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Abstract
In this study, we present the dissociative single ionization of CO molecules in strong laser field by measuring the time-of-
flight mass spectra of the dissociative fragment C + with different laser intensities and polarization directions, respectively. The 
results indicate that the molecular ion CO+ produced by over-the-barrier ionization can be populated in not only the ground 
X
2Σ+ state, but also the next two lower-lying electronic A2

� and B2Σ+ states. By evaluation of the potential energy curves, we 
assign the multi-peak structure of the time-of-flight spectra for ion fragment C + to the dissociation of the vibrational states of 
two excited A2

� and B2Σ+ states via the dissociation pathways |A2
� − 0�

⟩
→ |D2

� − 4�
⟩
 , |B2Σ+ − 0�

⟩
→ |32� − 3�

⟩
 , 

and |B2Σ+ − 0�
⟩
→ |32Σ+ − 3�

⟩
 . The results imply that the dissociation pathway of molecular cations can be selected using 

pump-probe technology via accurately tuned laser parameters.

1  Introduction

With the advances of ultrashort pulsed lasers, many intrigu-
ing and essential physical phenomena have been observed 
in laser-matter interaction research, such as bond soften-
ing and hardening [1–3], above-threshold dissociation 
[4, 5], Coulomb explosion [6, 7], enhanced ionization [8, 
9], and high harmonic generation [10, 11], etc. Theoreti-
cal models, e.g., Strong Field Approximation (SFA) [12], 
Molecular Ammosov-Delone-Krainov (MO-ADK) [13], 
and Time-Dependent Hartree-Fock (TDHF) [14] were intro-
duced to study these phenomena. Compared with atoms, 
however, the cognition process of the experimental results 
for multielectron molecules is difficult and challenging due 
to the electronic, vibrational, rotational, and dissociative 
motions in the interaction between molecules and photons 
[15–18]. Several electrons can be removed from a molecule 
by intense laser fields. The coupling between the nuclear 
and the electron coordinates should be considered in the 
multiple ionization processes. Generally, the kinetic energy 
release (KER) and angular distribution of fragment ions are 

measured to investigate the highly charged dissociative ioni-
zation of molecules. A two-step Coulomb explosion model 
can qualitatively evaluate the total KER of fragment ions 
[19, 20]. The anisotropic angular distribution of fragment 
ions, which is observed to be strong signals along the laser 
polarization axis, can be attributed to two effects: geometric 
alignment and dynamic alignment. The geometric alignment 
is described as the ionization rate on the angle between the 
molecular axis and the laser polarization axis [20, 21] and 
the dynamic alignment is defined as a laser-induced reori-
entation of the molecules before or during the dissociative 
ionization [22–26]. Molecular dynamics is complicated in 
strong laser fields. Therefore, it is not easy to evaluate the 
importance of different orbitals, dissociation pathways, and 
the coupling between different excited states.

In recent years, molecular cations as the research object 
have attracted extensive attention, which are produced by 
single ionization; thus, there is no electron correlation 
effect. The single ionization of NO was studied by utilizing 
a time-of-flight mass spectroscopy (TOF-MS) technology 
[27]. It was found that the NO molecules, when oriented 
perpendicular to the laser polarization, appear to preferen-
tially dissociate into the N + + O channel rather than the N + 
O + channel, despite the energy level of the former channel 
being about 1 eV higher than the latter channel. Previously 
different research groups have experimentally investigated 
the dissociative ionization of CO molecules [26, 28–31]. The 
study of the single ionization of CO was mainly focused on 
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the multiphoton ionization region [28–30] and seldom con-
centrated on the tunnel ionization regime [31]. The physical 
model established in the study of multielectron dissociative 
ionization of molecules is not suitable for dissociative sin-
gle ionization. Indeed, the unique electronic structure of the 
molecule and the lower-lying electronic states are coupled to 
the dissociative states by absorbing multiple photons, which 
play essential roles during the dissociative single ionization 
of molecules in strong field.

Here, we investigate the single ionization of CO in the 
over-the-barrier region and the subsequent dissociation 
channel CO+

→ C + + O. The dissociation pathways of CO 
molecule cation are established by analyzing the total KER 
spectra observed for the dissociative fragment C + and the 
dependence of the TOF spectra of C + fragment ion on laser 
polarization angles and intensities. We conclude that two 
bonding orbitals (1�)4 and (4�)2 are involved in the single 
ionization process and the strong coupling between different 
excited states has identified three dissociation pathways. It 
is confirmed that bonding orbitals and coupling effects play 
essential roles in the dissociative single ionization of CO 
molecules.

2 � Experimental setup

The laser used in the experiment is a Ti:sapphire system 
that delivers 33 fs pulses at a 1 kHz repetition rate with the 
central wavelength at 800 nm. The incident laser beam is 
focused by an f = 10 cm spherical mirror in the vacuum 
chamber mounted on a 5-Axes Manipulator. The focal spot 
is adjusted to be in the center of the extraction region by the 
Manipulator. A half-wave plate and a Gran-Taylor prism are 
inserted into the path of the laser beam to vary the pulse 
energy. After taking away the prism, the polarization direc-
tion of the linearly polarized light can be changed from par-
allel (P-polarization) to perpendicular (S-polarization) to the 
TOF axis by rotating the half-wave plate. In the measure-
ment, the polarization angle is defined as the angle between 
the laser polarization vector and the TOF axis. The CO gas 
(99.99%) is introduced into the vacuum chamber via a 30 
� m orifice with a base pressure of 4.0 × 10

−8 Pa, and the 
working pressure is about 1.0 × 10

−7 Pa. The details of our 
experimental setup have been described elsewhere [32, 33]. 
Briefly, a schematic diagram of the experimental setup is 
shown in Fig. 1a. The TOF-MS is utilized to detect and col-
lect the ions. The experimental system employed a dual-
slope extraction field.

The ions are extracted, accelerated, and arrive at the 
MCP detector through a field-free region. The extraction 
and acceleration fields are 145 and 1020 V/cm, respectively. 
The diameter of the hole on plates 2 and 3 is 1.0 mm and 
2.0 mm, respectively. Part of the charged particles can pass 

through the pinhole and arrive at the MCP detector due to 
the geometric effect of the pinhole. Here, the acceptance 
angle � is defined as the angle between the TOF axis and the 
initial velocity of the fragment ion. The acceptance angle 
and TOF spectra of C + ions at different kinetic energies are 
obtained by Monte Carlo simulation, as shown in Fig. 1c 
and d, respectively. The MCP signal is converted to a digi-
tal signal by ADQ-412, and the digital signal is stored and 
processed offline to generate TOF mass spectra.

3 � Results and discussion

Figure 2 shows the TOF mass spectra of CO induced by fem-
tosecond laser pulses at a peak power density of 1.29 × 10

15 
W/cm2 , which is calibrated by the Ar2+/Ar+ yield ratio 
[34–37]. The laser electric field is P-polarization in Fig. 2a 
and S-polarization in Fig. 2b. The signals of C p+ (p=1-3), 
O q+ (q=1-2), and CO+ can be realized. The previous article 
has systematically studied the dissociation process of highly 
charged molecular ions (COq+ , q ≥ 2 ) [33]. The molecular 
ion CO+ will dissociate through the channel CO+ → C + + O 
and CO+ → C + O + . Since H 

2
 O is difficult to be removed 

from the vacuum chamber, the middle peak of O q+ is from 
the multielectron dissociative ionization of H 

2
 O. In CO, the 

O atom has a higher electronegativity than the C atom. On 
the other hand, the dissociation limit of the C + + O (22.4 eV) 
channel is lower than that of the C + O + (24.7 eV) channel 
[38]. These two intuitive pictures predict that the C + + O 

Fig. 1   a The acceptance angle � is defined as the angle between the 
initial velocity ( �⃗v ) of the fragment ion and the TOF axis. b Sche-
matic diagram of the experimental setup. The applied voltages of 
plates 1 and 2 are 1200 and 1000 V, respectively, and the third plate 
is grounded. The acceptance angle (c) and TOF spectra (d) of C + ions 
at different kinetic energies are given by the Monte Carlo simulation
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channel is more favorable than the C + O + channel. In con-
clusion, the O + ion peak corresponding to the weak chan-
nel C + O + overlaps with the O + ion peak produced by the 
residual water molecules in the vacuum chamber, resulting 
in the inability to extract the relevant information of the dis-
sociation channel C + O + . Thus, we focus on the dissociation 
channel C + + O in strong laser field.

Figure. 3a displays the typical TOF mass spectra of P-polar-
ization and S-polarization of the C + region at a laser intensity 
of 1.29 × 10

15 W/cm2 . Two dissociation channels principally 
contribute to the multi-peak structure, i.e., CO2+ → C + + O + 
(region I) and CO+ → C + + O (region II). Note that, through-
out this study, we label channel C + + O as C(1,0) or O(0,1), 

and channel C + + O + as C(1,1) or O(1,1). We deduced the 
momentum of the neutral O atom using momentum conserva-
tion law, the kinetic energy of fragment ions can be determined 
from the peak splitting in the mass spectrum, and the total 
kinetic energy release (KER) is distributed between the two 
fragments, i.e., C + and O. The final total KER is

where U
1
 is the potential of the plate 1, U

2
 is the potential of 

the plate 2, d is the distance between these plates, p is the 
charge of the C + , �t is the difference in the arrival times 
between forward and backward ejected the C + ions, and mo 
and mc are the mass of the C and O atoms, respectively. Cor-
responding to Fig. 3a, the distribution of total KER of the 
dissociation channel C(1,0) is shown in Fig. 3b.

The momentum conservation law is satisfied in the process 
of the Coulomb explosion. Thus, the coincidence criterion of 
the dissociation channel of C(p,q) or O(q,p) can be given

Here, �tCp+ and �tOq+ represent the difference in the arrival 
times between forward and backward ejected the C p+ and 
O q+ ions, respectively. The coincident spectra of C(1,1) or 
O(1,1) channels are displayed in Fig. 4. The C + ions come 
from the dissociation channel of C(1,1) in the region I by 
comparing the results in Fig. 3a and Fig. 4a. The dissocia-
tion of a highly charged molecular ion may also contrib-
ute to the C + ions at the intensity of 1.29 × 10

15 W/cm2 . 
The dissociation channel of CO3+ ions is mainly C(2,1) or 
O(1,2) channel. Fig. 4b shows the coincident spectra of O + 
ions from O(1,1) and O(1,2) channels. For higher charged 

(1)EKER =
mo + mc

mo

×
p2(U

1
− U

2
)2

8mcd
2

�t2,

(2)p�tCp+ = q�tOq+ .

Fig. 2   TOF mass spectra of CO molecule irradiated at a laser inten-
sity of 1.29 × 10

15 W/cm2 . The peaks of H 
2
O+ and CO+ are multi-

plied by a factor of 1
5
 . The laser polarization direction is parallel in a 

and perpendicular in b to the TOF axis

Fig. 3   a The TOF mass spectra of the dissociative fragment C + were 
measured at an intensity of 1.29 × 10

15 W/cm2 . The lines with balls 
(black) and triangles (red) illustrate that the laser polarization direc-
tion is parallel to and perpendicular to the TOF axis, respectively. 
Region I and II refer to the C(1,1) and C(1,0) channels. b shows the 
corresponding total KER spectra by Eq. (1). The symbols 1 - 4  rep-
resent four energy peaks in channel C(1,0). The inset figure shows the 
total KER distribution of all fragment ions C + , including the C(1,1) 
channel

Fig. 4   The a and b are the coincidence spectra of C + and O + ions 
corresponding to C(1,1) and C(2,1) channels, respectively. The sub-
scripts F and B are defined as fragment ions with initial velocity 
toward and away from the detector. The same color of mass spectra 
of fragment ions is produced by the dissociation of the same parent 
molecule. Here, the spectrum of C 2+ ion is not given
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molecular ions (CO4+ and CO5+ ), a previous study found that 
charge-symmetric dissociation is the dominant process [20]. 
Therefore, the contribution of other dissociation channels 
to C + can be ignored in present study. Based on the above 
discussion, we will focus on the dissociation pathway of the 
CO+ in strong laser field.

From the total KER distribution of the C(1,0) channel in 
Fig. 3b, it can be seen that the KER distribution of region 
II can be divided into two parts, namely KER > 1.6 eV and 
KER < 1.6 eV, which will be explained later. To understand 
the physical mechanism of the CO cation dissociation pro-
cess, we establish the strong field multiphoton dissociation 
pathways of CO+ . Fig. 5a shows the density distribution of 
TOF mass spectra of the C + with varying laser intensities. 
In Fig. 5, the observed asymmetry in the peak intensities is 
attributed to the vector addition of velocity of the fragment 
ions initially directed toward and away from the TOF axis 
[39]. Under the same laser intensity, the yield of the C + 
fragment in the high-energy part ( 3  ) is higher than that 
of the C + in the low-energy part ( 1  , 2  ). This indicates 

that the dissociation pathway corresponding to fragment ion 
C + of the lower energy part needs to absorb more photons. 
Moreover, the result in Fig. 5b reveals the density distribu-
tion of TOF mass spectra of the C + to polarization angle. In 
the ultrafast dissociation of diatomic molecule, the fragment 
anisotropy is determined by the direction of the transition 
moment respecting to the molecular axis [40, 41]. The rich 
electronic structure of CO+ produces numerous distinct fea-
tures, which gives us insight into the pathways. Compared 
with homonuclear diatomic molecules, heteronuclear dia-
tomic molecules only need to obey the following molecular 
dipole transition selection rules. First, only the electronic 
states with the same multiplicity are allowed transition, i.e., 
�S = 0 . CO molecules have two sets of electronic states, 
doublet state and quartet state [42, 43]. Since the quartet 
state has higher ionization energy than the doublet state, 
we choose the doublet state. Second, Σ+

↔ Σ− transition 
is forbidden transition, i.e., � ↔ � is forbidden. Third, the 
change of angular momentum quantum number �� = 0 and 
�� = ±1 are defined as a parallel (e.g., Σ ↔ Σ , � ↔ � ) 
and perpendicular (e.g., Σ ↔ � ) transitions. As shown in 
Fig. 5a, the structure of TOF mass spectra of C + has not 
changed obviously within the experimental energy range, 
indicating the production mechanism of C + ions remains 
unchanged. The acceptance angle of C + with higher kinetic 
energy is smaller, as shown in Fig. 1c. Therefore, it can be 
considered that the C + ions collected in the present experi-
ment come from the dissociative single ionization of mole-
cule with molecular axis along the TOF axis. In other words, 
changing the direction of the laser polarization relative to 
the TOF axis is equivalent to changing the angle between 
the direction of laser polarization and the molecular axis. 
Thus, it can be inferred that the dissociation pathway of CO+ 
includes parallel and perpendicular transitions from the den-
sity distribution of C + TOF mass spectra with respect to 
laser polarization in Fig.5b.

The potential energy curves (PECs) of CO ground 
state and CO+ ion are shown in Fig.  6c. The two dis-
sociation limits of CO+ ion are 22.37 eV and 24.34 eV, 
respectively [38]. The electronic configuration of CO is 
(1�)2(2�)2(3�)2(4�)2(1�)4(5�)2 . As CO is a heteronuclear 
diatomic molecule, unlike its isoelectronic counterpart N 

2
 , 

the outermost orbital (5�)2 (highest occupied molecular 
orbital, HOMO) is virtually a nonbonding orbital. However, 
the two orbitals of (1�)4 (HOMO-1) and (4�)2 (HOMO-2) 
are strongly bonding orbitals. Fig. 6b is the contour plots of 
the wave function of these orbitals. The CO molecules can 
only move thermally in the target chamber. The interval of 
the adjacent electronic states (several eV) and the interval 
of the adjacent vibrational state ( ∼0.266 eV) are higher than 
kBT  ( kBT=0.026 eV at T=300  K). Hence, CO molecules 
are mainly populated in the ground state, X1Σ+ ( ��

= 0 ). 
From the point of view of electronic configuration, if we 

Fig. 5   a The TOF spectra of C + obtained at different laser intensities. 
The symbol 1 - 4  and 1 - 4  in Fig. 3b are one-to-one correspond-
ence. The angle between the laser polarization direction and the TOF 
axis is fixed at 18◦ . b The TOF spectra of C + ion are measured at 
different polarization angles with a fixed laser intensity of 1.29×1015 
W/cm2 . Here, the polarization angle refers to the angle between the 
laser polarization direction and the TOF axis
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remove an electron from the 5� orbital, the remaining tightly 
bonding electrons should most likely hold the X2Σ+ ground 
state of the CO+ , which is a stable state. With the nondis-
sociative molecular ion CO+ formation, an abundance of CO 
molecular cations is observed in the experiments. The A2

� 
and B2Σ+ excited states are generated by removing a 1� and 
4� orbitals electron, respectively. Using the experimental 
results in Fig. 5 and the transition rules discussed above, a 
physical picture of the dissociative single ionization of CO 
is established, as shown in Fig. 6. To more intuitively and 
clearly understand the dissociative single ionization of CO 
molecule in the intense laser field, we divide the ionization 
and dissociation processes in a single laser pulse as shown 
in Fig. 6a. The physical processes in different stages cannot 
be strictly distinguished. First of all, most CO molecules 
remain neutral in the rising edge of the laser field as ioniza-
tion is extremely sensitive to the laser intensity. In addition, 
when the intensity of the laser field reaches its peak, CO 
molecules are rapidly ionized and mainly populated in X2Σ+ , 
A2

� , and B2Σ+ electronic states. The ionization potentials 
of HOMO, HOMO-1, and HOMO-2 orbitals of CO mol-
ecule are 14.01, 16.58, and 19.70 eV, respectively [44]. The 
Keldysh parameters corresponding to HOMO, HOMO-1, 
and HOMO-2 are calculated to be 0.302, 0.328, and 0.358 
with a laser intensity of 1.29×1015 W/cm2 , respectively [45]. 
However, CO molecules can be ionized by over-the-barrier 
at this laser peak intensity [46]. After ionization, CO+ are 
populated to X2Σ+ , A2

� , and B2Σ+ electronic states. The 
Franck–Condon factor gives the vibrational state distribution 

of different electronic states. The Franck-Condon factors of 
the transition between different electronic vibrational states 
of CO molecule are calculated by R. W. Nicholls [47]. The 
distributions of vibrational energy levels of X2Σ+ , A2

� , 
and B2Σ+ electronic states after CO ionized are �′′ = 0-1, �′′ 
= 0-6, and �′′ = 0-2, respectively. As displayed in Fig. 6c, 
there is a four-photon near-resonant excitation between X2Σ+ 
and B2Σ+ states, increasing the population of CO molecular 
cations in the B2Σ+ state. Finally, the CO+ ions populated 
in A2

� and B2Σ+ states are coupled with higher molecular 
states by absorbing multiple photons, and then CO+ ions are 
dissociated.

Here, the diabatic Floquet representation is intro-
duced, which gives diabatic filed-dressed PECs [40, 
49–51]. The absorption of n photons will result in 
the shifting of the PECs down. This representation is 
adopted to illustrate the coupling of different dressed 
states. There are three dissociation pathways that 
can be distinguished in our experimental results, i.e., 
|A2

� − 0�
⟩
→ |D2

� − 4�
⟩
 , |B2Σ+ − 0�

⟩
→ |32� − 3�

⟩
 , 

and |B2Σ+ − 0�
⟩
→ |32Σ+ − 3�

⟩
 . The dissociation limit of 

|D2
� − 4�

⟩
 state is about 0.51 eV which is lower than that 

of the |A2
� − 0�

⟩
 ( �′′ = 0, 16.68 eV) [44]. The Franck-Con-

don factor shows a maximum at �′′ = 2 in the |A2
� − 0�

⟩
 

vibrational state after CO single ionization. The correspond-
ing total KER of |A2

�
⟩
 ( �′′ = 2, 17.06 eV) state is 0.89 eV, 

which is in good agreement with the 3  peak in Fig. 3b. 
As the interval between the two vibrational levels of �′′ = 
0, 6 in A2

� state is 1.09 eV, the maximum KER given by 
this dissociation pathway is 1.60 eV. For the dissociation 
pathway |A2

� − 0�
⟩
→ |D2

� − 4�
⟩
 is a parallel transition, 

because the change of angular momentum quantum number 
�� before and after the transition is 0. It can be seen from 
Fig. 5b that the yield of the C + ion corresponding to the 3  
peak is the largest when the laser polarization direction is 
parallel to the TOF axis. This dissociation pathway gives a 
maximum KER of 1.6 eV, which is the reason for the divi-
sion of region II into two parts in Fig. 3b mentioned earlier.

However, for |32� − 3�
⟩
 and |32Σ+ − 3�

⟩
 dressed 

states have the same dissociation limit of 19.69 eV. The 
energy of the vibrational level |B2Σ+ − 0�

⟩
 ( �′′ = 0, 1, and 

2) are 19.81, 20.01, and 20.22 eV [44]. The three KER 
values contributed by two dissociation pathways are 0.12, 
0.32, and 0.53 eV, respectively. According to the transi-
tion rule, the |B2Σ+ − 0�

⟩
→ |32� − 3�

⟩
 is perpendicular 

transition and the |B2Σ+ − 0�
⟩
→ |32Σ+ − 3�

⟩
 is parallel 

transition. It can be seen faintly from Fig. 5b that the 2  
peak has the highest yield of the C + when the laser polari-
zation is perpendicular to the TOF axis. This result shows 
that the main contribution of the 2  peak comes from 
the |B2Σ+ − 0�

⟩
→ |32� − 3�

⟩
 dissociation pathway. 

Although the |B2Σ+ − 0�
⟩
→ |32Σ+ − 3�

⟩
 dissociation 

Fig. 6   a To make the physical image intuitive, the laser pulse can be 
divided into three regions qualitatively. b The configuration of the 
HOMO, HOMO-1, and HOMO-2 orbitals of CO and the contour 
maps of these orbital wave functions are from Ref.  [48]. c The poten-
tial-energy surfaces of CO and CO+ (taken from [42]). d Dressed-
states of CO+ , lines with different colors refer to different transition 
pathways
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pathway can also contribute to the 2  peak, it is a paral-
lel transition. The |32Σ+ − 3�

⟩
 potential energy curve has 

a small barrier, which weakens the contribution of the 
|B2Σ+ − 0�

⟩
→ |32Σ+ − 3�

⟩
 dissociation pathway to the 

2  peak. Therefore, the fragment ions corresponding to 
the 2  peak principally come from the dissociation of the 
|B2Σ+ − 0�

⟩
→ |32� − 3�

⟩
 pathway.

Finally, we discuss the source of the 1  peak in Fig. 5b, 
the initial kinetic energy of the fragment ion C + is close 
to 0 eV, and the yield for C + is the largest when the laser 
polarization direction is perpendicular to the TOF axis. As 
shown in Fig. 1c, the kinetic energy of the dissociated frag-
ment C + is close to zero, and its acceptance angle is close 
to 90◦ . For the CO molecules whose molecular axis is per-
pendicular to the TOF axis, the component of the initial 
kinetic energy of the C + in the direction of the TOF is equal 
to 0 eV. Thus, the contribution of the 1  peak mainly comes 
from the |B2Σ+ − 0�

⟩
→ |32Σ+ − 3�

⟩
 dissociation pathway. 

It can be seen from Fig. 5a that the 4  peak appears at higher 
laser intensity than the 2  peak. The dependence of the two 
peaks 2  and 4  on the laser polarization is the same, the 
C + has the highest yield when the laser polarization direc-
tion is perpendicular to the TOF axis in Fig. 5b. According 
to the previous discussion, it is concluded that the source 
of the 4  peak absorbs one more photon than the 2  peak, 
i.e., the |B2Σ+ − 0�

⟩
→ |32� − 4�

⟩
 dissociation pathway. 

The observation indicates molecular inner orbitals are also 
involved in the single ionization process of CO. The differ-
ent excited states of the CO molecular cations are coupled 
to form different dissociation pathways that depend on laser 
properties, such as polarization and intensity.

4 � Conclusion

In summary, the multiorbital single ionization and the sub-
sequent dissociation of CO molecule in an intense laser field 
have been studied. The established three dissociation path-
ways confirm that the two lower-lying electronic states A2

� 
and B2Σ+ , play an important role during the dissociation 
of CO molecular cation. The dependence of fragment ions 
on laser polarization is determined by the transition man-
ner (parallel or perpendicular) of the dissociation pathways. 
The molecular inner orbitals (HOMO-1 and HOMO-2) have 
a non-negligible influence on strong-field molecular single 
ionization. High-resolution measurements of vibrational 
levels in an electronic state are challenging during the dis-
sociation of molecular cation in a strong field, because the 
involvement of an abundance of electronic states and pos-
sibly different dissociation pathways could bring about the 
fragment ions of same energy. The analysis of these results 

shows that the dissociative pathway of molecular cation can 
be selected by using the pump-probe technique.
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