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Imprint of electron returning dynamics on ion momentum spectra
in strong-field nonsequential double ionization
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Nonsequential double ionization (NSDI) of atoms driven by parallel-polarized two-color (PPTC) fields
composed of two equal-intensity multiple-cycle laser pulses is investigated using a three-dimensional classical
ensemble model. The ion momentum distribution shows pronounced asymmetry and strongly depends on
the relative phase of the two pulses. The ion momentum distributions exhibit a double- or not yet observed
triple-hump structure, depending on the relative phase of the two pulses. More interestingly, the three peaks
of the ion momentum distribution correspond to the first-returning recollision, the odd-returning recollision
(without the first returning recollision), and the even-returning recollision. This means that the number of
electron returnings is mapped onto the ion momentum distribution. The information about the number of electron
returnings can be directly retrieved from the observed ion momentum distribution in the PPTC field with equal
intensities. Moreover, the proportions of the three types of trajectories in NSDI, the returning energy of the
ionized electron, and the ionization mechanism can be well manipulated by changing the relative phase of the
two pulses.
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I. INTRODUCTION

With the rapid development of ultrafast laser technology,
many novel high-order nonlinear phenomena have been ob-
served in the interactions of intense laser fields with atoms and
molecules, such as high-order harmonic generation (HHG),
above-threshold ionization (ATI), nonsequential double ion-
ization (NSDI) [1,2], etc. Strong-field NSDI involves the
correlated dynamics of two electrons and has been one of the
hot topics in the study of strong-field physics in the past few
decades [3–15]. NSDI can be well described by the quasiclas-
sical recollision model [16,17]. First, an electron in an atom
escapes from the nucleus driven by a strong laser electric field.
When the laser field is reversed, the ionized electron is pulled
back to the nucleus and collides with it inelastically. After the
recollision, a second electron may be ionized directly [5,18]
or excited and then ionized by the subsequent laser field with
a time delay [18–21].

In a multiple-cycle linear laser pulse, the ionized electron
can return and collide with the parent ion from the left and
right directions with the same probability. Therefore, the ion
momentum spectra and correlated electron momentum spectra
from NSDI show a symmetric distribution [3–7]. The laser
intensity and wavelength can significantly affect the return-
ing energy and the transversal distance when the ionized
electron returns to the parent ion and can further affect the
efficiency of energy transfer between the two electrons and the
NSDI mechanism [22–33]. For a few-cycle laser pulse with a
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stabilized carrier-envelope phase (CEP), the left-right sym-
metry of the laser electric-field wave form is broken. The
returning probability and energy of the ionized electron from
the left and right directions are very different. The ion
and correlated electron momentum spectra exhibit significant
asymmetry. The CEP of the few-cycle laser pulse determines
the wave form of the electric field and can control the rec-
ollision dynamics and the correlation behavior of the two
electrons [34–37]. Compared with a single CEP-stabilized
few-cycle pulse, the combined electric field composed of two
linearly polarized pulses with different frequencies is also
asymmetric, and its wave form can be more flexibly controlled
by changing the relative intensity and phase between the two
pulses. Therefore, parallel-polarized two-color (PPTC) fields
are widely used to control HHG and ATI [38–41].

In 2010, Zhou et al. used the few-cycle PPTC laser fields to
induce NSDI [42]. By controlling the relative phase between
the two pulses, the recollision of the ionized electron can
be controlled within a time interval of several hundred at-
toseconds, thus showing an arclike structure on the correlated
electron momentum distribution. Then Ma et al. theoretically
studied the correlated electron dynamics in a multicycle PPTC
field [43]. The results show that the recollision energy can be
accurately controlled with the PPTC field. The ion momentum
distributions in the direction parallel to the polarization of
the laser field exhibit a single- or double-hump structure,
depending on the relative phase of the two pulses. Subse-
quently, Luo et al. experimentally measured the momentum
distribution of Ne2+ from NSDI using a multicycle PPTC field
consisting of a strong 800-nm field and a weak 400-nm field
[44]. The ion momentum distribution measured by experiment
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shows pronounced asymmetry in the emission direction. The
peak of the ion momentum distribution shifts gradually with
the relative phase, which is attributed to the change in the
recollision time with the relative phase of the two pulses.
All of the above studies on NSDI of atoms driven by PPTC
fields used the combination of a strong driving laser field and
a very weak controlling laser field. It can be expected that
when the two pulses have comparable intensities, the wave
form of the combined electric field will be more complex, and
NSDI will exhibit richer electron correlated dynamics, where
the single ionization, the returning and collision process, the
electron correlation behavior, and their dependence on the
relative phase of the two pulses will be very different and
more complex compared to the PPTC field with two signif-
icantly different intensities employed in previous works. In
this paper, we investigate NSDI of atoms driven by PPTC
fields composed of two equal-intensity multiple-cycle laser
pulses. The ion momentum distribution shows pronounced
asymmetry and strongly depends on the relative phase of
the two pulses. The ion momentum distributions exhibit a
double- or not yet observed three-hump structure, depending
on the relative phase of the two-color fields. Moreover, dif-
ferent from those previous works using a PPTC field with
two significantly different intensities, where the recollision
occurs at the first returning of the free electron, in the PPTC
field with two equal intensities many free electrons miss the
parent ion because of the transverse distance when they return
to the parent ion for the first time in the longitudinal direc-
tion, and the effective recollision occurs after several returns.
These multiple-returning recollision trajectories make a con-
siderable contribution to NSDI, and its proportion in NSDI
depends on the relative phase of the two pulses. More inter-
estingly, the three peaks of the ion momentum distribution
correspond to the first-returning recollision, the odd-returning
recollision (without the first-returning recollision), and the
even-returning recollision. This means that the number of
electron returnings is mapped onto the ion momentum spec-
trum, and thus, the electron returning dynamics for different
peaks in the ion momentum distributions can be directly de-
termined in the PPTC fields.

II. METHODS

In this paper, we use the three-dimensional classical en-
semble model developed by Haan et al. to study NSDI of He
in PPTC laser fields [45]. It has been proved that the classical
model is very successful in interpreting and predicting NSDI
phenomena [8,9,46–48]. In the model, the nucleus is fixed at
the origin, and the motion of the two electrons follows the
classical Newtonian equations (atomic units are used through-
out unless stated otherwise):

d2ri

dt2
= −∇[Vne(ri ) + Vee(r1, r2)] − E(t ), (1)

where r1 and r2 are the position vectors of the two elec-
trons. Vne(ri) = − 2√

ri
2+a

represents the Coulomb potential

energy between the electron and the nucleus. Vee(r1, r2) =
1√

(r1−r2 )2+b
represents the Coulomb potential energy between

the two electrons. The softening parameters a = 0.75 and

FIG. 1. The ion momentum distribution along the laser po-
larization direction vs the relative phase between two pulses.
(a) All double-ionization events, (b) FRR double-ionization events,
(c) ORR double-ionization events without those FRR events, and
(d) ERR double-ionization events.

b = 0.01 are introduced to avoid autoionization and guaran-
tee numerical stability. E(t ) is the combined electric field
consisting of two laser pulses. It is written as E(t ) =
f (t )E0[sin(ωt )ẑ + sin(2ωt + φ)ẑ]. In this work the wave-
lengths of the two linearly polarized pulses are 1600 and
800 nm. Their angular frequencies are denoted ω and 2ω. E0 is
the electric-field amplitude. The corresponding laser intensity
is 2 × 1014 W/cm2. φ is the relative phase between the 800-
and 1600-nm laser fields. The period of the 1600-nm laser
pulse is labeled T . f (t ) is the trapezoidal pulse envelope with
2T on and off ramps and an 8T platform interval.

To obtain a stable initial ensemble, we first place two
electrons randomly near the nucleus. Then we can calculate
the potential energy of the two-electron system for the given
positions Ep = Vne(r1) + Vne(r2) + Vee(r1, r2). The total en-
ergy Etotal = −2.9035 a.u. is the ground-state energy of the
He atom. The sum of the kinetic energies of the two electrons
equals Etotal − Ep. After ensuring Ek > 0 for the given posi-
tions, we randomly assign the kinetic energy between the two
electrons, and the directions of momenta for the two electrons
are randomly determined. Then the two electrons are evolved
freely for a sufficiently long time (150 a.u.) without the
laser electric field until a stable initial ensemble is obtained.
Subsequently, the laser electric field is turned on, and these
trajectories evolve in the electric and Coulomb fields until the
laser pulse ends. If the final energies of both electrons in an
atom are greater than zero, double ionization occurs. In this
work, for each relative phase, 15 000 double-ionization events
are obtained. Depending on the relative phase, the ensemble
size ranges from 6 to 10 million.

III. RESULTS AND DISCUSSION

Figure 1(a) shows the ion momentum distribution along
the laser polarization direction vs the relative phase between
the two pulses. The ion momenta are obtained with pHe2+ =
−(pe1 + pe2). It is obvious that the ion momentum distribu-
tions are asymmetric in the emission direction and strongly
depend on the relative phase between the two pulses. This
is because the wave form of the combined electric field is
asymmetric for the positive and negative parts and varies
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with the relative phase. More interestingly, the ion momentum
distribution in the positive or negative direction consists of
three parts, which are marked by ellipses A, B, and C. With
the variation of the relative phase between the two pulses, the
ion momentum distributions exhibit a double- or triple-hump
structure, which is significantly different from the results for
the combination of a strong driving field and a very weak
controlling field. In previous studies on PPTC fields composed
of a strong driving field and a weak controlling field, the
ions in the positive or negative direction mainly gather in a
region, and the ion momentum distributions show the single-
or double-hump structure [43,44], depending on the relative
phase of the two-color fields.

To clarify why the ion momentum distribution along the
laser polarization direction exhibits a particular structure, we
trace those NSDI trajectories and find that for some NSDI
events the first ionized electron from the atom recollides with
the parent ion and transfers part of the energy to the second
electron, leading to double ionization when it returns to the
vicinity of the parent ion the first time, whereas for many other
NSDI events the free electron misses the parent ion because
of the transverse distance when it returns to the parent ion the
first time in the longitudinal direction. For these trajectories
no energy exchange (recollision) occurs at the first returning
of the free electron in the longitudinal direction. Then, the
free electron continues oscillating by the laser electric field.
After several returns in the longitudinal direction, due to the
Coulomb focusing effect of the parent ion in the transverse
direction, the free electron can recollide with the parent ion
and release the other bound electron. The process is different
from those in previous studies on NSDI using the PPTC field
with two significantly different intensity pulses, where the
recollision occurs during the first returning of the free electron
[42–44]. Moreover, in the calculation, by tracing NSDI trajec-
tories we can obtain the returning number of the free electron
for each trajectory from single ionization to recollision. The
counting rule is that whenever the free electron passes through
the plane z = 0 (the laser polarization direction is along the z
axis), the returning number is increased by 1 until recollision,
which is recorded as the last returning. Trajectory analysis
shows that the final ion momentum distribution is closely
related to the returning number of the free electron before
recollision.

Based on the returning number of the free electron,
those NSDI trajectories are classified into three types: the
first-returning-recollision (FRR) trajectory, the odd-returning-
recollision (ORR) trajectory without the FRR, and the
even-returning-recollision (ERR) trajectory. Figures 1(b)–
1(d) show the ion momentum distributions along the laser
polarization direction for FRR events, ORR events without the
FRR, and ERR events, respectively, which correspond well to
regions A, B, and C in the total distribution in Fig. 1(a). The
ion momentum distribution caused by each type of trajectory
has its own particular shape, and each type is located in a dif-
ferent region. We can also see that the ion momentum caused
by the ERR is generally greater than that caused by the FRR.
This means that the information about the returning number of
the free electron is encoded in the ion momentum distribution.
One can directly retrieve the electron returning number from
the observed ion momentum distribution. Depending on the
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FIG. 2. Correlated (a) and (c)electron momentum distributions
and (b) and (d) ion momentum distributions along the laser polariza-
tion direction for relative phases of (a) and (b) 0.75π and (c) and
(d) 1.25π . Solid blue curve: all events; dash-dotted black curve:
FRR events; dotted purple curve: ORR events without the FRR; and
dashed red curve: ERR events. The maximum value in (b) and (d) has
been normalized to 1.

relative phases of the two pulses, the relative contributions
from the three types of trajectories are quite different, and
the ion momentum distributions exhibit a double- or triple-
hump structure. For example, for φ = 0.75π the NSDI mainly
proceeds by ORR trajectories without the FRR and ERR
trajectories; therefore, the ion momentum distribution shows
a double-hump structure. For φ = 1.25π all three types of
trajectories make considerable contributions to NSDI, and
therefore, three peaks can be observed in the ion momentum
distribution [see Fig. 1(a)].

To more clearly reveal the underlying ultrafast dynamics
responsible for the evolution of the ion momentum distribu-
tion with the relative phase of the two pulses, we analyze
the correlated electron momentum distribution, ion momen-
tum distribution, single-ionization time, recollision time, and
double-ionization time for the three types of trajectories.
Figure 2 shows the correlated electron momentum distribu-
tions [Figs. 2(a) and 2(c)] and ion momentum distributions
[Figs. 2(b) and 2(d)] along the laser polarization direction
for two typical relative phases: 0.75π [Figs. 2(a) and 2(b)]
and 1.25π [Figs. 2(c) and 2(d)]. Figure 3 shows the time
distributions of the single ionization (left column), recollision
(middle column), and double ionization (right column) for
the 0.75π (top row) and 1.25π (bottom row) relative phases.
Here, the single-ionization time is defined as the instant when
one electron is outside the nuclear well. The double-ionization
time is defined as the instant when both electrons achieve
positive energies. The recollision time is defined as the instant
of the closest approach after the first departure of one electron
from the parent ion.

For φ = 0.75π , the electron pairs mainly distribute in the
first and third quadrants, as shown in Fig. 2(a), indicating
that the correlated emission is dominant. The total ion mo-
mentum spectrum shows a double-hump structure [see the
solid blue curve in Fig. 2(b)]. In this phase, the proportion of
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FIG. 3. The time distributions of (a) and (d) the single ionization, (b) and (e) recollision, and (c) and (f) double ionization for relative
phases of 0.75π (top row) and 1.25π (bottom row). Black bars: FRR events; purple bars: ORR events without the FRR; and red bars: ERR
events. The dashed and solid lines show the laser electric field and negative vector potential in arbitrary units.

NSDI induced by FRR trajectories is very small, and NSDI
mainly proceeds by ORR trajectories and ERR trajectories
[see Fig. 2(b) and the top row of Fig. 3]. The peaks in the
negative and positive parts of the ion momentum distribution
originate from ORR and ERR trajectories, respectively [see
Fig. 2(b)]. Trajectory analysis indicates that the single ioniza-
tion mainly happens near the field peak of t = 0.7T , as shown
in Fig. 3(a). For ORR events without the FRR, the recollision
and double ionization both mainly occur in a time interval
centered at ∼0.54T, which results in a positive acceleration
for the two electrons [see the purple bars in Figs. 3(b) and
3(c)]. Therefore, these ORR events without the FRR form the
peak in the negative part of the ion momentum distribution
[see the dotted purple curve in Fig. 2(b)]. For ERR events,
the recollision occurs near the field zero of t = 0.87T [see
the red bars in Fig. 3(b)]. After recollision, about half of
those events immediately cause double ionization [see the red
bars in Fig. 3(c)], and the two electrons obtain a big negative
acceleration, which leads to a big positive ion momentum. For
the other ERR events, the second electrons are delayed and
ionize at subsequent field peaks of t = 0.4T and 0.7T [see the
red bars in Fig. 3(c)]. In this situation, finally, the first electron
has a negative momentum, and the momentum of the second
electron approaches zero. Therefore, these ERR events lead to
the peak in the positive part of the ion momentum distribution
[see the dashed red curve in Fig. 2(b)].

For φ = 1.25π , the correlated emission is still dominant.
But compared to φ = 0.75π there are more anticorrelated
emissions, and thus, more ions are located around pz,ion = 0.
The total ion momentum spectrum shows a triple-hump struc-
ture [see the solid blue curve in Fig. 2(d)]. In this phase, all
three types of trajectories make considerable contributions to
NSDI. The two peaks in the negative part of the ion momen-
tum distribution originate from FRR and ERR trajectories,
and the peak in the positive part of the ion momentum distri-
bution originates from ORR trajectories [see Fig. 2(d)]. For
FRR events, single ionization mainly occurs after the field

peak of t = 0.3T . The recollision occurs in the time interval
[0.55T, T ] with a peak at ∼0.58T . After the recollision the
colliding electron remains free. It may obtain an acceleration
of −1.7–2.7 a.u., peaking at 1.15 a.u. [see the black bars in
Fig. 3(e)]. The second electron may be ionized in the time
intervals [0.55T, T ] and [0.15T, 0.38T ]. Correspondingly, the
acceleration of the second electron by the subsequent electric
field is −1.7–2.7 a.u., peaking at 1.15 a.u., and −2.75–3 a.u.,
peaking at 0 a.u. Therefore, the final ion momentum shows
a wide distribution from −5.7 to 4 a.u., with a peak located
at 2.45 a.u. [see the dash-dotted black curve in Fig. 2(d)].
For the ORR events without the FRR, single ionization occurs
near t = 0.3T , and the recollision happens in the time inter-
vals [0.75T, T ] and [0, 0.2T ]. Finally, the colliding electron
obtains a negative acceleration. The second electron is mainly
ionized in the time interval [0, 0.35T ] and therefore finally
mainly obtains a negative acceleration [see the purple bars in
Figs. 3(e) and 3(f)]. In this case both electrons are emitted in
the negative direction, and thus, the ion is emitted in the posi-
tive direction. The ion momentum distribution shows a peak in
the positive direction [see the dotted purple curve in Fig. 2(d)].
For the ERR events, single ionization occurs near t = 0.3T ,
and the recollision happens near the field zero of t = 0.46T .
After the recollision, the colliding electron can obtain a big
positive acceleration from the electric field. The second elec-
tron is mainly emitted in the time interval [0.25, 0.6T ] and
finally drifts in the positive direction. Therefore, the momen-
tum distribution of ions from ERR events shows a peak in the
negative part [see the dashed red curve in Fig. 2(d)].

If we ignore the effect of the Coulomb potential, the final
momentum of the second electron is equal to the negative
vector potential at the double-ionization instant. When the
recolliding electron returns with a high energy and forward
scatters from the parent ion, the final momentum of the recol-
liding electron is approximately equal to the negative vector
potential at the single-ionization instant. Therefore, the ion
momentum is approximately equal to the sum of the vector
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FIG. 4. The sum of the vector potentials at a single-ionization
instant and a double-ionization instant vs the relative phase. (a) FRR
events, (b) ORR events without the FRR, and (c) ERR events.

potentials at the single- and double-ionization instants. Fig-
ure 4 shows the sum of the vector potentials at the single- and
double-ionization instants vs the relative phase for FRR events
[Fig. 4(a)], ORR events without the FRR [Fig. 4(b)], and ERR
events [Fig. 4(c)]. One can see that the shapes and trends with
the relative phase of these distributions are basically the same
as the ion momentum distributions in Figs. 1(b)–1(d). For
example, for ERR events, in the relative phase 0–π , the sum of
the vector potentials at single- and double-ionization instants
and the ion momentum both show a narrow distribution, and
their values decrease with the increase of the relative phase
of the two pulses [see Figs. 1(d) and 4(c)]. Moreover, the
magnitude of the ion momentum is approximately equal to
that of the sum of the vector potentials. However, for FRR
events, as shown in Figs. 1(b) and 4(a), the shapes and trends
with the relative phase of the distribution from the sum of the
vector potentials are basically the same as the ion momentum
distribution, but the magnitude of the sum of the vector poten-
tials is larger than that of the ion momentum. This is because
in the approximation above used to obtain Fig. 4, the change
in the momentum of the colliding electron during recollision
is ignored and its final momentum is approximated by the
negative vector potential at the single-ionization instant. This
approximation is good for a forward-scattering electron with
a high energy, whose momentum changes slightly during the
recollision. But the approximation becomes bad for a forward-
scattering electron with a low energy or a backward-scattering
electron, whose momentum changes significantly during the
recollision. Back analysis of NSDI trajectories indicates that
there are more recolliding electrons with low energy for FRR
events than for the other two types of trajectories. Therefore,
the difference between the magnitude of the sum of the vector

FIG. 5. (a) The traveling time vs the relative phase. (b) The pro-
portion of the trajectories with different returning numbers in NSDI
vs the relative phase.

potentials and the ion momentum for FRR events is more
pronounced than for the other two types of trajectories.

The traveling time between single ionization and the rec-
ollision as a function of the relative phase of the two pulses
is shown in Fig. 5(a). The traveling times show a series
of separated values, which correspond to different returning
numbers before recollision. As shown in Fig. 5(a), for a given
phase, the contributions of trajectories with different returning
numbers to NSDI are significantly different. Moreover, the
contributions of trajectories with a certain returning number
to NSDI are strongly dependent on the relative phase of the
two pulses, as shown in Fig. 5(b). For example, the proportion
of the FRR events in NSDI achieves its maximum of 59% at
φ = 0.1π and minimum of 15% at φ = 0.7π . This indicates
that in the PPTC field with equal intensities the returning
number can be controlled by changing the relative phase of
the two pulses. In addition, we find that only in the phase
ranges of [0, 0.25π ] and [π , 1.25π ] does the proportion of
the FRR events in NSDI exceed 50%. This means that only
in these two phase intervals are FRR events dominant, while
for other phases NSDI mainly proceeds by multiple-returning
trajectories in the PPTC field with equal intensities.

Finally, we discuss the NSDI mechanism in the PPTC
field with equal intensities and its dependence on the relative
phase of the two pulses and the returning numbers. After the
recollision the first electron is ionized quickly. The second

FIG. 6. The proportion of the RDI mechanism vs the relative
phase for (a) all NSDI events, (b) the FRR events, (c) the ORR events
without the FRR, and (d) the ERR events.
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FIG. 7. The distributions of returning energy vs the relative phase
for (a) all NSDI events, (b) the FRR events, (c) the ORR events
without the FRR, and (d) the ERR events.

electron may be ionized quickly or may be promoted to an
excited state and then released by the laser field at a later
time. The two pathways are referred to as recollision direct
ionization (RDI) and recollision excitation with subsequent
field ionization (RESI). In our calculation, we define RDI
(RESI) as the ionization mechanism when the delay time
between the double ionization and the recollision is less
than T/8 (more than T/8). Figure 6 shows the proportion
of the RDI mechanism as a function of the relative phase
for all NSDI events [Fig. 6(a)], the FRR events [Fig. 6(b)],
the ORR events without the FRR [Fig. 6(c)], and the ERR
events [Fig. 6(d)]. We can see that the proportion of the RDI
mechanism varies periodically with the relative phase of the
two pulses. For FRR events, in the phase range [0.5π , 1.5π ],
the proportion of the RDI mechanism first abruptly rises and
then linearly decreases. For ORR events without the FRR,
in the phase range [0.1π , 1.1π ], the proportion of the RDI
mechanism first slowly rises and then abruptly decreases. For
ERR events in the phase range [0, π ], the proportion of the
RDI mechanism first abruptly rises and then slowly decreases.
Overall, the curves of the proportion of the RDI mechanism
all oscillate around 0.5 for the three types of trajectories, as
shown in Figs. 6(b)–6(d). This means that the dominant ion-
ization mechanism changes with the relative phase of the two
pulses. In the PPTC field with equal intensities, by changing
the relative phase of the two pulses the dominant ionization
mechanism can be well controlled for the three types of
trajectories.

To clarify the reason for the dependence of the NSDI mech-
anism on the relative phase of the two pulses, we analyze the
returning energy of the ionized electron, as shown in Fig. 7.
Here, we define the energy of the returning electron (including
the kinetic energy, the potential energy of the electron-ion
interaction, and half of the electron-electron repulsion) as the
returning energy when two electrons are 2.5 a.u. apart before
the recollision. We can see that the returning energy can be

well controlled by changing the relative phase in the PPTC
fields with equal intensities. By comparing Figs. 6 and 7, we
can see that the variation trend of the returning energy of
the ionized electron with the relative phase is consistent with
the change trend of the proportion of the RDI mechanism.
For example, for ERR events, in Fig. 7(d), when the relative
phase increases from 0 to π , the returning energy abruptly
jumps from 1.5 to 6 a.u., resulting in a sharp increase of
the proportion of the RDI mechanism, and then the return-
ing energy slowly decreases, leading to a slow decrease of
the proportion of the RDI mechanism [see Fig. 6(d)]. These
results indicate that one can control the returning energy of the
ionized electron and further manipulate the NSDI mechanism
in the PPTC field by changing the relative phase of the two
pulses.

IV. SUMMARY

In conclusion, we investigated NSDI of He in a PPTC
field with equal intensities using a three-dimensional classi-
cal ensemble model. The ion momentum distribution shows
pronounced asymmetry and strongly depends on the relative
phase of the two pulses. The ion momentum distributions
exhibit a double- or triple-hump structure, depending on the
relative phase of the two pulses. The triple-hump structure was
not observed in previous studies using a PPTC field with two
significantly different intensities. Moreover, different from
the PPTC field with two significantly different intensities,
where the recollision occurs at the first returning of the free
electron, the multiple-returning recollision trajectories make a
considerable contribution to NSDI, and its proportion in NSDI
depends on the relative phase of the two pulses. The three
peaks of the ion momentum distribution correspond to the
FRR trajectories, the ORR trajectories without the FRR, and
the ERR trajectories. This means that the electron returning
dynamics in NSDI by PPTC fields leaves a footprint in the ion
momentum distribution. Moreover, with the variation of the
relative phase, the contribution of FRR trajectories to NSDI
periodically changes. It reaches the maximum at φ = 0.1π

and the minimum at φ = 0.7π . Back analysis showed that
the returning energy of the ionized electron strongly depends
on the relative phase of the two pulses. The contributions of
the RDI and RESI mechanisms to NSDI can be controlled
by changing the relative phase. This provides an avenue to
directly obtain information about electron returning dynamics
from the ion momentum spectra and to control the subcycle
dynamics of the recollision process.
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