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The nonsequential double ionization of the argon atom is studied in this article using an orthogonal
two-color laser pulse with different intensities. The results demonstrate that electron correlation is
strongly dependent on the relative phase of the laser pulses. We also observe that the recollision time
remains constant when analyzing the nonsequential double ionization signal at the relative phase 0.6π.
Meanwhile, the contribution of each returning bunch of the first ionized electron and the final electron–
electron repulsion highly depends on the laser intensity. Coulomb repulsion is most pronounced at low
and high laser intensities. However, at moderate laser intensities, it does not sufficiently affect the
momentum distribution.
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1. Introduction

Since its discovery in 1975 [1], the nonsequential
double ionization (NSDI) process has been exten-
sively investigated as a powerful tool for studying
the electron–electron (e–e) correlation toward the
recollision process [2–7]. It is well established that
NSDI is explicable using the simple man model [8].
In this model, when an atom/molecule is exposed to
a laser field, the first electron is ionized by the com-
bined atomic/molecular and laser potentials. The
electric field accelerates the first ionized electron,
which is then driven back to recollide with its par-
ent ion when the electric field reverses, thereby ini-
tiating the ionization of the second electron. NSDI
can occur toward the recollision via two widely ac-
cepted mechanisms, depending on the returning en-
ergy of the first ionized electron and how it shares
this energy with the bounded one: direct recollision
ionization (e, 2e), in which the first ionized elec-
tron directly knocks out the second one after recol-
lision [9, 10], and recollision-induced excitation with
subsequent ionization (RESI), in which the second
electron is excited upon recollision and then ionized
by the laser field, while the first electron remains
free [2] or is recaptured to form the doubly excited
state [6, 11, 12].

While being driven by the laser field to trigger
the NSDI process, the first ionized electron may ef-
ficiently transfer its energy to the bounded one in
the first return, or it must recollide with the par-
ent ion several times [13]. Multiple recollision can
contaminate the final e–e correlation signals, such
as the correlated two-electron momentum distribu-
tions (CTEMD) [14]. To demonstrate the pure ma-
nipulation of the e–e correlation with respect to
the recollision process, one should alleviate multiple
recollisions by increasing the laser field’s intensity
and/or wavelength [15]. Alternatively, the orthog-
onal two-color laser pulse (OTC) can be used [16].
Since its inception in 2005 [17], the OTC has gained
widespread recognition for its ability to significantly
control the returning time, recollision energy, and
NSDI yield by varying the relative phase [16–19]
or intensity [20]. Thus, OTC fields can exert con-
trol over the CTEMD (in two directions for each
of the OTC’s two field components) [16]. The OTC
was used in particular to theoretically control the
correlated dynamics in NSDI for He atoms by vary-
ing the relative phase [16], to analyze the mech-
anisms governing the NSDI of Xe atoms [19], to
study the dependence of Ne2+ yields on relative
phase, taking into account the change in recol-
lision time when adjusting the laser intensity at
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a particular relative phase [20], and to experimen-
tally demonstrate, for the first time, the possibility
of controlling the two-electron emission dynamics
on the subcycle scale for Ne [21]. Additionally, the
OTC was used to investigate the HeH+ molecule’s
NSDI process, demonstrating that the correlated
pattern in CTEMD is dependent on the relative
phase and intensity ratio (I2/I1) of the two-color
field [18].

Interestingly, as shown in [16, 20, 21], the tempo-
ral window of recollision moments can be controlled
to locate within a very narrow range. Additionally,
the results in [16, 20, 21] indicated that at some
particular relative phases of the OTC, the return-
ing bunches of the first ionized electrons are effi-
ciently split into two distinct groups. However, no
additional research on the dynamics of these return-
ing groups has been published. The mechanisms
by which the recollision time, the contribution of
each returning group to the drift CTEMD, and the
role of the Coulomb repulsion associated with the
NDSI process change as the laser intensity varies,
remain unknown and deserve thorough investiga-
tion. We also note that while the role of the final
Coulomb repulsion has been revisited several times
for atomic [12, 22–24] and molecular systems [25],
this effect in the OTC laser field is still unavailable.
Using the classical ensemble model [12, 25–27], we
numerically examine the NSDI of the Ar atom in-
duced by the OTC laser field at several represen-
tative relative phases. We then focus on the rel-
ative phase at the maximum of the Ar2+ yield,
where the range of recollision time is shortest, in
order to conduct a thorough investigation of the
NSDI mechanism, Coulomb repulsion, and the dy-
namics of two ionized electrons as the laser in-
tensity is varied. It is interesting to observe that
the recollision time remains constant as the laser
intensity is altered. Meanwhile, the contribution
of each returning group and the role of Coulomb
repulsion are highly dependent on the intensity
of the laser.

The organization of the paper is as follows. Sec-
tion 2 provides a brief overview of the classical en-
semble model used to study the NSDI process in
the presence of the OTC laser pulse. In Sect. 3, we
present and discuss numerical results relating the
Ar2+ yield to the relative phase of the OTC laser
pulse and the e–e correlated dynamic, resulting in
CTEMD behavior along the 800 nm field’s polar-
ization direction. Here, the comprehensive analysis
at the relative phase ∆ϕ = 0.6π is performed. The
paper is concluded in Sect. 4.

2. Method

In our calculation, we employ the classical
three-dimensional ensemble model, which has been
widely used in the framework of the NSDI pro-
cess [12, 25–27] due to its significant advan-
tages [26]. This method is described in detail in [27].

According to the classical model, the motion of
two electrons is governed by the Newton equation
(atomic units are used throughout this paper unless
otherwise specified)

d2ri
dt2

= −∇
[
Vne(ri) + Vee(r1, r2)

]
−E(t), (1)

where the subscript i is the label of the two elec-
trons, ri is the position of the i-th electron, and
E(t) is the electric field. The electric field of the
OTC has the form

E(t) = E1(t)x̂+ E2(t)ŷ, (2)
in which

E1(t) = E01 cos(ω1t) f(t), (3)

E2(t) = E01 cos (ω2t+ ∆ϕ) f(t). (4)
Here f(t) is the trapezoidal envelope of the laser
pulse including two-cycle turn-ons, six cycles at full
strength, and two-cycle turn-offs, ∆ϕ is the relative
phase between two components of the OTC field. It
is noted that E1(t) and E2(t) are respectively lin-
early polarized in the x and y axes. The wavelengths
of the two component fields are λ1 = 800 nm and
λ2 = 400 nm, and their intensities are equal. Here

Vne (ri) = − 2√
r2i + a2

, (5)

and

Vee (r1, r2) =
1√

(r1 − r2)
2

+ b2
, (6)

are the electron-ion attractive and the e–e repulsive
potentials, respectively. To avoid autoionization of
the Coulomb interaction, the soft parameters a and
b are considered [9, 15, 28]. We set a = 1.5 a.u. and
b = 0.05 a.u. for Ar [29–32]. The ensembles have
a total size of 5 million particles.

To simulate the NSDI process, we solve (1) for
each atom in the ensemble using the fourth-order
Runge–Kutta method [33]. It is worth noting that in
the classical model, electrons are transferred to the
continuum solely through the mechanism of over-
the-barrier ionization. Thus, the systems can be well
characterized by ionization energy. To obtain the
initial condition, the ensemble is populated from
a classically allowed position for the argon ground-
state energy of −1.59 a.u. The available kinetic
energy is distributed randomly in the momentum
space between two electrons. The electrons are then
allowed to evolve for a sufficient amount of time
(≈ 200 a.u.) in the absence of the laser field in or-
der to achieve stable position clustering around the
origin and a stable momentum distribution [28, 34].
It should be noted that properly chosen initial con-
ditions enable the generation of a suitable set of
classical trajectories that closely approximate the
quantum momentum function [35].

The laser is turned on to initiate the NSDI pro-
cess of the ensemble. At the end of the pulse, the en-
ergy of each ionized electron (including the kinetic
energy, electron–ion attractive potential energy, and
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Fig. 1. The dependence of the yields of Ar+ and
Ar2+ ions on the relative phase ∆ϕ of the OTC laser
field for the laser intensity I = 1.5 × 1014 W/cm2.

half of the repulsive e–e potential energy) in each
atom is analyzed. Only when both electrons have
positive energy is the atom considered to be double
ionized (DI) [25, 28, 34].

To investigate the role of the e–e repulsive
Coulomb interaction in the NSDI process, we per-
formed an additional calculation, in which the final
state e–e repulsion at the DI moment is neglected
and replaced by the Yukawa potential as

V ′ee(r1, r2) =
exp

(
− λ
√

(r1 − r2)2 + b2
)√(

r1 − r2
)2

+ b2
, (7)

with the screening parameter λ = 5 [22, 28], which
is sufficiently large to rapidly truncate the interac-
tion between two electrons just after they escape
from the parent ion [28, 34].

3. Results

We proceed to discuss the NSDI process of Ar in-
duced by OTC laser pulses, the parameters of which
are listed in Sect. 2. The yields of Ar+ and Ar2+ ions
as functions of relative phase ∆ϕ for the laser in-
tensity I = 1.5 × 1014 W/cm2 are shown in Fig. 1.
The results are presented only for the relative phase
in the interval 0 ≤ ∆ϕ ≤ 2π due to the period-
icity of the laser pulse. Take note that the yields
have been normalized such that the maximum val-
ues equal unity.

The Ar+ signal oscillates slightly and approaches
saturation since it is directly related to the atom’s
ionization rate, which is mainly dependent on the
laser intensity and atomic ionization potential [36].
Meanwhile, the Ar2+ yield exhibits a strong de-
pendence on ∆ϕ, with maxima occurring around
∆ϕ = (0.1 + n

2 )π, and minima located around
∆ϕ = (0.35 + n

2 )π, where n ∈ N. We also note
that the signals of Ar2+ are primarily associated
with the NSDI process at the laser intensity used in
our calculation. At higher intensities, the sequen-
tial double ionization (SDI) process becomes more
pronounced.

Although there is no experimental evidence for
this structure in the case of Ar, we believe our result
is reliable because a similar trend has been observed
experimentally [21] and studied theoretically [20] for
Ne2+. According to [21], the recollision probability
is greatest at relative phases with the smallest ini-
tial transverse velocity and vice versa [37], because
effective recollision induced by OTC fields requires
an appropriate initial transverse velocity at the first
ionization [17].

A detailed understanding of the dynamics of two-
electron emission can be gained by examining the
CTEMD. The CTEMDs along the 800 nm field
direction are shown in Fig. 2 for four representa-
tive values of the relative phases ∆ϕ that corre-
spond to two components of the OTC fields in phase
(∆ϕ = 0π — Fig. 2a); the signal of Ar2+ ion be-
ing minimal (∆ϕ = 0.35π — Fig. 2b, ∆ϕ = 0.85π
— Fig. 2d) and maximal (∆ϕ = 0.6π — Fig. 2c).
The laser intensity used in this investigation is
I = 1.5× 1014 W/cm2.

When the relative phase is ∆ϕ = 0, the CTEMD
is clustered in the first and third quadrants and
exhibits symmetry about the main diagonal. Here,
most of the two ionized electrons escape to sim-
ilar hemispheres with equivalent momenta. When
the relative phase is increased to ∆ϕ = 0.35π,
the CTEMD expands to four quadrants, with the
strongest signals observed in the third quadrant,
indicating that the two ionized electrons exhibit
both correlated and anticorrelated behaviors. The
interesting pattern is observed at the relative phase
∆ϕ = 0.6π, where the CTEMD splits into two dis-
tinct groups, i.e., the first group located primarily
in the third quadrant, and the second one divided
into two sets along the p1x and p2x axes. Here, the
two electrons are either ionized in the same hemi-
sphere with comparable momenta or in opposite di-
rections with significantly different momenta. For
∆ϕ = 0.85π, the CTEMD is mainly concentrated in
the third quadrant, but also includes the first quad-
rant. These results demonstrate that the correlation
between two ionized electrons can be controlled by
adjusting the relative phase of the OTC pulses, as
concluded in [16].

To gain a better understanding of the ∆ϕ-
dependence of CTEMD, we perform a back trajec-
tory analysis [16, 20] on the NSDI trajectories as-
sociated with the CTEMDs in Fig. 2a–d versus the
laser phase at the instant of recollision, as shown
in Figs. 2e-2h, respectively. Note that the recolli-
sion moment is defined as the instant when the dis-
tance between the first ionized electron and its par-
ent ion approaches a minimum [28]. The solid blue
and dashed green curves depict the electric fields of
the 800 nm and 400 nm pulses, respectively, within
an optical cycle. The drift momentum of an ion-
ized electron at time ti induced by an oscillatory
field E = E0 cos(ωt) is composed of two terms:
the initial velocity (v0) and the velocity gained
from the vector potential, as

((
−E0

ω

)
sin(ωti)

)
[16].
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Fig. 2. (a)–(d) CTEMDs along the polarization axis of the 800 nm field of the OTC pulse and (e)–(h) counts
of NSDI trajectories versus laser phase at the instant of recollision for the laser intensity I = 1.5×1014 W/cm2

at four representative relative phases phases ∆ϕ = 0π, 0.35π, 0.6π, 0.85π, respectively. The solid blue and
dashed green curves illustrate the electric fields associated with the 800 nm and 400 nm pulses, respectively,
and T01 = 2π

ω1
is the period of the 800 nm field.

In the case of ∆ϕ = 0 (Fig. 2e), there are two dis-
tinct clusters of recollision electrons, and the ma-
jority of recollisions occur near the zero crossings
of the 800 nm electric field. The first electron flies
out of the atom around 0.1T01 after recolliding.
The second electron is then ionized at a time dif-
ference around 0.15T01. Moreover, at the instant
of ionization, the initial velocities of two electrons
are close to zero [16]. As a result, they are ionized
sequentially during the same quarter-cycle of the
laser field, producing the correlated pattern shown
in Fig. 2a. Recollisions eventually leading to NSDI
occur over a wide range for ∆ϕ = 0.35π (Fig. 2f)
and ∆ϕ = 0.85π (Fig. 2h). Thus, two terms in the
final velocity of two electrons are competitive, and
the CTEMDs are distributed across four quadrants,
as illustrated in Fig. 2b and d. For ∆ϕ = 0.6π, there
are two distinct bunches of recollision electrons at
the trough and peak of the 800 nm laser field. Un-
like the case for ∆ϕ = 0, the contributions of two
recollision bunches result in the formation of two
distinct patterns in the CTEMD, including a group
of correlated signals in the third quadrant and two
groups along the p1x and p2x axes (see Fig. 2c). Ad-
ditionally, our investigation indicates that at this
relative phase, the electrons returning to the core
near the field’s extremum have lower recolliding en-
ergies. This fact is well consistent with the simple
man model [8]. As a result, the recollision electrons
do not gain enough energy to directly ionize the
bounded electron toward recollision. However, in
this case, the electric field significantly suppresses
the atomic potential at the instant of recollision,

allowing one of the two electrons to escape from the
atom over-the-barrier immediately after recollision,
while the other electron ionizes at the subsequent
peaks. This mechanism is responsible for the gen-
eration of correlated signals in CTEMD. In some
instances, both electrons may be ionized simultane-
ously after recollision. The e–e repulsion is signifi-
cant and can considerately accelerate one electron
while blocking the other, resulting in a significant
difference in the drift momenta of two ionized elec-
trons [25].

We focus on systematically analyzing the mech-
anisms of NSDI and the role of the e–e repulsion
associated with each bunch of recollision electrons
for the specific relative phase ∆ϕ = 0.6π. Figure 3
demonstrates that the CTEMD originated from the
trajectories of recollision group 1 (see Fig. 2g). The
signal converges primarily to the third quadrant
in this case (Fig. 3d), indicating a side-by-side DI
in which the two ionized electrons escape the par-
ent ion with equivalent velocity parallel to the di-
rection of the electric field. The delay time (tDI)
between the recollision and double ionization mo-
ments has the most prominent peak around 0.5T01
and extends to 4T01, with peaks separating by T01
(Fig. 3a). Additionally, the difference between the
ionization instants (∆t) of two electrons after rec-
ollision significantly focuses at 0.25T01 (Fig. 3b).
As illustrated in Fig. 3c, the energy-sharing en-
ergy of two electrons after the recollision moment
is symmetric. This result shows that the domi-
nant mechanism of double ionization is RESI. After
the moment of recollision, one of the two electrons
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Fig. 3. (a) The delay time between DI and recollision moments, (b) the difference between the ionization
instants of two electrons after recollision, (c) the energy of recolliding and bounded electrons after recollision,
(d) the CTEMD associating with the recollision group 1 in Fig. 2g, and (e) the same CTEMD when neglecting
the final state electron–electron repulsion by replacing the Yukawa potential. The results are investigated for
the recollision group 1 at ∆ϕ = 0.6π and laser intensity I = 1.5 × 1014 W/cm2.

ionizes from the atom via the over-the-barrier ion-
ization mechanism. The other electron then moves
into the excited state and escapes from the ion
core in a similar quarter cycle of the electric field.
As a result, their drift momenta are comparable,
as observed in Fig. 3d. To investigate the role of
final e–e repulsion, we apply the Yukawa poten-
tial immediately after the instant of double ion-
ization in order to bypass the Coulomb explosion
between two ionized electrons. The result is shown
in Fig. 3e. The CTEMD with Yukawa potential
is nearly identical to that in Fig. 3d, demonstrat-
ing that Coulomb repulsion plays no role in the
CTMED associating with recollision group 1 for
laser intensity I = 1.5×1014 W/cm2 at ∆ϕ = 0.6π.
It is worth noting that the CTEMDs distribution
in Fig. 3d and e changes slightly when some DI
events converge on the main diagonal of Fig. 3e.
This is explained by the fact that DI cases ex-
hibit near-simultaneous ionization of two electrons
in Fig. 3b, indicating that the final e–e repulsion
contributes to the CTEMD spectrum. According to
our calculations, these DI events account for ap-
proximately 7.93%.

Figure 4a depicts the extracting result from
CTEMD in Fig. 2c for recollision group 2 at ∆ϕ =
0.6π for I = 1.5 × 1014 W/cm2. The signals are
concentrated mostly along two axes, with a small
portion in the third quadrant along the primary
diagonal. According to Fig. 4b, the delay time is
especially concentrated in the range of 0.15T01 to
0.25T01 and slightly extends to 4T01. To investigate
the microscopic mechanisms governing the NSDI
process of Ar atom, we classify double ionization

events according to their delay time, which is less
than or greater than 0.25T01, corresponding to the
direct ionization (e-2e) or RESI mechanisms, re-
spectively [9, 10]. Figure 4c–f and Fig. 4g–j illustrate
the analysis for these two scenarios, respectively.
When tDI < 0.25T01, the momentum spectrum fo-
cuses in the second and fourth quadrants along the
secondary diagonal (Fig. 4e), implying that the two
electrons ionize with similar magnitudes but oppo-
site directions of momenta. Our results demonstrate
that the symmetric energy sharing between two
electrons toward the recollision process exists (see
Fig. 4d), and that two electrons almost simultane-
ously escape from the parent ion (see Fig. 4c). These
characteristics support the (e–2e) mechanism. In
Fig. 4f, we show the CTEMD without regard for
the final state Coulomb repulsion. As can be seen,
portions of the signals tend to shrink to the ori-
gin, while the rest remains unchanged. Thus, the
Coulomb explosion is critical only at the begin-
ning of double ionization and for pairs of electrons
that gain small drift moments due to being ion-
ized nearly simultaneously and traveling at small
velocities. The Coulomb interactions between two
ionized electrons dissipate rapidly as high-velocity
electrons depart from each other. A similar analysis
for tDI > 0.25T01 demonstrates that the Coulomb
repulsion has no effect on the formation of the
CTEMD, as the spectra in Fig. 4i and j, correspond-
ing to the absence and application of the Yukawa
potential, are nearly identical. Indeed, in this case,
there is a highly asymmetric energy sharing pro-
cess toward recollision (see Fig. 4h). Thus, one elec-
tron retains the necessary energy to ionize first,
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Fig. 4. (a) The CTEMD associated with the recollision group 2 in Fig. 2g, (b) the delay time between DI and
recollision moments; (c)–(f) the difference between the ionization instants of two electrons after recollision time,
the energy of recolliding and bounded electrons after recollision, the CTEMD with and without applying the
Yukawa potential for tDI < 0.25T01; (g)–(j) similar to (c)–(f) but for tDI > 0.25T01. The results are investigated
for the recollision group 2 at ∆ϕ = 0.6π for the laser intensity I = 1.5 × 1014 W/cm2.

while the second electron transfers a small amount
of recollision energy to jump to an excitation state
and then escapes from the parent ion after a time
difference that mostly peaks around 0.5T01 (see
Fig. 2g). This is referred to as the RESI mechanism.

Next, we examine the mechanisms of NSDI and
the role of the e–e repulsion associated with each
bunch of recollision for specific relative phase at
laser intensities ranging from I = 1.0×1014 W/cm2

to I = 2.0×1014 W/cm2, which are below and above
the recollision-ionization threshold, respectively. It
is worth noting that in the classical model, after ion-
izing the neutral atom Ar, the recollision-ionization
threshold is equal to the energy required to ionize
the ion Ar+ to Ar2+, thereby causing double ion-
ization. The laser intensity is said to be saturated
when the maximum returning energy of the recol-
liding electron induced by the laser field equals the
recollision-ionization threshold.

Figure 5 shows the CTEMD and NSDI trajec-
tories versus the laser phase at the instant of rec-
ollision for I = 1.0 × 1014 W/cm2 (Fig. 5a, b)
and I = 2.0 × 1014 W/cm2 (Fig. 5e, f). It is ob-
vious that the recollision instants remain constant
as the laser intensity changes. There are asymmet-
ric contributions to the CTEMD from two bunches

of recollision electrons of I = 1.0 × 1014 W/cm2

and I = 2.0 × 1014 W/cm2, with the dominance
associated with group 2 (Fig. 5b) and group 1
(Fig. 5f), respectively. Meanwhile, in the case of
I = 1.5 × 1014 W/cm2 (Fig. 2g), two recollision
bunches provide equivalent contributions. The sig-
nals in CTEMDs are divided into two parts corre-
sponding to two recollision bunches, as illustrated
in Fig. 5c and g for group 1 and Fig. 5d and h
for group 2, for I = 1.0 × 1014 W/cm2 (panels
c and d) and I = 2.0 × 1014 W/cm2 (panels g
and h), respectively. For the low intensity, the mo-
mentum spectrum of group 1 produces an arc-like
structure from the second to the fourth quadrants
(Fig. 5c). It then shifts to the third quadrant for
saturation intensity (Fig. 3d) and finally to the neg-
ative axes for high intensity (Fig. 5g). However, in
the case of group 2, the momentum distribution is
concentrated on the positive axes at low intensity
(Fig. 5d), then translates to the second and fourth
quadrants (Fig. 4a) at moderate intensity, and fi-
nally forms an arc-like structure at a high inten-
sity (Fig. 5h). Figure 5 reflects the contribution of
each recollision group and demonstrates the criti-
cal role of these recollision groups in forming the
final CTEMD.
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Fig. 5. (a)–(d) The CTEMD along the polarization axis of the 800 nm field of the OTC pulse, the counts of
NSDI trajectories versus the laser phase at the instant of recollision, the CTEMDs associated with recollision
groups 1 and 2 at the relative phase ∆ϕ = 0.6π for the laser intensity I = 1.0 × 1014 W/cm2; (e)–(h) similar
to (a)–(d) but for laser intensity I = 2.0× 1014 W/cm2. The solid blue and dashed green curves represent the
electric fields associated with the 800 nm and 400 nm pulses, respectively, and T01 is the period of the 800 nm
field.

Fig. 6. (a) The delay time between DI and recollision moments; (b)–(e) the difference between the ionization
instants of two electrons after recollision time, the energy of recolliding and bounded electrons after recollision,
the CTEMD with and without applying the Yukawa potential for tDI < 0.25T01; (f)–(i) similar to (b)–(e) but
for tDI > 0.25T01. The results are investigated for the recollision group 2 at ∆ϕ = 0.6π for the laser intensity
I = 1.0 × 1014 W/cm2.

In the case of I = 1.0 × 1014 W/cm2 at
∆ϕ = 0.6π, recollision group 2 contributes more to
the final CTEMD than group 1. Thus, we con-
centrate on the dynamics of two ionized electrons
in group 2, as illustrated in Fig. 6. According to

Fig. 6a, the majority of DI events occur prior to T01
from the recollision moment, with a peak around
0.5T01. Two electrons ionize almost simultaneously
in the direct ionization mechanism associated with
tDI < 0.25T01 (Fig. 6b), and the sharing energy is
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Fig. 7. Similar to Fig. 6 but for the recollision group 1 at ∆ϕ = 0.6π for the laser intensity
I = 2.0 × 1014 W/cm2.

highly symmetric (Fig. 6c). As illustrated in Fig. 6d,
the CTEMD signals appear along a line segment
in the first quadrant, implying that two ionized
electrons leave the parent ion in the same direc-
tion but with different drift momenta. By acceler-
ating one electron and decelerating the other, the
final e–e repulsion has a significant effect on the
final CTEMD. By applying the Yukawa potential
to screen off the Coulomb interaction, the signals
are clearly shrunk to the primary diagonal, as ob-
served in Fig. 6e. Meanwhile, when the NSDI occurs
via the RESI mechanism, the final e–e repulsion
plays a minor role. The results for tDI > 0.25T01
(Fig. 6f–i) are similar to those previously discussed
for I = 1.5× 1014 W/cm2.

Finally, we investigate the role of the final e-e
repulsion at ∆ϕ = 0.6π for the high laser in-
tensity of I = 2.0 × 1014 W/cm2. Here, we fo-
cus on the dominant recollision group 1’s behav-
ior and present the results in Fig. 7. The major-
ity of DI events are widely expanded in the range
of TDl < T01 (Fig. 7a). For the (e–2e) mechanism
with tDI < 0.25T01, two electrons are ionized nearly
simultaneously (Fig. 7b), share energy symmetri-
cally toward the recollision process (Fig. 7c), and
fly to the same direction, which is opposite to the
800 nm electric field. Thus, when the Yukawa po-
tential is used instead of the e–e Coulomb repul-
sive one, the CTEMD evolves from the line seg-
ment (Fig. 7d) to the primary diagonal (Fig. 7e)

in the third quadrant. This feature confirms the
importance of the final e–e Coulomb repulsion in
this instance. Again, the results for tDI > 0.25T01,
I = 2.0 × 1014 W/cm2 (Fig. 7f–i) are similar to
those obtained for I = 1.0 × 1014 W/cm2 and
I = 1.5× 1014 W/cm2.

4. Conclusions

To summarize, we investigated the attosecond
dynamics of the NSDI process induced by OTC
laser pulses. Correlations between two electrons are
highly dependent on the relative phase of the OTC
pulses. We then focus our attention on the role of
Coulomb repulsion and two electron dynamics at
relative phase ∆ϕ = 0.6π for the low (I = 1.0 ×
1014 W/cm2), moderate (I = 1.5 × 1014 W/cm2),
and high (I = 2.0 × 1014 W/cm2) laser intensities.
Intriguingly, the returning electrons are separated
into two distinct bunches with a narrow range of
recollision time. The moment of recollision between
two returning bunches remains constant as the laser
intensity varies, but the contribution of each bunch
varies. It’s also worth noting that the energy shared
between two electrons upon recollision, as well as
the role of the final Coulomb repulsion associated
with each returning bunch, is highly dependent on
the laser intensity. By combining the relative phase
and intensity of the OTC pulse, we can sufficiently
control the dynamic of recollision on a subcycle
scale.
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