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Control of photoelectron interference dynamics with two-color laser fields
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We study the multiple interference structures in photoelectron momentum distributions (PMDs) of xenon
atoms, whose dynamics can be manipulated effectively by a fundamental and weaker third-harmonic two-color
laser fields, especially for an oblique interference pattern. It is found that this structure is only attributed to the
contributions from the forward-scattered electrons as a Coulomb effect in strong-field physics. Further, the gross
structure of the oblique interference arises from the forward-scattered electron ionized within a quarter-cycle
of the fundamental field, and the fine structure is identified to originate from the intercycle interference of the
trajectories. Moreover, we demonstrate that the multiple interference structure can be enhanced or suppressed
by adjusting the relative phase of two colors. Our investigation shows that the two-color laser fields can be
tailored with the purpose of manipulating specific dynamics process, which will be helpful to resolve ultrafast
spatio-temporal information from the complex interference in strong-field ionization.
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I. INTRODUCTION

When an atom or a molecule is illuminated with an in-
tense laser field, the electron wave packet (EWP) may follow
different quantum paths from its bound state to the contin-
uum state in the combined laser and Coulomb fields [1–8].
The coherent superposition of these EWPs can create rich
interference structures in the final photoelectron momentum
distributions (PMDs) [9–12]. Particularly, a high-resolution
holographic interference was observed experimentally in the
PMDs of metastable xenon atom irradiated with a midinfrared
free-electron laser source [13,14]. The holographic structure
can be defined as those generated by the interference of direct
EWPs (the reference), which is no interaction with the core
subsequent to ionization, with those scattered EWPs with
the core (a signal) [15]. This definition has been extended
and generalized, which refers to holographic patterns also
as a result of the interference undergoing different types of
rescattering pathways [16]. The photoelectron interference
records the magnitude and the phase of photoelectron scatter-
ing amplitudes [17,18], which has been a powerful imaging
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technique with the ultrafast time resolution [19–28]. Well
known holographic examples are the spiderlike [13,29,30],
carpetlike [31], fanlike [32,33], and fork- [28] or fishbone-
like [27,34,35] structures. The spiderlike structure is caused
by the interference of the direct EWPs and the laser-driven
forward-scattered EWPs from the same quarter-cycle of the
laser pulse [13,29]. The residual Coulomb potential may result
in an angle-dependent, radial distortion in a pattern, which
can be called as the temporal double-slit interference [36,37].
The fanlike pattern that forms near the threshold may stem
from the interference between direct and forward deflected
EWPs [37]. The fishbonelike structure may be viewed as a
holographic pattern resulting from backscattered EWPs inter-
fering with direct EWPs, and is particularly sensitive to the
target structure [15,34].

It is a known fact that numerous interesting interfer-
ence structures in the PMDs inherently encode the temporal
and spatial information of the ions and electrons [11].
However, it is a major challenge to explore the multiple
dynamics of electrons from the complex interference pat-
terns and to achieve coherent control of EWPs in strong-field
community. Currently, a two-color laser field by their tun-
able parameters can manipulate effectively specific types of
EWPs [38–41], which may be in favor of uncovering and
analyzing the dynamic process for different interference pat-
terns. In Ref. [42], a phase-controlled orthogonal two-color
laser pulse is employed to study the photoemission dynamic
of Freeman resonance via the 4 f and 5p Rydberg states of
argon atom. Different photoemission pathways in the ion-
ization process were disentangled by controlling the relative
phase of two lasers, the origin of the time delays had been
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traced to retrapped resonant ionization [43]. More recently, a
deep-learning-performed strong-field Feynman’s formulation
(DLPSFFF) was proposed to extract effectively the informa-
tion of electron dynamics and predict the new interference
structure [44]. It is worth noting that an oblique interfer-
ence structure was clearly predicted by using DLPSFFF in
single-color laser field [44]. In this paper, we show that the
multiple interference patterns, including the oblique structure,
can be controlled by employing a two-color field consisting
of a fundamental and its weaker third-harmonic fields. The
formation of these structures and field-induced dynamics are
explored. Especially, the underlying physical mechanism for
a new fine oblique structure is revealed.

Our article is organized as the following. We briefly intro-
duce the numerical methods for solving the time-dependent
Schrödinger equation (TDSE) and the Coulomb-corrected
strong-field approximation (CCSFA) methods in Sec. II; the
classical model to investigate the dynamics of the oblique
interference structure is presented in Sec. III. The conclusion
is given in Sec. IV. In our discussion, atomic units (a.u.) are
used throughout unless specified otherwise.

II. METHOD

In this section, we will briefly summarize the numerical
solution of the TDSE method, and the CCSFA approach based
on the application of the Feynman’s path-integral formalism.
The numerical result of the TDSE can be used as a benchmark
for assessing the validity of the CCSFA simulations.

A. The numerical solution of the time-dependent
Schrödinger equation

To investigate the PMDs of atoms induced by a two-color
field, we resort to the three-dimensional TDSE [45] with the
single-active-electron (SAE) approximation, spherically sym-
metric Coulomb potential, and in dipole approximation. The
TDSE in the velocity gauge reads

i
∂

∂t
�(r, t ) = H̄�(r, t ),

H̄ = −1

2
∇2 − iA(t ) · ∇ + V (r). (1)

Here H̄ is the Hamiltonian operator, the vector potential of the
external laser field is given by A(t ) = − ∫ t

0 E(t ′)dt ′ with the
corresponding electric field E(t ), and ∇ = ip̂ with p̂ denoting
the momentum operator. The Coulomb potential of the atom
is expressed by [45]

V (r) =

⎧⎪⎨
⎪⎩

−1.0/
√

r2 + α2 r < Rco,

−(2Rco − r)/R2
co Rco � r < 2Rco,

0 r � 2Rco,

(2)

where Rco is the cutoff radius, and α is the soft-core parameter.
The total wave function is expanded in spherical harmonics,

�(r, t ) = 1

r

∞∑
l=0

l∑
m=−l

φlm(r, t )Ylm(�). (3)

In the above, φlm(r, t ) is the radial function, Ylm(�) is a
spherical harmonic function. l (m) is the angular (magnetic)
momentum quantum number. In this calculation, we now
consider a two-color linearly polarized laser field. The polar-
ization direction is along z axis and the electric field can be
expressed in the form

E(t ) = f (t )[E0cos(ωt ) + E1cos(3ωt + ϕ)]ez. (4)

In our TDSE calculation, the pulse envelope can be expressed
as f (t ) = sin2(πt/τp) with τp = 6T1600 nm, and T1600 nm de-
notes the unit of period of fundamental field. In Eq. (4), E0 and
E1 are the strengths of the fundamental and the third-harmonic
fields, respectively. ω is the laser frequency of the fundamental
field, and ϕ is the relative phase of the two colors. In Eq. (2),
α and Rco are separately set to be 0.04 a.u. and 100.0 a.u.
such that they match the ionization potential of xenon atom
Ip = 0.446 a.u. and satisfy convergence accuracy.

B. The Coulomb-corrected strong-field approximation method

The semiclassical model provides an intuitive background
for exact theories and has direct implications for the interfer-
ence structures. To reveal the underlying mechanism of these
interference structures, we apply the CCSFA to calculate the
PMDs.

The EWP of a free electron in an external electronic field
is quantum mechanically described by Gordon-Volkov states.
In the non-relativistic limit, the Gordon-Volkov wave function
in velocity gauge can be written as [16,46,47],

ψ (GV,V)
p (r, t ) = 1

(2π )3/2
exp

{
i

[
(p + A(t )) · r − 1

2

∫ t

0
dt ′(p + A(t ′))2

]}
. (5)

In the strong-field approximation (SFA), the final state can be
substituted by Gordon-Volkov state, 〈ψp(t f )| → 〈ψ (GV)

p (t f )|,
then the transition amplitude of electron from initial ground
state ψ0 with binding potential −Ip to the continuum state
ψ (GV)

p of asymptotic momentum p in the length gauge can be
described by

Mp(t f , ti ) = −i
∫ t f

ti

dτ
〈
ψ (GV)

p (τ )|Ŵ (τ )|ψ0(τ )
〉
, (6)

where Ŵ (t ) = r · E(t ) is the interaction with the external
field. Due to the large amount of calculation for solving the
saddle-point equation under the sin-squared envelope with
duration 6T1600 nm conditions, the half-trapezoidal envelope in
the semiclassical model

f (t ) =

⎧⎪⎨
⎪⎩

1.0 0 � t < 2T1600 nm,

3T1600 nm−t
T1600 nm

2T1600 nm � t < 3T1600 nm

0 t � 3T1600 nm

(7)
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is used, which can work well with the our TDSE results. It has
verified that the two different envelopes will not significantly
affect the oblique interference pattern in our calculation. Sub-
stituting the Gordon-Volkov state into Eq. (6), the transition
matrix element is rewritten as

Mp(t f , ti ) = −i
∫ t f

ti

dτ 〈p + A(τ )|r · E(τ )|ψ0〉eiSIp,p(τ ). (8)

Since the action SIp,p in Eq. (8) is a rapidly oscillating func-
tion, the saddle-point approximation is resorted to simplify
the transition matrix. The saddle point t (α)

s satisfies the saddle
point equation

∂SIp,p

∂t
|t (α)

s
= 0 ⇒ 1

2

(
p + A

(
t (α)
s

))2 = −Ip. (9)

Here Ip > 0 and p is real, it is easy to figure out that t (α)
s is a

complex, i.e., t (α)
s = t (α)

r + it (α)
i , where α denotes a quantum

trajectory. Further the corresponding action integral SIp,p(t (α)
s )

can be separated into two parts [48]

SIp,p
(
t (α)
r

) = −
∫ t (α)

r

t (α)
s

(
1

2
v2(τ ) + Ip

)
dτ

−
∫ Tp

t (α)
r

(
1

2
v2(τ ) − Z

|r(τ )| + Ip

)
dτ, (10)

where the effective charge is set to be Z = 2
√

Ip, v(τ ) is the
instantaneous velocity of the electron, and Tp is the time of
laser switched off. It is worth mentioning that the first and
second terms on the right of Eq. (10) are the sub-barrier and
the real-time contributions to the phase, respectively [13,49].
Thus using the contour integral of passing near a saddle-point
in the complex plane, the integration over τ in Eq. (8) is recast
in the form of a sum over all saddle points t (α)

s [50],

Mp ∼
∑

α

(2Ip)5/4

√
2E

(
t (α)
s

)[
p + A

(
t (α)
s

)]eiSIp,p(t (α)
s ), (11)

which indicates the transition amplitude from the bound
state to the continuum state of asymptotic momentum p is
a coherent superposition of contributions from all quantum
trajectories. Equations (11) and (9) offer deeper physical
insight into the ionization process by using “quantum trajec-
tories” to describe the movement of electron in sub-barrier.
The complex trajectories are a natural extension of classical
trajectories, which are calculated by Newton’s equation of
motion. For a certain trajectory, the initial velocity while
tunneling out at time tr can be written as v0(tr ) = A(tr ) + p,
and the initial position can be defined as the real displacement
r0(tr ) = Re(

∫ tr
ts

A(t ′)dt ′) [51]. After tunneling, the motion of
the electron in the real-time propagation is determined by
classical trajectory, which can be described by Newton’s equa-
tions: ṙ(t ) = p(t ) and ṗ(t ) = −Zr(t )/|r(t )|3 − E(t ). After
the electric field is switched off, the motion of the electron is
governed by the Coulomb force and follows Kepler’s law [52].

III. RESULTS AND DISCUSSION

A. The multiple interference dynamics

In our simulations, the wavelength of the fundamental field
is λ = 1600 nm, the peak intensities of the fundamental and

FIG. 1. (a) Electric field of the first two cycles with the funda-
mental 1600 nm and the third-harmonic fields, where peak intensities
are 150 × 1012 W/cm2 and 9.4 × 1012 W/cm2, respectively, and rel-
ative phase ϕ = 0 by using half-trapezoidal envelope. [(b), (c)]
PMDs calculated by the TDSE and CCSFA, respectively, where the
sin2 and half-trapezoidal envelope functions are separately used in
the TDSE and CCSFA methods (on a logarithmic scale).

the third-harmonic fields are 150 × 1012 W/cm2 and 9.4 ×
1012 W/cm2, respectively. In our calculation, the interference
structures in PMD can be efficiently controlled by changing
the relative phase in this two-color laser field. Figure 1(a)
presents a two-color linearly polarized laser field of the first
two cycle with relative phase ϕ = 0 to clearly show the ion-
ization window. In CCSFA simulation, we just considered
electrons emitted in the platform region of the electric fields.
Figures 1(b) and 1(c) show the multiple interference structures
in PMDs calculated by solving TDSE and CCSFA meth-
ods, respectively. The CCSFA simulation reproduces well the
main interference features of the TDSE result. There are five
types of interference structures clearly observed from both
the TDSE and the CCSFA simulations: (I) In Fig. 1(b), the
first one is the ringlike structure (black thin solid lines) in low
momentum part, formed with the above-threshold ionization
peaks [53]. This interference stems from the direct electrons
tunneling ionized during two adjacent cycles [50] at the time
windows A2-A3 and B2-B3. (II) The second type is the fish-
bonelike interference pattern (black-thick-solid lines) [15,34],
which arises from the interference between directly ionized
electrons and backscattered electrons in half-cycles of the
time windows A1-A4. (III) The third one, the superposition
of the two structures forms a new ringlike interference struc-
ture (black-thin-dash lines), which is different from the ATI
structure with the center at the origin [6]. (IV) The fourth type
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FIG. 2. PMDs simulated by CCSFA and initial conditions of
this region. (a) All the electrons are considered, (b) only rescatter
electrons are considered, (c) only direct electrons are considered,
(d) only rescatter electrons are considered without coherent phase.
(e) The initial conditions for the final velocity range are selected.
The symbols A and B represent the scattered electrons, where the
parameters are the same as that in Fig. 1 (on a logarithmic scale).

is the spiderlike holographic interference fringes (black-thick-
dash lines), which are almost straight at large longitudinal
momentum originating from the interference of the electrons
reaching the detector directly after tunneling and those with a
near-forward rescattering with the parent ion at time windows
A2-A3 [13]. (V) Here we show a interference pattern called
as the oblique structure in this paper, marked by the red-solid
lines in Figs. 1(b) and 1(c), where this structure had been
clearly predicted by using DLPSFFF approach [44]. It is noted
that the oblique structure in the CCSFA is much fainter than
that in the TDSE, which is because that the number of the
total trajectories (i.e., 1.6 × 108) in our CCSFA simulation is
not big enough. In our previous paper [44], the result of the
DLPSFFF had been shown that if the total trajectories number
is large enough in the CCSFA, the oblique structure will be
close to the result of TDSE. To gain more insight into the
origin of the interference structure, we analyze all electron
trajectories contributing to the momentum spectrum with final
momenta in the range 0.8 a.u.< pz < 2.0 a.u. and −1.0 a.u.<
px < −0.5 a.u., as shown in Fig. 2(a). In this region, the initial
conditions of the direct electron and the scattered electron
are clearly separated, as shown in Fig. 2(e). It is shown that
the contribution of the direct electrons is distributed in the
regions around v0 = 0.75 a.u., and appears near each peak of
electric field. While the contribution of the scattered electrons
(labeled by A and B) is distribution in the regions v0 < 0.50
a.u. and mainly appears after peak of electric field. By com-
parisons with the interference structures from contributions
of the scattered and direct electrons as shown in Figs. 2(b)
and 2(c), one can see that the oblique structure arises from the
contributions of the scattered electrons. Figure 2(d) shows the
contributions of the scattered electrons without interference
effect. It indicates that the oblique structure is only attributed
to the coherent contributions from the scattered EWPs with
different phases. Here we will discuss the contributions of
scattered electrons A and B to the oblique interference struc-
ture. Figure 3(a) represents the contribution from only the
scattered electrons A. It can be seen that the scattered elec-
trons A from a quarter-cycle of the fundamental field can
form the gross interference structure. While the intercycle
interferences from both the scattered electrons A and B can

FIG. 3. PMDs of different contributions from the scattered elec-
trons labeled as A (a), both A and B (b), as well as the single
(c) and double (d) scattering processes from scattered electrons A,
respectively. In (a), the circle and triangle symbols correspond to the
final momenta (px, pz ) = (−0.8531, 1.348) and (−0.8981, 1.232)
a.u., where the first and second points are from the constructive and
destructive stripes, respectively. In (b), the circle and triangle sym-
bols correspond to the final momenta (px, pz ) = (−0.8531, 1.348)
and (−0.8456, 1.348) a.u., which are from the adjacent constructive
and destructive fine stripes, respectively (on a logarithmic scale).

result in the fine structure, as shown in Fig. 3(b). It is well
known that the tunneling electrons may be scattered many
times by the joint influence of the laser field and Coulomb
potential. Figures 3(c) and 3(d) present contributions from
the scattered electrons A in the single and double scattering
processes, respectively. It is shown that the single scattering
process makes a dominant contribution to the formation of
the oblique interference structure, and the contributions of
double or even higher scattering can be ignored according to
our calculation. Hence we only consider the single scattered
process to contribution of the oblique interference structure
in the following. In order to further uncover the dynamic
information of the oblique interference structure, we will give
an intuitive physical interpretation by analyzing the trajecto-
ries and corresponding phases of the ionized electrons in the
ionization process. Without loss of generality, the trajectories
with the final momenta (px, pz ) = (−0.8531, 1.348) a.u. as a
constructive interference point, and (−0.8981, 1.232) a.u. as a
destructive interference point, marked separately by the closed
circle and triangle symbols in Fig. 3(a), are used to discuss the
interference between different scattered electrons.

Figure 4(a) presents the distributions of phases and the
corresponding ionization probabilities for different trajecto-
ries with the same final momentum (−0.8531, 1.348) a.u. It is
shown that there are some trajectories making contributions to
the final momentum [54]. In Fig. 4(a), (ti, px0, pz0) represents
the initial momentum (px0, pz0) of the electron ionized at time
ti. One can find that the ionization probability is larger and
the initial transverse momentum px0 is smaller as the electron
is ionized nearer to the crest of the laser field. As a result,
these trajectories can be mainly classified into two categories
according to the ionization time ti, i.e., trajectories with the
lower ionization probability for ti = 15.4 a.u., trajectories
with the larger ionization probability for ti = 9.96 a.u. Fur-
ther the two categories can be represented by two equivalent
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FIG. 4. (a) The closed squares show distributions of phases and
the corresponding ionization probabilities for different trajectories
with the same final momentum (px, pz ) = (−0.8531, 1.348) a.u. as
shown by the closed circle in Fig. 3, and the ionization probabilities
near the values 0.3 and 0.1 are corresponding to the initial conditions
(9.96, 0.0169, 0.122) and (15.4, 0.203, 0.251) a.u., respectively. The
closed circle labeled by s1 and hollow square labeled by s2 represent
the equivalent phases and corresponding probabilities for trajectories
born at ti = 9.96 and 15.4 a.u., where the ionization probability of s1

is divided by 4. [(b),(c)] Typical trajectories for ionization time ti =
9.96 and 15.4 a.u., respectively, where the insets are the enlargements
near the origin and the black arrows indicate the movement direction
of the ionized electron.

trajectories: the equivalent ionization probability is a coherent
sum by P = |∑ j Pjeiϕ j |, and the equivalent phase is given
by ψ = arg(

∑
j Pjeiϕ j ), where Pj and ϕ j are the probability

and phase of a certain trajectory j. For ti = 9.96 a.u., there
are seven trajectories, so the equivalent ionization probabil-
ity and phase separately are Ps1 = 1.61 and ψs1 = 191.8◦, as
marked by the closed circle (s1) in Fig. 4(a). For ti = 15.4
a.u., there are two trajectories, so Ps2 = 0.186 and ψs2 =
221.0◦, as shown by the hollow square (s2). The phase dif-
ference between two equivalent trajectories is about π/6 (i.e.,
smaller than π/2), while Ps1 is much larger than Ps2 . Hence
the equivalent trajectory s1 makes a dominant contribution
to the ionization process, which can result in the forma-
tion of gross interference structure from the the scattered
electron ionized within a quarter-cycle of the fundamental
field.

FIG. 5. (a) The closed squares show distributions of phases and
the corresponding ionization probabilities for different trajectories
with the same final momentum (−0.8981, 1.232) a.u. as shown by
the closed triangle in Fig. 3, and the ionization probabilities near the
values 0.39, 0.31, and 0.12 are separately corresponding to the initial
conditions (1.0, 0.07, 0.01), (8.82, 0.01, 0.11) and (14.9, 0.17, 0.23)
a.u., the closed circle labeled by s1 and hollow square labeled by s2

represent the equivalent phases and probabilities for trajectories with
the larger and smaller ionization probabilities, respectively. [(b)–(d)]
Typical trajectories for ionization time ti = 1.0, 8.82, and 14.9 a.u.,
respectively. The black arrows indicate the movement direction of
the ionized electron.

Figures 4(b) and 4(c) show the typical trajectories for ion-
ization time ti = 9.96 a.u. and 15.4 a.u., respectively. One
can see that the two trajectories are very similar: the electron
starts from the tunnel exit, but ends up with a parallel mo-
mentum in the same direction, and the transverse momentum
px changes sign by undergoing soft collisions, such as those
seen in [55]. They are known as the forward-scattered trajec-
tories [48,55]. At same time, there exists an obvious difference
at the origin for the two typical trajectories. In Fig. 4(b),
electrons with the near-zero initial transverse momenta are
scattered with the large angle by the ionic potential in the
direction of the laser polarization as predicted in [44], and
this trajectory plays an crucial role in the ionization process.
While the electrons with large initial transverse momenta are
first decelerated by the laser field with opposite direction, and
then are deflected by passing the core, as shown in Fig. 4(c).
The above typical trajectories are similar to that of the inner
spiderlike structure [29,36], and are obviously different with
that of the typical holographic structures such as fishbonelike
pattern [27]. Similarly, Fig. 5(a) shows the distributions of
phases and the corresponding ionization probabilities for tra-
jectories for the final momentum (−0.8981, 1.232) a.u. The
equivalent trajectory s1 is from the contributions of electron
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ionized at both ti = 1.0 a.u. and 8.82 a.u., as marked by the
closed circle in Fig. 5(a), and the other equivalent trajec-
tory s2 is from the contributions of electrons ionized born at
ti = 14.90 a.u., as marked by the hollow square. It is shown
that the ionization probabilities of the two equivalent trajecto-
ries s1 and s2 are 0.69 and 0.39, respectively, and their phase
difference is approximately equal to π , which results in the
destructive interference. There exist three typical trajectories,
as shown in Figs. 5(b)–5(d). In Fig. 5(b), the electrons with the
near-zero initial momenta are first driven in the polarization
direction, and then the longitudinal momentum is changed
twice, subsequently the electrons are accelerated and undergo
hard collisions with the core. Also, the trajectories shown in
Figs. 5(c) and 5(d) are much similar to that in Figs. 4(b)
and 4(c), respectively. The three typical trajectories possess
final phase difference equal to π as shown in Fig. 5(a), and
these electrons can arrive at the detector with the same mo-
mentum, which cause the destructive interference. We have
noted that these trajectories are very close to the core dur-
ing the collision, so scattered electrons carry the information
about the core. Hence this structure caused by the large angle
scattering can be also used to image the structure of the target
as reported in [17,25,27]. Further, according to the above anal-
ysis in Figs. 4 and 5, it is concluded that the gross structure
of the oblique interference arises from the forward-scattered
electron ionized within a quarter-cycle of the fundamental
field. This structure is distinctly different from the holo-
graphic interference structure induced by the interference
between the direct and scattered trajectories [15,37]. Next the
fine interference structure will be discussed. The momenta
(−0.8531, 1.348) a.u. and (−0.8456, 1.348) a.u. on the ad-
jacent constructive and destructive fine stripes in Fig. 3(b)
are used as samples. Figures 6(a) and 6(b) show distribu-
tions of phases and the corresponding ionization probabilities
for the final momentum (a) (−0.8531, 1.348) a.u. and (b)
(−0.8456, 1.348) a.u. Figure 6(a) shows that the ionization
probabilities of the equivalent trajectories s1 and s2 are com-
parable, and their phase difference is smaller than π/2, which
lead to the constructive interference. Here we have neglected
the trajectories with lower ionization smaller than 0.1. In
Fig. 6(b), because the phase difference of s1 and s2 is about
equal to π , the interference is destructive. The above result in-
dicates that electrons born in two adjacent cycles, possessing
different phases and approximately equal probabilities but the
same final momentum, can give rise to coherent superposition
and form the fine interference structure.

B. Dependence of the interference structure
on the relative phase

By the above analysis of the scattered electrons’ trajec-
tories, it has been demonstrated that the final interference is
directly related with the ionization probabilities and accumu-
lated phases of scattered electrons. The gross structure of the
oblique structure is attributed to contributions from forward-
scattered electrons emitted within a same quarter-cycle of
the fundamental field. Further, the probabilities and tunneling
times of the ionized electrons are obviously dependent on
the synthetic laser field, and can be effectively controlled by
the relative phase of two laser fields [56,57]. As a result, the

FIG. 6. Distributions of phases and the corresponding ioniza-
tion probabilities for the final momentum (a) (−0.8531, 1.348) and
(b) (−0.8456, 1.348) a.u. The hollow circles and triangles stand for
the phases and probabilities of trajectories from scattered electrons A
and B, respectively. The closed circle (s1) and triangle (s2) represent
the equivalent phases and corresponding probabilities from these
hollow circles and triangles, respectively.

dynamics of the different ionized electrons can be manipu-
lated by the relative phase to produce the certain interference
pattern.

Despite the intensity of the third-harmonic laser is low in
this paper, the synthetic laser field can be effectively modu-
lated by controlling the relative phase ϕ, as shown by blue
curves in Figs. 7(a) and 7(d) for ϕ = −0.5π and 0.5π , respec-
tively. One can see that the peaks positions of the laser field
are obviously shifted with different relative phases. Further
the PMDs are depicted for ϕ = −0.5π [Figs. 7(b) and 7(c)]
and ϕ = 0.5π [Figs. 7(e) and 7(f)], where Figs. 7(b) and 7(e)
are simulated by the TDSE, Figs. 7(c) and 7(f) are simulated
by the CCSFA. The results of the TDSE are in good agreement
with the corresponding results of the CCSFA. It is found that
the multiple interference structures in PMDs are sensitively
manipulated by the relative phases of two color. The spiderlike
interference is more prominent for ϕ = −0.5π in Figs. 7(b)
and 7(c), while is obscured for ϕ = 0.5π in Figs. 7(e) and 7(f).
Meanwhile, the fishbonelike interference pattern is enhanced
in in Figs. 7(e) and 7(f). It is noted that the oblique interfer-
ence structure also depends significantly on the relative phase
of two colors, where the oblique structure for ϕ = −0.5π is
enhanced and the structure for ϕ = 0.5π is suppressed.

So as to understand the reason that the multiple interfer-
ence structures are controlled by laser parameters, the initial
conditions for the final velocity range 0.8 a.u.< pz < 2.0 a.u.
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FIG. 7. (a) and (d) show the initial conditions for the final velocity range 0.8 a.u.< pz < 2.0 a.u. and −1.0 a.u.< px < −0.5 a.u. as shown
by the rectangular areas in (c) and (f), the symbols A and B represent the scattered electrons, and blue curve represents the laser field. [(b),
(c)] and [(e), (f)] show PMDs with different relative phases, where (b) and (e) are simulated by the TDSE, and (c) and (f) are simulated by the
CCSFA. [(a)–(c)] and [(d)–(f)] are corresponding to relative phases ϕ = −0.5π and 0.5π , respectively (on a logarithmic scale).

and −1.0 a.u.< px < −0.5 a.u. [the rectangular areas in
Figs. 7(c) and 7(f)] are shown by the color areas in Figs. 7(a)
and 7(d) for ϕ = −0.5π and 0.5π , respectively. It is found
that the relative ionization times for direct and scattered
electrons are controlled by the relative phase, where the ion-
izations for direct and scattered electrons happen within a
same quarter-cycle of the fundamental field for ϕ = −0.5π .
Also, the probabilities of forward-scattered electrons are ob-
viously enhanced when ϕ = −0.5π . Hence these results may
be in favor to the enhancement of the oblique and spider-
like interferences for ϕ = −0.5π . On the other hand, for
ϕ = 0.5π , the fishbonelike structure is enhanced due to the
increase of probability for backscattered electrons [15]. By
the analogy, the dynamics of other interference patterns can be
also manipulated by the relative phase to control the ionized
times and the coherent phases of EWPs. Hence it indicates that
the two-color laser fields can be tailored with the purpose of
manipulating specific dynamics process of ionized electron,
which will be helpful to study certain patterns in the multiple
interference structure.

Additionally, the fine structure is attributed to the intercy-
cle interference of the forward-scattered trajectories released
within the adjacent periods of the fundamental field, the
momentum distribution based on Eq. (11) can be simplified
by [58]

M(p) ∼
∣∣∣∣∣

∑
j=tA,tA+T1600 nm

eiS j

∣∣∣∣∣
2

= |eiS1 + eiS2 |2

= 2|1 + cos(S12)|, (12)

where tA and tA + T1600 nm stand for the times of electron
ionized from A and B respectively, S j is corresponding action

calculated by Eq. (10) for the equivalent trajectory born at
j = tA or tA + T1600 nm. S12 represents the phase difference
between two intercycle trajectories and can be approximated
as

S12 =
∫ t1+T1600 nm

t1

[
1

2
(p + A(τ ))2 − Z

|r(τ )| + Ip

]
dτ

= (Ek + Up1 + Up2 + Ip)T1600 nm

+ E2
1 T1600 nm

18ω2
sin2 ϕ + pzE1T1600 nm

3ω
sin ϕ

−
∫ t1+T1600 nm

t1

Z

|r(τ )|dτ. (13)

In the above, Ek = p2/2 is kinetic energy of the ionized elec-
tron, Up1 (Up2) is ponderomotive energy of ionized electron
from the fundamental (third harmonic) laser field. Equa-
tion (13) indicates that the fine structure is dependent on the
energy of the ionized electron and Coulomb potential for a
certain laser condition. The fringe separation in fine structure
decreases with the increase of energy of the ionized electron,
as shown in Fig. 3(b).

IV. CONCLUSION

In conclusion, we have studied the multiple interferences
in the PMDs and revealed dynamics of these complex struc-
tures by solving the TDSE and using CCSFA methods, when
xenon atom was exposed to a two-color linearly polarized
laser field. The CCSFA simulations reproduce well the main
interference features of the TDSE results. Especially, the
oblique interference structure was analyzed. By extracting the
initial conditions of the ionized electrons, it has been found
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that the oblique structure is only attributed to the interfer-
ence from the forward-scattered electrons carrying different
phases. Further, the gross interference structure comes from
the scattered electron ionized within a quarter-cycle of the
fundamental field; the fine structure stems from the intercycle
interferences from the forward-scattered electrons. Also, by
analyzing the trajectories of the scattered electrons released
at different times, it has been demonstrated that the electrons
ionized within a quarter-cycle of the fundamental field can
be divided into two classes: If the ionization probabilities
of the two equivalent trajectories are comparable, and phase
difference is approximated to π , they will lead to the destruc-
tive interference; if one of the equivalent trajectories makes a
dominant contribution to the ionization process, it will result
in the appearance of gross interference structure. Moreover,

it has been proved that the dynamics of multiple interference
structure can be manipulated by relative phase of two colors
to produce a certain structure. This structure will boost future
research to extract ultrafast-resolved spatio-temporal informa-
tion from strong-field patterns.
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