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Doubly excited electron-ion angular momentum transfer in parity-unfavored multiphoton ionization
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We observe the parity-unfavored photoelectron emission in multiphoton single ionization of krypton atoms
in an intense ultraviolet laser field. With systematic experiments of successively varying the light ellipticity and
intensity, we identify that this parity-unfavored emission is associated with the first excited ionic state via a
resonant pathway. We reveal an abnormal Coulomb asymmetry of the parity-unfavored photoelectron emission
in elliptically polarized fields when the ellipticity is less than 0.3. The simulation using the time-dependent
Schrödinger equation based on single-active-electron approximation fails to reproduce the experiment. We
attribute the experimental observations to the angular momentum correlation between the resonantly excited
electron and the spin-orbit excited ion. Our results demonstrate that the well-known picture of the angular
momentum transfer in multiphoton ionization is broken and instead that the electron shares the spin angular
momenta of photons with the ion as an effect of electron correlations.
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Photoionization of atoms and molecules is a fundamen-
tal many-body dynamical process, governed by energy and
momentum conservations. The conservation laws dictate that
the absorbed photons transfer their energy and momentum to
the electron and its parent ion. The electron-nuclear sharing
of these physical quantities and its underlying mechanism
hence become an important topic in strong-field ionization
[1–7]. For example, the photon energy deposition has been
extensively studied in multiphoton ionization dissociation of
molecules [1–4], and the photon linear momentum deposition
in tunneling ionization has been debated for the last decade
[5,6] and was recently resolved by a well-designed experiment
[7]. By contrast to the depositions of the photon energy and
linear momentum, the electron-nuclear sharing of the photon
spin angular momentum, which is associated with the light
polarization, received less attention. It is usually assumed that
the spin angular momentum is totally transferred to the elec-
tron forming its orbital angular momentum, manifesting as the
selection rule of the electron magnetic quantum number m. In
a linearly polarized field, the selection rule dictates that the
electron emits dominantly along the light polarization, i.e., m
is confined to zero [8]. Therefore, it would be interesting that
photoelectrons emit dominantly and vertically with respect
to the light polarization, and any violation of this angular
momentum transfer rule will provide direct insight into the
many-body dynamics.

The crosswise electron emission was studied in single-
photon ionization regime by Fano and Dill [9–12], dubbed as
the parity-unfavored transition [11]. It has been revealed as a
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typical feature for the ionization of open-shell atoms owing to
therein anisotropic electron-ion interaction [13,14]. However,
for the closed-shell atoms (such as krypton as we study here)
the atomic potential felt by the outmost electron is isotropic.
Thus the single-active-electron approximation and the con-
sequently established selection rule seem robust. Actually,
when removing an electron from a closed-shell atom, the spin-
orbit coupling of valence electrons (or the equivalent electron
hole) in the residual ion will come into play. For example,
the remaining five p electrons in the krypton ion (4p5) will
perform the L-S coupling, splitting the ion into two ionic
states, 2P3/2 (the ground state with the angular momentum
Ji = 3/2) and 2P1/2 (the first excited state with Ji = 1/2).
Recently, this spin-orbit effect has attracted much attention in
the strong-field community, such as producing spin-polarized
photoelectrons using circularly polarized fields [15–19], real-
time imaging the electron hole in the ion [20–23], and mea-
suring the relative ionization time delay between the two ionic
states [24]. However, the residual ion is always treated as the
spectator during the angular momentum transfer process in
photoionization and its angular momentum correlation with
the photoelectron has not been revealed.

In this Rapid Communication, we present an experimental
and theoretical study of multiphoton single ionization of
krypton atoms in an ultraviolet laser field at the wavelength
of 400 nm. When the light is linearly polarized, we observe
the parity-unfavored photoelectron emission pertained to the
excited ionic state 2P1/2, whose electron yield is anomalously
larger than that from the ground ionic state 2P3/2. More-
over, when the ellipticity is less than 0.3 we reveal that the
parity-unfavored photoelectron structure shows an abnormal
rotation. The simulation based on single-electron dynamics
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FIG. 1. Photoelectron momentum distributions of krypton atoms ionized by a linearly polarized 400-nm light field along the z axis. (a)
Two-dimensional momentum slice of the measurement with integrating py from −0.15 to 0.15 a.u. (b) TDSE simulation within single-active-
electron approximation. In (a) and (b), the ATIs corresponding to the excited (ground) ionic state are marked with the red (green) arrows, and the
first- (second-) order ATIs are marked with the solid (dashed) arrows. (c) Measured three-dimensional photoelectron momentum distribution.
The isocount surface of the second order ATI is not divided into the two ionic states due to the low counts and their close momentum spacing.
(d) The enlarged low-energy part of (c) to strength the anomalous vertically emitted photoelectron structure of the first-order ATI from the
excited ionic state. The double-sided arrow indicates the polarization direction of the light field.

fails to reproduce these observations. With the help of exper-
iments of successively varying the light intensity, we identify
that the parity-unfavored photoelectron emission originates
from the angular momentum transfer between the resonantly
excited Rydberg electron and the spin-orbit excited ion. In
circularly polarized fields, the electronic resonance pathway
is prohibited and thus these abnormal phenomena disappear
as we confirmed experimentally.

Experimentally, the fundamental laser pulses (800 nm,
25 fs, p polarization) were delivered from a multipass
Ti:sapphire laser amplifier operating at 3 kHz. We obtained
the second harmonic (400 nm, 35 fs, s polarization) via
frequency doubling using a 200-μm-thick β-barium borate
(BBO) crystal, and the remaining fundamental field was
removed using a dichroic mirror. For the experiments of
continuously varying the light ellipticity or intensity, we
guided the light beam through a thin-film polarizer, λ/2
and λ/4 wave plates. The λ/2 wave plate was mounted in a
motorized rotary stage and we successively rotated it in the x-z
plane when acquiring data. The laser pulses propagated along
the y axis and were focused into a skimmed supersonic jet of
krypton gas at the maximum intensity of ∼8.0 × 1013 W/cm2,
which was calibrated by the slope of the above-threshold
ionization (ATI) peaks with respect to the laser intensity [25].

We measured three dimensional momenta of photoelectrons
using cold target recoil ion momentum spectroscopy
(COLTRIMS) [26,27]. Only single ionization events were
analyzed and presented. The static electric (∼3.2 V/cm) and
magnetic (∼5.4 G) fields were applied along the z axis in the
spectrometer to collect the charged fragments.

The measured photoelectron momentum distribution in a
linearly polarized field at the intensity of ∼3.2 × 1013 W/cm2

is shown in Fig. 1(a). There are two sets of ATI structures,
corresponding to the two ionic states. The one with a lower
energy is contributed from the excited ionic state 2P1/2. The
first-order ATI from 2P1/2 resembles a d0 (l = 2, m = 0)
wave, except for the unusual phenomenon that the yield along
the perpendicular direction is much greater than that along
the polarization direction [also see Figs. 1(c) and 1(d) for
the three-dimensional distribution]. By contrast, the photo-
electron structure from the ground ionic state peaks along
the light polarization, approaching a standard d0 wave for
the first-order ATI. Moreover, the angle-integrated spectrum
indicates that the total photoelectron yield from the excited
ionic state is larger than that from the ground ionic state [see
the blue curve in Fig. 2(g)], which is also not expected [15–19]
since the excited ionic state has a higher ionization potential
(�Ip = 0.67 eV).
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FIG. 2. (a)–(d) Two-dimensional photoelectron momentum distributions in the polarization plane at the ellipticity of 0.25, 0.5, 0.75, and
1.0, respectively. The momentum py is integrated from −0.15 to 0.15 a.u. The white dashed circles are used to mark the abnormal rotation of
the down lobe on the first-order ATI from the excited ionic state. The count axis, as well as the color scale, are linear. (e),(f) Ellipticity-resolved
photoelectron angular distributions of the first-order ATIs from the excited (e) and the ground (f) ionic states. The integrated energy ranges
are labeled on the top of the panels. The white dashed curves depict the rotating trend of the down lobe marked in (a)–(c) with respect to the
ellipticity. (g) Angle-integrated photoelectron energy spectra at the ellipticity of 0.0 and 1.0.

Then, we measured photoelectron momentum distributions
in elliptically polarized fields at the intensity of ∼3.2 ×
1013 W/cm2. In the experiment, the light ellipticity (ε) was
successively tuned from −1 (left circular) to 1 (right circular),
and in the process the major axis of ellipses was fixed along
the z axis. In Figs. 2(a)–2(d), we illustrate the photoelectron
momentum distributions at the ellipticities of 0.25, 0.5, 0.75,
and 1.0, respectively. Generally, in elliptically polarized fields
the photoelectron momentum distribution will be tilted by the
Coulomb field, dubbed as “Coulomb asymmetry” [28–30].
However, when checking our measured distributions, one can
clearly observe that the rotation direction of the first-order ATI
from the excited ionic state at the small ellipticity (ε = 0.25)
is reversed relative to that from the ground ionic state. By
contrast, at the large ellipticity (ε = 0.75) the photoelectron
rotation directions from the two ionic states become the same.

In Figs. 2(e)–2(f), we illustrate the ellipticity-resolved pho-
toelectron angular distributions of the first-order ATIs from
the two ionic states. In this representation, one can intuitively
observe the rotation trace of each lobe on the ATI with respect
to the ellipticity. Our results show that the photoelectron
rotation direction corresponding to the excited ionic state is
abnormal when |ε| < 0.3. More specifically, the up-down lobes
rotate in the opposite helicity with respect to the left-right
lobes. As to the case of the ground ionic state, all the lobes on
the ATI rotate in the same helicity within the whole ellipticity
range [see the white dashed curves in Figs. 2(e) and 2(f) for
the rotation traces from the two ionic states].

To judge whether single-electron dynamics is the ori-
gin of above observations, we resort to the time-dependent
Schrödinger equation (TDSE) [31,32] based on single-active-
electron approximation, which is an ab initio method in-
cluding most influence factors except the many-body effect.
In the simulation, an effective model potential Veff = −[Z +
(Zfull − Z )e−rs·r]/r was used, where Z = 1 and Zfull = 36 are
the asymptotic ion charges as r → ∞ and r → 0, respec-
tively. The screening length rs = 7.7534 is tuned to match
Ip = 0.539 a.u. (14.67 eV) for the excited ionic state, and
rs = 7.7631 to match Ip = 0.515 a.u. (14.0 eV) for the ground
ionic state. The ionization channels of the two ionic states are
calculated independently. The used laser field is expressed as
E = Eε/

√
1 + ε2 sin(ωt )x̂ + E/

√
1 + ε2 cos(ωt )ẑ with a 16-

cycle sin2-shape envelope, where E = 0.03 a.u. is the electric-
field amplitude and ω = 0.114 a.u. is the laser frequency of
400 nm.

After summing the simulated results from the two ionic
states incoherently, we illustrate the photoelectron momentum
distribution at the linear polarization in Fig. 1(b). The dis-
tribution exhibits that the two first-order ATIs are both close
to the standard d0 wave; i.e., no parity-unfavored structure is
observed. And the photoelectron yield from the excited ionic
state is less than that from the ground ionic state as expected.
We further illustrate the simulated photoelectron momentum
distribution at the ellipticity of 0.25 in Fig. 3. Although the
rotation angle of the up-down lobes is smaller than that of the
left-right lobes, they still rotate in the same helicity. Overall,
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FIG. 3. (a),(b) TDSE simulations of the photoelectron momentum distributions at the ellipticity of 0.25 for the excited (Ji = 1/2) and the
ground (Ji = 3/2) ionic states, respectively.

the difference between the two ionic states is not obvious,
except for their energy separation.

After comparing the TDSE simulation with the measure-
ment, one can rule out the mechanism of single-electron
dynamics. The many-body dynamics might be important. We
then performed the experiment at the linear polarization with
successively varying the light intensity. In Fig. 4(a), we il-
lustrate the measured intensity-resolved photoelectron energy
spectrum. One clearly observes that the energy of the abnor-
mal ATI from the excited ionic state does not change nearly
(at ∼0.55 eV) when varying the light intensity, indicating that
there is a strong resonant Rydberg state participated. This is
because the high Rydberg states and the ionization threshold
possess the same Stark-shift energy in a light field [25].

In Fig. 4(c), we illustrate the relevant energy levels of
krypton to understand the ionization dynamics in linear po-
larization. After checking the energy, we identify that the
observed resonant state is the 5p state (11.5 eV), which is
populated by absorbing four photons from the ground state
(4p6). From the resonant 5p state, the electron then absorbs
one photon (hν ∼ 3.05 eV) and its energy exceeds the ioniza-
tion threshold of the atom (i.e., Ip = 14.0 eV for the ground
ionic state). However, at this instant the atom is not broken
up, since the ion can absorb the excessive energy through
the spin-orbit coupling of the residue electrons. Thus, the
outmost electron is still bound into a Rydberg state. Finally,
when the excited ion relaxes to its ground state, the Rydberg
electron obtains the energy released by the ion and then emits
from the atom, which is also known as autoionization [33,34].
In previous studies on the autoionization [35–37], only the
energy transfer between electron and ion is involved and their
angular momentum correlation is yet unclear.

Here we demonstrate that the observed parity-unfavored
photoelectron emission is dominated by the angular mo-
mentum correlation between electron and ion, as shown in
Fig. 4(e). In this process, the angular momentum transfer
can be understood with a two-step model. First, the electron
(angular momentum vector �Je) absorbs the photon’s angular
momentum ( �Jγ ) solely, then transits from the 5p0 state to
a d0 state. Second, the electron and the excited ion ( �Ji) do
the precession about their total angular momentum vector
�J = �Je + �Ji, which is conservative after absorbing photons.

In the precession, the magnitude of �Je remains unchanged
but its direction (i.e., the magnetic quantum number) will be
changed drastically [13]. In fact, when the excited ion relaxes
to the ground state, its angular momentum is correspondingly
changed from Ji = 1/2 to Ji = 3/2. The transferred angular
momentum along the quantum axis from the ion to the elec-
tron could be ±2h̄ or ±1h̄. Therefore, the electron state will be
modified from d0 to d±2 and d±1. Since the electron orbital d±2

has the minimum along the quantum axis and the maximum
vertically, it causes the crosswise photoelectron emission.

This doubly excited dynamics can also be understood with
the analogy of the autoionization of a two-electron excited
state [38,39], if one views the residual five p electrons in
the valence shell of the ion as an excited hole. As illustrated
in Fig. 4(f), the angular momentum directions (i.e., orbital
orientations) of the outmost excited electron and the hole are
changed by their effective interaction during autoionization.
In this angular momentum transfer, the electron thus can
obtain the angular momentum component along the light
polarization and correspondingly emits perpendicularly.

To justify the doubly excited dynamics, we have performed
the experiment in circular polarization and successively varied
the light intensity. In circularly polarized fields, the intermedi-
ate 5p state is not allowed to populate due to the confinement
of the magnetic quantum number. Thus, the resonant pathway
and the corresponding autoionization channel disappear. The
mechanism will be dominated by the direct ionization path-
way [see Fig. 4(b) for the measured intensity-resolved photo-
electron energy spectrum and Fig. 4(d) for the corresponding
schematic of direct pathway]. As a result, the photoelectron
energy decreases linearly with increasing the light intensity,
which is the evidence of the direct ionization pathway. More-
over, the photoelectron angular distribution [see Fig. 2(d)] and
the relative photoelectron yield between the two ionic states
[see green curve in Fig. 2(g)] return to normal.

Besides the parity-unfavored photoelectron emission, there
is the rotation anomaly of the ATI lobes in small elliptically
polarized fields, as seen in Fig. 2. In elliptically polarized
fields, the parity-unfavored pathway and the direct ionization
pathway will have comparable weights and their interference
effect might be the reason for the abnormal electron rotation.
Moreover, the influence of the asymmetric force driven by
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FIG. 4. (a),(b) Photoelectron energy spectra (angle-integrated) as a function of the light intensity in the linearly polarized field and the
circularly polarized field, respectively. The maximum light intensity I0 was calibrated at ∼8.0 × 1013 W/cm2. (c),(d) Ionization mechanism
in the linearly polarized field and the circularly polarized field, respectively. In (c), the black hollow arrow represents the resonance process
and the green hollow arrow represents the autoionization process. In the linearly polarized field, the presence of the resonant 5p state gives
rise to the autoionization channel of the excited ionic state. In the circularly polarized field, both ionic states are ruled by the direct ionization
pathway. (e) Change of the angular momentum vector of the outmost electron during the angular momentum transfer in the autoionization
channel. �Jγ is the spin angular momentum of photon, � �Ji is the variation of the angular momentum of the ion, and �Je is the electron angular
momentum. (f) The alteration of the angular momentum directions [perpendicular to the orbit plane (dashed ellipse)] of the electron and the
equivalent hole, caused by their repulsive interaction during the autoionization.

the elliptically polarized field on the electron correlation is
also a non-negligible factor. More quantitative theoretical
calculations are needed to explain this phenomenon.

In conclusion, we have studied the angular momentum
transfer between the resonantly excited electron and the spin-
orbit excited ion in multiphoton ionization. As a concrete per-
formance of electron correlations, the ion is not the spectator
in photoionization and it can share the angular momenta of
photons with photoelectrons. Recent advances in attosecond
science have allowed us to real-time trace and even control

the doubly excited electron dynamics, such as Fano reso-
nance of photon-excited helium atoms [40–43]. The angular
momentum transfer between the two excited particles in an
atom or molecule would provide new insight into the funda-
mental many-body dynamics in photoionization and its tem-
poral evolution would be an interesting topic coming within
reach.

This work was supported by the NSFC (Grants No.
11434002, No. 11774013, No. 11625414, and No. 11527901).
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