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High-order above-threshold ionization in elliptically polarized laser fields:
Identifying the recollision time
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We simulate the two-dimensional high-energy photoelectron momentum distributions (PMDs) for high-order
above threshold ionization (HATI) of hydrogen atoms in intense elliptically polarized laser fields by using the
strong-field approximation and solving the time-dependent Schrödinger equation. It is found that the centers of
the left- and right-side circular rescattered ridges in the PMDs due to elastic collision of the returning electron
with the parent ion, that locate on the polarization axis for linearly polarized laser field, move slightly below
and above the major polarization axis, respectively, for elliptically polarized laser fields. We suggest that, by
analyzing the center shift of the measured PMDs for HATI in elliptically polarized fields, one can identify the
recollision time.
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I. INTRODUCTION

Above-threshold ionization (ATI) is a fundamental process
resulting from the interaction of an intense laser field with
matter. During ATI more photons are absorbed from the laser
field than is necessary for ionization and the emitted electron
spectrum consists of peaks separated by the photon energy
[1]. The ionized electron wave packets can also trigger a range
of dynamics in strong-field and attosecond physics [2,3]. The
force on the electron from the field may pull it back to scatter
on the parent ion. If the returning electron recombines with the
ion, high-order harmonic generation (HHG) occurs in which
its entire energy is emitted as one high-energy photon [4].
The returning electron can also elastically rescatter off the
parent ion, move away from it, and reach the detector with
a higher energy: This is the high-order ATI (HATI) process
[5]. Another particularly important laser-induced process is
nonsequential double ionization (NSDI) including recollision
direct ionization (RDI) and recollision excitation with subse-
quent ionization (RESI) [6,7].

In the past decades, both ATI and HATI in linearly polar-
ized laser fields have been extensively studied. In contrast to

the case of linear polarization, the use of elliptically polarized
laser fields has added more dimensions to study strong laser-
field ionization and has attracted particular attention [8–20],
which gave rise to more features and properties that were not
accessible with a linearly polarized laser field. One decade
ago, the experimental measurements of the photoelectron or
ion angular distributions of noble gases in intense elliptically
polarized laser fields were performed. It was found that, for
ellipticity <0.3, the measured photoelectron or ion angular
distributions in the low-energy regime (below 2Up, where Up

is the ponderomotive energy) exhibit Coulomb asymmetry
[9,10]. This prominent feature was first attributed to the initial
longitudinal momentum spread of the electron at the tunnel
exit in the ionization of He [9]. Interestingly, it was later
argued that the effect of the initial longitudinal momentum
spread was not observed in the ionization of Ne [10]. Instead,
it was shown that the tunneling time and initial transverse
momentum have dominant roles on Coulomb asymmetry [10].
In the mean time, an ellipticity-resolved study of HATI was
presented by Lai et al. who measured the photoelectron en-
ergy spectra of Ar, Kr, and Xe along the major polarization

2469-9926/2023/107(5)/053107(7) 053107-1 ©2023 American Physical Society

https://orcid.org/0000-0002-2369-5007
https://orcid.org/0000-0002-4255-0778
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevA.107.053107&domain=pdf&date_stamp=2023-05-10
https://doi.org/10.1103/PhysRevA.107.053107


ZHANGJIN CHEN et al. PHYSICAL REVIEW A 107, 053107 (2023)

axis [12] in which it was demonstrated that elliptical po-
larization favors long quantum orbits in HATI. Later on,
two-dimensional (2D) photoelectron momentum distributions
(PMDs) for HATI from single ionization of atoms in intense
elliptically polarized laser fields were investigated by Yu et al.
[13] using a three-dimensional semiclassical model. It was
found that the relative contribution of the second recollision
to the yield of the high-energy photoelectrons increased with
the ellipticity. Recently, through studying the angle-resolved
momentum distributions of the rescattered electrons from
HATI of negative ions by an elliptically polarized laser field,
Milošević and Becker discussed the contribution of negative-
travel-time quantum orbits in complex space and time [16].

While all laser-induced rescattering processes can be quali-
tatively interpreted by the three-step quasiclassical recollision
model [21,22], recollision time and electron trajectories play
a crucial role in better understanding the underlying mecha-
nisms. In the case of linear polarization, it has been recognized
that the recombination of long-trajectory electrons with the
parent ion usually does not contribute to the macroscopic
HHG spectra based on the analysis of phase matching [23].
In contrast, the contribution to HATI from the short-trajectory
electrons can be ignored since the long-trajectory electrons
have much higher ionization rate [24]. This indicates that elas-
tic recollisions responsible for HATI take place more likely
after the field zero crossing. However, the information of rec-
ollision time is hidden to NSDI with linearly polarized light.
Recently, Kang et al. [17,18] reported a joint experimental
and theoretical investigation of NSDI by elliptically polarized
laser pulses. They studied double ionization as a function of
the ellipticity of the driving field and showed that recollisions
are more likely to occur after the zero crossing of the electric
field along major polarization for higher ellipticities.

In the present paper we simulate the PMDs of HATI for
ionization of H atoms in elliptically polarized laser fields by
using the strong-field approximation (SFA) and solving the
time-dependent Schrödinger equation (TDSE). By analyzing
the position of the rescattering center in the momentum space,
it can be deduced that recollisions for HATI in elliptically
polarized laser fields are more likely to occur before the zero
crossing of the electric field along major polarization, which is
different from the situation for NSDI as indicated in [17,18].

The remainder of the present paper is arranged as follows.
The theoretical methods are presented in Sec. II. The simu-
lated results are shown and discussed in Sec. III. Finally, our
conclusions are given in Sec. IV.

Atomic units (a.u.) (h̄ = |e| = m = 4πε0 = 1) are used
throughout the paper unless otherwise indicated.

II. THEORETICAL METHODS

In this paper, we consider HATI of H in elliptically polar-
ized laser pulses. The electric field of the elliptically polarized
light in the (z, y) plane is given by

F(t ) = F0
a(t )√
1 + ε2

[cos(ωt + ϕ) ẑ − ε sin(ωt + ϕ) ŷ], (1)

where ε is the ellipticity, ω is the carrier frequency, and ϕ is the
carrier-envelope phase which is set to zero here. The envelope

function a(t ) is chosen as

a(t ) = cos2

(
πt

T

)
(2)

for the time interval (−T/2, T/2) and zero elsewhere. Here,
T is defined as the (full) duration of the laser pulse. With this
definition of the laser field, the z and y axes are the beam’s
major and minor axes, respectively. The vector potential of
the laser field F(t ) is given by

A(t ) = −
∫ t

−∞
dt ′F(t ′). (3)

Two methods are used in the numerical simulations of the
PMDs for HATI of H. One is based on the SFA and the other
is to numerically integrate the TDSE.

A. Strong-field approximation

The total Hamiltonian of an atom interacting with the laser
field is given by

H (t ) = Ha + Hi(t ), (4)

where

Ha = − 1
2∇2 + V (r) (5)

is the atomic Hamiltonian, and

Hi(t ) = r · F(t ) (6)

is the laser-electron interaction in the length gauge and
the dipole approximation. The exact transition amplitude of
an ATI electron from the initial bound state �0(t ′) to fi-
nal state �p(t ) having the asymptotic momentum p can be
expressed as

f (p) = −i lim
t→∞

∫ t

−t
dt ′〈�p(t )|U (t, t ′)Hi(t

′)|�0(t ′)〉. (7)

Here U (t, t ′) is the time-evolution operator of the total Hamil-
tonian and satisfies the Dyson equation

U (t, t ′) = UF (t, t ′) − i
∫ t

t ′
dt ′′UF (t, t ′′)VU (t ′′, t ′), (8)

where UF (t, t ′) is the time-evolution operator that corre-
sponds to the Hamiltonian of a free electron in the laser field,
which is

HF = − 1
2∇2 + Hi. (9)

The eigenstates of the TDSE with the Hamiltonian HF (t ) are
the Volkov states

|χp(t )〉 = |p + A(t )〉 exp[−iSp(t )], (10)

where |k〉 is a plane-wave ket vector such that

〈r|k〉 = 1

(2π )3/2
exp(ik · r), (11)

and the action is given by

Sp(t ) = 1

2

∫ t

−∞
dt ′[p + A(t ′)]2. (12)
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The Volkov time-evolution operator is

UF (t, t ′) =
∫

dk|χk(t )〉〉χk(t ′)|. (13)

In SFA, 〈�p(t )|U (t, t ′) is replaced by 〈χp(t )|U (t, t ′) in
Eq. (7). With the full time-evolution operator U (t, t ′) trun-
cated after the second term, the SFA probability amplitude
may be decomposed into the contributions of direct and
rescattered electrons which are referred to as SFA1 and SFA2,
respectively,

f SFA(p) = f SFA1(p) + f SFA2(p), (14)

where the first term

f SFA1(p) = −i
∫ ∞

−∞
dt〈χp(t )|Hi(t )|�0(t )〉 (15)

corresponds to the standard SFA for the direct ATI, and the
second term

f SFA2(p) = −
∫ ∞

−∞
dt

∫ ∞

t
dt ′

∫
dk〈χp(t ′)|V |χk(t ′)〉

× 〈χk(t )|Hi(t )|�0(t )〉 (16)

is the first-order correction to the standard SFA accounting for
HATI. Obviously, SFA2 consists of ionization, propagation in
the continuum, and elastic scattering of the returning electron
with the parent ion.

For hydrogen-like atoms, the ground-state wave function
takes the form

�0(r, t ) = 2Z3/2 exp(−Zr)Y00(r̂) exp(iIpt ), (17)

where Z is the charge of nucleus and Ip is the binding en-
ergy of the electron. The rescattering potential V (r) is a pure
Coulomb potential

V (r) = −Z

r
. (18)

After performing integrations over space coordinates in
Eqs. (15) and (16) analytically, we obtain

f SFA1(p) = − 8
√

2

π
Z5/2

∫ ∞

−∞
dt exp[iSp(t )] exp(iIpt )

× F(t ) · [p + A(t )]

{Z2 + [p + A(t )]2}3
, (19)

and

f SFA2(p) = − i
4
√

2

π3
Z7/2

∫ ∞

−∞
dt

∫ t

−∞
dt ′

∫
dk

× exp{−i[Sk(t ) − Sp(t )]} exp[iSk(t ′)] exp(iIpt ′)

× 1

α2 + (k − p)2

F(t ′) · [k + A(t ′)]
{Z2 + [k + A(t ′)]2}3

. (20)

In Eq. (20) α is a parameter introduced to avoid the singu-
larity in the integrand. Actually, to obtain Eq. (20), the pure
Coulomb potential in Eq. (18) is replaced by the Yukawa
potential with a damping parameter α,

Ṽ (r) = −Z

r
e−αr . (21)

It should be noted that the results depend on the value of α,
but the dependence is relatively weak, affecting mainly the
magnitude but not the structure of momentum distributions.
Here, we choose α = 1. The integral over the intermediate
electron momenta k in Eq. (20) is approximated using the
saddle-point method, so that only the twofold time integral
is calculated numerically. The method used to evaluate SFA2
can be found in [25,26].

B. Time-dependent Schrödinger equation

Within the dipole approximation and the length gauge,
the TDSE for an electron under the influence of a classical
electromagnetic field reads

i
∂

∂t
�(r, t ) = [Ha + Hi]�(r, t ). (22)

We solve the TDSE by using the second-order split-operator
method combined with the R-matrix propagation method [27]
generalized for the elliptically polarized laser pulses. The
method was used for circularly polarized laser pulses in [28].

The probability amplitude for detecting an electron with
momentum p at the end of the pulse is given by

f TDSE(p) = 〈�−
p |�(t = T/2)〉, (23)

where �−
p is the scattering out eigenstate of the field free

Hamiltonian, satisfying the equation

Ha�
−
p = E�−

p , (24)

where E = p2/2 is the photoelectron energy.

III. RESULTS AND DISCUSSION

We simulate the PMDs for HATI of H in both linearly and
elliptically polarized laser fields. In all the calculations, the
intensity and the wavelength of the laser fields are 1 × 1014

W/cm2 and 800 nm, respectively.
Our goal is to identify the favorite recollision time in HATI

by elliptically polarized laser fields. We focus on the back
rescattering ridges and consider large scattering angles with
small ellipticities. To this end, we start with the case of linear
polarization. In Fig. 1(a) we show the electric field and the
corresponding vector potential for a three-cycle linearly po-
larized laser pulse, and the PMD in the plane containing the
polarization axis for HATI of H by the electric field plotted
in Fig. 1(a) is displayed in Fig. 1(b). The results shown in
Fig. 1(b) are obtained from SFA2 which only accounts for
rescattering of the ionized electron off the parent ion. Since
the electron yield drops very rapidly with energy [26], for
the sake of better visibility, in Fig. 1(b) only the parts of the
PMD with photoelectron energy larger than 2Up are shown.
As expected, for linear polarization the PMD exhibits the
characteristic form of a figure eight, elongated in the polar-
ization direction, which has been well understood for more
than a decade [24,26]. As demonstrated in Fig. 1(a), based on
classical theory electrons that are released near the peak of the
electric field around t1 (t2) will return to the origin along −z
(+z) at a time around the field crossing t3 (t4) when the vector
potential is negative (positive). The elastic scattering of the
returning electron with the parent ion that takes place at the
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FIG. 1. (a) Electric field (solid curve and left vertical axis) and
vector potential (dotted curve and right vertical axis) for a linearly
polarized laser pulse with a full duration of three optical cycles
at an intensity of 1 × 1014 W/cm2 and a wavelength of 800 nm.
(b) Two-dimensional photoelectron momentum distribution parallel
and perpendicular to the polarization direction with photoelectron
energy larger than 2Up for single ionization of atomic hydrogen in
the laser pulse depicted in panel (a). The results are obtained from
SFA2. The right- and left-side circles represent the elastic scattering
of a returning electron with the parent ion at recollision times around
t3 and t4, respectively.

recollision time t3 (t4) forms the right-side (left-side) circular
ring in the PMD, as shown in Fig. 1(b). In addition, the scatter-
ing circles are offset from the origin by the vector −Ar , where
Ar ≡ A(tr ) with tr the returning time at which recollision takes
place. As indicated in Fig. 1(b), the centers of the right- and
left-side circles are shifted, along the polarization direction,
from the origin by 0.88 and −0.45, which are close to the
local maximum values of the vector potential around t3 and
t4, respectively. Owing to momentum conservation [29] the
momentum p of the photoelectron is given by p = −Ar + kr ,
where kr is the momentum of the rescattering electron.

Next we consider HATI of H by an elliptical polarized
laser pulse. Here the ellipticity is 0.3, and the other laser
parameters are the same as in Fig. 1. The electric field and
the corresponding vector potential together with the PMD in
the polarization plane are displayed in Fig. 2. One can see
that the PMD in Fig. 2(c) under elliptical polarization exhibits
a similar pattern to that in Fig. 1(b) with linear polarization
although the total amount of high-energy photoelectrons drops
about one order of magnitude. This trend was also found in
the simulations based on a semiclassical model [13]. Whereas,
while the right- and left-side circles are still attributed to the
elastic collisions (taking place around the times of t3 and t4,
respectively) of the returning electron with the parent ion, the
PMD in Fig. 2(c) is obviously different from that in Fig. 1(b).
The center of the right-side (left-side) circle moves slightly off

FIG. 2. Electric field (solid curve and left vertical axis) and vec-
tor potential (dotted curve and right vertical axis) along (a) the major
axis (the z axis) and (b) the minor axis (the y axis) for an elliptically
polarized laser pulse with a full duration of three optical cycles.
The ellipticity is 0.3 here. The intensity and wavelength of the laser
field are as in Fig. 1. The vertical lines show the recollision times
before the Ez field zero crossing. (c) Two-dimensional photoelectron
momentum distribution in the polarization plane with photoelectron
energy larger than 2Up for single ionization of atomic hydrogen in
the laser pulse depicted in panels (a) and (b). The results are obtained
from SFA2. The right- and left-side circles with the centers slightly
above and below the major polarization axis represent the elastic
scattering of a returning electron with the parent ion at recollision
times before t3 and t4, respectively.

the pz axis to the first (third) quadrant with a small positive
(negative) momentum along the minor polarization axis.

Again, according to the classical rescattering model, the
center of the circle is located at [−Az(tr ),−Ay(tr )]. Take the
right-side circle in Fig. 2(c) as an example, the center of
the circle is at (0.86, 0.078). As previously mentioned, the
electron initially born near the peak of the Ez field around
t1 returns to the origin along −z at a time around Ez zero
crossing t3. Because the recollision time is around the Ez field
zero crossing, the value of Az(tr ) at the recollision time tr
is close to the peak vector potential, and it keeps negative
no matter the recollision occurs before or after the Ez field
zero crossing, as shown in Fig. 2(a). However, as one can see
in Fig. 2(b), the recollision occurring before or after the Ez

zero crossing corresponds to negative or positive Ay(tr ). From
Fig. 2(c), it can be deduced that Ay(tr ) < 0, which clearly
indicates that the recollision takes place before the Ez field
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FIG. 3. (a,b) Same as Figs. 2(a) and 2(b), respectively, but for five optical cycles. (c)–(f) Two-dimensional photoelectron momentum
distributions in the polarization plane with photoelectron energy larger than 2Up for single ionization of atomic hydrogen in a five-cycle
elliptically polarized laser field at an intensity of 1 × 1014 W/cm2 and a wavelength of 800 nm with ellipticities of 0.0, 0.1, 0.2, and 0.3,
respectively. The results are obtained from SFA2. In panel (f) the right- and left-side circles with the centers slightly above and below the major
polarization axis represent the elastic scattering of a returning electron with the parent ion at recollision times before t3 and t4, respectively.

zero crossing as marked by the vertical lines in Figs. 2(a)
and 2(b). This contradicts the conclusion drawn in [17,18]
from the asymmetry pattern in experimentally measured cor-
related electron momentum distributions for NSDI of Ne in
elliptically polarized fields. The simulations based on the
semiclassical model show that multiple-return-collision dom-
inates the contribution to NSDI by elliptically polarized fields
while for linear polarization single-return-collision makes the
dominant contribution [17]. Furthermore, by tracking the elec-
tron trajectories Kang et al. [17] found that, with increasing
ellipticity, the recollisions occurring after the Ez zero crossing
became more and more important in contributing to NSDI.
Very recently, the observed asymmetry pattern in the corre-
lated momentum distributions for NSDI of Ne in elliptically
polarized fields was well reproduced by using the improved
quantitative rescattering (QRS) model [19] based on the as-
sumption that laser-induced recollisions take place after the
Ez zero crossing for NSDI in elliptically polarized fields.
However, it should be noted that the QRS model itself cannot
be used to identify the recollision time without the hint from
experiment.

As displayed in Fig. 2(c), less electrons tend to be ac-
cumulated in the outer ridges in the PMD in elliptically
polarized field compared to the case of linear polarization
[see Fig. 1(b)], which is consistent with the findings based
on the three-dimensional semiclassical model [13]. By trac-
ing the respective tunnel-ionized electron trajectory, Yu et al.
[13] decoupled the contribution of the first and second rec-
ollisions in the PMDs and found that the relatively weaker
distribution in the outer ridges in the PMD in the elliptically
polarized field was attributed to the relatively decreased con-
tribution of the first recollision to the outer ridge and the
increased contribution of the second recollision to the inner
ridge in the elliptically polarized field. However, our results
in Figs. 1(b) and 2(c) are evaluated by using three-cycle laser

pulses, which indicates that the multiple recollision process is
absent.

The transition from the linearly polarized to elliptically
polarized laser fields in HATI of H is illustrated in Fig. 3. Here
we use five-cycle laser pulses with ellipticities in the range
from 0.0 to 0.3. Compared to three-cycle pulses, five-cycle
pulses produce bigger left-side circular rings owing to the fact
that the value of the vector potential at the recollision time
around t4 for five-cycle pulses is larger than that for three-
cycle pulses, as shown in Figs. 3(a) and 3(b) and Figs. 2(a) and
2(b), respectively. It should be noted that the recollisions oc-
curring about one cycle before the times around t3 and t4 play
no role in forming the circular rings since the corresponding
ionization rates at the times about one cycle earlier before the
times around t1 and t2 are relatively too low. One can see from
Figs. 3(c) to 3(f) that by increasing the ellipticity the centers
of both the left- and right-side circles move slightly more and
more off the major polarization axis due to the increase of the
vector potential along the minor axis.

It should be noted that the ring structures in the PMD are
not narrow such that the determination of the center of the ring
is sensitive to both the size and the width of the ring. Actually,
the recollision takes place within a time window correspond-
ing to a time window of ionization, leading to a distribution
in the momentum space. As a result, there exists a lot of back
rescattering rings with different centers, as demonstrated in
Fig. 5 in [24] for linear polarization. However, no matter the
size of the back rescattering ring, the centers of the right- and
left-side circles always move slightly off the major axis to the
first and third quadrants, respectively.

We also performed the SFA2 calculations using longer
laser pulses. In Fig. 4, we show the PMDs for HATI of hy-
drogen in both linearly and elliptically polarized laser fields
with a full pulse duration of ten cycles. It can be found that
the 2D photoelectron momentum spectra for HATI always
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FIG. 4. Two-dimensional photoelectron momentum distributions
in the polarization plane with photoelectron energy larger than 2Up

for single ionization of atomic hydrogen in a ten-cycle elliptically
polarized laser field at an intensity of 1 × 1014 W/cm2 and a wave-
length of 800 nm with ellipticities of (a) 0.0, (b) 0.1, (c) 0.2, and
(d) 0.3. The results are obtained from SFA2.

have the characteristic shape of a figure eight that is slightly
distorted for elliptical polarization. In addition, with the
elliptically polarized laser field given in Eq. (1), the center
of the right-side (left-side) circle always moves up (down)
to the first (third) quadrant. This indicates that the recollision

FIG. 5. Two-dimensional photoelectron momentum distributions
in the polarization plane with photoelectron energy larger than 2Up

for single ionization of atomic hydrogen in a five-cycle elliptically
polarized laser field at an intensity of 1 × 1014 W/cm2 and a wave-
length of 800 nm with ellipticities of (a) 0.0, (b) 0.1, (c) 0.2, and
(d) 0.3. The results are obtained by solving the TDSE.

time can be unambiguously identified by analyzing the center
shift of the measured PMDs for HATI in elliptically polarized
fields.

Using the same laser parameters as in Fig. 3 we also ob-
tained the PMDs for HATI of H by solving the TDSE and the
results are displayed in Fig. 5. The arrows in Figs. 5(a) and
5(d) are the same as those in Figs. 3(c) and 3(f), respectively.
Different from SFA2, the TDSE results consist of contribu-
tions of both direct ionization and rescattering. However, the
high-energy part of the PMDs from TDSE still bear a striking
resemblance to those from SFA2 due to the fact that direct
ionization only dominates the low-energy spectra. Of course,
for other atoms the discrepancies between SFA2 and TDSE
do exist in the high-energy PMDs. This is because elastic
scattering of the returning electron with the parent ion is
treated in SFA2 approximately within the plane-wave Born
approximation such that the information of the target structure
is lost. Even so, the results of SFA2 for the PMDs of HATI
can still serve as a powerful tool for probing the subcycle
dynamics of the recollision process in elliptically polarized
laser pulse since the shift of the center of the rescattering
circle that is always a measure of the vector potential Ar at the
recollision time does not depend on the atomic structure. In
that sense, the SFA2 results of HATI in elliptically polarized
laser pulse can be somehow regarded as experimental mea-
surements from which the recollision time can be retrieved.
Furthermore, although the TDSE provides the most accurate
results, the calculations are extremely formidable for long
laser pulses at high intensities and the results alone would not
offer much insight into the basic mechanisms. Therefore, for
the current purpose the SFA is preferred.

IV. CONCLUSION AND OUTLOOK

We present a theoretical study on subcycle dynamics of
the recollision process in high-order above threshold ioniza-
tion (HATI). The two-dimensional photoelectron momentum
distributions (PMDs) for HATI of H by intense elliptically
polarized laser pulses are calculated by using the strong-
field approximation (SFA) and solving the time-dependent
Schrödinger equation (TDSE). We demonstrate that the PMDs
from both SFA and TDSE exhibit the characteristic shape of a
figure eight that is slightly distorted for elliptical polarization.
It is found that with increasing ellipticity, the centers of the
rescattering circles move slightly more and more off the major
polarization axis. Based on a simple analysis of the ellipticity-
dependent center shift of the rescattering circles, it can be
deduced that the favorite recollision times are before the zero
crossing of the electric field along the major polarization. Our
work indicates that, with the help of elliptically polarized laser
pulses, the recollision time in HATI can be unambiguously
identified.

The identification of the recollision time is based on the
relation between the recollision time and the vector poten-
tial at that time. Here, we assume that the drift momentum
is only determined by the vector potential at the recollision
time, i.e., pdrift = −A(tr ). Of course, in a real situation, this
relation could be modified by the Coulomb effect with a
small offset. Nevertheless, for the strong fields considered in
this work, since the centers and the sizes of the rescattering
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rings predicted by the SFA are in very good agreement with
those obtained by solving the TDSE, it is reasonable to
believe that the Coulomb effect on the drift momentum is
negligible.

It should be noted that the correlated-electron and doubly
charged ion momentum spectra from nonsequential double
ionization (NSDI) of neon by intense elliptically polarized
laser pulses were recently measured by Kang et al. [17] and
the observed asymmetry of correlated electron and ion mo-
mentum distributions reveal that the recollisions in NSDI were
more likely to occur after the zero crossing of the electric field
along the major polarization for higher ellipticities, which

contradicts with what we found for HATI. To unveil the phys-
ical origin of this difference, further studies both theoretically
and experimentally are highly desirable.
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