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We report that multiple dissociative channels of carbon monoxide (CO) molecules are selectively

controlled using intense phase-stabilized few-cycle laser fields (4.2 fs, 740 nm, 6� 1014 W=cm2). The

controllable emission direction of C2þ from charge asymmetrical dissociation and ionization of CO

dications is out of phase in a linear polarized laser field. The strong coupling between the channels is

explained as the competition of recollision excitation and recollision ionization in a recollision process,

leading to the opposite asymmetrical property. The experimental result provides insight into high degree

controlling molecular multiple dissociative processes in the time scale of electronic motion.
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Controlling quantum phenomena has been a categorical
goal of physics and chemistry since the establishment of
quantum mechanics, which has been significantly devel-
oped in utilizing lasers to study the dynamics of atomic
and molecular systems [1–3]. The application of advanced
laser technique has led to coherent control of a wide variety
of photoinduced processes, i.e., fragmentation [4], bond
dissociation and rearrangement [5], and deformation of
molecular geometry [6]. In particular, the waveform of a
few-cycle laser field, i.e., EðtÞ ¼ aðtÞ cosð!tþ ’Þ [aðtÞ is
the envelope amplitude,! the frequency, and’ the carrier-
envelope phase (CEP)], can be precisely manipulated [7].
This enables the basic field-assisted electron recollision
process [8] in strong field physics to be steered by the
specified light field. Many interesting processes that are
closely related to electron recollision, e.g., high-order
harmonic generation [7], high-order above-threshold ion-
ization [9], and nonsequential double ionization [10] in
atomic systems, and electron localization in molecular
systems [11,12], are directly controlled by tuning the CEP.

Multiple ionization of multielectron atomic [13] and
molecular [14] systems in intense laser fields is of great
interest in the strong field community. In molecular ion-
ization and dissociation processes, the ionization rate will
exhibit a pronounced enhancement at a specific internu-
clear distance [15]. The field-induced stretching of mole-
cules can be avoided during the ionization using few-cycle
laser fields [16]. Moreover, the ionization of an asymmet-
rical molecular ion (HeH2þ) was found in theory to be
enhanced when the electric field at the peak of a few-cycle
laser pulse was antiparallel to the permanent dipole of a
molecule [17]. The active steering of molecular multiple
dissociative ionization in the time scale of electronic mo-
tion using few-cycle laser pulses will provide a striking
example for coherent control.

As a typical abundant diatomic molecule in nature, CO
has been the subject of many experiments using strong

laser fields [18–20]. Motivated by coherent control on
molecular multiple dissociative ionization, we set our ef-
forts on studying the behavior of CO molecules in intense
phase-stabilized few-cycle laser fields. In this Letter, we
show that charge asymmetrical dissociation and ionization
of CO dications are controllable with the variation of CEP
of few-cycle laser pulses. The emission direction of C2þ
from those two channels is out of phase in the linear
polarized few-cycle laser fields. We qualitatively explain
the interesting finding that the competition between recol-
lision excitation (RCE) and recollision ionization (RCI)
in an electron recollision process leads to the opposite
asymmetrical dissociation. Later in this Letter, the CEP-
dependent asymmetrical ionization effect is also discussed.
The linearly phase-stabilized polarized laser pulses

(� 740 nm) at a peak intensity of 6� 1014 W=cm2 run-
ning with a repetition of 3 kHz were applied to dissocia-
tively ionize CO molecules. The laser pulse duration near
the interaction region was �4:2 fs (FWHM). The phase
jitter was �140 mrad. The directional emission of ionic
fragments was monitored via a newly built ‘‘reaction
microscopy’’ (for the principle, see Ref. [21]). All experi-
ments were performed at an ion rate below 0.1 per laser
pulse. This ensured that there was one less ionized or
dissociative molecule in the laser focus volume. The mo-
mentum distribution, angular distribution, and energy of
the ionic fragments were calculated with the position and
the time of flight on the detector. The momentum resolu-
tion is about 0.02 a.u. along the time-of-flight direction and
is about 0.05 a.u. in the transverse direction. The laser
polarization was perpendicular to the time-of-flight direc-
tion. The CEP of laser pulses was adjusted by insertion
of fused silica into the light path with a pair of wedges
and was calibrated with photoelectron spectra in the
plateau [9].
Many pathways can contribute to molecular multiple

dissociative ionization. Here, the dominant breakup
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pathways of CO2þ in strong laser fields are the symmet-
rical Coulomb explosion CO2þ ! Cþ þ Oþ (channel I)
and the charge asymmetrical dissociation CO2þ ! C2þ þ
O (channel II). There are two main channels that can
produce C2þ fragments, i.e., CO2þ ! C2þ þ O and
CO3þ ! C2þ þ Oþ (channel III) at the current laser in-
tensity. Figures 1(a) and 1(b) illustrate two-dimensional
momentum distribution of Cþ fragments and C2þ frag-
ments from the related channels in the laser polarization
plane at the phase of �. The angular distribution of C2þ
fragment from channel II is much narrower (in the cone
angle �50� along polarization axis) as compared with
the other two channels.

Although there is an abundance of work on the ioniza-
tion and dissociation of CO using electron (or ion) impact
and synchrotron radiation, the potential energy surfaces
leading to charge asymmetrical dissociation (channel II)
of CO dications have not been studied in detail thus far
because it is out of scope to calculate the complicated
process. The measured kinetic energy release (KER) dis-
tributions of C2þ fragments from channel II and
channel III, as well as that of Cþ fragments from
channel I, in a linear laser field (solid lines) and in a
circular laser field (dashed lines) at the phase of � are

illustrated in Fig. 2. There is no evident influence of the
laser polarization on the KER distribution of Cþ fragments
from channel I. In the experiment, the intensity of circular
light is about twice as much as that for linear polarized
light. The ratio of yields for those channels is suppressed
about 0.52(I), 0.12(II), and 0.23(III), respectively, while
using a circularly polarized light. Compared with
channel I, both the yields of channel II and channel III
are more suppressed.
The mechanism behind the laser polarization depen-

dence is electron recollision. A more interesting question
will arise, e.g., is it possible to manipulate multiple dis-
sociative ionization of CO through the variation of CEP
of laser pulses? The directional emission can be repre-
sented by the angle-integrated asymmetrical parameter
A ¼ ðPleft � PrightÞ=ðPleft þ PrightÞ, where the measured

angle-integrated ion yields in the left and right directions
along the laser polarization axis are calculated with
Pleft ¼

R
50
0 sin�d�

R
360
0 d’

R
dPPð’Þ and Pright ¼

R
180
130

sin�d�
R
360
0 d’

R
dPPð’Þ, respectively (we take the cone

angle as 50� for all the channels). Pð’Þ is the full 3D
momentum distribution measured for each phase, � is the
angle with respect to the laser polarization axis, and ’ is
the angle in the plane perpendicular to it. In Fig. 3(a) we

FIG. 1 (color). The two-dimensional momentum distribution
of Cþ fragments from channel I (a) and of C2þ fragments from
channel II and channel III (b) in the linear laser polarization
plane.
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FIG. 2 (color online). The KER distribution of Cþ fragments
from channel I and of C2þ fragments from channel II and
channel III in a linear polarized (solid curves) and a circular
polarized laser fields (dashed curves) at the phase of �. In order
to present better comparison, the KER distribution of each ionic
fragment is normalized with its own maximum counts.
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FIG. 3 (color online). (a) The momentum distribution of C2þ
fragments from channel II and channel III in the laser polariza-
tion plane at the phases of 0, �=2, and � (in the cone of 50� in
the laser polarization plane). (b) The angle-integrated (in the
cone of 50� in the laser polarization plane) asymmetric parame-
ters as a function of CEP for the three channels.
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illustrate the momentum distribution of C2þ fragments
along the laser polarization axis at the phase of 0, �=2,
and� in the cone angle�50�. One can clearly find that the
emission direction of C2þ fragments from channel II and
channel III is strongly dependent on the CEPs. Figure 3(b)
shows the evolution of the asymmetry parameter A as a
function of the CEP for all the channels in the same cone
angle (� 50�) along the laser polarization axis. The asym-
metrical parameter of C2þ fragments from both channel II
and channel III oscillate with the CEP of laser pulses. This
represents that the dissociation and ionization of CO dica-
tions can be controlled with the well-defined asymmetrical
laser fields. The analysis does not include the effect of
spatial averaging of CEP in relation to Gouy phase shift
because it does not change the CEP dependence of asym-
metry [9,11]. The peak contrast of the oscillations is about
5% for channel II and is about 3% for channel III. More
interestingly, the emission direction of C2þ fragments from
those two channels is out of phase in the linear polarized
laser field.

Typically, due to the large density of states, already
for the relatively small molecules, it is extremely difficult
to describe the dynamics of double or triple ionization of
molecules quantitatively. It still represents a great chal-
lenge to quantum chemical theory, not only because of
the increased number of reaction channels, but also due to
the larger possibility of multiple electronic excitations and
transitions.

In order to illustrate a consistent explanation for the
interesting findings, we present a qualitative picture, as
shown in Fig. 4(a), where only the lowest potential energy
surfaces of CO, ðCOÞþ, ðCOÞ2þ, and ðCOÞ3þ are included.
The potential curves are partially taken from [22]. First, at
the rising edge of the laser pulse, one electron will be easily
removed from the outer orbitals of the neutral molecule at
the current laser intensity. When the maximum light field

is around, another nonbonding electron will tunnel out.
This will launch a nuclear wave packet in the bound states
of CO dication. The tunneling electron can be guided back
by the laser field near the zero crossing of the light field,
and then it will scatter with doubly charged molecular ion.
As a result, the CO dication will be excited to higher
electronic states to initiate asymmetrical dissociation, or
be ionized into the trication to start explosion by the
returning electron wave packet. It should be noted that
the excited states of the dication that are populated verti-
cally in the Franck-Condon region are above the asymp-
totic limit of channel I.
The returning electron wave packet contains the infor-

mation of the waveform of the laser field. The collision of
the CEP-dependent electron wave packet will induce a
directional movement of the parent molecular ion. If the
lower bounded states of CO dication are excited by the
returning electron wave packet, this will lead to a larger
possibility of dissociating into channel II. Thus, it is domi-
nated by RCE. When the returning electron takes enough
energy, it can kick out another electron to produce the
trication, and channel III will be dominated by RCI.
The absolute maximum asymmetry of channel II and

channel III is expected at the phase of n�, i.e., the wave-
form of the laser field is cosine or minus cosine. But they
are out of phase. This implies that C2þ fragments from
channel II and channel III after the electron recollision
move into opposite directions after collision. The strong
coupling of the returning electron and molecular ion gives
the contribution to the asymmetrical dissociation effect.
The yield possibility of C2þ fragments introduced by RCE
and RCI is competing because only one dissociative
molecule is involved in the interaction process. This could
lead to opposite asymmetrical effect of channel II and
channel III. Since it needs more recollision energy to reach
CO trication, the asymmetrical amplitude of channel III is
slightly smaller than that of channel II. It is worth noting
that channel I is also possibly reached by the RCE process.
However, the asymmetry of channel I is washed out be-
cause it requires much lower energy than channel II.
In addition to RCE and RCI mechanisms, there are two

other possibilities that can induce the asymmetrical dy-
namics of molecules, i.e., angular dependence of ionization
probability and laser-induced coherent population transfer
between different excited states. Before starting dissocia-
tion or ionization of ðCOÞ2þ, the molecular ion has the
same interaction environment for those two channels, i.e.,
the same highest occupied molecular orbital and the same
orientation. Thus, if the angular dependence of ionization
probability is the main role, we could expect that the cross
sections of ionization and excitation of CO dication in a
linear laser field have a similar angular distribution, and
thus the asymmetrical property of those two channels
is expected to be ‘‘in phase.’’ Moreover, because there
are much more close lying excitation states of ðCOÞ2þ
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FIG. 4 (color online). (a) The schematic view of multiple
dissociative pathways of CO in an intense laser field (RCE,
recollision excitation; RCI, recollision ionization; EI, enhanced
ionization). The dissociation and ionization of ðCOÞ2þ are
triggered by RCE and RCI, respectively. The dotted and solid
curves represent the temporal evolution of the yield probability
of C2þ fragments for channel II and channel III in a few-cycle
laser field, respectively. (b) The momentum distributions of
ðCOÞþ and ðCOÞ2þ in the laser polarization plane. The yields
are normalized with the maximum count near zero momentum
of ðCOÞþ.
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compared with ðCOÞþ, the electron localization and the
population transfer between excitation states or predisso-
ciation states will be largely reduced due to fast decay.
Consequently, they are unable to explain the opposite
dissociation effect.

Experimentally, three observations support such an in-
terpretation. First, using circular polarized light at about
twice the intensity as for linear polarization, this will
suppress electron recollision. Experiment reveals distinct
suppressed yields of C2þ fragments from channel II and
channel III while using circular polarized laser pulses.
Although the suppression effect is not so pronounced,
this manifests its effect on the smaller asymmetry ampli-
tude. Second, the KER distributions of those two channels
are modified into the opposite direction with a linear
polarized field assuming that a circular laser field has the
similar influence on both channels. Only the competition
between RCE and RCI could introduce the opposite asym-
metry. Third, we illustrate the momentum distributions
from ðCOÞþ and ðCOÞ2þ in the laser polarization plane in
Fig. 4(b). The momentum distribution of ðCOÞ2þ looks
similar to that of ðCOÞþ. Both of them have a momentum

cutoff around 2ðUpÞ1=2 [� 2Up in energy domain, Up ¼
ðE0=2!Þ2 is the ponderomotive potential, where E0 is field
amplitude and! is frequency] and have an evident plateau,
which are the typical indications of electron rescattering
in strong laser fields [23]. The plateau of momentum
distribution of ðCOÞ2þ is enhanced about one order than
that of ðCOÞþ duo to a larger cross section of scattering.
It implies that the rescattering process facilitates the dis-
sociation or ionization of CO dications.

In conclusion, we have shown that multiple dissociative
ionization channels of complex multielectron CO mole-
cules can be selectively steered with intense few-cycle
pulses. In a qualitative picture, we explain that the control-
lable CO2þ ! C2þ þ O channel results from RCE and
subsequent dissociation, and the controllable CO3þ !
C2þ þ Oþ channel results from RCI and subsequent
Coulomb explosion. The competition between RCE and
RCI in an electron recollision process introduces the op-
posite asymmetrical property. Our study shows a way out
by identifying clear mechanisms directly from the experi-
mental observation without the need of time-dependent
quantum chemical calculation. In the qualitative picture,
the internal molecular nature is not taken into account.
Since ðCOÞþ is a typical heteronuclear diatomic molecular
ion with a permanent dipole, the CEP-dependent enhanced
ionization should be considered [17]. The asymmetrical
property of the dissociation and ionization of ðCOÞ2þ can
be favored by the effect of CEP-dependent enhanced ion-
ization using few-cycle laser pulses with a cosine wave-
form. For a sine light waveform, the left-right symmetrical
laser field results in no asymmetry for both parallel and
antiparallel cases. In the future, the origin of CEP-
dependent enhanced ionization could be clarified with the

orientated CO molecules [24]. The experiments suggest a
route to control molecular multiple dissociative ionization
and to selectively manipulate the outcome of chemical
reactions using intense few-cycle laser pulses. The findings
also bring both challenges and opportunities to time-
dependent quantum chemical theory for complex molecu-
lar multiple dissociative ionization process.
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[7] A. Baltuška et al., Nature (London) 421, 611 (2003).
[8] K. Schafer et al., Phys. Rev. Lett. 70, 1599 (1993); P. B.

Corkum, Phys. Rev. Lett. 71, 1994 (1993).
[9] G. G. Paulus et al., Phys. Rev. Lett. 91, 253004 (2003).
[10] X. Liu et al., Phys. Rev. Lett. 93, 263001 (2004).
[11] M. F. Kling et al., Science 312, 246 (2006); M. Kremer

et al., Phys. Rev. Lett. 103, 213003 (2009).
[12] I. Znakovskaya et al., Phys. Rev. Lett. 103, 103002

(2009).
[13] Y. Liu et al., Phys. Rev. Lett. 101, 053001 (2008); Y. Liu

et al., Phys. Rev. Lett. 104, 173002 (2010).
[14] E. Eremina et al., Phys. Rev. Lett. 92, 173001 (2004).
[15] S. Chelkowski and A.D. Bandrauk, J. Phys. B 28, L723

(1995); T. Zuo and A.D. Bandrauk, Phys. Rev. A 52,
R2511 (1995).

[16] C. Cornaggia, in Progress in Ultrafast Intense Laser
Science VI, edited by K. Yamanouchi, G. Gerber, and A.
Bandrauk (Springer, New York, 2010), Chap. 1.

[17] G. Lagmago Kamta and A.D. Bandrauk, Phys. Rev. Lett.
94, 203003 (2005).

[18] C. Guo, Phys. Rev. A 73, 041401(R) (2006); A. S. Alnaser
et al., Phys. Rev. A 71, 031403(R) (2005); Q. Liang et al.,
Int. J. Mass Spectrom. 286, 28 (2009).

[19] E. Wells et al., J. Phys. B 43, 015101 (2010); P. ven don
Hoff et al., Chem. Phys. 366, 139 (2009).

[20] J. McKenna et al., Phys. Rev. A 81, 061401(R) (2010).
[21] J. Ullrich et al., Rep. Prog. Phys. 66, 1463 (2003).
[22] P. H. Krupenie and S. Weissman, J. Chem. Phys. 43, 1529

(1965); K. Okada and S. Iwata, J. Chem. Phys. 112, 1804
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