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Strong-field ionization in two-color (ω + 2ω) elliptically polarized laser fields highlights subcycle electron

dynamics in the angular distribution of photoelectrons. In these distributions, a characteristic alternating angular

pattern is observed, in which successive above-threshold ionization peaks and sidebands exhibit opposite angular

shifts and are controllable through the relative phase between the two driving fields. This pattern originates

from subcycle interference between adjacent ionization bursts, where a weak-field-induced phase modulation

changes sign from one subcycle to the next, thereby directly controlling the emission angle. We further identify

abrupt sideband shifts arising from the sensitivity to the relative phase between the two fields. Time-dependent

Schrödinger equation simulations show that the long-range Coulomb interaction selectively suppresses electron

emission counterrotating with respect to the driving field, with a pronounced dependence on the field helicity.

These results establish angular shifts as a direct observable of subcycle phase modulation and demonstrate their

utility as a sensitive interferometric probe of attosecond electron wave-packet dynamics.

DOI: 10.1103/61lb-rjd6

I. INTRODUCTION

Strong-field ionization underpins a broad range of ultra-

fast phenomena, including above-threshold ionization (ATI)

[1–3], high-harmonic generation [4–7], laser-induced electron

diffraction [8,9], nonsequential double ionization [10–12],

and photoelectron holography [13–15], all of which are

central to strong-field and attosecond physics. The emitted

photoelectrons encode detailed information about both the

ionization dynamics and the structural properties of atomic

and molecular systems, making them powerful probes of ul-

trafast processes [16–19].

Bichromatic laser fields have emerged as versatile tools

for controlling light-matter interactions [20–23], offering en-

hanced flexibility in steering processes such as terahertz

emission [24,25] and the shaping of photoelectron wave pack-

ets [26,27]. In particular, two-color fields composed of a

fundamental frequency and its second harmonic exhibit a

tunable asymmetry that is governed by their relative phase.

This phase-dependent waveform enables a wide range of ap-

plications, including molecular alignment [28] and coherent

control of photoemission [29]. At the same time, the strong

sensitivity of the field’s temporal structure to the relative
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phase necessitates precise temporal characterization of the

combined field.

More recently, circularly polarized two-color fields have

opened new avenues for probing strong-field ionization dy-

namics [30]. These fields enable one to retrieve both the

amplitude and phase of electron wave packets, as well as to

access Wigner time delays [31–33]. In such configurations,

the ionization dynamics are directly mapped onto the angular

distributions of emitted photoelectrons, providing an effi-

cient alternative to conventional pump-probe techniques that

require time-delay scanning [34]. Moreover, circularly polar-

ized fields combined with linearly polarized fields provide

a powerful framework for resolving the subcycle ionization

dynamics through angle-resolved photoelectron spectroscopy.

In particular, the phase and amplitude of electron wave pack-

ets can be retrieved by analyzing the angular structure of

photoelectron momentum distributions and thus enable the

access to attosecond electron dynamics and tunneling-time

information [35]. In such fields, angular structures in neigh-

boring photoelectron peaks are identified as signatures of

subcycle interference between adjacent ionization bursts [36].

Consequently, understanding the mechanisms governing these

angular distributions has become a key objective.

Although two-color ω-2ω interferometry has been exten-

sively explored in strong-field and attoclock physics, previous

studies have just focused on retrieving ionization timing,

wave-packet interference, or spatiotemporal shaping of photo-

electron emission in circular or orthogonally polarized fields

[31,34,35,37–41]. In contrast, the present work reveals a dis-

tinct alternating angular deflection of neighboring ATI and

sideband (SB) peaks, originating from subcycle phase mod-

ulation between adjacent ionization bursts and controllable

through the relative phase between the two driving fields.
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FIG. 1. Illustration of the two-color strong-field ionization mech-

anism considered in this work. The driving field consists of a

strong elliptically polarized 2ω field of intensity 1.42 × 1014 W/cm2,

shown by the blue dotted curve, and a weak linearly polarized ω field

of intensity 8.8 × 1011 W/cm2, shown by the red dashed curve. Their

coherent superposition gives the total electric field, indicated by the

gray solid curve, which ionizes the Ar atom near adjacent subcycle

field maxima. The two emitted electron wave packets, launched at

the saddle times ts,1 and ts,2, acquire opposite weak-field-induced

modulation phases, denoted by −σ and +σ . The inset shows the

resulting photoelectron momentum distribution in the polarization

plane, where the subcycle phase modulation leads to angular de-

flections of the emitted electron signal. The field parameters are

ǫ = 0.75, � = +1, and φrel = 0.

We demonstrate that the weak-field-induced phase correction

changes sign from one subcycle to the next and finally leads

to complementary cos2[Re(δS)] and sin2[Re(δS)] interference

conditions for ATI and sideband channels, respectively. The

physical mechanism is summarized schematically in Fig. 1

where the weak fundamental field imprints opposite modu-

lation phases on electron wave packets emitted at adjacent

subcycle ionization times, leading to an angular modulation

of the photoelectron signal. This establishes the observed

angular shifts as direct signatures of subcycle phase modu-

lation in bichromatic elliptically polarized fields. We further

identify an abrupt sideband switching originating from the

sensitivity to the relative phase between the two fields. Fur-

thermore, with time-dependent Schrödinger equation (TDSE)

simulations, we reveal how the long-range Coulomb interac-

tion selectively suppresses counterrotating electron emission

depending on the field helicity, thereby strongly modify-

ing the interference structure. Our work therefore extends

existing two-color interferometry as a probe of subcycle

phase and amplitude modulation in strong-field ionization

dynamics.

II. THEORETICAL FRAMEWORK

To explain the alternation of photoelctron spectra and the

sideband switching, we consider a bichromatic laser field

composed of a strong elliptically polarized second-harmonic

field and a weak linearly polarized fundamental field. The

total vector potential is written as A(t ) = A2ω(t ) + Aω(t ),

where A2ω(t ) = −A2ω/
√

1 + ǫ2 [cos(2ωt )x̂ + ǫ� sin(2ωt )ŷ]

and Aω(t ) = Aω sin(ωt + φrel)x̂. Here, (A2ω) and (Aω ) denote

the field amplitudes, (ǫ) denotes the ellipticity, (� = ±1)

denotes the helicity of the (2ω) field, and (φrel) is the relative

phase between the two colors.

Within the strong-field approximation (SFA) [42–44], the

photoelectron amplitude is given by a coherent sum over

saddle points [45], M(p) =
∑

s �(ts)e−iS(p,ts ), where �(ts)

contains the ionization prefactor and the semiclassical action

is S(p, ts) =
∫ ∞

ts
{[p + A(t )]2/2 + Ip}dt . The saddle points

satisfy [p + A(ts)]2/2 + Ip = 0, with Ip the ionization poten-

tial.

Because the ω field is assumed to be much weaker than the

elliptically polarized 2ω field, its contribution can be treated

perturbatively by expanding the action as S = S0 + δS, where

S0 is determined solely by A2ω(t ). Keeping the leading

corrections induced by Aω, one obtains δS =
∫

	V (t ) dt ,

where 	V (t ) = A2
ω

2
sin2(ωt + φrel) + pAω cos ϕp sin(ωt +

φrel) − A2ωAω√
1+ǫ2

cos(2ωt ) sin(ωt + φrel). Thus, 	V (t ) contains

both terms linear in Aω and a quadratic contribution

proportional to A2
ω. Using cos(2ωt ) sin(ωt + φrel) =

1
2
[sin(3ωt + φrel) − sin(ωt − φrel)], the perturbation

naturally separates into contributions oscillating at

frequencies ω and 3ω.

The elliptically polarized 2ω field generates two ionization

bursts per optical cycle, separated by a full cycle of the 2ω

field, t2 = t1 + π/ω. Consequently, neighboring trajectories

experience opposite signs of the weak ω field. We therefore

define the weak-field-induced phase accumulated between the

two bursts as 2δS = −
∫ ts+π/ω

ts
	V (t ) dt , where ts is the sad-

dle point obtained in the absence of the weak field. Since

the saddle time is complex, ts = tr + iti, the correction δS

also becomes complex and may be written as δS = Re(δS) +
i Im(δS). Physically, Re(δS) modifies the relative phase be-

tween neighboring ionization bursts, whereas Im(δS) changes

their relative amplitudes and therefore governs the tunneling

asymmetry.
We can interpret the ionization of an outgoing electron by

the interference between two temporal slits. The two elec-
tron wave packets can be written as ψ1 = ψ0eiδS and ψ2 =
ψ0e−i(S0

2,1+δS), where S0
2,1 = S0(t2) − S0(t1) denotes the unper-

turbed action difference between adjacent ionization bursts.
For ATI, the unperturbed phase difference satisfies S0

2,1 ≃ nπ ,
where n is the absorbed photon number. A detailed derivation
of the complex modulation phase, including the explicit ex-
pressions for Re[δS] and Im[δS], is provided in Appendix A.
Separating the complex phase into real and imaginary parts
reveals two distinct modulation mechanisms. The amplitude
contribution is given by Iamp = 4|ψ0|2 sinh2[Im(δS)], showing
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FIG. 2. Photoelectron momentum distributions in the polariza-

tion plane as functions of emission angle ϕp and energy Ep, obtained

from numerical solutions of the TDSE. Top row: results for a single

2ω field, computed using short-range (left) and long-range (right)

potentials. Bottom row: results for a two-color ω + 2ω field with

the same short-range (left) and long-range (right) potentials. The

elliptically polarized 400-nm field (1.42 × 1014 W/cm2) is combined

with a weak linearly polarized 800-nm field (8.8 × 1011 W/cm2)

with relative phase φrel = 0◦. The black arrow indicate counterclock-

wise 2ω field rotation for � = +1. The color scale indicates the

normalized yield.

that Im(δS) controls the relative strength of the two temporal
slits and therefore governs the asymmetry of the electron
emission. In contrast, the phase-dependent contribution be-
comes Iph ∝ 4|ψ0|2 cos2[Re(δS)] for even n (ATI channels)

and Iph ∝ 4|ψ0|2 sin2[Re(δS)] for odd n (sideband channels).

The complementary cos2 - sin2 structure therefore directly re-
flects the π phase shift between neighboring ionization bursts
and explains the alternating angular modulation observed in
the photoelectron momentum distributions.

III. RESULTS AND DISCUSSION

For the results presented below, we investigate strong-field

ionization of Ar atoms within the single-active-electron ap-

proximation, using an ionization potential of Ip = 15.76 eV.

The system is driven by an elliptically polarized 400-nm (2ω)

laser field with ellipticity ǫ = 0.75 and an intensity of 1.42 ×
1014 W/cm2. In the bichromatic configuration, the strong 2ω

field is combined with a weak linearly polarized 800-nm (ω)

field of intensity 8.8 × 1011 W/cm2.

Figure 2 presents the photoelectron momentum distribu-

tions obtained from TDSE simulations for short-range and

long-range binding potentials (Appendix B). The top row

shows the spectra generated by the elliptically polarized 2ω

field alone. For the short-range potential, the ATI peaks re-

main nearly symmetric with respect to the polarization axis,

FIG. 3. Photoelectron momentum distributions in the polariza-

tion plane as a function of emission angle ϕp and energy Ep and for

the helicity � = +1 (left) and −1 (right). The other parameters are

the same as Fig. 2. The black arrow indicates counterclockwise and

clockwise 2ω field rotation for � = +1 and −1, respectively. The

color scale denotes the normalized yield.

reflecting the intrinsic symmetry of the laser-driven dynamics

in the absence of long-range Coulomb effects. In contrast, the

long-range potential introduces a clear angular shift of the ATI

peaks in the direction of the field rotation. This shift originates

from Coulomb-driven deflection of the outgoing electron

trajectories during continuum propagation and becomes most

pronounced for low-energy electrons.

The bottom row in Fig. 2 shows the corresponding spectra

for the bichromatic ω + 2ω field. For the short-range poten-

tial, the weak linearly polarized ω field breaks the half-cycle

symmetry of the elliptically polarized 2ω field and generates

clear alternating ATI and sideband structures. The ATI and

sideband peaks are shifted in opposite angular directions,

producing a characteristic staggered angular pattern across

the spectrum. This behavior is consistent with the comple-

mentary interference terms IATI ∝ cos2[Re(δS)] and ISB ∝
sin2[Re(δS)], which govern the phase-dependent modulation

of the neighboring channels.

For the long-range potential, the Coulomb interaction sub-

stantially modifies the subcycle interference pattern. Besides

inducing an overall angular deflection along the rotational

direction of the elliptically polarized 2ω field, the Coulomb

field strongly suppresses peaks emitted against the direction

of rotation. Remarkably, this suppression can be reversed

and controlled by changing the helicity of the driving field,

as demonstrated in Fig. 3. This asymmetry arises from

Coulomb-induced continuum dynamics, where counterrotat-

ing trajectories experience stronger Coulomb deceleration and

reduced ionization probability, while corotating trajectories

remain enhanced. Consequently, the interplay between subcy-

cle interference and long-range Coulomb interaction produces

a strongly asymmetric ATI-sideband structure in the TDSE

spectra.

Figure 4 shows photoelectron momentum distributions in

the polarization plane as a function of emission angle ϕp and

energy Ep for two representative relative phases. The adjacent

energy orders display opposite angular deflections and the

deflection can be switched by changing the relative phase

between the two fields.

This behavior is quantified in Fig. 5, where we extract the

angular shift 	θ of individual peaks relative to the reference
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FIG. 4. Photoelectron momentum distributions in the polariza-

tion plane as a function of emission angle ϕp and energy Ep for

relative phases φrel = 0◦ (left) and 90◦ (right) calculated using SFA.

The other parameters are the same as Fig. 2. The spectra display ATI

peaks and SBs, indicated by dashed lines. The color scale denotes

the normalized yield.

direction. The shifts oscillate with the relative phase φrel and

neighboring ATI and SB peaks exhibit opposite signs over the

full phase range. This robust alternation indicates a parity-

dependent interference mechanism.The amplitude and phase

contributions are shown in Fig. 6. The amplitude term, gov-

erned by Im(δS), is symmetric in angle and does not produce

any shift. In contrast, the phase contribution, controlled by

Re(δS), exhibits pronounced angular asymmetry and deter-

mines the peak positions.

The parity dependence of the interference is directly re-

flected in the alternating structure of the phase term, which

switches between cos2(Re δS) and sin2(Re δS) for even and

odd orders, respectively. This leads to a reversal of angular

asymmetry between neighboring peaks, consistent with the

behavior observed in Fig. 4.

The persistence of this alternating behavior for different

relative phases is demonstrated in Fig. 7. While the overall

magnitude of the modulation varies with φrel, the sign reversal

between adjacent ATI and SB peaks remains unchanged, con-

firming that it originates from the intrinsic symmetry of the

interference.

Interestingly, the sidebands exhibit a pronounced sensitiv-

ity to the relative phase between the two fields. As shown in

FIG. 5. Phase-dependent angular deflection of photoelectron

peaks. Left: Angular shifts 	θ of the first and second ATI peaks

and corresponding SB as a function of the relative phase φrel. Right:

Photoelectron momentum distribution at φrel = 0◦, illustrating the

definition of the angular shift 	θ relative to the reference direction

ϕref = π/2 (vertical dashed line). The marked points correspond to

the peak positions used to extract 	θ for different ATI and SB orders.

The other parameters are the same as in Fig. 2.

FIG. 6. The calculated yield of amplitude modulation Iamp (red

dashed lines) and phase modulation Iph (blue dash-dotted lines) for

the first two sidebands (left column) and ATI peaks (right column)

in the two-color field composed of an elliptically polarized 400-nm

pulse and a weak linearly polarized 800-nm field. The black solid

lines represent the total yield for each peak. We also consider φrel =
0◦. The vertical axis shows the normalized yield and ranges from 0

to 1. Within each panel, the amplitude, phase, and total yields are

normalized using the same maximum value of the total yield.

Fig. 7, their phase modulation develops a double-lobed struc-

ture that undergoes an abrupt switching as the relative phase

is varied. In contrast, the ATI peaks display a predominantly

single-lobed modulation that evolves smoothly with the rel-

ative phase. This qualitative difference directly accounts for

the sudden angular displacements of the sidebands observed

in Fig. 5.

FIG. 7. The calculated yield of amplitude modulation Iamp (red

dashed lines) and phase modulation Iph (blue dash-dotted lines) for

the first two sidebands and above-threshold-ionization peaks. The

black solid lines represent the total yield for each peak. All other

parameters are the same as Fig. 6 but for φrel = 0.7π and 0.8π .

The vertical axis shows the normalized yield and ranges from 0

to 1. Within each panel, the amplitude, phase, and total yields are

normalized using the same maximum value of the total yield.
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IV. CONCLUSIONS

We have shown that strong-field ionization in bichromatic

elliptically polarized laser fields produces alternating deflec-

tions of neighboring photoelectron peaks. Successive ATI and

sideband orders shift in opposite directions within the polar-

ization plane, giving rise to a characteristic angular structure

in the photoelectron momentum distribution. This behavior

arises from the interference of the ionization amplitude as they

arise from adjacent ionization bursts, where the weak-field-

induced phase correction changes sign from one subcycle to

the next. This results in parity-dependent interference condi-

tions, manifested through alternating cos2 - sin2 modulation of

the phase contribution. In contrast, the amplitude modulation

remains symmetric and therefore does not contribute to the

observed deflections. We further show that the sidebands ex-

hibit a pronounced sensitivity to the relative phase between

the two fields, leading to abrupt changes in their angular

behavior. Time-dependent Schrödinger equation simulations

additionally reveal that the long-range Coulomb interaction

selectively suppresses electron emission counterrotating with

respect to the driving field, with a clear dependence on the

field helicity.
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APPENDIX A: MODULATION PHASE FROM TWO-SLIT

ELECTRON-WAVE-PACKET INTERFERENCE

In the two-slit picture, the measured sideband modulation

originates from the interference of two electron wave packets

emitted at two adjacent subcycle ionization times. For a field

dominated by the 2ω component, these two ionization times

are separated by half of the fundamental period:

ts,2 = ts,1 +
T

2
, T =

2π

ω
. (A1)

Equivalently, this corresponds to one full optical cycle of the

strong 2ω field.

The vector potentials are written as

A2ω(t ) = −
A2ω√
1 + ǫ2

[cos(2ωt ) x̂ + ǫ sin(2ωt ) ŷ], (A2)

and

Aω(t ) = Aω sin(ωt + φrel) x̂. (A3)

The final momentum is

p = p cos ϕp x̂ + p sin ϕp ŷ. (A4)

The action accumulated between the two interfering emis-

sion times is

S2,1 = −
∫ ts,2

ts,1

[

1

2
[p + A2ω(t ) + Aω(t )]2 + Ip

]

dt . (A5)

Separating the action into the unperturbed 2ω contribution and

the weak-field modulation gives

S2,1 = S
(0)
2,1 + 2δS, (A6)

where

S
(0)
2,1 = −

∫ ts,2

ts,1

[

1

2
[p + A2ω(t )]2 + Ip

]

dt, (A7)

and the modulation phase is

2δS = −
∫ ts,2

ts,1

[

[p + A2ω(t )] · Aω(t ) +
1

2
A2

ω(t )

]

dt . (A8)

Substituting the explicit forms of the vector potentials gives

2δS = −
∫ ts,1+T/2

ts,1

[

pAω cos ϕp sin(ωt + φrel)

−
A2ωAω√
1 + ǫ2

cos(2ωt ) sin(ωt + φrel) (A9)

+
1

2
A2

ω sin2(ωt + φrel)

]

dt . (A10)

Using

cos(2ωt ) sin(ωt + φrel) = 1
2
[sin(3ωt + φrel) − sin(ωt − φrel)],

(A11)

one obtains

δS = −
πA2

ω

8ω
−

pAω cos ϕp

ω
cos(ωts,1 + φrel) +

A2ωAω

2
√

1 + ǫ2

×
[

1

3ω
cos(3ωts,1 + φrel) −

1

ω
cos(ωts,1 − φrel)

]

.

(A12)

Now we write the complex saddle time as

ts = tr + iti. (A13)

Using

cos(x + iy) = cos x cosh y − i sin x sinh y, (A14)

the real part of the modulation phase is

Re[δS] = −
πA2

ω

8ω
−

pAω cos ϕp

ω
cos(ωtr + φrel) cosh(ωti )

+
A2ωAω

2
√

1 + ǫ2

[

1

3ω
cos(3ωtr + φrel) cosh(3ωti )

−
1

ω
cos(ωtr − φrel) cosh(ωti )

]

. (A15)

The imaginary part is

Im[δS] =
pAω cos ϕp

ω
sin(ωtr + φrel) sinh(ωti )

+
A2ωAω

2
√

1 + ǫ2

[

−
1

3ω
sin(3ωtr + φrel) sinh(3ωti )

+
1

ω
sin(ωtr − φrel) sinh(ωti )

]

. (A16)

Thus, the weak ω field modifies the two adjacent electron

wave packets as

ψ1 = ψ0eiδS, ψ2 = ψ0e−iδS−iS
(0)
2,1 . (A17)
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Consequently, Re[δS] controls the phase modulation, whereas

Im[δS] controls the amplitude modulation of the two-slit

electron-wave-packet interference.

APPENDIX B: TWO-DIMENSIONAL TDSE SIMULATIONS

To benchmark the SFA results and investigate the role of

the binding potential, we solve the two-dimensional TDSE,

i
∂

∂t
ψ (r, t ) =

[

−
1

2
∇2 + V (r) + r · E(t )

]

ψ (r, t ), (B1)

where r = (x, y) and E(t ) is the laser electric field.

Within the single-active-electron approximation, the

atomic potential is modeled either by a long-range soft-core

Coulomb potential,

VC(r) = −
1

√

x2 + y2 + η
, (B2)

or by a short-range potential,

VSR(r) = −
1

√

x2 + y2 + η
e

(

−
√

x2+y2

rc

)

, (B3)

where η is the soft-core parameter and rc controls the range of

the potential. For a fixed rc, the soft-core parameter is varied

to reproduce the ionization potential of Ar.

The initial ground state is obtained by imaginary-time

propagation. The subsequent real-time propagation is per-

formed using the split-operator method,

U (t + 	t, t ) ≈ e−i 	t
2

Veff (t )e−i	t
p̂2

2 e−i 	t
2

Veff (t ), (B4)

with

Veff (r, t ) = V (r) + xEx(t ) + yEy(t ). (B5)

The kinetic propagation is evaluated in momentum space us-

ing fast Fourier transforms.

To extract the photoelectron momentum distribution, we

employ a split-window (mask-function) technique,

Fs(r) =
1

1 + exp[−(r − Rs)/	S]
, (B6)

which separates the outgoing wave packet from the inner

bound region. The outer wave packet is projected onto Volkov

states,

C(p, t ) =
1

2π

∫

d2r ψout(r, t )e−i[p+A(t )]·r, (B7)

and accumulated during propagation as

M(p, t + 	t ) = e−i	t 1
2

[p+A(t )]2

M(p, t ) + C(p, t ). (B8)

After the laser pulse, the photoelectron momentum distribu-

tion is obtained from

P(p) = p |M(p)|2. (B9)

The simulations are performed on a 1024 × 1024 Cartesian

grid covering 700 × 700 a.u.2. The real-time propagation uses

a time step 	t = 0.02 a.u., while the ground state is obtained

by imaginary-time propagation with 	τ = 0.05 a.u. The split-

window radius is chosen as Rs = 200 a.u. with smoothing

parameter 	S = 8 a.u.
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and G. G. Paulus, Attosecond double-slit experiment, Phys.

Rev. Lett. 95, 040401 (2005).

[20] S. Watanabe, K. Kondo, Y. Nabekawa, A. Sagisaka, and Y.

Kobayashi, Two-color phase control in tunneling ionization

and harmonic generation by a strong laser field and its third

harmonic, Phys. Rev. Lett. 73, 2692 (1994).

[21] J. L. Chaloupka and D. D. Hickstein, Dynamics of strong-field

double ionization in two-color counterrotating fields, Phys. Rev.

Lett. 116, 143005 (2016).

[22] K. Lin, X. Jia, Z. Yu, F. He, J. Ma, H. Li, X. Gong, Q. Song,

Q. Ji, W. Zhang, H. Li, P. Lu, H. Zeng, J. Chen, and J. Wu,

Comparison study of strong-field ionization of molecules and

atoms by bicircular two-color femtosecond laser pulses, Phys.

Rev. Lett. 119, 203202 (2017).

[23] C. A. Mancuso, K. M. Dorney, D. D. Hickstein, J. L.

Chaloupka, J. L. Ellis, F. J. Dollar, R. Knut, P. Grychtol, D.

Zusin, C. Gentry, M. Gopalakrishnan, H. C. Kapteyn, and

M. M. Murnane, Controlling nonsequential double ionization

in two-color circularly polarized femtosecond laser fields, Phys.

Rev. Lett. 117, 133201 (2016).

[24] L. Bergé, S. Skupin, C. Köhler, I. Babushkin, and J. Herrmann,

3D numerical simulations of THz generation by two-color laser

filaments, Phys. Rev. Lett. 110, 073901 (2013).

[25] K. Y. Kim, A. J. Taylor, J. H. Glownia, and G. Rodriguez,

Coherent control of terahertz supercontinuum generation in ul-

trafast laser–gas interactions, Nat. Photon. 2, 605 (2008).

[26] C. Ott, A. Kaldun, L. Argenti, P. Raith, K. Meyer, M. Laux,

Y. Zhang, A. Blättermann, S. Hagstotz, T. Ding, R. Heck,

J. Madroñero, F. Martín, and T. Pfeifer, Reconstruction and

control of a time-dependent two-electron wave packet, Nature

(London) 516, 374 (2014).

[27] Y. Luo and P. Zhang, Ultrafast strong-field photoelectron emis-

sion due to two-color laser fields, Phys. Rev. B 98, 165442

(2018).

[28] S. De, I. Znakovskaya, D. Ray, F. Anis, N. G. Johnson,

I. A. Bocharova, M. Magrakvelidze, B. D. Esry, C. L. Cocke,

I. V. Litvinyuk, and M. F. Kling, Field-free orientation of CO

molecules by femtosecond two-color laser fields, Phys. Rev.

Lett. 103, 153002 (2009).

[29] M. Förster, T. Paschen, M. Krüger, C. Lemell, G. Wachter,

F. Libisch, T. Madlener, J. Burgdörfer, and P. Hommelhoff,

Two-color coherent control of femtosecond above-threshold

photoemission from a tungsten nanotip, Phys. Rev. Lett. 117,

217601 (2016).

[30] C. A. Mancuso, D. D. Hickstein, P. Grychtol, R. Knut, O. Kfir,

X.-M. Tong, F. Dollar, D. Zusin, M. Gopalakrishnan, C. Gentry,

E. Turgut, J. L. Ellis, M.-C. Chen, A. Fleischer, O. Cohen,

H. C. Kapteyn, and M. M. Murnane, Strong-field ionization

with two-color circularly polarized laser fields, Phys. Rev. A

91, 031402(R) (2015).

[31] M. Han, P. Ge, Y. Shao, Q. Gong, and Y. Liu, Attoclock photo-

electron interferometry with two-color corotating circular fields

to probe the phase and the amplitude of emitting wave packets,

Phys. Rev. Lett. 120, 073202 (2018).

[32] D. Trabert, S. Brennecke, K. Fehre, N. Anders, A. Geyer, S.

Grundmann, M. S. Schöffler, L. P. H. Schmidt, T. Jahnke, R.

Dörner, M. Kunitski, and S. Eckart, Angular dependence of the

Wigner time delay upon tunnel ionization of H2, Nat. Commun.

12, 1697 (2021).

[33] Z. Zhou, Y. Chen, Y. Li, Y. Tian, P. Ge, Y. Zhou, and P. Lu, Influ-

ence of electron-wave-packet amplitude and phase modulations

on photoelectron angular distributions in strong-field ionization,

Phys. Rev. A 112, 063105 (2025).

[34] M. Han, P. Ge, J. Wang, Z. Guo, Y. Fang, X. Ma, X. Yu, Y.

Deng, H. J. Wörner, Q. Gong, and Y. Liu, Complete character-

ization of sub-Coulomb-barrier tunnelling with phase-of-phase

attoclock, Nat. Photon. 15, 765 (2021).

[35] P. Ge, Y. Dou, M. Han, Y. Fang, Y. Deng, C. Wu, Q. Gong, and

Y. Liu, Spatiotemporal imaging and shaping of electron wave

functions using novel attoclock interferometry, Nat. Commun.

15, 497 (2024).

[36] O. Pedatzur, G. Orenstein, V. Serbinenko, H. Soifer, B. D.

Bruner, A. J. Uzan, D. S. Brambila, A. G. Harvey, L. Torlina, F.

Morales, O. Smirnova, and N. Dudovich, Attosecond tunnelling

interferometry, Nat. Phys. 11, 815 (2015).

[37] Y. Guo, S.-J. Yan, C.-C. Cheng, X.-Y. Hao, A. Liu, and J. Guo,

Interference structures of an Ar atom by orthogonally polarized

laser pulses, Phys. Rev. A 111, 053111 (2025).

[38] J. Tan, Y. Min, H. Lian, C. Liu, X. Hao, and M. He, Subcycle

dynamics of temporal double-slit interference in strong-field

tunneling ionization of H+
2 , Phys. Rev. A 110, 043111 (2024).

[39] S. Yu, X. Lai, S. Xu, Y. Wang, L. Hua, W. Quan, and X.

Liu, Nonadiabatic effect on temporal double-slit interference

structures in an orthogonal two-color laser field, Phys. Rev. A

105, 013116 (2022).

[40] J. M. Ngoko Djiokap, A. V. Meremianin, and N. L. Manakov,

Electron interference in atomic ionization by two crossing po-

larized ultrashort pulses, Phys. Rev. A 103, 023103 (2021).

[41] X. Xie, T. Wang, S. Yu, X. Lai, S. Roither, D. Kartashov, A.

Baltuška, X. Liu, A. Staudte, and M. Kitzler, Disentangling in-

tracycle interferences in photoelectron momentum distributions

using orthogonal two-color laser fields, Phys. Rev. Lett. 119,

243201 (2017).

[42] L. V. Keldysh, Ionization in the field of a strong electromagnetic

wave, Sov. Phys. JETP 20, 1307 (1965), https://www.jetp.ras.

ru/cgi-bin/e/index/e/20/5/p1307?a=list.

[43] F. H. M. Faisal, Multiple absorption of laser photons by atoms,

J. Phys. B: At. Mol. Phys. 6, L89 (1973).

[44] H. R. Reiss, Effect of an intense electromagnetic field on a

weakly bound system, Phys. Rev. A 22, 1786 (1980).
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