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Two-body dissociation processes of H2C@CH–CH@CH2þ
2 induced by an intense laser field were investi-

gated by the coincidence momentum imaging method. Four dissociation pathways, C4H2þ
6 ? CH2

+ +
C3Hþ4 , C4H2þ

6 ? CH3
+ + C3Hþ3 , C4H2þ

6 ? C2Hþ3 + C2Hþ3 and C4H2þ
6 ? C2Hþ2 + C2Hþ4 , were identified. The exis-

tence of the second and fourth pathways can be regarded as evidences of the chemical bond rearrange-
ment processes associated with hydrogen migration in the intense laser field. It was found that the
hydrogen atom bonded originally to one of the two central carbon atoms migrates preferentially to its
neighboring terminal carbon atom site.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

During the last several years, ultrafast hydrogen migration pro-
cesses within a molecule in intense laser fields have been investi-
gated extensively, not only because of the findings that hydrogen
atoms (or protons) move extremely rapidly within a molecule,
but also their potential applicability for controlling chemical bond
breaking processes [1–9]. The hydrogen migration process, in
which hydrogen atom(s) or proton(s) migrate from one site to an-
other within a molecule, can induce large scale deformation of
molecular skeletal structure and rearrangement of chemical bonds
[10–12]. Such processes induced by intense laser fields have been
demonstrated so far in various hydrocarbon molecules. For exam-
ple, in the case of methanol (CH3OH), the observation of singly
charged OHþ2 , OHþ3 , and CHþ4 , generated through two-body Cou-
lomb explosion of CH3OH2+, confirmed that hydrogen atom(s) or
proton(s) migrate between the methyl group and the hydroxyl
group induced by an intense laser field (�1014 W/cm2, �800 nm,
�60 fs) [13].

In the present study, we investigate hydrogen migration pro-
cesses in 1,3-butadiene (CH2@CH–CH@CH2) induced by an ultra-
short intense laser field by detecting singly charged fragment
ions generated through two-body fragmentation processes of dou-
bly charged 1,3-butadiene using the coincidence momentum imag-
ing (CMI) method [1]. The simple conjugated diene, 1,3-butadiene,
is one of the simplest hydrocarbon molecules containing both sin-
gle and double C–C bonds and could offer a possibility of studying
ll rights reserved.

manouchi).
the effect of the changes in the bond-order associated with the
migration of hydrogen atoms (and/or protons).

By the CMI method all the fragment ions originating from the
dissociation of a single parent ion can be detected in coincidence,
so that the decomposition pathways can be identified uniquely.
Two types of two-body fragmentation pathways from the doubly
charged parent ion were unambiguously identified: (i) two path-
ways in which one of the two side C–C bonds is broken,

C4H2þ
6 ! CHþm þ C3Hþ6�m ðm ¼ 2;3Þ; ð1Þ

and (ii) two pathways in which the central C–C bond is broken,

C4H2þ
6 ! C2Hþn þ C2Hþ6�n ðn ¼ 2;3Þ: ð2Þ

The existence of the m = 3 and n = 2 pathways proves that a hydro-
gen atom (or a proton) migrates prior to the C–C bond breaking.
From the relative yields of the four fragmentation pathways and
the distributions of the momentum vectors of the singly charged
fragment ions, we discuss the fragmentation processes of doubly
charged 1,3-butadiene molecules induced by an intense laser field.
2. Experiment

The experiments were carried out both at The University of
Tokyo and Vienna University of Technology. The experimental
apparatus used in Tokyo has been described elsewhere in detail
[12,14]. Briefly, a Ti:Sapphire chirped pulse amplification (CPA)
laser system (Pulsar 5000, Amplitude Technologies) was used to
generate laser pulses with a duration of �40 fs, a repetition rate
of 5 kHz, and a center wavelength of �795 nm. The laser pulses

http://dx.doi.org/10.1016/j.cplett.2009.11.008
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Fig. 1. Time-of-flight mass spectrum of 1,3-butadiene in an intense laser field
(�40 fs, 2.2 � 1014 W/cm2) recorded in Tokyo.
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were focused by a quartz lens (f = 15 cm) into an ultrahigh-vacuum
chamber with a background pressure of �5.3 � 10�9 Pa. The laser
field intensity was�2.2 � 1014 W/cm2 at the focal spot. The sample
gas (1,3-butadiene) was introduced into the ultrahigh-vacuum
chamber by a skimmer (0.20 mm £) to form an effusive molecular
beam. The laser and the molecular beams crossed at right angles,
and the ions generated at the laser focal spot were projected onto
a position-sensitive detector (PSD) with delay-line readout by
three equally spaced parallel-plate electrodes in the velocity
mapping configuration. The voltages applied to the repeller and
the accelerator plates were adjusted to be Urep = 1000 V and
Uacc = 700 V, respectively. In order to secure the coincidence condi-
tions, the number of events of detecting positively charged frag-
ment ions per laser shot was kept to be �0.55 events/pulse by
keeping the pressure in the vacuum chamber at �1.7 � 10�8 Pa.
The laser polarization direction was set to be parallel to the detec-
tor plane.

The experiment in Vienna was performed using cold target re-
coil ion momentum spectroscopy (COLTRIMS) [15]. Ti:Sapphire la-
ser pulses with a pulse duration of �28 fs and a center wavelength
of�795 nm at a repetition rate of 5 kHz were focused onto a super-
sonic gas jet of 1,3-butadiene molecules by a spherical mirror with
a focal length of 60 mm in an ultra-high vacuum chamber at a
background pressure of �1.5 � 10�8 Pa. Ions and electrons created
in the focus, located at the radial center of the spectrometer, were
guided by a 9.5 V/cm uniform electric and 8 G magnetic field to-
wards two multi-hit capable position and time sensitive detectors
with delay-line anode for position readout. The length of the spec-
trometer was 5.7 cm for positively charged ions and 44.5 cm for
electrons. The polarization direction of the laser pulses was set to
be along the spectrometer axis. The temporal and spatial detector
resolutions were approximately equal to those in the experiment
in Tokyo. The event rates of detecting ions and electrons were
set to 0.2 and 0.6 events/pulse, respectively, by tuning the target-
gas backing pressure and the nozzle position. The pulse energy
was adjusted to yield a pulse peak intensity of �1.5 � 1014 W/
cm2 on target by measuring the proton spectrum of molecular
hydrogen, H2, dissociation [16]. In the present study, we do not
use the data recorded by the detector for electrons. The coinci-
dence momentum data recorded in Tokyo and Vienna are consis-
tent with each other within experimental uncertainties.
Fig. 2. Two-particle coincidence time-of-flight map (center) and two one-dimen-
sional TOF mass spectra (right and bottom) of the fragment ions generated from
1,3-butadiene by an intense laser field (�28 fs, 1.5 � 1014 W/cm2) recorded in
Vienna. Only the flight time range relevant for the fragmentation channels
considered in this work is shown. A two-particle decomposition process is
represented as a curved line because the TOF is a non-linear function of the
momentum. The two strongest curved lines correspond to the fragmentation
pathways (4) and (5), as marked in the figure. The horizontal and vertical lines at
�5600 ns and �7900 ns represent singly and doubly charged 1,3-butadiene parent
ions, which appear in the one-dimensional TOF spectra as the corresponding
narrow peaks.
3. Results and discussion

3.1. Identification of the four bond-breaking pathways

The time-of-flight (TOF) mass spectrum of the ion species gen-
erated from C4H6 in the intense laser field is shown in Fig. 1. The
sharp peaks marked with an asterisk originate from residual gases
in the vacuum chamber. As can be seen in this figure, Hþi (i = 1, 2),
C2+, CHi

+ (i = 0–3), C2Hþi (i = 0–4), C4H2þ
6 , C3Hþi (i = 0–5), and C4Hþi

(i = 0–6) are observed. The two peaks at m/z = 18 and 44 marked
with an asterisk are ascribable to H2O+ originating from the resid-
ual water vapor in the chamber, and to C3Hþ8 from the contamina-
tion of the 1,3-butadiene sample, respectively.

In the present study, we focus on the fragment ions that origi-
nate from the two-body fragmentation processes of doubly
charged parent ions, C4H2þ

6 . Two-body fragmentation processes
can be identified as thin distributions along curved lines in the
two-dimensional coincidence map, Fig. 2, where the two dominant
fragmentation pathways that correspond to m = 3 and n = 3 are
clearly visible.

In Fig. 3a–d, the two-dimensional coincidence momentum
imaging maps of the fragment ions CHþ2 , CHþ3 , C2Hþ3 , and C2Hþ2 re-
corded in coincidence with C3Hþ4 , C3Hþ3 , C2Hþ3 and C2Hþ4 , respec-
tively, are shown as thin slices of the momentum sphere. The
four CMI maps correspond to the following four two-body frag-
mentation pathways:

Breaking at the side C–C bond without hydrogen migration

C4H2þ
6 ! CHþ2 þ C3Hþ4 ðN ¼ 2782Þ: ð3Þ

Breaking at the side C–C bond with hydrogen migration

C4H2þ
6 ! CHþ3 þ C3Hþ3 ðN ¼ 414643Þ: ð4Þ

Breaking at the central C–C bond without hydrogen migration

C4H2þ
6 ! C2Hþ3 þ C2Hþ3 ðN ¼ 62462Þ: ð5Þ

Breaking at the central C–C bond with hydrogen migration

C4H2þ
6 ! C2Hþ2 þ C2Hþ4 ðN ¼ 6610Þ; ð6Þ
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Fig. 3. Slices of the three-dimensional coincidence momentum sphere of the
fragment ions generated through the four fragmentation pathways from C4H2þ

6

observed in Tokyo. The slices are presented in the px�py plane, which is parallel to
the detector plane. The direction pz is perpendicular to the detector plane and
parallel to the spectrometer axis. The laser polarization direction (e) was set to be
parallel to the py axis as indicated by the arrow. In the respective pathways, the
momentum map of only one of the two fragment ions is shown; (a) CHþ2
(|pz| < 50 � 103 amu m s�1), (b) CHþ3 (|pz| < 50 � 103 amu m s�1), (c) C2Hþ3
(70 � 103 < |pz| < 80 � 103 amu m s�1), and (d) C2Hþ2 (|pz| < 50 � 103 amu m s�1).
The signals appearing in the central parts originate from false coincidence events.
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where N represents the number of the coincidence events of the
corresponding pathway. The four different processes are illus-
trated in Fig. 4. It can be seen that the number of N = 414 643
for the pathway (4) is much larger than the number of N = 2782
for the pathway (3), representing that the pathway (4) accompa-
nied by the hydrogen migration dominates the side C–C bond
breaking, while the number of N = 62 462 for the pathway (5) is
much larger than the number of N = 6610 for the pathway (6),
representing the pathway (5) without hydrogen migration domi-
nates the central C–C bond breaking. This indicates that the
hydrogen migration may lead to a change in the bond energies
of the central C–C and the side C–C bonds within the parent
molecule.
(a) Side C-C bond breaking (b) Side C-C bond breaking 

(c) Central C-C bond breaking (d) Central C-C bond breaking 

N= 2,782 N= 414,643 

N= 6,610 N= 62,462 

Fig. 4. Schematic diagrams of the four fragmentation channels of doubly charged
1,3-butadiene in an intense laser field, where N represents the number of the
coincidence events. The number of N = 6610 is overestimated because of false
coincidence events recorded for the pathway (6) as shown in the central part of
Fig. 3d, and the number, N = 62 462, obtained for the pathway (5) is underestimated
because of the dead-time of the detector for two consecutive fragments with small
momentum components pz around zero that arrive within a short period.
In addition to the four two-body fragmentation pathways
above, the three kind of two-body fragmentation pathways, in
which one or more C–H bonds are broken to produce
Hþn þ C4Hþ4�n (n = 1–3), were identified in coincidence.

3.2. Effect of the hydrogen migration on the C–C bond breaking

It can also be noted in Fig. 4b and d that for the two pathways
(4) and (6) associated with the hydrogen migration, the number of
the coincidence events obtained for the pathway (4), N = 414 643,
is almost two orders of magnitude larger than the number for the
pathway (6), N = 6610. When the hydrogen atom located at one of
the two central carbon positions moves to its neighboring terminal
carbon atom site, the precursor species CHþ3 � � �C3Hþ3 is formed,
leading to the decomposition via the pathway (4). On the other
hand, when the hydrogen atom bound to one of the two central
carbon atoms moves to its neighboring central carbon position,
the precursor species C2Hþ2 � � �C2Hþ4 is formed, leading to the
decomposition via the pathway (6). The significantly larger yield
of the pathway (4) as compared to that of the pathway (6) indi-
cates that the hydrogen atom bound to one of the two central car-
bon atoms moves preferentially to its neighboring terminal carbon
atom site rather than to the other central carbon atom site in the
course of the double ionization in the intense laser field.

As shown in Figs. 4a and c, for the two C–C bond-breaking path-
ways (3) and (5) without hydrogen migration, the number of the
coincident events obtained for the pathways (3) is N = 2782, which
is only 4.4% of the number, N = 62 462, for the pathway (5). This
shows that the central C–C bond of the parent 1,3-butadiene mol-
ecule is broken with a higher probability than the side C–C bonds,
suggesting that the single bonded nature of the central C–C bond
and the double-bonded nature of the two side C–C bonds of neutral
1,3-butadiene still remain in the doubly charged stage generated
by the interaction with the intense laser field of 1.5–2 � 1014 W/
cm2.

3.3. Theoretical confirmation of the C–C bond breaking and hydrogen
migration

In order to confirm theoretically how efficiently the hydrogen
migration proceeds and how the C–C bond dissociation energies
vary depending on the position of the migrating hydrogen atom
within the doubly charged parent molecule, we performed quan-
tum chemical calculations using GAUSSIAN 03 program [17]. By the
density functional theory (UB3LYP) with the 6-31G(d,p) basis set,
the stable geometrical structures and the electronic energies
of doubly charged 1,3-butadiene and its stable isomers were
obtained by the GRRM 1.0 program developed by Ohno and Maeda
[18–20]. The most stable equilibrium geometrical structure was
found to be [CH3�C–CH�CH2]2+, in which a hydrogen atom has
migrated to the terminal carbon site from the neighboring central
carbon atom, and its electronic energy was calculated to be
�155.1182 hartree. The second lowest equilibrium geometrical
structure was [CH2�CH–CH–CH2]2+, in which all hydrogen
atoms stay at the same carbon sites as in the neutral electronic
ground state, and the electronic energy was calculated to be
�155.1158 hartree. The electronic energy at the transition state
between the two lowest equilibrium geometrical structures was
calculated to be �155.1057 hartree. These calculations show that
[CH2–CH–CH–CH2]2+ can be transformed into [CH3–C–CH–CH2]2+,
which is lower in energy by �0.066 eV, via the transition state
whose energy is higher only by 0.275 eV. The results of the calcu-
lations are depicted in Fig. 5. The very low barrier height is consis-
tent with the observation that the yield of the pathway (4) that
originates from the migrated form, [CH3–C–CH–CH2]2+, is the larg-
est among the four decomposition pathways.



122 H. Xu et al. / Chemical Physics Letters 484 (2010) 119–123
The theoretical dissociation energy from [CH3–C–CH–CH2]2+

into CHþ3 and C3Hþ3 was found to be lower by �0.8 eV than that
from [CH2–CH–CH–CH2]2+ into C2Hþ3 and C2Hþ3 . This result also
supports the observation that the yield of the pathway (4)
(Fig. 4b) is almost one order of magnitude larger than that of the
pathway (5) (Fig. 4c).

3.4. The momentum vector distributions of the fragment ions for the
four pathways

From the CMI maps shown in Fig. 3 it becomes evident that all
the four fragmentation pathways show almost isotropic distribu-
tions. The angular distributions, I(h), of the fragment ions obtained
from the corresponding coincidence momentum imaging maps can
be characterized by the expectation values of the squared cosine
defined as

hcos2 hi ¼
R

IðhÞ cos2 h sin hdh
R

IðhÞ sin hdh
; ð7Þ
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Fig. 5. (a) The geometrical structures and the relative energies of the two lowest-
lying equilibrium geometries and the transition state connecting the two isomers of
C4H2þ

6 obtained from the theoretical calculations. The transition state of the
hydrogen migration reaction connecting the two isomers, [CH2–CH–CH–CH2]2+ and
[CH3–C–CH–CH2]2+, is located only 0.341 eV above the hydrogen-migrated isomer
[CH3–C–CH–CH2]2+, having the lowest energy. The C–C chemical bond to be
stretched to draw the potential energy curves in (b) is denoted as ‘r’ in both of the
two isomers. (b) Calculated potential energy curves of the two isomers of C4H2þ

6 as a
function of the internuclear distance r shown in (a). The activation energy, that is,
the height of the potential barrier for the decomposition reaction, [CH3–C–CH–
CH2]2+?CHþ3 + [C–CH–CH2]+, 4.21 eV, is lower by 0.77 eV than the following
decomposition reaction, [CH2–CH–CH–CH2]2+ ? [CH2–CH]+ + [CH–CH2]+. When r
is increased in the calculations for both of the isomers, the geometrical parameters
other than r are assumed to take the same values as in the equilibrium geometry.
where h is the ejection angle of the fragment ions with respect to
the laser polarization direction. For an isotropic distribution, hcos2hi
takes the value of 1/3. The hcos2hi values for the pathways (3)–(6)
were calculated using all the accumulated coincidence events for
the respective pathways to be hcos2hi = 0.37, 0.39, 0.39, and 0.38,
showing almost isotropic distributions for all the four pathways.

The small hcos2hi values can be ascribed to (i) the non-linear
flexible skeletal C–C–C–C structure from which the fragment ions
CHþn , C2Hþn and C3Hþn can be ejected into the broad range of angles
with respect to the laser polarization direction and/or (ii) to the
overall rotational motion of the possibly long-lived parent mole-
cules that are generated by the intense laser field [1]. The doubly
charged parent ions, C4H2þ

6 , can be seen in Fig. 1, indicating that
those ions can be prepared in the quasi-bound well of the low-
lying electronic states of C4H2þ

6 , so that the lifetime is sufficiently
long for surviving during the period of time when they are acceler-
ated in the TOF spectrometer. On the other hand, the doubly
charged species decomposing into a pair of the fragment ion spe-
cies through the processes (3)–(6) are considered to be prepared
in the vibrationally highly excited states of the low-lying electronic
states or in the dissociative electronic states [12,13]. For confirm-
ing the origin of the isotropic distributions experimentally, it will
be necessary to perform pump-and-probe measurements to mea-
sure the lifetime of the doubly charged precursor states.

From the three-dimensional momentum distributions of the
fragment ions, the distributions of the released kinetic energy, Ekin,
for the four pathways were obtained, where Ekin is the sum of the
kinetic energies of a coincidence-pair of fragment ions. It was
found that the peak energy of the distribution is Ekin � 3.4 eV and
the full width at half maximum C � 0.7 eV for both pathways (3)
and (4), respectively, in which one of the side C–C bonds is broken.
The corresponding energies and widths for the pathways (5) and
(6), in which the central C–C bond is broken, were determined to
be Ekin � 4.3 eV and C � 1.2 eV, respectively. The observations sug-
gest that the shape of the Coulomb-type repulsive potential for the
C–C bond breaking in doubly charged 1,3-butadiene is not influ-
enced much by the position of the migrating hydrogen atom.
4. Summary

Two-body decomposition processes of doubly charged 1,3-
butadiene prepared by intense laser fields were investigated by
using the coincidence momentum imaging method. A total of four
fragmentation pathways via breaking of a C–C bond were uniquely
identified: two pathways without hydrogen migration, i.e.,
C4H2þ

6 ! C2Hþ3 þ C2Hþ3 and C4H2þ
6 ! CHþ2 þ C3Hþ4 , and two path-

ways with migration of one hydrogen atom, i.e., C4H2þ
6 ! CHþ3þ

C3Hþ3 and C4H2þ
6 ! C2Hþ2 þ C2Hþ4 . Among them C4H2þ

6 ! CHþ3þ
C3Hþ3 was found to be most abundant, indicating that the migration
of a hydrogen atom from one of the two central carbon atom sites
to the neighboring terminal carbon site occurs efficiently and
weakens the side C–C bond. This observation was supported by
the quantum chemical calculations.
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