provide straightforward
information about the contribution of electrostatic mechanism in laser ablation processes.
As a result, we compare the results of studies with isolated (1.4 pum, 130 fs, 2x10'3 —
2x10™ W em?) [333] and crystalline (1.4 pm, 56 fs, 5x10'2 — 2x10'* W cm2) [334]
anthracene exposed to intense femtosecond laser pulses, and anthracene clusters exposed
to the energetic projectiles (Xe***, 360 keV) [129]. In the case of isolated anthracene, the

triply charged molecular cation is formed with little fragmentation by using a
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femtosecond laser pulses (Fig. 37). Because isolated anthracene is also multiply ionized
by collision with energetic Xe?* [129], it is expected that MMCs should be formed
initially in an anthracene cluster. However, the absence of MMCs of anthracene in the

case of clusters after the interactions with Xe?*"

is clearly seen (Fig. 38). Instead,
hydrocarbon fragments, a molecular cation, and n-mer cations (n = 1-5, not shown, please
refer Fig.3 in Ref [129]) are formed. In the case of crystalline anthracene, H", C" and
molecular cation are generated at low laser intensities (Fig. 39 (a)). As the laser intensity

increases, MMCs are not seen but rather hydrocarbon fragment ions and dimer and trimer

cations are observed (Fig. 39(b)).
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Fig. 37. The mass spectra of isolated anthracene in the gas phase ionized by a 1.4 pm
pulse at (a) 5.0 x 101> Wem ™2, (b) 3.4 x 10" W em ™2, and (c) 1.8 x 10'* W cm 2. Symbol
M?* indicates the zth charged molecular ion, and Cs" indicates CeHn™ (n = 2,3,4).

Reprinted with permission from Ref. [333]. Copyright 2005 Elsevier.
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Fig. 39. The mass spectra of crystalline anthracene ionized with 1.4-um pulses at (a) 4.5
x 10'2 and (b) 10 x 10'> W cm 2. The base signal was not subtracted. M*, M>", and Ms3"
denote the monomer, dimer, and trimer of molecular ions, respectively. Adapted with

permission from Ref. [334]. Copyright 2009 American Chemical Society.

The comparison of fullerene ionization behavior by using femtosecond laser
pulses and isolated and power forms is also possible. As discussed in section 2.2, isolated
fullerene is charged up to +12, while C*, the molecular, dimer and trimer cations, and
fragment ions were observed for solid fullerene (1.4 pm, 58 fs, 4.7x10'2 — 1.3x10"* W

cm 2) [335]. Evidently, laser pulse irradiation of isolated molecule results in the formation
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of intact MMCs, while irradiation of its aggregated form results in a singly charged
molecular cation and its fragment ions. However, molecules in clusters and crystals
should initially be multiply ionized because a sufficient laser intensity as well as
projectiles with sufficient energy have been used to promote multiple ionization.
Therefore, it is concluded that efficient charge redistribution results in the production of
molecular cation radicals in microcrystals, powers and clusters. Because the density of
molecular cation radicals is high, they repel each other by Coulomb force in clusters,
whereas they react with neutral surroundings in microcrystals and powders. As a
consequence, reduction of cluster size and the ejection of aggregated cations from

microcrystal and powders is observed.

6. Summary and perspectives

Chemical bond dissociations are classified as being homolytic (radical) or
heterolytic (ionic) cleavages, in which electrons participating in chemical bond are
equally or unequally redistributed in the dissociated pair resulting in neutral radicals or
an ion pair. In contrast to those simple reactions, inherently destructive and repulsive
nature makes Coulomb explosion of multiply charged species one of the most extreme
fragmentation process in chemistry. Nowadays, multiple ionization is a common process
that can be promoted by using conventional femtosecond lasers. The facile ability to
produce multiply charged species has the potential of enabling the development of new
research areas. Owing to their high electron affinity as well as high potential energy, intact
multiply charged molecular cations are potential candidates for the next frontier of
reactive species. In addition, the high density of electronic states with various spin

multiplicities, and charge-dependent reactions, make multiply charged molecular cations
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interesting from both a fundamental and applied scientific perspectives.

The usefulness of multiply charged molecular cations is clearly demonstrated in
the success of Coulomb explosion imaging. Coincidence measurements on Coulomb
explosions, occurring on multiply charged molecular cations whose repulsion energy well
exceeds bond dissociation energies, can be used to determine three-dimensional momenta
of fragment ions that can be utilized to reconstruct the molecular structure at the moment
of Coulomb explosion. As showcased in this review, significant progress has been made
during the past few years in utilizing Coulomb explosion imaging in proof-of-principle
demonstrations of molecular structure identifications. Recently, faster and more accurate
Coulomb explosion imaging has become possible by using X-ray free electron lasers
because in this case the production and dissociation of multiply charged molecular cations
is enhanced by inner shell excitation followed by Auger decay. It should be emphasized
that the time-resolved Coulomb explosion imaging is an indispensable tool to investigate
the ultrafast chemical reaction dynamics of molecules like other developing techniques
[54, 336].

In contrast to the studies of Coulomb explosion in the gas phase, Coulomb
explosion of solids such as metals, dielectrics, semiconductors, polymers and molecular
aggregates has been regarded as having minor importance. However, recent time-resolved
studies of electric fields have shed light on the origin of the driving force behind ablation
processes on solids. It is evident that positive charge exists on the dielectric and polymer
surface more than hundreds of picoseconds after femtosecond laser irradiation. Although
the majority of ablation has a thermal origin, the occurrence of Coulomb explosion at
least in dielectrics and polymers is an issue that should not be ignored. Further

investigation about the correlation between the surface charging and cationic species
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ejections will provide fruitful information about the ablation mechanism of solid surface.
Furthermore, comparing the ionization behavior of isolated molecules, van der Waals
dimers, clusters and aggregates will provide straightforward information about

contributions of the electrostatic mechanism to laser ablation of insulators.
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