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Circularly polarized orbitals in atoms are referred to as electron ring currents with a helical angular phase
and thus manifest circular dichroism in photoionization by circularly polarized light fields. Opposite circular
dichroism has been revealed in single-photon and nonadiabatic tunneling ionization regimes. The transition of the
circular dichroism and its underlying mechanism are still not clear. Here, we systematically study the wavelength
scaling of photoionization circular dichroism of electron ring currents. We present a universal description of
the dichroic photoelectron energy spectra and the spin polarization from the infrared to the extreme ultraviolet
regions. We reveal that the channel interference and competition via the intermediate states with different angular
quantum numbers in a few-photon ionization regime give rise to the transition of the circular dichroism and the

spin polarization of photoelectrons.
DOI: 10.1103/PhysRevA.107.063104

I. INTRODUCTION

Circular dichroism refers to the different response of a
physical system to the change of the helicity of an incoming
circularly polarized light [1,2]. The emergence of circular
dichroism indicates that the system possesses chiral proper-
ties, such as the chiral structure for chiral molecules. Since
the chiral objects or systems exist widely in nature, cir-
cular dichroism has attracted much attention ranging from
physics [3-5] to stereochemistry [6] and life sciences [7]. As
a fundamental chiral object, atomic electron ring currents are
electronic states or orbitals |/, m) = Y;,,(8, ¢) with nonzero
m [8], where Y}, is the spherical harmonic with an angular
quantum number [/ (I > 0) and magnetic quantum number m
(0 < |m| < I). Electron ring currents carry an angular phase
e™? with respect to the azimuthal angle ¢, classically corre-
sponding to the clockwise (m > 0) or anticlockwise (m < 0)
rotation around the quantization axis. Due to the helicity of the
angular phase ¢™?, the electron ring current has an intrinsic
chirality and would be expected to manifest circular dichroism
in photoionization.

The study of photoionization circular dichroism in single-
and few-photon ionization can be traced back to the 1960s
and 1970s [9-11]. There, scientists extensively studied the
photoionization of alkali atoms, whose ground state is the
s orbital without any ring currents. Note that the Fano and
Bethe propensity rule in single-photon ionization can be
traced back to the different magnitudes of the Wigner-3;
symbols for different /, m combinations [12]. In the 1990s,
the photoionization circular dichroism of circular Rydberg
wave packets attracted much attention [13,14]. In the past
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10 years, the photoionization circular dichroism of rare-gas
atoms by multiphoton ionization or tunneling ionization has
attracted considerable attention [15-20], such as experimental
efforts on the outermost p shell of argon atoms [18-21], due
to the promising potential of generating spin-polarized photo-
electrons [22-27]. The photoionization circular dichroism of
ring-current orbitals, as a basic chiral interaction between ro-
tating lights and electrons, is fundamentally important in both
science and applications [28-36]. However, it is less explored
in single- and few-photon ionizations [3,36-38]. Recently,
the polarization control of XUV free-electron lasers has been
realized [39]. On the other hand, the tabletop production of
circularly polarized ultraviolet high-order harmonics has been
recently demonstrated with counter-rotating circularly polar-
ized driving fields [40—47]. Therefore, the ultrafast circular
dichroism and photoelectron spin polarization from ring cur-
rents in single- or few-photon ionization regimes would be
theoretically and experimentally interesting in the future for
providing highly spin-polarized electron sources. To this end,
the universal description for this chiral ionization interaction
and its effect on photoelectron spin polarization is an impor-
tant central topic in ultrafast science.

In this paper, we theoretically investigate the wavelength
scaling of photoionization circular dichroism of the ground-
state ring-current orbitals [py (m = 1) and p_ (m = —1)] of
argon atoms from nonadiabatic tunneling ionization to single-
photon ionization. Using the ab initio solution of the three-
dimensional time-dependent Schrodinger equation (TDSE)
and the simulation with the strong-field approximation (SFA),
we calculate the photon-frequency-dependent ionization
probabilities and photoelectron energy spectra from the coro-
tating orbital (p4) and the counter-rotating orbital (p_) in a
right circularly polarized light field. By comparing with the
benchmark results of TDSE, we show that the SFA fails to
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describe the circular dichroism in few-photon ionization due
to the lack of intermediate states. Based on a state-resolved
calculation and analysis, we identify that the quantum inter-
ference and competition of the ionization channels via the
intermediate states with different angular quantum numbers
give rise to the transition of the circular dichroism and the
photoelectron spin polarization in a two-photon ionization
regime.

II. METHOD

We study the photoionization of the 3p state that
is obtained in an effective potential Ve = —[Z 4 (Zgy —
Z)e™"/"s]/r as the ground state of argon atoms by numerically
solving the three-dimensional TDSE [48,49]. Here, Z =1
and Zg,; = 18 are the asymptotic ion charges as r — oo and
r — 0, respectively, and a screening length r; = 0.21494 is
tuned to match the ionization potential /, = 0.579 a.u. for
argon atoms (only for the j = 1/2 ion channel). We used up
to 50 angular momenta and the radial grid step size is 0.01
a.u. The TDSE is solved using the Crank-Nicolson propaga-
tor in the time axis with a step size of 1073 a.u. The wave
function is spatially expanded with spherical harmonics, so
that the populations of the states |/, m) can be monitored
in real time. In SFA, the transition-matrix element is given
by M, = —i [ dt (yr,(p, 1)Ir - E(t)|0) [50], where |v0) is the
ground state obtained using the imaginary-time propagation
method in the effective potential and |y, (p, t)) is the Volkov
state with the photoelectron final momentum p. Intrinsically,
the SFA ignores intermediate states in the interaction. In
the calculations, we used a right circularly polarized laser
pulse with a 12-cycle sine-square envelope at an intensity
of 1.0 x 103 W/cm2 (electric field E =~ 0.016 89 a.u.), and
the sense of rotation of the electron orbital is determined by
m = 1 (corotating) and m = —1 (counter-rotating). The light
frequency was continuously varied from 0.05 a.u. (1.35eV) to
2.0 a.u. (54.4 eV) with a step size of 0.005 a.u.

III. RESULTS AND DISCUSSION

We first compare the photoionization circular dichroism
of electron ring currents in the single-photon (at 45.6 nm)
and nonadiabatic tunneling (at 800 nm) ionization regimes
in Fig. 1. In single-photon ionization, the photoelectron en-
ergy spectrum manifests as a single peak and the ionization
probability of the corotating ring current is about four times
as much as that of the counter-rotating ring current, indicating
that the corotating orbital with respect to the XUV light will be
preferentially ionized. This can be understood by a classical
picture that the effective interaction time between the light and
electron is much longer when they are corotating. In tunnel-
ing ionization, the circular dichroism is surprisingly reversed.
The circularly polarized IR light field prefers to tunnel ion-
ize the counter-rotating ring current, which can be explained
by the nonadiabaticity of light-induced tunneling [51] or sim-
ply the blueshift of photons in the counter-rotating case [21].

From the two extreme cases, one can note that the pho-
toionization circular dichroism of the electron ring currents
has a remarkable dependence on the light frequency. The
frequency dependence is not trivial and it reflects the rich
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FIG. 1. (a), (b) Schematic representation of the photoionization
circular dichroism of electron ring currents [p. (blue) and p_ (red
dashed)] in a right circularly polarized light field in the single-
photon ionization and nonadiabatic tunneling ionization regimes,
respectively. The p, and p_ orbitals are energy degenerated and
their separation in the figure is for clarity. (c), (d) The calculated
photoelectron energy spectra from the two orbitals with the TDSE
method at a light angular frequency of 1.0 a.u. (45.6 nm) and 0.057
a.u. (800 nm), corresponding to single-photon ionization and nona-
diabatic tunneling ionization, respectively.

electron dynamics in this chiral interaction. The rotation an-
gular frequency of the ring currents can be estimated as wy =
mh/ (m,r?), where r is the most probable orbit radius and
m, is the electron mass. For the ground-state ring currents
in typical rare-gas atoms, the magnetic quantum number is
m = £1 and the orbit radius is r =~ 1.0 a.u., and thus the
angular frequency of ring currents is much faster than that of
the widely used Ti:sapphire laser at a center wavelength of
800 nm (wy, = 0.057 a.u.). Thus, in multiphoton or tunneling
ionization the rotating electron ring current can be viewed as a
spatially continuous and uniform distribution by the incoming
IR photons, so that the relative rotation phases between them
is not important. For the single-photon ionization case, the
light wavelength is in the extreme ultraviolet regime, and
the angular frequency of the light field becomes larger than
that of the electron ring currents. The assumption of spatial
continuity of the electron orbital will be therefore broken. In
the gap between the two regimes, their angular frequencies
are comparable, and thus the phase matching between the
light and orbital will become very important and the elec-
tron dynamics should be very rich and complex. Therefore,
the scaling law of the photoionization circular dichroism of
electron ring currents with respect to the light frequency is
fundamentally essential. Especially, it is interesting to investi-
gate the underlying mechanism of the transition of the circular
dichroism.
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FIG. 2. (a), (b) Frequency-dependent photoelectron yields from
p+ (corotating) and p_ (counter-rotating) orbitals in a right circu-
larly polarized laser field calculated with the TDSE and SFA model,
respectively. The vertical dashed lines indicate the critical frequen-
cies from multiphoton ionization to single-photon ionization. The
red arrow in (a) indicates the rapid decrease of the yield in the
counter-rotating geometry. (c), (d) Frequency-dependent photoelec-
tron energy spectra by solving the TDSE for the counter-rotating and
corotating orbitals, respectively. In (c), the red dashed ellipse high-
lights the subpeak splitting from the main ATI peak in the two-photon
ionization regime. (e), (f) The photoelectron energy spectra using
the SFA model. The spectra (c)—(f) are normalized by the maximum
yield at each laser frequency. In all panels, the photoelectron yields
are in a logarithmic scale.

In Figs. 2(a) and 2(b), we illustrate the angle- and energy-
integrated ionization probabilities from the two orbitals as a
function of the photon frequency using the TDSE and SFA
models, respectively. Generally, the ionization probabilities
increase with respect to the photon frequency. One can note
that a typical ladder-shaped structure appears when the pho-
ton frequency satisfies w;, = I,,/n, where n is the number of
photons required in photoionization. Both models reveal that
the ionization probability of the counter-rotating geometry is
larger than that of the corotating geometry in a multiphoton
regime (wy < 0.25 a.u.). As seen in Fig. 2(b) for the SFA
results, the probability of the counter-rotating geometry is
always larger than that of the corotating geometry until enter-
ing in the deep single-photon ionization regime when w; >
1.0 a.u. Afterwards, the probability of corotating geometry

will be much larger than that of counter-rotating geometry.
However, strikingly, the accurate TDSE result shows that the
ionization probability of the counter-rotating geometry drops
sharply in the two-photon ionization regime, as indicated by
the red arrow in Fig. 2(a). When the frequency continues
to increase into the single-photon ionization regime (wp >
I,), the TDSE result shows that the ionization probability
of the corotating geometry then becomes larger than that
of the counter-rotating geometry. In Fig. 2(b), there is no
such sudden decrease for the ionization probability of the
counter-rotating geometry in a two-photon regime. The less
accurate behavior of SFA can be attributed to the neglect of
the intermediate states, as well as the Coulomb potential. The
transition of circular dichroism in the two-photon ionization
regime is particularly interesting, which the SFA model can-
not capture.

We further show the photon-frequency-dependent pho-
toelectron energy spectra of the co- and counter-rotating
geometries using the TDSE and SFA models in Figs. 2(c)—
2(f), respectively. The energy of each order above-threshold
ionization (ATI) peak [52] increases linearly with respect to
the photon frequency, and the channel closing and channel
shifting occur when satisfying w;, = I,/n. At first glance, the
energy spectra for the two geometries are similar. With close
inspection of the counter-rotating geometry of TDSE, when
wy ranges from 0.3 to 0.45 a.u. in the two-photon ionization
regime, an exclusive structure appears below the first-order
ATTI [see the dashed red ellipse in Fig. 2(c)]. In the follow-
ing, we will show that this feature is directly related to the
transition of the circular dichroism. The SFA model does not
reproduce this subpeak below the main ATI peak, because it
does not include the intermediate states in the interaction. For
the corotating case, the SFA result agrees well with the TDSE
simulation, indicating that the intermediate states play a minor
role in this geometry. Note that the experimental spectrum is
the noncoherent sum of the results from p., p_;, and po [47].
To observe such photoionization circular dichroism from the
neutral atoms presented here, one can first use a pump pulse to
break the orbital symmetry of the ground state and then probe
the remaining ring current in the ion by another circularly
polarized light pulse [20,21].

In order to directly visualize the contribution of different
ionization channels, we have performed the calculation of the
state-resolved population by projecting the final wave func-
tion v (¢5) to the eigenstates of the system after the laser turns
off when solving the TDSE. This allow us to differentiate
the contributions between bound and ionized wave functions
and also trace the ionization pathways via different quantum
states. For simplicity, here we only use the angular part |/, m)
to represent the partial wave function. In Figs. 3(b) and 3(d),
we show the extracted population of the final states |/, m)
with respect to the laser frequency for the co- and counter-
rotating geometries. In those plots, the quantum numbers /
and m of the populated states serve as the vertical coordinate.
Then we have analyzed the electron transition paths through
the related quantum states |/, m) for the two geometries. The
selection rule of / is Al = #£1 and that of m is Am = 1 when
absorbing each right circularly polarized photon within the
dipole approximation. For the corotating geometry, the elec-
tron transition path is unique (i.e., |1, 1) — [2,2) — |3, 3)),
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FIG. 3. (a), (c) The schematic of the transition path for the ion-
ization of the co- and counter-rotating orbitals when absorbing a
few photons. (b), (d) The electron populations on the final states
|l, m) with respect to the laser frequency for the (b) corotating and
(d) counter-rotating (d) geometries calculated by solving the TDSE.
At each frequency, the population on each state is normalized to
the total ionization probability |y (z,)]%. (e), (f) The total ionization
probability and the individual contribution of the related states in the
co- and counter-rotating geometries, respectively.

since only the channel of A/ = 1 can support the select rule
of m. Our calculation verifies this unique transition path.
As illustrated in Figs. 3(b) and 3(e), the larger populated
state is |4, 4), |3, 3), |2, 2) for three-photon, two-photon, and
single-photon ionization regimes, respectively. Due to the
plain ionization mechanism in the corotating case, the SFA
result agrees with the TDSE simulation.

As to the counter-rotating geometry, the electron tran-
sition path is not unique because the pathways of Al =1
and Al = —1 can be both satisfied, as shown in Fig. 3(c).
The channel competition will play an important role for
the counter-rotating geometry in few-photon ionization. As
illustrated in Fig. 3(d), in the three-photon regime the pop-
ulation of |2, 2) is more dominant than that of |4, 2), which
indicates the pathway of smaller / is preferred in the multi-
photon ionization process. However, in the beginning of the
single-photon regime the population of |2, 0) is comparable
to that of |0,0). With an increase of laser frequency the
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FIG. 4. The photoelectron energy spectra at w; = 0.43 a.u. for
the ionization of (a) the corotating orbital and (b) the counter-rotating
orbital. (¢) and (d) are the individual photoelectron energy spectra
in the counter-rotating geometry from the states |1, 1) and |3, 1),
respectively.

pathway of larger / becomes more preferred, which is exactly
the Fano’s propensity rule [53] for single-photon ionization or
transition. Therefore, in the two-photon regime the ionization
channel through the state of |1, 1) will compete with the
ionization channel through |3, 1). Moreover, there are two
transition paths (|1, —1) — |0,0) — |1, 1) and |1, —1) —
|2,0) — |1, 1)) contributing simultaneously to the state of
[1, 1). Thus, it would be expected to have the interference
on the state of |1, 1), which depends on the relative phase
between those two transition paths. In Fig. 3(f), we show the
total ionization probability and the individual contributions
from the related states with respect to the laser frequency. The
results indicate that the sudden decrease of the total probabil-
ity originates from the ionization through the state |1, 1). The
ionization probability from |1, 1) rapidly drops after entering
the two-photon regime and it reaches the minimum at w; =
0.43 a.u.. The total probability basically follows the trend of
1, 1).

The interference on the state of |1, 1) takes place in the
two-photon regime. The photoelectron energy spectra of those
two geometries at w;, = 0.43 a.u. are shown in Figs. 4(a) and
4(b), respectively. There is a subpeak near the main peak of
the ATI in the counter-rotating geometry, whereas the ATI
is a single peak in the corotating geometry as only the state
|3, 3) is populated. Since the states of |1, 1) and |3, 1) will
simultaneously contribute to the total photoelectron energy
spectrum of the counter-rotating geometry, we illustrate their
individual photoelectron energy spectra in Figs. 4(c) and 4(d).
The photoelectron energy spectrum from the state |3, 1) shows
a single peak. In contrast, the photoelectron energy spec-
trum from the state |1, 1) appears as a series of interference
peaks because there are two transition pathways involved
coherently. Therefore, the subpeak in the counter-rotating ge-
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FIG. 5. The energy- and frequency-dependent spin polarization
of photoelectrons associated with the ionic state of j = 1/2, cal-
culated with the TDSE method. (b) The energy-integrated spin
polarization with respect to the laser frequency.

ometry [i.e., the exclusive structure marked by the dashed
ellipse in Fig. 2(c)] originates from the channel interference
between the transition pathways of |1, —1) — |0,0) — |1, 1)
and |1, —1) — |2,0) — |1, 1). This interference causes the
ionization probability to decrease dramatically in the transi-
tional regime and then alters the circular dichroism. Note that
here the mechanism of the partial-wave channel interference
is the same as the Cooper minimum [54,55].

The natural interest in the photoionization of the ring
current is the generation of spin-polarized photoelectrons.
Finally, we discuss the photoelectron spin polarization in
photoionization with circularly polarized fields. Considering
the spin-orbit coupling effect of the ring-current electronic
states, the electron spin state could be uniquely related to its
orbital state. For example, for the spin-orbit split ionic state of
Jj = 1/2 photoelectrons from p are spin down and those from
p— are spin up [22-25,27]. Therefore, based on the calculated
ionization yields of the p; and p_ orbitals, we could predict
the frequency- and energy-dependent spin polarization
of photoelectrons, which is calculated by S(wg, Ey) =
[Yup(wL, Ei) — Yaown(@r, Ek)]/[Yup(wLa Ei) + Yaown(@r, Ep)],
where Y,p(wr, Er) and Ygown (@, Ey) are the yields of spin-up
and spin-down photoelectrons with the energy of E; at
the driving frequency of wy, respectively. In Fig. 5(a), we
illustrate the calculated frequency- and energy-dependent spin
polarization for the j = 1/2 ionic state. In the multiphoton
ionization regime, the spin polarization oscillates with the
photoelectron energy due to the dichroic energy shift of ATIs.
However, in the single-photon regime, the spin polarization
is always negative. As illustrated in Fig. 5(b), in the
high-frequency limit the energy-integrated spin polarization
approaches —0.63. In contrast, the spin polarization could
approach 1.0 in the low-frequency limit. The interference
process discussed in Fig. 3(f) also plays a noticeable role

in the spin polarization signal. Between 0.4 and 0.5 a.u.
frequency, the energy-integrated spin polarization spectrum
shows a local peak, which corresponds to the local peak
in Fig. 3(f). Note that the two ion channels (j = 1/2 and
Jj = 3/2) correspond to the different ionization potentials,
and thus the photoelectron peak energies are different.
Therefore, using a photoelectron energy gate one can separate
the contributions from the two channels experimentally. The
spin polarizations are opposite between the two ion channels
and thus the total spin polarization (i.e., the noncoherent
sum of the two channels) will oscillate as a function
of photoelectron energy. Several experiments have been
performed to explore the spin polarization in multiphoton
ionization [23-25]. Resonance-enhanced ionization in the
counter-rotating geometry was revealed in Refs. [56-58]. In
the intermediate few-photon ionization regime, we show that
the spin polarization is determined by the electron dynamics at
the doorway states and the spin polarization could change its
sign. The results would initiate future interesting experimental
explorations of spin-polarized electron generation.

IV. CONCLUSION

In conclusion, we have investigated the photoioniza-
tion circular dichroism of electron ring currents of argon
atoms from nonadiabatic tunneling ionization to single-
photon ionization. Through solving the three-dimensional
time-dependent Schrodinger equation, we show that in the two
extreme laser-atom-interaction regimes the photoionization
circular dichroism and spin polarization obey very different
rules, depending on how the frequency of photons matches
the rotating speed of the electron ring current. Especially, we
show the quantum interference and the competition of the
intermediate states with different angular quantum numbers
dominate the transition of the circular dichroism in a few-
photon ionization regime. This study unifies the pictures of
photoionization circular dichroism and spin polarization over
a wide range of wavelength, and would have implications for
the control of ultrafast circular dichroism of electron ring cur-
rents with circularly polarized high-order harmonics sources
and x-ray free-electron lasers in the near future.
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