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Angular-dependent asymmetries of above-threshold ionization in a two-color laser field
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We measure photoelectron momentum spectra from above-threshold ionization of Xe atoms in a linearly
polarized two-color laser field with comparable intensities. The spectra show distinct forward-backward
asymmetries along the laser polarization direction, which depend sensitively on the electron emission angle and
the relative phase between the two-color components. We find that with increasing the emission angle relative
to the laser polarization direction, there is a phase shift in the asymmetry curve as a function of the two-color
relative phase. Using a semiclassical model, we disentangle the relative contributions of the nonscattering and the
rescattering trajectories on the photoelectron angular distributions of the above-threshold ionization. We show
that the angular-dependent asymmetry comes from different contributions of the nonscattering and rescattering
trajectories at different emission angles. By tuning the relative phase of the parallel two-color laser fields, the
relative contributions of the nonscattering and the rescattering trajectories can be precisely controlled.
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I. INTRODUCTION

Above-threshold ionization (ATI) is one of the most
fundamental processes in strong-field physics, which has
attracted both experimental and theoretical interest in the past
three decades [1]. ATI is interpreted as multiphoton absorption
beyond the threshold when the Keldysh parameter [2] γ

is larger than 1 (γ = √
Ip/2Up where Ip is the ionization

potential, Up = F0
2/4ω2 the ponderomotive energy, F0 the

field amplitude, ω the laser frequency). Atomic units (a.u.)
are used throughout unless stated otherwise. In the tunneling
regime, i.e., γ < 1, a series of electronic wave packets are
released at the tunnel exit, which follow different pathways
from a specific electronic initial state into the same final
momentum. The formation of the photoelectron angular
distributions of the ATI has been revealed in terms of the
interference of the trajectories [3,4].

In the ATI energy spectra, it is believed that the electrons
with energy smaller than 2Up are mainly dominated by
nonscattering trajectories. Besides those nonscattering tra-
jectories, rescattering trajectories also make a considerable
contribution to the ATI energy spectra. It is well known that
electron rescattering plays an important role in the formation
of high-order ATI; i.e., the rescattering electrons can form
a plateau in the ATI energy spectrum ranging from ∼2Up

to a cutoff at 10Up [5]. Recently, it has been shown that the
rescattering trajectory has a significant effect on the spider-leg-
shaped structures in the momentum distribution of the low-
energy electrons [6,7]. Both rescattering and nonscattering
trajectories have been successfully used to image molecular
orbitals [8–10]. In addition, the rescattering trajectories are
also very significant for the related strong-field processes,
such as nonsequential double ionization [11], high-order-
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harmonic generation [12,13], and molecular dissociation and
fragmentation.

The above-threshold ionization by two-color laser fields
with well-defined relative phase allows one to control tunnel-
ing electrons with attosecond precision [14]. It has been shown
that the photoelectron energy spectra and the doubly differ-
ential momentum distributions of the ionized electron vary
sensitively with the relative phase in a two-color laser pulse
consisting of the fundamental field and its second harmonic
[15–17]. Those strong variations have many applications in
strong-field physics. Using a two-color laser pulse, one can
control the photoelectron interferences in both temporal and
spatial domains [18–21], the electron-electron correlation in
nonsequential double ionization [22], and the proton emission
in molecular dissociation [23]. Nowadays, the two-color laser
fields have further extended to probing phase shifts and
electron delays in ATI [24], retrieving the phase difference
of the valence-electron cloud in atoms [25], determining the
ionization and tunneling times of high-harmonic generation
[26,27], and measuring the Freeman resonance delay between
electrons emitted via two Rydberg states [28]. Using the phase-
of-the-phase spectra, Skruszewicz et al. have revealed the
subcycle dynamics of the high-energy rescattering electron in a
parallel two-color field [29]. Most of the previous experimental
works investigated the energy-resolved electron spectra with
respect to the relative phase in a two-color laser field [24,28].
The angle-dependent electron spectrum of the ATI with respect
to the relative phase is rarely studied.

In this work, we measure the photoelectron momentum
spectra from above-threshold ionization of Xe atoms in a two-
color laser field with parallel polarizations using velocity-map
imaging (VMI) spectrometers. The angle-resolved electron
spectra of the ATI show distinct oscillations with respect to
the relative phase of the two-color components. Depending on
the electron emission angle, the electron yield shows obvious
forward-backward asymmetries along the laser polarization
direction. We find that with increasing the emission angle
relative to the polarization direction, there is a phase shift
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in the asymmetry curve with respect to the two-color relative
phase. Based on a semiclassical model, we separate the relative
contributions of nonscattering and rescattering trajectories
on the photoelectron angular distribution of the ATI. The
relative contributions of the nonscattering and the rescattering
trajectories to different emission angles differ considerably,
thus leading to the angular-dependent asymmetries. The
nonscattering electrons are mainly distributed in the laser
polarization direction, while the rescattering electrons can
be emitted to the direction with a large angle relative to
the laser polarization depending on the relative phase of the
two-color components. Through tuning the relative phase, the
relative contributions of the nonscattering and the rescattering
trajectories can be precisely controlled in the parallel two-color
laser field.

II. METHODS

A. Experiment

The experiments were carried out using a homebuilt VMI
spectrometer [30]. The laser pulse generated by a Ti:sapphire
laser system (800 nm, 35 fs, 1 kHz) was used to produce
the second harmonic with a 300-μm-thick β-barium borate
(β-BBO) crystal. After the BBO, the laser pulse consisted of
both fundamental (800-nm) and second-harmonic (400-nm)
components, and they were sent through a calcite plate to
compensate the group delay between the two colors introduced
by the rest of the optical elements. Then we sent the pulse
through a dual-order wave plate to rotate the polarization of
the 800-nm component while keeping the polarization of the
400-nm field unchanged. The two-color field was passed
through a wire grid polarizer to ensure that the two-color com-
ponents had the same polarization direction. The polarization
direction of the laser beam was parallel to the MCP detector
and perpendicular to the static electric field of the VMI. We
changed the relative phase between the two-color components
with a pair of glass wedges. One of the wedges was fixed, and
the other one was mounted on a motorized stage. The two-color
laser pulse was focused into the VMI spectrometer to interact
with the gas beam of Xe using a convex lens. To have a high
resolution of the low-order ATI, we put a voltage of –500 V
on the repeller electrode and –380 V on the extractor electrode
to collect the photoelectrons. Through tuning the axis of the
motorized stage, we obtained a series of images of the electron
momentum spectra with the same interval of the relative
phase between the two colors. We recorded the photoelectron
images for the relative phases changing over a range from
0 to 4π .

By using an iterative inversion procedure [31], the three-
dimensional velocity distributions and the photoelectron angu-
lar distributions were retrieved. The ratio of the laser intensity
between the second harmonic and the fundamental field is
estimated from the frequency spectrum and the whole intensity
of the laser pulse is calibrated by the shift of the ATI peak
[30]. In the experiment, the intensity for the 400-nm laser
field is ∼5.76 × 1013 W/cm2 and for the 800-nm laser field
it is ∼4 × 1013 W/cm2. The absolute value of the relative
phase between the two-color components is calibrated by
comparisons with the numerical result.

B. Theoretical method

We use a semiclassical model to model the ionization of
atoms in the two-color laser fields [32]. Firstly, we sample the
electrons at the tunnel exit using the Monte Carlo method,
in which the position of the tunnel exit is approximated
given by zexit = −Ip/E(t), where E(t) is the instantaneous
electric field of the laser pulse. The instantaneous tunneling
ionization rate and the initial momentum distribution at the
tunnel exit are given by the Ammosov-Delone-Krainov theory
[33]. After tunneling the electron evolution in the combined
oscillating laser field and Coulomb field is solved via the
classical Newtonian equation r̈ = −Zr/r3 − E(t), where r

is the distance between the electron and the nucleus and Z

is the nuclear charge. Here the Coulomb potential and the
external laser field are nonperturbatively included. At the end
of the laser field, we select the electrons with positive
energy and calculate the asymptotic momenta according to the
Kepler’s laws. The final photoelectron momentum spectrum
is the sum of the ionization probability of all the trajectories
in the momentum space. The parallel two-color laser field is
given by E(t) = E0f (t) cos(ωt)z + aE0f (t) cos[2(ωt + ϕ)]z,
where f (t) is the pulse envelope; E0 and ω are the ampli-
tude and frequency of the 800-nm fundamental laser field,
respectively; a is the ratio of field strength of the two-color
components; z is the unit vector in the laser polarization
direction; ϕ is the relative phase of the two-color components.
In the simulation, the laser envelope is a cosine square shape
with 20 cycles of the 800-nm field in total.

III. RESULTS AND DISCUSSIONS

Figures 1(a)–1(c) show the measured two-dimensional
photoelectron momentum distributions of Xe atoms in a
two-color laser field with parallel polarizations at the relative
phases of (a) ϕ = 0, (b) ϕ = π/2, and (c) ϕ = π , respectively.
The photoelectron momentum distributions exhibit features
which are similar to those in previous experiments using two-
color laser fields [24,28]. First, all photoelectron momentum
spectra show ringlike structures centered at zero momentum,
which correspond to the ATI peaks in the energy spectrum.
Second, each ATI peak exhibits an asymmetry along the laser
polarization direction. At ϕ = 0, one can see that the electrons
with positive final momenta (emitted in the forward direction)
are greater in number than the electrons with negative final
momenta (emitted in the backward direction), while at ϕ = π

the electrons emitted in the backward direction dominate over
the electrons emitted in the forward direction. Moreover, one
can find the asymmetric electron emission depends on the
electron emission angle θ , where θ is the angle relative to the
laser polarization direction.

In Figs. 2(a) and 2(b), we show the photoelectron angular
distributions with respect to the relative phase for the first
and second-order ATI, respectively. The modulations of the
photoelectron yield with respect to the relative phase are
different for the first-order and second-order ATI peaks. Due
to the effect of the Coulomb potential, the modulation depth
for the electrons emitted along the laser polarization direction
is larger than that of electrons emitted transverse to the laser
polarization direction for both the first-order and second-order
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FIG. 1. The measured two-dimensional photoelectron momentum distributions of xenon atom in a two-color laser field at relative phases
of (a) ϕ = 0, (b) ϕ = π/2, and (c) ϕ = π . The intensity for the 400-nm laser field is ∼5.76 × 1013 W/cm2 and for the 800-nm laser field it is
∼4 × 1013 W/cm2. The laser polarization direction is along the vertical direction.

ATI. Furthermore, there is a clear phase shift of ∼0.25π

between the first-order and second-order ATI. This phase
shift originates from the Coulomb correction of the parent
ion to the interfering electron trajectories for the low-order
ATI [24,28]. More interestingly, the yield of the electrons
emitted along the laser polarization direction (near 0◦ and
180◦) and transverse to the laser polarization direction (near
90◦) shows different modulations with respect to the relative
phase for the same-order ATI. Figures 2(c) and 2(e) show the
ionization probability with the relative phase for the first-order
ATI at θ = 0◦ and θ = 90◦, respectively. Figures 2(d) and 2(f)
show the ionization probability with the relative phase for the
second-order ATI at θ = 0◦ and θ = 90◦, respectively. For
the first-order ATI, the yield has a maximum at ∼1.8π at the
emission angle of 0◦ while the maximum shifts to ∼0.2π at
the emission angle of 90◦, as seen in Figs. 2(c) and 2(e). For
the second-order ATI, the maximum of the yield locates at
∼1.55π at the emission angle of 0◦, while it shifts to ∼1.65π

at the emission angle of ∼90◦, as seen in Figs. 2(d) and 2(f).
To show the angle-dependent electron emission in a quanti-

tative way, we define the angle-dependent asymmetry parame-
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FIG. 2. The measured photoelectron angular distributions with
respect to the relative phase for the (a) first- and (b) second-order
ATI. (c,e) are the ionization probability of the first ATI with respect
to the relative phase at θ = 0◦ and θ = 90◦, respectively. (d,f) are
the ionization probability of the second-order ATI with respect to the
relative phase at θ = 0◦ and θ = 90◦, respectively.

ter as A(θ,ϕ) = P (θ,ϕ)−P (180−θ,ϕ)
P (θ,ϕ)+P (180−θ,ϕ) , where P (θ,ϕ) is the yield of

the electron emitted along the angle θ at the relative phase ϕ.
Next, we take the first-order ATI as an example. In Figs. 3(a),
3(d), and 3(g) we show the measured asymmetric parameter
with respect to the relative phase at the emission angles of 0◦,
50◦, and 85◦ for the first-order ATI, respectively. One can see
clear oscillations of the asymmetry parameter with respect to
the relative phase. Those oscillations depend sensitively on the
electron emission angle. For θ = 0◦, the maximum value of the
asymmetry parameter locates at the relative phase of ∼1.75π .
For θ = 50◦, the maximum value slightly shifts to ∼1.45π .
For θ = 85◦, the maximum value locates at the relative
phase of ∼0.3π . There is a clear phase shift for the oscillations
of the asymmetry parameters with respect to the relative phase
as the emission angle increases. One can further see that the
sign of the asymmetry parameter at 85◦ is opposite to that of
0◦ and 50◦ at some relative phases. For example, at ϕ = 0.4π

the asymmetry parameter is positive for θ = 85◦ while it is
negative for θ = 0◦ and θ = 50◦.

We use the semiclassical model to explain the physical
origin of this angular-dependent asymmetry. We show the
calculated asymmetry parameter with respect to the relative
phase at the emission angle of 0◦ in Fig. 3(b), 50◦ in Fig. 3(e),
and 85◦ in Fig. 3(h) for the first-order ATI without including
the Coulomb potential and rescattering effect (Z = 0 in the
Newtonian equation). One can find that the oscillation of the
asymmetry parameter with respect to the relative phase is
independent of the electron emission angle. The asymmetry
curve with respect to the relative phase peaks at ϕ = 0.5π

for all emission angles because the vector potential of the
laser field is the most asymmetric at this relative phase.
We further show the calculated asymmetry parameter with
respect to the relative phase at the emission angle of 0◦ in
Fig. 3(c), 50◦ in Fig. 3(f), and 85◦ in Fig. 3(i), including
the Coulomb potential and rescattering effect (Z = 1 in
the Newtonian equation). Compared with the Coulomb-free
case, the phase of the oscillation shifts due to the effect
of the Coulomb tail [34,35]. One can further see that the
oscillation of the asymmetry with respect to the relative
phase differs for different emission angles. The asymmetry
curve peaks at the relative phase of ∼1.75π for θ = 0◦,
∼1.6π for θ = 50◦, and ∼0.4π for θ = 85◦, which qualita-
tively agree with the measurement. The qualitative agreement
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FIG. 3. The asymmetry curves with respect to the relative phase at the electron emission angles of 0◦, 50◦, and 85◦ from the experimental
data (a),(d),(g), the semiclassical simulation without the Coulomb potential (b),(e),(h), and the semiclassical simulation including the Coulomb
potential (c),(f),(i) for the first-order ATI. The solid lines are used to guide the modulation of the asymmetry parameters.

between the measurement and the simulation indicates that
the Coulomb potential and rescattering effect is responsible
for the angular-dependent asymmetries in the two-color laser
fields.

To show how the Coulomb potential and rescattering effect
influences the dependence of the asymmetry on the relative
phase, we need to separate the contributions of different
trajectories to the photoelectron angular distributions. As
known, both nonscattering electrons and rescattering electrons
contribute to the formation of the photoelectron angular
distribution of the ATI [4]. The nonscattering trajectories
mainly contributed to the low-energy photoelectrons. Those
nonscattering trajectories experience Coulomb focusing ef-
fects and their final transverse momenta are slightly smaller
than the initial momentum at the tunnel exit. Thus the signs
of the final transverse momenta of the nonscattering electrons
are the same as that of the initial transverse momenta. For
the rescattering trajectories, the rescattering process leads
to sign reversal of their transverse momenta [36]. Thus we
can separate the relative contributions of those two kinds of
trajectories within the semiclassical model.

We show the ionization probabilities of the nonscattering
(pxvx > 0), and rescattering (pxvx < 0) trajectories with
respect to the electron emission angle and the relative phase for
the first-order ATI in Figs. 4(a) and 4(b), respectively. Here px

is the final transverse momenta relative to the laser polarization
direction, and vx is the initial transverse momentum at the
tunnel exit. One can see that the relative contributions of the
rescattering trajectories and nonscattering trajectories reveal
different oscillations with respect to the relative phase. For
the emission angle of 0◦, the ionization probability of the
nonscattering trajectory has a maximum at the relative phase of
∼1.5π . At this relative phase, the vector potential of the laser
field is the most asymmetric, leading to the electrons being
mostly emitted at ∼0◦. Because the rescattering electrons are
mainly released after the field maximum, the maximum of
the ionization probability of the rescattering trajectory shifts

to the relative phase of ∼1.8π , as seen in Fig. 4(b). More im-
portantly, some of the rescattering trajectories can be emitted
to a large angle with respect to the laser polarization direction,
which depends sensitively on the relative phase. For example,
for the emission angle between 60◦ and 120◦, the relative
contribution of the rescattering trajectory is larger or smaller
than that of the nonscattering trajectory depending on the
relative phase. For the electrons emitted along the laser polar-
ization direction, the relative contribution of the nonscattering
trajectory is usually dominant over that of the rescattering
trajectory. Thus the yield of the electrons emitted to different
angles shows different modulations with respect to the relative
phase. The relative contributions of the rescattering and non-
scattering trajectories differ considerably at different emission
angles, thus leading to the angular-dependent asymmetry in
Fig. 3.

The following two reasons might be responsible for
the small difference of the maximum position between the
simulation and the measurement in Fig. 3. Firstly, the spatial
and temporal overlap of the 800- and 400-nm pulses in the
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electrons (a) and rescattering electrons (b) for the first-order ATI.
Note that the color scale is the same for both plots.
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FIG. 5. The calculated ionization probability of the nonscattering
and rescattering trajectories with respect to the electron emission
angle at the relative phases of 0.4π (a) and 1.6π (b) for the first-order
ATI.

experiment is not as perfect as assumed in the calculation.
Secondly, the semiclassical model based on ADK tunneling
theory and the classical Newtonian equation might not be
very accurate to describe the relative contributions of the
nonscattering and rescattering trajectories in different emission
angles. The relative contributions of rescattering trajectories
might be underestimated by the simulation at the emission
angles of 50◦ and 85◦.

In Fig. 5, we show the ionization probability of the
nonscattering and rescattering trajectories with respect to
the emission angle at the relative phase of 0.4π and 1.6π .
The relative phases of 0.4π and 1.6π correspond to the
maximum of the asymmetry parameter for the emission angles
of 85◦ and 50◦, respectively. At the relative phase of 0.4π

[Fig. 5(a)], there is an enhancement of the electron yield

at the emission angle from 60◦ to 90◦ for the rescattering
electrons, showing a hump structure at the emission angle of
60◦–90◦. Thus the electrons emitted nearly perpendicular to
the polarization direction are dominated by the contributions
of the rescattering trajectories, while at the emission angle
of 180◦ the electrons are dominated by the contributions of
the nonscattering electrons. For the electrons emitted nearly
along the laser polarization direction, there are more electrons
emitted along ∼180◦ than the electrons emitted along ∼0◦.
Thus the asymmetry parameter at θ = 0◦ is negative. For the
electrons emitted almost perpendicular to the laser polarization
direction, there are fewer electrons emitted along ∼95◦ than
along ∼85◦ because of the enhancement of the yield of the
rescattering trajectories at the emission angle of 60◦–90◦.
Therefore the asymmetry parameter at the emission angle of
85◦ is positive.

At the relative phase of 1.6π [Fig. 5(b)], the nonscattering
trajectories are mainly emitted along the laser polarization
direction (smaller than 30◦). The yield of the rescattering
trajectories with respect to the emission angle shows a
distribution ranging from 0◦ to 60◦, whose width is larger
than that of the nonscattering trajectories. Thus the electrons
along near ∼0◦ are dominated by the nonscattering trajectory
and the electrons along ∼50◦ are dominated by the rescattering
trajectory. Because the nonscattering and rescattering trajec-
tories are mainly emitted to the forward direction, the asym-
metry parameters are positive for both θ = 0◦ and θ = 50◦.
Moreover, the oscillations of the yield with respect to the
relative phase for the nonscattering electrons and rescattering
electrons reveal a small phase shift, as seen in Figs. 4(a) and
4(b); thus the asymmetry parameter with respect to the relative
phase also reveals a slight phase shift for those two emission
angles.
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FIG. 6. (a),(b) show the typical rescattering trajectories at the relative phases of 0.4π (emitted at ∼85◦) and 1.6π (emitted at ∼50◦),
respectively. (c),(d) show the time revolution of the transverse momentum of the electron trajectories in (a),(b), respectively. The corresponding
electric fields are shown with the blue lines in (c),(d). The arrows in (c),(d) show the instant of the rescattering.
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To shed more light on the dependence of the electron
emission angle on the relative phase for the rescattering
trajectory, we now trace the trajectories of the rescattering
electrons. In Figs. 6(a) and 6(b), we show the typical
rescattering trajectories at the relative phase of 0.4π and 1.6π ,
respectively. Figures 6(c) and 6(d) show the time evolution
of the electron transverse momenta, corresponding to the
trajectories in Figs. 6(a) and 6(b), respectively. At the relative
phase of 0.4π [Figs. 6(a) and 6(c)], the rescattering electron
is driven back by the laser field at nearly 0.8T after tunneling
(T is the cycle of the 800-nm laser field) with a small initial
transverse momentum of ∼0.08 a.u. at the tunnel exit. Thus
the electron has a small lateral distance of ∼4.3 a.u. from
the parent ion when the laser field drives it back along the
longitudinal direction relative to the laser polarization. The
electron is directly pulled by the strong Coulomb potential
to the nucleus and scattered forward with a large angle at
the instant of the scattering. Thus the electron has a large
possibility to be emitted transverse to the laser polarization
direction. At the relative phase of 1.6π [Figs. 6(b) and
6(d)], the rescattering electron is driven back at ∼0.5T after
tunneling. Compared with Fig. 6(a), the electron has a larger
initial transverse momentum of ∼0.11 a.u. at the tunnel exit
and a larger lateral distance of ∼6.1 a.u. from the parent
ion at the instant of the scattering. Therefore, the electron
is influenced by a smaller Coulomb effect, leading to a smaller
scattering angle at the instant of the scattering. Accordingly,
at the relative phase of 1.6π , it is easy for the rescattering
electron to be scattered to the directions with a small angle
relative to the laser polarization [Fig. 5(b)].

As shown above, the emission angle of the rescattering
trajectory depends on the difference between the rescattering
time and the birth time as well as the initial transverse
momentum at the tunnel exit. By tuning the relative phase
of the parallel two-color laser field, we can control the
electron emission angle of the rescattering trajectory. It has
been demonstrated before that the rescattering electrons in
space and time can be controlled using orthogonally polarized
two-color laser pulses, where the laser field in two spatial
dimensions with different frequencies gives full control over
the electron wave packets [14,21]. Here we show that although
the laser field is in one spatial dimension, we can also control

the electron emission angle of the rescattering electron by
controlling the subcycle laser shape, as seen in Fig. 4(b). Since
the relative phase of 0.1π corresponds to T/20 = 133 as, the
emission angle can be controlled with attosecond precision,
according to the semiclassical model.

IV. CONCLUSION

In summary, we have measured the photoelectron momen-
tum spectra from above-threshold ionization of Xe atoms
in a linearly polarized two-color laser field at a serial of
relative phases. Depending on the electron emission angle
and the relative phase, the electron yield show obvious
forward-backward asymmetries along the laser polarization
direction. With increasing the emission angle relative to the
polarization direction, a phase shift in the asymmetry curve as
a function of the two-color relative phase is observed. Based on
a semiclassical model, we separate the relative contributions
of the nonscattering and the rescattering trajectories on the
photoelectron angular distributions of the above-threshold
ionization and show that the rescattering electrons make a non-
negligible contribution to the formation of the photoelectron
angular distributions in the two-color laser field. Depending
on the relative phase between the two colors, the rescattering
trajectories can be emitted to the direction with a large
angle relative to the laser polarization, and the electrons
along the laser polarization direction are mainly dominated
by the nonscattering trajectories. The relative contributions
of the nonscattering and the rescattering trajectories differ
significantly for different emission angles, leading to the
angular-dependent asymmetry. By tuning the relative phase
of the two-color pulse, the electron emission angle and the
relative contributions of the rescattering trajectories can be
precisely controlled.
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