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Precise control of the ionization channel in strong-field ionization by a few-cycle chirped laser pulse
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We investigate theoretically the photoelectron holography in strong-field ionization by a few-cycle chirped
laser pulse. It is shown that the numerical results by solving the two-dimensional (2D) time-dependent
Schrödinger equation (TDSE) are in agreement with that by using the semiclassical two-step (SCTS) model.
The opening and the closing of the ionization channel can be controlled precisely by a few-cycle chirped
laser pulse and the holographic interference structure can be isolated by adjusting the chirp parameters. This
holographic interference structure is related to the rescattered electron wave packet (EWP) which released within
an attosecond timescale. We demonstrate that the chirped laser pulse can be used to coherently control the
recollision process. By analyzing the rescattered trajectory, we illustrate that the travel time of the rescattered
electron is increased and the rescattered electron can obtain high return energy in a negatively chirped laser
pulse. In addition, we also illustrate that the photoelectron momentum distributions (PMDs) are very sensitive to
the carrier-envelope phase.
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I. INTRODUCTION

Above-threshold ionization (ATI) [1–3], high-order har-
monic generation (HHG) [4–6], and nonsequential double-
ionization (NSDI) [7–9] are interesting nonlinear phenomena
in strong-field ionization. These phenomena can be described
by a three-step model [10]. In this model, the ionized electron
wave packet (EWP) undergoes three processes, i.e., ioniza-
tion, acceleration in the strong laser field, and return to the
parent ion. The ionized EWP can directly reach the detec-
tor (known as direct trajectory) or return to the parent ion
for rescattering (known as rescattered trajectory) [11]. The
ionized EWPs emitted from different ionization time with
the same final momentum will interfere with each other and
then show the rich interference structures in the photoelectron
momentum distributions (PMDs) [12–14].

In recent decades, the interference structures in the PMDs
have become a very important topic in atomic or molecular
physics. There are several common interference structures
in the PMDs, for example, the ATI rings [15], the temporal
double-slit interference structure [16] and the photoelectron
holography [17]. The spider-like holographic interference
structure was first observed in experiments [17]. The holo-
graphic interference structure stem from the interference
between rescattered EWP and the direct EWP from the same
quarter cycle of the laser field. Because the rescattered elec-
tron can record the time-resolved information about the parent
ion, the photoelectron holography is considered as an ideal
method to probe ultrafast atomic and molecular dynamics.
Generally, the different kinds of interference structures will
be superimposed in the PMDs [18]. Therefore, an isolated
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holographic interference structure will be helpful to explore
the dynamics of atoms and molecules [19–21].

The chirped laser pulse is an important tool to probe and
control the ultrafast dynamics and has been widely used to
investigate the nonlinear phenomena of strong-field ionization
experimentally and theoretically [22,23]. In a chirped laser
pulse, excited bound states [24] and the carrier-envelope phase
(CEP) [25] all play crucial roles in the effect of the chirp
on the ATI spectra. Nakajima [24] investigated theoretically
that the origin of the chirp dependence in above-threshold
ionization is the excited bound states, and they found that
the excited bound states play a more important role than the
ground state. Zille et al. [25] measured and demonstrated the
CEP-dependent and chirp-dependent photoelectron spectra
for few-cycle pulses. They found the stripe-like interference
structures and illustrated the dependence of the stripe-like
interference structures on the chirp of the laser pulse.

For ATI, the asymmetry of the electron yield in the momen-
tum distributions is found to be very sensitive to a few-cycle
chirped laser pulse for a fixed carrier-envelope phase. Peng
et al. [26] investigated theoretically the PMDs of a H atom by
chirped few-cycle attosecond pulses. They found the asymme-
try of the electron yield in the momentum distributions is very
sensitive to a few-cycle chirped laser pulse for a fixed carrier-
envelope phase. Meanwhile, the asymmetry of the ionized
electron in the momentum distributions is also sensitive to the
carrier-envelope phase for a fixed chirp parameter. Xiang et al.
[27] investigated theoretically the above-threshold ionization
(ATI) of a hydrogen atom by solving one-dimensional time-
dependent Schrödinger equation (TDSE). They found that the
cutoffs of the first and second plateaus of the ATI spectra
extend significantly with the different chirp parameters.

For HHG, a large number of studies show that the harmonic
cutoff can be extended [28] and the ultrashort isolated attosec-
ond pulse can be generated [29,30] in a chirped laser pulse.

2469-9926/2022/106(3)/033116(8) 033116-1 ©2022 American Physical Society

https://orcid.org/0000-0003-0642-1298
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevA.106.033116&domain=pdf&date_stamp=2022-09-23
https://doi.org/10.1103/PhysRevA.106.033116


SUN, WANG, LI, AND LIU PHYSICAL REVIEW A 106, 033116 (2022)

The influence of the positively chirped laser pulse and the
negatively chirped laser pulse on electron motion is different
[31]. A positively chirped laser pulse is more efficient for pop-
ulation inversion than a negatively chirped laser pulse is for
the photodissociation of H2

+ [32]. For the few-cycle chirped
laser pulse with CEP-stabilized and nonstabilized CEP, the
negatively chirped laser pulse has a different modulation than
the harmonic spectra [33].

In this paper, we investigate theoretically the photoelec-
tron holography of a hydrogen atom in strong-field ionization
by a few-cycle chirped laser pulse. We demonstrate that the
PMDs in a negatively chirped laser pulse are more sensitive
to the chirp parameters than those in a positively chirped
laser pulse. In a negatively chirped laser pulse, the holo-
graphic interference structure on the attosecond timescale can
be isolated by adjusting appropriate negative chirp parameter
(β = −2). In addition, we also demonstrate that the chirped
laser pulse not only can control precisely the opening or the
closing of the ionization channel but also can be used to
coherently control the recollision process. By analyzing the
rescattered trajectory, we illustrate that the travel time of the
rescattered electron is increased and the rescattered electron
can obtain high return energy in a negatively chirped laser
pulse. In addition, we also illustrate that the PMDs are very
sensitive to the CEP. Our results may provide a reference for
further research of the attosecond dynamics.

II. THEORETICAL MODEL AND
COMPUTATIONAL METHODS

To better explain the dynamic process in strong field
physics, many theoretical methods have been developed. For
example, the simple-man model, time-dependent Schrödinger
equation method and semiclassical model, etc. Although the
simple-man model can explain many physical phenomena
qualitatively, there are still some differences between the
simple-man model and other theoretical methods including
Coulomb potential. In this paper, we mainly illustrate the
precise control of the ionization channel by adjusting the
chirped laser pulses, and then isolate the spider-like holo-
graphic interference structure. In this section, we briefly
introduce the two-dimensional (2D) TDSE method and the
two-dimensional semiclassical two-step (SCTS) model [34].
We use atomic units throughout this paper.

A. Time-dependent Schrödinger equation method

The two-dimensional time-dependent Schrödinger equa-
tion (TDSE) in the length gauge is given by

i
∂ψ (�r, t )

∂t
= H (�r, t )ψ (�r, t ), (1)

where r = (x2 + y2)1/2 is the distance between the ionized
electron and the nucleus and H (�r, t ) is the Hamiltonian of an
atomic system interacting with a laser pulse in the limit of
the dipole approximation and single-active-electron approxi-
mation. It can be written as

H (�r, t ) = �p2

2
+ V (�r ) + �r · �E (t ), (2)

where �P is the electronic momentum. V (�r ) =
−1/(x2 + y2 + a)1/2 is the effective soft-core potential.
The soft-core parameter a = 0.65 is used to eliminate
the singularity of the potential function at the origin. The
ionization potentials of the ground state evolved by the
imaginary-time evolution method are Ip = 0.5 a.u., which
corresponds to the energy of the ground state of the H atom.
�E (t ) is the electric field of the laser pulse and �r · �E (t ) is the
laser-atom interaction.

The two-dimensional TDSE has been solved by fast
Fourier transform technique combined with split-operator
method [35]. We use the imaginary-time evolution method
to obtain the initial wave function and the grid size is 1200
a.u., the time step of propagation is �t = 0.05 a.u. The final
momentum distribution can be obtained by projecting the final
wave function into momentum space [36].

The form of the laser field is

E (t ) = E0 cos [ωt + φ(t ) + ϕ] f (t )x̂, (3)

where E0 = 0.0533 a.u. is the field amplitude, φ(t ) =
β[(t − t0)/τ0 ]2 is the phase of the chirped laser pulse, β

is the chirp parameter of the pulse, t0 = 198 a.u. is used to
adjust the sweep range of the electric field, and τ0 = 210 a.u.
is the parameter of controlling the steepness of the chirped
function [30]. ϕ is the carrier-envelope phase, f (t ) = sin2( πt

nT )
is the envelope pulse with the parameter n = 4, T = 2π

ω
is the

optical period, ω ≈ 0.046 a.u. is the laser frequency, and x̂ is
the laser polarization direction.

B. Semiclassical two-step model

We also apply the two-dimensional semiclassical two-step
(SCTS) model to investigate the photoelectron momentum
distribution. Before introducing the SCTS model, we briefly
introduce the two-dimensional quantum trajectory Monte
Carlo (QTMC) method [37]. The advantage of the QTMC
model is that the Coulomb effect on electron trajectories and
interference patterns are fully considered based on the Feyn-
man’s path-integral approach. The phase information of each
electron is given. It can well reconstruct the photoelectron
momentum distribution and photoelectron angular distribu-
tions measured experimentally for above-threshold ionization.
For the SCTS model, the phase information of the elec-
tron trajectory is modified based on the QTMC model. The
two key ingredients of the SCTS model are the choice of
an initial momentum distribution in the first tunneling step
and a proper semiclassical description for the second step.
Shvetsov-Shilovski et al. [34] use the expression of transition
matrix element of the semiclassical propagator to describe the
second step. The advantage of the SCTS model is that the
low-energy angular structure of the photoelectron momentum
distribution can be well reconstructed after the phase correc-
tion [34].

The electron first tunnels out of an atom and then the
electron motion in the Coulomb and laser fields is described
by the Newton equations

�̈r(t ) = −�r(t )

r3(t )
− �E (t ), (4)
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where �E (t ) is introduced in Eq. (3). For the two-dimensional
semiclassical model, we use the real Coulomb potential due
to the single ionization. In a two-dimensional Px × Py plane,
the probability of a given final momentum is determined by
adding coherently the trajectories in that bin

|A|2bin =
∣∣∣∣∣
∑

j

√
W (t0,v0,⊥) exp (−i�)

∣∣∣∣∣
2

, (5)

where j denotes the jth ionized electron trajectory, W (t0,v0,⊥)
denotes the Ammosov-Delone-Krainov (ADK) rate [38,39]

W (t0, v0,⊥) ∼ exp

[
− 2k3

3E (t0)

]
exp

[
−kv2

0,⊥
E (t0)

]
, (6)

where k = √
2Ip .

In the QTMC model, the trajectory phase for each electron
is

� = Ipt0 −
∫ ∞

t0

[
v(t )2

2
− Z

r(t )

]
dt, (7)

where v(t ) is the ionized electron velocity, Ip is the ionization
potential and Z is the ion charge.

For the trajectory phase of each electron, Shvetsov-
Shilovski et al. came up with a SCTS model. We can find the
specific description of the SCTS model in Ref. [34], the phase
can be modified as

� = −v0r0(t0) + Ipt0 −
∫ ∞

t0

[
v(t )2

2
− 2Z

r(t )

]
dt, (8)

where v0 denotes the initial velocity, t0 denotes the ionization
time. We use the phase of Eq. (8) to investigate the ionization
process in a chirped laser pulse.

III. RESULTS AND DISCUSSIONS

Figures 1(a)–1(c) show the electric field (blue dashed line)
and the ionization rate (red solid line) of a H atom for a
negatively chirped laser pulse (β = −2), a chirp-free laser
pulse (β = 0), and a positively chirped laser pulse (β = 2),
respectively, where the carrier-envelope phase is set as ϕ = 0.
For a chirp-free laser pulse, the frequency of the laser pulse
is uniform, as shown in Fig. 1(b). For a negatively chirped
laser pulse, the frequency of the laser pulse changes from high
frequency to low frequency, as shown in Fig. 1(a). On the
contrary, for a positively chirped laser pulse, the frequency of
the laser pulse changes from low frequency to high frequency,
as shown in Fig. 1(c).

The ionization rate shown in Figs. 1(a)–1(c) is calculated
by the ADK theory [38,39]. Because the dependence between
the ionization rate and the field amplitude is exponential,
as indicated in Eq. (6), the ionization rate will significantly
change with a small change of the amplitude of the laser
field. When a H atom is exposed to a chirp-free laser pulse
(β = 0), the electronic wave packet (EWP) is dominantly
generated at the times t1, t2, and t3, as shown in Fig. 1(b).
They are three different ionization channels. By adjusting the
chirp parameter to β = −2, the pulse is negatively chirped
as shown in Fig. 1(a). From Fig. 1(a), we can see that the
ionization channels t1 and t2 are opened and the ionization

FIG. 1. (a)–(c) Electric field of the few-cycle laser pulse (blue
dashed line) and ionization rate (red solid line) of a H atom for
different chirp parameters. (d)–(f) The corresponding PMDs in the
(px, py ) plane in logarithmic scale by solving the TDSE. The laser
pulse has a central carrier frequency ω ≈ 0.046 a.u., the laser field
amplitude is E0 = 0.0533 a.u., the carrier-envelope phase is ϕ = 0,
the duration of the laser field is n = 4 and t0 = 198 a.u., τ0 =
210 a.u.

channel t3 is closed, which is because that the pulse peak
around the channel t3 is weakened. However, for a positively
chirped laser pulse (β = 2), Fig. 1(c) shows that the ionization
channel t3 is enhanced due to the enhanced pulse peak around
the channel t3. Thus we can control precisely the opening or
the closing of the ionization channel t3 by adjusting different
chirp parameters.

Figures 1(d)–1(f) show the corresponding PMDs of a H
atom in the (px, py) plane by solving the TDSE based on the
ground state for a negatively chirped laser pulse (β = −2), a
chirp-free laser pulse (β = 0) and a positively chirped laser
pulse (β = 2), respectively. Nakajima [24] indicated that for
the multiphoton ionization, the excited bound state plays a
more important role than the ground state, since the ioniza-
tion takes place through near-resonant intermediate states.
However, for the tunneling ionization and barrier suppression
ionization, the ionization is mainly induced by the ground
state. In this paper, we mainly investigate the PMDs in the
tunneling ionization regime.

For a chirp-free laser pulse, Fig. 1(e) shows that the PMDs
are distributed in the region of px ∈ [−1.0 a.u., 1.0 a.u.] and
exhibit the rich interference structures, which are the temporal
double-slit interference structure [16] and the spider-like holo-
graphic interference structure [17]. For a negatively chirped
laser pulse, the PMDs have obvious changes, as shown in
Fig. 1(d). The PMDs are mainly distributed in the region of
px ∈ [−0.5 a.u., 1.5 a.u.]. The holographic interference struc-
ture can be isolated from various interference structures and
extending to higher-energy region. From Fig. 1(d), we clearly
observe that the PMDs can reach px = 1.5 a.u. Figure 1(d)
also shows a number of spots in the holographic interference
structure. The red arrows denote the location of the 2U p.
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FIG. 2. PMDs in the (px, py ) plane in a logarithmic scale for dif-
ferent negative chirp parameters by using the SCTS model. (a) β =
0, (b) β = −1, (c) β = −1.5, (d) β = −2. (e), (f) PMDs of H atom
for (a) the chirp-free laser pulse (β = 0) and (d) the negatively
chirped laser pulse (β = −2) by using the simple-man model (i.e.,
non-Coulomb potential, NC). The laser pulse has a central carrier
frequency ω ≈ 0.046 a.u., the laser field amplitude is E0 = 0.0533
a.u., the carrier-envelope phase is ϕ = 0, the duration of the laser
field is n = 4, and t0 = 198 a.u., τ0 = 210 a.u.

U p = E0
2

4ω2 is the ponderomotive potential, where E0 denotes
the field amplitude and ω denotes the laser frequency.

For a positively chirped laser pulse, Fig. 1(f) shows
that the PMDs are still distributed in the region of px ∈
[−1.0 a.u., 1.0 a.u.] and the ring-like structure gradually ap-
pears, which is produced by the EWPs emitted exactly one or
more laser cycles. The appearance of the ring-like structure is
due to the enhancement of the channel t3, so that the ionized
electrons from the channel t1 and the channel t3 can inter-
fere with each other. The ring-like interference structure will
interfere with spider-like holographic interference structure
as shown in Fig. 1(f). For a negatively chirped laser pulse,
ionization channel t3 is closed as shown in Fig. 1(a), it is
more conducive to isolate spider-like holographic interference
structure as shown in Fig. 1(d). In this paper, we illustrate the
PMDs in a negatively chirped laser pulse in detail.

In Fig. 2, we turn to SCTS model to understand the
holographic interference structure appearing in the positive
direction for the negatively chirped laser pulse. Figures 2(a)
and 2(d) show the PMDs for the β = 0 and β = −2, respec-
tively, which are in good agreement with the TDSE results as
shown in Figs. 1(e) and 1(d). Figures 2(a)–2(d) show that the
symmetry of the PMDs region is destroyed, the interference
structure of the negative direction can be suppressed, the
spider-like holographic interference structure of the positive
direction gradually dominate and the region of the PMDs can
be expanded with the increase of the negative chirp param-
eter. It indicates that the electrons can obtain high energy in
the negatively chirped laser pulse. When the negative chirp

FIG. 3. PMDs of the EWPs which released from different ioniza-
tion channels t1, t2, and t3 for different chirp parameters. (a)–(c) The
chirp-free laser pulse (β = 0). (d)–(f) The negatively chirped laser
pulse (β = −2).

parameter β = −2, the holographic interference structure can
be isolated in the positive direction, as shown in Fig. 2(d).

Figures 2(e) and 2(f) show the photoelectron momentum
distributions by using the simple-man model (i.e., non-
Coulomb potential, NC) for the chirp-free laser pulse (β =
0) and the negatively chirped laser pulse (β = −2), re-
spectively. From Fig. 2(e), we find that the photoelectron
momentum distributions are distributed in the region of px ∈
[−1.0 a.u., 1.0 a.u.], which agrees with the TDSE results
[Fig. 1(e)] and SCTS model results [Fig. 2(a)]. However,
many details are different for the different methods. For ex-
ample, for Fig. 2(e), it only exhibits the temporal double-slit
interference structure, which originate from the interference
of the direct trajectory and the indirect trajectory. The spider-
like holographic interference structure disappears. Similarly,
Fig. 2(f) shows that the photoelectron momentum distribu-
tions are distributed in the region of px ∈ [−0.5 a.u., 1.5 a.u.].
The region of the photoelectron momentum distributions cor-
responds well with the TDSE results [Fig. 1(d)] and SCTS
model results [Fig. 2(d)]. But many details of the inner in-
terference structures (for example, the spider-like holographic
interference structure) are still invisible. Thus we mainly in-
vestigate the PMDs by using the SCTS model.

Due to the fact that the shape of the laser field and the
ionization channel will be modulated precisely by adjusting
the chirp parameters as shown in Figs. 1(a)–1(c). Figs. 3(a)–
3(c) show the PMDs of the EWP which released from the
ionization channels t1, t2, and t3 for a chirp-free laser pulse
(β = 0), respectively. From Figs. 1(a)–1(c), we can see that
the EWP from the ionization channel t1 is emitted within
1.3–1.6 T, the EWP from the ionization channel t2 is emitted
within 1.8–2.2 T and the EWP from the ionization channel t3
is emitted within 2.3–2.6 T. From Figs. 3(a) (the ionization
channel t1) and 3(c) (the ionization channel t3), we can clearly
observe the spider-like holographic interference structures in
the negative direction. The spider-like holographic interfer-
ence structure in the positive direction originates from the
EWP ionized from the ionization channel t2 can be observed
as shown in Fig. 3(b).

Figures 3(d)–3(f) show the PMDs of the EWP which re-
leased from three different ionization channels for a negatively
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FIG. 4. Energy distribution of the rescattering electrons with re-
spect to the ionization time for different negative chirp parameters.
(a) β = 0, (b) β = −1, (c) β = −1.5, (d) β = −2. The white solid
line frames denote the different ionization channels t1, t2, and t3,
respectively.

chirped laser pulse (β = −2). From Fig. 1(a), we know that
the ionization channels t1 and t2 are opened, and the ion-
ization channel t3 is closed for the chirp parameter β = −2.
In Fig. 3(d) (the ionization channel t1), it exhibits the inner
spider interference structure in the low-energy region on the
positive direction of the PMDs. The inner spider structure
in the low-energy region comes from the interference of the
direct trajectories and the multiple forward-scattering trajecto-
ries [40,41]. From Fig. 3(e) (the ionization channel t2), we can
find the isolated spider-like holographic interference structure
with high energy in the positive direction.

Through the above analysis, it implies that the iso-
lated spider-like holographic interference structure shown in
Fig. 1(d) comes from the ionization channel t2 for a neg-
atively chirped laser pulse (β = −2). And the spots in the
holographic interference structure shown in Fig. 1(d) orig-
inate from the interference between the electrons from the
ionization channels t1 and t2. From Fig. 1(a), we can see that
the EWP from the ionization channel t2 is emitted within an
attosecond timescale around 334 as, which may be used to
probe the attosecond ultrafast dynamics. However, Fig. 3(f)
does not show any interference fringes. It indicates that the
ionization channel t3 has little contribution to the PMDs for
the chirp parameter β = −2, which is in agreement with the
closing of the ionization channel t3 shown in Fig. 1(a).

We know that the final energy of the electrons is dependent
on the initial ionization time [21,42], and the rescattering elec-
trons play an important role in the holographic interference
structure. To clarify the physical mechanism of the spider-like
holographic interference structure as shown in Figs. 1(d) and
3(e), we demonstrate the energy distribution of the rescatter-
ing electrons with respect to the ionization time for different
negative chirp parameters, as shown in Fig. 4. The white solid
line frames denote the different ionization channels t1, t2, and
t3, respectively.

The electron trajectories can be classified as the direct
trajectory and the rescattered trajectory according to the effect
of the Coulomb potential on them [21,43,44]. If p⊥v⊥0 > 0

FIG. 5. Typical trajectories of the rescattered electrons ionized
from different ionization channels and different chirp parameters.
(a)–(c) β = 0 (red line). (d)–(f) β = −2 (blue line).

(where p⊥ is the final perpendicular momentum and v⊥0 is
the initial velocity), the Coulomb potential is weak and not
enough to change the perpendicular direction of the electron
trajectory. This type of ionized trajectory is called the direct
trajectory. Similarly, if p⊥v⊥0 < 0, the Coulomb potential is
strong, and this type of ionized trajectory is called the rescat-
tered trajectory.

As shown in Fig. 4, we can observe that there is a little
change of the final energy of the rescattered electrons ionized
in the ionization channel t1 with the increase of the negative
chirp parameter. For the ionization channel t2, the final energy
of the rescattered electrons is much higher in the negatively
chirped laser pulse (β = −2) shown in Fig. 4(d) than that
in the chirp-free pulse (β = 0) shown in Fig. 4(a). It can
be seen from Fig. 4(d) that the maximum energy can reach
to energy ≈ 1.6 a.u. in the ionization channel t2. We know
that the few-cycle laser pulse is restricted by the envelope
pulse. As shown in Fig. 1(a), we can clearly observe that the
field amplitude in the ionization channel t2 is higher than the
field amplitude in the ionization channel t1. Thus the ionized
electrons can obtain higher energy in the ionization channel t2.
It is proved once again that the ionized rescattered electrons
can obtain higher energy in the negatively chirped laser pulse
shown in Figs. 1(d) and 3(e). For the ionization channel t3,
the rescattered electrons disappeared with the increase of the
negative chirp parameter, as shown in Fig. 4.

To better illustrate that the rescattered electrons can obtain
higher energy in the ionization channel t2 for a negatively
chirped laser pulse shown in Fig. 4(d), we trace the classical
trajectories of the rescattered electrons for different ionization
channels (i.e., t1, t2, t3) and different chirp parameters β = 0
(red line) and β = −2 (blue line) as shown in Fig. 5. Fig-
ures 5(a) and 5(d) show the rescattered trajectories, which are
released from the ionization channel t1. In Fig. 5(a) (β = 0),
we can find the electron first move to the positive direction of
the x axis and then return to the parent ion for a single forward
rescattering. The interference of this rescattered trajectory and
the direct trajectory can generate the spider-like holographic
interference structure in the negative direction, which ex-
plains the phenomenon as shown in Fig. 3(a). When the chirp
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parameter β = −2, as shown in Fig. 5(d), the electron is
multiple forward scattering. It well proves the appearance of
the inner spider holographic interference structure shown in
Fig. 3(d).

Figures 5(b) and 5(e) show the rescattered trajectories,
which are emitted from the same ionization channel t2 but
different chirp parameters. From Figs. 5(b) and 5(e), we find
that the rescattered electrons all move to the negative direction
of the x axis and then return to the parent ion for a single for-
ward rescattering. The corresponding spider-like holographic
interference structures will be generated in the positive direc-
tion, which explain the phenomena as shown in Figs. 3(b)
and 3(e). It is worth noting that the region of holographic
interference structure can be expanded as shown in Fig. 3(e),
i.e., the electron can obtain the high energy in a negatively
chirped laser pulse (β = −2), as shown in Fig. 4(d).

By comparing Fig. 5(b) with Fig. 5(e), we observe that
the distance of the rescattered electron moving in the laser
field (i.e., the travel time) is different. For the chirp-free laser
pulse (β = 0), the rescattered electron ionized at the channel
t2 moves to x ≈ −25 a.u. and then return to the parent ion
as shown in Fig. 5(b). However, for the negatively chirped
laser pulse (β = −2), Figure 5(e) shows that the rescattered
electron ionized at the channel t2 can moves to x ≈ −75
a.u., i.e., the rescattered electron experiences a longer time
acceleration when returning to the parent ion. The longer
the travel time is, the higher kinetic energy the rescattered
electron obtain from the driving laser field before the laser
field reverses [30]. Therefore, the electron can obtain the high
energy and the region of the holographic interference structure
can be expanded as shown in Figs. 3(e) and 4(d).

Similarly, Fig. 5(c) shows that the rescattered electron ion-
ized at the channel t3 for the chirp-free laser pulse (β = 0).
The interference of this rescattered trajectory and the direct
trajectory can generate the spider-like holographic interfer-
ence structure in the negative direction, which explains the
phenomenon as shown in Fig. 3(c). From Figs. 3(f) and 4(d),
we know that the ionization channel t3 has little contribution
to the PMDs and there is no rescattered trajectory at the ion-
ization channel t3 for the chirp parameter β = −2. Therefore,
Fig. 5(f) shows a direct trajectory for the negatively chirped
laser pulse (β = −2). Through statistical analysis, we also
find that there are very few direct trajectories at the ioniza-
tion channel t3 for β = −2. This phenomenon proves once
again that the channel t3 is closed in the negatively chirped
laser pulse (β = −2), which is in good agreement with that
illustrated in Figs. 1(a), 3(f) and 4(d).

Through above analysis, we demonstrate that the chirped
laser pulse not only can control precisely the opening or the
closing of the ionization channel, but also can be used to
coherently control the recollision process. To better under-
stand the effect of the chirped laser pulse on the recollision
process, the dependence of the return energy of the electron
on the rescattering time are presented in Fig. 6 based on
the three-step model [10]. Figures 6(a) and 6(b) show the
return energy with respect to the rescattering time for the
chirp-free laser pulse (β = 0) and the negatively chirped laser
pulse (β = −2). The blue solid line frames denote different
ionization channels t1, t2, and t3, respectively. By comparing
Fig. 6(a) with Fig. 6(b), we can find that the return energy

FIG. 6. Return energy of the electron as a function of the rescat-
tering time for different chirp parameters (a) β = 0, (b) β = −2. The
blue solid line frames denote different ionization channels t1, t2, and
t3, respectively.

and the rescattering time of the ionized rescattered electron
through the ionization channel t1 have a slight change with
the increase of the negative chirp parameter.

For the ionized rescattered electrons through the channel
t2, the return energy with respective to the rescattering time
dramatically changes with the increase of the negative chirp
parameter. For the chirp-free pulse (β = 0), Fig. 6(a) shows
that the return energy of the rescattered electron (energy ≈
1 a.u.) for the channel t2. When the chirp parameter β = −2,
Fig. 6(b) shows that the rescattered electron experiences a
longer time acceleration when returning to the parent ion and
can obtain high return energy (energy ≈ 1.5 a.u.). Xiang et al.
[27] found that the cutoffs of the first and second plateaus
of the ATI spectra extend significantly (i.e., energy enhance-
ments) with the different chirp parameters. However, the
rescattering electron may have little contribution to high-order
ATI spectrum due to the weak field strength. For example, In
Fig. 2(c) of Ref. [27], it is shown that the rescattering electrons
with high energy have little contribution to high-order ATI
spectrum due to the weak field strength. In our paper, we
only investigate the motion of the rescattering electron and
our parameters are different from those selected in Ref. [27].
It will cause differences in the laser pulse. From Fig. 1(a),
we know that the field strength and the ionization rate in
the ionization channel t2 is higher than that in the ionization
channel t1. Thus, the rescattering electrons with high energy
in the ionization channel t2 have great contribution to PMDs.
The rescattered electron born at the channel t3 never returns to
its parent ion as shown in Fig. 6(b). It is proved once again
that the travel time of the rescattered electron is increased
and the rescattered electron can obtain high return energy in a
negatively chirped laser pulse.

For a few-cycle chirp laser pulse, Peng et al. [26] and Zille
et al. [25] investigate the influence of the chirp parameter and
the CEP of the laser pulse. They found that the motions of
the ionized electrons are very sensitive to the CEP. Therefore,
we also investigate the PMDs of a H atom with different
CEPs for a fixed chirp parameter β = −2, as shown in Fig. 7.
Figures 7(a) and 7(b) show the electric field (blue dashed line)
and the ionization rate (red solid line) for the CEP ϕ = 0.25π

and ϕ = 0.5π , respectively. From Figs. 7(a) and 7(b), we can
find that the ionization time (i.e., ionization channels) of the
electronic wave packet (EWP) also can be controlled precisely
by adjusting different CEPs for a fixed chirp parameter. From
Fig. 7(a), we can see that the ionization channels t2, and t3 are
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FIG. 7. Electric field of the few-cycle laser pulse (blue dashed
line) and ionization rate (red solid line) of a H atom for a fixed chirp
parameter β = −2 with different CEPs (a) ϕ = 0.25π , (b) ϕ = 0.5π .
Panels (c) and (d) show the corresponding PMDs by using the SCTS
model.

opened and the ionization channel t1 is weak for ϕ = 0.25π .
When the CEP is further increased to ϕ = 0.5π , as shown
in Fig. 7(b), the ionization channel t1 is closed and only the
ionization channels t2 and t3 are opened. And the ionization
rate of the ionization channel t3 is also strong.

Figures 7(c) and 7(d) show the corresponding PMDs by
using the SCTS model for the CEP ϕ = 0.25π and ϕ = 0.5π ,
respectively. It can be seen that the PMDs are very sensi-
tive to the CEP. Figure 7(c) shows that the PMDs are also
mainly distributed in the region of px ∈ [−0.5 a.u., 1.5 a.u.]
for ϕ = 0.25π . The holographic interference structure can
also be isolated from various interference structures and ex-
tended to higher-energy region, which is similar to the results
illustrated in Figs. 1(d) and 2(d). In addition, we can observe
the temporal double-slit interference structure, which stems
from the interference of the electron wave packet produced at
the two adjacent half cycles. Figure 7(d) shows the PMDs are

mainly distributed in the region of px ∈ [−1.0 a.u., 1.0 a.u.]
for ϕ = 0.5π . The PMDs also show the holographic interfer-
ence structure in negative direction. Because of the change of
the ionization channel, the motion of the rescattering electron
will change. It is proved once again that the PMDs are very
sensitive to the CEP.

IV. CONCLUSIONS

In summary, we investigate theoretically the photoelec-
tron holography in strong-field ionization in a few-cycle
chirped laser pulses. It is shown that the numerical results
by solving the two-dimensional time-dependent Schrödinger
equation (TDSE) are in agreement with that by using the
semiclassical two-step (SCTS) model. We demonstrate that
the PMDs in a negatively chirped laser pulse are more sensi-
tive to the chirp parameters than those in a positively chirped
laser pulse. In a negatively chirped laser pulse, the holographic
interference structure can be isolated by adjusting appropri-
ate negative chirp parameter (β = −2). We illustrate that the
holographic interference structure comes from the rescattered
electron wave packet ionized on the attosecond timescale. Our
results may provide a reference for further research of the
attosecond dynamics. In addition, we demonstrate that the
chirped laser pulse not only can control precisely the opening
or the closing of the ionization channel but also can be used
to coherently control the recollision process. By analyzing the
rescattered trajectory, we illustrate that the travel time of the
rescattered electron is increased and the rescattered electron
can obtain high return energy in a negatively chirped laser
pulse. In addition, we also illustrate that the PMDs are very
sensitive to the carrier-envelope phase.
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