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A technique for measuring photoionization time delays with attosecond precision is combined with calcula-
tions of photoionization matrix elements to demonstrate how multielectron dynamics affect photoionization time
delays in carbon dioxide. Electron correlation is observed to affect the time delays through two mechanisms:
autoionization of molecular Rydberg states and accelerated escape from a continuum shape resonance.
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I. INTRODUCTION

Photoionization is a basic quantum scattering process in-
volving the rearrangement of degrees of freedom in the total
system. In the time domain, this is described by an incoming
photon wave packet that couples to outgoing electron wave
packets (EWPs) in the final-state cation channels. The term
“photoionization time delay” refers to the time required for a
photoionized EWP to propagate out of the electric potential
of the residual cation. It may be defined semiclassically as the
difference in time required to propagate a photoelectron from
its birth location to a detector position, compared to some
reference [1-3]. The bound electron loses kinetic energy as
it escapes the Coulomb potential; moreover, kinetic energy
may be redistributed through Coulomb and exchange scat-
tering with other electrons. This redistribution dynamically
modifies the ionic potential, resulting in dynamics on the
attosecond timescale. Although the asymptotic state of the
total system (cation plus ionized electron) is easily understood
in a single-electron picture, this picture may break down when
the electron has not yet escaped into the asymptotic region for
detection [4]. The photoionization time delays are influenced
by modifications of the effective potential experienced by the
ionized electron [5,6] and therefore may be used to extract
information about the temporal evolution of the electron-
electron interactions near the nuclei.

Recent advances in the production of attosecond laser
pulses have enabled direct probing of the two-photon pho-
toionization time delay, T, using two-color interferometric
techniques [5]. Under ideal conditions, the delay described
above for single-photon ionization can be extracted from the
measured two-photon photoionization delay [1]. In general,
this extraction is not possible because the interaction with the
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IR dressing field couples the various partial wave contribu-
tions [4,7]. However, the two-photon photoionization delay
is still a valid observable, and can be described as the first
derivative of the phase of a transition matrix element. More-
over, this two-photon delay contains information about the
photoionization dynamics of a system. We can infer the quan-
tum dynamics of the photoionization process by combining
this measured quantity with theoretical modeling [1-3,5,6,8—
26]. Therefore, for the remainder of the paper we will use the
term photoionization time delay to refer to the experimentally
accessible, two-photon photoionization time delay.

Previous measurements of photoionization time delays
have made use of the sensitivity of photoionization time delay
measurements to time-dependent changes of the ionic poten-
tial to gain a deeper understanding of electron correlations in
shake-up ionization [6] and atomic autoionization [21-25].
This work combines measurements of the photoionization
time delays with numerical calculations of photoionization
probability amplitudes to demonstrate how multielectron dy-
namics affect ionized EWPs in a molecular system. In our
comparison we find time-delay signatures of multielectron
effects in the vicinity of autoionizing and molecular shape
resonances. The enhancement of electron correlation effects
near molecular shape resonances was previously considered
by Siggel et al., who showed that the photoelectron angular
distribution can be sensitive to multielectron channel coupling
phenomena, whereas the channel-resolved cross section is
much less sensitive [27]. The effect that electron-electron in-
teractions would have on the interpretation of photoionization
time delay measurements near molecular shape resonances
has yet to be considered in the literature.

Carbon dioxide (CO,) provides a particularly striking
example of multielectron dynamics in molecular photoion-
ization [28-31]. Straightforward close-coupling expansions
require 96 individual cation configurations to reproduce the
experimental cross section [31], far more states than are
energetically available as photoionization channels. The vir-
tual excitations of the closed cationic channels correspond to
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FIG. 1. Two-photon molecular photoionization time delays [tp;
in Eq. (4)] for unaligned CO,. Panel (a) shows our calculations
done in two approximations (see text)—the independent channel
approximation (dashed) and coupled-channel method (solid). The
calculations are shown as a finite difference derivative of the pho-
toionization scattering phase, as defined in Eq. (3), incoherently
summed across all molecular orientations and electron emission
angles to match experimental conditions. Panel (b) shows measured
and calculated results for the X zl'Ig channel. Panel (c) shows results
for the B>X,* channel referenced to the A>IT, channel. In all panels,
the error bars represent the +20 confidence level.

multiple-electron excitations of the molecular system, which
affect the magnitude and phase of the EWPs escaping into
the energetically open channels. In this work we measure
photoionization time delays for CO, and demonstrate that
agreement with calculated time delays is contingent upon
including electron correlation effects in the calculation.
Figure 1 shows the measured two-photon molecular pho-
toionization time delays for ionization processes leading to the
X, AT, and B>%, " cationic states of CO,. These time
delays are obtained using a two-color, multipath interference
technique, which overlaps a weak infrared (IR) laser pulse,
with photon energy 7w, and an XUV frequency comb with
spectral peaks separated by 2%w. This is a variant of the RAB-
BITT (reconstruction of attosecond bursts by inference in two-
photon transitions) technique [32,33]. The XUV frequency
comb appears in the time domain as an attosecond pulse train
(APT), whose pulses provide the temporal resolution needed
to measure EWP delays. Ionization of the CO, target by only
the APT produces a series of peaks spaced by 2/iw, as shown
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FIG. 2. Two-color photoelectron spectrogram of CO,. The upper
panel shows the photoelectron spectrum recorded with only the
XUV APT present. The colored areas denote the photoionization
channel responsible for each spectral feature, and are color coded
to match the state labels. The red areas in the XUV-only panel
show features associated with the C>E, state. The middle panel
shows the amplitude of the 2w oscillation retrieved from the Fourier
transform of the lower panel. The lower panel shows a subset of
the measured photoelectron spectrogram and demonstrates clear 2w
oscillation. To make the oscillations more clear, we have subtracted
the delay-averaged photoelectron spectrum. All features in this panel
have been assigned to either a harmonic or sideband feature of a
CO,™ final state.

in the top panel of Fig. 2. The weak IR field induces two-
photon transitions, producing “sideband” features between
adjacent spectral features in the XUV frequency comb. Scan-
ning the phase between the IR field and the APT results in
a modulation of the sideband features as seen in the bottom
panel of Fig. 2. This modulation occurs at twice the IR laser
frequency and can be described by

SB,,(7) o cos [2wT + ¢1,(21)], (1)

where SB,, is the yield of a sideband peak as a function of
7, the relative delay between the IR and XUV fields, and
¢2,(2n) is a phase offset in the sideband modulation that
varies with sideband order (2n). The sideband modulation
is caused by interference between two different two-photon
ionization pathways, involving the absorption of an XUV
photon and subsequent absorption or emission of an IR photon
[1,32-34].

The sideband phase offset can be parsed into two contribu-
tions:

$20(2n) = Agxuv + A9, 2)
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where Agxyy describes the spectral phase difference between
consecutive features in the XUV frequency comb that con-
tribute to the sideband peak. A¢ describes the phase differ-
ence between two-photon ionization matrix elements leading
to the sideband feature [1,33]. The RABBITT technique was
originally developed to characterize APTs by extracting the
first term in Eq. (2) [32,33]. Subsequent work has focused
on the latter quantity in Eq. (2) to extract a delay for the
two-photon ionization process (7?):

@ AP 3¢

i 2ho  OE’ ©
where ¢ is again the phase of the two-photon matrix element.
The approximation in the latter half of Eq. (3) holds for the
case when ¢(E) changes slowly over the energy interval be-
tween the harmonic features. For a structured continuum this
approximation breaks down, in which case the two-photon
delay is given by the average value of d¢/dE over this same
energy interval.

In many cases, the two-photon delay in Eq. (3) can be sepa-
rated into a measurement induced (or continuum-continuum)
contribution (7..) that simply depends on the energy of the
outgoing electron (¢ = Ej, — I,, where E,, = 2nliw), and a
potential-dependent term (tp;) [1,2,4,7,35]:

t@(Eyy) ~ tpr(Eay) + Tec(€), )

as shown in the Appendix. When the system is spherically
symmetric and the ionization process is dominated by a sin-
gle angular momentum partial wave, the potential dependent
term can be shown to approximate the single-photon pho-
toionization time delay [1,35]. In this limit, the two-photon
interferometric technique has been used to investigate pho-
toionization time delays for different continuum channels in
atomic targets [2,15,36], relative photoionization time delays
between atomic targets [12,13], and resonant processes in
atomic photoionization [21-25].

The interpretation of the interferometric measurements is
more challenging for molecular systems. Molecular targets
often have several accessible cationic states that lead to sub-
stantial overlap of features in the photoelectron spectra (spec-
tral congestion) [37]. Isolating the contributions from different
final states in the spectrum requires high resolution mea-
surements. Moreover, the partial-wave expansion of outgoing
photoelectron wave packets can contain a large number of
coherent contributions. The coherent summation over partial-
wave contributions means that molecular photoionization in-
terference measurements are not easily parsed to recover the
single photon photoionization delay. Nevertheless, Huppert
et al. recently observed the effect of a molecular shape res-
onance on the measured photoionization time delays in N,O
[18]. Prior to this work, Haessler et al. observed a “complex
resonance’ in the photoionization of low-lying vibration states
of the X channel of N, [17]. Vos et al. were able to study
the stereo Wigner time delay in carbon monoxide averaged
over a number of dissociative states of the CO™ cation [19].
Due to the excellent kinetic-energy resolution afforded by
the magnetic bottle spectrometer, we are able to resolve the
sideband oscillations for three final-state channels in CO,
(middle panel of Fig. 2) to produce the measurements of

tpr(Ey,) shown in Fig. 1. Further details of the measurement
procedure are given below in the Methods section.

II. OBSERVATION OF CONTINUUM CHANNEL
COUPLING IN PHOTOIONIZATION TIME DELAYS

In order to understand the dynamics captured in the time
delay measurements shown in Fig. 1, we compare these data
with predicted delays calculated using an implementation
[38—46] of the complex Kohn variational method [47-53]
for photoionization [54—63] and electron-molecule scattering
[64—73]. The two-photon molecular photoionization time de-
lays (tp;) are calculated in two different levels of approx-
imation and then averaged over molecular orientation and
outgoing electron direction, consistent with the measurement
scheme used in the experiment (see the Appendix). The
independent channel approximation considers the scattering
in each continuum channel separately. The coupled-channel
method uses fully coupled continuum states, thereby allowing
electrons originally produced in one ionization channel to
interact with the residual ionic core to produce different
final-state configurations. More details of the complex-Kohn
calculation are given below in the Methods section and in the
Supplemental Material (SM) [74].

The independent channel calculations [dashed lines in
Fig. 1(a)] for the X?I1, and A’Il, channels display tradi-
tional Coulombic behavior: monotonically increasing pho-
toionization delay with decreasing photon energy [2]. The
B?>X, " channel exhibits an increased photoionization delay
time around a photon energy of 25 eV, which is a signature of
a weak shape resonance [7,18,75] that has been observed in
the CO, absorption spectrum [27]. The interchannel coupling
alters the predicted photoionization time delays [solid lines
in Fig. 1(a)]. At photon energies above 20 eV, coupling
among the continuum channels results in a decrease in the
photoionization time delay for the B>X, T state in the vicinity
of the shape resonance feature. Electron interactions induce
coupling between the B-state continuum and other continuum
channels while the wave packet is trapped in the vicinity
of the ionic core. The coupling is strongest between the
B- and C-state channels. This coupling provides additional
pathways for electrons to escape the shape resonance and
thus lowers the photoionization delay times for the B>%,*
state. Consequently, there are increases in the photoionization
time delays for the other channels that the B-state continuum
couples to, namely the X -, A-, and C-state channels.

Figure 1(c) compares our measured photoionization delays
in the vicinity of the B-state shape resonance to the theoretical
predictions of both models. It shows that these measured pho-
toionization delays are consistent with the coupled-channel
theory, whereas there is a disagreement with the single-
channel predictions. These time-domain measurements show
how electron correlation dynamics can accelerate the escape
of the photoelectron from the molecular potential, and thus
lower the photoionization time delay.

III. MOLECULAR AUTOIONIZING STATES

Figure 1(b) shows the measured photoionization time de-
lays for the X°I1, channel along with the single-channel
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and coupled-channel calculations. For photon energies above
20 eV, the single-channel and coupled-channel calculations
predict similar photoemission delay values, which are con-
sistent with our measurements. Below 20 eV, the measured
photoionization delay is shorter than the single-channel model
predicts.

The sideband feature at 18.4 eV originates from the in-
terference between absorption pathways involving features of
the XUV frequency comb at 16.8 eV and 19.9 eV. The lower
energy comb feature completely overlaps two autoionizing
Rydberg series converging to the A’II, and B’%,* ioniza-
tion thresholds (17.59 and 18.07 eV, respectively), while the
higher-energy comb feature overlaps with a smooth contin-
uum. Previous works have shown that the presence of these
resonant absorption features can have a significant effect on
the measured two-photon delay [4,21-26]. A majority of
the previous experimental work (Refs. [21-24]) focused on
isolated resonances in atomic systems. Beaulieu et al. studied
an isolated autoionizing resonance in multiphoton ionization
of a chiral molecular system [26]. In the present work,
the XUV frequency comb overlaps many resonant features,
similar to the recent work of Barreau er al., who demon-
strated a disentangling of the complex behavior of two-photon
photoionization phases in overlapping autoionizing states in
atomic neon [25]. The results of Barreau et al. show various
resonant contributions are important for understanding the
measurement.

Observing phenomena such as autoionization, which typi-
cally have lifetimes longer than the interpulse spacing of our
XUV pulse train (1.35 fs), requires additional considerations
in the analysis. Since each attosecond burst in the APT has
a coherent relationship to the neighboring pulses, when time-
dependent phenomena extend beyond the interpulse spacing,
the processes induced by a single burst in the train interferes
with the signal generated by the adjacent pulses. This inter-
ference leads to a burst-dependent photoemission time delay,
i.e., the peak emission time is the point where all previous
photoemission processes interfere constructively. Such a mod-
ulation (burst-to-burst) of the photoemission time delay leads
to a variation of the phase across a sideband. This revelation
is the motivation behind the development of the Rainbow
RABBITT technique [21,24]. Applying this type of analysis,
the derivative of ¢,,, with respect to the photoelectron kinetic
energy for each sideband feature is shown in Fig. 3.

Most of the sideband features display a very minimal
slope, which becomes slightly negative at lower photoelectron
energies. This behavior is due to the harmonic chirp (or
femtochirp) present in the APT [76]. However, the X -channel
feature at 18.4 eV (4.2 eV photoelectron energy, marked as
SB 12 in Fig. 3) displays an anomalous slope compared with
the other channels, and targets.

To better understand the effect of the resonant states we
show the measured amplitude and phase of the 2w oscillation
across this sideband feature in Fig. 4. We have corrected
the measured phase shown in Fig. 4 to account for any
harmonic chirp from the XUV pulse train. This was done by
subtracting a linear phase offset measured in the krypton data
set shown in Fig. 3. The small feature on the low-energy side
of the measured amplitude, near 18.3 eV, is due to vibrational
excitation of the X -state cation.
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FIG. 3. Group delay (—/ afé‘“ ) taken across a sideband feature as
a function of photoelectron kinetic energy for CO, X2T1, (circle),
A, (square), B*%," (diamond) channels, Kr >P;, channel (up-
wards pointing triangle), and Kr 2P;, channel (downwards triangle).

Ideally we would compare this measurement using the
method developed in the Appendix. The coupled-channel
complex-Kohn calculations should be able to accurately de-
scribe autoionizing resonances. However, for high-lying au-
toionizing resonances, the convergence of the complex Kohn
method is difficult due to the need for a large number of basis
functions and the separable exchange approximation that is
made. We have found that our implementation does not reli-
ably estimate the structures in the CO, absorption spectrum
between 15 and 18 eV. Therefore, we cannot compare the
multichannel theory with the data in Fig. 4, and we have
excluded the multichannel calculations in Fig. 1(b) where
these autoionizing states influence the measurement.

Instead we use the analytical model developed by Jiménez-
Galan et al. [77], and described in the Appendix. Similar to
Ref. [25], we assume that radiative transitions from discrete
components of the autoionizing resonance to the continuum
are negligible. With this simplification the variation in the

Electron Kinetic Energy (eV)
432 442 452 4.62

2w Amplitude

18.3 184 18.5 18.6
Photon Energy (eV)

FIG. 4. Measured amplitude (A,, blue line, right axis) and phase
(¢2,, full circle, left axis) of the 2w oscillation as a function of
photoelectron (photon) energy for the X-state sideband feature at
18.4 eV. We compare these measurements to calculated (red lines)
phase differences, using a single-resonance (dashed) model from
Ref. [77] and its generalization to multiple resonances (solid). The
calculations have been shifted by an overall phase offset to match
the central value of the data. The data has been corrected for residual
harmonic chirp using a krypton data set (see text).
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phase of the two-photon matrix element is given by

Ad(w) = Arg[/dsz Ex(QEL(Q — o)

En + qn

(e o
where d, is the amplitude for direct ionization, &, =
2/TR(rQ2 — ER), ER being the energy and I'F the width of
the resonant (R) autoionizing state n, and ¢, is the Fano
profile parameter for each autoionizing state. Ex and E,
are the Fourier transform of the APT and dressing IR field,
respectively. In writing Eq. (5) we have also assumed that
the variation of the phase of the dipole matrix element in
the vicinity of 19.9 eV is negligible. The resonance param-
eters in the range of 16.5-17.2 eV have been extracted from
measurements by Chan et al. [78]. The absorption spectrum
shows symmetric absorption features implying that ionization
through the bound-state resonance dominates, leading to large
q parameters.

The dashed curve in Fig. 4 shows the model for a single
dominant autoionizing state. The shape of this single-state
curve is quite sensitive to the lifetime of the autoionizing
resonance (I"), and somewhat insensitive to the Fano profile
parameter (g). Alternatively, using the four most prominent
states to evaluate Eq. (5) leads to the solid curve. Surprisingly,
this rather simple model matches extremely well with the
measured data. The slight disagreement below 18.4 eV is
likely due to the underlying vibrational structure discussed
above.

IV. METHODS

Our attosecond pulse train and dressing IR field are pro-
duced by a titanium-doped:sapphire laser (27 fs, 30 mlJ,
100 Hz repetition rate) that is split into three copropagating
beams: two temporally overlapped, high energy (~14 mlJ)
beams used to drive high harmonic generation (HHG) and
produce the XUV APT, and a low energy (~1.5 mJ) beam
used as an interferometric probe. All three beams are spatially
displaced and focused by a common f = 5 m focusing op-
tic. Near the focus, the three beams spatially intersect in a
10-mm-long gas cell filled with ~7 torr of argon gas. A
temporal advance (~150 fs) is introduced in the probe beam
path so that it does not disrupt the HHG process when pass-
ing through the gas cell. The probe beam passes through a
100 um fused silica window to temporally overlap with the
XUV APT. The crossed-beam geometry of the HHG-driving
IR pulses separates the XUV and IR light in the far field
(see SM Fig. S1) [74] so the residual drive laser light can be
blocked downstream from the gas cell. The temporal delay
of the weak IR field is controlled with a piezoelectric driven
delay stage. Both the XUV APT and weak IR laser pulse are
focused with a B4C coated focusing optic (f = 10 cm) into
the interaction region of a 1.2 m magnetic bottle spectrom-
eter. The B4C coating’s reflectance falls sharply near 31 eV,
weakening the 19th harmonic and suppressing higher-energy
photons. The CO, target is introduced through a 35 um diam-
eter gas needle near the interaction region. Electron spectra
are recorded as a function of XUV/IR delay, resulting in

modulation of the sideband features as seen in the bottom
panel of Fig. 2. The phase offset, ¢,,, in Eq. (1), is recovered
from the Fourier transform of the photoelectron spectrogram,
which is averaged over the frequency range of the sideband
oscillation.

The relevant term in Eq. (4) for theory comparison is
the potential-dependent term, tp;. To extract this contribution
from the measured phase offsets, we consider the phase
differences between a signal (s) and reference (r) channel:

-1 B
2) _ () _ 4(r)
AT (Eyy,) = 2w |:¢2w ¢2w]
= Atpi(Ex) + Atec(e, €), (6)

where € = Ey, — I and € = E,, — I\ are the kinetic ener-
gies of the photoelectrons for the 2nth sideband peak in the
signal and reference systems, At..(¢€, €') is the difference in
the continuum-continuum contribution due to the mismatch
in photoelectron energies, and Atpi(Ey,) is the differential
photoionization delay we will compare with calculations. The
spectral phase variation of the XUV pulse train, A¢xyy, has
canceled out. When the relative difference between € and €’
is small, At..(¢, €’) can be calculated very accurately [35],
and subtracted from Eq. (6). For the measurements presented
in Fig. 1(c) we reference the B-state photoionization delay
to that of the A state because the two channels have similar
ionization potentials (I, 4 = 17.59 €V and I, p = 18.07 eV).
The X -state channel [/, x = 13.77 eV, Fig. 1(b)] is compared
with a reference measurement made in krypton gas (I, kr =
14.00 eV). The krypton target is well studied [36] and its
photoionization delay has been calculated [11], so we remove
this contribution in the differential photoionization delay. A-
and B-state values for At (E,,) referenced with krypton are
made available in the Supplemental Material [74].

XUV/IR delay scans were performed for the target, CO,,
and reference, Kr, in alternate fashion. The data presented in
Fig. 1 is the result of 51 independent measurement scans.
Comparing the phase offset across the 51 independent mea-
surement scans requires precise knowledge of any drifts in the
XUV/IR laser delay. We use the interleaved measurements of
the krypton reference to track the long-term drift of the delay
stage. For each Kr scan, the extracted sideband offset from
spectral integration is combined into a weighted average,

P = Arg|:z Azw(En)ei-qbzw(En)]’ @)

n=SB

which is used to track the delay-stage drift. A smoothing
spline is fit to the experimental values of ® and is used to inter-
polate the value of ® at each CO, scan. We subtract the inter-
polated value of ® from each CO, scan to account for delay-
stage drift. This procedure accounts for most but not all of the
delay-stage artifact. There is a residual artifact between two
individual scans due to uncompensated drift between experi-
ments. Each experiment reproduces similar trend lines across
the sampled photoelectron energies; however, the individual
experiments still exhibit a systematic phase shift. For each
CO, data set we again calculate the weighted sideband offset.
Removing this weighted offset yields the final results shown in
Fig. 1. We interpret this behavior as a systematic uncertainty
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in the zero-phase measurement, which we remove, along with
a smaller random variation in the measured phase offset.

The calculations presented in Fig. 1 show two-photon
XUV+IR photoionization time delays for the independent
channel and coupled-channel models. The single photon
photoionization probability amplitude, ¢, (k), for weak XUV
pulses can be calculated from first-order perturbation theory:

. k> +2I,, -
e = Ex (w - %) (), ()
dy(k) = (|- [ W), ©)

where d,, (k) is the dipole matrix element between the outgoing
(wg_n) ) and ground-state (W) wave functions in the length

gauge and [t is the polarization direction in the molecular
frame. The channel-resolved dipole matrix element, Eq. (9),
is computed using the complex Kohn method for photoioniza-
tion [38-46,54—63]. The calculations use explicit representa-
tions of the initial neutral state and of the final cationic states
obtained with one single 11-orbital basis. This basis for the
neutral and cationic states was obtained using a state-averaged
multiconfiguration self-consistent-field (MCSCF) calculation
performed with the COLUMBUS quantum chemistry program
[79-83]. The orbitals obtained are a compromise between
those optimized for the neutral and cationic states. The prim-
itive basis for this MCSCF calculation was Dunning’s aug-
cc-pVDZ basis set [84], with additional basis functions on
the oxygen atom as described in the Supplemental Material
[74]. The outgoing wave function, ¥{7), is expanded in a
partial-wave representation (I, m), up to [ = 3, and the dipole
matrix element is calculated for transitions between these
functions and the initial ground state within the approximation
of separable exchange [38,39,43].

All meaningful partial waves are then coupled by the IR
dressing field, as shown in the Appendix, and described in
Ref. [7], to determine the molecular frame (MF) two-photon
photoionization time delays. These MF photoionization time
delays are then averaged over both the polarization direction
and outgoing electron direction to approximate the experi-
mental conditions. This averaged quantity is what we refer
to as the laboratory-frame (LF) photoionization delay as de-
fined in Eq. (4) and plotted in Fig. 1. The single photon LF

J

photoionization delays and two-photon MF photoionization
delays for all accessible final state channels are shown in the
Supplemental Material [74].

V. CONCLUSIONS

These measurements and calculations demonstrate effects
of electron correlation on time delays in photoionization
of molecules. Photoionization time delays are a direct and
easy-to-understand manifestation of the effective interaction
that an outgoing electron experiences. We have observed
two effects of electron correlation in time-domain measure-
ments of CO, photoionization, via (1) a shape resonance and
(2) autoionizing states, demonstrating that the inclusion of
electronic correlation is important when considering resonant
features in molecular photoionization with XUV light. While
this seems clear for autoionizing states, which are inherently
multichannel phenomena, this result is somewhat surprising
for shape resonance features which are typically considered to
be single channel phenomena. For a shape resonance, we have
shown that electron-electron interactions provide dynamic
modifications to the effective potential that can be directly
observed in all final state channels. These results highlight
the need for including electron correlation when describing
time-domain measurements of photoionization of molecular
targets, where autoionizing states and shape resonances are
omnipresent.

Molecular control (e.g., molecular alignment) techniques
can be applied to isolate specific cationic states of CO,™
in future experiments. Continuum-resolved molecular frame
measurements will further elucidate the dependence of elec-
tron correlation on molecular orientation and electron emis-
sion angle. These experiments could be further improved by
varying the XUV frequency comb spacing, thus mapping out
more energy points in the differential scattering phase.
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APPENDIX: TWO-PHOTON PHOTOIONIZATION DELAYS

1. Channel coupling in two-color photoionization
The interferometric ionization technique used in this work measures the delay in two-color photoionization defined as [7,35]

(2) rp 1 Q) (7 A2 (T P
7 (2q, &, R) = S Arg[M;P" (ks €0 + haq 11, RIM, (ks €0 + F22g-1, )], (A1)

where & is the final momentum of the outgoing electron for ionic channel n, R defines the orientation of the molecular axis
relative to the laser polarization, and /iQ2;,+ are the energies of the IR-coupled, XUV photons, which interfere to create the 2gth
sideband. We assume that /i€2;,+ is larger than any of the relevant channel binding energies. The two-photon ionization matrix
element (M%) for channel 7 is given by

W Eq - FIWip) (Wi | Ex - FWo)
€ + Q2 — ¢

) A <
MO+ 2R =iy [ d , (A2)
P
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where \Illé_> is the observed final state wave function of momentum k in ionic channel n and W, , is the intermediate state of
N7

energy ¢; in ionic channel p produced by XUV ionization of the ground state, ¥, with negative energy €. In Eq. (A2) we have
ignored the far off-resonance matrix element, where the IR pulse interacts before the XUV pulse. Thus Eq. (A1) is both emission
angle and orientation resolved. Recently, Douguet et al. developed a full numerical theory to describe M,(lz) using the complex
Kohn variational method [86]. Here we develop an intermediate theory, similar to that originally developed by Dahlstrom et al.
[1], which focuses on the long-range behavior of the wave function. For simplicity, we assume that both the XUV and IR fields
are copolarized and linear. Our approach for analyzing Eq. (A2) is to express the scattering wave functions using a close-coupling
expansion

}\p]g*n)) => / &’FF, ((Pa’ ()| ®,), (A3)
4

in which @, are the (N — 1)-electron wave functions for the residual ion in channel p, a’(7) is the creation operator for a
(properly spin-coupled) electron at position 7, and F 7 18 a single electron wave function. The sum over cation channels p in
Eq. (A3) is complete, but the asymptotic form of the wave function concerns only the channels p, n for which photoionization is
allowed. The asymptotic form of the single-electron wave functions F, , for open channels is encoded by the § matrix,

—iopym (+) (=) () 0%
F, i) == Y (e "B | hiy (118, + K (BIST, () |, (A4)
LM lm LIM Im LIM
Im m m

where YLM are the spherical harmonic functions, o7, = arg[['(L + 1 — i/k)] is the scattering phase shift induced by the Coulomb
potential, and I is the complex gamma function. We have defined the regular-incoming (™) and irregular-outgoing (h™))
Coulomb waves as

1
h(+) = = fnk + lg nk |
anlk4 N LM

1
h(_) = 7= fnk _ignk ’
Ln,{{,, ﬁ( LM LM
r—o00

N,
for —> Tk sin [kr + O (NIYM (7),

r—00

N,
g —> chos [kr + O (NIVM (7). (AS)

f and g are the regular and irregular Coulomb function, respectively, and Ny = /2/mk is a normalization constant. The phase
of the Coulomb functions is given by

1 Ln
Or(r) = zln(Zkr) - + op. (A6)
Using Eqs. (A3) and (A4) we can rewrite the matrix element between the intermediate and final states, (\IJ];)|?| Vi),
(W17, = Z<<1> Fynk|F1®y Fy )

= anqu [)K) + 8qq( an|r|Fq pK)

Z an|r|qu/< (A7)

q

where we have assumed that there are no resonant transitions between the residual ionic states. Following the approach laid out
by Dahlstrom et al. we rewrite Eq. (A2) using Eq. (A3),

4
MP (ke +Q,R) = ,/ T E EXZDgij(mD(”(R)Z Fyi PYL ()] pgpue): (A8)
m
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where D;-,?(Ié) is the Wigner matrix which rotates the polarization of the XUV and IR pulses into the molecular frame, and we
have defined the first-order perturbed wave function for the gth channel, o, . (7), as

o Fupe (DY) 1,| Do)
Pqux = Z de dS2; o "
s > € + Q2 — €,

where r,, = rY/“(#). Using Eq. (A4) as an equality we rewrite pg .,

G IALY: B E 1l o)
. A Im Im
Paui = (i)rei / dQY/" (%) / de.s + f de.S* (k) . (A9)
" XP:% : Lqilljl €0+ Q2 — €, I?}lel €0+ Q2 — €,
Im lm Im

We rewrite the asymptotic form on Eq. (B9) using the following relations from Ref. [35]:

e (W) 17l o)

N, -
dek L::I) + hQ — €y - _nr Ylfw(f‘) exp[i/(r + i®’d‘(r)]<l/j’§vp)|rﬂ|(bo>’
& pe (Wi 111 ®o)
/de LM — _i”NK YM () explicr + O, ()W) |7, Do)
K 60+h§2—6,( h r L p KL gplH 07
Then p, . becomes
7TN/< m AN Q% ] i
Paus =~ ZZYI (P)S7,, Geyexp | ikr + —1In2xr) | Lp,imu (k) (A10)
P LM LM ‘
Im Im
where
bpima ) = e [ aQxP @0 i

is the partial wave expansion of the XUV dipole matrix element for ionization to the p channel [Eq. (9)], which is calculated
using the complex Kohn approach, as described in the main text.

Next we must evaluate the matrix element, (F,, |rY/" / [0gusic)s

(Fq,nk|rY1M,|pq/,L,K) = —a NN, E E (_i)LeiUL(k) E Y]m(lg)(Ylm‘Ylu/|Y]"n,>1p$l’m’u(’()
P LM Im
LM U'm'

X S*pq ()3 g / dr expli(k — k)r]r exp |:i In(2xr) — @kl(r)]
0 K

m LM
U'm Im
° i
+S*pq (1)S 4 (k)/ drexp [i(k + k)r]rexp [— In(2xr) + @kz(r)] . (A12)
M LM 0 ke
I'm’ Im

We define the following integrals:
1 [~ .
Ji(k, k) = :i:? / dr P! TREVR expli(i £ k)r]
tJo
and rewrite Eq. (A12),
(Fyk|PYL [ pguie) ~ —=NeNe 2N VMG Y (0 [V [V M e 1) 87 () [ 8 g T A4S g () (—i) EFD Mo+

P LM Im M LM LM
M 'm I'm' Im Im

(A13)
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As described in Ref. [35], the contribution from the J. integral is much smaller than that of the J_ integral. This is because the
IR photon energy is small compared to the final electron energy, and thus k%/2 — k2/2 = @ < k*/2. Therefore, the difference
|k — k| is much smaller than the sum « + k and the fast oscillations of exp[i(x + k)r] in the J, integral lead to a cancellation.
Thus we arrive at the expression,

(Fai| YL | pgse) = =TNeNe > S XM Gy e GOV |V Y0NS ()80l - (i K). (Al4)
P LM LZM
L'm m

U'm’

Using Eq. (A13) we arrive at the following simplification for Eq. (A2):

MP(k; o+ Q,R) = 43—E EXZD(()L)(R)D“)(R)N,{N ZZYM(k)ZI,,,M(K)YM|Y“ |Y)S* GOk, k). (A15)

P LM U'm/ L M’
v U'm'

This can be recast in the same form as the expression derived by Baykusheva and Worner [7]:

MP(K; €0+ 2, R) = NeNeJ-(k, k) Y by i s R)Y (k). (A16)
LM
But now b, 1 is defined as
mwﬂ>—f&ZW%meZZIWmWW%MyW) (A17)
P LM LIM
U'm’ m

The angle- and orientation-dependent delay in Eq. (A1) is then given by

A A 1 ~ A ) R
1152)(251, k,R) = 0 Arg[Nk_wJ_(k, k — )N, J* (k, k+ a))] + Arg Z YLM*(k)YLM (k)b}, 13y (k — @; R)by piar (k + @; R)
M
1574

= ..(k) + tp1(2¢, k, R). (A18)

As pointed out in Ref. [7], the first term in Eq. (A18) only depends on the photon energy and can be interpreted as a continuum-
continuum delay (z..). The second term in Eq. (A18) is again a target-specific delay (tp;), but the single photon delays are
modified by the interaction with the IR light. In addition to this modification, described by Baykusheva and Worner, Eq. (A17)
shows that the channel coupling adds additional modifications. In the absence of any channel coupling, the S matrix is purely
diagonal; Eq. (A17) reduces to the expression derived by Baykusheva and Worner.

2. Molecular photoionization delays

The partial wave decomposition of the single-photon dipole transition matrix elements are calculated as described at the end
of the main text. The results are used to calculate by, (k; R) described in Eq. (A17). For the calculation presented in the main
text, we make the assumption that the S matrix in Eq. (A17) is purely diagonal. In this approximation, we fully include channel
coupling in the single-photon ionization process, but neglect the effect of the channel coupling in the interaction with the IR
photon. The result is the emission angle (12)— and orientation angle (R)-resolved photoionization delays for a central photon
energy of 7i€2,,. The calculated molecular frame (MF) photoionization delays are shown in the Supplemental Material.

3. Angular averaging

There are a number of interesting features in the MF, angle-resolved photoemission delays; however, our experiments use a
randomly oriented target gas and magnetic bottle electron time-of-flight spectrometer which does not resolve emission angle.
Therefore, Eq. (A18) needs to be averaged over both the molecular axis distribution or the outgoing electron angle. The
contributions from each pair of (k, R) are incoherently averaged, weighed by a cross section term |bj, ;,,(k — a);Ié)b,,, v (k+
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w; R)|. The measured photoionization time delays are then compared to the calculated average,

1(2g) = 2—Arg / d$2p / dQ,;ZYZ”*(k)YLM (k)b%s 1y (k — @; R)by 1y (k + w3 R)
LM

w
L'M'
1 [ . R R
= ZArg Z / dQpby 1y (k — 03 R)by 1y (k + w;R):| (A19)
L LM

in Fig. 1 of the main text.

4. Photoionization delays in the presence of an intermediate bound-state resonance

Recently, it was shown by Argenti ef al. that, when intermediate bound-state resonances occur in the two-photon ionization
process, the two-photon photoionization delay (z®) no longer has a scattering counterpart [4]. This is a result of the formation
of a new pathway from the resonant bound state to the continuum through radiative coupling (i.e., direct ionization of the
bound state). The theory developed in Sec. 1 neglects this radiative pathway. This assumption is validated by the quality of the
agreement between the model and our data in Fig. 4. Similar agreement was observed in the recent article by Barreau et al.
between a model neglecting radiative coupling, TDSE simulation, and measured data [25]. In general, radiative coupling of the
bound state to the continuum should be included in any model of resonant photoionization, but the agreement shown in Fig. 4
leads to the conclusion that this coupling is quite small in this instance.

In CO, the autoionizing states form a Rydberg series converging to the A- and B-state continuum. This means the resonant
states are dominated by a configuration where an electron from either HOMO-1 or HOMO-2 single electron orbital has
been promoted to an unoccupied Rydberg orbital. Electron correlation couples these states to the X -state continuum which is
dominated by an electron configuration where an electron is removed from the HOMO. The coupling between the autoionizing
and continuum states is quite strong, as the intermediate autoionizing states have lifetimes on the order of 10 fs. The radiative
coupling between the autoionizing intermediate states and the X -state continuum states is comparatively weaker because the
transition requires the rearrangement of two electrons, and the dipole operator typically acts on a single electron. There is
likely to be strong radiative coupling of the intermediate autoionizing state to either the A- or B-state continuum. However, this
coupling would produce a very low-energy electron (<1 eV) in the A- or B-state continuum. In Fig. 4 we analyze the effect of
the autoionizing states in the vicinity of the electron kinetic-energy spectrum near 4 eV, which is therefore unaffected by the
radiative coupling to another continuum.

We can extend this discussion to include the molecular shape resonances. In the case of the shape resonance, the coupling
between the trapped portion of the wave function and the continuum is very strong; the resonance decays within 100 as. Such a
coupling is sure to dominate over any dipole coupling via the weak IR field.

5. Model for autoionization

Starting from Eq. (A16), we can derive the simplified model given in Eq. (5). Following Fano’s original formulation we
start with an unperturbed Hamiltonian which supports a bound state |R) and a featureless continuum |e). The “configuration
interaction” couples only the bound state to the continuum. In this formalism the dipole transition matrix element between the
initial state and eigenstate of the full Hamiltonian can be written as

_ E+gq
Wi Il @o) = deg—, de = (€lr| Do), (A20)
where i is the imaginary unit and |w§)) is the Fano solution [77,87]. The reduced energy £ and the Fano parameter g are defined
in the main text after Eq. (5). Furthermore, using the |€) channel as a reference, the S-scattering matrix is given by [77]

(€ -0

BN

(A21)

where k = \/2(h2 — 1,,). Substituting these expressions into Eq. (A17), and neglecting the angular components,

E+qg&—i E+gq
b(k) = d, —d 21 A22
= i =% et (A22)

This is precisely the same expression derived by Jiménez-Galén et al. assuming that the bound state |r) is not radiatively coupled
to the continuum. This is the same approximation made in deriving Eq. (A16).
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