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Abstract: Coulomb explosion experiments using linearly polarized intense 60 fs laser pulses were con-
ducted for structural characterization of three dichloroethylene (DCE) isomers, 1,1-DCE,
cis-1,2-DCE, and trans-1,2-DCE. Under relatively low laser intensity at 1.8 × 1014 W/cm2, mass-
resolved momentum imaging (MRMI) for selected fragment ions of 35Cl+ and C2+ revealed different
patterns for the three isomers. The C2+ ion fragmented from multiply charged trans-1,2-DCE was
forced to leave perpendicularly to the direction of the laser polarization, due to recoil forces from
adjacent cations. In contrast, the fast ions of C2+ from cis-1,2-DCE exhibited an isotropic distribution,
whereas the fast ions of C2+ from 1,1-DCE recoiled along the laser polarization together with the slow
C2+ ions, and thereby distinction of the three isomers was demonstrated. Coulomb explosion occurs
predominantly at specific orientation, which is useful for potential applications of MRMI analysis to
molecular structure assays.

Keywords: dichloroethylene isomers; femtosecond laser; coulomb explosion; mass-resolved momen-
tum imaging; molecular structure assay

1. Introduction

Coulomb explosion is a molecular process in a multiply charged ion, resulting in
explosive release of fragment ions by their Coulomb repulsion. Tracing back trajectories of
the fragment ions, molecular structure of the nascent parent ion can be reconstructed to
understand the structure and dynamics of the multiply charged ion. Coulomb explosion
imaging (CEI) is a technique pioneered by Naaman and co-workers to study geometric
structures of small molecules, where valence electrons are stripped off from a projectile
ion by a thin foil of gold [1]. This technique has been developed to identify each of the
chiral pair of epoxide molecules [2]. Momentum analysis of fragment ions by CEI has
been applied by introducing intense ultrafast laser pulses for ionization [3–10]. Thus far,
applications are found for small molecules such as water vapor molecules, H2O [3] and
D2O [4], sulfur dioxide, SO2 [4], carbon disulfide, CS2 [5], dichloromethane, CH2Cl2 [6],
and weakly bound clusters of N2Ar, O2Ar, and O2Xe [7]. This has been extended to
relatively large molecules of 3,5-dibromo-3′,5′-difluoro-4′-cyanobiphenyl [8] and group-6
metal hexacarbonyls, Cr(CO)6, Mo(CO)6, and W(CO)6 [9].

Structural characterization of reactive chemical species such as atomic clusters and
reaction intermediates has long been a central subject in chemistry, where fragility and
reactivity have thwarted attempts to make a crystalline form necessary for the X-ray
diffraction analysis to identify definite molecular structures [11,12]. As a recent example, we
refer to a series of photo-sensitive sp-conjugated polyyne-iodine adducts, C2nH2I6 (n = 5–9),
which have been identified only in solutions by UV–VIS absorption, 13C-NMR, and infrared
absorption (FTIR) spectroscopy [13–15]. Despite the analysis of chemical shifts [13] and
vibrational-mode frequencies [14], positions of six iodine atoms in the molecular adduct,
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namely, the molecular structure, could not be located unequivocally on the experimental
bases. Recently, an sp-hybridized carbon molecule of diiodediacetylene, I(C≡C)2I, has
been studied by Coulomb explosion experiments to find anisotropic angular distribution
of fragment ions [16]. The experimental results imply that Coulomb explosion experiments
would be able to characterize the structure of such fragile or reactive molecules, if they
could be introduced into a high vacuum. For the investigation of molecular structures in
such complexes as organic halogen adducts, we focus herein on the gas phase experiment
utilizing mass-resolved momentum imaging (MRMI) for fragment ions generated upon
Coulomb explosion.

Characterization of isomeric forms in a molecular species is one of the challenging
issues in Coulomb explosion experiments [17–25]. Thus far, distinction of enantiomers
of CHBrClF and CF3CHBrCl has been reported [17–19]. Instantaneous chirality induced
by zero-point vibrations has been observed for a symmetric molecule of CD4 [20]. For
structural isomers, distinction of 2,6- and 3,5-difluoroiodobenzene isomers has been demon-
strated [21]. Recently, laser-induced alignment has been combined with CEI for determi-
nation of enantiomeric state of an axially chiral molecule (3,5-dibromo-3′,5′-diflouro-4′-
cyanobiphenyl molecule) [22], and identification of difluoroiodobenzene isomers [23] and
dihydroxybromobenzene isomers [23]. Yatsuhashi et al. conducted Coulomb explosion
experiments on the isomers of dichloroethylene (DCE) C2H2Cl2, namely, 1,1-DCE, cis-1,2-
DCE, and trans-1,2-DCE, using linearly polarized intense femtosecond laser pulses [24].
From dissimilarity observed for angular distributions of fragment ions, e.g., 35Cly+ (y = 1,2),
12Cz+ (z = 2,3), and H+, the authors concluded that trans-1,2-DCE was clearly distinguishable
from the other two [24]. Additionally, for a similar species of dibromoethylene C2H2Br2, the
cis-1,2 and trans-1,2 isomers have been identified with X-ray-induced Coulomb explosion,
but the 1,1-isomer has not been treated [25]. In order to complete a protocol for discrimina-
tion of all the three isomers in DCE, an additional tool is necessary for distinction between
the two isomers, cis-1,2-DCE and 1,1-DCE.

In this work, three isomers of DCE were examined by the momentum imaging for
fragment ions, on the basis of new experimental data from laser-induced Coulomb explo-
sion. In addition to a similar laser-intensity condition to the previous experiments [24],
1.7 × 1015 W/cm2 (1.7 PW/cm2), we studied a condition of an order-of-magnitude-lower
intensity, 1.8 × 1014 W/cm2 (0.18 PW/cm2), where saturation of ionization is avoided
whereas the high degree of geometrical alignment is maintained. MRMI, i.e., simultaneous
mapping of angular and velocity distributions for fragment ions [26–28], is demonstrated
to be a powerful tool for identification of the three isomers of DCE.

2. Experiment and Analysis
2.1. Measurement of Time-of-Flight (TOF) Spectra

Figure 1 shows a schematic diagram of the experimental setup. Linearly polar-
ized femtosecond laser pulses (pulse width ~60 fs, wavelength ~795 nm, pulse energy
~3 mJ/pulse) from a Ti:sapphire laser system (Thales α10US-A, France) at a repetition rate
of 10 Hz were led through the neutral density (ND) filter to adjust the pulse energy, and
focused in a vacuum chamber by using a plano-convex lens (f = 254 mm at 785 nm). The
laser intensity at the focus was estimated on the basis of drift momentum of D2

+ produced
by ionization of gaseous D2 molecules in a circularly polarized laser field [29,30].
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Figure 1. Schematic diagram of the experimental setup; MCP, micro-channel plate; GND, ground
electrode; EXT, extracting electrode with a slit; RPL, repelling electrode; ND, neutral density filter;
TMP, turbo molecular pump.

Commercially available reagents, 1,1-DCE (Aldrich, 99%, Tokyo, Japan), cis-1,2-DCE
(Wako Chemicals, 99.0%, Tokyo, Japan), and trans-1,2-DCE (Aldrich, 98%, Tokyo, Japan),
were degassed by repeated freeze–thaw cycles. The vapor molecules were introduced into
the vacuum chamber through a pulsed valve (Parker Hight-Speed Pulse Valve, Series 9,
USA). To avoid negative effects on the momentum images due to clustering and space
charge effects, the backing pressure of the pulsed valve was kept below 1.3 × 103 Pa. The
pressure in the vacuum chamber was below 8 × 10−5 Pa throughout the experiments. The
present condition has no relevance to filamentation or plasma-induced terahertz radiation
at relatively high pressure [31].

Photoinduced ions at the laser focus were extracted in an electric field of 0.2 kV/cm,
then accelerated in the second electric field of 1.9 kV/cm with a standard Wiley–McLaren-
type mass spectrometer [32]. In order to avoid concomitant detection of excess ions
produced in front of and behind the laser focus, a slit of 0.5 mm was placed on the extraction
electrode (EXT) [24]. The ions passing through the slit were mass-separated during the
travel through a field-free region of 1.5 m, and detected by a micro-channel-plate detector
(MCP, Jordan C-0701, ϕ 18 mm). The signal was averaged for 1000 laser shots by using a
digitizing oscilloscope (LeCroy WaveRunner 104Xi-A, 1 GHz, USA).

For a limited surface area on the MCP detector, only a part of the ions exploding
forward and backward to the detector was counted as signals. Taking the detection
geometry into account, the ion intensity was plotted as a function of angle θ between
the direction of the laser polarization and the direction of the flight axis toward the MCP
detector (see the inset in Figure 1) to obtain the angular distribution of fragment ions.

2.2. Analysis

The polarization angle of the linearly polarized laser field was rotated from θ = 0◦

to 90◦ by an interval of 5◦ using a zeroth-order half-wave plate mounted on a motorized
rotary stage (Thorlabs PRM1/MZ8E, USA). A series of time-of-flight (TOF) spectra were
recorded by changing the polarization angle, from which the angular distribution was
deduced for two fragment ions of 35Cl+ and C2+.

Using the same set of TOF spectra, the momentum image (MRMI) was constructed [26–28].
Equation (1) represents the relation between the displacement of flight times, ∆t, from
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the central position of a peak in the TOF spectrum (p// = 0) for a fragment ion and the
momentum due to Coulomb explosion, p//, in parallel with the flight axis. Transformation
from the TOF spectrum to the momentum distribution was performed by Equation (1):

p// = qF∆t, (1)

where q denotes the charge of the fragment ion and F the strength of the extraction electric
field [28]. Momentum distributions thus calculated were plotted as a function of the laser
polarization angle to obtain a contour map, representing both the angular distribution and
the velocity distribution in a single 2D image. To obtain better statistics, the distributions in
the positive and negative momentum ranges are averaged and plotted in the first quadrant
in the MRMI map. On the basis of the symmetry with respect to the laser polarization
direction, the momentum distributions in the three other quadrants are the same as that in
the first quadrant.

3. Results
3.1. TOF Spectra

Figure 2 shows TOF spectra for three isomers of DCE under the low-laser-intensity
condition, 1.8 × 1014 W/cm2. Laser polarization is set perpendicular to the flight axis. Each
spectrum is normalized to the peak intensity of the ion signal for C2H2

35Cl2+ (m/z 96).
Major peaks commonly observed for the three isomers are C2H2Cl2+ (m/z 96, 98, 100),
C2H2Cl+ (m/z 61, 63), C2HCl+ (m/z 60, 62), C2H2Cl22+ (m/z 48, 49, 50), and C2H2

+ (m/z 26).
Minor but important peaks are noted for atomic ions of Cl+ (m/z 35, 37), C+ (m/z 12), C2+

(m/z 6), and H+ (m/z 1).
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Figure 2. TOF mass spectra of dichloroethylene isomers obtained at the laser intensity of
1.8 × 1014 W/cm2. Inset spectra show detailed profiles for C2+ and 35Cl+. Traces in black corre-
spond to laser polarization perpendicular to the flight axis, while traces in red parallel to the flight
axis. Peaks with daggers are due to impurities: water (m/z 18) and acetone (m/z 58). Molecular
structures are depicted for the three dichloroethylene isomers; Carbon atoms in gray, hydrogen atoms
in light blue, and chlorine atoms in green.
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Inset spectra in Figure 2 depict split TOF profiles for C2+ and 35Cl+ as a result of
Coulomb explosion. In a multiply charged molecular ion, nascent ionic fragments recoil
to each other by repulsive forces to leave the center of mass of the molecular framework,
acquiring additional velocity components. Deviation, ∆t, from the center of symmetry of
the TOF peak profile is proportional to the magnitude of parallel momentum, p//, forward
or backward with respect to the direction toward the MCP detector (See Equation (1) for
the relation between the magnitude of momentum and the splitting). Traces in red are the
spectra with laser polarization parallel to the flight axis. A split pair of peaks for 35Cl+ is
commonly observed for the three isomers of DCE, as seen in traces in red in Figure 2a–c.
Black traces of 35Cl+, for which laser polarization is perpendicular to the extraction electric
field show smaller splitting in Figure 2a,b or no split component in Figure 2c. The smaller
the splitting, the slower the velocity acquired from the Coulomb explosion.

For two selected ion signals of 35Cl+ (m/z 35) and C2+ (m/z 6), angular distributions
are obtained from a series of the TOF data measured in the present work and compared
with those in the preceding work [24]. Concerning the signal at m/z 12 mainly of C+,
possibilities of overlapping signals of doubly charged carbon dimer ions of C2

2+, and triply
charged chlorine ions of 35Cl3+ (m/z 11.7) and 37Cl3+ (m/z 12.3) cannot be ruled out. Thus,
we choose C2+ rather than C+.

3.2. Angular Distribution
35Cl+: Angular distributions of 35Cl+ generated upon Coulomb explosion are shown

in Figure 3 for three isomers of DCE. At a glance, trans-1,2-DCE can be easily identified
by its little intensity in the direction of ±90◦ both under the high- (Figure 3c) and low-
(Figure 3f) laser-intensity conditions. In contrast, it seems to be difficult to distinguish
1,1-DCE (Figure 3a,d) from cis-1,2-DCE (Figure 3b,e). At this point, the situation has not
been very much improved for identification of the isomers. Our new experimental data on
35Cl+ in Figure 3 merely reproduce the reported angular distributions [24].
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Figure 3. Angular distributions of 35Cl+ generated from 1,1-DCE (a,d), cis-1,2-DCE (b,e), and
trans-1,2-DCE (c,f). Laser intensities are 1.7 × 1015 W/cm2 for (a–c) and 1.8 × 1014 W/cm2 for
(d–f). The vertical arrows represent the direction of laser polarization.

In more detail, under the high-laser-intensity condition in Figure 3a–c, 1,1-DCE
(Figure 3a) exhibits non-vanishing components in all directions, larger by a factor of
~1.5 in 0◦ (parallel) than in ±90◦ (perpendicular). Similar distribution is observed for
cis-1,2-DCE (3b). A qualitative difference is noted for trans-1,2-DCE (Figure 3c), exhibiting
an anisotropic distribution with a strong parallel component at 0◦ and no perpendicular
component at ±90◦, indicating that the 35Cl+ ion in trans-1,2-DCE is ejected solely along
the direction parallel to the laser polarization.

The characteristic feature under the high-laser-intensity condition is found also under
the low-laser-intensity condition in Figure 3d–f. Two isomers, 1,1-DCE (Figure 3d) and
cis-1,2-DCE (Figure 3e), exhibit oval distribution, having a slightly larger component in
the parallel direction at 0◦. In contrast, trans-1,2-DCE (Figure 3f) exhibits again a distinctly
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different distribution from the other two isomers. The predominating distribution at 0◦

with little component at±90◦ for 35Cl+ (Figure 3f) is similar to that observed under the high-
laser-intensity condition (Figure 3c). From the angular distribution of 35Cl+, trans-1,2-DCE
can be identified, but discrimination between 1,1-DCE and cis-1,2-DCE remains difficult.

C2+: Under the high-laser-intensity condition at 1.7× 1015 W/cm2 in Figure 4, angular
distributions of C2+ for 1,1-DCE (Figure 4a) and cis-1,2-DCE (Figure 4b) resemble each
other, i.e., a larger component in 0◦ (parallel), whereas isotropic distribution is noted for
trans-1,2-DCE (Figure 4c). According to the preceding work, trans-1,2-DCE releases more
C2+ ions into the direction perpendicular to the laser polarization under the moderate
laser intensity at 1.3 × 1015 W/cm2, whereas an isotropic distribution is seen under the
extremely high laser intensity at 2.2× 1015 W/cm2 [24]. The present experimental condition,
1.7 × 1015 W/cm2, falls in-between the two conditions in the literature [24], and our result
is close to the latter extremity, as shown in Figure 3c.
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It is noted that the angular distribution of C2+ for trans-1,2-DCE changes dramatically
by lowering the laser intensity to 1.8 × 1014 W/cm2. In Figure 4f, C2+ ions are emitted
mostly in the direction perpendicular to the laser polarization at the angle of±90◦ and little
emission is seen in the parallel direction at 0◦. Even under the condition at the low laser
intensity, a difference is not noticeable in Figure 4d,e. Thus, discrimination of the isomers
between 1,1-DCE and cis-1,2-DCE is impossible from the angular distribution of the C2+

fragment ion.

3.3. Momentum Image
35Cl+: Using the series of the TOF data used for Figures 3 and 4, MRMI analysis is

performed for 35Cl+ and C2+. Since the TOF signals of 35Cl+ and C2+ are well-separated from
those of the other ionic species, clean momentum images are obtained. Momentum images
of 35Cl+ are presented in Figure 5. In addition to the angular distribution of momentum,
the magnitude of momentum for the leaving ion is represented by distance from the origin,
i.e., faster at the outer rim and slower around the center. The contour plot stands for the
population of ions having a specific direction and a specific velocity. Independently on
the laser intensity, two components are discernible in the momentum images for 1,1-DCE
(Figure 5a,d) and cis-1,2-DCE (Figure 5b,e), i.e., one for the fast ions traveling forward or
backward along the laser polarization, which appear as a split pair of spots at the upper
and lower parts of the image, and the other for the slow ions spreading around the center
of the image. Therefore, the momentum image of 35Cl+ is not sufficient to distinguish
1,1-DCE and cis-1,2-DCE. In the momentum images for trans-1,2-DCE (Figure 5c,f), only
the component of fast ions is discernible along the parallel laser polarization without any
slow component.
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C2+: Using momentum images of C2+ in Figure 6, appreciable difference between two
isomers of 1,1-DCE and cis-1,2-DCE is noticed. The image of C2+ for 1,1-DCE (Figure 6a)
under the high-laser-intensity condition at 1.7 × 1015 W/cm2 contains at least two groups
of ions, i.e., a group of fast ions slightly polarized in parallel with laser polarization and a
group of slow ions locating near the center of the image, as is seen more clearly under the
low laser intensity condition in Figure 6d. On the other hand, for cis-1,2-DCE (Figure 6b)
and trans-1,2-DCE (Figure 6c), a single component of rather isotropic angular distribution
is conspicuous, demonstrating a visible difference between 1,1-DCE (Figure 6a) and the cis
(Figure 6b) and trans (Figure 6c) isomers of 1,2-DCE.

At the appropriately low laser intensity, namely, 1.8 × 1014 W/cm2, momentum
images for the three isomers in DCE clearly show different patterns as shown in Figure 6d–f.
First, the image of C2+ for 1,1-DCE (Figure 6d) shows again the groups of fast and slow
ions. Second, the image for cis-1,2-DCE (Figure 6e) shows a single velocity component
of fast ions whose angular distribution is almost isotropic and slightly polarized in the
direction along the laser polarization. Finally, a drastic change is noted in the image of C2+

for trans-1,2-DCE (Figure 6f). The single velocity component of fast ions in Figure 6f directs
perpendicularly to the laser polarization, exhibiting a sharp contrast to the observation of
the isotropic distribution in the high laser-intensity counterpart in Figure 6c.

The magnitude of the momentum, 2.0 × 105 u m/s, for trans-1,2-DCE at the pair
of spots with maximum population in Figure 6f, is appreciably smaller than that in
Figure 6c, 2.7 × 105 u m/s. This implies that the total charge number of the cation is
smaller and/or that enhanced ionization at a deformed molecular structure [33,34] takes
place predominantly at the low-laser-intensity condition.
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Using the momentum image of the C2+, it is possible to discern the structural isomer
of 1,1-DCE from the cis and trans isomers of 1,2-DCE, even under the relatively high-
laser-intensity condition. Furthermore, by lowering the laser intensity, in addition to
the 1,1-DCE isomer, the pair of cis and trans isomers of 1,2-DCE can be distinguished by
differently polarized emission of C2+, i.e., isotropic but slightly polarized in parallel with
the laser polarization for cis-1,2-DCE and perpendicularly polarized emission of C2+ from
trans-1,2-DCE, as evidenced by the series of momentum images in Figure 6d–f. Under the
laser intensity at 1.8 × 1014 W/cm2, it is demonstrated that all the three isomers in DCE
can be identified by the momentum images of the C2+ fragment ion.

4. Discussion

The laser polarization can select molecules at specific orientation upon ionization
with a short laser pulse, whereby only a fraction of molecules is preferentially ionized
into multiply charged ions for Coulomb explosion. In this case, the angular distribution
of fragment ions reflects intrinsic anisotropy of the parent molecule. This selection of
molecular geometrical alignment, or the idea of a preferential ionization axis, was proposed
for DCE isomers [24,35,36]. Geometrical alignment is determined by orientation-dependent
probability of ionization, which primarily depends on the shape of the outer edge of a
molecular orbital with respect to the laser polarization [37,38]. However, in the case of
multiple ionization, it is difficult to identify which orbitals are contributing. Furthermore,
when the chemical bond can be elongated to possibly twice the bond length for the equi-
librium geometry in the neutral ground state within the exposure time of an intense laser
pulse, probability of multiple ionization is significantly enhanced at an alignment angle in
which the chemical bond is parallel to the laser electric field [39]. In addition, dynamical
alignment by the interaction between the induced dipole moment and the laser electric
field influences significantly the angular distribution of the recoiled fragment ions [40–43].

Here, we discuss the momentum distribution of fragment ions of DCE isomers on
the basis of the specific molecular orientation upon ionization. We simply assume that
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the molecules whose most polarizable axis is oriented along the laser polarization are
preferentially ionized into multiply charged ions. Anisotropic nature of polarizability of
a molecule is represented by a tensor property. The six components of the polarizability
tensor, α, are diagonalized to three orthogonal components along the principal axes of the
ellipsoid. For a molecule of DCE isomers, two of them along the molecular plane, αxx and
αyy, have characteristic values of 42–82 in the unit of cubic Bohr radius, a0

3, whereas the
other component perpendicular to the molecular plane, αzz, is smaller than the two, having
a value of ~33.7 commonly for the three DCE isomers [44]. In this work, the principal axis
of the largest polarizability among the three components is defined as the most polarizable
axis of the target molecule, which is indicated by the solid red arrow in each of Figure 7a–c.

Photochem 2022, 2, FOR PEER REVIEW 9 of 12 
 

 

molecules whose most polarizable axis is oriented along the laser polarization are prefer-
entially ionized into multiply charged ions. Anisotropic nature of polarizability of a mol-
ecule is represented by a tensor property. The six components of the polarizability tensor, 
α, are diagonalized to three orthogonal components along the principal axes of the ellip-
soid. For a molecule of DCE isomers, two of them along the molecular plane, αxx and αyy, 
have characteristic values of 42–82 in the unit of cubic Bohr radius, a03, whereas the other 
component perpendicular to the molecular plane, αzz, is smaller than the two, having a 
value of ~33.7 commonly for the three DCE isomers [44]. In this work, the principal axis 
of the largest polarizability among the three components is defined as the most polarizable 
axis of the target molecule, which is indicated by the solid red arrow in each of Figure 7a–
c. 

 
Figure 7. The largest component of polarizability along the principal axis (red arrow) evaluated for 
(a) 1,1-DCE, (b) cis-1,2-DCE, and (c) trans-1,2-DCE isomers by density functional theory calculations 
[44]. 

4.1. Momentum Distribution of 35Cl+ 
Having the momentum parallel to the laser polarization, the fast component of the 

fragment ion, Cl+, commonly observed for the three isomers of DCE, is released upon ion-
ization of the molecule aligned along the relevant C–Cl bond. Since the leaving Cl+ ion is 
located at an edge of the molecular framework, the nascent molecular ion of minimum 
charges for Coulomb explosion is Cl+-(C2H2Cl)+. The slow component of the fragment ion, 
Cl+, observed for 1,1-DCE in Figure 5a,d and for cis-1,2-DCE in Figure 5b,e is possibly a 
superposition of Cl+ signals from singly charged molecular ions, Cl+-C2H2Cl. The parallel 
release of the fast Cl+ ions to the laser polarization might have relevance to the most po-
larizable axis for cis-1,2-DCE in Figure 7b and for trans-1,2-DCE in Figure 7c (solid arrows 
in red). However, the close resemblance of split patterns in Figure 5a–f rather indicates a 
common mechanism where the molecule aligned with its C–Cl bond axis parallel to the 
laser axis is preferentially ionized into the least multiply charged repulsive pair of ions, 
C+ and Cl+, for Coulomb explosion. This molecular geometrical alignment along the C–Cl 
bond is compatible qualitatively with the ionization axis discussed previously [24]. 

4.2. Momentum Distribution of C2+ 
For the doubly charged fragment ion, C2+, more than three charges, >+3e, are expected 

for the molecular ion. The momentum images of C2+ show appreciable differences be-
tween 1,1-DCE (Figure 6a,d) and cis-1,2-DCE (Figure 6b,e), which are explainable by the 
difference in relative positions of carbon atoms in a molecule. In 1,1-DCE, one carbon atom 
is bonded to two chlorine atoms and the other is located away from the chlorine atoms. 
The former, locating close to the molecular center of mass, contributes to the isotropic low-
velocity (slow) component, and the latter, located at the edge of a molecule, contributes to 
the anisotropic high-velocity (fast) component. As a result, two types of components 
emerge in the momentum image in Figure 6a,d. In cis-1,2-DCE, each of the two carbon 

Figure 7. The largest component of polarizability along the principal axis (red arrow) evaluated for (a)
1,1-DCE, (b) cis-1,2-DCE, and (c) trans-1,2-DCE isomers by density functional theory calculations [44].

4.1. Momentum Distribution of 35Cl+

Having the momentum parallel to the laser polarization, the fast component of the
fragment ion, Cl+, commonly observed for the three isomers of DCE, is released upon
ionization of the molecule aligned along the relevant C–Cl bond. Since the leaving Cl+ ion
is located at an edge of the molecular framework, the nascent molecular ion of minimum
charges for Coulomb explosion is Cl+-(C2H2Cl)+. The slow component of the fragment ion,
Cl+, observed for 1,1-DCE in Figure 5a,d and for cis-1,2-DCE in Figure 5b,e is possibly a
superposition of Cl+ signals from singly charged molecular ions, Cl+-C2H2Cl. The parallel
release of the fast Cl+ ions to the laser polarization might have relevance to the most
polarizable axis for cis-1,2-DCE in Figure 7b and for trans-1,2-DCE in Figure 7c (solid arrows
in red). However, the close resemblance of split patterns in Figure 5a–f rather indicates a
common mechanism where the molecule aligned with its C–Cl bond axis parallel to the
laser axis is preferentially ionized into the least multiply charged repulsive pair of ions, C+

and Cl+, for Coulomb explosion. This molecular geometrical alignment along the C–Cl
bond is compatible qualitatively with the ionization axis discussed previously [24].

4.2. Momentum Distribution of C2+

For the doubly charged fragment ion, C2+, more than three charges, >+3e, are expected
for the molecular ion. The momentum images of C2+ show appreciable differences between
1,1-DCE (Figure 6a,d) and cis-1,2-DCE (Figure 6b,e), which are explainable by the difference
in relative positions of carbon atoms in a molecule. In 1,1-DCE, one carbon atom is bonded
to two chlorine atoms and the other is located away from the chlorine atoms. The former,
locating close to the molecular center of mass, contributes to the isotropic low-velocity
(slow) component, and the latter, located at the edge of a molecule, contributes to the
anisotropic high-velocity (fast) component. As a result, two types of components emerge
in the momentum image in Figure 6a,d. In cis-1,2-DCE, each of the two carbon atoms is
bonded to one chlorine atom and both are equivalent in a molecule, and thus the majority of
C2+ fragment ions from cis-1,2-DCE constitute a single-velocity component in Figure 6b,e.
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The momentum image of C2+ for trans-1,2-DCE in Figure 6f at the low-laser-intensity
condition shows a pattern extending in the direction perpendicular to the laser polarization.
This makes a sharp contrast to those of C2+ for the other two isomers in Figure 6d,e, which
extend more or less in parallel with the direction of laser polarization. To cause C2+ to
be Coulomb-exploded, at least one counter cation, namely, a carbon or chlorine ion, is
necessary. Regardless of which ion is the counterpart, the repulsive force will point in a
direction rather parallel to the laser polarization, considering the stable structure shown
in Figure 7c. However, heavy chlorine nuclei locating along the most polarizable axis
force the C2+ ion to leave more or less perpendicularly to the axis of laser polarization.
The Cl nuclei move slower than the C2+ ion because the mass of Cl (m = 35 or 37) is
roughly three times heavier than that of 12C. Thus, the Cl nuclei stay longer near the
molecular center of mass, preventing the C2+ from leaving in the direction parallel to
the laser polarization. The disturbance by Cl nuclei will cause the trajectory of C2+ to be
bent, resulting in deviation from the expected momentum distribution on the basis of the
initial geometrical structure. The structural deformation also causes deviated momentum
distribution [33,34]. Nevertheless, the initial acceleration determines overall properties of
the Coulomb explosion event.

4.3. Molecular Structure Assay

The momentum image of 35Cl+ fragment ions obtained in the present work represents
molecular geometrical alignment along the C–Cl bond of the molecule. Moreover, the
momentum image of C2+ reflects the relative position of multiply charged fragment ions
in a highly charged molecule. A key feature to be noted is to conduct experiments under
the condition at the lowest possible laser intensity, as long as sufficient signal counts of
fragment ions formed by Coulomb explosion are detectable, where the number of ionization
channels is reduced and the intrinsic anisotropy is maximized in MRMI. Ultra-short laser
pulses, <10 fs, would be advantageous to surmise a molecular structure from MRMI
by avoiding extensive deformation [3–6,33,34], enhanced ionization [39], and dynamical
alignment [40–43] of molecules prior to Coulomb explosion. A combination of MRMI with
laser-induced alignment might be helpful for applying this method for other molecules
and/or to determine molecular structure more precisely, as shown previously [22,23].
Although one should relent on locating the position of hydrogen atoms in a molecule
because of their migration being inevitably large [45–47], it will not be a serious problem as
it can be reasonably guessed from the position of heavier atoms.

5. Conclusions

According to the different momentum distributions of 35Cl+, trans-1,2-DCE was easily
discriminated from the other two. Moreover, the momentum image of C2+ enabled us to
identify all the three isomers by intensifying the difference in anisotropic distributions
between the pair of structural isomers, cis-1,2-DCE and 1,1-DCE. Mass-resolved momentum
imaging, MRMI, was demonstrated to reflect the difference in the location of constituent
atoms in a molecule. This, in turn, implies a potential application of MRMI to acquiring
information that enables one to reconstruct the relative position of constituent atoms in
a molecule, namely, the molecular structure. The analysis of MRMI can be exploited to
guess unknown structures of molecular species as long as their chemical compositions
are known.
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