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We experimentally and theoretically study the photoelectron-nuclear energy sharing mechanism of the
correlated dynamics between the photoelectrons and the fragmented ions in the dissociative ionization of H,
with respect to the laser intensity at the wavelengths A = 395 nm and A = 790 nm. We show that the prominent
photoelectron-nuclear energy sharing along the back-diagonal lines is only observed for 395 nm at lower
intensities, which is absent for increased intensities at 395 nm and for 790 nm lasers over a wide range of
intensities. Based on a quantum mechanical model that includes the correlation between the photoelectron and
the parent ion, we show that bond hardening has a significant effect on the photoelectron-nuclear energy sharing.
The resonant states of the neutral hydrogen molecule during strong-field ionization and the distribution of
vibrational states of molecular ions determine the joint energy spectrum of photoelectrons and nuclei. The study
provides an intuitive and comprehensive description and understanding of the correlated photoelectron-nuclear

dynamics in the dissociative ionization.

DOI: 10.1103/PhysRevA.101.053403

I. INTRODUCTION

The dynamical interaction between strong laser pulses
and atoms or molecules is one of the most complicated and
interesting topics in ultrafast physics. These essential interac-
tions involve the energy and momentum exchange among the
photons, the photoelectrons, and the nuclei. In particular, the
electrons can absorb an excess number of photons, resulting in
equally distributed peaks separated by the energy of one pho-
ton in the photoelectron energy spectrum, which is referred
to as above-threshold ionization (ATI) [1]. For molecules, be-
sides the ATI process, owing to the complex electronic states
and the vibrational/rotational motions of the nuclei, many
additional interesting phenomena may take place, such as
bond softening [2], bond hardening [3], above threshold disso-
ciation [4], and charge resonant enhanced ionization [5], etc.

For the simplest diatomic molecule H,, how the excess en-
ergy is shared during photoionization between the nuclei and
the photoelectron has been intriguing in the laser-molecule
interaction. The partition process can be directly revealed
in the joint energy spectrum (JES) of photoelectrons and
kinetic energy release of nuclei, which reflects the dissociative
ionization yields as a function of both the photoelectron
energy E, and the total nuclear energy Ex = Ey + Eg+. The
photoelectron-nuclear energy sharing has been experimentally
observed using ultraviolet pulse at 390 nm [6] and x-ray
synchrotron lasers [7]. For the complicated many-electron
molecules, the photoelectron-nuclear energy sharing of CO
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molecules was shown to depend on the vibrational states
[8] and the excited electronic states [9]. Theoretical studies
[10,11] on the correlated photoelectron-nuclear dynamics for
the ionization of H,™ under lasers with different wavelengths
and intensities demonstrated that the JES structure has differ-
ent features in the multiphoton ionization and the tunneling
ionization regimes. However, the underlying mechanism of
the energy sharing dependence on the laser parameters re-
mains unclear and there is no experimental exploration.
Usually, the dissociative ionization of H, is described
within a two-step scenario, i.e., the single ionization of H;
and the subsequent dissociation of H,™. The two-step sce-
nario provides a qualitative picture to analyze the interactions
between H, and laser fields, as illustrated in Figs. 1(a) and
1(b). The heavy solid black curves stand for the lowest
involved Born-Oppenheimer potential energy curves of Hj
and H, T [12-14]. Here, we consider the laser induced de-
formation of the potential energy curves. One can get the
adiabatic dressed potential energy curves by diagonalizing the

Hamiltonian at a fixed internuclear distance Hp = (%ﬁ EO )+

‘”ff ( M(,]po " (fo) + Nw, where F, and p are, respectively, the

amplitude of the laser field and the electric dipole moment,
and &, a* and N represent the creation, annihilation, and
the number operator of the photon field. We have calculated
the adiabatic dressed potential energy curves with respect to
the laser intensities at A = 395 nm and A = 790 nm, as shown
in Figs. 1(a) and 1(b).

In Fig. 1(a), at A = 395nm, the potential energy curves
of the lowest states of H,™ are both bent, and thus a barrier
appears near the one photon resonance point near R ~ 4 a.u.
and the height of the barrier lies on the laser intensity.
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FIG. 1. The potential energy curves of H, and H,". Heavy solid black curves in (a) and (b) are the diabatic potential energy curves. The
thin blue or red curves in (a) and (b) are adiabatic dressed potential energy curves of H,* at A = 395 nm and at A = 790 nm, respectively.

However, in Fig. 1(b), at . = 790 nm, when the laser intensity
is as high as 1.0 x 10'* W/cm?, the potential energy curve
is bent downward and a potential well is formed, thus the
dressed state becomes a weakly bound state to a certain
degree. Due to the quite different laser induced deformation
of the potential energy curves and subsequent different dy-
namical processes at the two wavelengths, the photoelectron-
nuclear energy sharing will sensitively depend on the laser
wavelength and laser intensity.

In this paper, we experimentally and theoretically study
the photoelectron-nuclear energy sharing in their correlated
dynamics in the dissociative ionization of H, with respect
to laser intensities at the wavelengths A = 395nm and A =
790 nm. We present the unambiguous observation that the
energy sharing between the photoelectron and the nuclei
sensitively depends on the wavelength and the intensity of the
driving laser field. Based on a quantitative model including
the correlation between the photoelectron and the molecular
ion, we show that the process of bond hardening has signif-
icant effects on the photoelectron-nuclear energy sharing at
A = 790 nm, while bond hardening hardly affects the energy
sharing at A = 395 nm. The resonant electronic states of the
neutral hydrogen molecule in the multiphoton ionizations
and the distributions of vibrational states of molecular ions
determine the dynamics of the photoelectron-nuclear energy
sharing of strong-field molecular dissociation.

II. EXPERIMENTAL RESULTS

Experimentally, linearly polarized 25-fs laser pulses at A =
790 nm, are generated by the commercial Ti: Sapphire laser.
The laser pulses at A = 395 nm are generated with the barium
borate crystal through the second harmonic process. The pho-
toelectrons and dissociative ions are coincidently measured
with the Cold Target Recoil Ion Momentum Spectroscopy
(COLTRIMS) [15]. The momenta of the neutral hydrogen
atoms are reconstructed according to the momentum conser-
vation law p, + pyg + pg+ = 0.

In Figs. 2(a) and 2(b), we show the measured intensity-
dependent JESs at A = 395 nm. As expected, for the lower in-
tensity at A = 395 nm, the general feature of JES is distributed
as the back-diagonal lines reflecting a clear energy sharing

mechanism, which was experimentally observed in Ref. [6].
The back-diagonal lines reveal the energy conservation law
Ey +E. + U, = Ey + nhw, where Ey and U, stand for the
initial bound energy of neutral H, and the ponderomotive
energy, respectively. However, as the laser intensity increases
to nearly 2.0 x 10'*W/cm? at A = 395 nm, the structures of
JESs evidently change from the back-diagonal to a nondiago-
nal horizontal distribution.

In Figs. 2(c) and 2(d), we show the corresponding photo-
electron energy spectra at A = 395 nm. For the lower intensity,
there exist a difference about 1 eV between the single and
the dissociative ionization channels. By increasing the laser
intensity, the difference between those two channels becomes
smaller and even harder to distinguish. The energy sharing
between the nuclei and photoelectron is not evident and they
would take the absorbed photons energy individually.

At A = 790 nm, there is no such a similar diagonal ten-
dency over a wide range of laser intensity about 0.9—2.2 x
10'* W /cm?, and the measured JESs always remain horizon-
tal distributions as shown in Figs. 3(a) and 3(b). There does
not exist clear evidence for the energy sharing between the
photoelectron and the nuclei. As the laser intensity increases,
the dominant dissociation channel changes from the one-
photon pathway to the net-two-photon pathway. As shown in
Figs. 3(c) and 3(d), the photoelectron energy spectra of the
two channels are nearly identical, which is very different from
those at A = 395 nm. There is the relative yield enhancement
near zero momentum of single ionization channel if compared
with the dissociative ionization channel, which has reported in
Ref. [16] and was attributed to the influence of autoionization.

III. THEORETICAL ANALYSIS

It has been shown that the vibrational states play a great
importance in the photoelectron-nuclear correlation dynamics
[17-20]. By ignoring the dependence of the ionization rates
of H, on the internuclear distance and the subsequent disso-
ciation of H,™*, Franck-Condon transition can approximately
describe the vibrational distributions of H,* produced by
single ionization of H, [21,22], which usually serves as the
initial condition in the theoretical analysis of the dissociative
ionization of H,. However, experiments in Ref. [18-20] show
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FIG. 2. (a), (b) the joint energy spectra measured at A = 395 nm for different laser intensities. (c), (d) the photoelectron energy spectra
corresponding to the dissociative and the single ionization channels. (a), (c) I = 1.0 x 10" W/cm?; (b), (d) I = 1.96 x 10'* W /cm?.

that the vibrational distributions are critically dependent on
laser parameters. In addition, for the homonuclear diatomic
molecules, the laser field merely couples the motion of the
electron relative to the nuclear center of mass without a direct
coupling to the nuclei [23]. As it is known, currently it is
not feasible to solve the time-dependent Schrodinger equation
(TDSE) of strong-field dissociative H, molecules with both
the electrons and the nuclei equally considered. Based on the

\S]

Kinetic Energy Release (eV)
(9]

statements above, one needs an explicit theory including the
correlation and evolution of these particles in the laser field.
In order to analyze the laser wavelength- and intensity-
dependent energy sharing behavior, we develop a quantitative
model of molecular dissociation based on the strong field
approximation. In this model, we remove the degree of the
electron motion in TDSE, but keep the correlation between
the ionized electron and the parent dissociative molecular ion.

1
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FIG. 3. (a),(b) the joint energy spectra measured at A = 790 nm for different laser intensities. (c), (d) the photoelectron energy spectra
corresponding to the dissociative and the single ionization channels. (a), (c) I = 0.93 x 10" W/cm?; (b), (d) / = 2.20 x 10" W /cm?.
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FIG. 4. (a) and (b) are the calculated joint energy spectra at A = 395nm for different laser intensities. (c) and (d) are the energy of populated
vibrational states with respect to the photoelectron energy. (e) and (f) are the calculated photoelectron energy spectra of the single ionization
and the dissociative ionization channels. (a), (c) and () I = 1.0 x 10'*W/cm?; (b), (d) and (f) I =2.0 x 10" W/cm?.

To calculate the transition amplitude from the ground state |0)
of H, to a certain state |X, p.) with the state |X) for H,* and
the momentum p, for the ionized electron, all one needs to do
is to solve the following TDSE for H, ™

[0 — Hyy (1) = 5(pe + A))* — Eo] W () = |f (13 pe)),

with an inhomogeneous term |f(t; pe))
>y 1YY, pelVin(1)]|0) and the initial condition |W(z;)) = 0,
where {|Y)} is a complete orthonormal basis of H,™.
The transition amplitude is given by (X, p.|U(tf,1)]0) =
(X|W(tr)). As is shown in the two-step scenario, the
dynamics of H," is treated as a nuclear wave packet moving
on the potential energy curves of its lowest two electronic
states. According to whether the state |X) belongs to the
bound state of Ho™ or the continuum state corresponding
to H* + H, one can distinguish the single ionization and
the dissociative ionization channels. Detailed theoretical
derivation is published elsewhere [24].

In Figs. 4(a) and 4(b), we present the calculated JESs at
A = 395nm at the intensities of / = 1.0 x 10'* W/cm? and
I=2.0 x10""W/cm?, respectively. The energy sharing
between photoelectrons and nuclei is only evident when the
laser intensity is much lower. Since our model has the advan-
tage of distinguishing the single ionization and dissociative

ionization channels, we have analyzed the energy of populated
vibrational states with respect to the energy of the emitted
photoelectron, as shown in Figs. 4(c) and 4(d). The calculated
photoelectron energy spectra from those two channels are
shown in Figs. 4(e) and 4(f). The calculations well reproduce
the experimental observations at A = 395 nm. For the single
ionization channel, one observes that H,™ wave packets
are mostly populated on the lowest 3 vibrational levels with a
clear upper boundary, and correspondingly the kinetic energy
release mainly distributes at energies higher than a certain
lower boundary near leV for the dissociative ionization
channel.

In order to understand the intensity-dependent phe-
nomenon at A = 395 nm, we turn to the adiabatic Floquet the-
orem [2,25,26]. The H,* wave packets below the barrier tend
to remain bound and thus the barrier serves as the threshold of
the fragmentation of H, . The population of vibrational states
is sensitively modulated if the laser intensity is increased. As
the laser intensity increases, the barrier of the modified po-
tential curve will decrease, which allows some wave packets
bound at lower intensities to jump to the dressed 2po, with
a certain probability. Consequently, more vibrational wave
packets will contribute to the dissociative ionization channels
at higher intensities. Our calculations show that the JES of
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FIG. 5. (a) and (b) are the calculated joint energy spectra at A = 790 nm for different laser intensities. (c) and (d) are the energy of populated
vibrational states with respect to the photoelectron energy. (e) and (f) are the calculated photoelectron energy spectra of the single ionization
and the dissociative ionization channels. (a), (¢) and () I = 1.0 x 10'*W/cm?; (b), (d) and (f) I = 2.0 x 10" W/cm?.

the dissociative ionization channel becomes much wider when
the laser intensity is about 7 = 2.0 x 10" W/cm? at A =
395 nm, and the difference between the photoelectron energy
spectra becomes smaller, as seen in Fig. 4(f). Therefore, the
back-diagonal structures in JESs are blurred when the laser
intensity become higher.

At A = 790 nm, the calculated JESs reveal the nondiagonal
horizontal structures at the intensities of 1.0 x 10'* W /cm?
and 2.0 x 10'*W/cm?, as shown in Figs. 5(a) and 5(b). As to
the single ionization channel, the residual H, " ions are mostly
populated at the vibrational levels v' = 0—3, and the vibra-
tional distribution is much wider than that at A = 395 nm, as
seen in Figs. 5(c) and 5(d).

In order to uncover the physical origins of the nondiago-
nal horizontal distribution of JES at A = 790 nm, one must
analyze the dissociative motion of the H,* wave packets in
the envelope of the laser pulse. Through a Landau-Zener tun-
neling [27-29], the H,™ wave packets near the barrier of the
dressed potential curve may jump to the upper state and can be
trapped during the interaction with the strong laser field. This

opposite process to bond softening is named bond hardening
[3,25]. Considering the dynamics of bond hardening, one can
see that the Ho™ wave packets produced in the leading edge
of the laser pulse can be trapped in the bond-hardened state
near the peak region of the laser pulse. However, in the falling
edge of the laser pulse, the upper state returns to be repulsive,
and thus the wave packets can continue to dissociate. During
the whole process, these wave packets will obtain a fraction of
additional energy. This is a kind of dynamic Raman effect, in
which the dissociated molecular ions absorb a higher-energy
photon and re-emit a lower energy photon within the broad
bandwidth of the ultrashort laser pulse. Therefore, the pulse
shape and duration will have great effects on the process
of gaining energy through the bond hardening. The extra
absorbed photon energy during the dissociation is all allocated
to the nuclei and the photoelectrons would not take away any
additional energy. Therefore, the nondiagonal horizontal JES
structures are formed at A = 790 nm, which reveals there is no
evident photoelectron-nuclear energy sharing structure. In the
calculated photoelectron energy spectra shown in Figs. 5(e)
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FIG. 6. The laser-intensity-dependent photoelectron energy spectra of the single ionization (a) and the dissociative ionization (b) channels

at the wavelength of 790 nm.

and 5(f), the ATI structure seems difficult to be distinguished,
revealing some limitations of our theoretical model. Note that,
our model cannot reproduce the relative yield enhancement of
photoelectrons near zero momentum of the single ionization
if compared with the dissociative ionization channel.

We also note that the resonant electronic states of H,
take important roles as well during multiphoton or tunneling
ionization at A = 790nm. As seen in Fig. 6, one can clearly
find that over a wide range of laser intensities, the peaks of the
photoelectron energy spectra of the single ionization and the
dissociative ionization channels do not change with respect to
the laser intensity. This certainly means that in the process
of dissociative ionization at A = 790 nm, the H, molecule
may first jump to its resonant states, which have a long life.
The ionization of molecular ions will take place by absorbing
more photons, subsequently. This will certainly result in the
nondiagonal structure of JES at 790 nm. In addition, the focal
volume effect of an actual laser pulse will also have influence
on the JES. Since U, is proportional to the laser intensity, the
total energy of the nuclei and the photoelectron will distribute
in a broad region because of different U, corresponding to
different intensities in the focus, which also makes the original
back-diagonal lines in JES hard to be distinguished.

IV. CONCLUSIONS

In conclusion, we present a joint experimental and theoret-
ical study on the laser wavelength and intensity dependence
of the photoelectron-nuclear energy sharing mechanism for
strong-field dissociative ionization of H,. At A = 395nm,
the distribution of the JES is found to change from a back-
diagonal structure to a nondiagonal structure with the increase
of the laser intensity, which can be explained by the deforma-
tion of the potential energy curves of H,™. On the contrary,
at A =790 nm, bond hardening takes an important role in
the energy sharing between the photoelectron and the nuclei
during the molecular dissociation. The present investigations
shed light on the complex photoelectron-nuclear dynamics
in the laser-molecule interaction, which critically depends on
the laser parameters. The coupled motion of the electron and
the nuclei, together with the resonant electronic states and
vibrational states of molecular ions during the multiphoton or
tunneling ionization, make the photoelectron-nuclear energy
sharing more complicated.
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