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Abstract: Using semiclassical models with implementing interference effects, we study the
low-energy photoelectron intra-half-cycle interferences among nonscattering trajectories and
multiple forward scattering trajectories of atoms ionized by a strong mid-infrared laser field.
Tracing back to the initial tunneling coordinates, we find that up to three kinds of forward
scattering trajectories have substantial contributions to the low-energy photoelectrons. Those
multiple forward scattering trajectories depend sensitively on the initial transverse momentum
at the tunnel exit and they lead to sign reversal of the transverse momentum of the electrons. We
show that the interference of the nonscattering trajectory and the triple-scattered trajectory has
the largest contribution to the low-energy structure in mid-infrared laser fields. It is also shown
that the long-range Coulomb potential has a significant effect on the low-energy photoelectron
interference patterns.
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1. Introduction

The dynamics of electrons ionized by a strong laser field from atoms or molecules are often
described by the classical three-step model [1, 2]. In this model, electron will firstly be tunnel
ionized and then be accelerated in the laser field. With the change of electric field direction,
the electron may return to the nucleus, leading to high-order harmonic generation (HHG) with
electron recombination [3–6], nonsequential double ionization with inelastic scattering [7–10],
high-order above-threshold ionization with elastic scattering [11–14], etc.

If an electron is scattered forward with a small scattering angle by the nucleus, it may con-
tribute to the low-energy structures (LES) [15–17]. The observation of LES in a mid-infrared
laser field has been regarded as an “ionization surprise" in strong-field physics [18]. All theoret-
ical interpretations agree that the forward scattering of the photoelectrons is responsible for the
low-energy structures [19–23]. Subsequently, the very-low energy structure [24], the near-zero
energy structure [25], and the off-axis low-energy structure are experimentally reported [26].
Those previous studies mostly focus on the classical aspect of the LES, neglecting the interfer-
ence effect among the electron wave packets.

In fact, electrons released at different phases of the laser field will give rise to the interfer-
ence effect when the final momenta are the same. Neglecting the rescattering effect, there are
two general types of photoelectron interference in a laser pulse. The first type is the intercycle
interference with electron wave packets released at time intervals separated by the laser cy-
cles, which leads to the well-known above-threshold ionization (ATI) structure with equidistant
peaks in the energy spectrum [27–29]. The second type is the intracycle interference with elec-
tron wave packets released from adjacent half cycles. For this type of interference, one trajectory
is ionized directly (direct trajectory) and another one reverses its direction in the laser field (indi-
rect trajectory) [30, 31]. The intracycle interference between the direct and indirect trajectories
is firstly observed in a carrier-envelope phase stabilized few-cycle laser pulse [32, 33], which
is also known as a temporal double-slit interference. Recently, it is reported that this temporal
double-slit interference can be streaked by a phase-controlled two-color laser field [34–36].

Considering the rescattering effect, more interference channels will contribute to the final pho-
toelectron angular distributions (PADs). Huismans et al. reported the famous spiderlike struc-
ture using a laser pulse with a wavelength of 7000 nm [37]. This spiderlike structure arises from
the interference between the forward scattering trajectory and the nonscattering trajectory, thus
it is known as a kind of forward scattering photoelectron holography. This forward scattering
photoelectron holography can be used to retrieve the phase of the scattering amplitude of atoms
and the phase structure of electron wave packets from tunneling ionization of molecules [38–40].
Bian et al. theoretically predicted the backward scattering photoelectron holographic structure
by solving the time-dependent Schrödinger equation of H+2 , which was confirmed by recent
experiments [41,42]. Furthermore, Hickstein and co-workers found a different spider-like struc-
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ture in the low-energy region which is dubbed as inner spider structures [43]. They used a
plane-spherical-wave interference model to explain this inner spider structure, in which the ef-
fect of the long-range Coulomb potential is ignored. Using this perturbative model, they show
that the inner spider structure comes from the interference of unscattered trajectories and trajec-
tories scattered at their second revisit to the nucleus. Because the plane-spherical-wave model
depends on many empirical parameters, up to now the electron trajectories that contribute to the
inner spider structure is not resolved. The photoelectron interference effect for the LES is not
completely clear.

On the other hand, many previous studies have neglected the effect of the long-range
Coulomb potential on the photoelectron interference [30,43]. However the long-range Coulomb
potential has shown its importance on the electron trajectories, especially for the low-energy
photoelectrons [16,17,19,24]. Thus it is highly necessary to study the effect of atomic Coulomb
potential on the low-energy photoelectron interference structure.

In this paper, we study the PADs of atoms ionized by a mid-infrared laser field using the
quantum-trajectory Monte Carlo (QTMC) [29] model and a semi-classical rescattering model.
Both models are independent on empirical parameters. With the QTMC model, we reproduce
the inner spider structure in the low energy region observed in the experiment [43]. We show that
the inner spider structure comes from the interference between the multiple forward scattering
trajectories and the nonscattering trajectories within a half cycle. Tracing back to the initial
tunneling coordinates, we find that up to three kinds of forward scattering trajectories have a
substantial contribution to the inner spider structure in low-energy region. Depending on the
initial transverse momentum at the tunnel exit, those multiple forward scattering trajectories
can interfere with the nonscattering trajectories. The interference patterns among the multiple
forward scattering trajectories and the nonscattering trajectories are systematically studied. We
show that the interference of the nonscattering trajectories and triple-scattered trajectories plays
the most important role in the formation of the inner spider structure. We further study the effect
of the Coulomb potential on the interference patterns by comparing the QTMC model with the
semi-classical rescattering model.

2. Methods

2.1. Quantum trajectory Monte Carlo model

The details of the QTMC model are described in [29]. Briefly, in QTMC model the
initial position of electrons are derived from the method in Landau’s book [44], in
which the Schrödinger equation is separated in parabolic coordinates for an electron in
the static electric field. The tunneling ionization time and the initial transverse momen-
tum distribution of electron wave packets are given by the Ammosov-Delone-Krainov
(ADK) theory [45, 46]. The initial momentum along the laser polarization direction is
set to be zero. The weight of each trajectory is given by W (t0 , vx ) = W0(t0)W1(vx ).

Here W0(t0) =
∣
∣
∣(2Ip )2/ |E0(t0) |

∣
∣
∣
2/
√

2Ip−1
exp[−2(2Ip )3/2/ |3E0(t0) |] and W1(vx ) ∝

[
√

2Ip/ |E0(t0) |]exp[
√

2Ip (vx )2/ |E0(t0) |], in which Ip is the ionization potential, vx is the ini-
tial transverse momentum, and t0 is the ionization time. In order to simplify the calculation we
have used a two-dimensional model. Atomic units are used unless specified otherwise. After
tunneling, the evolution of the electron is governed by the classical Newtonian equation, i.e.,
d2r(t)/dt2 = −E(t) − ∇ · V (r), where V (r) is the Coulomb potential as a function of the spa-
tial coordinates r of the electron. Simultaneously, each trajectory is encoded with a phase Si ,
which is given by the action integral along the trajectory. This phase is further modified by N. I.
Shvetsov-Shilovski et al. [47], which can be written as
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Si = −v0 · r(t0) + Ipt0 +

∫ ∞

t0

{v2
i (t)/2 − 2Z/ |r(t) |

}

dt , (1)

where v0 is the initial velocity at the tunneling ionization time t0, vi (t) is the velocity of the ith
electron in the combined Coulomb and laser fields and Z is the ionic charge.

In the simulation, the laser pulse is polarized along z-axis

E(t) = E0 · sin(ωt + ϕ) · f (t) · ẑ, (2)

where E0 is the electric amplitude of the laser pulse, ω is the frequency of the pulse, ϕ is the
carrier-envelope phase (Here we set ϕ = 0 because the carrier-envelope phase has no effect in
our simulation) and f (t) is the envelope of the laser pulse. The laser envelope is trapezoidal
which has eight optical cycles in total with two cycles linearly ramping on and off

f (t) =

⎧

⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎨

⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎩

t
2T
, 0 < t ≤ 2T,

1, 2T < t ≤ 6T,

8T − t
2T
, 6T < t ≤ 8T,

(3)

where T is the optical cycle of the laser pulse.

2.2. Semi-classical rescattering model

In order to study the Coulomb effect on the interference patterns, we further use a semi-classical
rescattering model without the long-range Coulomb potential to show the interference struc-
tures between nonscattering electron wave packet and multiple forward scattering electron wave
packet. This model is based on the three-step recollision model and has included the interference
effect of the electron trajectories [41,42]. Because it is difficult to separate the interference struc-
tures of different multiple forward scattering trajectories from each other in the QTMC model,
we use the semi-classical rescattering model to obtain the separated interference structure.

Because the laser envelope has a minor effect on the intra-half-cycle interference structure
in the semiclassical rescattering model, we assume that the laser field is sine-like plane wave,
i.e., E(t) = E0 sin(ωt). Similar to optical holography, the nonscattering electron can be seen
as a reference wave which released at tre f0 and the forward scattering electrons can be seen

as a signal wave released at tsig0 after the field maximum of the laser pulse with zero initial
momentum. The velocity of the electrons in the laser field before the rescattering can be written
as

vz = −E0

ω
[cos(ωt) − cos(ωt0)]. (4)

The rescattering time tc is obtained by solving the equation of motion,

sin(ωtc ) − sin(ωtsig0 ) − ω(tc − tsig0 ) cos(ωtsig0 ) = 0. (5)

At the instant of rescattering, the electron elastically scatters off the nucleus with a scattering
angle θc with respect to the impact direction. For the multiple forward scattering trajectory, the
scattering angle θc is zero until the last time forward scattering, because nonzero scattering
angle will cause the electron to miss the nucleus at its next return. The scattering angle θc for
the last forward scattering is within [−90◦, 90◦]. Thus, the final momentum of the rescattering
trajectory is given by

pz =
E0

ω
cos(ωtc ) + vc cos(θc ),

px = vc sin(θc ),
(6)
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where vc is the electron velocity at the instant of rescattering.
For the ionization phase [102.5◦, 180◦], Eq. (5) has only one solution for the rescattering

time tc with tc < 1.25T which satisfies the scattering time of the single-scattered trajectory.
Equation (5) has at least three solutions for the ionization phase within (90◦, 102.5◦). Those
three solutions correspond to scattering time of the multiple forward scattering trajectories. For
the double-scattered trajectory, the two scattering time tc satisfies tc < 1.25T and 1.25T <
tc < 1.75T , respectively. For the triple-scattered trajectory, the three scattering time tc satisfies
tc < 1.25T , 1.25T < tc < 1.75T , and 1.75T < tc < 2.25T , respectively. Because in the semi-
classical model the final momenta of the forward scattering trajectories and the nonscattering
trajectories are the same, we can directly calculate the ionization time and the initial transverse
momenta for the nonscattering trajectories

tre f0 =
1
ω

[π − cos−1(ωpz/E0)],

vx = px .
(7)

The phase of each trajectory without considering the long-range Coulomb potential is S =
∫ ∞
t0

( v
2 (t )
2 + Ip )dt. Therefore, the phase difference between the forward scattering trajectories

and the nonscattering trajectories is,

ΔS0 =
1
2

∫ tc

t
sig

0

v2
zdt − 1

2

∫ tc

t
re f

0

v2
zdt − 1

2
v2
x (tc − tre f0 ) − Ip (tsig0 − tre f0 ) (8)

The interference patterns are determined by this phase difference, i.e., W = cos2(ΔS0/2). In this
model, we assume each pair of trajectories is weighted by the ADK theory [45, 46]. We have
also sampled the electron ensemble with the Monte-Carlo method.

Compared with the QTMC model, we have neglected the long-range ionic Coulomb potential
effect in this rescattering model. Thus the effect of the long-range Coulomb potential on the
interference patterns can be directly revealed when we compare the interference patterns using
those two models.

3. Results and discussions

We first use the QTMC method to study the photoelectron interferences in a midinfrared laser
field. The laser pulse has an intensity of 4 × 1013 W/cm2 and a wavelength of 2000 nm. The
ponderomotive potential Up = E2

0/4ω
2 of the pulse is 0.549 a.u. We show the simulated two-

dimensional PADs by the QTMC model in Fig. 1(a). Because the ionization during the ramp-on
and ramp-off of the laser pulse has a minor contribution to the PADs, we only sample the
electrons in the plateau of the pulse, as shown by the red area at the top of Fig. 1(a). We can
see that the overall distributions look very similar to the experimental results at similar laser
conditions [26,43]. The PADs reveal many interference patterns. Firstly, the PADs display many
ring-like interference patterns centered around zero momentum, which corresponds to the ATI
peak in the energy spectrum. Those interference patterns come from the intercycle interference
of electron wave packets. Secondly, within each ring-like structure, there are many spot-like
structures. Those structures arise from the intracycle interference among the direct trajectories,
the indirect trajectories, and the rescattering trajectories [29]. Interesting, in the low energy
region, the PADs show a finger-like interference structure, which is dramatically different with
the higher-energy photoelectron. Those patterns has been experimentally observed in [26, 43].

Benefiting from the the advantage of the QTMC model, we can sample the electrons within
a half cycle of the pulse to study the intra-half-cycle interference of the electron wave packet.
Figure 1(b) shows the simulated two-dimensional PADs which is ionized within a half cycle of
the laser pulse, i.e., [2T , 2.5T]. All the interference structures come from the intra-half-cycle
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Fig. 1. Two-dimensional PADs of H atoms ionized by an eight-cycle pulses as shown by
the top panel using the QTMC model. Red area in electric fields on the top of PADs are
the electron ionization time windows for (a) four cycles pulse (b) half-cycle pulse. The
dash lines in (b) are used to guide the inner spider structure and the solid lines are used
to guide the primary spider structure. The structures A and B show parts of electrons in
the lower-energy region (0 < pz < 0.32 a.u.) and higher-energy region (pz > 0.32 a.u.),
respectively.

interferences. One can see that the PADs show distinct spider-like structures for the positive
momentum, which come from the interferences between the indirect trajectory and the forward
scattering trajectory [37]. One can also see that the inner spider structures for [0, 0.32] a.u. and
the primary spider structure for [0.32, 1] a.u. are different. The spacing for the lower-energy
photoelectron interference patterns along the transversal momentum px are smaller than that
of the higher-energy photoelectrons, which are guided by the dashed lines and solid lines, re-
spectively (corresponding to the inner and primary spider structures). This agrees well with the
experimental observation in [43].

As seen in Fig. 1(b), both the lower-energy photoelectron and higher-energy photoelectron re-
veal spider-like structures, e.g., the constructive interference patterns along the px axis. In order
to see which trajectories have a contribution to the inner spider and primary spider structures,
we trace back the electron trajectories from one of the interference maximum of the inner-spider
and primary-spider structures to the initial tunneling coordinates, i.e., the ionization time and the
initial transverse momentum, by using the QTMC model. For simplicity, we will focus on the
structures A and B shown in Fig. 1(b), corresponding to the lower-energy electron and higher-
energy electron, respectively. Figures 2(b) and 2(c) show the ionization probability with respect
to the ionization time and the initial transverse momentum corresponding to area A and area B
of Fig. 1(b), respectively. The color bar in Figs. 2(b) and 2(c) indicates the relative contribution
of different trajectories. In Fig. 2(b) we can find that four groups of electrons marked as I-IV
with different initial conditions have a considerable contribution to the area A of Fig. 1(b). The
ionization time of those four groups of electrons are very similar, which are all near the peak of
the electric field at about 2.25T . The initial transverse momenta for areas I-IV are very differ-
ent, though their final transverse momenta are the same. For the electrons in group I, they are
ionized with an initial transverse momentum of ∼ 0.22 a.u., which is the same direction as the
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Fig. 2. (a)The electron final transverse momentum with respect to initial transverse mo-
mentum and the electron ionization time. Red color represents positive final transverse
momentum, blue color represents negative final transverse momentum, and gray color rep-
resents unionized electrons (frustrated tunneling ionization). The ionization probability is
not included in (a). Panels (b) and (c) show the density plots of the ionization probability
with respect to the initial transverse momentum and the ionization time corresponding to
the area A and area B in Fig. 1(b), respectively. I represents the indirect trajectory, and II-IV
represent different forward scattering trajectories (see text for details).

final transverse momentum (∼ 0.15 a.u.). For the electrons in group II, III, and IV, their initial
transverse momenta are all negative (nearly −0.02 a.u., −0.06 a.u., and −0.1 a.u., respectively),
which is opposite to the final transverse momentum. Because there is no laser field component
in the transverse direction, the change of the transverse momentum comes from the effect of the
Coulomb potential and the rescattering process. As we will show below, the electrons in groups
II, III, and IV come from multiple forward scattering. The case for the higher-energy photoelec-
trons in area B is different from the LES. In Fig. 2(c), we show the ionization probability with
respect to the ionization time and the initial transverse momentum for the area B of Fig. 1(b).
One can see that only two groups of photoelectrons will contribute to the final electron momen-
tum distribution, marked as I and II, respectively. Both groups of electrons are ionized at the
laser phase of 2.29T , which is away from the field maximum. The initial transverse momenta
of area I and II in Fig. 2(c) are ∼ 0.27 a.u. and ∼ −0.02 a.u., respectively.

As well known, if neglecting the influence of Coulomb potential effect on the electron motion
after the ionization, the transverse momentum will retain its value in the subsequent evolution.
To see how the Coulomb potential influences the transverse momentum, we show the electron
final transverse momentum (color scale) with respect to initial transverse momentum and the
electron ionization time in the combined laser and Coulomb fields in Fig. 2(a). Here the ioniza-
tion probability is not included. In Fig. 2(a), the red color represents trajectories with positive
final transverse momenta and the blue color represents trajectories with negative final transverse
momenta. The gray area indicates the electrons recaptured by the ionic potential [48]. For those
electrons, they are trapped by the nucleus and can be stabilized in the Rydberg states with neg-
ative final energy. One can see that Fig. 2(a) reveals many fractal structures at the laser field
maximum (2.25T) due to the strong Coulomb effect. Those electrons released near the field
maximum will contribute to the LES because pf ∼ −A(t0), pf is the final momenta of the
electron ionized at t0. Those fractal structures correspond to the electron scatters many times by
the nucleus with low impact parameter and, as a result, shows chaotic behavior. The electrons
with chaotic dynamics have minor effects on the LES [19]. Beside these fractal structures, one
can see many island-like structures, e.g., marked by II, III, and IV in red area. To see how these
island-like structures come from, for simplicity, we focus on the electrons with positive final
transverse momentum (red color). One can see that most of them are contributed by the elec-
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Fig. 3. Panels (a) and (b) show the typical trajectories of I-IV in Fig. 2(b) using the QTMC
model. (c) The electrons transverse momenta evolution corresponding to the four trajecto-
ries in (a) and (b). I is the indirect electron and II III and IV stand for the single, double and
triple forward scattering electrons, respectively. z is the laser polarization direction and x is
the transverse direction. All the trajectories have the same final momentum.

trons with positive initial transverse momentum (indicated by I), which are the nonscattering
trajectories. After the field maximum, one can see that some area with negative initial trans-
verse momentum will also contribute to the electrons with positive final transverse momentum.
For the ionization occurs within [2.28T , 2.35T] (corresponding to the higher electron energy),
there is only one group of electrons with negative initial transverse momenta from −0.1 a.u.
to zero. For the ionization occurs within [2.25T , 2.28T] (corresponding to the lower electron
energy), there are three groups of electrons with different initial transverse momenta. The ini-
tial transverse momenta of these three groups are nearby −0.02 a.u., −0.06 a.u. and −0.1 a.u.
(marked as II, III and IV), respectively. Those groups of electrons agree well with those in Figs.
2(b) and 2(c). This means that those groups of electrons are contributed by different rescattering
processes. The back analysis of initial tunneling coordinates of the low-energy electrons with
consideration of the Coulomb potential provides very sophisticated information.

To further show the origin of those groups of electrons, we trace the trajectories of the elec-
trons using QTMC model. In Fig. 3, we show the typical trajectories and the time evolution of
the transverse momentum corresponding to the four groups of electrons in Fig. 2(b). Their final
momenta are ∼ 0.22 a.u. for pz and ∼ 0.12 a.u. for px . For trajectory I, it can be driven back
in the laser polarization direction (z axis) without rescattering due to the large transverse dis-
tance (larger than 50 a.u.) at its return. Thus, trajectory I belongs to the indirect trajectory. For
trajectory II, the electron with small negative initial momentum is driven back by the laser field
and a single forward rescattering occurs ∼ 0.75T after the ionization as seen in Fig. 3(c). For
trajectory III, the tunneled electron experiences a double forward rescattering process. For this
trajectory, the initial transverse momentum is almost −0.06 a.u., the electron lateral distance
to the nucleus is large at its first return and the Coulomb potential merely focus the electrons
indirectly to the nucleus. As a result, the forward scattering happens ∼ 0.75T and ∼ 1.25T after
the ionization when the electron returns to the nucleus. Similarly, trajectory IV scattered with
the nucleus three times ∼ 0.75T , ∼ 1.25T and ∼ 1.75T after the ionization with nearly the same
change of the transverse momentum, as seen in Fig. 3(c).

Obviously, the number of the rescattering depends on the initial transverse momenta. For
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Fig. 4. (a)-(c) are the interference patterns from the interference between indirect trajectory
and the single, double and triple-scattered trajectory using the semi-classical recollision
model, respectively. The relative contributions of each interference pattern are not included.
The schematic diagrams on the bottom row illustrate the indirect trajectory (ID) and the
forward rescattering trajectories (S).

trajectory I, the electron has a large initial transverse momentum of ∼ 0.3 a.u., and it returns
to the nucleus along the polarization direction with a large lateral distance. Thus, the value
of the transverse momentum slightly decreases under the influence of the Coulomb focusing
effect. Trajectory II rescatters off the nucleus once because it has a very small initial transverse
momentum of −0.02 a.u., showing a jump of the transverse momentum at ∼ 3T in Fig. 3(c)
at the instant of the rescattering. Trajectory III has an initial transverse momentum of −0.06
a.u. and it scatters at ∼ 3T and ∼ 3.5T . Because of the largest initial transverse momentum of
∼ −0.1 a.u., trajectory IV exhibits jump of the electron transverse momentum at ∼ 3T , ∼ 3.5T
and ∼ 4T , which means that it scatters with the nucleus three times. From Figs. 2 and 3, one
can see that the scattering leads to sign-reversal of the transverse momentum of the classical
trajectories.

We then study the relative contributions of those trajectories to the photoelectron angular
distributions. For the low-energy region (pz < 0.32a.u.), we can find that the ionization prob-
ability of trajectories I and IV is much larger than that of trajectories II and III, as seen in
Fig. 2(b). Thus, the interference between the trajectories I and IV corresponds to the inner spi-
der structure in the low-energy region of Fig. 1(b). As seen in Fig. 3(c), one can see that the
change of transverse momenta becomes smaller from trajectory II to trajectory IV at the scatte-
ring. The slight change of the transverse momentum for the triple-scattered trajectory means a
small scattering angle at the rescattering. Because of the smaller scattering angle, the scattering
cross section of the triple-scattered trajectory is correspondingly larger than that of the single-
scattered and double-scattered trajectory. Thus, the contribution of the triple-scattered trajectory
is dominant over the single-scattered and the double-scattered trajectory for the low-energy pho-
toelectrons. In the low-energy region, the inner spider interference patterns are dominated by
the interference of the nonscattering trajectory and the triple forward scattering trajectories. For
high-energy photoelectrons (pz > 0.32a.u.), we can only find the groups I and II in Fig. 2(c).
As a result, the interference between the trajectories I and II corresponds to the primary spider
structure in the high-energy region of Fig. 1(b).

To further study the Coulomb effect on the interference patterns, we use the semi-classical
rescattering model to simulate the interference patterns among those forward scattering trajecto-
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Fig. 5. The time difference between the rescattering and the ionization with respect to the
final momentum pz , for the single (solid), double (dashed) and triple (dot dashed) forward
scattering trajectories, respectively.

ries and the nonscattering trajectories. Figures. 4(a)-4(c) show the interference patterns among
the indirect trajectory and the single, double and triple forward scattering trajectory, respec-
tively. The interference structure in Fig. 4(a) shows no cutoff when pz is smaller than 0.5 a.u. In
Fig. 4(b), we can find two cut-offs in the interference pattern at 0.092Up (pz = 0.32 a.u.) and
0 which is caused by the double forward scattering electron. All those cut-offs agree well with
Fig. 1(b), though the long-range Coulomb potential is neglected in the rescattering model. When
electron with single or triple forward scattering trajectory, the interference between the indirect
trajectory and the scattering trajectory reveals an interference structure which becomes narrow
with decreasing the longitudinal momenta, as seen in Figs. 4(a) and 4(c). But in Fig. 4(b) the
interference between the indirect trajectory and the double forward scattering trajectory reveals
an interference structure which becomes narrow with increasing the longitudinal momenta.

Comparing the interference patterns in Figs. 4(a) and 4(c) with those in the low-energy region
(pz < 0.32 a.u.) and high-energy region (pz > 0.32 a.u.) of Fig. 1(b), respectively, one can see
that the long-range Coulomb potential has a crucial effect on the low-energy photoelectron inter-
ference patterns, as compared with the high-energy electrons. When considering the long-range
Coulomb potential, the interference patterns is nearly unchanged for the high-energy photoelec-
tron with pz > 0.32 a.u., while the inner spider structure (pz < 0.32 a.u.) becomes narrower for
lower longitudinal momenta and it converges to zero momentum with the consideration of the
Coulomb effect, when comparing Fig. 1(b) with Fig. 4(c). For the multiple forward scattering
trajectory, because the electron will not be too far away from the nucleus before the scattering
ended, the Coulomb potential will have a large impact on the trajectory all the time. As seen in
Fig. 3(c), the transverse momentum of the triple-scattered trajectory is greatly changed by the
long-range Coulomb potential before the rescattering at 4T . Due to the larger Coulomb focus-
ing, there are more triple-scattered trajectories contributing to the lower-energy photoelectrons.
Thus the interference of the indirect trajectory and the triple forward scattering trajectory will
play the most significant role in the low-energy region, as seen in Fig. 1(b) and Fig. 2(b).

Furthermore, the interference patterns have encoded the temporal information of the rescat-
tering trajectories. From Eq. (9), the phase difference between the forward scattering and non-
scattering trajectories is mainly determined by − 1

2 p2
x (tc − t0), because the ionization time of the

scattering trajectory and the nonscattering (indirect) trajectory is nearly the same. For a specific
interference stripe in Fig. 4, the phase difference keeps nearly unchanged. With increasing p2

x ,
the time difference between the rescattering and the ionization (tc − t0) will decrease, thus the
bending direction of the stripe is along the decreasing direction of the time difference. In Fig. 5,
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we show the time difference between the rescattering and the ionization with respect to the final
momentum pz . For trajectory II (solid) and IV (dot dashed), the time difference decreases with
the increase of the final momentum pz , thus the interference fringes become narrower for lower
longitudinal momenta in PADs. For trajectory III (dashed), the time difference increase with the
increase of the final momentum pz , thus the interference structures become narrower for higher
longitudinal momenta, which agrees well with the interference patterns shown in Fig. 4. More-
over, the fringe spacing also depends sensitively on this time difference. The much longer time
difference for trajectory III and IV leads to much smaller fringe spacing, as seen in Figs. 1 and
4.

4. Conclusion

In conclusion, we have systematically studied the intra-half-cycle interference of an atom ion-
ized by a mid-infrared laser field. Our study reproduces the experimentally observed inner spi-
der structure in the low-energy regions of the PADs [43], which comes from the intra-half-cycle
interference of multiple forward scattering electron wave packet and nonscattering electron
wave packet. With tracing back to the initial tunneling coordinates, we find that up to three
kinds of forward scattering trajectories have a substantial contribution to the low-energy photo-
electrons. Depending on the initial transverse momentum at the tunnel exit, those multiple for-
ward scattering trajectories will interfere with the nonscattering trajectories. Those rescattering
trajectories will reverse the transverse momentum of the electrons. We identify that the interfer-
ence between the nonscattering trajectory and the triple-scattered trajectory has the largest con-
tributions to the low-energy photoelectrons in a mid-infrared laser field. Comparing the QTMC
model with the semi-classical rescattering model, we show that the long-range Coulomb poten-
tial will change the shape of the intra-half-cycle interference fringes in the low-energy region,
but it has little effect on the low-energy cut-offs. Under the influence of the long-range Coulomb
potential, the low-energy electron intra-half-cycle interference stripes converge to zero momen-
tum with the decrease of the photoelectron longitudinal momentum. We also show the intra-
half-cycle interference has stored the temporal information, i.e., the time difference between the
rescattering and the ionization. This study provides fruitful information for the low-energy pho-
toelectron interference and it provides an alternative way to probing the time-resolved electron
dynamics.
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