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Abstract
We experimentally investigate the deprotonation dissociative double ionization of an acetylene
molecule by an asymmetric two-color laser pulse. We find that the ejection direction of the
proton, and hence the directional C–H bond breaking of a polyatomic hydrocarbon molecule, can
be controlled by finely tuning the phase of a two-color laser pulse.
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Coherent control of the directional bond breaking of a
molecule is interesting to steer the element chemical reactions
[1]. It can be achieved by using phase-controlled asymmetric
few-cycle [2, 3] or two-color [4–10] ultrashort laser pulses.
The underlying physics of the directional bond breaking
varies for different molecules and ionization processes. It
includes the field-driven localization of the remaining electron
following the single ionization of H2 when it dissociates into
the p+H channel [1–5]. The ejection direction of the proton is
essentially determined by the phase of laser field at the
ionization moment [11]. Such electron localization is very
recently demonstrated in the two-dimensional stage [12],
which depends on the kinetic energy and emission direction
of the ejected ionic fragment. As described by the molecular
Ammosov–Delone–Krainov (MO-ADK) theory [13, 14] or
the strong field approximation (SFA) [15], the directional
bond breaking of a molecule with asymmetric orbital, e.g.
CO, is dominated by the profile of the ionizing orbital [16]
and affected by the linear Stark effect [17, 18]. As compared
to the single ionization, the field direction dependent
enhanced ionization at the stretched critical internuclear dis-
tance [19–24] plays an important role in directional multi-
electron ionization of molecules.

However, almost all the foregoing controls of the field
ionization induced directional bond breaking are focused on

the diatomic or triatomic molecules. Such bond breaking
control will be much more interesting for polyatomic hydro-
carbon molecules [25, 26], which serves as a major building
block in the chemical reactions. By using a phase-stabilized
few-cycle near-infrared laser pulse, it was recently demon-
strated that the directional breaking of the C–H bond of an
acetylene molecule (C2H2) can be controlled by the carrier-
envelope-phase (CEP) of an intense 4 fs laser pulse [27]. A
weak asymmetry of the directional C–H bond breaking
(∼4%) was observed at the laser field intensity of
2 × 1014W cm−2, which was explained as the CEP-dependent
superposition of various vibrational modes. On the other
hand, probed by the coincidence angular streaking with an
elliptically polarized multicycle near-infrared laser pulse, we
recently observed an asymmetry of ∼40% of the directional
C–H bond breaking in the deprotonation double ionization of
C2H2 [28]. The observed directional C–H bond breaking
critically depends on the internuclear distance and the laser
field direction at the ionization moment, agreeing very well
with the scenario of electron-localization assisted enhanced
ionization [19–24, 29].

In this paper, we demonstrate the directional control of
the C–H bond breaking in dissociative double ionization of
C2H2 by using a phase-controlled two-color laser pulse. As
compared to the pioneering experiments [27, 28], our results
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show a different phase dependence of the directional C–H
bond breaking. It illustrates altered mechanisms, i.e. the roles
of the asymmetric profile of the ionizing orbital and the
electron recollision in the double ionization, for the direc-
tional C–H bond breaking in our two-color laser pulse of low
field intensity.

We performed the experiment in an ultrahigh vacuum
reaction microscope setup of COLd target recoil ion
momentum spectroscopy (COLTRIMS) [30, 31], as sche-
matically illustrated in figure 1. The linearly polarized two-
color laser pulse is collinearly produced by frequency-dou-
bling a near-infrared femtosecond pulse from a multipass
amplifier Ti:sapphire laser system (25 fs, 790 nm, 10 kHz) in
a 150 μm thick β-barium borate crystal as detailed in [32].
The polarization of the fundamental-wave (FW) is rotated to
be parallel to that of the second-harmonic (SH) (along the z-
axis) by using a dual-wavelength waveplate. The time lag
between them was compensated with a birefringent α-barium
borate crystal. The relative phase ϕ between the FW and SH
waves of the two-color pulse is continuously varied by
scanning the inset of a pair of fused-silica wedges. The pro-
duced two-color laser pulse is focused onto the supersonic
molecular beam by a concave reflection mirror (f= 75 mm)
inside the apparatus. The supersonic molecular beam is pro-
duced by co-expanding a mixture of 10% acetylene and 90%
helium gas through a 30 μm nozzle under a driving pressure
of 1.5 bar. The laser intensities of the FW and SH fields in the
interaction region are measured to be IFW = 2.2 × 1013 and
ISH = 7.5 × 10

12W cm−2, respectively. The fragmentized ions

and electrons ejected from the multiply ionized molecule are
accelerated by a weak homogeneous electric field
(6.87 V cm−1) and detected by two time- and position-sensi-
tive detectors at the opposite ends of the spectrometer. A
weak magnetic field (8.29 Gauss) produced by a pair of
Helmholtz coils is used to obtain 4π solid angle detection of
the electron. The three-dimensional momentum vectors of the
electrons and ions are retrieved from the measured times-of-
flight and positions of impact on the detectors during the off-
line analysis.

Calibration of the absolute phase ϕ of the two-color pulse
is one of the most important steps to determine the phase-
dependent directional C–H bond breaking of the hydrocarbon
molecule. We calibrate the phase ϕ of the two-color pulse by
using the laser-field direction dependent dissociative double
ionization of the CO molecule in the COLTRIMS apparatus.
Dominated by the profile of the highest occupied molecular
orbital (HOMO) and the next lower-lying one (HOMO-1)
whose electron densities shift to the C site, the CO molecule
is favored to be ionized when the laser field points from C to
O [16]. For the dissociative double ionization channel (C+,
O+), i.e., CO+ n ħɷ→C++O+ + 2e, the ionic fragment of C+

is preferred to fly to −z or +z for ϕ= 0 or π in the asymmetric
two-color laser pulse [32–34]. To quantify it, we define the
asymmetry parameter of β= (Y+z− Y−z)/(Y+z + Y−z), where Y+z
and Y−z stand for the probabilities of C+ emitted to +z and −z,
respectively. The laser phase dependent asymmetric emission
of C+ is plotted in figure 2, which alters the emission direction

Figure 1. Schematic diagram of the experiment apparatus. The linearly polarized two-color laser pulse propagating along x-axis is focused by
a concave mirror onto a supersonic molecular beam propagating along the y-axis. The laser ionization induced ions and electrons are
accelerated by a weak static electric field and detected in coincidence by two detectors at the opposite ends of the spectrometer. A weak
homogenous magnetic field is employed to have a full 4π solid angle of the electron detection. As schematically illustrated in the insets, the
directional C–H bond breaking is investigated by tracing the ejection direction of H+ from the (H+, C2H

+) channel, which can be controlled
by finely tuning the phase of the two-color laser pulse.
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with a period of π of our two-color laser pulse and is con-
sistent with the pioneering observations [32–34].

We now study the directional C–H bond breaking by
tracing the phase-dependent ejection of the H+ fragment from
the deprotonation dissociative double ionization of acetylene,
i.e., C2H2 + n ħɷ→H++C2H

+ + 2e, denoted as the (H+,
C2H

+) channel. Figure 3(a) shows the measured directional
emission of H+ versus the phase ϕ of the two-color laser
pulse. The solid curve is a numerical fit of the measured data.
The asymmetry oscillates as a function of the laser phase with
amplitude of ∼1.5 ± 0.2%. The H+ alters the emission direc-
tion with a period of π. Interestingly, the H+ is favored to eject
to +z or −z when the laser phase ϕ= 0.68π or −0.32π. It
strikingly differs from pioneering observations by using near-
infrared multicycle [28] or phase-controlled few-cycle laser
pulses [27], where the H+ is favored to fly to +z or −z when
the laser phase ϕ= 0 or π. This different phase dependence
suggests an alternative mechanism for the here-observed
directional C–H bond breaking, rather than the electron-
localization assisted enhanced ionization [28] or the CEP-
dependent superposition of vibrational degrees of free-
dom [27].

We notice that the field intensity of our two-color laser
pulse, IFW= 2.2 × 1013 and ISH = 7.5 × 10

12W cm−2, is much
lower than the intensity of 2 × 1014W cm−2 used in preceding
experiments [27, 28]. As we probed using the coincidence
angular streaking with a multicycle near-infrared laser pulse,
the electron-localization assisted enhanced ionization strongly
depends on the field intensity [28]. At low intensity, the laser
field is not sufficient to suppress the barriers to boost the
tunneling probability of the localized electron into the con-
tinuum from the up-field potential well. In contrast to the
scenario of electron-localization assisted enhanced ionization,
the here-observed phase-dependent asymmetric emission of
H+ illustrates that the electrons are favored to be freed when
the laser field vector pointing from the H site to the C site. For

C2H2, the electron densities of HOMO-1 and HOMO-2 in the
C–H bond shift to the H site [35]. According to the MO-ADK
[13, 14] or SFA [15], the electrons in HOMO-1 or HOMO-2
in the C–H bond are favored to be removed by laser field
pointing from H to C. It is consistent with the observed phase-
dependent asymmetry of the H+ ejection upon the breaking of
the C–H bond as shown in figure 3(a), indicating an important
role of the orbital profile in the deprotonation double ioni-
zation of C2H2 by our two-color laser pulse at low field
intensity. The weak asymmetry of ∼1.5 ± 0.2% might be also
because of the relatively low field intensity of the employed
two-color laser pulse. The domination of the orbital profile at
low field intensity has also been observed in the C–C bond
breaking, leading to a butterfly angular distribution of the
CH+ ejected from the C2H2 + n ħɷ→CH++CH++ 2e chan-
nel [28].

In addition to the profile of the ionizing orbital, the
electron recollision in the nonsequential double ionization

Figure 2. Measured phase-dependent asymmetry of the directional
ejection of C+ from the (C+, O+) channel for the calibration of the
phase of the two-color laser pulse. The solid curve is the numerical
fit of the measured data.

Figure 3. (a) Measured phase-dependent asymmetry of the
directional ejection of H+ from the (H+, C2H

+) channel. (b)
Measured asymmetries of the electron (blue squares) and ion sum-
momenta (red circles) of the (H+, C2H

+) channel, and the momentum
of C2H2

+ (black filled circles) along the polarization direction of the
two-color laser pulse. The solid curves are the numerical fits of the
measured data.
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depends on the laser phase and thus influences the resulted
directional bond breaking [36, 37]. By varying the CEP of an
intense few-cycle laser pulse, as a result of the momentum
recoil of the released electrons, it is shown that the emission
direction of the doubly charged ion is opposite to the singly
charged ion for the (e, 2e) electron impact nonsequential
double ionization [36, 37]. However, at low field intensity,
due to the limited energy of the recolliding electron gained
from the laser field, the double ionization is ruled by the
process of recollision-induced excitation with subsequent
ionization (RESI). As compared to the (e, 2e) mechanism, the
RESI leads to different laser phase dependences of the
emission directions of the doubly and singly charged ions
which shift from each other with a phase interval between 0
and π [37]. To get insight into the mechanism of the double
ionization in our experiment, we plot the measured phase-
dependent directional emissions of the C2H2

+ (black filled
circles) and the ion sum-momentum of the (H+, C2H

+)
channel (red circles) along the laser polarization in
figure 3(b), which shift by 0.13π from each other. It suggests
that the RESI plays a role for the double ionization here at
low field intensity as compared to the (e, 2e) impact ioniza-
tion. In our experiments, the maximum energy of the recol-
liding electron gained from the laser field is estimated to be
3.17 ×Up≈ 4.4 eV (Up is the ponderomotive energy), which
is much smaller than the ionization potential of the C2H2

+

(∼20.7 eV). The observed double ionization hence is mostly
accessed by the RESI, which depends on the phase and
intensity of the employed two-color laser pulse. This laser
phase dependent electron recollision process impacts the
double ionization for the breaking of the C–H bond. As
shown in figure 3(a), rather than at the phase of 0 or π solely
governed by the asymmetric profile of the ionizing orbital, the
asymmetry maximum of the directional C–H bond breaking is
observed at the laser phase of 0.68π. Comprehensive
numerical simulation is desired to further quantify the roles of
the orbital profile and the electron recollision in the depro-
tonation dissociative double ionization.

Differing from the directional ejection of the fragment
ion from the dissociation channel upon the bond breaking, we
note that the phase-dependent asymmetry of the ion sum-
momentum shown in figure 3(b) is due to the streaking of the
freed electrons by the laser field after the ionization instants
[11, 23, 24, 28]. For the (H+, C2H

+) channel, the momentum
of the fragmentized ions (∼20 a.u. gained from the Coulomb
explosion process) is much larger than the sum of them (<1
a.u. as a recoil of the released electrons). Due to the
momentum conservation of the molecular system, the recoiled
sum-momentum of the fragment ions is equal and opposite to
the sum-momentum of the ejected electrons. The blue squares
in figure 3(b) shows the measured asymmetry of the direc-
tional emission of the freed two electrons (blue squares)
correlated to the (H+, C2H

+) channel as a function of the
phase of the two-color laser pulse, which is exactly π phase
shifted as compared to the correlated ion sum-momentum (red
circles). The smaller error bar of the sum-momentum of the
ions as compared to the electrons is due to the increased
statistical significance of the data by merely detecting two

fragment ions as compared to the four-particle (two ions and
two electrons) coincidence measurement.

In summary, by finely controlling the phase of an
asymmetric two-color laser pulse, we have experimentally
observed directional breaking of the C–H bond in the
deprotonation dissociative double ionization of a polyatomic
hydrocarbon molecule. As compared to the pioneering
experiments using intense near-infrared laser pulses [27, 28],
the observed different phase-dependent asymmetry of the H+

emission upon the C–H bond breaking illustrates important
roles of the profile of the ionizing orbital and the electron
recollision in the double ionization process in our low-
intensity two-color laser pulse.
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