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We study the photon energy sharing between the photoelectron and the nuclei in the process of above-
threshold multiphoton dissociative ionization of CO molecules by measuring the joint energy spectra. The
experimental observation shows that the electron-nuclear energy sharing strongly depends on the vibrational
state. The experimental observation shows that both the energy deposited to the nuclei of CO+ and the emitted
photoelectron decrease with increasing the vibrational level. Through studying the vibrationally resolved nuclear
kinetic energy release and photoelectron energy spectra at different laser intensities, for each vibrational level of
CO+, the nuclei always tend to take the same amount of energy in every vibrational level regardless of the laser
intensity, while the energy deposited to the photoelectron varies with respect to the laser intensity because of the
ponderomotive shifted energy and the distinct dissociative ionization mechanisms.
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I. INTRODUCTION

The photon energy transferring to atoms and molecules in
strong laser fields has been an intriguing subject in optical
physics and chemistry [1]. Exposing an atom in an intense
laser field, the electron can absorb a certain number of photons
more than required leading to a series of peaks separated by the
photon energy in the photoelectron energy spectra, which is
referred to as above-threshold ionization (ATI) [2]. Compared
with atoms, the interaction of molecules with photons would
be very complicated because the electronic, vibrational,
rotational, and dissociative motions will be involved. The
ionic fragments can share part of the photon energy with
the electrons, which has been observed in single-photon
dissociative ionization of molecules [3,4]. For molecules in
ultrafast strong laser fields, many interesting and important
phenomena have been studied, including bond softening [5],
bond hardening [6,7], above-threshold dissociation [8], en-
hanced ionization [9,10], Coulomb explosion imaging [11–15]
and their dynamics control [16–19], etc. Most of those works
are done by separately measuring the energy or momentum
spectra of the photoelectrons and the nuclei.

The correlation between the photoelectron and nuclei in
strong-field multiphoton dissociative ionization of molecules
is usually ignored in most of the early theoretical treatments.
By investigating the joint energy spectrum (JES) [20–22], it has
been theoretically shown that the correlation between the nu-
clei and electron in molecular dissociation cannot be neglected
for multiphoton dissociation of H +

2 . Generally, the sum of the
kinetic energy of nuclear fragments (EN ) and photoelectrons
(Ee) after the end of the laser pulse, is given by Esum = EN +
Ee = E0 + nω − Up, where E0 is the bound state energy,
and Up the ponderomotive energy (atomic units throughout,
unless indicated otherwise). A recent experiment has verified
the energy sharing of the absorbed photons between the
photoelectron and the nuclei in above-threshold multiphoton
dissociative ionization of the simplest molecule H2 [23].

The JES spectra can provide rich information of strong-
field dissociation ionization. Recently, inter- and intracycle
interference effects have been theoretically identified in the
JES spectra of multiphoton dissociation of H +

2 [24]. The
molecular rotational and vibrational effects are expected to
be important for the correlated dynamics of strong-field
dissociative ionization, which, however, have not been studied
at all. On the other hand, the study of the energy sharing
for multielectron molecules would be very necessary for
an understanding of the underlying correlated strong-field
molecular dissociative dynamics. In this work, we present
an experimental observation of the vibrationally resolved
electron-nuclear JES from above-threshold multiphoton dis-
sociation of CO molecules in intense femtosecond laser pulses
at different intensities. Through measuring the nuclear kinetic
energy release (KER) spectra and angular distribution of
molecular dissociation, we determine the laser-induced dis-
sociation pathways contributing to the vibrationally resolved
JES. For each vibrational level, the energy sharing between the
nuclei and the photoelectron plays a significant different role
in the dissociation process. The measured JES further shows
that the nuclei always tend to take the same amount of energy
regardless of the laser intensity, while the energy deposited to
the photoelectron varies at different laser intensities.

II. EXPERIMENTAL SETUP

Experimentally, we used an ultraviolet (UV) laser pulse
(λ = 390 nm) to study the correlated electron-nuclear dynam-
ics of multiphoton molecular dissociation, which is produced
from the frequency doubling of a near-infrared pulse (25
fs, 780 nm, 3 kHz) with a 200-μm-thick β-barium borate
crystal. The UV laser pulse was focused onto a supersonic
gas jet of CO by a concave mirror. In order to avoid the
false coincidence event, we achieved the pressure as better as
5 × 10−11 mbar in the interaction chamber. The estimated gas
density is ∼ 1011/cm3. We measured the three-dimensional
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momentum distributions of ions and photoelectrons using
cold target recoil-ion momentum spectroscopy [25,26]. The
dissociative fragments, i.e., ions and electron, were recorded
in coincidence by two separated time- and position-sensitive
microchannel plate delay-line detectors. By tracing the yields
of CO+ as an autocorrelation signal, the temporal duration of
the UV pulse was characterized to be 50 fs.

III. RESULTS AND DISCUSSION

Figure 1(a) shows the measured JES for above-threshold
multiphoton dissociation of CO exposed to the linearly
polarized UV pulse at the intensity of 0.6 × 1014 W/cm2.
The pathway of this dissociation process is CO + nω → C+ +
O + e− [referred to as CO(1,0) channel]. Experimentally, the
correlated C+ ions and photoelectrons from the CO(1,0) chan-
nel were measured in coincidence. We deduce the momentum
of the neutral O atom using the momentum conservation law
with all molecular dissociative fragments, as the absorbed and
emitted photons have negligible momenta. The total energy
deposited to the nuclei, i.e., the total nuclear KER, can be
represented as EN = E+

C + EO . After integrating the JES over
EN and Ee, respectively, we obtain the corresponding energy
spectra of the photoelectron Ee and nuclei EN , as illustrated
in Figs. 1(b) and 1(c).

The characteristic feature of the electron-nuclear JES is
the diagonal lines which evidently reflect the sharing of the
absorbed photon energy between the nuclei and photoelectron.
More interestingly, the JES in Fig. 1 reveals much more
than the general energy sharing feature. The unique feature
is the discrete energy distribution along each JES line, which
indicates the vibrational resolution when the nuclear wave
packet dissociates from different vibrational states. As shown
in Fig. 1(c), the equally discrete KER peaks of nuclei distribute
in the range of 0–1.6 eV. In addition, the yields of the
dissociative ionic fragments increase with the increasing
vibrational level. Particularly, the yield sharply increases in
υ ′′ = 5, reaches the maximum at υ ′′ = 6, and almost has
no distribution above υ ′′ = 6 vibrational level, indicating the

FIG. 1. (a) Electron-nuclear JES of above-threshold multiphoton
dissociative ionization channel of CO(1,0) at an intensity of 0.6 ×
1014 W/cm2. (b) and (c) show the corresponding photoelectron
energy spectrum and the nuclear KER spectrum, respectively.

FIG. 2. (a) The angular distribution of the dissociative fragment
C+ at an intensity of 0.6 × 1014 W/cm2. Here θ is the angle between
the molecular axis and the direction of the laser polarization. (b) The
ratio of both parallel and perpendicular transitions with respect to
|cosθ | at different laser intensities.

over-barrier molecular dissociation limit. The vibrationally
resolved electron-nuclear JES, to the best of our knowledge,
has not been reported experimentally, thus raising the crucial
question about the mechanism of the electron-nuclear energy
sharing over different vibrational states.

In order to understand the dynamics behind this mechanism,
we first determine the laser-induced dissociation pathways of
CO+. We show the density distribution of C+ KER with respect
to cosθ in Fig. 2(a), where θ is the angle between the laser po-
larization and the internuclear axis of CO+. The transition in-
volved in the dissociation pathway can be found by the change
in the angular momentum quantum number ��, i.e., the
parallel transition �� = 0 (e.g.,

∑ ↔ ∑
,
∏ ↔ ∏

) and the
perpendicular transition �� = ±1 (e.g.,

∑ ↔ ∏
). As shown

in Fig. 2(a), the most distinct feature of the density plot is that
the yield of the C+ fragment both along and perpendicular to
the laser polarization increase with the increasing vibrational
level, indicating that the dissociation pathway must include
both parallel and perpendicular transitions. Considering the
angular distribution, we then show the contribution from both
parallel and perpendicular transitions at different laser inten-
sities in Fig. 2(b). One can find that for all laser intensities, the
parallel transitions always dominate because of the permanent
dipole. The relative contribution from the parallel to the
perpendicular pathway becomes larger with increasing laser
intensity. One cannot simply determine the number of photons
emitted and absorbed in parallel and perpendicular transitions
along the pathways, respectively, by a fitted cos2nθ sin2mθ

distribution [27,28]. We need consider the possible transitions
to determine the dissociation pathways of CO.

The potential energy curves of the associated states of
CO+ are shown in Fig. 3(a). For the CO+ ions produced
by the vertical ionization of CO, most of the population is
distributed at the two lowest electronic states, namely, the
ground state X

2∑+ and the lowest-lying metastable state
A 2 ∏

. One can attribute the transition pathways from the
experimental observation. First, as seen by the nuclear KER
spectrum in Fig. 1(c), the position and the spread of the
nuclear KER generated by the associated pathways should
distribute among a low KER range from 0 to ∼ 1.6eV. Second,
since the yield of the dissociative nuclear fragments increases
slowly from υ ′′ = 0 to υ ′′ = 4, sharply increases at υ ′′ = 5,
and finally maximizes at υ ′′ = 6 state, this indicates that
the wave packets populating in low vibrational levels from
υ ′′ = 0 to υ ′′ = 4 dissociate through a multiphoton process,
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FIG. 3. (a) The potential energy curves of CO+ (taken from [33]).
The two possible initial electronic states involved in this experiment,
X 2

∑+ and A 2
∏

, are labeled with the short lines referring to the
vibrational levels. (b) Dressed-state diabatic states of CO+. Lines with
different color refer to different transition pathways contributing to
vibrationally resolved KER (see text).

while the vibrational wave packet above υ ′′ = 4 experiences
an over-barrier dissociation. Thus, the crossing where the
coupling of the X 2∑+ or A 2 ∏

state with the dressed excited
state should be near the high vibrational level such as υ ′′ = 4,5,
or there should be a barrier in the dressed state with the height
around υ ′′ = 4,5 at a certain internuclear distance.

Here we adopt the diabatic Floquet representation [29–32]
to illustrate the coupling of different dressed states. For
the parallel transition, the only possible pathway that can
satisfy the above conditions is the three-photon pathway,
i.e., |X 2∑+ − 0ω〉 → |3 2∑+ − 3ω〉, as shown in Fig. 3(b).
The crossing of the ground state |X 2∑+ − 0ω〉 coupling
to the dressed |3 2∑+ − 3ω〉 state is near υ ′′ = 1, however,
there is a barrier in the |3 2∑+ − 3ω〉 state with the height
between υ ′′ = 4 and υ ′′ = 5 level at an internuclear distance
R ∼ 2.2 a.u, while for the perpendicular transition, there is
also one possible pathway. That is, the population of the
|X 2∑+ − 0ω〉 state between υ ′′ = 4 and υ ′′ = 5 couples
to the dressed |3 2 ∏ −3ω〉 excited state, dissociating to the
|3 2 ∏ −3ω〉 limit, i.e., |X 2∑+ − 0ω〉 → |3 2 ∏ −3ω〉 path-
way, as shown with the red line in Fig. 3(b). Other pathways,
such as |A 2 ∏ −0ω〉 → |2 2∑− − 2ω〉 and |A 2 ∏ −0ω〉 →
|3 2∑+ − 2ω〉 in Fig. 3(b), can produce the correct dissocia-
tive nuclear fragment yield, but they have the incorrect KER
distribution. Although the height of the barrier in parallel
transition and the crossing in perpendicular transition are
in between that of the vibrational level υ ′′ = 4 and υ ′′ = 5,
the height of the barrier is slightly higher than the crossing.

This can explain why the relative yield from parallel to
perpendicular transition becomes larger when laser intensity
increases as seen in Fig. 2(b).

Having determined the possible dissociation pathways
contributing to the vibrationally resolved JES, one can now
investigate how the energy of photons is shared between the
correlated nuclei and photoelectrons in different vibrational
levels in multiphoton molecular dissociation. As illustrated
in Fig. 3(b), two pathways have the same dissociation limit.
The difference of the barrier height and the crossing is
less than the energy interval of the adjacent vibrational
level, and thus, they would reveal a similar energy sharing
mechanism. Since the parallel pathway dominates, we take
it as an example. We consider the two-step model, i.e., the
nuclei instantaneously acquire a kinetic energy of EN 0 from
the interaction with the outgoing photoelectrons in the first
vertical ionization step. Then they propagate along the coupled
dissociation pathway, i.e., |X 2∑+ − 0ω〉 → |3 2∑+ − 3ω〉,
and dissociate to the continuum of the |3 2∑+ − 3ω〉 state,
leading to the observable asymptotic nuclear KER EN .

Inspecting JES of the first ATI peak in Fig. 1(a), one can
find that the nuclear KER EN increases with the increasing
vibrational level, while the photoelectron energy Ee decreases
when the vibrational level increases. In order to estimate
how much photon energy is transferred to the nuclei in
different vibrational levels in the first vertical ionization
step, we extract the vibrational energy Eυ ′′ from the υ ′′ = 0
to υ ′′ = 6 state [33,34]. Based on the two-step model, we
have �E = Eυ ′′ − Eg0 and EN 0 = EN − �E, where Eg0 =
1.078 eV is the dissociation limit of the |3 2∑+ − 3ω〉 state
as illustrated in Fig. 3(b), and �E is the energy acquired when
the vibrational wave packet propagates along the |X 2∑+ −
0ω〉 → |3 2∑+ − 3ω〉 pathway to the end of the dissociation.
As a result, the vibrational level higher than the dissociation
limit will acquire the extra energy during the dissociation,
while the vibrational level lower than the dissociation limit
will consume the energy from EN 0, which is deposited in the
nuclei of CO+, to accomplish dissociation.

The analytical results are shown in the Table I. One can find
that the vibrational energy of υ ′′ = 5,6 is higher than Eg0, so
the vibrational wave packet acquires an extra energy during
the dissociation process, i.e., �E > 0. In contrast, the energy
of υ ′′ = 0−4 is lower than Eg0, and as a result the wave packet
will consume energy from EN 0, i.e., �E < 0. This means that

TABLE I. Experimental and analytical results of electron-nuclear energy sharing in different vibrational levels of the X 2
∑+ state at an

intensity of 0.6 × 1014 W/cm2.

υ ′′ 0 1 2 3 4 5 6

EN (eV) 0.01 0.165 0.31 0.45 0.575 0.775 0.9
Ee(eV) 1.575 1.465 1.335 1.225 1.025 0.725 0.625
Eυ ′′ (eV) 0.0 0.265 0.531 0.796 1.061 1.326 1.562
FC factora 9.64 × 10−1 3.59 × 10−2 1.03 × 10−4 1.96 × 10−6 2.20 × 10−10 3.44 × 10−10 4.00 × 10−12

�E(eV) −1.078 −0.813 −0.547 −0.282 −0.017 0.248 0.484
EN 0(eV) 1.088 0.978 0.857 0.732 0.592 0.527 0.416
|�EN0|(eV)(|EN0(υ ′′) 0.11 0.121 0.125 0.14 0.065 0.111

−EN0(υ ′′−1)|)
�Eυ ′′ (eV)(Eυ ′′ –Eυ ′′−1) 0.271 0.267 0.263 0.259 0.256 0.252

aReference [35].
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FIG. 4. (a) The energy deposited to the nuclei of CO+ (EN 0) with
respect to the photoelectrons Ee in different vibrational levels. (b)
Frank-Condon factors (CO X 1

∑+
,υ ′ = 0 → CO+ X 2

∑+
,υ ′′ =

0−7 as a function of vibrational energy Eυ ′′ ).

the sharing nuclear energy EN 0 for the wave packet populated
in υ ′′ = 5,6 are all stored in the nuclear KER EN . However,
a part of EN 0 for υ ′′ = 0−4 is consumed in the dissociation
process and the rest of them will be reserved in EN . Therefore,
the EN 0 of different vibrational levels where the nuclear wave
packets are populated plays a significant different role in the
succeeding dissociation process.

According to the measured EN in different vibrational lev-
els, we estimate the corresponding energy EN 0 with respect to
Ee with respect to the vibration level, as illustrated in Fig. 4(a).
Contrary to EN , both EN 0 and Ee decrease with the increasing
vibrational level. This is because the lower vibrational level
needs more energy to consume in the dissociation process.
The electron has to transfer more energy to the nuclei of CO+
for the lower vibrational level. The energy difference of EN 0
of adjacent vibrational levels, i.e., |�EN 0|, is smaller than
the energy difference of the remaining energy of them, i.e.,
the energy interval of adjacent vibrational levels �Eυ ′′ . Since
�Eυ ′′ includes |�EN 0| and the electron energy difference, the
electron energy decreases with the increasing vibrational level
to compensate the extra energy difference of �Eυ ′′ .

As seen by the Franck-Condon transition factor in Fig. 4(b)
(data taken from [35]), the most populated state is expected
to be the ground state of CO+. This is in contrast with the
measured KER, indicating strong coupling of the molecular
dissociation in the laser field beyond the simple vertical
transition. The correlated motion in vibrational states deter-
mines the electron-nuclear energy sharing and the succeeding
dissociative dynamics in strong laser fields.

Figure 5 shows the distribution of EN 0 and Ee with respect
to the vibrational levels at different laser intensities. For all
laser intensities in Fig. 5(a), EN 0 decreases with the increasing
vibrational level. Note that since the EN 0 distribution does not
change at different laser fields, the nuclei tend to take the same
amount of energy while the electron tends to take all energy
from the excess photons. Interestingly, the photoelectron
energy Ee for each vibrational level is very sensitive to the

FIG. 5. The energy deposited to (a) the nuclei of CO+(EN 0) and
(b) the emitted photoelectron (Ee) in different vibrational levels at
different laser intensities.

laser intensity, as shown in Fig. 5(b). At intensities of
0.6 × 1014 W/cm2 and 1.2 × 1014 W/cm2, the photoelectron
energy Ee for each vibrational level is higher than that of
0.8 × 1014 W/cm2. The internuclear-dependent dissociation
via the vibrational states can take place through the tunneling
or over-the-barrier dissociation at different intensity. On the
other hand, at different intensities, the vibrational states have
different ac-Stark shifted energy. Both effects would play an
important part in the energy sharing between the photoelec-
trons and the nuclei in strong-field molecular dissociation. The
observation indicates complicated coupling of the vibrational
states with the laser fields.

IV. CONCLUSION

In summary, we have experimentally investigated
the vibrationally resolved electron-nuclear dynamics in
above-threshold multiphoton dissociative ionization of CO
molecules. The photon energy sharing of multielectron
molecules is more complicated than H2

+ and H2. Because
of the strong coupling of the vibrational states with the
laser fields for CO molecules, the nuclei of CO+ in higher
vibrational levels acquire less photon energy compared with
the nuclei at low vibrational states. The excess photon energy
deposited to the photoelectron decreases with the increasing
vibrational level. The energy sharing dynamics is sensitive to
the laser intensity due to the ac-Stark shifted vibrational levels.
The results would have important implications on the energy
sharing dynamics of the strong-field multielectron molecular
dissociation process.
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