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We investigate wavelength-dependent nonsequential double ionization of Ar from the near- to mid-infrared regime
using a full-Coulomb three-dimensional semiclassical ensemble model. As the wavelength increases from 800 nm and
1300 nm to 3100 nm, the correlated two-electron momentum distribution evolves from a fingerlike pattern to a crosslike
pattern and develops low-momentum anticorrelated electron emission in quadrants II and IV. Trajectory analysis shows
that the fingerlike structures are associated with Coulomb-assisted large-angle backscattering, whereas the mid-infrared
spectrum gives larger weight to forward-scattering-like recollision trajectories and small longitudinal momenta. The low-
momentum anticorrelated component does not arise from prompt impact ionization at recollision. Instead, recollision
prepares a correlated or excited near-core configuration that completes double escape in a later field window near an
electric-field maximum, where the vector-potential contribution to the longitudinal drift is small. These results show that
high-Up anticorrelated electron emission is shaped jointly by recollision energy transfer and by the field phase at final
escape.

Keywords: nonsequential double ionization, recollision dynamics, mid-infrared strong laser fields, semiclas-
sical trajectory model
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1. Introduction
Laser-driven rescattering provides a subcycle route by

which a strong laser field converts tunneling ionization into a
probe of electron correlation. In the three-step picture, an elec-
tron released near a field maximum is driven back to the parent
ion with a kinetic energy up to approximately 3.17Up,[1] where
Up = E2

0/
(
4ω2

)
is the ponderomotive energy with electric

field amplitude E0 and laser frequency ω . Nonsequential dou-
ble ionization (NSDI) is the paradigmatic two-electron mani-
festation of this mechanism: the returning electron releases or
excites a second electron, producing correlated double emis-
sion beyond independent sequential ionization.[2,3] Kinemati-
cally complete measurements transformed this yield enhance-
ment into a differential observable, showing that longitudinal
and transverse two-electron momenta encode energy sharing
at recollision, binary and recoil scattering, and post-collision
Coulomb correlation.[4–8] NSDI has thus become a prototyp-
ical process for reading few-body electron correlation from
laser-driven momentum spectra.[9]

The recollision step can lead to double emission through
two limiting time orderings. In recollision-impact ionization,
or the direct (e,2e) channel, the returning electron transfers
sufficient energy to the bound electron during an inelastic
electron-impact collision, so that double escape is initiated

promptly at recollision. In recollision-induced excitation with
subsequent ionization (RESI), the recollision deposits energy
into an excited ionic configuration without immediately re-
moving the second electron; the excited electron is subse-
quently ionized by the laser field.[10–14] The distinction be-
tween impact ionization and excitation tunneling was estab-
lished in Ar by recoil-ion and electron momentum imaging.[10]

In He, fully differential measurements resolved binary and re-
coil collision branches and mapped the correlated two-electron
momentum distribution.[7,8,15] Semiclassical trajectory analy-
sis further traced the finger-like structures to Coulomb-assisted
large-angle backscattering near the ionic core.[16] Near or be-
low the recollision threshold, multiple recollisions, interme-
diate excited states, and quantum interference can substan-
tially modify the correlated two-electron momentum distri-
butions produced by recollision-induced excitation and sub-
sequent field ionization.[17–23] Consequently, prompt double
emission primarily reflects the recollision phase, energy shar-
ing, and near-core scattering, whereas delayed double emis-
sion is sensitive to the excitation step and to the field phase at
which ionization is completed.

The mid-infrared regime provides a test of this
recollision-based picture. Since Up ∝ Iλ 2, longer wavelengths
increase the maximum return energy, and one might first ex-
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pect the near-infrared NSDI spectrum to expand mainly with
the scale

√
Up. Such a ponderomotive scaling, however,

does not by itself determine the correlated momentum dis-
tribution. Energy-domain observables in strong-field double
ionization can obey useful scaling laws,[24] but the corre-
lated two-electron momentum distribution retains additional
information on return time, near-core scattering, and post-
recollision propagation. Mid-infrared fields lengthen the elec-
tron excursion and increase wave-packet spreading before re-
turn. As a result, the measured spectrum becomes sensitive
not only to the increased return energy, but also to the modi-
fied return flux, Coulomb focusing, and multiple returns.[25,26]

Wavelength-dependent NSDI measurements in Xe have shown
clear deviations from simple-man scaling and an intensity-
dependent redistribution between recollision-impact ioniza-
tion and RESI-like contributions.[27–30] Recent higher-order S-
matrix and frequency-dependent quantum calculations further
demonstrate that Coulomb interactions and laser frequency
can reshape final electron and ion momentum spectra beyond
a simple ponderomotive rescaling.[31,32] Thus, mid-infrared
NSDI is not merely the high-return-energy limit of the near-
infrared problem. Long-wavelength propagation changes the
relative weights of first and later returns, near-core scatter-
ing, and post-recollision field-ionization pathways, and these
changes are directly reflected in the final correlated momen-
tum spectrum.[33]

Recently, a mid-infrared rare-gas NSDI study[34] in Ar
suggests that, at 3100 nm, where Up exceeds 80 eV, the mea-
sured longitudinal two-electron momentum distribution ex-
hibits a localized low-momentum anticorrelation in quadrants
II and IV. In the usual recollision picture, the electron returns
close to a zero of the electric field, where the vector potential is
large; prompt release at that instant therefore produces sizable
longitudinal drift momenta. The appearance of anticorrelated
electron pairs with small final momenta indicates that part of
the correlated two-electron ensemble survives the recollision
and escapes in a later field window. The relevant dynamical
variable is then not only the recollision energy, but the phase
at which the correlated system finally decouples from the ionic
core. This emphasis on emission timing and field phase is in
line with recent attoclock measurements of correlated-electron
emission and with theoretical studies showing that recollision-
induced-excitation pathways leave final two-electron momen-
tum distributions that depend on event dominance, field sym-
metry, and quantum interference.[35–38]

In this work, we employ a semiclassical simulation to
analyze the wavelength-dependent evolution of the correlated
photo-electron momentum distributions (PMD) and to char-
acterize the trajectory ensemble associated with the localized
low-Pr anticorrelation. The model launches the first elec-
tron by Ammosov–Delone–Krainov (ADK) tunneling, sam-

ples the initially bound electron from a microcanonical dis-
tribution, propagates both electrons with electron–ion and
electron–electron Coulomb interactions, and includes field-
driven tunneling from transient excited states. The calculated
spectra show that the high-momentum finger-like structures at
800 nm and 1300 nm are associated with the backscattering
branch of the recollision dynamics, where a close near-core
encounter and Coulomb-assisted large-angle deflection gener-
ate large longitudinal drift momenta. At 3100 nm, the PMD is
no longer dominated by the outer backscattering branch, but is
characterized by forward-scattering-like recollision processes,
which are manifested as a crosslike central structure. In con-
trast, the localized low-Pr component is traced to recollision-
induced excitation followed by delayed field ionization near
an electric-field maximum.

The paper is organized as follows. Section 2 introduces
the semiclassical model. Section 3 presents the calculated
wavelength-dependent momentum distributions and the anal-
ysis. Section 4 summarizes the main conclusions.

2. Semiclassical model
We employ a three-dimensional two-active-electron

semiclassical model[39] for argon, and atomic units are used
throughout unless otherwise stated. The laser field is linearly
polarized along the z axis,

𝐸(t) = E0 f (t)cos(ωt)𝑧̂, (1)

with a ten-cycle flat-top envelope followed by a three-cycle
cos2 turnoff. The ionization potentials are chosen as Ip1 =

0.5791, Ip2 = 1.0154, corresponding to the first and second
ionization potentials of Ar.

The first electron is released by tunnel ionization. Its ion-
ization time t0 is sampled within the flat-top part of the pulse
according to an ADK-type quasistatic tunneling weight,[40] in-
cluding the transverse-momentum factor,

W (t0, p⊥) ∝ exp
(
− 2κ3

3|E(t0)|

)
exp
(
−

κ p2
⊥

|E(t0)|

)
, (2)

where κ =
√

2Ip1. The longitudinal velocity at the tunnel exit
is set to zero. The exit position is obtained from the outer root
of the field-lowered Coulomb barrier along the polarization di-
rection. The second electron is initialized from a microcanoni-
cal distribution with binding energy−Ip2 in the Coulomb field
of the residual ionic core.[39,41,42]

After initialization, both electrons are propagated in the
laser field with the electron–core attraction and electron–
electron repulsion retained throughout the pulse. Their equa-
tions of motion are

d2𝑟i

dt2 =−𝐸(t)−∇i (Vcore(ri)+Vee) , i = 1,2, (3)
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where

Vcore(ri) =−
2
|𝑟i|

, Vee =
1

|𝑟1−𝑟2|
. (4)

Here Vcore represents the effective Coulomb field of the resid-
ual Ar2+ core acting on the two active electrons. Equa-
tions (3) and (4) are integrated with an adaptive fourth–fifth-
order Runge–Kutta algorithm.

To include field ionization from transient excited config-
urations generated after recollision, we follow the recollision-
induced excitation-tunneling treatment of Ref. [12]. For an
electron that remains bound, a WKB tunneling probability is
evaluated when the electron reaches a classical outer turning
point on the barrier-lowering side of the instantaneous laser
field. Operationally, this corresponds to a turning point of
the longitudinal motion, pi,z = 0, with ziE(t) < 0. The one-
dimensional tunneling probability along the polarization di-
rection is

PWKB
i = exp

(
−2
√

2
∫ zout

i

zin
i

√
Vi(z, t)−Vi(zin

i , t) dz
)
, (5)

where

Vi(zi, t) =Vcore

(√
x2

i + y2
i + z2

i

)
+E(t)zi. (6)

Here xi and yi are kept fixed during the one-dimensional bar-
rier calculation, zin

i is the instantaneous inner turning point,
and zout

i is the outer root of the field-distorted barrier satisfying
Vi(zout

i , t) =Vi(zin
i , t) with |zout

i |> |zin
i |. The occurrence of tun-

neling is sampled with the probability PWKB
i . After tunneling,

the electron is launched from zout
i and is propagated classically

under the laser field and the full Coulomb interactions.
For each electron we monitor the single-electron field-

free energy with respect to the ionic core,

εi(t) =
p2

i (t)
2

+Vcore (ri(t)) . (7)

The individual ionization time ti is defined as the last time
at which εi(t) changes from negative to positive during the
pulse. The double-ionization time used in the phase anal-
ysis is tion = max(t1, t2). A trajectory is counted as double
ionized when both electrons have positive field-free energies
after the laser pulse and continue to escape during the sub-
sequent propagation. In the numerical implementation, mo-
menta are recorded after a long field-free interval so that the
low-momentum part of the spectrum is converged.

The recollision time tr is taken as the time of minimum
electron–electron separation during the correlated return of the
tunneled electron. The delay between recollision and final
double emission is therefore ∆t = tion− tr. For the low-Pr tra-
jectories analyzed below, the delayed release is preceded by a

near-core recollision at tr, identified by the minimum electron–
electron separation, during which the bound electron gains en-
ergy but does not escape promptly. The later field ionization is
therefore assigned to a recollision-induced-excitation pathway
with delayed ionization, rather than sequential double ioniza-
tion. The final observables are the asymptotic longitudinal mo-
menta p1,z and p2,z along the laser polarization direction. Be-
cause the two detected electrons are indistinguishable in the
experiment, the calculated momentum distributions are sym-
metrized with respect to electron exchange when compared
with the measured two-electron spectra.

To interpret the momentum structures associated with
prompt impact ionization, we use the standard simple-man
kinematics of the recollision model as a reference. The vector
potential is defined by 𝐸(t) = −d𝐴(t)/dt. For a monochro-
matic field,

E(t) = E0 cos(ωt), A(t) =−E0

ω
sin(ωt), (8)

an electron released at t0 with zero initial longitudinal velocity
has, in the absence of Coulomb forces,

z(t) =
E0

ω
sin(ωt0)(t− t0)+

E0

ω2 (cos(ωt)− cos(ωt0)) , (9)

vz(t) =
E0

ω
(sin(ωt0)− sin(ωt)) . (10)

The return time tr follows from z(tr) = 0, and the return energy
is

Er =
v2

z (tr)
2

= 2Up (sin(ωt0)− sin(ωtr))
2 . (11)

Within the Volkov approximation,[9,43,44] a final drift momen-
tum pi,z corresponds to an instantaneous longitudinal velocity
pi,z + A(t) at time t. Thus, for prompt impact ionization at
the recollision time tr, the longitudinal kinetic-energy balance
may be written as

[p1,z +A(tr)]2

2
+

[p2,z +A(tr)]2

2
' Er− Ip2, (12)

where Er is the returning-electron energy. If the struck elec-
tron leaves the collision region with small longitudinal veloc-
ity, Eq. (12) gives

p2,z '−A(tr), p1,z '−A(tr)±
√

2(Er− Ip2). (13)

The two signs correspond to the two limiting longitudinal scat-
tering geometries of the returning electron: reversal of the lon-
gitudinal velocity after the collision gives a backscattering-like
trajectory, while preservation of the incident direction gives
a forward-scattering-like trajectory. The backscattering-like
branch represents trajectories in which the returning electron
experiences a close encounter with the ionic core after the rec-
ollision and undergoes Coulomb-assisted large-angle deflec-
tion, resulting in a reversal of its longitudinal velocity. The
subsequent laser-driven acceleration converts this reversed ve-
locity into large asymptotic drift momenta, forming the outer
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fingerlike extensions of the PMD. By contrast, the forward-
scattering-like branch represents trajectories in which the rec-
olliding electron emerges from the collision region with its
longitudinal direction largely preserved.

To isolate the anticorrelated component, we follow
the sector analysis used in the near- and mid-infrared
experiment.[34] In the final longitudinal momentum plane we
define the polar angle φ measured counterclockwise from the
positive p1,z axis. Events in quadrants II and IV are selected
within the angular sectors

105◦ < φ < 165◦, 285◦ < φ < 345◦. (14)

The normalized radial momentum in these sectors is

Pr =

√
(p1,z)2 +(p2,z)2√

Up
. (15)

When radial spectra are plotted, the event counts are weighted
by 1/Pr to remove the two-dimensional radial Jacobian, fol-
lowing the experimental sector analysis.[34] We further divide
the selected events into a low-momentum region A, Pr≤ 1, and
a higher-momentum region B, Pr > 1. This A/B separation is
not a microscopic channel assignment. It is a diagnostic filter
used to test whether low- and high-momentum anticorrelated
events differ in their final field phase and in the delay between
recollision and escape. The central quantity examined below is
the vector potential at the final double-ionization time, A(tion);
low-Pr anticorrelation is expected when the final escape occurs
near an electric-field maximum, where A(tion)' 0.

3. Results and discussion
3.1. Wavelength-dependent transition of the correlated

momentum spectrum

Figure 1 shows the calculated longitudinal PMD of Ar
for the wavelength-intensity matrix summarized in Table 1.
The corresponding ponderomotive energy spans from the near-
infrared to the high-Up mid-infrared regime, with 3.17Up

reaching up to several hundred eV at 3100 nm.

Table 1. Laser parameters used for the wavelength–intensity scan in
Fig. 1.

Wavelength λ (nm) Intensity (1014 W·cm−2) Up (a.u.)

800 0.9 0.198
800 1.5 0.329
800 2.0 0.439
800 2.8 0.615
1300 0.9 0.522
1300 1.5 0.870
1300 2.0 1.160
1300 2.8 1.624
3100 0.9 2.968
3100 1.5 4.946
3100 2.0 6.595
3100 2.8 9.233

The simple-man curves in Fig. 1 provide a kinematic
comparison with prompt recollision-impact ionization. A fi-
nal momentum pi,z corresponds to an instantaneous longitu-
dinal velocity pi,z + A(tr) at the recollision time. The lon-
gitudinal energy balance then gives Eq. (12). The two lim-
iting signs correspond to backscattering-like and forward-
scattering-like recollision geometries, shown by the white and
purple curves, respectively. The wavelength evolution in Fig. 1
connects two familiar momentum-space structures in strong-
field double ionization: near-infrared fingerlike spectra asso-
ciated with Coulomb-assisted large-angle backscattering, and
crosslike spectra previously observed in few-cycle or near-
single-cycle fields.[7,8,45–48] Here the crosslike pattern occurs
instead in a high-Up mid-infrared regime. The comparison
with the simple-man branches indicates that the global reshap-
ing is associated primarily with the changing relative weight
of near-core backscattering and forward-scattering-like recol-
lision trajectories. The localized low-Pr anticorrelated compo-
nent involves an additional timing effect and is analyzed sepa-
rately below.

At the lowest intensity in 800 nm, the maximum return
energy is below or close to the threshold for direct recollision-
impact ionization, so that the simple-man loci do not account
for the full distribution. The finite structures in quadrants II
and IV indicate a significant RESI contribution in this near-
threshold regime, where recollision-induced excitation is fol-
lowed by subsequent field ionization. With increasing inten-
sity, the available return energy increases, the RESI-related
structures are reduced, and the correlated lobes in quadrants
I and III develop into clearer fingerlike extensions. These
high-momentum extensions indicate the increasing role of
Coulomb-assisted large-angle backscattering in the direct rec-
ollision channel. At 1300 nm, the fingerlike structures remain
the dominant high-momentum feature of the PMDs, but ex-
tend over a larger region along the diagonal directions in the
normalized momentum plane. The spectra continue to fol-
low the backscattering-like branch over a broad range of in-
tensities, indicating that Coulomb-assisted backscattering still
organizes the main high-momentum part of the distribution
while the larger Up modifies the accessible recollision en-
ergy. At 3100 nm, the recollision occurs in a different kine-
matic regime. Because of the higher Up, the returning elec-
tron approaches the ionic core with higher longitudinal ve-
locity after a longer excursion, so that only a smaller frac-
tion of trajectories undergoes the close Coulomb deflection re-
quired for backscattering. The recolliding electron therefore
tends to leave the collision region with its incident longitudi-
nal direction retained, shifting the PMD away from the outer
backscattering extensions and toward the forward-scattering-
like branch, which gives the spectrum its crosslike central
structure.
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Fig. 1. Longitudinal two-electron momentum distributions of Ar from the full-Coulomb semiclassical calculation. Rows correspond to 800 nm,
1300 nm, and 3100 nm; columns correspond to peak intensities 0.9×1014 W/cm2, 1.5×1014 W/cm2, 2.0×1014 W/cm2, and 2.8×1014 W/cm2.
Momenta are normalized by

√
Up. White and purple curves denote the simple-man kinematic loci for backscattering-like and forward-scattering-

like recollision trajectories, respectively.

3.2. Low-momentum anticorrelation

We select events in the angular sectors defined in Eq. (14)
and analyze the normalized radial momentum Pr defined in
Eq. (15). This sector selection is used as a diagnostic of an-
ticorrelated emission, not as a one-to-one assignment of tra-
jectories to a specific microscopic ionization pathway. It sep-
arates electron pairs with opposite longitudinal momenta ac-
cording to the magnitude of their final drift momentum. Re-
gion A, Pr ≤ 1, contains the localized low-momentum compo-
nent, whereas region B, Pr > 1, contains the higher-momentum
anticorrelated tail. Figure 2 compares the calculated Pr distri-
butions with the experimental distributions of Ref. [34]. At
800 nm, the anticorrelated signal extends over a broad ra-
dial range; at 1300 nm, the distribution remains broad but
shifts toward smaller Pr. At 3100 nm, by contrast, the an-
ticorrelated sector is strongly concentrated at low Pr. With
increasing wavelength, wave-packet spreading during the ex-
tended excursion before recollision reduces the near-core re-
turn flux and thus weakens prompt recollision-impact ioniza-
tion, which requires a close recollision and efficient energy
transfer. As a result, the high-Pr contribution in the anticorre-
lated sector becomes less prominent. The low-Pr sector is then
more strongly associated with recollision-induced excitation
followed by delayed field ionization. At 3100 nm, this delayed
field-ionization step occurs preferentially near electric-field
maxima, and therefore produces small final drift momenta.

Anticorrelation and low momentum carry different infor-
mation. The signs of p1,z and p2,z specify the final longitu-

dinal hemispheres of the two electrons, whereas Pr measures
the drift-momentum scale. If both electrons were released

r p

Fig. 2. Radial momentum distributions in the anticorrelated sectors for
(a) 800 nm, 1.5×1014 W · cm−2, (b) 1300 nm, 1.5×1014 W/cm−2, and
(c) 3100 nm, 0.9×1014 W ·cm−2. The radial coordinate is Eq. (15), with
events selected by the angular sectors of Eq. (14). Symbols are the experi-
mental data of Ref. [34]; solid curves are the present semiclassical results.
The dashed line separates region A (Pr ≤ 1) from region B (Pr > 1).
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promptly at recollision, the relevant vector potential would
be A(tr). Because recollision occurs close to a zero of the
electric field, |A(tr)| is generally large and sizable drift mo-
menta are expected. A localized low-Pr anticorrelation there-
fore points to a post-recollision near-core configuration that
survives until a later field window, where double escape is
completed with small longitudinal drift. This interpretation is
consistent with the RIET picture used in semiclassical models
below the recollision threshold.[12] In that picture, recollision
does not necessarily remove the second electron immediately;
instead, it prepares an excited or strongly correlated config-
uration that can persist into a later field window. It is also in
line with recent attoclock measurements of correlated-electron
emission and with theoretical studies showing that recollision-
induced-excitation pathways leave final two-electron momen-
tum distributions that depend on field symmetry and quan-
tum interference.[22,35–38] In the present trajectories, the low-Pr

component is associated with a post-recollision near-core con-
figuration whose final escape occurs in a later field window

close to an electric-field maximum, where the vector-potential
contribution to the longitudinal drift is small.

The role of the final field phase in producing the low-
Pr component is examined in Fig. 3. The figure compares
three trajectory ensembles: from the full NSDI ensemble to
the anticorrelated sector (region A+B) and then to its small
radial momentum component (region A). The four columns
resolve the initial tunneling phase, the recollision phase, the
phase at which double ionization is completed, and the delay
∆t = tion − tr. The tunneling phase characterizes the launch
of the first electron, the recollision phase characterizes the re-
turn and energy-transfer step, and the final double-ionization
phase characterizes when the asymptotic drift momentum is
imprinted. The red field reference curves in Fig. 3 distinguish
electric-field maxima from field zero crossings. This distinc-
tion is important because prompt recollision occurs near field
zero crossings, where |A(tr)| is large, whereas small final lon-
gitudinal drift is favored when double escape is completed
near field maxima, where the vector potential is small.

P
ro

b
a
b
il
it
y
 (

a
rb

. 
u
n
it
s)

Tunneling phase (π) Return phase (π) Ionization phase (π) Time delay (π)

Total
A+B
A

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

Fig. 3. Phase and delay diagnostics for double-ionization trajectories at 800 nm (top row), 1300 nm (middle row), and 3100 nm (bottom row).
Columns show the initial tunneling phase, recollision phase, final double-ionization phase, and delay ∆t = tion− tr. Black, blue, and light-blue
distributions correspond to all double-ionization events, anticorrelated-sector events A+B, and the low-momentum subset A, respectively. Red
guides mark the laser field and its zero level, showing that low-Pr events are finally emitted near field maxima.

The first two columns show that the tunneling and re-
turn phases of the anticorrelated region A+B largely follow
those of the full double-ionization ensemble. The initial ion-
ization is gated near the field maxima, as expected from the
ADK rate, while the recollision occurs in the usual return
window close to the field zero crossings. At 3100 nm, ad-
ditional later-return contributions are visible, consistent with

the longer electron excursion in the mid-infrared field. Since
recollision occurs close to field zero crossings, double ioniza-
tion completed promptly at recollision would generally lead to
considerable longitudinal drift.

The third column in Fig. 3 gives the phase at which dou-
ble ionization is completed. In contrast to the broader anticor-
related region A+B at shorter wavelengths, the low-Pr sub-
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set A is concentrated near the maxima of the electric field.
With increasing wavelength, the longer excursion time and
stronger wave-packet spreading reduce the relative weight of
close near-core returns that lead to large-angle backscattering
in the anticorrelated sector. As a result, the high-Pr backscat-
tering tail becomes less prominent, while delayed field ioniza-
tion near the field maxima gives a larger contribution to A+B,
making its final-ionization phase distribution approach that of
subset A. Therefore, the vector-potential contribution to the fi-
nal longitudinal momenta is small, leading to small p1,z, p2,z.

The fourth column in Fig. 3 demonstrates the delay be-
tween the closest recollision and the completion of double ion-
ization, which provides the time-ordering information of the
ionization process. Small ∆t corresponds to prompt release
after recollision, whereas finite ∆t indicates post-recollision
emission. With increasing wavelength, the delay distribu-
tion of the low-Pr subset A shifts toward larger ∆t, indicating
that anticorrelated emission is increasingly later after recolli-
sion. The results reflect the reduced role of prompt large-angle
backscattering in the low-Pr sector and the enhanced impor-
tance of recollision-induced excitation followed by field ion-
ization in a later field. Together with the third-column phase
distribution in Fig. 3, the finite-delay behavior shows that the
low-Pr signal is associated with delayed escape near field max-
ima, rather than with prompt release at the recollision time.

3.3. Angular signatures of low- and high-momentum anti-
correlation

Figure 4 compares the normalized polar emission-angle
distributions for regions A and B. The angle is measured with
respect to the laser polarization axis. Region B corresponds
to larger final longitudinal drift momenta and therefore shows
stronger alignment with the polarization axis. In contrast, in
region A the longitudinal drift momentum is suppressed, so
the final emission angle becomes more sensitive to transverse
momentum and to the post-recollision Coulomb interactions,
resulting in a broader oblique angular distribution.

The wavelength dependence of region A reflects the
changing competition between prompt recollision-impact ion-
ization and delayed field ionization following recollision-
induced excitation. At 800 nm and 1300 nm, the low-Pr subset
still retains oblique lobes, indicating that transverse momen-
tum and Coulomb momentum exchange after recollision re-
main important. At longer wavelengths, wave-packet spread-
ing during the extended excursion before recollision reduces
the near-core return flux and thus weakens prompt recollision-
impact ionization, which requires a close recollision and ef-
ficient energy transfer. The low-Pr sector is therefore prefer-
entially populated by recollision-induced excitation followed
by delayed field ionization. At 3100 nm, this delayed field-
ionization step occurs preferentially near electric-field max-

ima, where A(tion) ' 0. This keeps Pr low, while the field-
lowered barrier favors release along the laser polarization di-
rection, leading to enhanced yield near θ ≈ 0◦ and 180◦. Thus,
the broad and structured angular distribution of region A re-
sults from the combined effect of the final escape phase, trans-
verse momentum, and post-recollision Coulomb dynamics.

800 nm

1300 nm

3100 nm

Fig. 4. Normalized polar emission-angle distributions for low- and high-
momentum anticorrelated trajectories. Panels correspond to (a) 800 nm,
(b) 1300 nm, and (c) 3100 nm. Black curves denote region A (Pr ≤ 1),
and red curves denote region B (Pr > 1).

4. Conclusion
We have studied wavelength-dependent nonsequen-

tial double ionization of Ar with a full-Coulomb three-
dimensional semiclassical model including quasistatic tunnel-
ing, microcanonical sampling of the second electron, electron–
core and electron–electron Coulomb propagation, and field
ionization from transient excited configurations. The calcu-
lated momentum spectra show that the mid-infrared regime
is not obtained by a simple

√
Up rescaling of the near-

infrared spectrum. The high-momentum fingerlike structures
at 800 nm and 1300 nm are associated with the backscat-
tering branch of the recollision dynamics, where the return-
ing electron undergoes a close near-core encounter and a
Coulomb-assisted reversal of its longitudinal velocity. At
3100 nm, longer excursions and stronger wave-packet spread-
ing reduce the relative weight of this close backscattering
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branch, while forward-scattering-like recollision trajectories
and the crosslike central structure become more prominent.
The low-momentum anticorrelated emission in quadrants II
and IV has a different dynamical origin. It is traced to a
post-recollision near-core configuration that survives until a
later field-ionization window. Phase- and delay-resolved di-
agnostics show that double escape is completed near maxima
of the electric field, where the vector-potential contribution to
the longitudinal drift is small. Thus, the low-Pr component is
not determined by recollision energy alone; it also records the
field phase at final escape. These results provide a trajectory-
level interpretation of low-momentum anticorrelated electron
emission in mid-infrared double ionization. They show that
high-Up correlated spectra should be read through two cou-
pled ingredients: recollision kinematics, which shapes the
global momentum distribution, and post-recollision field ion-
ization, which produces the low-momentum anticorrelated
component. Extensions beyond the dipole approximation and
fully quantum interference effects remain important for long-
wavelength double ionization.
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