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Attosecond double-ionization dynamics of aligned H,: Two-dimensional quantum simulations
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A fully quantum procedure, based on the numerical solution of the time-dependent Schrodinger equation
(TDSE) with two spatial dimensions for every electron, is developed to study the attosecond double-ionization
(DI) dynamics from aligned H, molecules in strong laser fields. Our simulations are able to reproduce the
orientation dependence of DI, as observed for N, in experiments [D. Zeidler et al., Phys. Rev. Lett. 95, 203003
(2005)]. Our TDSE analyses reveal the important roles of the lateral motion of the electron and two-center
interference in the orientation-dependent DI. Our results give suggestions on the ultrafast probing of the dynamics

of DI from aligned molecules.
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I. INTRODUCTION

In strong-laser-matter interaction, the electron rescatter-
ing [1] can lead to many interesting physical phenomena such
as high-order-harmonic generation (HHG) [2-5], high-order
above-threshold ionization (HATT) [6-8], and nonsequential
double ionization (NSDI) [9-13]. In comparison with HHG
and HATI, the physical phenomena for NSDI are richer
and have attracted great interests in recent years [14-21].
In particular, as the orientation of the molecule [22-25] is
considered, some new effects emerge.

The experimental studies of N, [26] have found that the
two electrons involved in NSDI more likely exit the molecule
in the same (opposite) direction for 6 = 0° (90°; € is the
angle between the molecular axis and the laser polarization).
As the intricate phenomena are expected to be associated
with the geometry structure of the aligned molecule, the
details of the interplay of the molecular structure and the
electron dynamics remain unknown so far. To understand
these phenomena, a theoretical analysis is highly desired.
However, the theoretical treatment of the NSDI from aligned
molecules encounters difficulty. As the well-known strong-
field approximations (SFAs) [27,28] have explained many
NSDI-related phenomena, the SFA neglects the Coulomb and
multiphoton effects, which have been shown to be important
in NSDI [26,29]. On the other hand, the numerical study of the
NSDI from aligned molecules such as H, [30-32], based on
the time-dependent Schrodinger equation (TDSE), is limited
by the high-dimension simulations involved in the theoretical
description of two-electron dynamics.

In addition, the experimental studies of H, also show
that the molecular orientation can play an important role in
the dynamics of NSDI [33]. For example, the experimental
measurements suggest that the transverse velocity spread of
the electron related to the lateral motion is smaller for the per-
pendicular molecule than the parallel one. This phenomenon
is responsible for different ellipticity dependences of NSDI at
different orientation angles. To understand this phenomenon,
a detailed theoretical study of the orientation dependence of
the molecular NSDI is also needed.
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In this paper, by developing applicable numerical schemes,
we study the NSDI of aligned H, through the numerical
solution of the TDSE. We use a two-dimensional (2D) two-
electron model with every electron having two degrees of
freedom: parallel and perpendicular to the laser polarization.
Our simulations reproduce the angle dependence of NSDI,
as observed for N, [see Figs. 4(c) and 4(d) below]. Our
TDSE analyses allow us to access the rescattering event
for aligned molecules in the atomic space-time scale. Our
simulations show that due to the geometrical structure of the
molecule, the electrons more easily evade each other laterally
(longitudinally) for the parallel (perpendicular) orientation,
resulting in different responses of NSDI to the molecular
orientation. The angle dependence of NSDI is also influenced
highly by the effect of two-center interference and is sensitive
to the laser intensity. Our results open new perspectives for the
study of NSDI from aligned molecules.

This paper is organized as follows. We introduce the
numerical method in Sec. I1. In Sec. 111, we show our numerical
results for the orientation dependence of single-ionization
and double-ionization yields, showing the ratio of double-
vs single-ionization yields is larger for the perpendicular
molecule than the parallel one. The possible physical mech-
anisms for the orientation dependence of NSDI are analyzed
in Sec. IV. The important influence of the lateral motion of
the electron on the angle-dependent NSDI is also addressed
there. The role of two-center interference in NSDI from
aligned molecules is discussed in Sec. V. Extended discussions
on different NSDI mechanisms arising from rescattering are
presented in Sec. VI. Sec. VII is our conclusion.

II. NUMERICAL METHOD

The 2D two-electron Hamiltonian in the Born-
Oppenheimer (BO) approximation studied here has the fol-
lowing form (in atomic units of h = e = m, = 1):

2
H(t)=) [Ho +E(t) - ;] + ()

1
P Jr—m)l+e

—~Z_ is the single-electron
NG

Hamiltonian, with ”121' =(x; — § c0s0) + (y; — % sin0)? and
”22i =(x; + %cos 0)? + (vi + gsin 0)%. r; is the electron’s
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coordinate, and ¢ = 0.5 is the smoothing parameter which
is used to handle the singularity when r; =r,. Z =1 is the
effective charge, and R = 1.4 a.u. is the internuclear distance.
E(t) = —¢, f(t)E sinwyt is the external electric field, with E
being the amplitude and wq being the frequency. €, is the unit
vector along the x axis, and f(¢) is the envelope function.

It should be mentioned that for the real system, the
internuclear separation is about 1.4 a.u. for Hy, but it is about
1.9 a.u. for Hy ™. The effective charges at these corresponding
internuclear separations are about 1.25 for H, and 1.31 for
H,*. These parameters are somewhat different from those
used in this paper for the 2D model H, molecule with the BO
approximation. In addition, in our 2D model, the laser field
is polarized in the 2D plane, and the propagation direction
of the laser field is neglected. The latter implies that the
influence of the Lorentz force of the magnetic field is also
not considered in our simulations. As discussed in Ref. [34],
due to this Lorentz force, the electron is moved an amount
Az = (27 /cwy)U, along the propagation direction of the laser
field. Here, U, = E?/(4w}) is the ponderomotive energy,
and c is the velocity of light. The effect of the magnetic
field becomes remarkable for a laser intensity higher than
10" W/cm?. For the case of 800-nm, 2 x 10'* W/cm? laser
light studied in this paper, Az & 0.36 a.u., which is small and
suggests that the effect of the magnetic field is not significant
here.

The 2D model has been used in the theoretical study of the
HHG from aligned Ho* molecules [3] and has been shown
to hold the essence of the physics of the process when it
is compared with three-dimensional (3D) results [35]. We
expect that as the laser field is not very strong, the main results
obtained from our 2D simulations will also hold in 3D cases.
For strong laser fields at which the effect of the magnetic field
is remarkable, a 3D model is desired.

The ground-state wave function |¢o(r;,r;)) and the cor-
responding energy Eo(H;) of the two-electron field-free
Hamiltonian H, = Z?:l Hy; + 1/4/tci—r°+¢ are evaluated
numerically by propagating the Schrodinger equation in
imaginary time [36,37]. Once |¢o(r;,r2)) and Ey(H,) are
obtained, we can evaluate the ground-state energy EO(H22+)
for the single-electron Hamiltonian Hy; through EO(H22+) =
(0| Hoi |¢o). The one-electron binding energy E(e) associated
with the total electronic energy of the model H, molecule can
be obtained with Ey(e) = Eg(H,) — EO(H22+). With the above
treatments, the ground-state electronic energies (which do
not include nuclear repulsion and vibration energy) obtained
here are Eo(H,) = —1.83 a.u. and EO(H22+) = —1.19a.u. The
one-electron binding energy obtained is Ey(e) = —0.64 a.u.
These values are close to the real ones.

In our calculations, we use ten-cycle laser pulses with a
sin?-shaped envelop function. Numerically, the TDSE of H (¢)
is solved with the spectral method [38]. The 2D simulations
of a two-electron system of H,, involving four degrees of
freedom, are very time-memory consuming. Here, we work
with a grid size of 110 x 55 a.u. for the x and y axes of
every electron, respectively. The grid spacing at these axes is
A = 0.86 a.u., and the time step in the TDSE is 0.067 a.u.
The laser wavelength used here is A = 800 nm, and we have
explored a laser-intensity region of I = 0.25 x 10" to 2 x
10" W/cm?. For I = 2 x 10" W/cm?, the maximal classical

PHYSICAL REVIEW A 92, 023418 (2015)

momentum involved in our calculations is E/wg &~ 1.33 a.u.,
and the maximal kinetic energy of the rescattering electron is
3.17U, ~ 1.4 a.u. These can easily be represented on our
numerical grid. A parallel code is developed to accelerate
the calculation, and the numerical convergence is checked
by increasing the grid. After each time step the TDSE wave
function ¥ (x1,y1,x2,¥2,0,t) of H(¢) is multiplied by a mask
function to absorb the continuum wave packet at the boundary.
These absorbed wave packets f |1//_f(x1,yl,xg,yz,é’,t)|2dt,
withr; = Vx? + y? < 8au.orr, = Vxi +y? < 8au. [15],
are defined as the single-ionization (SI) yields; others are
defined as the double-ionization (DI) yields at the angle 6.
To get an overall view of the molecular DI, below we will first
discuss the angle-dependent SI and DI yields.

III. ST AND DI YIELDS AT DIFFERENT ANGLES

In Fig. 1(a), we show the ratios of SI (curve with black
squares) and DI (the curve with red circles) yields at 6 =
0° vs 6 = 90° with varying laser intensities. As one can see
from Fig. 1(a), the ratio for SI is always larger than unity,
which implies that the SI has a stronger preference for the
parallel orientation [39]. This preference diminishes with the
increase of the laser intensity. However, the situation is very
different for DI. The ratio for DI can be smaller than unity
at lower laser intensities, and on the whole it increases as the
laser intensity increases. These comparisons show that the SI
and DI of the two-electron system respond differently to the
angle 6, especially for lower laser intensities. According to
the SFA [27], the SI is closely associated with the tunneling
process in which the structure of the molecule is distorted
significantly by the laser field [39]. The DI, however, is related
to not only tunneling but also the recollision process, in which
the molecular structure can play a more important role than in
tunneling [28,40].

The DI yields D(@) at the angle 6 can be denoted simply
using D(0) ~ S(B)R(0). Here, S(0) is the SI yields, and R(0)
is the amplitude for the recollision of the rescattering electron
with the second electron. From the above expression, we can
approximate the amplitude R(6) using R(6) ~ D(0)/S(0),1i.e.,
the amplitude can be considered the ratio of DI vs SI yields. In
Fig. 1(b), we plot the ratio of DI vs Sl yields at6 = 0° and 6 =
90°. Despite these different responses of DI and SI to the angle
6 discussed in Fig. 1(a), the ratio of DI vs SI yields in Fig. 1(b)
for different laser intensities is always larger at & = 90° than

161 (a) . ®
141 \\é\ﬂ \ -

o 121 t1.5x10% o
©
o4

Al / F1.0x102

0.8

F5.0x10°

06 v —=—S10°vs 90° —=—0° DIvsSI
—— DI 0°vs 90° ——90°Dlvs SI
05 1.0 15 20 05 1.0 15 20

Laser Intensity (10"*W/cm?)

FIG. 1. (Color online) (a) Theratios of ST and DI yieldsat6 = 0°
vs 8 = 90° and (b) the ratios of DI vs SI yields at & = 0° and 90° for
model H, with different laser intensities.

023418-2



ATTOSECOND DOUBLE-IONIZATION DYNAMICS OF ...

that at & = 0°. We thus conclude that the recollision amplitude
R(6), which can be expected to be closely associated with the
cross section, is larger in the perpendicular orientation than
the parallel one.

Recent studies have shown that the cross section for
the parallel molecule is larger than the perpendicular one
[41-43], in significant disagreement with our results. To
explain the uncommon phenomena, next, we turn to the
momentum distribution of the system. We mention that the
ratio of DI vs SI yields presented here is also several orders
of magnitude larger than the ionization probability of a 2D
H,* molecular ion calculated in our extended simulations.
This result is similar to that in Ref. [15] and implies that for
the present parameter region, the NSDI related to rescattering
dominates in the DI.

IV. EFFECTS AFFECTING MOMENTUM DISTRIBUTIONS

In this section, our discussions will focus on the
three typical cases of I = 0.5 x 10'4,1.25 x 10, and 2 x
1014 W/cmz, corresponding to low, intermediate, and high
laser intensities for the NSDI, as shown in Fig. 1(a).
We restrict our analysis to snapshots of the momentum
distribution |¢|>. Here, the momentum wave function ¢ =
@(Pix, Py, P2x, D2y,0,tn) is evaluated using the Fourier trans-
lation of the TDSE wave function ¥ (x,y1,Xx2,¥2,0,t,), with
ra=+vxi,+y?,>8 au. at the time #, = 5.25T (T =
21 /wy s the laser cycle). For this time at which the laser
field E(7) is maximal and the vector potential A(z) of E(z)
is zero, the snapshot of the momentum distribution can
then be considered the final momentum distribution of the
process [15]. The two-electron momentum distribution along
the laser polarization |¢(piy, Pax,0,t,)|% is then obtained
through the integral of |¢|?> over the perpendicular momenta
piy and py,. Similarly, the corresponding single-electron
momentum distribution |¢;(p1y, plyﬁ,tm)|2 is then obtained
with the integral of |¢|? over the second-electron momenta

P2x and P2y-

A. Low-intensity cases

In Figs. 2(a) and 2(b), we plot the two-electron momentum
distributions parallel to the laser polarization |¢ |2 at =0°
and & = 90°. As one can see, the difference in the distributions
in Figs. 2(a) and 2(b) is obvious. This distribution at & = 0° in
Fig. 2(a) shows larger amplitudes around the diagonal of p;, =
P2, in quadrant 1, whereas the distribution in Fig. 2(b) for the
perpendicular orientation shows somewhat larger amplitudes
in quadrants 2 and 4. To highlight this difference, we also show
the relative momentum distributions of |¢(0°)|*> — [¢;(90°)?
in Fig. 2(c) and [¢;(90°)]* — |¢;(0°)|* in Fig. 2(d), while
setting all negative values to zero. Again, in Fig. 2(d), one
can see the increase in probabilities in quadrants 2 and 4;
in Fig. 2(c), the two electrons show a preference to exit
the molecular potential with similar momenta in quadrant 1.
Another important difference observed in quadrant 1 is that the
distribution comprises mainly smaller momenta in Fig. 2(c),
and it is made up of mainly larger momenta in Fig. 2(d).

For I = 0.5 x 10" W/cm?, the maximal return energy
of the rescattering electron is 0.35 a.u., which is far from
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FIG. 2. (Color online) Longitudinal momentum distributions of
model H, at (a) 8 = 0° and (b) & = 90°. In (c) and (d), we show the
longitudinal momentum distributions at & = 0° (90°) after subtracting
that at & = 90° (0°), and all negative values have been set to zero. In
(e) and (f), the single-electron (SE) momentum distributions at 6 =
0° and 6 = 90°, respectively, are also shown. The laser intensity is
I = 0.5 x 10" W/cm?. One can see that the maximal kinetic energy
of the electron parallel to the laser polarization is about 0.27 a.u. for
both & = 0° and 90° [see (a) and (b)]. That perpendicular to the laser
polarization is about 0.11 a.u. for & = 0° [see (e)] and about 0.02 a.u.
for & = 90° [see ()].

the ionization potential of H,™. In this situation, one can
expect that the recollision near zero field will induce doubly
excited states of the aligned molecule. These two excited
electrons are then ionized in rapid succession by the increasing
field and their mutual repulsion within the attosecond time
scale [29]. This is the case seen in Fig. 2(a) for the parallel
molecule. Considering the Coulomb repulsion, the preference
of escape of similar parallel momenta revealed in Fig. 2(a) also
implies that at 6 = 0°, these two electrons tend to evade each
other through the motion perpendicular to the laser polariza-
tion. This tendency is checked in Figs. 2(e) and 2(f), where we
plot the single-electron momentum distribution |¢;|>. Indeed,
one can see that the distribution in Fig. 2(e) shows large
amplitudes around p;, = £0.2 a.u. and is remarkably broader
than that in Fig. 2(f). The latter shows large amplitudes around
the axis of p;, = 0. From the comparisons in Fig. 2 we can
now conclude that the two electrons prefer to evade each
other laterally for the parallel orientation and longitudinally
for the perpendicular orientation. The reason can be explained
as follows. For the perpendicular molecule, after recollision,
the electron with a nonzero lateral momentum will have to go
through one of the two nuclei as it escapes, and the strong
Coulomb-focusing effect [29] will keep it from leaving. The
effect is weak for the parallel molecule. A sketch of the electron
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FIG. 3. (Color online) A sketch of the electron motion after
recollision for the laser polarization € (a) parallel or (b) perpendicular
to the molecular axis, which is along the x axis here. The center of
mass of the molecular system agrees with the origin of the coordinate
system o. The red solid lines indicate the preferred route of the
electron e as it escapes from the nuclei, H*. The gray dashed lines
indicate the avoided one along which the electron can collide with
and therefore be captured by the nuclei. For the parallel case in (a),
to avoid colliding with the nuclei, a small rescattering angle of the
electron and thus a lateral velocity spread are expected, which is
different from the perpendicular case in (b).

motion at different angles 6 is presented in Fig. 3. We note
that the smaller lateral velocity spread of the electron for the
perpendicular molecule than for the parallel one, revealed here,
is also in agreement with the experimental results discussed in
Ref. [33].

Due to this preference, at 6 = 0°, the two electrons more
easily stay in a doubly excited state (DES) as the field is near
zero, and they are then ionized through tunneling as the field
E(?) increases remarkably. In this case, the two electrons will
be ejected with similar and smaller parallel momenta and differ
from each other with regard to the perpendicular momenta.
Similarly, due to this preference, at & = 90°, the DI more easily
occurs through the direct recollision ionization (DRI) [1] or
the recollision excitation followed by delayed tunnel ionization
(REDTI) [44]. For the case of DRI, the rescattering electron
collides and shares its energy with the second electron near
zero field. This recollision frees the second electron, and both
electrons are then ejected together with larger but somewhat
different drift momenta, appearing in quadrant 1. For the case
of REDTI, the recollision excites the second electron instead
of freeing it directly; the second electron is then ionized as
the field increases. In this case, the two electrons will exit
the molecule in different directions and have momenta with
opposite signs, appearing in quadrants 2 and 4. The above
analyses explain the difference in the momentum distributions
of the parallel vs perpendicular molecules observed in Fig. 2.

We mention that the distribution in Fig. 2(b) also shows
some interference structures. Our other calculations show that
the details of the interference structures are very sensitive to
the laser intensity. We therefore expect that these interfer-
ence structures arise from multiphoton effects which depend
strongly on the laser parameter. Similar interference structures
in the DI momentum distributions are also observed in other
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FIG. 4. (Color online) Same as Fig. 2, except [ =1.25x
10" W/cm?. One can see that the maximal kinetic energy of the
electron parallel to the laser polarization is about 0.75 a.u. for both
0 = 0° and 90° [see (a) and (b)]. That perpendicular to the laser
polarization is about 0.11 a.u. for & = 0° [see (e)] and about 0.09 a.u.
for 6 = 90° [see (f)].

papers [17]. As these interference structures are sensitive to
the laser intensity, they are not easy to understand and deserve
detailed study in the future. As the laser intensity increases, the
difference in the NSDI dynamics between 8 = 0° and 8 = 90°
becomes clearer, as shown in Fig. 4.

B. Intermediate-intensity cases

For I = 1.25 x 10" W/cm?, the maximal return energy
of the rescattering electron is 0.9 a.u., which is near the
ionization potential of H,™. In this case, one can expect the
DRI or REDTI mechanism will dominates in DI. Indeed, in
Figs. 4(a) and 4(b), one can see that the distributions have larger
amplitudes off the diagonal in quadrant 1, which implies that
the DRI contributes significantly to the distributions. Again,
the relative distributions in Figs. 4(c) and 4(d) show that the
DES mechanism plays a more important role in the case of
6 = 0°, as the REDTI contributes more significantly to the
case of & = 90°. The distribution in Fig. 4(c) is located in
quadrant 1 and has a relatively large amplitude around the
diagonal. In Fig. 4(d), itis located in quadrants 2 and 4 and has a
small amplitude in quadrant 1. The single-electron momentum
distribution in Fig. 4(e) for 6 = 0° is also somewhat broader
than that in Fig. 4(f) for 6 = 90°, in agreement with our
analyses in Figs. 2(e) and 2(f). One can observe that for the case
of the intermediate laser intensity, the results in Figs. 4(a)-4(d)
are similar to the experimental ones for N, [26] obtained at
I ~12x 10" W/cm?.
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FIG. 5. (Color online) Same as Fig. 2, except [ =2x
10" W/cm?. One can see that the maximal kinetic energy of the
electron parallel to the laser polarization is about 1.15 a.u. for both
0 = 0° and 90° [see (a) and (b)]. That perpendicular to the laser
polarization is about 0.11 a.u. for both # = 0° and 90° [see (e) and
1.

C. High-intensity cases

For I =2 x 104 W/cmz, the difference between the
two angles 6 = 0° and 6 = 90° begins to diminish. The
distributions in Figs. 5(a) and 5(b) are similar, and so are
those in Figs. 5(c) and 5(d). They illustrate that one electron
is at rest as the other leaves with larger momenta. As this
remarkable phenomenon is believed to be closely associated
with the DRI, the DES mechanism related to the escape of
two electrons with a similar momentum can still be seen in
Fig. 5(c). Accordingly, an extended analysis [by virtue of the
relative distribution |¢;(0°)|> — |¢;(90°)|?] indicates that the
single-electron momentum distribution in Fig. 5(e) for 6 = 0°
remains somewhat broader than that in Fig. 5(f) for 6 = 90°.
From Figs. 5(a) and 5(b), one can expect that at higher laser
intensities, the structure of the molecule plays a smaller role
in the DI.

V. EFFECTS OF TWO-CENTER INTERFERENCE

As the rescattering electron approaches the two cores of
the molecule, it can be subjected to the effect of two-center
interference [3]. The effect is remarkable for the parallel
orientation [27,28]. For the perpendicular case, the molecule
behaves similar to an atom, and the interference effect basically
does not arise [45]. Due to the interference effect, the ratio of
DI vs Sl yields is always larger at 6 = 90° than that at 6 = 0°,
as shown in Fig. 1(b).

PHYSICAL REVIEW A 92, 023418 (2015)

One can expect that the interference effect will be greatest if
the rescattering electron falls into the molecular potential and
recombines with the cores. This occurs in the DES process
in which the rescattering electron is captured by the nuclei
by exciting the second electron and forming a doubly excited
state. As shown in Fig. 2, for low laser intensities, the DES
process dominates in the DI of the parallel orientation. As a
result, the DI yields at & = 0° will be influenced significantly
by the interference effect. These above discussions shed light
on why the DI yields at 8 = 0° are lower than those at 8 = 90°
for the cases with low laser intensities in Fig. 1(a). For high
laser intensities, the DRI and REDTI processes dominate in the
DI. However, for these two processes, the rescattering electron
skims over the cores instead of recombining with them, and
therefore the interference effect is relatively weak compared
with the DES process. As the SI yields at & = 0° are always
larger than those at® = 90°, the DI yields at& = 0° also prevail
over those at & = 90° for the cases with high laser intensities
in Fig. 1(a).

One of the limitations of our 2D model with the BO
approximation is that the nuclear motion is neglected. Previous
studies have shown that for one-dimensional H, molecules
with relatively low laser intensities, the double ionization
is always observed close to the equilibrium internuclear
distance [15]. We therefore expect that the motions of the
nuclei and the effect vibration states also have a small role
in the orientation dependence of the molecular DI, especially
for relatively low laser intensities at which the rescattering-
induced NSDI mechanisms dominate in the DI. Specifically,
the effect of two-center interference is closely associated with
the internuclear distance and the orientation angle. In our cases
of H,, the interference effect appears for the parallel orientation
in the rescattering process of DI and induces the suppression
of the DI yields for the parallel molecule. As the nuclear
motion is considered, the interference effect for the parallel
molecule can change somewhat. But in comparison with
the perpendicular molecule for which the interference effect
disappears [45], the suppression of the DI yields for the parallel
molecule arising from the interference effect does not change.
The importance of two-center interference in the molecular
HHG has been revealed in 2D simulations of H,™ with the
BO approximation [3] and has been verified in experimental
studies of CO, [46,47]. We therefore expect that the effect of
two-center interference on the molecular DI, revealed in our
simulations for Hy, will also appear for other molecules such
as N, and CO,, for which the Coulomb explosion cannot occur
in the DI process.

To check our results, we have extended our simulations to
other internuclear distances. The suppression of the DI yield
for the parallel molecule, as shown in Fig. 1(b), occurs in all
of our cases. Several typical results with R = 1.7 a.u. and
R = 1.9 a.u. are shown in Fig. 6. Here, the effective charges
of the 2D model Hamiltonian H, are adjusted so that the
electronic energies of Hy and H,™ at these two internuclear
distances are similar to those used in Fig. 1. One can see
that these results with different internuclear distances R in
Fig. 6 are similar to those in Fig. 1, except for the cases
at the low laser intensity of 7 = 0.25 x 10" W/cm?. It is
interesting to note that the ratio of SI yields at 6 = 0° vs
6 = 90° is smaller than unity here, implying that the SI yield
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FIG. 6. (Color online) (a) and (c) The ratios of SI and DI yields
at 6 = 0° vs & = 90° and (b) and (d) the ratios of DI vs SI yields
at & = 0° and 90° for model H, with different laser intensities and
internuclear distances. In (a) and (b), R = 1.7 a.u., and in (c) and (d),
R=19au

of the parallel molecule is lower than the perpendicular one.
Accordingly, the ratio of DI vs SI yields at 8 = 0° is also
higher than that at &6 = 90°. The reason can be explained as
follows. As discussed in Ref. [39], for strong laser fields, the
Coulomb potential of the molecule is distorted significantly
in the ionization process. As a result, two-center interference
generally plays no role in ionization. However, as the laser
intensity is low and the Coulomb potential is not influenced
significantly, the interference effect indeed can induce the
suppression of ionization for the parallel molecule. This
first interference-induced minimum occurs at an electronic
momentum of p = w/(Rcos®) [35], which is smaller for
larger internuclear distances. Because the main contributions
to ionization come from the electron with low energy, the
model H, molecules with similar ionization potentials are
more easily affected by the interference effect for relatively
larger internuclear distances.

Comparing these curves in Figs. 6(a) and 6(c), one can also
arrive at the conclusion that the DI is more sensitive to the
molecular structure than SI, in agreement with our analyses in
Fig. 1. In Figs. 6(a) and 6(c), the curves with squares showing
the ratio for SI are similar within a vertical scaling factor at
different internuclear distances, but the curves with circles for
DI differ significantly from each other.

We also simulate the DI of the N, molecule by adjusting
the effective charges of Hy at R =2.07 a.u. so that the
ground-state energy of the model system agrees with the
real N, molecule, with Eg(N,) = —1.57 a.u. and Eq(N,™) =
—1 a.u. [28]. With higher ground-state electronic energies
than H,, the model N, molecule is easier to ionize, but the
suppression of the DI yield at the parallel orientation can
still be observed in our simulations, as shown in Fig. 7. For
shorter laser pulses such as five-cycle 800-nm pulses, our
other simulations show that this suppression phenomenon still
appears. The results obtained are similar to those shown in
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FIG. 7. (Color online) Same as Fig. 1, but for model N,.

Fig. 1, so we do not present them here. The above results
suggest that this suppression phenomenon for DI arising from
the interference effect can be general for molecules.

VI. EXTENDED DISCUSSION OF DIFFERENT
NSDI MECHANISMS

It can be helpful to discuss the different NSDI mechanisms,
which arise from the rescattering process and are used in
our analyses in this paper. The main mechanisms for NSDI
can be described as follows [30]. For high laser intensities,
as the energy of the rescattering electron (the first electron)
is large enough to release the bound electron (the second
electron) directly, the mechanism of DRI for NSDI is expected.
In this case, both electrons will be ejected along the same
direction. For intermediate laser intensities, as the energy of
the rescattering electron is not large enough to release the
bound electron directly, it can excite the bound electron. Then,
the excited electron is ionized by the laser field later. In
this case, the mechanism of REDTI is expected, and these
two electrons will appear in the laser field along opposite
directions. For low laser intensities, the rescattering electron
can be captured by the Coulomb potential by exciting the
second electron and forming a doubly excited state. In this
case, the mechanism of DES (i.e., recollision-induced doubly
excited states) is expected, and these two electrons will
appear in the laser field along the same direction as in the
DRI case. The DES mechanism has been widely used in
explaining relevant physical phenomena [26,30]. However,
doubly excited states are difficult to trace directly as they decay
very quickly in strong laser fields. Despite this difficulty, one
can still anticipate that for DRI, since the second electron
is released directly by the recollision of the first electron,
both electrons are more likely to appear in the laser field with
different momenta (similar to the result for elastic collision);
for DES, since both electrons are located at excited states after
the recollision and are ionized by the laser field later, they are
more likely to exit the molecule with similar momenta.

In our simulations, for the parallel molecule, these two
electrons show a preference to exit the molecular potential
with similar momenta as the laser intensities are relatively low,
as shown in Fig. 2(a). We thus expect that in this low-intensity
case at which the energy of the rescattering electron is not
large enough to release the second electron directly, the DES
mechanism contributes significantly to NSDI. As the laser
field is strong enough, the DRI mechanism dominates, and
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the momenta of these two DI electrons differ significantly, as
shown in Fig. 5(a).

It should be stressed that at high laser intensities, the
mechanism of sequential ionization of these two electrons
will dominate in the DI. However, in our simulations, due to
the use of absorbing boundaries, sequential ionization cannot
be described well. It has been shown that as the sequential
ionization dominates, the motions of the nuclei have significant
influence on the DI [48,49]. In addition, the magnetic effect
is also important in DI [34]. Despite some limitations, our 2D
simulations with the BO approximation indeed suggest that as
the laser intensity increases, the difference in the DI at different
orientation angles diminishes. We expect that this result is also
applicable when the nuclear motion and the magnetic effect
are considered.

VII. CONCLUSION

Using a 2D two-electron model, we have studied the
double ionization of aligned H, at diverse laser intensities.
Our simulations show that for the parallel orientation, the two
electrons prefer to avoid each other laterally. As a result, they
more easily stay in a doubly excited state formed through
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recollision and exit the molecular potential with similar
momenta longitudinally. For the perpendicular orientation, the
lateral movement is confined more strongly, and the two elec-
trons tend to avoid each other longitudinally. Accordingly, they
prefer to escape from the molecular potential at different times
and leave the nuclei with different momenta along the laser
polarization. The difference in the dynamics of DI at different
angles diminishes as the laser intensity increases. The effect
of two-center interference also significantly influences the DI
yields of the molecule at the parallel orientation, especially for
low laser intensities. We show that different DI mechanisms
respond differently to the interference effect. These results are
expected to shed light on the complex dynamics of DI from
aligned molecules at the ultrafast time scale. Further research is
also necessary for the full understanding of orientation-related
DI phenomena of molecules.
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