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We present the photoelectron momentum distributions (PMDs) and the photoelectron angular distributions (PADs) of
He+ ions, aligned H+

2 molecules and N2 molecules by intense orthogonally polarized laser pulses. Simulations are per-
formed by numerically solving the corresponding two-dimensional time-dependent Schrödinger equations (TDSEs) within
the single-electron approximation frame. Photoelectron momentum distributions and photoelectron angular distributions
present different patterns with the time delays Td, illustrating the dependences of the PMDs and PADs on the time delays
by orthogonally polarized laser pulses. The evolution of the electron wavepackets can be employed to describe the intensity
of the PADs from the TDSE simulations for N2 molecules.

Keywords: photoelectron momentum distributions, photoelectron angular distributions, intense orthogonally
polarized laser pulses, ultrafast photoionization model

PACS: 32.80.Rm, 32.80.Fb, 42.50.Hz, 42.65.Re DOI: 10.1088/1674-1056/abb30c

1. Introduction
The strong-field physics is a hot topic in recent years,

and interaction of laser with atoms or molecules can pro-
duce different physical phenomena, including high order har-
monic generation (HHG),[1–3] strong-field ionization, and
nonsequential double ionization (NSDI).[4] The electron pro-
cesses of molecular reaction dynamics are investigated with
the rapid advances of ultrashort and ultrafast intense laser
technology[5–7] in the attosecond time regime (1 as = 10−18 s)
and sub-nanometer dimensions.[8–10] The pump-probe tech-
nique is developed as a new tool in the femtosecond time
regime.[11] Attosecond electron motion can be observed by
monitoring photoelectron signal or photoelectron momentum
distributions, for example, in the pump-probe technique, pho-
toelectron momentum distributions are a function of the time
delays between the pump pulses and the probe pulses.[12–15]

In the past few years, a lot of researchers paid attention to
photoelectron momentum and angular distributions of atoms
and molecules which encode valuable and fruitful informa-
tion about the electron dynamics.[16–18] It has been illustrated
that the photoelectron momentum distributions (PMDs) of the
He atom present vortex patterns,[19] which show the sensitiv-
ity of momentum distribution to the phases, time delays and
the helicity of the laser pulses. Molecular photoionization of
H+

2 presents electron vortices in PMDs in the circularly po-
larized laser fields,[18] such vortex patterns can only be ob-
served for counter-rotating and co-rotating circularly polarized
fields. In addition, Yuan et al.[20,21] demonstrated the molec-

ular photoelectron-momentum distribution (MPMD) depends
on the molecular orbital symmetry.

Orthogonally polarized laser pulses are new powerful
tools for steering attosecond electron motion of atoms and
molecules.[22,23] The electronic dynamics of molecules in or-
thogonally polarized attosecond ultraviolet laser pulses has
been studied before.[21,24] It has been found that molecu-
lar photoelectron momentum and angular distributions of H+

2
molecules are sensitive to the relative phase of the laser pulses.
However, the sensitivity of the ionic and molecular photoelec-
tron momentum and angular distributions to the time delays
in orthogonal polarized laser fields has not been studied. In
this work, we present photoelectron momentum and angular
distributions of ions and molecules by orthogonally polarized
laser pulses with different time delays. The PMDs and pho-
toelectron angular distributions (PADs) are dependent on the
time delays, which are derived from the interference between
coherent electron wave packets. The ultrafast photoionization
model[25] and the evolution of the electron wavepackets are
used to describe these results.

The paper is arranged as follows: In Section 2, we present
the computational details for solving the two-dimensional
(2D) time-dependent Schrödinger equation (TDSE) of He+

ions, aligned H+
2 molecules and N2 molecules. In Section

3, we present and discuss the results of PMDs and PADs
with different time delays. Finally, we summarize our re-
sults in Section 4. Throughout this paper, atomic units (a.u.)
e = h̄ = me = 1 are used unless stated otherwise.
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2. Numerical Methods
The corresponding 2D TDSE for the He+ ions, aligned

H+
2 molecules, and N2 molecules can be written as

i
∂ψ(𝑟, t)

∂ t
=

[
𝑝2

2
+V (𝑟)+VL(𝑟, t)

]
ψ(𝑟, t), (1)

where 𝑝 is the momentum of electron, and V (𝑟) is the soft-
core Coulomb potential of He+ ions, H+

2 molecules, and N2

molecules, which are shown in Figs. 1(a1)–(c1). The explicit
expressions are given in the following.

The soft-core Coulomb potential of He+ ions can be writ-
ten as

V (𝑟) =− b√
𝑟2 +a

, (2)

where a = 0.169 and b = 2.0 are the soft-core parameters, and
the ionization potential of the ground state is Ip = 54.4 eV for
He+ ions.

The soft-core Coulomb potential of H+
2 molecules can be

written as

V (x,y) =− 1√
(x− R

2 )
2 + y2 + c

− 1√
(x+ R

2 )
2 + y2 + c

, (3)

where c = 0.5 is the soft-core parameter, R is the internuclear
distance (the equilibrium internuclear distance is R = Re =

2.0 a.u.), and the ionization potential of the ground state is
Ip = 29.9 eV for H+

2 molecules.

The soft-core Coulomb potential of N2 molecules has the
form[26,30]

V (𝑟) =−∑
j

Z∞
j +(Z0

j −Z∞
j )exp(−𝑟2

j/σ2
j )√

𝑟2
j +a2

j

. (4)

The subscript j = 1,2 labels the nuclei at fixed positions
𝜌 j and 𝑟 j = 𝑟 − 𝜌 j, where r =

√
x2 + y2. The numer-

ator Z∞
j +(Z0

j −Z∞
j )exp(−𝑟2

j/σ2
j ) is the position-dependent

screened effective charge for the j-th nucleus, with Z∞
j denot-

ing the effective nuclear charge of the nucleus j as seen by an
electron at infinite distance and Z0

j the bare charge of nucleus
j. The value of Z∞

j is derived from the Mulliken analysis per-
formed in the ab initio study. Here a j is the soft-core param-
eter, and σ j characterizes the decrease of the effective charge
with the molecular internuclear distance. The above parame-
ters are same as those in Ref. [30]. The bond length RN−N is
set as 2.08 a.u. for N2 molecules,[26] and the ionization poten-
tial of the ground state is Ip = 15.6 eV for N2 molecules.

The initial wave function of ions and molecules are ob-
tained by the imaginary evolution method. The initial electron
density distributions of the He+ ions, H+

2 molecules, and N2

molecules are shown in Figs. 1(a2)–1(c2). One can see that
the electron density distributions of He+ ions is circular in the
(x,y) plane, the electron density of the H+

2 molecule is ellipti-
cal with the σg symmetry, and the N2 molecule has three nodes
located along the molecular R axis with the σg symmetry.
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Fig. 1. Coulomb potential of (a1) the He+ ion, (b1) the H+
2 molecule, (c1) the N2 molecule; and the initial ground states of (a2) the He+ ion,

(b2) the H+
2 molecule, (c2) the N2 molecule.
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The interaction between either ions or molecules and the
laser pulse is VL(𝑟, t) = 𝑟 ·𝐸(t) with 𝐸(t) being the field vec-
tor in the (x,y) plane. The orthogonally polarized laser pulses
can be expressed by

𝐸(t) = Ex(t)êx +Ey(t)êy = E0 f (t)cos(ωt)êx

+E0 f (t −Td)cos[ω(t −Td)]êy, (5)

where E0 = 5.34×10−2 a.u. (I0 = 1×1014 W/cm2) is the am-
plitude of the electric field, ω is the laser frequency, and êx/y

is the field polarization direction, Td is the time delay between
the two pulses, f (t) = sin2(πt/T ) is the pulse envelope with
duration T = 20 T0, with T0 = 2π/ω .

The 2D TDSE is numerically solved by a second order
split-operator algorithm combined with fast Fourier transform
(FFT) technique[27,28]

ψ(𝑟, t +∆t) = e−i(𝑝
2

4 )∆t e−iV (𝑟)+𝑟·E(t)∆t e−i(𝑝
2

4 )∆t
ψ(𝑟, t)

+O(∆t)3, (6)

with time step ∆t = 0.01 a.u. and the spatial steps ∆x = ∆y =
0.2 a.u. The total spatial length is 409.6 a.u., which is large
enough to suppress the unphysical effects originating from the
reflection of the wave packet from the boundary. During the
calculation, the wave function is multiplied by a cos1/8 mask
function in each time step, and the absorber domain ranges
from |x,y|= 150 a.u. to |x,y|= 204.8 a.u. The time-dependent

electronic wave function is written as ψ(𝑟, t), the ionized part
is recorded as [1−M(𝑟)]ψ(𝑟, t), and r =

√
x2 + y2,

M(𝑟) =

{
1, r ≤ rb,
exp[−β (r− rb)], r > rb,

(7)

where β = 1 a.u., and the boundary between ionized wave
function and bounded wave function is rb = 20 a.u. for the
He+ ion and the H+

2 molecule, and 30 a.u. for the N2 molecule.
The photoelectron momentum distributions are acquired by
Fourier transforming the ionized wave function into momen-
tum space, the photoelectron angular distribution is obtained
from the photoelectron momentum distribution.[29]

3. Results and discussion
In the present work, the ultrafast photoionization pro-

cess of ions and molecules by orthogonally polarized laser
pulses with different time delays are presented from numer-
ical solutions of the 2D TDSEs. The PMDs and the PADs
of ions and molecules are investigated in orthogonally polar-
ized single color XUV laser fields at wavelengths λ = 15 nm
(ω = 3.04 a.u.). The photon energy ω > Ip, then the ioniza-
tion process will occur by absorbing only one photon, which
is called the single-photon process, where the Keldysh param-
eter γ =

√
Ip/2Up ≫ 1. In addition, the modification of the

ionization potential by Stark shift can be ignored.
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Fig. 2. Two-dimensional PMDs and PADs of He+ ions by orthogonally polarized laser pulses at λ = 15 nm (ω = 3.04 a.u.). The intensity
of the pulses is I0 = 1× 1014 W/cm2 (E0 = 5.34× 10−2 a.u.) and duration is 20 optical cycles. The results are shown for time delays: (a)
Td = 0 o.c., (b) Td = 1/8 o.c., (c) Td = 1/4 o.c., (d) Td = 3/8 o.c., and (e) Td = 1/2 o.c.

We first choose He+ ion as a benchmark system to de-
scribe effects of ionic geometry and the time delay on pho-
toelectron distributions by laser pulses. From Fig. 2 we
can see that the PMDs and the PADs are sensitive to the

time delay Td. The PMDs and PADs of He+ with different
time delays (0 o.c., 1/8 o.c., 1/4 o.c., 3/8 o.c., 1/2 o.c.)
are shown in Figs. 2(a)–2(e), respectively. According to
the energy conservation, with the laser pulse at wavelength
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λ = 15 nm (ω = 3.04 a.u.), the corresponding momentum is
pHe+ =

√
2(ω − Ip) = 1.44 a.u. In Fig. 2(a), at the time de-

lay Td = 0 o.c., the PMD is mainly localized at momentum
px = py = ±1.02 a.u. (pHe+ = 1.44 a.u.) at angles 45∘ and
225∘. At the time delay Td = 1/8 o.c., two lobes are located
at 45∘ and 225∘ with broader distribution and the radius of
PAD becomes longer, as shown in Fig. 2(b). At the time delay
Td = 1/4 o.c. in Fig. 2(c), the distribution displays a ring struc-

ture with a momentum radius pHe+ =
√

p2
x + p2

y = 1.44 a.u. At

the time delay Td = 3/8 o.c., the PMD is mainly localized at
momentum px = py =±1.02 a.u. (pHe+ = 1.44 a.u.) at angles
135∘ and 315∘. At the time delay Td = 1/2 o.c., two lobes are
located at 135∘ and 315∘ with the narrower distribution and
the radius of PAD becomes shorter in Fig. 2(e). It can be seen
that the PMDs are sensitive to the time delays.

We adopt the ultrafast photoionization model[25] to de-
scribe the interference effects of coherent electron wavepack-
ets in photoelectron momentum and angular distributions,
which are dependent on the time delays, the photoionization
amplitudes along the x and y directions can then be simply
expressed as

𝒜x
He+(θ)∼ σ

x f x(θ)Ω(θ)ψ1s(𝑝), (8)

𝒜y
He+(θ)∼ σ

y f y(θ)Ω(θ)ψ1s(𝑝), (9)

where σ x = σ y = 0.00043 are the ionization probabilities
along the x and y directions, the ionization probabilities[31]

can be obtained from the initial electronic states of the He+

ion. A linearly polarized λ = 15 nm laser pulse is used to ion-
ize these ions. The intensity and duration of the laser pulses

are the same as those in Fig. 2. When the field polarized di-
rection is parallel to the x axis, the ionization probabilities σ x

along the x direction is obtained. Similarly, we can obtain the
ionization probabilities σ y along the y direction. The scalar
products are f x(θ) = cos(θ) and f y(θ) = sin(θ). The wave
function ψ1s of the He+ ion is circular in the (x,y) plane. The
interference term of the x and y directions is

𝒜x,y
He+(θ) = 𝒜x*

He+(θ)𝒜
y
He+(θ)+𝒜x

He+(θ)𝒜
y*
He+(θ)

=

{
σ

x
σ

y sin(2θ)cos
[(

𝑝2

2
−E1s

)
Td

]}
Ω(θ).

(10)

The corresponding total distributions are

|𝒜He+(θ)|2 = |𝒜x
He+(θ)|

2 + |𝒜y
He+(θ)|

2 +𝒜(x,y)
He+ (θ)

=

{
|σ x cos(θ)|2 + |σ y sin(θ)|2

+σ
x
σ

y sin(2θ)cos

×
[(

𝑝2

2
−E1s

)
Td

]}
Ω(θ), (11)

where θ is the angle between the photoelectron momentum
𝑝 and the x axis. For the He+ ion, Ω(θ) presents circular
shape in the (x,y) plane. The term of cosine triangle func-
tions cos[(𝑝

2

2 −E1s)Td] presents the interference effects of the
coherent electron wave packets created by the time delay of
two orthogonally polarized laser pulses. In Figs. 3(a)–3(e) we
present the theoretical predictions from ultrafast photoioniza-
tion models in Eq. (11), which are in good agreement with
those of TDSE simulations shown in Figs. 2(a)–2(e).
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Fig. 3. Predictions of photoelectron angular distributions for He+ ions obtained from the ultrafast photoionization models in Eq. (11).
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The similar phenomenon can be observed in the pho-
toionization process of a linearly molecular system H+

2 . The
molecule is aligned along the x axis. The same orthogo-
nally polarized laser pulses with wavelength λ = 15 nm is
used. We present the results from the TDSE simulations in
Figs. 4(a1)–4(a3) and the prediction results in Figs. 4(b1)–
4(b3). In Fig. 4(a1), at the time delay Td = 0 o.c., two ra-
diation peaks with larger amplitudes are mainly localized at
angles 80∘ and 260∘, two radiation peaks with smaller ampli-
tudes are located at angles 8∘ and 188∘ as well. At the time
delay Td = 1/4 o.c., the PMDs show that two radiation peaks
with larger amplitudes are mainly localized at angles 95∘ and
275∘, two radiation peaks with smaller amplitudes are located
at angles 8∘ and 188∘ in Fig. 4(a2), and a small tilted angle
with respect to the laser polarization axis appears. At the time
delay Td = 3/8 o.c., two radiation peaks with larger ampli-
tudes are mainly localized at angles 100∘ and 280∘, two radia-
tion peaks with smaller amplitudes are located at angles 172∘

and 352∘ in Fig. 4(a3). The wave function of highest occu-
pied molecular orbital (HOMO) for H+

2 can be simply written
as ψ1sσg = ψ1s(𝑟−𝑅e/2)+ψ1s(𝑟+𝑅e/2), which illustrates
a linearly combination of 1s atomic orbitals that are located
at ±R/2. For an intense laser field, the wave function of the
molecules in momentum space is

ψ(𝑝,0+) = ψ(𝑝+𝐸), (12)

where ψ(𝑝,0+) is the wave function of the ground electronic
state in the momentum 𝑝 space, and 𝐸 is the field vector.
Transforming the wave function ψ(𝑝,0+) to coordinate space,
we can obtain

ψ(𝑟,0+) = (2π)−3/2
∫

e−i𝑝·𝑟
ψ(𝑝,0+)d𝑝

= e−i𝐸·𝑟
ψ0(𝑟). (13)

Then transition amplitude can be given by

𝒜(𝑝) = (2π)−3/2
∫

e−i𝑝·𝑟
ψ(𝑟,0+)d𝑟

= (2π)−3/2
∫

e−i𝑝·𝑟 e−i𝐸·𝑟
ψ0(𝑟)d𝑟. (14)

The photoionization amplitudes along the x and y directions
can then be simply expressed as

𝒜x
H+

2
(θ)∼ σ

x f x(θ)Ω(θ)ψ1s(𝑝), (15)

𝒜y
H+

2
(θ)∼ σ

y f y(θ)Ω(θ)ψ1s(𝑝), (16)

where Ω(θ) is a function of |cos[pRe cos(θ)/2]|2, and the in-
terference term of the x and y directions is

𝒜x,y
H+

2
(θ) = 𝒜x*

H+
2
(θ)𝒜y

H+
2
(θ)+𝒜x

H+
2
(θ)𝒜y*

H+
2
(θ)

= σ
x
σ

y sin(2θ)cos
[(

𝑝2

2
−E1sσg

)
Td

]

×|cos[pRe cos(θ)/2]|2. (17)

The corresponding total distributions can be written as

|𝒜H+
2
(θ)|2 =

{
|σ x cos(θ)|2 + |σ y sin(θ)|2

+σ
x
σ

y sin(2θ)cos
[(

𝑝2

2
−E1sσg

)
Td

]}
×|cos[pRe]cos(θ)/2]|2. (18)

Here, σ x = 0.0000096 and σ y = 0.0000145 are the ionization
probability along the x and y directions. The corresponding
photoelectron momentum with the wavelength λ = 15 nm is
pH+

2
=
√

2(ω − Ip) = 1.97 a.u. The term of cosine triangle

functions cos[(𝑝2/2 − E1sσg)Td] present the interference ef-
fects of the coherent electron wave packets created by the time
delay of two orthogonally polarized laser pulses, and the term
of cosine triangle functions |cos[pRe cos(θ)/2]|2 presents the
interference effects of the coherent electron wave packets em-
anating from the two nuclear centers. The results of photoelec-
tron distributions of H+

2 is in good agreement with the predic-
tion results of angular nodels obtained from Eq. (18), proving
that the ultrafast photoionization model can well interpret pho-
toelectron process of H+

2 .
In order to further understand the effects of the time de-

lays on photoelectron angular distributions of multi-electron
molecules, the N2 molecule is used as a benchmark system in
orthogonally polarized laser fields. The N2 molecule is aligned
along the x axis. In Fig. 5(a1), at time delay Td = 0 o.c., PAD
is mainly localized at angles 135∘ and 315∘, from Figs. 5(a1)–
5(c1) we can see that the PADs for N2 molecule has four ra-
diation peaks located at angles 38∘, 135∘, 217∘, 315∘, and
as the time delay increases, the distribution in first and third
quadrants in the (x,y) plane becomes weaker, whereas after
Td = 1/4 o.c. (as shown in Fig. 5(c1)), the distribution in first
and third quadrants becomes broader.

The derivation process of N2 molecules is same as
Eqs. (12)–(14) for H+

2 molecules. The wave function ψ2pσg

of HOMO for N2 molecules can be simply written as ψ2pσg =

ψ2px(𝑟−𝑅N−N/2)− ψ2px(𝑟+𝑅N−N/2), which is a linear
combination of 2px atomic orbitals that are located at ±R/2.
The shape of the wave function of the ψ2px orbital is pro-
portional to the function of cos(θ), and Ω(θ) is a function
of |sin[pRN−N cos(θ)/2]|2. We take σ x = 0.0432 and σ y =

0.0438 as the ionization probabilities along the x and y direc-
tions. It should be mentioned that the ionization probabilities
along the x and y directions are not the same as the total ion-
ization probability. The corresponding photoelectron momen-
tum with the wavelength λ = 15 nm is pN2 =

√
2(ω − Ip) =

2.22 a.u. We calculate the ionization probability in different
directions in a linearly polarized λ = 15 nm laser pulse. The
intensity and duration of the laser pulses are the same as those
in Fig. 2. For the N2 molecule, the angle-resolved ionization
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probability is a function of sin(θ), the photoionization ampli-
tudes along the x and y directions can then be simply expressed
as

𝒜x
N2
(θ)∼ σ

x f x(θ)Ω(θ)ψ2p(𝑝), (19)

𝒜y
N2
(θ)∼ σ

y f y(θ)Ω(θ)ψ2p(𝑝). (20)

The interference term of the x and y directions is

𝒜x,y
N2
(θ) = 𝒜x*

N2
(θ)𝒜y

N2
(θ)+𝒜x

N2
(θ)𝒜y*

N2
(θ)

= σ
x
σ

y sin(2θ)cos
[(

𝑝2

2
−E2pσg

)
Td

]

×|sin(θ)cos(θ)sin[pRN−N cos(θ)/2]|2. (21)

The corresponding total distributions can be written as

|𝒜N2(θ)|
2 =

{
|σ x cos(θ)|2 + |σ y sin(θ)|2

+σ
x
σ

y sin(2θ)cos
[(

𝑝2

2
−E2pσg

)
Td

]}
×|sin(θ)cos(θ)sin[pRN−N cos(θ)/2]|2. (22)
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Fig. 4. Two-dimensional PADs of aligned H+
2 at equilibrium Re = 2.0 a.u. by orthogonally polarized laser pulses at wavelength λ = 15 nm

(ω = 3.04 a.u.). The intensity of the pulses is I0 = 1×1014 W/cm2 (E0 = 5.34×10−2 a.u.) and duration is 20 optical cycles. The numerical
results are shown for time delays: (a1) Td = 0 o.c., (b1) Td = 1/4 o.c., (c1) Td = 3/8 o.c. The prediction results of angular nodels obtained from
Eq. (18): (a2) Td = 0 o.c., (b2) Td = 1/4 o.c., (c2) Td = 3/8 o.c.
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Fig. 5. Two-dimensional PADs of aligned N2 at equilibrium RN−N = 2.08 a.u. by orthogonally polarized laser pulses at λ = 15 nm (ω =
3.04 a.u.). The intensity of the laser pulses is I0 = 1×1014 W/cm2 (E0 = 5.34×10−2 a.u.) and duration is 20 optical cycles. The numerical
results are shown for time delays: (a1) Td = 0 o.c., (b1) Td = 1/4 o.c., (c1) Td = 3/8 o.c. The prediction results of angular nodels obtained from
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013201-6



Chin. Phys. B Vol. 30, No. 1 (2021) 013201

-50 0 50
-50

0

50

t
=

1
6
.9

4
 o

.c
.

t
=

1
2
.1

0
 o

.c
.

t
=

7
.2

6
 o

.c
.

y
 (

a
.u

.)
y
 (

a
.u

.)
y
 (

a
.u

.)

(a1)

-50 0 50
-50

0

50
(a2)

-50 0 50

-50

0

50
(a3)

-50 0 50
-50

0

50
(b1)

-50 0 50
-50

0

50
(b2)

-50 0 50

-50

0

50
(b3)

-50 0 50
-50

0

50
(c1)

-50 0 50
-50

0

50
(c2)

-50 0 50

-50

0

50

x (a.u.) x (a.u.) x (a.u.)

(c3)

max min

Fig. 6. The electron wavepackets for the N2 molecules at different times by orthogonally polarized laser pulses at wavelength λ = 15 nm
(ω = 3.04 a.u.) with four time delays: [(a1), (a2), (a3)] Td = 0 o.c., [(b1), (b2), (b3)] Td = 1/4 o.c. and [(c1), (c2), (c3)] Td = 3/8 o.c. The
results are shown at four different times: [(a1), (b1), (c1)] t = 7.26 o.c., [(a2), (b2), (c2)] t = 12.10 o.c. and [(a3), (b3), (c3)] t = 16.94 o.c.

The corresponding prediction results obtained from
Eq. (22) are presented in Figs. 5(a2)–5(c2). The term of co-
sine triangle functions cos[(𝑝

2

2 −E2pσg)Td] presents the inter-
ference effects of the coherent electron wave packets created
by the time delay of two orthogonally polarized laser pulses,
and the term of sine triangle functions sin[pRN−N cos(θ)/2]
presents the interference effects of the coherent electron wave
packets emanating from the two nuclear centers. The angles of
the radiation peaks of the PADs from TDSE simulations and
theoretical predictions are identical. However, the intensity of
the PADs from the TDSE simulations and theoretical predic-
tions are inconsistent. From Figs. 5(a1)–5(c1), it is found that
these PADs exhibit an asymmetry with regard to the molecular
axis, i.e. the x axis. At Td = 0 o.c., the distribution is domi-
nant in the second and fourth quadrants in Fig. 5(a1). With Td

increasing, the distribution in the first and third quadrants de-
creases. At the time delay Td = 3/8 o.c., the distribution in the
first and third quadrants increases. However, in view of the
prediction result shown in Fig. 5(a2), the amplitudes of two
radiation peaks in the second and fourth quadrants are weaker
than those in the first and third quadrants. At Td = 1/4 o.c., the
prediction result shows symmetric distribution with respect to
the molecular axis, as shown in Fig. 5(b2). In Fig. 5(c2), the

amplitudes of two radiation peaks in the first and third quad-
rants are weaker than those in the second and fourth quadrants.

In order to describe the intensity of the PADs for N2

molecules from the TDSE simulations, the evolution of the
electron wavepackets by orthogonally polarized laser pulses
with different time delays are shown in Fig. 6. In Figs. 6(a1–
6(c1), at t = 7.26 o.c., the electrons are not ionized and
the electrons distributed around the molecular nucleus. In
Figs. 6(a2)–6(c2), at t = 12.10 o.c., the electrons have been
mainly ionized in four directions, and the electrons distribute
in the range from 26∘ to 58∘, from 118∘ to 167∘, from 204∘

to 238∘ and from 295∘ to 338∘, which are in agreement with
the PADs of N2 molecules in Fig. 5. In Figs. 6(a3)–6(c3),
at t = 16.94 o.c., more electrons have been ionized in the
(x,y) plane. The electron wavepacket by orthogonally po-
larized laser pulses with the time delay Td = 0 o.c. at time
t = 16.94 o.c. is presented in Fig. 6(a3), which shows that
there are more electrons distributed in the range from 108∘

to 167∘ in the second quadrant and from 292∘ to 342∘ in
the fourth quadrant rather than the range from 18∘ to 58∘ in
the first quadrant and from 197∘ to 241∘ in the third quad-
rant. Thus the radius of the PAD for N2 molecules located
at angles 135∘ and 315∘ is longer and wider than the radius
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located at angles 38∘ and 217∘ in Fig. 5(a). The electron
wavepacket by orthogonally polarized laser pulses with the
time delay Td = 1/4 o.c. at time t = 16.94 o.c. is presented
in Fig. 6(b3), which shows that there are much more electrons
distributed in the range from 118∘ to 164∘ in the second quad-
rant and from 298∘ to 340∘ in the fourth quadrant rather than
the range from 25∘ to 61∘ in the first quadrant and from 206∘

to 243∘ in the third quadrant. Thus the radius of the PAD for
N2 molecules located at angles 138∘ and 318∘ is much longer
than the radius located at 42∘ and 222∘ in Fig. 5(b). The elec-
tron wavepacket by orthogonally polarized laser pulses with
the time delay Td = 3/8 o.c. at time t = 16.94 o.c. is presented
in Fig. 6(c3), which shows that there are more electrons dis-
tributed in the range from 121∘ to 164∘ in the second quadrant
and from 301∘ to 342∘ in the fourth quadrant rather than the
range from 22∘ to 63∘ in the first quadrant and from 203∘ to
243∘ in the third quadrant. Thus the radius of the PAD for N2

molecules located at 142∘ and 322∘ is longer than the radius
located at 45∘ and 224∘ in Fig. 5(b).

4. Conclusions
The ionic and molecular photoionization in orthogonally

polarized laser fields for different time delays is investigated
theoretically. Simulations are performed on the He+ ions, H+

2
molecules and N2 molecules by numerically solving corre-
sponding 2D TDSEs. The PMDs and PADs are dependent
on the time delays between the orthogonally polarized laser
pulses, which comes from the interference between coherent
electron wave packets. For the He+ ions, the interference of
the coherent electron wave packets is created by the time delay
of two orthogonally polarized laser pulses. For H+

2 molecules
and N2 molecules, the interference of the coherent electron
wave packets is created by the time delay of two orthogonally
polarized laser pulses and two-center ionization. The ultrafast
photoionization model[25] is adopted to describe these results
given above. The PADs of He+ ions and H+

2 molecules can
be well described by the ultrafast photoionization model, and
the angles of the PADs for N2 molecules from the TDSE sim-
ulations are in good agreement with the prediction from the
ultrafast photoionization model. The evolution of the electron
wavepackets is employed to describe the intensity from TDSE
simulations for N2 molecules.
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