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Abstract:
We perform time-dependent calculation of strong-field ionization of neon,
initially prepared in 2p−1 and 2p+1 states, with intense near-circularly
polarized laser pulses. By solving the three-dimensional time-dependent
Schrödinger equation, we find clear different offset angles of the maximum
in the photoelectron momentum distribution in the polarization plane of
the laser pulses for the two states. We provide clear interpretation that
this different angular offset is linked to the sign of the magnetic quantum
number, thus it can be used to map out the orbital angular momentum of
the initial state. Our results provide a potential tool for studying orbital
symmetry in atomic and molecular systems.
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1. Introduction

Photoionization of atoms and molecules has been studied since the early days of quantum me-
chanics with a perturbation manner [1]. Due to fast development of femtosecond laser pulses
with field strengths equivalent to the field of the Coulomb interaction, strong-field ioniza-
tion has become one of the fundamental highly nonlinear and nonperturbative processes in
attosecond physics [2, 3]. In a linearly polarized laser field, the ionized electron can be driven
back to the parent nucleus, resulting in various physical phenomena such as high-order above-
threshold ionization due to electron rescattering [4–7], high harmonic generation [8–12] and
non-sequential double ionization [13–15].

In the case of circularly polarized laser field, the electron born in the continuum is constantly
driven away from the parent ion and can never travel back, which suppresses the rescattering
effects as well as the interference between electron wavepackets launched at different times
during the interaction with the driven pulses. Besides, the polarization plane of a circularly
polarized laser field is two dimensional and thus the ellipticity provides an additional free-
dom for the electron motion. As a result, atomic or molecular photoionization exhibits some
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new features that are absent in the case of linear polarization. For example, recent theoretical
and experimental investigations have shown that the lateral widths of the electron momentum
distribution at the tunneling exit is mapped onto the photoelectron momentum distributions
(PMD) [16–18]. The symmetry property of the target atomic and molecular orbital has also
been studied from the ionization signal in circularly polarized driving field. It has been shown
that the use of circularly polarized field permits an more transparent interrogation of angular
orbital structure of the targets and there are clear imprints of the angular nodes of the initial
state in the two-dimensional PMD [19].

Another notable feature is the strong dependence of ionization probability on the sign of
magnetic quantum number with respect to the rotation direction of the applied laser field [20].
The sign of the magnetic quantum number defines the direction of the electron ”orbiting” the
nucleus which can be clockwise or counterclockwise. Thus electron with different magnetic
quantum number is co-rotating or counter-rotating relative to the laser field, which can be in-
vestigated in the rotating frame defined by the polarization direction of the laser field [21].
It has been shown that counter-rotating electrons which rotate against the circularly polarized
laser fields can be more easily ionized that the co-rotating electrons [22–24].

All previous studies are focused on the dependence of ionization probability on the sign of
magnetic quantum number. To the best of our knowledge, the PMDs of the co- and counter-
rotating electrons have never been discussed. One notable exception is that Barth et.al have
found different emission angles for valence p−1 and p+1 electrons in the evolution of electron
probability density during the interaction with the laser field [24]. In their calculations, they
presented radius-dependent positions corresponding to the angle where the electron probability
density is maximal at different instants of time during the laser pulse and clear different emis-
sion angles for co- and counter-rotating electrons were found. However, they did not present
observable which can be measured experimentally to extract the difference of the emission
angles.

In this work, we focus on the difference of PMDs for co- and counter-rotating electrons. We
calculated, by solving the three-dimensional time-dependent Schrödinger equation (TDSE), the
PMDs for ionization of neon atom initially prepared in 2p−1, and 2p+1 states. The results show
distinct effects of the orbital angular momentum of the initial orbital. Clear different offset
angles of the maximum in PMD is found due to the difference of magnetic quantum number,
indicating that strong-field ionization by circularly polarized laser fields directly probes the
orbital angular momentum. Our results can be tested and have important implications using the
angular attosecond streaking technique, which may make it possible to track the time-resolved
angular momentum distribution in real time during a chemical reaction.

2. Results and discussions

Fig. 1. The initial 2p−1 (a) and 2p+1 (b) orbitals of Neon atom. The insets show the phase
of the two orbitals respectively. Electrons in 2p−1 state is counter-rotating and those in
2p+1 state is co-rotating for right circularly polarized laser field.

To this end, we numerically solve the velocity-gauge TDSE of neon atom initially prepared
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in 2p−1 and 2p+1 state described in a single active electron (SAE) approximation [25] (atomic
units are used unless stated otherwise):

i
∂
∂ t

Ψ(r, t) = [
p2

2
+V (r)+A(t) ·p]Ψ(r, t). (1)

In this equation, V (r) is the Muller SAE potential [26] given by V (r) = Zc+Ae−Br+(Z−Zc−A)e−Cr

r ,
with Z = 10.0, Zc = 1.0, A = 2.74, B = 1.082 and C = 3.40 to correctly reproduce the eigenen-
ergy of 2p state. A(t) is vector potential of the laser field. Without imposing any physical
restriction on the system, we assume that the laser is right near-circularly polarized in the (x,y)
plane with ellipticity of ε = 0.87, in accordance with recent angular attosecond streaking exper-
iments [27]. The x and y components can be expressed as Ax(t) =−εA0 sin2(πt

T )sin(ωt+φCEP)

and Ay(t) = A0 sin2(πt
T )cos(ωt +φCEP), where A0 is the amplitude of the vector potential, ω ,

T and φCEP are the frequency, total duration and CEP of the laser field,respectively. In our cal-
culation, ω = 0.057 a.u. conforms with Ti:sapphire 800 nm laser pulse with total duration of
10 optical cycle and intensity of 1.4×1014W/cm2. φCEP is set as 0. Figure 1 presents the 2p−1

and 2p+1 valence states of Neon atom. For right polarized laser field, the electron of 2p−1 state
is counter-rotating with respect to the polarization direction of the laser field and the 2p+1 state
is co-rotating.
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Fig. 2. Photoelectron energy spectra of neon starting from the valence 2p−1 (a) and 2p+1
(b) orbitals for 800 nm right near-circularly polarized laser field.

Firstly, we calculate the integrated energy spectra of the ionized electrons using the energy
window operator technique, which is introduced by Schafer and Kulander [28]. The window
operator is defined as W (E,k,γ) = γ2k/[(H0 −E)2k + γ2k], with H0 = p2/2+V (r). γ is the
energy width and k is the integer order of the window operator. Here we choose the parameters
γ = 0.05 and k = 2. The electron energy spectra of 2p−1 and 2p+1 are shown in Fig. 2(a) and
2(b), respectively. One clearly identifies conspicuous above-threshold ionization peaks which
are separated by one-photon energy h̄ω in both spectra. On the other hand, an important feature
one can find from the integrated energy spectra is that the strong-field ionization rate of the
2p−1 orbital is about 2 times higher than that of 2p+1 in the right near-circularly polarized light
field. This point is consistent with previous theoretical and experimental investigations [20,24].
An intuitive physical interpretation can be provided to explain the magnetic quantum number
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dependence of the strong-field ionization rate by circularly polarized laser field. In a laser field,
the Coulomb potential of the atom is suppressed, such that the electron can tunnel out from
the barrier. For circularly polarized laser, the suppressed Coulomb barrier is rotating with the
same frequency of the laser. For co- and counter-rotating electrons with opposite magnetic
quantum number, moving the system into a frame rotating with the laser field, the frequency of
the counter-rotating electrons meeting the suppressed Coulomb barrier is higher than that of the
co-rotating electrons. As a result, the strong field ionization rate of m = −1 is higher. Besides
the different ionization rates of the 2p+1 and 2p−1 states, one can clearly find that there are
energy shifts in the photoelectron energy spectra comparing Fig. 2(a) and 2(b). The energy
shift can also been viewed in photoelectron momentum spectra as radial momentum shifts (see
Fig. 3(a) and 3(b)). We would point out that energy shifts and radial momentum shifts of the
photoelectron spectra are in accordance with the analytical results of Ref. [23] (see Fig. 3 of
Ref. [23]).

Fig. 3. Angle- and momentum-resolved photoelectron spectra produced by the strong field
ionization of neon using 800 nm right near-circularly polarized laser field starting from the
valence 2p−1 (a) and 2p+1 (b) orbitals. The inset shows the axis of the laser field, The y
direction indicate the peak direction of the vector potential, which is the axis of zero offset
angle.

In what follows, we focus on the photoelectron momentum distributions for the neon atom
initially prepared in 2p−1 and 2p+1 states. Distributions are calculated on the polarization xy
plane with a dense momenta grid using polar coordinates, as shown in Fig. 3. In both two cases,
one observes two nearly symmetric peaks in the PMDs. Each one contains well resolved rings
corresponding above threshold ionization peaks. As we use near-circularly polarized laser fields
with ellipticity of 0.87, the peak direction of the electric field envelope is easily determined.
The peak of the electric field envelope coincides with the orientation of the major axis of the
polarization ellipse, ensuring the maximum value of the vector potential. One can see from Fig.
3(a) and 3(b) that the maximum of the PMDs for 2p−1 and 2p+1 orbitals show different offset
angles with respect to the major axis of polarization ellipse. The offset angle for the 2p−1 orbital
is larger than it is for the 2p+1 orbital. In order to find the maximum of the angular distributions,
we integrate the momentum distributions over radial direction and analyze the one-dimensional
angular distributions, as presented in Fig. 4. The resulting angular distributions show noticeable
offset angles relative to y axis. The offset are 19.6◦ for 2p+1 state and 32.1◦ for 2p−1 state. Note
that the offset angles also exists for m=0 state because of the influence of the Coulomb potential,
which has been proved both theoretically and experimentally. Quantum mechanically, the m= 0
orbital can be viewed as a superposition of m = −1 and m = 1 orbitals. We expect the mean
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offset angle of 2p−1 and 2p+1 orbitals is comparable with the offset of m = 0 state.
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Fig. 4. The radial integrated photoelectron distributions as the functions of the angle for
2p−1 (blue curves) and 2p+1 (red curves) orbitals of neon.

Next, we will show that the different offset angle for 2p−1 and 2p+1 orbitals manifests itself
in the ionization probability of different magnetic quantum numbers [29]. For laser pulse polar-
ized in the x-y plane, as considered in present work, the symmetry of the atom is broken, such
that the angular momentum projection m is no longer conserved, i.e., [Ĥ, L̂z] = i( p̂xAy− p̂yAx) �=
0 during the laser pulse for Ĥ = p2/2+V (r)+A(t) ·p. It means that 〈L̂z〉= 〈Ψ|L̂z|Ψ〉 changes
during interaction with the laser pulse according the Ehrenfest theorem, until it becomes con-
stant after the laser pulse. We calculated the probability distribution as a function of magnetic
quantum number for 2p−1 and 2p+1 orbitals from the ionized part of the electron wave packet,
as presented in Figs. 5(a) and 5(b). The m = ±1 component is removed. One can see that for
2p−1 state the probability distribution peaks around m ∼= 20 while for 2p+1 state the peaks shift
to m ∼= 30. The difference of the probability distribution as a function of magnetic quantum
number causes the different offset angle of the angle-resolved photoelectron spectra, which can
also be interpreted by a more transparent way. The counter-rotating and co-rotating electrons,
corresponding to p- and p+ orbitals respectively, have different initial orthogonal velocities
with respect to the tunneling direction. The counter-rotating electron is ”slower”. Instead, the
co-rotating electron has higher lateral momentum. As a result, under the influence of the laser
field and the core potential, the counter-rotating electron strongly interacts with the Coulomb
potential due to its lower momentum. Whereas the co-rotating electron moves away faster.
Therefore it is less affected by the Coulomb potential. This leads to the offset angle of p- or-
bital is larger than that of p+ orbitals. Therefore, the PMD can be a promising tool to study the
laser populating process during the interaction with atoms and molecules.

3. Conclusion

In summary, using 3-dimensional quantum mechanical model, we studied the strong field ion-
ization of neon atom stating from initial 2p−1 and 2p+1 states with opposite magnetic quantum
number. The resulting photoelectron momentum distributions of the two states show clear dif-
ferent angle offsets of the maximum, which has never been reported before to the best of our
knowledge. By calculating the laser populating probability of specific magnetic quantum num-
ber of the ionized wave packet after the laser pulse, we pointed that the different offset angles
were linked to the difference of the probability distribution as a function of magnetic quantum
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Fig. 5. The probability distribution for different magnetic quantum number after the laser
pulse from the ionized part of the electron wave packet: (a) for 2p−1 orbital and (b) for 2p1
orbital.
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