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A shape resonance emerges during the light absorption in many molecules with a gigantic burst
amplitude and a lifetime of hundreds of attoseconds. Recent advances in attosecond metrology revealed the
attosecond lifetime of the shape resonance. For a heteronuclear molecule, the asymmetric initial state and
landscape of the molecular potential would lead to an asymmetric shape resonance, whose effect, however,
has not been characterized yet. Here, we employ an attosecond interferometer to investigate the molecular-
frame photoionization time delay in the vicinity of the shape resonance of the NO molecule. Driven by
photons with energy ranging from 23.8 eV to 36.5 eV, a 150 attosecond difference in the time delay is
observed between photoemission from the N/O end. Our quantum scattering theoretical simulations
reproduce well our experimental findings. It illustrates that the asymmetric time delay originates from the

interference between resonant and nonresonant photoionization pathways.

DOI: 10.1103/PhysRevX.12.011002

I. INTRODUCTION

A shape resonance arises from a transient state in which
an electron is trapped temporally inside a potential barrier
[1-6] or a cage [7-9] that emerges during light absorption,
with a gigantic burst amplitude, of most molecules in the
gas and condensed phases. It can be related to a quasibound
state with a well-defined angular momentum, as sketched
in Fig. 1, where the trapped electron tunnels through a
centrifugal potential barrier into the continuum, within a
few electron volts in the energy domain [10—14] and a few
hundred attoseconds in the time domain [15-18], serving
as a prototype to investigate the energy, temporal, and
spatial properties of the transiently trapped electron wave
packet. With the advances of attosecond metrology, e.g.,
the attosecond streak camera [19-21] and the technique of
reconstruction of attosecond harmonic beating by interfer-
ence of two-photon transitions (RABBITT) [22], timing
the electron wave-packet dynamics in photoionization via
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the shape resonance can be achieved on the attosecond
timescale.

Photoionization time delay, i.e., the time delay of the
photoelectron wave packet caused by the scattering potential
[21,23], is theoretically modeled as the Eisenbud-Wigner-
Smith (EWS) delay rrws [24,25]. The photoionization, often
considered as a half-scattering process, is sensitive to the
dynamical centrifugal potential that leads to the shape
resonance. The time delay of the tunneled photoelectron
wave packet in the vicinity of the shape resonance, which
corresponds to the lifetime of the shape resonance, has been
experimentally reported recently [13,14,17,18]. However,
these time-delay measurements were either averaged over
the molecular orientation [17,18], distinguished solely
between parallel and perpendicular cases [26], or recon-
structed from static photoelectron angular distributions
[13,14]. The angle-resolved timing of the shape resonance,
particularly the asymmetric angle-resolved electron scattering
dynamics in the asymmetric molecular potential landscape as
illustrated in Fig. 1, has not been characterized so far.

Molecular-frame photoelectron angular distribution
[27,28] is a sensitive probe of the symmetry and shape
of the continuum wave packets, as well as the photoelectron
scattering process in the asymmetric molecular potential.
In this article, we experimentally investigate the novel
asymmetric attosecond photoemission dynamics in the
heteronuclear NO molecule in its molecular frame by
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FIG. 1. Asymmetric electron tunneling dynamics. (a) Schematic diagram of the molecular orientation-dependent photoemission
dynamics from the dynamical centrifugal potential barrier in the perimeter of the NO molecule via the inner-valence electron removal
of 46. The NO molecule is an open-shell molecule with the electronic ground state of X?IT under the configuration of
(16)?(20)%(30)%(40)%(506)*(1)*(2x)" with C,, symmetry. The expected shape resonance occurs during the photoionization upon
electron removal from the 4¢ inner-valence shell generating a ¢>TI NO* ionic state (I » = 21.7 eV), giving rise to the N* + O nuclear
fragments in the end. The 4¢ electron orbital [panel (1)] and resonant continuum wave [panel (3)] are aligned along the internuclear axis,
where the nuclear positions are labeled by the yellow character [panel (3)], and the positive and negative signs of the electron wave
function are labeled by the red and blue areas. The wave function [panel (2)] is a schematic sketch of the partial-wave interference arising
from the N and O atomic centers. The asymmetric photoelectron emission was clocked using a phase-locked XUV-APT and NIR
attosecond coincidence interferometer in the molecular frame. (b) Total photoionization cross section as well as that for individual partial
waves in the vicinity of the shape resonance. The enhancement of the cross section due to the shape resonance appears mainly in the f
partial wave (I = 3, purple line). (c) Momentum diagram pﬂ“: vs p\F showing the photoelectron momentum distribution in the
molecular frame with the N and O atoms aligning along the axis of pﬂ’[F , where pMF is perpendicular to the molecular bond axis, in the
dipole plane perpendicular to the light propagation axis. In this panel, the polarization vector is averaged over all directions in the dipole
plane. (d) Atomic potential together with the centrifugal potential from the high [ scattering channels, forming a potential barrier that

transiently traps the electron, leading to the observed shape resonance as quantified by the partial-wave-resolved cross sections in
(b) (I = 3, purple line).

employing the advanced attosecond coincidence interfer-
ometer with the advantage of three-dimensional momen-
tum recording feasibility from the cold-target recoil-ion
momentum spectroscopy (COLTRIMS) [29] and attosec-
ond time resolution from the protocol of RABBITT. We
carry out a typical RABBITT measurement by ionizing the
NO molecule with a phase-locked near-infrared (NIR)
femtosecond laser pulse and an extreme ultraviolet atto-
second pulse train (XUV-APT) [30] covering the photon
energy of the main high-order harmonics from the 15th
(M15, 23.85 eV) to the 23rd order (M23, 36.57 eV). We
measure an angle- and energy-resolved photoionization
time delay in the vicinity of the shape resonance and find a
large time-delay difference of about 150 as between
photoelectrons emitted from the N/O end of the NO
molecule. Our single-center ab initio quantum scattering
calculation demonstrates that the molecular orientation-
dependent asymmetry in the time delay can be ascribed
to the coherent partial-wave interference between the

nonresonant and the resonant photoionization pathways
caused by the dynamical centrifugal potential barrier during
the electron emission process. A further two-center treat-
ment provides a complementary view of the asymmetric
time delay. In particular, we find that the asymmetry is
largely induced by the asymmetric final scattering state,
while the asymmetry in the initial state accentuates the
difference and shifts the asymmetry to the energy region
observed.

II. RESULTS AND DISCUSSIONS

In the present study, we focus on the photoionization
of the NO molecule upon electron removal from the 4¢
inner-valence shell generating a ¢’I1 NO* ionic state
(I, =21.7 eV) via the parallel transition, giving rise to
the N* + O nuclear fragments along the light polarization
vector in the end, as illustrated in Fig. 2(a). Figure 2(b)
depicts the key results, the measured photoionization
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FIG. 2. Molecular orientation-dependent asymmetric photo-
emission time delays. (a) Potential energy curves of the relevant
electronic states during the photoionization of the NO molecule
[31]. The green area indicates the Franck-Condon region, and the
dissociation pathway from the 31 state is highlighted via a
yellow area. The inset shows the kinetic energy distributions of
N* and O in the dissociation channel of NO™. (b) Experimentally
measured photoemission time-delay difference as a function of
electron kinetic energy in the vicinity of the shape resonance of
the NO molecule. The blue dots show the delay difference when
the photoelectron emits to the N end, 73, and to the O end, 7T,
of the NO molecule for parallel transitions in which the N* ions
are ejected along the light polarization vector [see Fig. 1(a)]. For
comparison, the green dots show the difference between N and
the delay when the photoelectron is emitted perpendicularly
to the N* momentum 7}'F for the perpendicular transitions in
which the NT ions are ejected perpendicularly to the light
polarization axis. The ab initio two-photon ionization time delay
is shown as the yellow curve. The details of the molecular-frame
coordinate rotation and the selections of the data are shown in the
Appendix B. The error bars indicate the standard deviation.

time-delay difference between photoelectron emission to
the N/O end (z¥F, = o¥F — zMF) of the NO molecule in
the molecular frame (MF). A large variation of the time-
delay difference is observed in the vicinity of the shape
resonance, and a maximal zN', = 150 as is found near the
peak at a photoelectron energy of E, ~ 7.0 eV.

As schematically shown in Fig. 1, the photoemission
delay across the shape resonance of the NO molecule is
clocked using the RABBITT technique [22]. It is one of the
most widely used attosecond metrologies [20,21,32] to
achieve accurate attosecond timing of photoelectron emis-
sion dynamics, and it has demonstrated a prominent atto-
second probing capability in the time and frequency
domains [33] with targets ranging from isolated atoms
[30,34-38] and molecules [15,17,18,26,39-42] to complex
clusters [43] and even liquids [44] and solids [45—48].
Here, we construct the attosecond coincidence interferom-
eter based on a hollow-core waveguide high-harmonic
generation source (XUUS4.0) [49]. The NIR pulse
(1.0 mJ, 25 fs) is split into two beams with equal intensities
by a beam splitter (50:50). One NIR beam is focused into a
waveguide filled with argon gas (gas pressure of about
40 mbar) to generate the XUV-APT (see Appendix A), and

the other beam serves as the probe pulse. In the end, the
phase-locked XUV-APT and a weak NIR pulse [30,43] are
focused onto a supersonic gas jet in the ultrahigh vacuum
chamber of COLTRIMS, where the 3D momenta of the
photoionization and photodissociation-induced electron
and ion fragments [29] are measured in coincidence as a
function of the pump-probe delay between the XUV-APT
and NIR pulses. The intensity of the NIR laser field is
estimated to be 2.0 x 10'> W/cm? [50].

In our COLTRIMS experiment, we measure the molecu-
lar axis orientation based on the axial recoil approximation
[51]. Depending on the specific electronic states excited
by a laser pulse, the molecule may rotate, leading to the
breakdown of the axial recoil approximation. The axial
recoil approximation indeed holds in the dissociation
channel along the c*I1 state we are concerned with here
(see Appendix B). The photoelectron momentum angular
resolution in the molecular frame is estimated to be 3°,
accounting for the angular resolutions of the ion and
electron detectors and the minor possible rotation of the
molecular axis during the molecule’s fast dissociation.

Figures 3(a), 3(b), 3(d), and 3(e) show the experimen-
tally measured photoelectron energy spectra of the 1s
orbital of the He atom (/,, = 24.58 eV) and the 4o orbital
(I, =21.7 eV) of the NO molecule as a function of the
relative time delay 7 between the XUV-APT and NIR,
showing up as an oscillation at the frequency of 2w, with @
the angular frequency of the NIR dressing field. As shown
in Figs. 3(a) and 3(d), the absorption and/or emission of
a NIR photon from two neighboring main harmonic
peaks generate a photoelectron interference sideband (SB)
between these two quantum pathways, serving as an inter-
ferometer for timing the photoelectron emission dynamics.
The SB oscillation follows as Agg « Ay, cos(2wt + ¢y),
where ¢o = Adxuv + Adag, and Agxyy denotes the optical
dispersion of the driven XUV-APT and A$SE = Ags +
A¢.. encodes the system-specific scattering phase under-
lying XUV + IR two-photon ionization dynamics, including
the molecular photoionization phase shift (Aqﬁ;r;‘;l) [24,25]
and the additional continuum-continuum phase shift A¢,
induced by the NIR pulse in the Coulomb field [52] (see
Appendix A). Figures 3(c) and 3(d) show the measured SB
oscillation phase in He™ and NO™. Analogously to the time
delay in the atomic photoionization process, SB time delay is
obtained from the SB oscillation phase as 7°8 = ¢, /2w =
TEYE + 7xyv, where the group delay of the XUV-APT is
independent of the target, be it an atom or a molecule.

To retrieve the effective photoelectron emission time
delay leading to the c*IT state of NO™ (7 ) in the vicinity
of the shape resonance, we use the helium atom as an
external reference to calibrate the photoemission time delay
in the NO molecule since the photoemission time delay of
helium (zy.+) is well established [53-56]. It can be used to
cancel out the chirp of the XUV-APT in our experiments
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FIG. 3. Attosecond photoelectron spectroscopy. (a) Time-averaged photoelectron energy spectrum (PES) from the helium atom under
the radiation of the XUV-APT and NIR. The light red areas are the numerical fits using Gaussian distributions. (b) RABBITT trace of
helium, i.e., the PES as a function of the pump-probe delay between the XUV-APT and NIR. (c) Oscillation amplitude and phase of the
PES. The fitted results are shown as solid lines using a complex fitting method. (d)—(f) Same as (a)—(c) but for the photoionization from
the 40 inner-valence shell of the NO molecule. (g) Energy-resolved photoelectron emission time delay as a function of the photoelectron
emission angle (0F) in the molecular frame extracted from SB16 to SB22. The blue (orange) dots at ¥F = 0° (180°) show the time
delay of the photoelectron emitting to the N atom (to the O atom) integrated over a cone of 30° of the &'F under the parallel transition
conditions (the N* ions along the polarization direction of the XUV-APT with a detection cone of 30°). The gray dots at 0¥F = 90° show
the photoelectron time delays under the perpendicular transitions (the N* ion perpendicular to the polarization direction of the
XUV-APT). The cyan dots show the angle-resolved time delays, without transition selections, i.e., with the light polarization averaged
over all directions in the dipole plane. The blue and orange shaded areas indicate photoemission to the N end and to the O end under
parallel transitions, respectively. The insets schematically show the geometry of the molecular orientation and the polarization direction
of the XUV-APT, and the yellow shaded areas represent the photoemission direction with respect to the orientation of the NO molecule.
The error bars show the standard deviation.

and the continuum-continuum transition delay. The abso-

lute time delay of the NO molecule is then defined as

NO __ _SB SB Het-N*,0
Texp = Int.0 — Pro+ T THet + OTcc

To investigate the spatial property of the photoelectron
emission dynamics in the vicinity of the shape resonance,
we transform the measured momentum vectors of the
photoelectron P, into the molecular frame based on ion-
momentum vectors of Py+ measured in coincidence, which
are generated from the fast dissociation pathway from the
¢’ state of NO™ [6]. Figure 3(g) shows the energy- and
angle-resolved photoelectron emission time delay in the
molecular frame. Here, the data dot at OMF = 0° corre-
sponds to the case of emission to the N end with a time
delay of 7N under the parallel transition. Likewise, the one
at OMF = 180° stands for the opposite case of emission to
the O end with a delay of tHF. An asymmetric electron

dominated by a x partial wave in the continuum, whose
lobes are aligned along the light polarization axis. The
asymmetric photoelectron emission time delay between
parallel and perpendicular transitions, zN" — M, is also
shown in Fig. 2(b) (labeled as green dots).

The shape resonance is caused by the transient trapping
of the electron inside the barrier formed by the centrifugal
potential and is intrinsically linked to the phase accumu-
lated by the departing photoelectron. To gain further
insights into the nature of the shape resonance and the
resulting asymmetric emission direction-dependent delay,
we carry out a quantum scattering calculation with a one-
center expansion of scattering partial waves from the mass
center of the NO molecule [57-60] (see Appendix D). In
the following, we distinguish the partial wave of a single-
photon (1Av) process to reach the main peak, denoted by
the small /, and that of the two-photon (2Av) process to

(see Appendix A).

emission time-delay distribution could be well observed in
the molecular frame. The data dot at 6MF = 90° corre-
sponds to electron emission perpendicular to the molecular
axis, for the perpendicular z transition, with a weak energy
dependence in the present photon energy range. It is

reach the SB as in the RABBITT scheme, denoted by the
capital L. Figure 1(b) depicts the cross sections of the
scattering amplitude for different / partial-wave channels
under the single XUV photoionization of the 4¢ electron.
We notice that the I =3 (f) partial-wave cross section
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exhibits enhancement at the shape resonance, though the
cross sections of other partial waves also show some minor
modulations in its vicinity. Referring to the partial-wave-
resolved centrifugal potential barrier depicted in Fig. 1(d),
we notice that only the / = 3 channel has a proper effective
trapping barrier. For channels with lower /, the barrier is not
high enough to temporally trap the departing electron. For
channels with higher /, the barrier (46 eV for [ = 4) is too
high for an initial quasibound state to get populated in the
first place. It is this particular / = 3 channel that contributes
most prominently to the observed shape resonance, which
we define as the resonant channel in the single-photon
absorption process. This resonant channel further maps to
L =2 and L =4 channels following the XUV-NIR
two-photon transition process since L = [ £ 1. Shown in
Fig. 4(a) are the scattering time delays of different L partial-
wave channels following the XUV 4 NIR two-photon
parallel transition for a continuum wave with A; symmetry
(see Appendix D). Evidently, a large delay variation occurs
for the L = 2 (yellow line) and L = 4 (red line) channels in
the energy region of the shape resonance, corresponding to
the large cross section of the / =3 resonance channel
(purple line) shown in Fig. 1(b). In contrast, the time delays
for other nonresonant channels are flatter.

Given the flexibility of the scattering partial-wave
analysis, we show, in addition, the theoretical calculation
with resonant and nonresonant channels separately. In
Fig. 4(b), we show the measured (red round dots) molecular
time delay () emitted from the 4¢ orbital, which is
integrated over the photoelectron emission angle of OMF,
and the photoionization time delays of the nonresonant
channel (superposition of L =0, 1, 3 partial waves,

black line) and the resonant channel (superposition of
L =2, 4 partial waves, red line), and their coherent
superposition (yellow line). We find a maximal time delay
around the position of the shape resonance. The good
consistency between theoretical and experimental results
reveals that it is the f-wave (I = 3) channel that leads to the
increase in the time delay around the shape resonance
because switching it off would effectively eliminate the
associated centrifugal barrier, which transiently traps the
electron for both single-photon and two-photon cases.

The present scattering partial-wave analysis is also in
line with the measured relative time delay with the electron
emitting to different directions in the molecular frame.
Figure 4(c) shows the asymmetric photoionization time
delay between the emission to N and O ends. Here, both the
nonresonant and resonant channels show only a weak
asymmetry. The observed giant photoemission delay differ-
ence from different ends of the molecule results from the
coherent superposition of the resonant and nonresonant
channels. Shown also in Fig. 2(b) as the yellow line is the
relative delay in the one-center scattering model when the
electron emits to the N and the O ends in the molecular
frame, in agreement with experimental results.

In order to pin down the origin of the asymmetric time
delay in the spatial domain, we further carry out a
complementary analytical two-center multiple scattering
analysis (see Appendix E). With such a model, we can
selectively make both the initial and final state symmetric
or asymmetric. Shown in Fig. 5 is such a study of the
influence of the initial- and final-state symmetry on the
angle-averaged time delay [Fig. 5(a)] and the asymmetric
time delay between emission to N and O [Fig. 5(b)],
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FIG. 4. Scattering partial-wave analysis. (a) Photoionization time delays for different partial-wave channels in the vicinity of the shape
resonance via the photoionization from the 4o inner-valence shell of NO. The contributions of the f wave (I = 3) are shown inthe L = 2
and L = 4 channels. The dashed line shows the continuum-continuum transition time delay. (b) Photoionization time delay of the
resonant (L = 2, 4, red line) and nonresonant (L = 0, 1, 3, black line) channels as well as the delay from their coherent superposition (all
L, yellow line). Red round dots show the experimentally measured photoionization time delays (12;01,) that are integrated over all
photoelectron emission angles in the parallel transition, and the green curve shows the photoionization time delay in the one-photon
ionization. (c) Resonant (red line) and nonresonant (black line) asymmetric photoionization time delay in the molecular frame. The
light-yellow and light-green curves show the calculated two-photon (2/4v) and one-photon (1Av) asymmetric ionization time delays.
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FIG. 5. Asymmetry analysis of the molecular-frame photoioni-
zation time delay. (a) Angle-averaged photoionization time
delays calculated via the two-center multiple scattering model.
The relative asymmetries between the initial and final states are

both characterized. (b) Same as (a) but for the relative photo-

ionization time delay between N/O ends tNF — zNT.

where gy /.9m denotes the case when the initial state is
symmetric/asymmetric and Fyp, /oym stands for the case
where the final state is symmetric/asymmetric. From
Fig. 5(a), it is clear that all four combinations of the
symmetric/asymmetric initial/final states give rise to the
shape resonance, while the location of the resonance
depends more on the initial state than on the final state.
From Fig. 5(b), we find that the asymmetry in both the initial
and final states plays an important role in inducing the
asymmetric time delay when the electron emits to different
sides. When the initial and final states are both symmetric,
the asymmetric time delay vanishes, as expected. In par-
ticular, the asymmetric potential landscape of the final
scattering state mainly leads to the prominent observed
asymmetric time delay, and the asymmetry in the initial state
accentuates such asymmetric delay to the energy region
observed in the experiment. We note that the one-center
(frequency-domain interpretation) and two-center (spatial-
domain interpretation) pictures are the complementary faces
of the asymmetric photoemission time delay, and which
picture to use is only a matter of taste and convenience.

III. CONCLUSION

To conclude, our measurements and simulations reveal
the asymmetric character of the transiently trapped out-
going photoelectron wave packet in the vicinity of the
shape resonance of the NO molecule in the molecular
frame. Our results directly probe the quantum partial-wave
interference effects in the asymmetric angle-resolved elec-
tron scattering dynamics from the dynamical centrifugal
potential barriers. Our simulations show that the observed
shape resonance is created by the f-wave quasibound state.
A one-center approach and a complementary two-center
approach have been employed to explain the asymmetric
angle-dependent time delays. In the one-center approach,
the asymmetric photoionization time delay between the N
end and O end is caused by the interference between the
resonant and the nonresonant partial-wave channels. In the

two-center picture, on the other hand, the asymmetric delay
arises mostly from the asymmetric molecular potential
landscape. Our work relies on the validity of axial recoil
approximation, which is satisfied in the studied KER region
of the NO molecule. We note that it may not hold equally
well for the CO molecule under our experimental con-
ditions (see Appendix C). The resonant trapping of the
electron wave packet by a centrifugal potential is also
common for giant resonances that appear in heavy atoms
and shape resonances in molecules with a high degree of
symmetry such as SFg, while these examples do not show
the asymmetric time delay caused by the asymmetric
scattering potentials studied here. Despite being demon-
strated in heteronuclear diatomic molecules, our methods
and findings are applicable to photoemission dynamics via
any resonance in various molecules, surfaces, and inter-
faces that have asymmetric potentials. Our approach opens
a new perspective on exploring the attosecond photoelec-
tron dynamics in complex systems [61,62], and on inves-
tigating the time-resolved quantum dynamics in solutions,
complex materials, and biologic tissues.
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APPENDIX A: MATERIALS AND METHODS

1. XUV-APT source

The tabletop extreme ultraviolet (XUV) attosecond light
source is based on the high-order harmonic generation
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(HHG) scheme in a capillary waveguide [49], which is
filled with argon gas at a pressure of 40 mbar. The capillary
waveguide has a total length of 6 cm and an inner diameter
of 150 ym. The HHG process [63,64] is driven by a
multipass amplified Ti:sapphire laser system (RAEA),
which delivers near-infrared (NIR) femtosecond laser
pulses with 1.6 mJ energy at a 10-kHz repetition rate, a
central wavelength of 780 nm and a pulse duration of 28 fs.
A coaxial 200-nm aluminum foil on a quartz ring is placed
before a rare gold-coated toroidal mirror (f = 50 cm) to
gate the XUV spectrum and block the residual IR pulse
copropagating with the XUV beam. The generated XUV
attosecond pulse train (XUV-APT) is recombined with the
remaining part of the IR beam after the toroidal mirror via a
central holed silver mirror to constitute a Mach-Zehnder
interferometer. The relative time delay between the XUV-
APT and NIR pulse is controlled via a combined motor
stage including a high-precision direct-current motor work-
ing on a femtosecond timescale and a piezoelectric motor
on an attosecond timescale. The relative delay between
the XUV-APT and NIR pulse is actively controlled via a
close-loop feedback-control algorithm with a time jitter
of 22 attoseconds [30,43,65]. The XUV-APT covers the
high-harmonic orders from the 15th (M15, 23.85 eV) to
23rd (M23, 36.57 e¢V). Based on the measured rare gas
RABBITT spectrum (argon atom), the electric field of
the XUV-APT is reconstructed via the reconstruction
approach of the frequency-resolved optical gating for
complete reconstruction of attosecond bursts (FROG-
CRAB) through the iterative algorithm of principal com-
ponent generalized projection algorithms (PCGPA)
[66,67]. Figures 6(a) and 6(b) show the measured and
reconstructed RABBITT trace, respectively. As plotted in
Fig. 6(c), a full width at half maximum at 295 attoseconds
is estimated from the reconstruction.

2. Phase reconstruction

Compared to atomic systems, the measurement of
molecular photoionization time delays typically faces the
challenge of spectral overlap [68]. This is because the
XUV-APT ionizes electrons out of several possible orbitals,
which leads to spectral overlap between the photoelectron
MB spectra created by different harmonic orders and the

FROG-CRAB-PCGPA reconstructed Reconstructed XUV-APT

(C) RUNAPT = 295.7627as
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FIG. 6. Pulse characterization of the XUV-APT. (a) Measured
RABBITT spectrum of the argon atom. (b) Reconstructed
RABBITT spectrum via FROG-CRAB-PCGPA. (c) Reconstructed
electric field of the XUV-APT (blue line) and its envelope (red line).

SB spectra. To extract the photoionization time delays from
spectrally overlapping attosecond photoelectron spectra,
we use the complex-valued principal component analysis as
described in detail in Refs. [43,68,69]. In the first step, we
use multiple Gaussian functions to reproduce the XUV +
NIR photoelectron spectrum with respect to the ionization
potential of the molecule and the XUV photon energy.
Next, a fast-Fourier transformation (FFT) is carried out line
by line on the photoelectron spectra along the time-delay
axis in the experimentally measured photoelectron spec-
trum, as done in Fig. 6(a), and the resulting band in the
complex-valued FFT at the 2w angular frequency is fitted
by multiplying each Gaussian component obtained in the
XUV + NIR fit with a complex amplitude e%,

I (E) = ZPj(E)eZU (A1)

where p;(E) is the Gaussian fit for photoelectron b and j,
and I (E) is the photoelectron yield along the pump-
probe time-delay axis at a certain photoelectron kinetic
energy E. This complex number z; = a; + ib; simulta-
neously accounts for the sideband specific delay 7; =
—b;/(2w) and a finite modulation contrast when |e“/| < 1.

3. Molecular photoionization time-delay
reconstruction approach

The atomic photoionization time delay is interpreted in
terms of the Eisenbud-Wigner-Smith (EWS) delay 7gwsg
[24,25] to the outgoing electron wave scattering in the
external potential as compared to the same wave passing
through a free space. The two-photon XUV + NIR tran-
sition-induced photoionization time delay can be decom-
posed into two items, T = Ty, + 7., Where 7y is
accumulated from the photoionization process in the
absence of the phase-locked XUV-APT and NIR laser field
and the 7, is induced by the continuum-continuum
transition through the Coulomb-laser coupling. As illus-
trated in Refs. [52,70-72], the 7., term is only sensitive to
the frequency of the probe field (NIR), the Coulomb field of

TABLE I. Correction of the photoionization time delay of NO
molecule. The theoretically calculated helium and argon atomic
effective photoionization time delays are used as a reference to
calibrate the chirp of the XUV-APT and the continuum-
continuum transition time delay.

SB orders 16 18 20 22
He' (as) 33.60 15.70 11.30 8.80
P () 0.0373 0.2308 0.4007 0.7379
Stxuv (as) 138.1 255.8 4845 655.2
S5tNO-He (3g) 60 35 20.3 15
Thivs (as) 92 80 64 44
stArHe (a5) 25 20 11 9.0
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FIG. 7. Corrected atomic photoionization time delay. The open
red squares and blue circles show the angle-integrated photo-
ionization time delay of helium and argon, respectively. The
delays are corrected based on Table 1. The solid dotted lines are
taken from Refs. [53].

the parent ion, and the final kinetic energy of the released
photoelectron. As shown in Fig. 4(c) in the main text, we
use the continuum-continuum delays from exact calcula-
tions in hydrogen to correct the ionization potential differ-
ence between the helium atom and the 4o orbital of the NO
molecule from SB16 to SB22, as shown in Table I. The
e is the theoretically calculated result as shown in
Ref. [53]. The 4)35,* shows the measured sideband phases of
a Is electron ionized from the helium atom, and dzxyvy
indicates the XUV pulse-related dispersion calculated

. . + + _ .
via the difference (¢, /2wnr) — Thys. The Szac e is
. . [,=217eV  1,=2458 eV
calculated via the difference of 7.- — Teh . As

in the correction in the NO molecule, as shown in Fig. 7,
here we also take into account the calibration for the
measured photoionization time delay of the argon atom.

APPENDIX B: NUCLEAR ROTATION
EFFECT OF NO

1. Measurement of electron and ion momenta
in coincidence

The phase-locked XUV-APT and NIR pulses are col-
linearly focused onto the supersonic gas jet in a
COLTRIMS [29,73,74] spectrometer. The electrons and
ions created by XUV photoionization are guided by a weak
homogeneous electric field (3.50 V- cm™!) and a homo-
geneous magnetic field (6.80 G) towards two time- and
position-sensitive detectors at the opposite end of the
spectrometer. For the electrons, the length of the extraction
region is about 8 cm, followed by a 16-cm field-free region.
A homogeneous magnetic field is applied over the center
regions of the spectrometer by a set of Helmholtz coils
with a diameter of 1.5 m. By setting all the electrons in a
single rotation wiggle, we could achieve a full three-
dimensional momentum electron-ion coincidence measure-
ment in a 4z solid angle. In our experiments, x corresponds

to the direction of light propagation, y is along the direc-
tion of the supersonic gas jet, and z is along the time-of-
flight of the ions. The photoelectron kinetic energy is
calibrated via the XUV photoionization spectrum of the 3 p
electron of an argon atom.

Figure 8(a) shows the measured joint energy spectrum
between ions and electrons in the dissociative ionization
pathway of NO. The photoelectrons removed from the 40
orbital correlate with the ionic kinetic energy of N* (E )
around 0.45 eV [6], corresponding to the narrow half-moon
structures in the momentum spectrum as plotted in
Fig. 8(b). To single out the photoelectron effect from other
electronic states, we set a gate of 0.4 eV < EN < 0.5 eV
to the N ion signals generated by the following disso-
ciative ionization process as shown in Eq. (A1), where the
parallel and perpendicular transitions could generate con-
tinuum electrons with ¢ and z symmetry, respectively:

NO(X11, (46)*(50)*(1z)*(27)") + hv
— NO* (I, (40)7") + e(o) or e(n)

- N*+0+e. (B1)

Figure 9 shows the molecular-frame photoelectron
angular distributions corresponding to the photoionization
process (S1). The molecular-frame coordinates are deter-
mined by using the vector correlations of the light pro-
rogation direction, the ion vector of N*, and the vector
of the coincidentally measured electron. After the coor-
dinate rotation, the photoelectrons are projected to the
plane perpendicular to the light propagation direction
(dipole plane), pﬂ/IF vs pMF, where the vector of N is

oriented along the direction of the pﬂ’[F. Figure 9(a) shows

the photoelectron angular distribution without any ion-
momentum gating before the coordinate transformation.
Figures 9(b) and 9(c) show the photoelectron angular
distribution with an ion-momentum gating of N* with a
cone of 30° along or perpendicular to the XUV polarization
axis, respectively, which corresponds to the parallel and

x10*

(a) 2 3 (b)
15 25 2 3000
5 =3
= 1 15 20 2000
o
W 1 S
0.5 -20 1000
05
0 0
0O 3 6 9 12 15 18 -20 0 20
Eqlec (V) p}I/OI'\ (a.u.)
FIG. 8. Dissociative ionization pathway of the NO molecule.

(a) Joint energy spectrum of ions and electrons, Ej,, VS Egec-
The E,,, indicates the kinetic energy of the N*. (b) Ion-
momentum distribution in the laser polarization plane, where
the polarization direction of the XUV and NIR pulses is polarized
along the z axis.
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FIG. 9. Measured molecular-frame photoelectron angular dis-
tribution of the NO molecule. (a) Nuclear-orientation-integrated
photoelectron angular distribution in the molecular frame with a
polarization vector averaged over all directions in the dipole plane
perpendicular to the light propagation axis, where the photo-
electron momentum pﬂ’IF is defined to be parallel with the
molecular bond axis, and the pll’“: is perpendicular to the nuclear
bond axis, in the dipole plane, corresponding to the direction of
the = preferred transition. (b,c) Same as (a) but for the ion-
momentum gate as (b) the perpendicular transition and (c) the
parallel transition.

perpendicular dipole transitions at the instant of the single
XUV photon absorption. The asymmetric photoelectron
angular distribution of Fig. 9(c) is ascribed to the gigantic
electron ionization in the vicinity of the shape resonance. In
addition, as shown in Fig. 8(b), the asymmetric momentum
distributions along pMF originate from the missing ion
signals around piy"“ ~ 20 a.u. Figure 10 presents the ion-
fragment angular distribution of NT released from the
electronic state of ¢’I1 (0.4 eV < EN < 0.5 eV) inte-
grated over the XUV photon energy. It exhibits a strong
molecular axial dissociation dependence. By using the
function of 1(6y) = Ip{1 + S, P>[cos(by)]} to fit the ionic
angular distribution as a function of the photon energy in
Fig. 11(a), we obtain the asymmetric parameter 3, of the

FIG. 10. Ton-momentum angular distribution of Nt released
from the ¢TI electronic state. The results follow the reflection
symmetry along the polarization axis of the XUV-APT.

(b) (N*,0)

Photon energy (eV)

90 45 0 45 90 24 28 32 36
0N Photon energy (eV)
FIG. 11. (a) Ton angular distribution of N* versus the XUV

photon energy. (b) Fitted asymmetric parameters /3, of the N™ ion
as a function of the XUV photon energy.

N ion fragments, where Oy is the angle between the light
polarization vector and the emission direction of the frag-
ment ion in the dipole plane, P, is the second-order
Legendre polynomial, and /3, is the asymmetric parameter
[51]. Figure 11(b) shows the results at each XUV-photon
energy position from M15 to M21. If the axial recoil
approximation is valid, then f, = 2 for the parallel tran-
sition, , = —1 for the perpendicular transition, and the
value of 3, between —1 and 2 gives the intensity ratio of the
parallel and perpendicular transitions. If the axial recoil
approximation breaks down, the 3, value approaches zero.
The increase of the f, value at about 30 eV therefore
corresponds to the enhancement of the parallel transition
from the 40 to o continuum via the ¢* shape resonance and
illustrates that the axial recoil approximation holds for this
dissociation channel, as also shown in Ref. [6].

2. One-dimensional quantum simulation

For the ionic kinetic energy regions (KER) considered in
our experiment, there is only one electronic state of NO
contributing. To find it, we perform a one-dimensional
quantum simulation where the wave packet is propagated
on the designated potential energy curves. Specifically, we
follow the recipe of Ref. [6] and choose the c’II, B'II,
B’!T*, and 4°I1 states, whose KER is within our present
energy regime. Their corresponding potential energy
curves are extracted from Ref. [31]. The cross section
for photoionization starting from the initial ground X*IT
state of the NO molecule is taken from Ref. [6]. The X2I1
ground state is calculated using imaginary-time propaga-
tion, which, upon photoionization, is instantly populated
onto the 3T, B'TI, B’'T*, and 4311 states via the Franck-
Condon transition and evolves subsequently on the respec-
tive potential energy curve. The KER is obtained by Fourier
transform of the wave packet when the internuclear dis-
tance is sufficiently large. The kinetic energy of the N*
fragment is then simply é—g KER according to the mass
partitioning. The resulting correlated distribution of the
photoelectron energy and the ionic energy is shown in
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FIG. 12. Correlated distribution of the photoelectron energy
and ionic energy.

Fig. 12, where the white text marks the corresponding
pathway. It is clear from the figure that at an ionic energy of
0.4-0.5 eV, there is only one dominant pathway corre-
sponding to dissociation on the ¢*IT state. Our theoretical
simulation agrees well with our experimental results, as
shown in Fig. 8, and the published results in Ref. [6].

Furthermore, we carry out a classical estimation of the
rotation angle while the molecule breaks up. Following the
supplemental materials of Ref. [26], the rotation angle can
be written as

e 1 o ]
9:90+9m:c,,,{/ —dt+/ —dt} B2
A AT M

with the first term the rotation angle acquired in the
first part of the dissociation process, where the potential
energy curve is bumpy, and the second term corresponding
to the flat part of the potential energy curve, where ry = 12
is the border between these two parts. Here, c,, is a constant
for the NO molecule, which is estimated to be 6.816 x
1075 a.u. In this expression, the first term is calculated
numerically using the cusp position of the wave packet
on the c*I1 state during the dissociation process as r(t),
and the second term is calculated analytically where
r(t) = ry +v.(t —t.), where v, = +/2Ey, with Ey the
kinetic energy of N*, and ¢, is the time when the cusp of
the wave packet reaches ry. With the present estimation,
the rotation angle is calculated to be 0.95°. This small angle
clarifies that the axial recoil approximation holds for this
specific dissociation channel, as also shown in Ref. [6].

APPENDIX C: NUCLEAR ROTATION
EFFECT OF CO

The CO and NO molecular ions differ in their potential
energy curves. To verify the influence of the breakdown
of the recoil axial approximation in the measurement of
the molecular-frame angle-resolved photoionization time
delays, we investigate the attosecond time-resolved photo-
ionization dynamics of the CO molecule regarding its
fast nuclear rotation dynamics in the dissociative ioniza-
tion pathway of (C*, O) [75,76]. Figure 13(a) shows the
measured ion-momentum distribution, and Figs. 13(b) and
13(c) are the ion-momentum distributions belonging to
the parallel and perpendicular pathways, which are sepa-
rated via the ion recoil angle with respect to the polariza-
tion axis of the XUV-APT (along the z axis). The
coincidentally measured RABBITT spectra are plotted in
Figs. 13(d)-13(f), respectively. Figures 14(a) and 14(b)
show the ionic kinetic energy distributions of the parallel
and perpendicular pathways. Figures 15(a)-15(c) show the
measured joint Kkinetic energy spectra (JES) between
electrons and ions under the photoionization from XUV-
APT only, and Figs. 15(d)-15(f) show the results measured
in the RABBITT situations.

As demonstrated in Refs. [75-77], in the photon energy
range between 20 eV and 36 eV, the dissociation pathway
of (C*, O) is mostly generated following the photoioni-
zation of the 40 and 1z orbitals via the electronic states of
B*ZT (40)7!, 322t (40)71, 472 (56)7!, D11 (12)7!, and
3’1 (1z)~!. The high vibrational states in the bound
electronic state of B>X* could predissociate via the %A
state, which generates the zero-kinetic-energy-realized ion
fragments. The sharp peaks below 2 eV correspond to the
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FIG. 13. Attosecond photoelectron spectra of the CO molecule.

(a) Measured ion-momentum distribution of C*, where the XUV-
APT and NIR are both polarized along the z axis. (b) Selected
parallel-transition-associated ion-momentum distribution under the
assumption of the axial recoil approximation with a cone angle
of 8, = 30°. (c) Selected perpendicular-transition-associated ion-
momentum distribution with a cone angle of ¢, = 30°. (d)—(f)
Corresponding measured RABBITT photoelectron spectra for
each ion-momentum distribution shown in the upper row.

011002-10



ASYMMETRIC ATTOSECOND PHOTOIONIZATION IN ...

PHYS. REV. X 12, 011002 (2022)

1 T T T
— Parallel
08¢ — Perpendicular
S
S
5 06
[
=
g 04
S
Z
0.2
0 2 4 6
lonic kinetic energy (eV)
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kinetic energy distribution of the parallel transition pathway as
selected in Fig. 13(b). (b) Same as (a) but for the perpendicular
case.
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FIG. 15. Dissociative ionization pathway of the CO molecule.
(a)—(c) Electron-ion joint energy spectrum (JES) of the disso-
ciative ionization pathway of (C*, O) in the CO molecule under
the XUV-APT only, where panel (a) shows the JES without any
gating, panel (b) shows the JES gated by the parallel transition
pathway, and panel (c) is the JES gated via the perpendicular
transition pathway. (d,e) Same as the spectra in panels (a)—(c) but
driven by the XUV-APT and NIR pulses together, where the
pump-probe delay is integrated over the period of the NIR pulse.

homogeneously distributed ring structure in Fig. 13(a)
originating from the vibrational-state-associated dissocia-
tion pathways, which is a strong hint of the breakdown of
the axial recoil approximation.

Figures 16(a)-16(e) show the ion-momentum distribu-
tions with kinetic energy gating of (0.0 eV < E¢ <
1.0 eV) in (a), (1.0 eV < Ec < 2.0 eV) in (b), (2.0 eV <
E- <3.0eV)in (c), (3.0eV < Ec <4.0eV) in (d), and
(4.0eV < Ec <6.0eV) in (e), and their ion angular
distributions are shown in Figs. 16(e)-16(h), respectively.
A homogeneous ring structure shows up in the low kinetic
energy range, below 2.0 eV, and the ion angular distribution
shrinks to the laser polarization direction as the kinetic
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FIG. 16. C* ion-momentum distributions with kinetic energy
gating. Panel (a) shows 0.0V < E- <1.0eV; panel (b), 1.0 eV <
Ec <2.0eV; panel (c), 2.0eV < Ec <3.0eV; panel (d),
3.0eV < Ec <4.0 eV; and panel (e), 4.0eV < Ec < 6.0 eV.
(f)-(j) C* ion angular distributions with the same kinetic energy
selections as those for panels (a)—(e).

energy increases. The electronic-state-resolved ion angular
momentum distributions in Fig. 17 also present a homo-
geneous distribution in the low kinetic energy range of the
ions generated in the dissociation processes from the 32X+
and D?I1 states in agreement with the previous study [75].
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FIG. 17. Electronic-state-resolved angular distribution of the
measured C* ions. (a)-(c) Ion-momentum distribution of C*
from the D11 state. (a) Joint energy map between electrons and
ions, (b) ion-momentum distribution, and (c) ion-fragment
angular distribution. (d)—(f) Same as panels (a)—(c) but for the
ion fragments from the 3°XF electronic state.
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Employing the equation I(0¢) = I4{1 + p,P;[cos(0¢)]}
to fit the angular distributions of the C* ion fragments
in three kinetic energy ranges 0.0 eV < Ec <2.0eV,
20eV < Ec-<35¢eV, and 40eV < E-c <6.0eV, we
obtain the asymmetric parameter 3, for each harmonic.
Figure 18 shows the resulting asymmetric parameter /3, as a
function of the XUV photon energy. We could separate two
states D’I1 and 3?Z*t that appear in 0.0 eV < E. <
2.0 eV. The isotropic ion distributions of C* ion fragments
may be attributed either to a comparable weight between
the parallel and the perpendicular components of the
transition or to a significant predissociation time of the
associated CO™ ionic state [75]. Theoretical studies on
these fragmentation channels suggest the predissociation
timescale of about 0.3-0.5 ps [76], illustrating the break-
down
of the axial recoil approximation for these dissociation
channels.

For the molecular-frame photoemission study, a rule of
thumb is suggested to exclude the low kinetic energy
component of fragment ions that exhibits vibrational
structure (see, e.g., Fig. 2 of Ref. [78]). Therefore, to
investigate the molecular-frame angle-resolved photoioni-
zation time delays, one has to select ions in the high kinetic
energy range, say, above about 3.0 eV (see Figs. 14 and 16).
The relative yield of the high kinetic energy range above
about 3.0 eV is, however, much lower than that in the low
kinetic energy part below about 3.0 eV (see Fig. 14). This
gave us a big challenge for the molecular-frame photo-
ionization time-delay measurements for CO based on the
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FIG. 18. Fitted asymmetric parameter 3, of C* ion fragments

dissociated from D2TI(1z)~! (purple line, 0.0eV < Ec <2.0eV),
3°%*(46)""  (red line, 0.0eV <Ec<20eV), and
32M1(17) ) /425 (56) (yellow line, 2.0 eV < E¢ < 3.5 eV),
where the 3°IT and 4?X" cannot be independently separated, and
423+ (506)7! (green line, 4.0 eV < Ec < 6.0 eV).

electron-ion coincidence measurements. Furthermore, the
predissociation, vibrational motion, and state coupling
between electronic states that are populated in our photon
energy range lead to a complicated electron-ion joint
energy spectrum as shown in Fig. 15.

Figure 19(a) presents the measured time-delay difference
between photoemission from the C end and the O end for
the CO molecule through a standard parallel transition
analysis as we performed for the NO molecule, and
Fig. 19(b) shows the retrieved photoionization time delay
under the perpendicular transition. The low kinetic energy
range along the parallel transition pathway is mostly related
to the 3°Z* (407!) state, whereas the perpendicular path-
way is mostly related to the D’IT (1z~') state. Our
measured delays consist of the weak asymmetric signals
as shown in Ref. [26] within the statistical measurement
errors. As shown in Fig. 20, the photoionization from the
40 orbital exhibits a shape resonance at the photon energy
around 36 eV. However, there is no significant asymmetric
time delay in the parallel conditions as we observed in NO
molecules. Depending on the specific electronic states
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FIG. 19. Photoionization time delays of the CO molecule.
(a) The retrieved asymmetric photoionization time delays under
the parallel transition selection condition. (b) As same as (a) but
for perpendicular transitions.

(a) s (b) ws
/8 - /8
Total 1.5 ~ Total

(o]

N

0.5

Cross sections
N
Asymmetric parameters
N

0
23 26 29 32 35 38 41
XUV photon energy (eV)

0
23 26 29 32 35 38 41
XUV photon energy (eV)

FIG. 20. Photoionization of the CO molecule. (a) The cross
section distribution of the 4o electron photoionization in the CO
molecule, where both the X (red curve) and II (blue curve)
continuum waves are identified. (b) The photoelectron asym-
metric parameters distribution for the photoionization process as
labeled in (a).
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excited by a laser pulse, the molecule may rotate, leading
to the breakdown of the axial recoil approximation, which
is exactly what we found in our CO measurements. To
describe the nuclear rotation effects in the photoionization
time delays, we perform a quantum scattering calculation
in the CO molecule. The bound states of the CO molecule
are calculated using an augmented-correlation-consistent
polarized valence triplet zeta (aug-cc-pVTZ) basis set via
the quantum chemistry package of MOLPRO [79-81].
The internuclear distance is fixed at 1.1379 A. Both the
initial and ionic states of CO molecules belong to X
symmetry during the photoionization of the 4¢ orbital.
The theoretical result shows that the fast nuclear rotation
smears out the asymmetric time delay along the nuclear
axis. The present study on CO and NO illustrates that
the molecular properties should be well identified to
investigate the asymmetric photoionization dynamics
in the molecular frame, and a proper sideband phase
reconstruction routine, like the complex-valued principal
component analysis illustrated in Appendix 1.B, is nec-
essary for the multiorbital overlapped attosecond photo-
electron spectroscopy.

APPENDIX D: QUANTUM SCATTERING
CALCULATIONS

1. Photoionization cross sections of the 4¢ electron
in the NO molecule

To describe the photoionization dynamics of an
N-electron molecule, we employ a quantum scattering
calculation based on the iterative Schwinger variational
principle [60,82], where the electron wave function is
decomposed through the one-center partial-wave expansion
with maximal angular momentum up to 60. The electronic
structure of the molecule is treated at the Hartree-Fock (HF)
level of the theory. To approach the exact Hartree-Fock
limit as well as possible, we employ the largest basis set.
In this approach, we perform a single-center partial-wave
decomposition of the initial electronic state on a spherical
grid, ¥; = 3" ,,, R.s(r)Y,,(7), which is constructed from
an antisymmetrized product of the n = N/2 occupied
orbitals, as implemented in ePolyScat [60,82]. The final-
state wave function and the scattering potential are also
expanded in partial waves. Here, the bound states of the NO
molecule are calculated using an aug-cc-pVTZ basis set via
the quantum chemistry package of MOLPRO [79-81]. The
internuclear distance is fixed at 1.15077 angstrom. Because
of the non-Abelian point group of the C,, symmetry of the
NO molecule, a C,, point group is used in the practical
calculation, where both the initial and ionic states of the NO
molecule belong to B; symmetry during the photoioniza-
tion from the 4o orbital.

The photoionization dipole matrix elements in the
length gauge for linearly polarized radiation are
given by

_ N A ANk (A
Ii,f = <lP;K)|I‘ . EXUV|Ti> - izlfvafm(’OYlv(n)’

‘mv

(D1)

where r is the position operator, Y, is the spherical
harmonics, Y, ,_o.; describes the orientation EXUV of
XUV polarization in the molecular frame, & is the asymp-
totic momentum of the outgoing photoelectron wave

packet, |‘P§‘_K>> denotes the observed final-state wave func-

tion, and I,,, = /(2/m)(=i)7 (¥ ),,,|r,|¥,) is the partial-
wave matrix element. The photoionization cross section
integrated over target-orientation and photoelectron-
emission angles is given by

An*E
o= 2l

where E is the photon energy. As shown in Fig. 21, the
shape resonance occurs in the continuum electron wave
with an A| symmetry, and the final scattering wave belongs
to B; symmetry. Figure 22 shows the molecular-frame
photoelectron angular distributions, which are calculated
with the same electron kinetic energies from SB16 to SB22.
A clear o-type parallel transition along the z axis (polari-
zation direction) could be ascribed to the calculated
MFPADs in Figs. 22(a)-22(d) with respect to the
perpendicular transition in two other continuum waves
of By and B,. In the following resonance search and
molecular-frame photoionization time-delay calculations,
we mainly focus on the continuum wave of A;, which
dominates the parallel photon transition in the vicinity of
the shape resonance.

(D2)

Y — ——rrr ———rr ———r ———r S 05

con. scat. con. scat. con. scat. A
ACM + B3R B 4 A B+ A o

b
o

Cross section (Mb)

3 6 9 12 15 18
Electron kinetic energy (eV)

FIG. 21. Shape resonance of the NO molecule. The left axis
shows the calculated photoionization cross section of the 4o¢
electron of the NO molecule, including the continuum sym-
metries of A;, By, and B,. The enhanced cross-section variation
around 9 eV corresponds to the shape resonance position. The red
dotted line shows the eigenphase sum calculated via the reso-
nance search algorithm in ePolyScat [60,82].
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FIG. 22. Calculated molecular-frame photoelectron angular
distributions. (a)-(d) MFPAD of the Al continuum wave from
SB16 to SB22, where the NO molecule is aligned along the z axis
with the N atom located on the positive side. (e)—(h) Same as in
panels (a)—(d) but for the continuum wave of B;. (i)—(1) Same as
in panels (a)-(d) but for the continuum wave of B,.

In general, a shape resonance is associated with a sudden
jump in the eigenphase sum for the electron scattering
dynamics. The eigenphase sum is approximately written
as the sum of a constant background phase, d,, and the
resonance phase shifts as illustrated in Ref. [59]. The shape
resonances are defined as poles of the scattering S matrix,
where its energy dependence is analytically written into the
complex plane. To figure out the shape resonance involved
in the photoionization dynamics, we launch pole searches
in the complex scattering-energy plane as developed in
ePolyScat [59], which is shown as the red dotted line in
Fig. 21. A sudden phase jump around 0.5z is found across
the peak of the shape resonance.

2. Molecular-frame angle-resolved photoionization
time-delay calculation

The photoemission time-delay in the light-matter inter-
action is a fundamental question in attosecond science. As
introduced by Wigner and Smith [24,25], the energy
derivative of the scattering phase shift is associated with
a time delay in scattering, called the EWS delay, 7gws. In
photoionization, this definition leads to a delay of the
outgoing photoelectron wave packet. The Wigner phase
shift is a reference physical quantity with respect to the
motion of an ideal free electron wave packet. The cases of
atoms and molecules have been treated in Refs. [71] and
[57,58], respectively. The photoionization time delay is
defined as the energy derivative of the complex photoioni-
zation amplitude f(e),

o= gomlre) =m{ o o3)

In the picture of partial-wave decomposition, the outgoing
wave packet is expressed as a coherent sum over partial
waves, ¥ = >, w,,, Where each component is defined
by the quantum numbers (I, m), i.e., the electronic orbital
angular momentum and its projection onto a given quan-
tization axis, and each (I, m) defines a partial-wave
scattering channel.

As illustrated in Ref. [58], the two-photon ionization
matrix element in the molecular frame is given by

M(%;£i+9,ﬁ)
= —iExyvER
|”IR ’”|lP ><‘Pv |’7XUV'7|lPi>

XZ/d% r

&+Q—g¢g,

(D4)

where ¥, , is the intermediate wave function. The angle-
and orientation-resolved intensity of a photoelectron
sideband corresponding to energy 2qgwig created in an
attosecond interferometry experiment is given by

&2P,,

L o [MZa=1) - MCatD) 2
dkdR,

= |M(2‘1‘1)|2 + |M(2q+1)|2
+2|M =M+ | cos [Arg{M2a-D*M(Ra+1)}],
(D5)
The angle- and orientation-resolved time delay of the

sideband photoelectron in the finite-difference approxima-
tion reads

PN 1
t(29.k.R,) = %Arg(M(zq—l)*MuqH))_ (D6)

The delay T(Zq,fc, Ry) can be decomposed into a sum
of two items of the continuum-continuum contribution
7..(2g) and the molecular scattering item 7,5 (24, k, IAQJ,):

T(2q, ]%’ Ry) = ch(zq) + Tmol(zq’ ]AC? R}/) (D7)
The molecular-frame electron-ejection angle-resolved time

delay is constructed under a certain molecular orientation
direction in terms of

mol(zq? 7Arg |:ZYL M YLM k)

—1) (&y)bLM;(Z(ﬁ»l) (]Aey) .

(D8)
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FIG. 23. Molecular-frame two-photon ionization time delays.
(a) Angle-resolved photoionization time delay in the resonant
channel with L = 2, 4. (b) Same as in (a) but for the nonresonant
channel with L = 0, 1, 3. (c) Same as in (a) but for the coherent
superposition of all partial waves (L =0, 1, 2, 3, 4).

Here, for the parallel transition along the molecular axis, we
mainly consider the 46-0 transition in the continuum wave
of A; symmetry. Figure 23 shows the partial-wave-resolved
photoionization time delay related to the resonance chan-
nel, the nonresonance channel, and their coherent super-
position. The resonance channel is defined with respect to
the two-photon transition based on the partial-wave analy-
sis of the cross section as shown in Fig. 1 in the main text,
where the shape resonance occurs in the partial wave of
[ = 3 during the parallel transition. However, the sidebands
are generated via a two-photon process. The resonance
channel is decomposed into L =2 and L =4 channels.
Additionally, as shown in Fig. 24, the asymmetric photo-
ionization time delay is also observed in the one-photon
ionization time delays in the molecular frame. The labo-
ratory frame angle-integrated two-photon ionization time
delay [58] is the sum over all molecular orientations and the
photoelectron emission angle in terms of

1 . ) X
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FIG. 24. One-photon ionization time delay. (a) Photoionization
time delay as a function of photoelectron-ejection angle in the
molecular frame in the vicinity of the molecular shape resonance.
The molecule is oriented with the N atom along the positive
polarization direction. (b) Site-resolved photoionization time
delay along the N atom site (blue line) and the O atom site
(red line) and their delay difference (yellow line).

To solve the complex issue of the continuum-continuum
transition time delay in the vicinity of the shape resonance
during the IR photon absorption, we consider the intramo-
lecular photoionization time-delay difference between the N
site and the O site, 7y-7(, and the alternative case of the time-
delay difference between the N site and the perpendicular
direction, 7y-7 | . As presented in the Fig. 2(a) of the main
text, the delay difference between the N site and the O site
shows a similar time-delay difference as a function of the
photoelectron kinetic energy (or photon energy), which is
only a small shift around 40 as. This indicates that the
continuum-continuum time delays are not sensitive to the
shape of the trapping potential since the photoelectron along
the perpendicular transition pathway does not suffer from the
trapping effect from the centrifugal potential barrier in the
vicinity of the shape resonance.

APPENDIX E: TWO-CENTER MULTIPLE
SCATTERING ANALYSIS

The photoionization time delay can be defined as the
energy derivative of the phase of the transition dipole
element

My = =i [ (he @l B(0)]eyi)a
— —ilyklp - ) i(ex+1,)t
——ilylr-ely) [ E@elar, (1)

where y; and w’} represent the initial and final wave
functions, respectively, E(z) is the electric field of the
laser pulse with e its polarization direction, 1, is the
ionization energy of the initial state, and & = k*/2 is
the energy of the electron with momentum k. For a
transform-limited chirp-free pulse, the phase from the
Fourier transform of the laser pulse is trivial and can be
ignored, and the photoionization time delay is simply

o= Larg{lyilr- o)),

Te (E2)

Following Refs. [83,84], we treat the final state as a
multiple scattering expansion of the plane wave impinging
on the N and O atoms of the NO molecule. For the present
purpose of describing the asymmetric emission time delay
from different atoms, we expand to the order of third
scattering. Thereby, the final state can be written as a sum of

yho(r) = e, (E3)
. eik\r—RN\ R
win(r) = mfN[g("—RN,k)]el N, (B4)
. eik\r—RO\ R
wiol(r) = mfo[e(r—Ro,k)]el Ko (E5)
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iklr—Ryx| ikR _
Vhalr) = [ INIO0 = R )] S folO(R K)o,
(E6)
eik\r—Ro\ eikR R
W oo mfo[e(’—Royk)] R IN[O(=R k)™ 5N,
(E7)
iklr—Ryx| ikR
Valr) = [ IO = R )| FolO(R.K)
eikR
x S fu[O(-R.K) ek (E8)
iklr—Ro| ikR
WV onlr) = [ o100 = Ro. ) S fl0(—R. )
eikR )
x = fol0(R.k)le™ ko, (E9)

R

where y/% (r) is the plane wave with momentum k, y/% , (r)
is its first scattering from the N atom, and WI;’,OI (r) is the first
scattering from the O atom, where Ry and R are the location
vectors of the N and O atoms, fy and f are the respective
scattering amplitudes, which are functions of the scattering
angle 6 defined between r — Ry /o and k, and R = Ry — R,
with R its magnitude.

When the molecular axis aligns with the laser polariza-
tion direction, the scattering amplitudes from the N and O
atoms can be expanded in partial waves as

2i5N° (k)

2ik

e

Injo(0) = 2(21 +1)

!

sin 5?/ 0 80 (k)
= Z(Zl + I)Te 1P (cosb),
]

P;(cos 9)
(E10)

where P; is the Legendre function, and 511\1/ O(k) is the
scattering phase shift for the N and O atoms for partial
wave [. For a diatomic molecule, we need to distinguish the
partial wave for the molecular final state and the partial
wave by individual atoms in the context of two-center
expansion. It is well known that the shape resonance is
most prominent for the / = 3 partial scattering channel,
which, for a diatomic molecule, is built up by the / =1
partial-wave channel of individual atoms [59]. Thus, we
sum the partial scattering amplitude from /=0 up to a
maximum of / =1 for each atom. From Eq. (E10), it is
clear that a single partial-wave channel / from a single atom
has an isotropic phase §;, producing an isotropic atomic
time delay. When different / channels, including / =0, 1
for individual atoms and that from different atoms, are

coherently summed up, the angular dependence of time
delay emerges.

To obtain accurate phase shifts for different / partial-
wave channels at the energy regime of interest of the
present work, we integrate the radial Schrodinger equation

2
Lxtn=2lviy+ LD ol

(E11)

using the Numerov method [85], and the phase shift &;(k)
of the radial wave function y(r) is obtained by comparing
to the plane wave. Since the N and O atoms have different
atomic potentials V(r), their corresponding phase shifts
differ, resulting in the observed asymmetric time delay
when the electron is emitted from different sides.
Specifically, we have used the following atomic potentials:

Vn(r) = —(0.3615 + 6.6385¢~"7") /r,  (E12)

Vo(r) = —(0.6385 + 7.3615¢72%7) /r,  (E13)

which are obtained by fitting to the electron-molecule
interaction potential of NO calculated using the adiabatic
local model potential [59] using the same target wave
function as was used in the full quantum scattering
calculations. The scattering phase shifts §;, the associated
time delays z, and magnitudes of the scattering amplitude
f; for the N and O atoms are shown in Fig. 25. Here, the
partial-wave scattering amplitude f; follows the convention

that f; = (21 + 1)(e*® —1)/2ik. It is obvious that the
different phase shifts for the N and O atoms lead to very

12t 150
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o
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Time delay  (as)
60/ (rad)
-
°

08f S Ittt 0

12 14 16 18

3 12 14 16 18
Photoelectron energy (eV)

Photoelectron energy (eV)

FIG. 25. Partial-wave-resolved photoelectron scattering dy-
namics. Scattering phase shifts (upper row, left ordinate, solid
lines) and the associated time delays (upper row, right ordinate,
dashed lines) and magnitudes of the scattering amplitude (lower
row) for different partial-wave channels of the individual N (left
column) and O (right column) atoms.
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different emission time delays and scattering amplitudes for
individual atoms.

The initial state of the 4¢ orbital used in the two-center
model is obtained using a very simple STO-3G basis set in
a self-consistent field calculation on the ground state of
NO. The localized initial wave functions for N/O are
denoted as w;n/o, so the full initial state is written as
w; = y;N +W;0, where the localized wave functions are
defined in terms of the expansion of the STO-3G functions
on each center.

In the spirit of the Muffin-Tin model, the transition
dipole element should be an overlap between the initial
state at N and the scattering wave from O and vice versa;
thus,

M= (win(r)le-rlw o+ o (1) +wh 0p (r) + 97 03(r))
+{wio(r)le-rlyro +W]}.Nl (r)+ W’;,Nz(") +W,;',N3 (r)).
(E14)

After the phase shifts for the N and O atoms are
calculated, they are plugged into Eq. (E10), which is in
turn plugged into Eq. (E14) to obtain the transition dipole
element Mj. In the end, the photoionization time delay is
obtained as 7 = d arg{ M, }/de.

The present two-center multiple scattering analysis
allows us to gain further insights into the shape resonance
and the associated asymmetric time delay. In order to pin
down the origin of the asymmetry in the photoemission
delay, we selectively make the initial and/or the final state
symmetric or asymmetric. Here, we may manually set the
scattering phase shift of O to be the same as N, such that the
final scattering state is symmetric. We may also artificially
set the initial state to have the same form; for example, we
may set y,; y = exp{—rx} and y; o = —exp{—ro}, where
rn/o 1s the distance to the N/O atom. Setting both the initial
and final states to be symmetric would mimic the shape
resonance observed in N,. As found in the main text, the
shape resonance is still present, which leads to the bump in
the time delay at the corresponding energy region while
the asymmetry in the emission delay vanishes. Studying
different combinations of symmetric and/or asymmetric
initial/final states, we find that the asymmetry in both the
initial and final states plays a role in the asymmetric time
delay, with electrons emitting in different directions. While
the asymmetric time delay is largely due to the asymmetric
final scattering state, the location of the shape resonance
where the delay asymmetry is maximized is sensitive to the
asymmetry of the initial state.

In the present two-center picture, it is the heteronuclear
nature of the molecule that leads to the asymmetric
delay. By “heteronuclear,” we are referring to the different
potentials around the two atoms. The heteronuclear nature
leads to both an asymmetry in the initial state and an
asymmetry in the final state. From a symmetry point of

view, both of these factors must contribute to the observed
asymmetric delay. As to which factor contributes more
and/or leads to what changes, it depends on the relative
importance of these two factors, which certainly differ for
different molecules. Thus, it is not surprising that the
asymmetric initial state of CO mostly leads to the asym-
metric delay in CO [26], while it is the asymmetric final state
of NO that mostly results in the asymmetric delay in NO.

The one-center and two-center pictures are the two
complementary ways to explain the observed asymmetric
angle-dependent photoemission time delay. An analogue,
though maybe not very proper, would be multiphoton
ionization and tunneling ionization for an atom. In multi-
photon ionization, the coherent summation of different
above-threshold ionization peaks gives rise to asymmetric
photoelectron momentum distribution, and in tunneling
ionization, it is the asymmetry in the laser field that leads
to the asymmetric momentum distribution. We know that
multiphoton ionization is the frequency-domain interpre-
tation of strong-field ionization, and tunneling ionization is
the time-domain interpretation. For the present work, the
one-center partial-wave analysis is a frequency-domain
interpretation, and the two-center asymmetry analysis is
a time-domain (or rather, spatial-domain) interpretation of
the asymmetric angle-dependent time delay. Both inter-
pretations are valid, and which interpretation to use is only
a matter of taste and convenience.
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