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With the three-dimensional classical ensemble model, we have investigated the complex electron
correlations in N, double ionization by the mid-infrared laser pulses over a wide range of laser
intensities. Our numerical results show that the correlated longitudinal electron momentum spectra
exhibit rich correlated patterns with the increase of the laser intensity. At the low and high laser
intensities, the correlated electron momentum spectra display an obvious finger-like structure, while at
the moderate laser intensity the finger-like structure is not observed and there is a certain contribution
from the back-to-back emission. By back-analyzing the classical trajectories, the subcycle dynamics of the
molecular double ionization in the long-wavelength regime are revealed and the complex electron
correlations are explained.

© 2013 The Authors. Published by Elsevier B.V. All rights reserved.

1. Introduction

The study of the electron correlations has been a hot topic in
the past decades because it is the underlying mechanism for many
phenomena in strong field laser-matter interactions. Different
from the sequential double ionization (SDI) [1,2], where the both
electrons ionize mainly due to their individual interaction with the
laser field, non-sequential double ionization (NSDI) of atoms and
molecules represents one of the most prominent and intriguing
examples of a correlated electron—electron process driven by the
external laser field. In particular, the NSDI of the atoms and
molecules provides us with an effective way to study and control
the electron dynamics in an external laser field as the electron—
electron correlation plays a crucial role in the NSDI process [3,4]
and it has drawn a great number of experimental and theoretical
studies [5-21]. The differential measurements of the recoil ion and
emitted electron momenta [3,7,11] provide strong evidences that
the rescattering mechanism [22,23] is dominantly responsible for
the NSDI process. According to this recollision scenario, an
electron is ionized by the laser field. Then it is driven by the
oscillating electric field and returns to the parent ion as the
electric field reverses its direction, recolliding with the ion
inelastically and leading to the second electron freed directly in
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an (e. 2e) process or excited with subsequent field ionization
(RESI) [7]. This rescattering mechanism is also responsible for the
high-order harmonic generation [24-27] and high-order above
threshold ionization [28]. The physical mechanism of NSDI has
been profoundly investigated by means of the correlated electron
momentum distributions [3,12,29]. Based on the general recolli-
sion scenario [22], more detailed dynamics processes are proposed
to explain the novel characteristics of correlated electron momen-
tum distributions in NSDI [7,12,18,19,30].

The investigations [12,18,31-36] have shown that the double
ionization dynamics in the strong field exhibit rich correlated
patterns with the change of the laser intensity. The finger-like
structure in the correlated longitudinal (in the direction parallel to
the laser polarization) momentum distribution from NSDI of
helium at the moderate laser intensity indicates backscattering
at nucleus upon recollision [12]. At the high intensity, Rudenko
et al. observed a pronounced V-like shape of the correlated
electrons momentum distribution [31], which is interpreted as a
consequence of Coulomb repulsion and the typical (e, 2e) kine-
matics. Theoretical interpretation of these finger-like structures
has advanced by many theoretical calculations [18,32-34]. With
the help of classical trajectory diagnosis, the distinct roles of the
nuclear Coulomb attraction and the final-state electron repulsion
(at the moderate laser intensity) and the asymmetric energy-
sharing recollision (at the high laser intensity) in forming of the
finger-like structure have been identified for atom NSDI [18,32,33],
respectively. Recently, the line-like distribution parallel to the
diagonal Pje; = Pje; in the correlated momentum spectra is found
for argon NSDI at the low laser intensity and the classical analysis
illustrates that the ionization time difference between the two
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electrons is crucial for the emergence of the line-like distribution
[35]. However, the finger-like structure has never been observed
for NSDI of Ne [9,37], which indicates that the structure of the
target decisively influences the electron momentum correlation
pattern. Peculiarly, up to now, the structure in the correlated
electrons longitudinal momentum distribution from molecular
NSDI has not reported. Furthermore, the dynamical electron
correlations in the strong-field NSDI exhibit strong dependence
on the laser wavelengths [38-40]. For instance, in Refs. [39,40], it
has been shown that the shape of longitudinal momentum
distributions of the doubly charged ion for atoms and molecules
is a double-hump structure in the long-wavelength regime,
different from the single-hump structure in the near-infrared
(NIR) regime. This double-hump becomes more pronounced as
the wavelength further increases.

Compared with the atomic case, the structure of diatomic
molecules is more complicated due to additional molecular free-
dom [41]. Furthermore, due to the huge computational demand of
describing the many-body interaction in the long-wavelength
laser field, the wavelengths of the laser pulse in those previous
studies are mainly in the short-wavelength region (1<0.8 pm) and
the complex electron dynamics which is crucial for molecular
double ionization (DI) in the long-wavelength regime is not
detailedly explored. In this work, we investigate the correlated
electron dynamics in N, DI by the 1300-nm laser pulses over a
wide range of laser intensities from 4 x 10'> W/cm? to 2 x
10" W/cm? with the three-dimensional (3D) classical ensemble
model [19]. The numerical result shows that the two-electron
momentum distributions, strongly dependent on the laser inten-
sity, exhibit rich correlated patterns. At the low and high laser
intensities, the finger-like structures in the correlated momentum
distribution are obvious, which are similar to the previous experi-
mental results for atoms [31,35]. Through back analysis of the
trajectories, the distinct roles of the ionization time differences
between the two electrons and the asymmetric energy-sharing in
forming of the finger-like structure are identified for molecular
NSDI events provoked by recollision. But at the moderate laser
intensity, the finger-like structure is not presented and there is a
certain contribution from the back-to-back emission. By back-
analyzing the classical trajectories, the subcycle dynamics of the
molecular double ionization in the long-wavelength regime are
revealed and the complex electron correlations are explained.
When the laser intensity increases to or above 1 x 10'> W/cm?,
the DI is dominated by a collisionless SDI.

2. The classical ensemble model

Here we employ the classical model introduced by Eberly et al. to
investigate NSDI of N, [19]. This classical model has been successful in
understanding of NSDI before [18,19,32,42-44]. The evolution of the
system in this model is determined by the classical equation of
motion. (Atomic units are used throughout the paper if not stated
otherwise.) d°r; /dt2 =—E(t)-V[Vye(r;) + Vee(ry,12)], Where the sub-
script i is the label of the two different electrons and E(t) is the linearly
polarized electric field. The nucleus-electron and electron—electron
interaction are represented by a 3D soft-Coulomb potential

Vie ==1/y/(1 +R/2)® + a2-1/,/(x1-R/2)? + a>-1/ /(5 +R/2)? +

a?-1/1/(r;=R/2? + @ and Ve =1/1/(r;-12)* + b?, respectively.

To obtain the initial value, the ensemble is populated starting from a
classically allowed position for the N, ground state energy of -1.67 a.u.
The available kinetic energy is distributed between the electrons
randomly. Then the electrons are allowed to evolve a sufficient long
time in the absence of the laser field to obtain stable position and

momentum distributions [6,21,43]. To avoid autoionization and ensure
stability, we set the screening parameter a and b to be 1.15 a.u. and
0.05 a.u,, respectively. In present calculations, the internuclear distance
R is set to be 2.0 a.u. corresponding to N, molecule. The electric field
E(t) is a linearly polarized laser pulse with a polarization direction
along the z-axis. The pulses are trapezoidal shape with two-cycle turn
on, six cycles at full strength, and two-cycle turn off. After the laser
pulse is turned off, we define double ionization if both electrons have
positive energy.

Theoretically, an accurate description of strong field DI needs
full quantum theory. But so far, because of the enormous compu-
tational demand, full-dimensional solution of the time dependent
schrédinger equation has only been performed on NSDI of helium
by 400 nm laser pulses [45]. In the long-wavelength regime, it
seems impossible to extend this quantum-mechanical calculation
to DI that involves two correlated electrons in the foreseeable
future. Furthermore, lots of studies have shown that in strong field
DI, the classical model can catch most of the features in double
ionization [2,10,18,19,32,46,47]. This may be due to the high
intensity of the laser field where the quantum effect is weak,
and thus the results of strong field DI from the classical calculation
are reliable even though the quantum effects cannot be captured.
So, in this work, we employ the classical model to provide intuitive
insight into the complex electron dynamics in strong field DI.
Moreover, for molecules, with the quantum theory it has been
shown that the two-center interference and the orbital geometry
play important roles in NSDI [41]. Of course, these quantum effects
could not be captured by classical models. Investigations on these
effects must resort to quantum model [41]. In this paper, we focus
on the intensity-dependence dynamics of correlated electrons
involved in molecule NSDI at the long-wavelength regime. For
these issues, the classical model has been proved to be valid
[39,47].

3. Results and discussions

In Fig. 1, the DI yields are plotted with respect to the laser
intensities from 4 x 10> W/cm? to 2 x 10'> W/cm2. In consis-
tency with the previous experimental results [41], the knee
structure is clearly seen in the curve, which implies non-
sequential (NS) ionization channel dominating molecule DI in
the middle-infrared (MIR) regime. According to the numerical
results, the curve can be divided into two parts (the vertical green
dot line shows the separate location): the NSDI (from 4 x
10 W/ecm? to 1x 10" W/cm?) and the SDI (from 1 x
10" W/cm? to 2 x 10" W/cm?) intensity region, where the DI
is dominated by a recollision and a collisionless double ionization,
respectively. In this paper, we concentrate on the intensity range
where NS dominates DI. A simple estimation of the intensity
threshold is given by 3.17U, = |Ip,|, which gives 6 x 10'* W/cm?.
In the low-intensity regime when the laser intensity is less than
the threshold, the delayed ejection pathway plays an important
role while the recollision ionization (RCI, where the second
electron ionizes directly by the recollision of the first electron)
mechanism dominates NSDI when the laser intensity exceeds the
recollision threshold. Back-analysis of classical trajectories indi-
cates that the dominant mechanisms in various intensity regimes
are widely divergent and which will be shown later.

Tracing back the temporal evolution history of DI trajectories
allows us to unveil the microcosmic dynamics of molecular DI. Such
a classical trajectory perspective could provide an intuitive way to
understand the complex dynamics involved in molecular DI. The
typical trajectories responsible for molecular DI are plotted in Fig. 2
as presented in energy versus time. Below the recollision threshold
intensity, back analysis reveals that there exist two dominant
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Fig. 1. Double ionization probabilities as a function of the laser intensity. The laser
wavelength is 1300 nm. 6 x 10'> W/cm? is the threshold intensity as indicated by
the vertical black dot line (the left dot line). (For interpretation of the references to
color in this figure caption, the reader is referred to the web version of this article.)
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Fig. 2. Typical energy evolution of the electron pair in a different intensity regime.
Vertical dashed lines indicate the moment when collision between electrons
emerge.

processes responsible for emitting two electrons, single- and
multiple-recollision-induced correlated emission, as shown in
Fig. 2(a) and (b), respectively. For the both responsible DI processes,

by inspecting the DI trajectories, we find that the most likely
scenario for this intensity regime is the production of a doubly
excited state (DES) [see Fig. 2(a) and (b)] after the recollision, which
is consistent with the case at the NIR regime where there exists a
short-lived DES after the recollision [35,47]. For the low laser
intensity, the maximal recolliding energy of the return electron is
insufficient to directly ionize the inner electron. Thus, after recolli-
sion, the two electrons undergo a time-delayed field-assisted
ionization of the excited state. Fig. 2(a) shows that the time delay
between the recollision and DI is about 1/4T [where the T is laser
cycle, 1T~4.3 fs], which implies that the two electrons escape into
the same hemisphere [19]. In Fig. 2(b), the semiliberated electron
returns to the core repeatedly. During each return the efficiency of
the energy transfer rests on the relative motional phase between
the two electrons [48]. Fig. 2(b) shows that after the final recolli-
sion, the bound electron undergoes a time-delayed [~T/2], which
results in the two electrons which may be able to escape into the
opposite hemisphere [19,49]. Our statistics show that below the
recollision threshold intensity the former DI pathway dominates
NSDI at the long-wavelength regime. For instance, when I=5 x
10'> W/cm? the proportions of this DI pathway are above 70% of
the total DI events and thus the electron pairs from NSDI are more
likely to escape into the same hemisphere [see Fig. 3(a)].

When the instantaneous laser field is above the recollision
threshold intensity we observe three types of trajectories [except
for SDI (Fig. 2(f))] indicated by Fig. 2(c)—(e) represent the dominant
processes of NSDI from 6 x 10®> W/cm? to 1 x 10" W/cm?2. The
RCI [see Fig. 2(c) and (e)] and RESI [see Fig. 2(d)] are responsible
processes for emitting both electrons. Fig. 2(c)-(e) shows that
there exists only one time recollision in the molecular DI process,
which is difference from the case in the low intensity regime.
Fig. 2(c) and (d) shows that the recollisions occur in the time just
before the zero crossing of the field. It is consistent with the
prediction of the simple-man model [22]. While, we observe a
surprising RCI pathway [see Fig. 2(e)], the recollision occurs in the
moment near the extreme of the laser field and the bound electron
is ionized quickly through collision with the returned electron. Our
statistics suggests that the contribution of the RCI mechanism
increases and the RESI mechanism decreases as the laser intensity
increases. However, when the laser intensity further increases the
contribution of the RCI mechanism will decrease and the con-
tribution of the SDI mechanism increases with the laser intensity
increasing. We define SDI as the pathway where there is no
recollision and both electrons ionize mainly due to their individual
interaction with the laser field. When the laser intensity is higher,
i.e., at or above 1 x 10'> W/cm?, DI is dominated by a collisionless
SDI in which the typical trajectory is represented by Fig. 2(f).

The correlated electron longitudinal momentum spectrum can
provide more detailed insight into the electron dynamics, thus in
Fig. 3 we illustrate the correlated electron momentum spectra in
the direction parallel to the laser field for different laser intensities
when the molecular axis is parallel to the laser polarization, P,
P,, represent the momentum components of the two electrons
parallel to the laser field direction. Fig. 3 shows that in the long-
wavelength regime the correlated electron momentum spectra
exhibit rich correlated patterns with the increase of the laser
intensity. In the NSDI intensity region [see Fig. 3(a)-(e)], the
electron pairs from NSDI are more likely to emit into the same
hemispheres. In particular, at the low laser intensity [see Fig. 3(a)],
the correlated electrons momentum distribution exhibits a clear
finger-like structure. This is similar to the correlated momentum
distribution of argon NSDI at low laser intensity presented in a
recent study [35], where the line-like structure is found below the
recollision threshold intensity. At the moderate laser intensity, the
finger-like structure is not presented [see Fig. 3(b) and (c)] and
while at the high laser intensity [see Fig. 3(e)], the finger-like
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Fig. 3. The correlated electron momentum distributions in the direction parallel to the laser polarization for DI of N, molecules. The laser intensities are 0.5 x 10 W/cm? (a),
1 x 10" W/em? (b), 1.5 x 10" W/em? (c), 2 x 10" W/cm? (d), 4 x 10'* W/cm? (e), 10 x 10" W/cm? (f). In (a) the ensemble are 7 millions, in (b)(d) the ensemble are
1 million and in (e) and (f) the ensemble are 0.5 million. In all plots, the events where DI occurs at the turn-on stage of the trapezoidal pulse are excluded.

structure in the correlated momentum distribution is obvious.
In contrast to the result at the low laser intensity [see Fig. 3(a)], a
cluster of distribution around zero momentum is clearly seen [see
Fig. 3(e)]. Back analysis reveals that these events correspond to the
trajectories where DIs occur through a collisionless SDI.

By tracing the classical DI trajectories we can find that in the
low laser intensity the ionization time differences between the
two electrons contribute to the finger-like structure in the corre-
lated longitudinal electron momentum. To illustrate this point, we
inspect the correlated momentum plots for various At = t,~t}. The
results are presented in Fig. 4. For each DI event i the ionization
times ¢} and t}, of the electrons 1 and 2, respectively, are defined as
the instant when the energy of the electron becomes positive for
the first time after the recollision, where the energy of each
electron contains the kinetic energy, potential energy of the
electron-ion interaction and half electron—electron repulsion. In
Fig. 4(a) and (b), we have segregated the trajectories shown in
Fig. 3(a) according to the ionization time difference of the two
electrons. Fig. 4(a) and (b) displays the correlated longitudinal
electron momentum distributions of the trajectories where the
ionization time difference At is smaller than 0.3T and larger than
0.5T, respectively. It is clearly shown that the correlated long-
itudinal electron momentum distribution exhibits a finger-like
structure and the electron pairs involved in NSDI mainly escape
into the same hemispheres [see Fig. 4(a)] when the ionization time
difference is smaller 0.3T (ionization within one half cycle).
In contrast, the DI events are mainly clustered in the opposite
hemispheres when the ionization time difference is larger than
0.5T [see Fig. 4(b)]. For the laser intensity I=0.5 x 10'* W/cm?,
our statistic shows that for the ionization time difference less than
0.3T the proportion of electron pairs is above 55% of the total DI
events. And for the ionization time difference larger than 0.5T the
proportion is about 30%. As a result, the DI events are mainly
clustered in the first and third quadrants [see Fig. 3(a)]. According

to the simple-man model [22], the momentum shift imposed onto
the electron is equal to the instantaneous laser-field vector
potential P(t)=-A(t) (where t is the ionization time of the
electron). Thus, for events resulting from ionization of both
electrons within the same half cycle there exists a longitudinal
momentum difference AP, = P,,—P,; of the two electrons because
of the released time difference between the two electrons from
DES produced by recollision [35], which results in the finger-like
structure of the correlated electrons momentum distributions.
From what has been discussed above, we may draw the conclusion
that in the long-wavelength regime, the finger-like structure in the
longitudinal correlated electron momentum at the low laser
intensity is a consequence of the ionization time difference of
the two electrons.

In addition, Fig. 3(a) shows that there exists a little part of
electrons with momentum greater than 2,/U, at low laser
intensity. With the help of classical trajectory diagnosis, we find
that the nuclear boomerang at recollision [6] is indeed important
in their production at the long-wavelength regime. However, in
the high intensity, almost no DI occurs through a nuclear boom-
erang and thus there is no electron with momentum greater than
2\/U,.

At the high laser intensity, to explore the responsible dynamics
for the finger-like structure in the long-wavelength regime, we
take further advantage of the back analysis [48]. Tracing the
classical DI trajectories allows us to easily determine the recolli-
sion time and the energy exchange during recollision. Here, the
recollision time is defined to be the instant of the closest approach
after the first departure of one electron from the core [19]. Fig. 5
(a) displays the correlated electron momentum distributions in the
direction parallel to the laser polarization for the events in Fig. 3(e),
where the collisionless SDI are excluded. In Fig. 5(b) and (c), we
have segregated the trajectories shown in Fig. 5(a) according to the
energy difference of the two electrons at time 0.01T after
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Fig. 5. (a) Correlated longitudinal electron momentum distributions for the events in Fig. 3(e), where the collisionless SDI are excluded. The energy difference at time 0.01T
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recollision. Fig. 5(b) and (c) displays the correlated longitudinal
electron momentum distributions of the trajectories where the
energy difference is larger and less than 1.0 a.u., respectively. It is
clearly shown that the events are clustered on the main diagonal
when the two electrons achieve similar energies at recollision [see
Fig. 5(c)]. In contrast, the correlated electron momentum distribu-
tion exhibits distinct off-diagonal features when asymmetric
energy sharing occurs [see Fig. 5(b)]. Based on these results, we
can conclude that in the long-wavelength regime, the asymmetric
energy sharing at recollision is the decisive reason for the finger-
like structure in the longitudinal correlated electron momentum at
the high laser intensity.

But at the moderate laser intensity, the finger-like structure is not
observed [see Fig. 3(b), (c)]. Previous studies have illustrated that the
finger-like structure is able to be reproduced for helium at relative
moderate intensity when the realistic Coulomb potential or a softened
potential with a smaller screening parameter is used [32,33]. Thus, we
think that maybe because of the large soft parameter employed in our
calculation, the finger-like structure is not observed at moderate
intensity. Due to the huge computational demand of describing the
many-body interaction in the long-wavelength laser field, the suppo-
sition has not been demonstrated in this paper. Additionally, we find
that there is a certain contribution from the back-to-back emission.
Our statistic shows that for the 1300-nm pulses the proportions of the
electron pairs emitted into the opposite hemisphere are about 34%,
40%, and 33% for the laser intensities I=1 x 10" W/cm?,
1.5 x 10" W/cm?, 2 x 10" W/cm?, respectively. This indicates that
the yields of the anticorrelated electrons are not ignorable. So, at the
moderate laser intensity, the correlated behavior is different from that

in the NIR regime, where the yields of the anticorrelated electrons
decrease continuously and then the double-hump structure
of ion momentum spectra becomes more pronounced as the
intensity increases [36]. When the laser intensity enters the higher
intensity regime, more and more electron pairs from DI occur
through sequential ionization pathway and emit into the region near
the zero-momentum as the laser intensity increases [see Fig. 3
(e) and ()]

In order to understand the microscopic dynamics process for
the anticorrelated emissions at the moderate laser intensity, we
take advantage of back analysis. By back-analysis classical trajec-
tories we find that there exist a number of classical trajectories of
the recollision that occur near the field maximum [see Fig. 2(e)] in
the moderate laser intensity, which may be the responsible cause
of the anticorrelated emissions. In Fig. 6, we have segregated the
trajectories shown in Fig. 3(b)-(d) according to the recollision
time. Fig. 6(d)-(f) displays the correlated longitudinal electron
momentum distributions of the trajectories where the phase of
the recollision times is 0.27-0.3T and 0.77-0.8T. It is clearly shown
that the events are clustered on the opposite hemispheres when
the recollisions occur near the field maximum. In contrast, the
correlated electron momentum distribution shows that the elec-
tron pairs are more likely to emit into the same hemisphere when
the recollisions occur near the zero-crossing of the laser field [see
Fig. 6(a)-(c)]. For the former DI population, after recollision, the
electron pairs emit into opposite directions because the laser field
only provides a small drift momentum [7,43]. This process results
in a certain proportion of the opposite electron pairs at the
moderate laser intensity.
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according to different recollision times.
4. Summary

In summary, we have investigated the complex electron corre-
lations in N, DI by the MIR laser pulses over a wide range of laser
intensities. Our numerical results show that the correlated long-
itudinal electron momentum spectra exhibit rich correlated pat-
terns with the increase of the laser intensity. At the low and high
laser intensities, the correlated electron momentum spectra dis-
play an obvious finger-like structure, while at the moderate laser
intensity such finger-like structure is not observed and there is a
certain contribution from the back-to-back emission. Back analysis
reveals that in the long-wavelength regime, the ionization time
differences between the two electrons and the asymmetric energy
sharing at recollision are the decisive reasons for the finger-like
structure in the longitudinal correlated electron momentum at the
low and high laser intensities, respectively. As a consequence, the
finger-like structure in the correlated momentum spectrum from
molecular NSDI depends on the laser intensity strongly.
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