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We have performed a comparative study of the photoelectron spectra adopting different initial states (2s or 2p0) of
hydrogen atoms in a near-infrared laser pulse by using the full three-dimensional time-dependent Schrödinger equation.
It is demonstrated that the atomic photoelectron spectra oscillate out of step as a function of electron kinetic energies for
different initial states (2s or 2p0), which is well reproduced by the simulations based on strong field approximation, and the
above distinct feature is ascribed to the different interferences from the partial electron wave packets detached by positive
and negative electric fields for different initial states of 2s and 2p0.
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1. Introduction
Ionization of atoms exposed to intense laser pulses is

a fundamental process in a multitude of research fields, es-
pecially in the emerging area of attosecond science, be-
cause atomic ionization is an initial key process in a
wealth of intriguing strong-field physical phenomena, such
as above-threshold ionization (ATI),[1,2] high-order harmonic
generation (HHG),[3–6] and nonsequential double ionization
(NSDI).[7–9] In addition, the ionization dynamics of atoms
subjected to strong laser fields has attracted widespread ex-
perimental and theoretical studies in the past three decades.

The impacts of the initial electron cloud distribution on
atomic ionization have gained considerable attention in recent
years. It is shown that photoelectron momentum distributions
(PMDs) carry a clear signature of the imprint of the orbital
angular node when Ar atoms are exposed to an intense el-
liptically polarized laser pulse.[10,11] It is demonstrated that
the tunneling ionization is more likely to occur for a counter-
rotating electron with respect to a corotating electron when
atoms are subjected to circularly polarized laser pulses,[12–14]

which indicates that the ionization dynamics are sensitive to
the initial magnetic quantum number m. This intriguing ion-
ization behavior has been experimentally observed in the dou-
ble ionization of Ar atoms in near-circularly polarized laser
fields.[15] More recently, theoretical calculations indicate that
tunneling ionization and tunneling exits sensitively depend on

the initial atomic orbital structures for atoms in elliptically po-
larized laser fields.[16,17] In addition, it has been found that the
asymptotic behavior of an initial wave function has an impor-
tant impact on the main shape of PMDs possessing large mo-
menta for F− ions in an orthogonal two-color laser field.[18]

Photoelectron spectra of atoms subjected to strong laser
fields have recently attracted experimental and theoretical in-
vestigations. For the electron kinetic energy less than 2Up (Up

is the ponderomotive energy), the photoelectron spectrum de-
creases exponentially, which originates from the contributions
of the direct ionization. Surprising experimental discoveries
in this area continue to show up. For instance, a prominent
low-energy structure is observed in the low-energy part of the
energy spectra, which is unanimously ascribed to the effect
of the Coulomb potential of the parent ion.[19] This intrigu-
ing physical phenomenon has recently drawn attention in the
strong-field physics community.[20–23] The high-energy spec-
trum comprises a flat plateau extending to 10Up, which stems
from the elastic scattering of the electron when it recollides
with the core in the backward direction. For the high-energy
part of the energy spectra, one intriguing feature is the ap-
pearance of the resonance-like enhancement (RLE) of groups
of adjacent peaks in the plateau regime,[24,25] which is sen-
sitive to the laser’s parameters. The aforementioned distinct
characteristic is ascribed to multiphoton resonance with laser-
dressed excited bound states obtained by ab initio calculations
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or channel closing effect within the framework of strong field
approximation.[26–31] Recent experimental observations indi-
cate that the RLE structure shows strong dependence on the
initial molecular orbital.[32–34]

As stated earlier, the initial electron cloud distribution
plays a vital role in atomic ionization in intense laser fields and
the characteristics of molecular photoelectron spectra depend
on the initial molecular orbital.[32–35] However, a complete de-
scription of the role of atomic orbital in photoelectron spectra,
given in a detailed manner based on a quantitative analysis, is
still missing. In this work, we have carried out a comparison
study of the photoelectron spectra using different initial states
(2s or 2p0) for H atoms subjected to a near-infrared laser field
by means of ab initio approaches and strong field approxima-
tion. We have found that the atomic photoelectron spectra os-
cillate in an inverse manner with increasing electron kinetic
energies for different initial states (2s or 2p0), which has been
ascribed to the different interferences between the subwaves
of the released electron by the negative and the positive elec-
tric fields due to the different parities of initial states. Atomic
units (a.u.) are used unless otherwise indicated.

2. Theoretical methods
2.1. Time-dependent Schrödinger equation

Within dipole approximation and the velocity gauge, the
time-dependent Schrödinger equation (TDSE) of hydrogen
atom subjected to the laser pulse is given by

i
∂

∂ t
Ψ(𝑟, t) = [H0(𝑟)− i𝐴(t) ·∇]Ψ(𝑟, t). (1)

The details of single-electron Hamiltonian H0(𝑟) =

−(1/2)∇2 − 1/r can be found in Ref. [36]. The vector
potential is written as 𝐴(t) = E0/ω sin2(πt/tmax)cos(ωt)ẑ
(0 < t < tmax) with unit vector ẑ. E0 indicates the peak electric
strength, and tmax and ω denote the duration and the angu-
lar frequency of the laser pulse, respectively. The laser–atom
interaction is treated in the velocity gauge because the calcula-
tions in the velocity gauge converge much faster with respect
to those in the length gauge.[37,38] The time-varying wave
function is expanded in terms of B-splines in the following
form:

Ψ(r,ξ ,ϕ, t) =
1√
2π

∑
µν

Cµν(t)
Bk

µ(r)
r

Bk
ν(ξ )(1−ξ

2)
|m|
2 e imϕ ,

(2)

where ξ = cosθ , and k = 9 indicates the order of B-
splines.[36,39] The above time-dependent wave function is
evolved by the Crank–Nicolson approach.[36,39,40]

The photoelectron spectra can be obtained by employing
the window-operator approach,[41] which is highly efficient to

extract the photoelectron spectra from the wave function after
the laser pulse is switched off. A window operator is adopted
to calculate the probability of finding an electron in a final-
state “energy bin” of a width of 2γ centered around Ek

Ŵ (Ek,ν ,γ) =
γ2ν

(H0−Ek)2ν
+ γ2ν , (3)

where ν = 2 and γ = 0.005 a.u. are employed in the following
simulations and the energy levels Ek are obtained by a diago-
nalization procedure of the field-free Hamiltonian matrix.

In the following calculations, the truncated radius is
rmax = 900 a.u., and 1400 B-splines and 40 B-splines are
adopted in the radial direction and the angular direction, re-
spectively. The initial state is 2s or 2p0 of field-free H atom.
The magnetic quantum number m= 0 is a good quantum num-
ber because a linearly polarized laser pulse is used in our
simulations. The atom is exposed to a two-cycle laser pulse
of frequency ω = 0.0285 a.u. (λ = 1600 nm) and intensity
20 TW/cm2, and the time step is ∆t = 0.02 a.u. Convergence
of the numerical simulations is achieved with the above set-
tings.

2.2. Strong field approximation

In the present work, the atomic ionization is also exam-
ined by strong-field approximation (SFA).[42–44] The vector
potential is 𝐴(t) = E0 cos(ωt)ẑ/ω with unit vector ẑ, and the
single ionization rate obtained by SFA in the length gauge is
given by[40,45,46]

W = 2πNe

∞

∑
n=n0

∫
|Tpn|2δ (Ep + Ip−nω)d𝑝, (4)

Tpn =
1
T

∫ T

0
dt ′ exp

[
iS(t ′,𝑝)

]
E0 sinωt ′φ̃(𝑀p) (5)

with the action

S(t ′,𝑝) =
E2

0
8ω3 sin2ωt ′+

E0ẑ ·𝑝
ω2 sinωt ′+(

p2

2
+ Ip +Up)t ′.

(6)

Here Ne indicates the number of equivalent electrons in the
valence orbital and n0 is the minimum number of photons
required to ionize the atom. Ep = p2/2+Up represents the
quasienergy with the kinetic energy of the emitted electron by
absorption of n photons p2/2 = nω −Up − Ip and the pon-
deromotive energy Up = E2

0/(4ω2). φ̃(𝑀p) represents the
dipole matrix element,[46] and 𝑀p = 𝑝+𝐴(t ′) and t ′ indi-
cate the mechanical momentum and the ionization moment,
respectively. The peak electric field amplitude of the intense
laser pulse E0 corresponds to the intensity of 20 TW/cm2, and
the angular frequency is ω = 0.0285 a.u. The initial states of
2s and 2p0 are written as ϕ2s(𝑟) = 1/

√
8π(1− r/2)e−r/2 and

ϕ2p0(𝑟) = 1/
√

32πr e−r/2 cosθ , respectively, and the ioniza-
tion energy of the target is Ip = 0.125 a.u. In the present work,
Eqs. (4) and (5) are obtained by numerical integration.
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3. Results and discussion
In Fig. 1, we depict the photoelectron spectra calculated

by TDSE and SFA simulations for the initial states of 2s and
2p0. It is demonstrated that the photoelectron spectra show
oscillation structures as a function of kinetic energies of the
detached electron for different initial states, while the above
oscillatory behaviors are out of phase for initial states of 2s and
2p0 for TDSE calculations in Fig. 1(a), which are qualitatively
reproduced by SFA simulations in Fig. 1(b). The positions of
the humps and dips in Figs. 1(a) and 1(b) are not exactly the
same. This happens because the role of the Coulomb potential
in continuum states is not considered in the SFA simulations
with respect to TDSE calculations.
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Fig. 1. Photoelectron spectra obtained by TDSE (a) and SFA (b) for the
initial states of 2s and 2p0.

Because the SFA calculations are qualitatively consis-
tent with the TDSE simulations, we can uncover the physical
mechanisms of the above distinct phenomena from SFA simu-
lations in the following analysis. We choose the photoelectron
spectra of the electron emitted along the polarization direction
of the laser field for illustration in Fig. 2(a). It is also shown
that the photoelectron spectra oscillate in an inverse manner
with the increase of the kinetic energies of the emitted electron
for initial states of 2s and 2p0, which is in good accordance
with the results in Fig. 1(b). According to Eqs. (4) and (5),
the photoelectron spectra contain the contributions of the elec-
tronic wave packets detached by the positive and the negative
electric fields. In order to shed more physical insights into the
results in Fig. 2(a), we calculate the contribution to the ioniza-
tion for the electron released by the positive electric field and
the negative electric field, and show the phase differences of
the ionization amplitudes obtained in the two ionization time
domains in Fig. 2(b).

In Fig. 2(b), it is demonstrated that the phase differences
oscillate as a function of the kinetic energies of the emitted
electron and the phase differences show out-of-phase oscil-

lation structures with increasing kinetic energies of the re-
leased electron for the initial state 2s compared with that of
2p0 state. For the initial state 2s, the phase difference ap-
proaches π around the kinetic energy 0.15 a.u., while the phase
differences are close to 0 near the kinetic energies of 0.1 a.u.
and 0.25 a.u. Therefore, the ionization amplitudes from the
electronic wave packets detached by the negative and positive
electric fields tend to cancel each other due to destructive in-
terference around the kinetic energy 0.15 a.u., giving rise to
a considerably lower yield. In contrast, the ionization am-
plitudes from the electron released by the negative and pos-
itive electric fields prefer to interfere constructively, result-
ing in a relatively higher yield near the kinetic energies of
0.1 a.u. and 0.25 a.u. For the initial state 2p0, the phase differ-
ences approach π around the kinetic energies of 0.1 a.u. and
0.2 a.u., while the phase difference is close to 0 about the ki-
netic energy 0.15 a.u. The constructive interference occurs for
the electronic wave packet with kinetic energy 0.15 a.u., and
destructive interference takes place near the kinetic energies of
0.1 a.u. and 0.2 a.u., which give rise to the structures of humps
and dips in the photoelectron spectra around the above corre-
sponding kinetic energies. Consequently, the humps and dips
in the photoelectron spectra stem from the constructive and
destructive interferences between the partial electronic wave
packets released by the negative and the positive electric fields,
respectively. In Fig. 3, the PMDs of hydrogen atoms (2s and
2p) are also calculated by SFA calculations. It is found that
the stripes show up out of phase for different initial states in
Fig. 3, which are in good accordance with the photoelectron
spectra of hydrogen atoms (2s and 2p) in Fig. 1(b).
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Fig. 2. (a) Photoelectron spectra of the electron calculated by SFA with
canonical momenta 𝑝 parallel to the direction of the electric fields adopt-
ing different initial states (2s and 2p0). (b) Phase differences of the ion-
ization amplitudes in Eq. (4) for an electron detached in the positive and
negative electric fields with canonical momenta 𝑝 parallel to the polariza-
tion direction of the laser pulse employing initial states of 2s and 2p0.
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Fig. 3. Photoelectron momentum distributions obtained by SFA simula-
tions for hydrogen atoms (2s and 2p) in the laser field.

The parities of initial states 2s and 2p0 are even and odd,
respectively, so an additional phase of π is introduced for the
action of the initial state 2p0 compared with that of 2s state

S2p0(t
′,𝑝) = S2s(t ′,𝑝)+π, (7)

which gives rise to the different interferences between the sub-
waves of the emitted electron by the negative and the positive
electric fields for different initial states in Fig. 2(b).

4. Conclusions
In summary, we have performed a comparison study of

the ionization dynamics of H atoms possessing different initial
states (2s and 2p0) subjected to a short near-infrared laser pulse
adopting TDSE and SFA calculations. It is found that pho-
toelectron spectra exhibit out-of-phase oscillatory structures
with the increase of electron kinetic energies for different ini-
tial states of 2s and 2p0 based on TDSE and SFA simulations.
This intriguing feature stems from different interference ef-
fects from the electronic wave packets emitted by the negative
and positive electric fields due to the different orbital symme-
tries of 2s and 2p0 states.
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