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Molecules exposed to strong laser fields may coherently absorb multiple photons and deposit the energy
into electrons and nuclei, triggering the succeeding dynamics as the primary stage of the light-molecule
interaction. We experimentally explore the electron-nuclear sharing of the absorbed photon energy in
above-threshold multiphoton single ionization of multielectron molecules. Using CO as a prototype,
vibrational and orbital resolved electron-nuclear sharing of the photon energy is observed. Different from
the simplest one- or two-electron systems, the participation of the multiple orbitals and the coupling of
various electronic states in the strong-field ionization and dissociation processes alter the photon energy
deposition dynamics of the multielectron molecule. The population of numerous vibrational states of the
molecular cation as the energy reservoir in the ionization process plays an important role in photon energy
sharing between the emitted electron and the nuclear fragments.
DOI: 10.1103/PhysRevLett.117.103002

Many interesting phenomena have been observed for
molecules exposed to strong laser fields, e.g., the bond
softening and hardening [1–4], above-threshold dissociation [5,6], tunneling dissociation [7], Coulomb explosion
[8–10], charge-resonance-enhanced ionization [11,12], and
high harmonic generation [13–15]. Differing from singlephoton ionization induced by synchrotron radiation
[16–18], atoms and molecules may coherently absorb
multiple photons beyond the minimal number required
for ionization driven by a strong laser field, leading to
discrete energy peaks in the photoelectron spectrum spaced
by the photon energy, i.e., above-threshold ionization as
first observed by P. Agostini et al. in 1979 [19]. The
primary stage of light-molecule interaction is the photon
energy absorption and deposition. As compared to atoms
where the electron keeps most of the absorbed photon
energy, the additional vibrational and rotational nuclear
motions of molecules also serve as energy reservoirs. The
photon energy deposited into the nuclei governs the
succeeding dynamics and thus the fate of the molecule.
Until recently, the electron-nuclear sharing of the absorbed
photon energy in strong-field multiphoton single ionization
of molecules was revealed for the simplest one- or twoelectron systems of H2 þ [20–27] and H2 [28]. On the other
hand, the recent experiments showed negligible photon
energy sharing between the emitted electrons and ions in
double ionization of a polyatomic hydrocarbon molecule
[29]. Does the electron-nuclear sharing of the absorbed
photon energy in multiphoton ionization of molecules
merely exist in the simplest one- or two-electron systems
of H2 þ and H2 ? Which rules govern the electron-nuclear
sharing of the absorbed photon energy? Understanding the
0031-9007=16=117(10)=103002(5)

multiphoton energy sharing between the electrons and nuclei
provides deep insight into the strong-field dynamics of
multielectron molecules where multiple orbitals and numerous electronic states are entangled in the ionization and
dissociation processes.
In this Letter, we demonstrate experimental observation
of the electron-nuclear sharing of the absorbed photon
energy in strong-field above-threshold dissociative single
ionization of multielectron molecules. Vibrational and
orbital resolved electron-nuclear sharing of the absorbed
photon energy is identified for the CO molecule.
Depending on the detailed electronic and nuclear structures
of the molecule, the photon energy sharing between the
electron and nuclei is dominated by the population of
numerous vibrational states of the ionization created
molecular cation. As compared to the one- or two-electron
systems, the observed electron-nuclear photon energy
deposition dynamics of the multielectron molecule are
altered by the molecular orbitals from which the electron
is extracted and the potential energy surfaces of the
electronic state on which the nuclei dissociate.
Experimentally, we performed the measurements in an
ultrahigh vacuum reaction microscope of cold target recoil
ion momentum spectroscopy [30,31], where the laser
ionization created ions and electrons were detected in
coincidence by two time- and position-sensitive microchannel plate detectors [32] at the opposite ends of the
spectrometer. The three-dimensional momenta vectors of
the detected ions and electrons were retrieved from the
measured times of flight and positions of the impacts during
the offline analysis. To get a well-spaced above-threshold
ionization spectrum of the emitted photoelectron in the
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multiphoton ionization regime, a linearly polarized ultraviolet (UV) femtosecond pulse centered at 395 nm was
produced by frequency doubling a near-infrared pulse from
a multipass amplifier Ti:sapphire laser system (25 fs,
790 nm, 10 kHz) in a 150-μm-thick β-barium borate crystal.
The laser pulses were tightly focused onto a supersonic
molecular beam of CO by using a concave silver mirror
(f ¼ 7.5 cm) inside the vacuum chamber. By tracing the
field-intensity-dependent shift of the sum energy of electron
and nuclei from dissociative single ionization of H2 [33], the
laser field intensity of the UV pulse in the interaction region
was estimated to be 7.6 × 1013 W=cm2 with a temporal
duration of ∼70  3 fs. The corresponding Keldysh parameter was calculated to be γ ¼ 2.48.
To reveal the photon energy sharing between the electron
and nuclei, we focus on the dissociative single ionization
channel, i.e., CO þ qhω → Cþ þ O þ e labeled as
COð1; 0Þ, by using the electron-nuclear joint energy spectrum (JES), i.e., Ee vs EN [31]. The kinetic energy of the
neutral fragment (not detected directly) is calculated
according to the recoil momentum of the fragment ion
and electron ejected from the same molecule and included
in the total kinetic energy of the nuclei EN .
Figure 1(a) displays the measured electron-nuclear JES of
the COð1; 0Þ channel driven by a linearly polarized
395-nm pulse. The corresponding energy spectrum of the
nuclei EN integrated over Ee is displayed in Fig. 1(b).
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FIG. 1. (a) Measured electron-nuclear JES of the COð1; 0Þ
channel in a linearly polarized 395-nm femtosecond laser pulse.
(b) The corresponding nuclear spectrum EN integrated over Ee.
(c) Enlarged JES distribution of the first diagonal line in (a). Two
JES structures are identified as separated by a dashed yellow
arrow at EN ∼ 0.7 eV, referred to as the low- and high-EN
regions. (d) Distribution of the energy peaks of the discrete
islands in the first three JES diagonal lines in (a). Two distinct
JES structures in the low- and high-EN regions show different
photon energy sharing slopes.
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Differing from the multiphoton double ionization of polyatomic acetylene [29], as shown in Fig. 1(a), multiple diagonal
lines spaced by the photon energy of the driven laser field are
observed in the electron-nuclear JES of the COð1; 0Þ
channel, indicating the photon energy sharing between the
emitted electron and nuclei in strong-field ionization of a
multielectron molecule. The excess photon energy over the
ionization threshold is not only deposited to the outgoing
electron, but also transferred to the heavy nuclei via their
correlated interactions. As compared to the H2 þ [20–27] or
H2 [28], the light may directly interact with the nuclei for the
heteronuclear diatomic molecule having a permanent dipole.
However, for CO the dipole moments of the nuclei and the
three highest occupied molecular orbitals (HOMOs) are
estimated to be 0.0028 (nuclei), 0.4486 (HOMO), 0.2909
(HOMO-1), and 0.3232 Debye (HOMO-2), respectively.
Although we cannot experimentally distinguish their contributions to the observed EN , the direct dipole coupling of
the light with the nuclei is 2 orders of magnitude smaller than
that of the electron. The electron-nuclear photon energy
sharing is mainly via the electron-nuclei coupling.
Interestingly, the JES reveals much more than the energy
sharing features. As shown in Fig. 1(a), the diagonal lines in
the electron-nuclear JES of the COð1; 0Þ channel show
discrete fine structures in EN , which maps the rich vibrational structure of the multiphoton ionization created
molecular cation. The strong-field multiphoton dissociative
single ionization of the molecule can generally be understood as a two-step process. The molecule emits one electron
and populates various vibrational states of the molecular
cation by absorbing multiple photons in the ionization step.
The created vibrational nuclear wave packet afterwards
dissociates into a neutral and an ionic fragment assisted by
photon-coupled transitions among various potential energy
curves. As displayed in Fig. 1(a), it shows discrete fine
energy structures in each individual diagonal line of the
electron-nuclear JES by mapping the vibrational states of the
intermediate states populated in the ionization process.
For multielectron molecules, multiple orbitals and electronic states [34,35] are coupled by the strong laser fields in
the ionization and dissociation processes, which are encoded
in the observed electron-nuclear JES. Figure 1(c)
shows the enlarged distribution of the first diagonal line
of the JES where two sets of electron-nuclear energy sharing
structures coexist and are distinguished as the low-EN and
high-EN regions, respectively, for EN larger or smaller
than 0.7 eV. The intensity of the JES distribution increases
with increasing nuclear energy for each JES set. As shown
in Fig. 1(d), the peak energies of the discrete islands in the
first three diagonal lines of the JES show different slopes
for the low (s1st ¼ −1.14  0.03, s2nd ¼ −1.19  0.05,
s3rd ¼ −1.30  0.05) and high (s1st ¼ −0.77  0.07,
s2nd ¼ −0.73  0.18, s3rd ¼ −0.79  0.08) EN regions,
indicating distinct photon energy deposition dynamics. It
was demonstrated that the interplay of the inter- and
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P
P
the B2 þ state to the 32 þ and 32 Πþ states, followed by
dissociation to the Cþ ð2 P0 Þ þ Oð1 DÞ limit. The locations
of the expected EN of the one- and two-photon dissociation
from
vibrational levels in the A2 Π (v ¼ 4 to 1) and
Pvarious
2
þ
B
(v ¼ 12 to 8) states are marked (dashed lines) in the
top panel of Fig. 2(b), respectively, which are in good
agreement with the measurements.
Since electrons from different orbitals are released, the
momentum distribution of the emitted photoelectron correlated with the Cþ in the low-EN region is noticeably
different from that correlated with the Cþ in the high-EN
region, as shown in Figs. 3(a) and 3(b), respectively. In
addition, as displayed in Figs. 3(c) and 3(d), the emitted Cþ
also have different angular distributions for two different
dissociative ionization pathways.
To further verify that the observed fine structures in the
EN spectrum map the vibrational states of the COþ from
which the dissociation is initialized, we numerically
simulate the dissociation process by solving the modeled
time-dependent Schrödinger equation [atomic units (a.u.)
are used throughout unless indicated otherwise]

intracycle interferences of the released electron in the strongfield ionization of H2 þ affects the slope of the resulting
electron-nuclear JES structure [27]. As we will discuss
below, for CO these two distinct JES structures also correlate
with the electron releasing from different orbitals and
photon-assisted coupling of various electronic states in
the ionization and dissociation processes.
Figure 2(a) shows the relevant potential energy curves of
the CO and COþ calculated using the molpro [36] with the
multireference configuration interaction method based on
the augmented correlation consistent polarized valance
quadruple zeta basis set [37]. Removal of an electron from
the P
HOMO leads to the population of the tightly bound
2
þ ground state of the molecular cation, mostly
X
forming theP nondissociative molecular ion COþ . The
A2 Π or B2 þ excited states are populated by removing
a HOMO-1 or HOMO-2 electron, respectively, which are
afterwards photon coupled to dissociative states and break
into the Cþ and O fragments [38,39]. These dynamics are
encoded in the orbital and vibrational resolved electronnuclear JES. For a given dissociation pathway, by considering the aforementioned two-step model, the observed
discrete EN peaks map the energy spacing of the adjacent
vibrational levels from which the dissociation is initialized.
As shown in Fig. 1(b), two adjacent EN peaks are separated
by about 0.17 eV for both the low-EN and high-EN regions,
which matches well with the vibrational energy spacing
Pof
the excited A2 Π (δEv ∼ 0.17 eV for v ¼ 1–4) or B2 þ
(δEv ∼ 0.16 eVP
for v ¼ 8–12) states but mismatches with
the ground X2 þ state (δEv ∼P
0.20 eV to 0.27 eV for
v ¼ 0–20). By excluding the X2 þ state, as illustrated in
Fig. 2(a), the high- and low-EN regions are most likely
produced in the following approaches: An ionization
created vibrational nuclear wave packet on the A2 Π state
is two-photon coupled to the D2 Π state and dissociates to
the Cþ ð2 P0 Þ þ Oð3 PÞ limit, leading to the observed events
with EN > 0.7 eV in the high-EN region, while the
observed events with EN < 0.7 eV can be attributed to
the one-photon transition of the nuclear wave packet from
(a)
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in which the six electronic states of COþ shown in Fig. 2(a)
are included. χ 1 to χ 3 and χ 4 to χ 6 are the associated nuclear
wave packets for the three Σ states and three Π states from
bottom to top, respectively. T is the nuclear kinetic energy
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FIG. 2. (a) Relevant potential energy surfaces of CO and COþ . (b) Measured (top panel) and simulated (bottom panel) nuclearPkinetic
energy spectra EN . The locations of the excepted EN of one- and two-photon absorption from different vibrational levels in B2 þ and
A2 Π states are marked in the top panel.
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FIG. 3. Measured (a),(b) momentum distributions of the emitted
electrons and (c),(d) angular distributions of the ejected Cþ of the
COð1; 0Þ channel in the (a),(c) low-EN and (b),(d) high-EN regions.

operator, and the R-dependent dipole coupling matrix
elements μij (1 ≤ i ≤ 6, 1 ≤ j ≤ 6, i ≠ j) are calculated
by the molpro [36]. The laser pulse EðtÞ is the same as that
used in the experiment. The time and spatial steps are δt ¼
0.1 a:u: and δR ¼ 0.02 a:u: The simulation box is big
enough to hold all wave packets. The kinetic energy of the
nuclei is obtained using the windows operator [40] after the
interaction of the laser pulse.
In calculations, we first launched
P the Frank-Condon
P
nuclear wave packet onto the X2 þ , A2 Π, or B2 þ
states. We found the dissociation starting from A2 Π
dominates other channels after considering the probabilities
of the single ionization of CO and later dissociation
probabilities of COþ . The calculated EN is shown by the
pink solid curve in Fig. 2(b), which agrees with the
measured high-EN spectrum. Alternatively, CO may absorb
three photons and populate the A1 Π state of CO, which will
relax to a larger internuclear distance, from where an
electron is removed
P and the nuclear wave packet is
projected onto B2 þ , which will afterward
be coupled
P
into dissociative states such as 32 þ or 32 Π in the
remaining laser field. In simulations, we thus put the
Frank-Condon nuclear wave packet on A1 Π, which will
relax to the outer turning point after around 30 fs. Then, the
nuclear wave packet
P at the outer turning point is further
projected onto B2 þ , whose later fate is governed by
Eq. (1). This reaction pathway finally contributes the low
EN , as shown by the dashed blue curve in Fig. 2(b). The
nice agreement between calculations and measurements
shown in Fig. 2(b) confirms our explanation. Only if the
pulse duration is much larger than the vibrational period,
the discrete EN can be readily distinguished by resolving
the vibrational dynamics.
P For the involved vibrational
states of A2 Π and B2 þ with vibrational periods of
∼22 and ∼25 fs, respectively, we estimate that a laser
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pulse with a duration longer than 30 fs is needed to resolve
the vibrational structure in the observed EN spectra.
By tracing different dissociative ionization pathways,
one may retrieve how the slopes change when multiple
orbitals and electronic states are involved. Assuming the
single ionization of CO occurs at a certain internuclear
distance R1 , and the coupling between different electronic
states [with the corresponding Born-Oppenheimer potential
curves V 2 ðRÞ and V 3 ðRÞ] at a certain R2 triggers the
dissociation of COþ , one may derive EN ðR1 ; R2 Þþ
Ee ðR1 Þ ∼ ΔVðR2 Þ − Up ðR1 Þ, where ΔVðR2 Þ ¼ V 3 ðR2 Þ −
V 2 ðR2 Þ and U p ðR1 Þ is the ponderomotive energy. Note that
here V 2 and V 3 are just some general potential curves. The
independence of ΔV and U p on the internuclear distance
should give a slope of −1. However, for instance, with the
COþ , ΔV
low and high EN in the dissociation of P
P corre2
þ
sponds to the energy difference of 3
-B2 þ and
D2 Π-A2 Π, respectively, and both ΔV decrease with
the increasing of the internuclear distance. Furthermore,
the former decreases more rapidly than the latter. Thus, the
slope in the low EN is smaller than that in the high EN . This
qualitatively explains the different slopes in the electronnuclear JES spectrum of the COð1; 0Þ channel for different
dissociation pathways. A quantitative reproduction of the
slope requires a precise description of the complex ionization dynamics of the multielectron molecule, which is
beyond our current numerical model.
As compared to the H2 þ [20–27] and H2 [28], the JES for
the dissociative ionization of CO shows several common and
different characters. First of all, JES is a general process in the
dissociative ionization of molecules, which is a strong proof
of electron-nuclei coupling in ultrafast chemical reactions.
Freeman resonance is present in the JES for both H2 and CO
[indicated by the red arrow in Fig. 1(a)] only when linearly
polarized laser fields are used. However, because of the
complexity of the multielectron system, the JES for the
dissociative ionization of CO has more structures: the
vibrational structures are more distinct, and the low- and
high-EN regions have different slopes, as shown in Fig. 1(d).
Different slopes of the JES actually indicate the participation
of multiple orbitals and electronic states in the strong-field
dissociative single ionization of the multielectron molecule.
As compared to a pioneering experiment [28], we did resolve
the vibrational structure of H2 þ in our recent measurement
with refined experimental conditions. The visibility of the
vibrational structure in the spectra depends not only on the
ratio of the vibrational periods to the temporal duration of
the laser pulse, but also the detailed experimental conditions
such as the intensity and focusing condition of the laser field
and the energy resolution of the spectrometer.
In summary, by measuring the fragment ion and electron
ejected from a singly ionized CO in coincidence, we
experimentally demonstrate the correlated electron-nuclear
sharing of the excess photon energy in above-threshold
multiphoton ionization of multielectron molecules. The
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vibrational energy reservoir, i.e., population of numerous
vibrational states in the ionization process, plays an
important role in the electron-nuclear sharing of the
absorbed photon energy. Differing from the simplest
one- or two-electron molecules, the participation of various
orbitals and the coupling of various electronic states of the
multielectron molecule alter the observed electron-nuclear
sharing of the absorbed photon energy. Our results provide
deep insight into the correlated electron-nuclear dynamics
of multielectron molecules in strong-field ionization processes, in particular, the photon energy deposition as the
primary stage of the light-molecule interaction.
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