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Photoelectron momentum distributions of Ne and Xe dimers in
counter-rotating circularly polarized laser fields

Zhi-Xian Lei(雷志仙), Qing-Yun Xu(徐清芸), Zhi-Jie Yang(杨志杰), Yong-Lin He(何永林), and Jing Guo(郭静)†

Institute of Atomic and Molecular Physics, Jilin University, Changchun 130012, China

(Received 22 November 2021; revised manuscript received 17 January 2022; accepted manuscript online 24 January 2022)

The strong-field ionization of dimers is investigated theoretically in counter-rotating circularly polarized laser fields.
By numerically solving the two-dimensional (2D) time-dependent Schrödinger equation (TDSE) with the single-electron
approximation (SEA) frame, we present the photoelectron momentum distributions (PMDs) and photoelectron angular
distribution (PADs) of aligned Ne and Xe dimers. It is found that the PMDs and PADs strongly depend on the time delays
by counter-rotating circularly polarized laser pulses. The results can be explained by the ultrafast photoionization model
and the evolution of electron wave packets for Ne and Xe dimers. Besides, We make a comparison of PMDs between Ne
atom and Ne dimer.

Keywords: time-dependent Schrödinger equation, dimer, photoelectron momentum distributions, ultrafast
photoionization model

PACS: 32.80.Rm, 32.80.Fb, 42.50.Hz, 42.65.Re DOI: 10.1088/1674-1056/ac4e05

1. Introduction

Rapid developments in advanced laser technology pro-
vide new tools for investigating electron dynamics on its natu-
ral attosecond time scale (1 as = 10−18 s).[1–3] The interaction
of laser pulses with atoms and molecules has become a hot
topic in strong-field physics.[4] Ultrafast imaging of molecules
with femtosecond temporal and sub-Angstrom spatial resolu-
tions has emerged due to the development of x-ray free elec-
tron lasers.[5–11]

The ionization is one of the basic processes in strong-
field physics. The ionized electron wave packets can
produce various high-order nonlinear strong-field physi-
cal phenomena, such as multiphoton ionization,[12] above-
threshold ionization,[13,14] high-order harmonic generation
(HHG),[15,16] and nonsequential double ionization.[17,18] Ob-
serving the ionization dynamics of atoms and molecules un-
der the intense laser fields and tracking them on the attosec-
ond time scale can help us understand the motion of ionized
electrons better. The photoelectron momentum distributions
(PMDs) and photoelectron angular distributions (PADs) of
atoms and molecules contain valuable information about the
electron dynamics, which have attracted great attention of re-
searchers over the past few years.[19–21] Besides, they are also
important for detecting electron dynamics and the structure of
atoms and molecules.

In recent years, the photoionization processes have been
investigated in elliptically[22,23] and circularly polarized laser
fields.[24,25] In 2016, Yuan et al.[21] theoretically explored the
PMDs of hydrogen molecular ion by bichromatic circularly
polarized pulses, which illustrates that the PMDs are sensi-

tive to the molecular alignment and the parameters of the
bichromatic co- and counter-rotating pulses. A pair of el-
liptically polarized laser pulses were used to investigate the
role of initial states in photoelectron momentum distributions
for Ne atom.[26] The interference effect of two emission cen-
ters for diatomic molecules on strong-field ionization (SFI)
has attracted great attention, which has been suggested in
1966,[27] and then it was modeled in the photoionization of
H2 and H+

2 .[28] Nowadays it has been extended from per-
turbative regime to nonperturbative regime.[29] The influence
of such interference effect on photoionization processes has
been investigated for N2, O2, S2, and F2

[30–33] with differ-
ent initial states. The PMDs and PADs of N2 and O2 and
their companion atoms (atoms with comparable ionization po-
tentials) Ar and Xe, which were investigated experimentally
and theoretically,[34] indicated that the influence of the par-
ity of molecular HOMOs on the strong field molecular ion-
ization dynamics. Recently, strong-field ionization (SFI) of
the homonuclear noble gas dimer Ne2

[35] was investigated ex-
perimentally, which clearly showed an interference pattern in
both circularly and linearly polarized laser fields and proved
that two-center interference exists in Ne dimer. Then theoret-
ical research[36] indicated the influence of double-slit interfer-
ence on laser-induced dimer diffraction, and it also presented
the dependence of the double-slit interference structure on the
symmetry of the dimer orbitals and dimer orientation.

In the present work, we theoretically investigate the pho-
toionization of Ne and Xe dimers by bichromatic (ω1 = ω2)
counter-rotating circularly polarized laser fields with differ-
ent time delays. The PMDs and PADs are dependent on the
time delays, which derived from the interference between co-
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herent electron wave packets emanating from the two nuclear
centers. The ultrafast photoionization model[29] and the evo-
lution of the electron wave packets are used to explain these
results. Besides, we also compare the PMDs of Ne dimer with
Ne atom and found that there are vortex patterns in the PMDs
of Ne atom. The paper is arranged as follows: The theoretical
model and computational methods are described in Section 2.
The PMDs and PADs with different time delays of Ne and Xe
dimers, and the differences between the PMDs of Ne dimer
and Ne atom are presented and discussed in Section 3. Finally,
we summarize our results in Section 4. Throughout this paper,
atomic units (a.u.) e = h̄ = me = 1 are used unless otherwise
stated.

2. Theoretical model and computational meth-
ods

We investigate the ionization of Ne and Xe dimers in
counter-rotating circularly polarized laser pulses. As illus-
trated in Fig. 1(a), the Ne and Xe dimers are oriented in the
(x,y) plane and are aligned along x axis. The two-dimensional
(2D) time-dependent Schrödinger equation (TDSE) for dimers
can be expressed as follows:

i
∂Ψ(𝑟, t)

∂ t
=

[
𝑝2

2
+V (𝑟)+𝑟 ·𝐸(t)

]
Ψ(𝑟, t), (1)

where 𝑝 is the momentum of the electron, and V (𝑟) is the soft-
core Coulomb potential of Ne and Xe dimers. The soft-core
Coulomb potential of Ne dimer has the form[36]

V (𝑟) =−
2

∑
α=1

Z∞ +(Z0−Z∞)exp
(
−|𝑟−𝑅α |2

σ2

)
√
|𝑟−𝑅α |2 +a2

. (2)

Here 𝑟 = (x,y) denotes the electron coordinate in x–
y plane and α labels the nuclei located at fixed po-
sitions 𝑅α . The effective nuclear charge Z∞ and the
bare charge Z0 are 0.5 and 10, respectively. The soft-
core parameter a is chosen to avoid singularity and σ

is effective charge shielding parameter. The Ne dimer
(Ne2) has a ground-state molecular orbital configuration of
(1sσg)

2(1sσu)
2(2sσg)

2(2sσu)
2(2pσg)

2(2pπu)
4(2pπg)

4(2pσu)
2.

For the 2pσg orbital, a = 1.200 and σ = 0.815.[36] The inter-
nuclear distance |R| = |R1−R2| = 5.86 a.u. for Ne2, and the
ionization potential of the ground state is Ip = 0.747 a.u.[37]

For Xe dimer, the molecular orbital configuration
is · · ·(5sσg)

2(5sσu)
2(5pσg)

2(5pπu)
4(5pπg)

4(5pσu)
2,[38] and

the soft-core Coulomb potential can be written as

V (𝑟) =−
2

∑
β=1

Zβ (𝑟β )√
|𝑟β |2 +1

, (3)

where the analytical expression of Zβ (𝑟β ) has the following
form:

Zβ (𝑟β ) = 0.5+(ρβ −0.5)exp

(
−
|𝑟β |2

σβ

)
, (4)

𝑟β = 𝑟−𝑅β is the distance between the electron and the nu-
cleus, 𝑅β = ±R(Xe−Xe)/2 is position of the nucleus and the
internuclear distance is R(Xe−Xe) = 8.35 a.u., ρβ = 9.2, and
σβ = 0.5 are chosen to meet the ionization potential of the
ground state, i.e., Ip = 0.44 a.u.[38]

(a)

(c) (d)

(e)

(b)y

x

Ne2/Xe2

Ne/Xe Ne/Xe

max min

max min

6

6

0

0
-6

-6

x (a.u.)

y
 (

a
.u

.)

6

6

0

0

-6

-6

x (a.u.)

y
 (

a
.u

.)

Fig. 1. (a) Ne and Xe dimers are oriented in the (x,y) plane, R is the distance
between two nucleus. Panels (b) and (c) are the wave functions of 2pσg or-
bital for Ne dimer and 5pσg orbital for Xe dimer. Panels (d) and (e) are the
wave functions of Ne dimer and Xe dimer obtained by GAUSSIAN09.

The interaction between dimers and the laser pulse is
VL(𝑟, t) = 𝑟 ·𝐸(t), 𝐸(t) is the electric field of counter-rotating
circularly polarized pulses with time delay Td, which can be
expressed as

𝐸(t) =𝐸1(t)+𝐸2(t), (5)

where

𝐸1(t) = E0 f (t) [cos(ω1t)êx + sin(ω1t)êy] , (6)

𝐸2(t) = E0 f (t +Td){cos[ω2(t +Td)]êx

− sin[ω2(t +Td)]êy}, (7)

where E0 = 0.107 a.u. (I0 = 4× 1014 W/cm2) is the ampli-
tude of the electric fields. êx/y is the laser polarization di-
rection, ω1/2 (ω1 = ω2) is the angular frequency of laser
fields, and the Td is the time delay between two pulses. The
pulse duration is T = 20T0 (T0 = 2π/ω1), and the pulse en-
velope f (t) = exp[−2(ln2)t2/τ2] is used with τ = 2T0. In
our calculation, the pulse duration is T = 20T0 (T0 = 2π/ω1),
for Ne dimer T ≈ 44 fs (ω1 = 1.4 a.u.) and for Xe dimer
T ≈ 78 fs (ω ′1 = 0.78 a.u.). According to supplemental ma-
terial of Ref. [35], we can learn that for Ne dimer the time
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required to reach an internuclear distance of 10 Å during di-
rect dissociation starting at an internuclear distance of 3.1 Å is
600 fs–700 fs, while the indirect dissociation happens faster:
an internuclear distance of 10 Å is reached within 200 fs–
300 fs. Since the Xe and Ne are both noble gases, we believe
that the time required for dissociation of Xe and Ne dimers are
similar. Therefore, the dissociation for both dimers will not be
taken into account in this paper.

The 2D TDSE can be solved by fast Fourier transform
technique combined with split-operator method.[39,40] The
imaginary-time propagation method has been used to obtain
the initial wavefunction of Ne and Xe dimers. The wave func-
tions for molecular ground state of Ne and Xe dimers are
shown in Figs. 1(b) and 1(c). We can see that the two dimers
are located along the molecular R axis with the σg symmetry.
The ground state orbitals of Ne and Xe dimers are obtained
by using the Hartree–Fock method with the 6− 31+ g (d,p)
basis set as implemented in the GAUSSIAN09 program,[41]

the results are shown in Figs. 1(d) and 1(e). Obviously they
match the results obtained by the imaginary-time propagation
method shown in Figs. 1(b) and 1(c), which also proves the
correctness of our theoretical model.

The second-order split-operator method is used in our cal-
culation to obtain the propagation of wave function,

Ψ(𝑟, t +∆t) = exp
(
−i(

p2

4
)∆t
)

exp(−i [V (𝑟)+VL(𝑟, t)]∆t)

×exp
(
−i(

p2

4
)∆t
)

Ψ(𝑟, t)+O(∆t)3 (8)

with time step ∆t = 0.05 a.u., combined with fast Fourier
transform (FFT) technique in spatial steps ∆x = ∆y = 0.4 a.u.
In our calculation, the total spatial length is 409.6 a.u., which
is large enough to prevent unphysical effects from the reflec-
tion of the wave packet from the boundary. At each time step,
the wave function is multiplied by a mask function of the form
cos(1/8), and the domain of absorption ranges from |x,y| =
150 a.u. to |x,y| = 204.8 a.u. For the time-dependent elec-
tronic wave function Ψ(𝑟, t), the ionization 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,
(9)

where β = 1, and the boundary for ionized electron wave
function and bounded wave function is set to be rb = 80 a.u.
The photoelectron momentum distributions are acquired by
Fourier transforming the ionized electron wave function into
momentum space, the photoelectron angular distributions are
obtained from the photoelectron momentum distributions.

3. Results and discussion
In the present work, the photoionization of Ne and Xe

dimers by counter-rotating circularly polarized laser pulses

with different time delays are illustrated. The PMDs and the
PADs are presented in counter-rotating circularly polarized
laser fields for Ne dimer at wavelengths λ1 = λ2 = 32.5 nm
(ω1 = ω2 = 1.4 a.u.) and for Xe dimer at wavelengths λ ′1 =

λ ′2 = 58.5 nm (ω ′1 = ω ′2 = 0.78 a.u.). Since the photon energy
ω > Ip, the ionization process will occur by absorbing only
one photon, which is called the single-photon process, where
the Keldysh parameter γ =

√
Ip/2Up� 1, the modification of

the ionization potential by Stark shift can be ignored.
We firstly choose Ne dimer as a benchmark system to

describe effects of the time delay Td on PMDs and PADs in
counter-rotating circularly polarized laser fields. In Fig. 2 we
present the results calculated by TDSE simulations for 2pσg

orbital of Ne dimer in different time delays (0 o.c. [Figs. 2(a1)
and 2(a2)], 2 o.c. [Figs. 2(b1) and 2(b2)], 4 o.c. [Figs. 2(c1)
and 2(c2)], 6 o.c. [Figs. 2(d1) and 2(d2)]). The pulse wave-
length, intensity and duration are respectively chosen as λ1 =

λ2 = 32.5 nm (ω1 = ω2 = 1.4 a.u.), E0 = 0.107 a.u. (I0 = 4×
1014 W/cm2) and T = 20T0 (T0 = 2π/ω1) with τ = 2T0 = 2 o.c.
According to the energy conservation, with the laser pulse at
wavelength λ1 = λ2 = 32.5 nm (ω1 = ω2 = 1.4 a.u.), the cor-
responding momentum is PNe2 =

√
2(ω− Ip) = 1.1 a.u. One

can see from Figs. 2(a1)–2(d1) that the PMDs of Ne dimer by
counter-rotating circularly polarized laser pulses mainly have
four components, and the strongest intensity of four compo-
nents are localized at angles 70◦, 110◦, 250◦, 290◦. We can
see that since the nucleus located at (−R/2,0) and (R/2,0)
will attract electrons along the x-direction. As a result, it is
easier for electrons to move along the y direction. Therefore,
the electrons move farther along py than px. The PADs have
six components from Figs. 2(a2)–2(d2), four radiation peaks
with large amplitudes are located at angles 70◦, 110◦, 250◦,
290◦, and two radiation peaks with small amplitudes located
at angles 0◦ and 180◦ can be ignored, which reflects the in-
terference dynamics of molecular two-center photoionization
processes in single-photon transition (ω > Ip). In Fig. 2(a2),
at the time delay Td = 0 o.c., the PADs are mainly localized
at (PNe2 = 1.1 a.u.) angles of 70◦, 110◦, 250◦, 290◦ with al-
most equal intensity. At Td = 2 o.c. [Fig. 2(c2)], the distri-
bution in the first and third quadrants becomes weaker. As
the time delay increases, at Td = 4 o.c. [Fig. 2(c2)], the dis-
tribution becomes broader in the first and third quadrants and
weaker in the second and fourth quadrants. When Td = 6 o.c.
[Fig. 2(d2)], the distribution located in the first and third quad-
rants is much stronger than that in the second and fourth quad-
rants. It shows that the PMDs and PADs for Ne dimer are
sensitive to the time delay.

The results can be explained by the ultrafast photoion-
ization model of molecules[29,42] which has been successfully
used to explain the two-center ionization process of hydrogen
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molecular ion. For single-photon ionization process, the tran-
sition matrix element can be written as

W (1) = 〈Ψc|𝐷 ·𝐸1(ε)|Ψ0〉e−iη1 , (10)

W (2) = 〈Ψc|𝐷 ·𝐸2(ε)|Ψ0〉e−iη2 (11)

by counter-rotating circularly polarized laser pulses. |Ψ0〉 and
|Ψc〉 are the initial state and the continuum state respectively;
𝐸1(ε) = 𝑒1E1(ε) and 𝐸2(ε) = 𝑒2E2(ε) represent the Fourier
transform of 𝐸1(t) and 𝐸2(t); 𝐷 = 𝑛D is the electric dipole
operator, 𝑛 is its unit vector direction; η1 = φ1 is the phase of
𝐸1(t) and η2 = φ2 +ω2Td is the phase of 𝐸2(t). Therefore,
the equations (10) and (11) can also be expressed as

W (1) = 〈Ψc|DE1(ε)|Ψ0〉(𝑛 ·𝑒1)e−iη1 , (12)

W (2) = 〈Ψc|DE2(ε)|Ψ0〉(𝑛 ·𝑒2)e−iη2 . (13)

To simplify the expression, we take σ1 = 〈Ψc|DE1(ε)|Ψ0〉 and
f 1 =(𝑛 ·𝑒1)e−iη1 , then W (1) =σ1 f 1. Likewise, W (2) =σ2 f 2,
where σ2 = 〈Ψc|DE2(ε)|Ψ0〉 and f 2 = (𝑛 · 𝑒2)e−iη2 . With
counter-rotating circularly polarized laser pulses, the scalar
product can be written as[21]

𝑛 ·𝑒1 = (𝑛 ·𝑒2)
∗ = cosθ + i sinθ , (14)

where θ is the ejection angle, i.e., the angle between the tran-
sition dipole momentum and the x axis. The total distribution
reads

W =
∣∣∣W (1)

∣∣∣2 + ∣∣∣W (2)
∣∣∣2 +W (1,2), (15)

where the interference term can be written as

W (1,2) =W (1)∗W (2)+W (1)W (2)∗ = σ
1
σ

2 f (1,2). (16)

According to ultrafast photoionization model of
molecules, the wave function in momentum space right af-
ter the laser pulse 𝐸(t) =𝐸δ (t = 0) is given by

Ψ(𝑝,0+) =Ψ(𝑝+𝐴), (17)

where Ψ(𝑝,0+) is the wavefunction of the initial state in the
momentum 𝑝 space, and 𝐴 is the vector potential of the laser
field. The wavefunction in coordinate space can be obtained
by a Fourier transform of the function Ψ(𝑝,0+), which is
given by

Ψ(𝑟,0+) = (2π)(−3/2)
∫

e−i𝑝·𝑟
Ψ(𝑝,0+)d𝑝

= e−i𝐴·𝑟
Ψ0(𝑟), (18)

where Ψ0(𝑟) is the initial wavefunction in coordinate space.
Then transition amplitude can be written as

A(𝑝) = (2π)(−3/2)
∫

e−i𝑝·𝑟
Ψ(𝑟,0+)d𝑟

= (2π)(−3/2)
∫

e−i𝑝·𝑟e−i𝐴·𝑟
Ψ0(𝑟)d𝑟. (19)

The ground state of Ne dimer is of gerade parity, the
wavefunction of 2pσg is given byΨ2pσg(𝑟)= (1/

√
2)[Ψ2p(𝑟−

𝑅(Ne−Ne)/2)−Ψ2p(𝑟+𝑅(Ne−Ne)/2)], which is a linear com-
bination of 2p atomic orbital that are located at ±R(Ne−Ne)/2.
By taking ultrafast photoionization model into account, the
transition amplitude can thus be rewritten as

W (1)
∝ sin[(𝑝+𝐴) ·𝑅/2] f 1, (20)

W (2)
∝ sin[(𝑝+𝐴) ·𝑅/2] f 2. (21)

Since Up = (E2
0/4ω2)� Ip and 𝐴� 𝑝, the vector potential

of the laser field 𝐴 in Eqs. (20) and (21) can be ignored to
describe the photoionization processes. Then the interference
term can be written as

W (1,2) = W (1)∗W (2)+W (1)W (2)∗

∝ sin2(𝑝 ·𝑅/2)cos(2θ +∆η), (22)

where ∆η = η1 − η2 = ω2Td, and the equation (22) can be
expressed as

W (1,2)
∝ sin2[PRcos(θ)/2]cos(2θ +ω2Td). (23)

The term of cosine triangle functions cos(2θ + ω2Td)

presents the interference effects of the coherent electron wave
packets due to the time delay of counter-rotating circularly
polarized laser pulses, sin2[(pRcos(θ))/2] presents the inter-
ference effects of the coherent electron wave packets ema-
nating from the two nuclear centers. The results obtained
from Eq. (23) are presented in Figs. 3(a)–3(d). By compar-
ing Figs. 2 and 3, we can see that the angles of the radiation
peaks of the PADs obtained from TDSE simulations in Fig. 2
are consistent with those predicted by the ultrafast ionization
model in Fig. 3. However, the intensity of predicted results for
PMDs in Fig. 3 cannot match the simulated results in Fig. 2
very well. The reason is as follows: the ultrafast ionization
model is an oversimplified two-center model and the effects of
the molecular Coulomb potential are not taken into account in
the model,[43] which results in the intensity of predicted results
for PADs cannot agree well with the simulated results.

In order to describe the intensity of the PMDs for Ne
dimer, we display the evolution of the electron wave pack-
ets with time by counter-rotating circularly polarized laser
pulses with different time delays in Fig. 4. The evolution of
electron wave packet clearly shows the movement of elec-
trons. At t = 7.5 o.c. [Figs. 4(a1)–4(d1)], the electrons are not
ionized and the electrons are distributed around the nucleus.
When t = 12.34 o.c. [Figs. 4(a2)–4(d2)], the electrons have
been mainly ionized in four quadrants. When t = 17.18 o.c.
[Figs. 4(a3)–4(d3)], there are more electron wave packets dis-
tributed in the range from 55◦ to 80◦, from 100◦ to 125◦, from
235◦ to 260◦ and from 280◦ to 305◦, which are in agreement
with the TDSE simulated results in Fig. 2. Meanwhile, we can
see that at t = 17.18 o.c., i.e., near the end of laser pulses, the
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Fig. 2. PMDs and PADs of aligned Ne dimer at equilibrium internuclear distance R(Ne−Ne) = 5.86 a.u. by counter-rotating circularly polarized laser pulses at
λ1 = λ2 = 32.5 nm (ω1 = ω2 = 1.4 a.u.). The intensity of the laser pulses is I0 = 4×1014 W/cm2 (E0 = 0.107 a.u.) and duration is T = 20T0 (T0 = 2π/ω1)
with τ = 2T0 = 2 o.c. The upper row is the PMDs: (a1) Td = 0 o.c., (b1) Td = 2 o.c., (c1) Td = 4 o.c., (d1) Td = 6 o.c. The lower row is the PADs: (a2)
Td = 0 o.c., (b2) Td = 2 o.c., (c2) Td = 4 o.c., (d2) Td = 6 o.c. The unit o.c. is short for optical cycle.
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Fig. 3. The predicted results of PADs obtained from Eq. (23): (a) Td = 0 o.c., (b) Td = 2 o.c., (c) Td = 4 o.c., (d) Td = 6 o.c.
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Fig. 4. The electron wave packets for the Ne dimer at different times by counter-rotating circularly polarized laser pulses at wavelength λ1 = λ2 = 32.5 nm
(ω1 = ω2 = 1.4 a.u.) with four time delays: [(a1)–(a3)] Td = 0 o.c., [(b1)–(b3)] Td = 2 o.c., [(c1)–(c3)] Td = 4 o.c., and [(d1)–(d3)] Td = 6 o.c. The results
are shown at three different times: [(a1)–(d1)] t = 7.5 o.c., [(a2)–(d2)] t = 12.34 o.c., and [(a3)–(d3)] t = 17.18 o.c.
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Fig. 5. The PMDs and PADs of aligned Xe dimer at equilibrium R(Xe−Xe) = 8.35 a.u. by counter-rotating circularly polarized pulses at λ ′1 = λ ′2 = 58.5 nm
(ω ′1 =ω ′2 = 0.78 a.u.). The intensity of the laser pulses is I0 = 4×1014 W/cm2 (E0 = 0.107 a.u.) and duration is T = 20T0 (T0 = 2π/ω ′1) with τ = 2T0 = 2 o.c.
The PMDs and PADs simulated by TDSE are shown respectively for different time delays: (a) and (a1) Td = 0 o.c., (b) and (b1) Td = 2 o.c., (c) and (c1) Td =
4 o.c., (d) and (d1) Td = 6 o.c., The predicted results obtained from Eq. (26) are shown in: (a2) Td = 0 o.c., (b2) Td = 2 o.c., (c2) Td = 4 o.c., (d2) Td = 6 o.c.

images of electron wave packets are similar to the results of the
final photoelectron momentum distributions (Fig. 2). For the
time delay Td = 0 o.c. [Fig. 4(a3)], the electron wave packets
are located in four quadrants with same intensity. For the time
delay Td = 2 o.c. [Fig. 4(b3)], the electron wave packets are
mainly located in the second and fourth quadrants rather than
the first and third quadrants. When the time delay is 4 o.c.
[Fig. 4(c3)], we find that the electron wave packets distributed
in the first and third quadrants are enhanced while the distri-
butions in the second and fourth quadrants become weaker.
When the time delay is 6 o.c. [Fig. 4(d3)] the electron wave
packets distributed in the first and third quadrants are much
stronger than that in the second and fourth quadrants. The
results for the evolution of electron wave packets are in full
agreement with the results of the PMDs in Fig. 2.

Similarly, We choose Xe dimer to investigate effects of
the time delay Td on photoelectron momentum distributions
by counter-rotating circularly polarized laser pulses. The
wavelength, intensity and duration are respectively chosen as
λ ′1 = λ ′2 = 58.5 nm (ω ′1 = ω ′2 = 0.78 a.u.), E0 = 0.107 a.u.
(I0 = 4× 1014 W/cm2) and T = 20T0 (T0 = 2π/ω ′1) with
τ = 2T0 = 2 o.c. We present the photoelectron angular distri-
butions (PADs) obtained by TDSE simulations of Xe dimer in
different time delays (0 o.c. [Fig. 5(a)], 2 o.c. [Fig. 5(b)], 4 o.c.

[Fig. 5(c)], 6 o.c. [Fig. 5(d)]). According to the energy conser-
vation, with the laser pulse at wavelength λ ′1 = λ ′2 = 58.5 nm
(ω ′1 = ω ′2 = 0.78 a.u.) the corresponding momentum is PXe2 =√

2(ω− Ip) = 0.825 a.u. From Figs. 5(a1)–5(d1), the PADs
of Xe dimer mainly have four components, and the peak in-
tensity of four components are localized at angles 70◦, 110◦,
250◦, 290◦, the angle distributions are almost the same as the
results of Ne dimer. In Fig. 5(a1), at time delay Td = 0 o.c., the
intensity of PMDs is the same in four quadrants. While as the
time delay increases, the intensity of PMDs in the second and
fourth quadrants become weaker. At Td = 6 o.c., the intensity
of PMDs in the first and third quadrants is much stronger than
that in the second and fourth quadrants. Comparing the PADs
of Ne dimer (Figs. 2(a2)–2(d2)) and Xe dimer (Figs. 5(a1)–
5(d1)), for the first and third quadrants, the intensity distribu-
tions of Ne dimer is weakened first and then enhanced while
that of Xe dimer are almost unchanged. The same is, for the
second and fourth quadrants, the intensity distributions of both
Ne dimer and Xe dimer become weaker and weaker with in-
creasing time delay.

We also describe the photoionization process by the ul-
trafast photoionization model, the derivation process of Xe
dimer is the same as the Eqs. (10)–(19) for Ne dimer, the ini-
tial state of Xe dimer is of gerade parity, the wavefunction is
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given by Ψ5pσg(𝑟) = (1/
√

2)[Ψ5p(𝑟−𝑅(Xe−Xe)/2)−Ψ5p(𝑟+

𝑅(Xe−Xe)/2)], which is a linear combination of 5p atomic or-
bital that are located at ±R(Xe−Xe)/2. By taking ultrafast pho-
toionization model into account, the transition amplitude can
thus be rewritten as

W (1)
∝ sin[(𝑝+𝐴) ·𝑅/2] f 1, (24)

W (2)
∝ sin[(𝑝+𝐴) ·𝑅/2] f 2. (25)

Then the interference term can be written as

W (1,2)
∝ sin2(PRcos(θ)/2)cos(2θ +ω2Td). (26)

The corresponding predicted results obtained from
Eq. (26) are presented in Figs. 5(a2)–5(d2). Comparing
Figs. 5(a1)–5(d1) with Figs. 5(a2)–5(d2), we can see that the
same angle distributions are presented, but the amplitude of
PMDs predicted cannot agree well with the results of TDSE

sumilations. Similarly, we present the amplitude of PMDs
simulated by TDSE for Xe dimer by the evolution of the elec-
tron wave packets in counter-rotating circularly polarized laser
fields with different time delays in Fig. 6.

In Figs. 6(a1)–6(a3), when Td = 0 o.c., from t = 7.5 o.c.
to t = 17.18 o.c., we can see that the electron wave packets are
located in four quadrants with same intensity, which agrees
well with the TDSE simulation results in Fig. 5(a1). When
Td = 2 o.c., 4 o.c., and 6 o.c., the electrons are ionized along
four quadrants and are mainly distributed in the first and third
quadrants over time as shown in Figs. 6(b1)–6(b3), 6(c1)–
6(c3), and 6(d1)–6(d3). At t = 17.18 o.c., there are more elec-
trons distributed in the first and third quadrants than that in
the second and fourth quadrants, which corresponds with the
TDSE results in Figs. 5(b1)–5(d1). Therefore, the evolution of
electron wave packets also can be used to explain the ampli-
tudes of PMDs for Xe dimer successfully.

t
/

.

 o
.c

.
t
/


.

 o

.c
.

t
/


.

 o

.c
.

Td=0 o.c. Td=2 o.c. Td=4 o.c. Td=6 o.c.

max

min

max

min

max

min

50

0

-50

50

0

-50

50

50

0

0
-50

-50 500-50 500-50 500-50

(a1) (b1) (c1) (d1)

(a2) (b2) (c2) (d2)

(a3) (b3) (c3) (d3)

Fig. 6. The electron wave packets for the Xe dimer at different times by counter-rotating circularly polarized laser pulses at wavelength λ ′1 = λ ′2 = 58.5 nm
(ω ′1 = ω ′2 = 0.78 a.u.) with four time delays: [(a1)–(a3)] Td = 0 o.c., [(b1)–(b3)] Td = 2 o.c., [(c1)–(c3)] Td = 4 o.c., and [(d1)–(d3)] Td = 6 o.c. The results
are shown at three different times: [(a1)–(d1)] t = 7.5 o.c., [(a2)–(d2)] t = 12.34 o.c., and [(a3)–(d3)] t = 17.18 o.c.

To compare the photoionization of Ne dimer and Ne

atom, we investigate the photoionization of 2p− excited state

of Ne atom with magnetic quantum number m =−1 by time-

delayed counter-rotating circularly polarized laser pulses. Fig-

ures 7(a)–7(d) display the PMDs of Ne atom with different

time delays for the 2p− state (I2p− = 0.793 a.u.) as the initial

electronic state.

Figures 7(a)–7(d) show that the PMDs of Ne atom present

two spiral arms at wavelength λ1 = λ2 = 20 nm (ω1 = ω2 =

2.28 a.u.), and we can see that the PMDs are also sensitive to

the time delay. The physical mechanism of electron vortices

generation is the coherent superposition of photoelectron wave

packets with time delay and different magnetic quantum num-

ber m. The valence electron in 2p− state can be ionized via

following route by absorbing one photon from the first left-

handed circularly polarized laser pulse (E1) (|p,−1〉 → |d,0〉)

063202-7



Chin. Phys. B 31, 063202 (2022)

or the second right-handed circularly polarized laser pulse (E2)
(|p,−1〉 → |d,−2〉), as shown in Fig. 8. Owing to time delay
between the two pulses, a phase of e−iE ′Td/h̄ will be generated
in the final electron wavepacket by the first pulse, in which
E ′ represents the photoelectron energy.[44] The final superpo-
sition state reads

|Ψ2〉 ∝ e−iE
′
Td/h̄ |d,0〉+ |d,−2〉 . (27)

The interference of |d,0〉 and |d,−2〉 states generates a vor-
tex pattern with C2 rotational symmetry as shown in the
Figs. 7(a)–7(d), and with the increasing time delay, the spi-
ral arms become longer and thinner, which consists with the
results in Ref. [45].
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Fig. 7. PMDs of Ne atom by counter-rotating circularly polarized laser pulses
with time delay Td at λ1 = λ2 = 32.5 nm (ω1 = ω2 = 1.4 a.u.). The intensity
of the laser pulses is I0 = 4×1014 W/cm2 (E0 = 0.107 a.u.) and duration is
T = 20T0 (T0 = 2π/ω1) with τ = 2T0 = 2 o.c., which are the same parame-
ters as Ne dimer. Results are shown for four time delays: (a) T d = 0 o.c., (b)
T d = 2 o.c., (c) Td = 4 o.c., and (d) Td = 6 o.c.
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Fig. 8. Single-photon ionization channel scheme for photoionization of Ne
atom with the initial electronic state of 2p− by counter-rotating circularly
polarized laser pulses.

The results of PMDs of Ne atom are obviously different
from that of Ne dimer. We consider that the initial structure of
Ne dimer maybe the reason of the absence of vortex patterns
in its PMDs. Furthermore, the highly symmetry of the initial
state of Ne atom may be an important reason for the appear-
ance of the vortex patterns.

4. Conclusion
The photoionization of molecular ground state of Ne

dimer and Xe dimer in counter-rotating circularly polarized
laser fields are investigated theoretically. Simulations are per-
formed on the Ne and Xe dimers by numerically solving cor-
responding 2D TDSEs. Our numerical results show the PMDs
and PADs of Ne and Xe dimers are dependent on the time
delays, which comes from the interference between coher-
ent electron wave packets created by the time delay of two
counter-rotating circularly polarized laser pulses. The ultra-
fast photoionization model and the evolution of the electron
wave packets are adopted to well explain the results. In the
comparison between Ne dimer and Ne atom, We found that
the PMDs of Ne atom present vortex patterns. And we believe
that the disappearance of the vortex patterns for Ne dimer can
be attributed to the structure of initial state for Ne dimer.
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