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Attosecond interferometry of shape resonances

in the recoil frame of CF,

Saijoscha Heck', Denitsa Baykusheva®*, Meng Han', Jia-Bao Ji', Conaill Perry',

Xiaochun Gong'?, Hans Jakob Wérner'*

Shape resonances play a central role in many areas of science, but the real-time measurement of the associated
many-body dynamics remains challenging. Here, we present measurements of recoil frame angle-resolved
photoionization delays in the vicinity of shape resonances of CF,. This technique provides insights into the spa-
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tiotemporal photoionization dynamics of molecular shape resonances. We find delays of up to ~600 as in the
ionization out of the highest occupied molecular orbital (HOMO) with a strong dependence on the emission di-
rection and a pronounced asymmetry along the dissociation axis. Comparison with quantum-scattering calcula-
tions traces the asymmetries to the interference of a small subset of partial waves at low kinetic energies and,
additionally, to the interference of two overlapping shape resonances in the HOMO-1 channel. Our experimental
and theoretical results establish a broadly applicable approach to space- and time-resolved photoionization dy-

namics in the molecular frame.

INTRODUCTION

Shape resonances are quasi-bound states of matter created by the
presence of a potential energy barrier. They play a crucial role in
nuclear reactions (1), cold and ultracold chemistry (2, 3), the exis-
tence of exotic ultralong-range molecules (4, 5), and scattering of
low-energy electrons with molecules (6, 7). They are also relevant
for understanding dissociative electron attachment, which domi-
nates radiation damage of DNA in aqueous solution (8-10). In all of
these cases, the presence of a potential barrier allows for an extended
interaction time between the two unbound particles, which consider-
ably affects the outcome of the reaction. Most of these interaction
times are ultrashort, ranging from femtoseconds in electron attach-
ment to well below 1 as in nuclear reactions (11). Hence, a real-time
study of the associated many-body dynamics lies at the frontier of
present-day capabilities.

A particularly interesting class of shape resonances arises in the
context of molecular photoionization (PI). They are created by the
combination of the short-range, Coulomb, and centrifugal potentials
(12) and are therefore sensitive to subtle electron-correlation effects.
Following photoabsorption, the electron can be trapped in a shape
resonance until it tunnels through the associated potential barrier.
The lifetime and the energy at which the resonance occurs are a
fingerprint of the underlying multielectron dynamics.

Shape resonances have so far mainly been identified as local
maxima in PI cross sections and/or rapid variations in the asymmetry
parameter (12), but their definitive identification and characteriza-
tion have remained challenging (13, 14). With the advent of attosecond
science, time-domain access to shape resonances has become possible
(15-18), but a state- and angle-resolved characterization of these
time delays has so far not been achieved.

In this work, we demonstrate an experimental method that
completely resolves the attosecond PI dynamics of nonlinear molecules
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in their recoil frame and the final states of the cation. Our technique
thereby simultaneously reveals the temporal and the angular mani-
festations of shape resonances in CF4 and provides unprecedented
information on their PI dynamics. Our experimental approach is
based on attosecond interferometry, also known as RABBIT
(reconstruction of attosecond beating by interference of two-photon
transitions) (19-21), in combination with an electron-ion coincident
three-dimensional (3D) momentum imaging detection scheme
(COLTRIMS) (22, 23), as recently applied to atoms and linear
molecules (24-28). This combination of techniques makes it possi-
ble to access ionization time delays in the molecular frame of a
molecule. Previous work on CO (28) has been limited to a left-right
asymmetry, previously called “stereo” time delay (29). Accessing PI
dynamics in the molecular frame can give detailed insight into the
ionization process of molecules and has drawn recent theoretical
interest (16, 29-31). In contrast to prior work, we achieved full
angular- and final-state resolution.

In RABBIT measurements, the amplitude of a given sideband (SB)
oscillates as a function of the time delay t between infrared (IR) and
extreme ultraviolet (XUV) pulses as

ISB =A+Bx COS(Z(DIR’L' - (DXUV - q)Mol) (1)

where A and B are constants, oy is the IR probe frequency, ®xuyy is
the spectral phase of the attosecond pulse train (APT; containing
the attochirp), and @y, is the molecule-specific phase term. In our
experiments, described in more detail in Materials and Methods,
the XUV and IR fields are focused into a molecular beam, as shown
in Fig. 1B. Using argon and CF, in a gas mixture allows us to
reference the extracted PI time delays of CF4 against the time delays
in argon, which eliminates the contribution of the attochirp and
minimizes the influence of the continuum-continuum delays due to
the similar ionization potentials.

Upon ionization, CFy dissociates into CF; and F, which lowers
the initial T symmetry to C,. The time scale of this dissociation has
been recently determined to be only 40 fs (32), which is considerably
faster than the rotational period of the molecule (33, 34). As a con-
sequence, the momentum vector of CF is, in excellent approximation,
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Fig. 1. Experimental overview. (A) Potential energy curves of the relevant states of CF, as a function of the C-F bond length. The state labeling is according to Cs,
symmetry of the final state and T4 symmetry of the ionized orbital. The energy scale was chosen to reflect the experimental vertical ionization energies. Details of the
calculations are given in section S1.5. (B) Sketch of the experimental setup. The ionic fragments and emitted photoelectrons are measured in coincidence as a function of
the XUV-IR delay. The XUV APT is spectrally characterized via an online soft x-ray spectrometer. (C) RABBIT spectrogram of CF4 for 6 =0 °to 18". (D) Photoelectron spectrum
of CF, created by the APT. The photoelectron bands of the three energetically accessible states are fitted according to their partial cross sections and relative XUV intensities

using sums of Gaussians.

oriented parallel to the C-F axis in the molecular frame (axial recoil
approximation). This leads to a highly accurate determination of
the electron emission direction with respect to the dissociating C-F
axis in the recoil frame. By detecting the full 3D momentum vector
of the ion in coincidence with the 3D momentum vector of the
electron, we are therefore able to analyze attosecond photoelectron
spectra (RABBIT traces) and extract PI time delays for specific
electron emission angles 6 in the recoil frame.

One of the main challenges in extracting PI time delays from
molecular spectra is the spectral congestion that is caused by the
broad bandwidth of XUV-APTs in combination with broad photo-
electron spectra. We solved this problem by using the complex-
valued principal components analysis (CVPCA) (35). A description
of this analysis method is given in Materials and Methods. The
experimental results are supported by ab initio quantum-scattering
calculations of the RABBIT time delays that are angle-dependent,
both in the laboratory frame and in the molecular frame (see methods
and section S1 for more details).

RESULTS AND DISCUSSION

In a first step, we investigate the shape resonance found in the vicinity
of the electronic ground state of CF}, where we find a PI time delay
of up to ~600 as, relative to argon, which is caused by the reso-
nance. Next, we investigate the time delay in the recoil frame of CF,,
where we find a pronounced asymmetry in the delays for low kinetic
energies. The ionization potentials of the four outer-valence orbitals
of CFy (.35 1e* 45 1t0) are 22.12, 18.50, 17.49, and 16.20 eV,
respectivehfz(36, ,3])‘ PI 2from orgszof these orbitals results in CF; in
the states C T, B%E, A T, or X T;. None of these CF; states are
stable. The C state dissociates into CF; + F, and CF; + F + F, while
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the B, A, and X states dissociate into CF; + F (38, 39). Because of
the prominence of the latter two states in the photoelectron spec-
trum, we focus exclusively on the A and X states, the potential energy
surfaces of which are shown in Fig. 1A. We did not observe any CF;
in our ion mass spectra.

The PI cross section of the 1t; orbital has a prominent maximum
in the 1t; — kt, (where k indicates a continuum state) channel
around 2.5 eV (see the blue curve in Fig. 2A), which corresponds to
the energy of an electron from SB12. This overlap in the energy
makes this particular SB perfectly suited to investigate the signa-
tures of the shape resonance. At this point, we note that the exact
energy of the resonance is debated in the literature (34, 40), but our
theoretical results and experimental observation (see Fig. 1D) are
consistent with those reported by Carlson et al. (40) and Larsen et al.
(34) that suggest that the PI cross section is enhanced below 3 eV
owing to the influence of the shape resonance. The results are
shown in Fig. 2A, where the ionization delays of the CF, 1t; channel
referenced to the delay of the 3p electron in argon are shown as a
function of the electron kinetic energy. Argon was chosen because
of its similar ionization potential [15.76 eV; (41)] to the X state of
CF, ¥, which leads to a near cancellation of the continuum-continuum
contribution 1. to the measured delays, because t.. only depends
on the electron kinetic energy (16, 42). In our calculations, we
account for the small difference in ionization potentials by refer-
encing CF, electrons with energy ELr* to argon electrons with
energy Ej\ = ECH* + ISF4 — [0 (where I;™ refers to either HOMO
and HOMO-1). All delays shown throughout this manuscript, both
experimental and theoretical, are referenced to the argon delays
with electron emission parallel to the XUV polarization direction.

For channel 1t;, a delay of 614 (+190) as is observed at the energy of
the shape resonance, which is substantially larger than any previously
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Fig. 2. Laboratory frame ionization delays and shape resonances. Pl delays of the (A) 1t; channel and (B) 4t, channel. Blackfilled circles show the experimental values,
the black solid line shows the calculated RABBIT delays, including the cc (continuum-continuum) contribution (see Materials and Methods for detailed information), the
blue solid line is the total cross section including all symmetries, and the blue dashed lines are the symmetry-resolved cross sections for t, and a;. All cross sections are
calculated within the same theoretical framework as the delays. Both experimental and theoretical delays are for electrons emitted 0° to 18° with respect to the XUV polarization
and are referenced to argon using the same angular integration range. The error bars show the SD of the delays extracted from multiple datasets. (C) Three-dimensional
orbital wave functions for the 1t; HOMO (left) and the t, dipole-prepared wave function at the resonance energy (right). The electric field vector of the dipole transition
was chosen to lie along one of the C-F bonds, thus creating a superposition of all three degenerate wave function components 1/v/3(1 t(f)+1 tﬁy) +1 t(f)). (D) Same as (C),
but for 4t HOMO-1 and its dipole-prepared resonant a; wave function. Contour levels used are 0.8, 0.7, 0.35, 0.15, and 0.09. Alternative versions of (C) and (D) using

different contour-level values are shown in fig. S16.

measured time delays, even in the presence of shape resonances
(15,17, 18).

In Fig. 2C, we show the wave functions of the bound orbitals, as
well as those of the t, PI continuum at resonance (the calculation
procedure is described in section S1.4). It is evident that the continuum
wave function has a local maximum at the position of the carbon
atom, which is a signature of the cage effect (43). It additionally has
sizable amplitudes on each of the fluorine atoms, which is a neces-
sary condition for being optically accessible from the 1t; orbital that
has no wave function amplitude on the carbon atom. This shape
resonance is thus truly molecular in character and bears little re-
semblance to the typical atomic shape resonances arising solely
from potential barriers induced by the centrifugal term. The continuum
part of the wave function is not visible in the plots because of its
lower amplitude. A different version of the plots, with a lower
iso-contour threshold and hence more visible continuum parts of
the wave function, is shown in fig. S16. The measured and calculated
RABBIT delays agree well with the calculated lifetime of the shape
resonance (650 as; see table S1). This agreement is, however, fortuitous
because the choice of a larger angular integration range leads to
smaller RABBIT delays (210 as for complete angular averaging). In
general, it is difficult to find a simple relationship between RABBIT
delays and resonance lifetimes. A possible reason for this is the
interference between resonant and nonresonant PI channels (in the
sense of a Fano treatment) (44). In cases where the nonresonant
contributions are not negligible (as is the case in CFy; see figs. S8
and S9), the Wigner delays deviate from the resonance lifetimes.
This is the case because the phase of the PI matrix elements is
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affected by the interference between resonant and nonresonant
contributions, which leads to time delays that can noticeably deviate
from the lifetime of the shape resonance.

The 4t, channel has two overlapping shape resonances with
symmetries t, and a; and partial cross sections shown in Fig. 2B.
Experimentally, we measured a delay of 107 (£71) as close to reso-
nance and negative delays of —57 (+27) as for energies below
and —-79 (+160) as above the resonances. In Fig. 2D, we show the 4t,
orbital and the a; continuum wave function at the energy of the
corresponding shape resonance. The transition to the t, shape reso-
nance is shown in fig. S15. Both shape resonances in the 4t, channel
also have a local maximum at the position of the carbon atom, as well
as amplitude on the fluorine atoms. They also display a strong mo-
lecular character and the characteristic signatures of the cage effect.

Our RABBIT calculations agree very well with the experiment
for both HOMO and HOMO-1 with the exception of the very low
kinetic energy (1.3 eV) of SB12 of the HOMO-1. This energy cannot
be accessed by our RABBIT calculation, because the IR-absorption
pathway would involve intermediate states located below the
HOMO-1 ionization threshold. Experimentally, this is possible by
populating high-lying autoionizing Rydberg resonances below the
4t, threshold, a process that is challenging to describe theoretically.
A decrease toward negative delays for very low electron energies is
nevertheless correctly described, and overall, we find excellent agree-
ment between theory and experiment, which is remarkable for this
low-energy range.

Next, we look into the recoil frame angle-resolved PI delays
(RAPIDs), where we extract the PI time delays for specific electron
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Fig. 3. RAPIDs of 1t;. Pl delays of the 1t; (HOMO) channel (relative to argon) shown in the recoil frame of CF,4. Experimental data (filled circles) are shown together with
the calculated RABBIT delays, including all symmetries, partial waves, and continuum-continuum contribution (thick line), in (A) for SB12, (B) SB14, and (C) SB16. Kinetic
energies pertain to CF4 electrons. A dashed circle is drawn into the plots to guide the eye. (D to F) Theoretical RABBIT delays relative to argon for the partial-wave combi-
nations of /=2 and 3 (dot-dashed line), /=1 to 3 (dashed line), /=1 to 4 [thin line; only in (F)] for the t, continuum symmetry. For the partial-wave resolved delays, shown
in (D) and (E), the continuum-continuum contribution and the argon reference delays are omitted. The schematic drawing of a CF4 molecule visualizes the relevant angles.
0 is plotted in the polar plots, and ¢ is averaged over, both in experiment and in theory. In all cases, the molecular dissociation axis is chosen parallel to the XUV polariza-
tion. All plots are mirrored vertically, and error bars show the SD of the delays extracted from multiple datasets. More information on the error analysis and the theoretical

calculations is presented in Materials and Methods.

emission directions relative to the dissociation axis of CF; being
parallel to the XUV polarization, as illustrated in Fig. 3. Because
CF; remains intact, we cannot access the absolute orientation of
CF; about that axis. In our calculations, this is accounted for by
isotropically averaging over the azimuthal angle ¢. This approach
has previously been successfully applied to the dissociative ioniza-
tion of CF4 (34, 45) and resulted in very precise REPADs (recoil
frame photoelectron angular distributions).

Figure 3 shows the RAPIDs for SB12, SB14, and SB16 of the 1t;
channel. The most notable feature is the asymmetry of the ioniza-
tion delays along the dissociation axis with the delay being 250 as
larger for the electron emitted along the CF;direction in SB12
(Fig. 3A). This asymmetry changes direction for higher electron
energies, i.e., at SB14, where the delay is ~40 as larger for electrons
emitted in the direction of the neutral fluorine fragment (Fig. 3B).
For the even higher electron energies of SB16, the asymmetry
becomes even smaller in the experiment, and the delays for emis-
sion along the molecular dissociation axis are almost symmetric
(Fig. 3C).

These results are qualitatively reproduced in our calculations
and can be explained by a partial wave decomposition of the
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RABBIT delays. The asymmetry is caused by the interfering
contributions of several partial waves at the resonance. At the reso-
nant energy, the contributions of partial waves with /=2 and =3
are enhanced (fig. S8), which causes the RAPID to be dominated
by only those two partial waves (Fig. 3D). The interference of
two partial waves of opposite parity is known to cause maximal
asymmetries in the photoelectron angular distributions (46), which
is also true in molecular frame photoelectron angular distributions
(MFPAD:s). Our calculations show that such asymmetries also appear
in the RAPIDs. The lack of quantitative agreement highlights the dif-
ficulty of electron molecule scattering calculations at very low kinetic
energies, particularly in the presence of resonances.

It is indeed mainly the sum of those two partial waves, which
causes the strong asymmetry observed, as can be seen in Fig. 3D. In
this case, the PI dipole matrix element experiences a sign change as a
function of energy, which is responsible for a phase shift and results
in an inversion of the delay asymmetry from SB12 (Fig. 3, A and D)
to SB14 (Fig. 3, Band E).

Adding more partial waves suppresses the delay asymmetry,
yielding almost isotropic delays at the highest SB resolved in the
experiment (SB16) shown in Fig. 3C. The shape of the RABBIT
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delays in Fig. 3 (E and F) is qualitatively very similar, which is a
consequence of partial waves contributing with equal weights at
energies above the resonance. The energy-dependent asymmetry
observed in the RAPIDs must therefore be a final-state effect, as
opposed to the interpretation of the stereo time delays in CO (28),
which was based on a pure initial-state effect.

A similar behavior is observed in the RAPIDs of the 4t, channel,
shown in Fig. 4, where the ionization delay asymmetry between the
CF; and F direction is 105 as in SB12 and 160 as in SB14 (larger
delays toward the CF; fragment) before it becomes symmetric in
SB16. The 4t, channel is particularly interesting to study because it
contains two overlapping shape resonances of different continuum
symmetries, i.e., a; and t,. The two resonances are close in energy,
couple to the same total final-state symmetry, and show strong
intrachannel coupling as identified in RFPAD measurements (34).
The two resonances have different partial-wave contributions as
shown in fig. S9, with the main contributions for symmetry a; being
=0, 3, and 4, while for symmetry t,, itis [ = 1, 2, and 3. Qualitatively,
the asymmetry in the RAPID of SB12 can be described by a single-
channel calculation for a; symmetry using only the dominant
partial waves [ = 0, 3, and 4 (see fig. S9). This is not the case for
SB14 with an electron energy of Eyi, = 4.4 eV just on the reso-
nance. Neither single-channel calculations for a; or t; are able to
qualitatively reproduce the experimental RAPID. Even the full
RABBIT calculation, including all partial waves and symmetries
(Fig. 4B), does not result in perfect agreement, because the peaks
at 8 = 60" and 8 = 120° are reproduced, but the local maximum at
0 =0"is not.

This result highlights the pronounced sensitivity of RAPIDs to
the finest details of the PI dynamics. Whereas the agreement of the
calculated laboratory frame delay at SB14 with experiment is excellent
(Fig. 2B), the deviation in the angle-resolved delays amounts to
more than 600 as. A discrepancy between experiment and theory
close to © = 0° is also visible in the RFPADs recorded in the imme-
diate vicinity of SB14 (Eyi, = 4.3 eV; see fig. S6C). Notably, our
calculations agree almost perfectly with the RFPAD calculations
including channel coupling (34), but neither of the calculations
reproduces the local maximum of the REPAD in the vicinity of 6 = 0°.
In an attempt to go beyond the fixed nuclei approximation, we also
varied the C-F bond lengths within the Franck-Condon region,
which, however, did not result in better agreement. Because both
RFPADs and RAPIDs are sensitive to the amplitudes and phases of
the PI matrix elements, the observed discrepancies suggest that the
accuracy of molecular PI calculations needs to be improved further
and that RAPIDs are a particularly sensitive benchmark for
such work.

For higher energies of SB16 (Ey, = 7.5 eV), the agreement be-
tween RABBIT delays and experiment is again quite good. The
delays are almost symmetric with respect to emission along the
dissociation axis, which is a result of the contribution of multiple
partial waves, similar to the case of the HOMO channel. A notable
feature unique to the RAPIDs of HOMO-1 is the pronounced local
maxima at 0 = 60" and 0 = 120°, particularly obvious in the complete
calculation shown in Fig. 4B.

Those “ears” are a direct result of the interference between the
two shape resonances of different symmetries and only appear
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Fig. 4. RAPIDs of 4t;. Pl delays of the 4t, channel referenced to argon shown in (A) for SB12, (B) SB14, and (C) SB16. Kinetic energies given are for CF4 electrons. A dashed
circle is drawn into the plots to guide the eye. The filled circles represent the experimental data, and the solid line represents the calculated RABBIT delays, including all
symmetries, partial waves, and the continuum-continuum contribution. (D to F) Coherent (dot-dashed line) and incoherent (dashed line) sum of RABBIT delays of continuum
symmetries a; and t; restricted to the contributions of partial waves /=0 to 4. For the partial-wave resolved delays, shown in (D) and (E), the continuum-continuum
contribution and the argon reference delays are omitted. In both experiment and theory, the molecular dissociation axis is parallel to the XUV polarization. All plots are
mirrored vertically. Note that the RABBIT calculation is not defined for (A) due to the low energy. For this reason, an energy of 1.55 eV was chosen for (D).
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clearly when adding both symmetries coherently. This is shown in
Fig. 4 (D and E) through a comparison of the incoherent and coherent
sums of symmetries a; and t,.

In conclusion, we have reported the first angle- and state-resolved
measurements of molecular PI delays. We have applied this new
capability to characterize the PI dynamics of CF, in the vicinity of
several shape resonances. In the case of the HOMO channel, we
measured time delays of up to 614 as caused by electron trapping
enhanced by a molecular cage effect. In the case of the HOMO-1
channel, we have additionally identified the effects of the interference
between two shape resonances of different continuum symmetries
on the molecular-frame-resolved PI delays.

The highly structured and asymmetric time delays in the recoil
frame of the molecule and in the vicinity of the shape resonances are
qualitatively reproduced by our first-principles quantum-scattering
calculations. They are explained in terms of a partial-wave analysis,
tracing the reason for the asymmetry to the dominant contribution
of only two to three partial waves at the resonances. The good overall
agreement of experiment and theory, combined with the notable
disagreement close to the overlapping shape resonances in the
HOMO-1 channel, demonstrates the sensitivity of RAPIDs to the finest
details of molecular PI dynamics and therefore their considerable
potential as benchmarks for future theory developments. These
results establish RAPIDs as a sensitive observable for characterizing
multielectron attosecond dynamics in molecules and improving the
description of electron correlation in theoretical methods. The
demonstrated experimental and theoretical methods can be readily
extended to more complex molecular systems, including, e.g.,
nucleoside anions, which could be used to time resolve the attosecond
dynamics underlying dissociative electron attachment and the re-
sulting DNA strand breaks that mediate radiation damage.

MATERIALS AND METHODS

Attosecond pulse generation

The optical setup consists of a regeneratively amplified Titanium-
Sapphire laser system, which delivers 1.2-m] pulses at 5-kHz repeti-
tion rate with a pulse duration of 35 fs (full width at half maximum)
and a central wavelength of 800 nm. The laser beam is divided into
two pathways with a 70:30 beam splitter, where the more intense
part is focused into xenon gas for high harmonic generation (HHG),
resulting in odd harmonics up to 17th order (=26.3 eV). After the
HHG cell, a 100-nm-thick metallic filter (either aluminum or tin) is
placed in front of a nickel-coated toroidal mirror (f = 50 cm) to
eliminate any residual IR in the XUV path. The less intense part of
the initial beam is recombined with the XUV pulse after the toroidal
mirror to constitute a Mach-Zehnder interferometer. The path
length difference is controlled by a piezoelectric motor (resolu-
tion 0.1 nm). The relative delay between the IR and XUV pulses is
actively stabilized in an interferometric approach using a frequency-
stabilized helium-neon laser coupled into the XUV-IR Mach-
Zehnder interferometer (47), resulting in a time jitter ranging from
40 to 60 as.

Coincidence spectrometer

The phase-locked XUV and IR pulses are colinearly focused into a
supersonic gas jet in a COLTRIMS (cold target recoil ion momen-
tum spectroscopy) spectrometer (22, 23), where the electrons and
ions are guided by a weak homogeneous electric field (1 to 3 V/cm)
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onto two opposite position and time-of-flight sensitive detectors. A
homogeneous magnetic field (4.2 to 5.9 G) is additionally applied
via a pair of Helmholtz coils, which is tilted to compensate for
Earth’s magnetic field. Each detector consists of two 75-mm-diameter
microchannel plates (Photonis) in Chevron configuration in
combination with a three-layer delay-line anode (Hexanode) with a
crossing angle of 60° between the adjacent layers and an active radius
of 40 mm (RoentDek). The spectrometer for the electron side con-
sists of a 70-mm extraction region, followed by a 140-mm electric
field-free region. On the ion side, the length of the extraction region
is 40 mm. Using COLTRIMS, we gain access to the full 3D momentum
vectors of ions and electrons in 4w solid angle. To ensure coinci-
dence detection of ions and electrons, the maximum ion count rate
was set to 0.3 counts per laser shot. The Ar-CF, gas mixture is
supersonically expanded into the vacuum chamber through a 50-um-
diameter nozzle with a backing pressure of 1 bar. Two conical
skimmers are located 10 and 30 mm behind the nozzle with orifices
of 500 um and 1 mm, respectively, as a part of a differential pumping
scheme. The supersonic gas jet is captured by a differentially
pumped beam dump after crossing the spectrometer.

Data analysis

Ten datasets of CF4-Ar gas mixtures were measured, partially under
different experimental conditions, to optimize the data quality at
the low- and high-energy ranges. Parameters that were varied are
the HHG phase-matching conditions, such as the xenon gas
pressure and the IR intensity, the metallic filter (either Al or Sn),
the electric extraction field in the COLTRIMS, and the magnetic
field. The data were then analyzed for argon and CF4 separately
using a CVPCA, which has been introduced by Jordan and Wérner
(35) and since then successfully used to extract phases in spectrally
congested time-resolved electron spectra (48-50). The CVPCA is
implemented as follows. First, we fit the static XUV-only photoelectron
spectra using a set of Gaussians to get the correct fit parameters
describing the relative XUV spectral intensities, cross sections, and
spectral widths of the states involved. Second, we fit the 1D energy
spectrum of the time-resolved XUV-IR measurement, obtained by
integration over all time delays, using the fitting parameters from
the XUV-only fits plus an additional set of Gaussians accounting
for the SBs (see fig. S17B). Then, a fast Fourier transform (FFT) is
done line by line on the photoelectron spectra along the time delay
axis. The obtained band in the complex-valued FFT at the 20 angular
frequency is fitted by multiplying each Gaussian component obtained
in the XUV + IR fit with a complex-valued amplitude ¢?

Ia(E) = Xp/E)e” = T ep/E)e” @)
! ] A

where pj(E) is the Gaussian fit for the photoelectron band j (see fig.
§17, C and D). This procedure is done for each of the 10 datasets
individually resulting in 10 phase values at SB14 and 5 phase values
at SB12 and SB16 phases for argon and each electronic state of CFj.
The lower number of phase values for SB12 and SB16 is a result of
specifically optimizing five measurements for high and low electron
energy conditions, respectively.

The extracted phases of argon are then subtracted from the
corresponding CF, phases to eliminate the intrinsic attochirp and
converted into time delays using a conversion factor of 215 as. The
conversion factor is derived using T/2w, where T is half the period
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of the probing IR field. Its value was determined through a cosine fit
of the SB beating in argon to be T = 1350.9 as. Argon was chosen as
a reference because of its simple photoelectron spectrum and
similar ionization potential to the 1t; (HOMO) of CF,. For the final
delay values, we take the average of all measurements, and the error
is calculated as

c
Oz = N (3)
where o is the SD and 7 is the total number of datasets used to
calculate the mean. The particularly large error bars of SB12 in the
HOMO and SB16 in HOMO-1 are a result of the strong overlap of
those SBs with a more intense main band of the other state, as can
be seen in fig. S17B.

Recoil frame angle-resolved Pl delays

To resolve PI time delays in the recoil frame of CF,, we extract
phases only for specific electron emission directions with respect to
the recoil axis. In all RAPIDs, nine values for the angle between
electron and CF; emission directions were chosen, each with a
width of 20°, to get a continuous coverage of the angular space. In
addition, the recoil frame was fixed to the XUV polarization to
allow for less ambiguity and more direct comparison to theory,
where the molecular axis was fixed parallel to the XUV polarization.
The accepted angle between CF; and XUV polarization is 0° to 25°
and 155° to 180°. All angle-resolved CF, delays in the RAPID are
referenced to the same argon delay using

TR0) = Tah(0) — (B = 0°-18°) (4)

Tref

where 0 is the angle between electron emission and the molecular
dissociation axis and B is the angle between electron emission and
XUV polarization. SBx is the respective SB. All delays shown in the
manuscript are the referenced values tfff

Calculation of the RABBIT delays

The emission angle-resolved SB intensity ISB 2 (Esp, 9, @; 1) for a
single molecular orientation [denoted in what follows by the Euler
angle set R = (a, B)] is given by the coherent sum of the two inter-
fering pathways

I§ »(Esp, 9, @57) =
~I . T , ) (5)
z ‘ MaO(E<> 9,0) eI 4 M, °(E>’ 9,¢) g oot
Ty

where 9, ¢ denote the set of electron emission angles with respect to the
molecular frame (defined in Fig. 3), and M, and M’ are the am-
plitudes of the absorption and emission angles, respectively,
whereby the “A” signifies that these quantities are evaluated for a
single molecular orientation R. 7 is the temporal delay between XUV
and IR fields, and oy is the center frequency of the IR pulse driving
the HHG process (here, its value is set to correspond to ~1.55 eV or
800 nm). Furthermore Esp = nay — I, denotes the energy corre-
sponding to the n'" SB, and E< = Esg T . The summation over the
irreducible representations I'y in Eq. 5 reflects the fact that the ini-
tially occupied HOMO and HOMO-1 of CF, are threefold de-
generate (with symmetries t; and t,, respectively).
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Experimentally, the collected signal representing the MF-resolved
SB intensity contains contributions from all orientations of the
CF;" fragment around the recoil axis. To account for this situa-
tion, the calculated SB intensity is isotropically averaged over the
azimuthal angle ¢

I o(Esp, %57) =

e +igT —iMoT 2 (6)
IZ.[O M, (E..9,¢)e +M (B>, 9, ¢)e de

In a manner analogous to the experimental data analysis procedure,
the angle-resolved SB delay time is extracted from the calculated SB
(see Eq. 6) by means of a fit using a harmonic function of the form

I n(Esp, %57) = ag + a1 cos(2 0T — A@yo1(Esp, 9) ?)

The corresponding angle resolved delay associated with SB 7 is
then given by tg5(9) = Mz‘fo 9 1t is this quantity that we refer to
as “RABBIT” delay throughout the manuscript. As the expression
in Egs. 5 and 6 features an incoherent sum over the contributing
degenerate orbitals (I'y), it is generally not possible to give a conve-
nient closed-form analytical expression for tgg. The emission angle—
dependent calculated intensities for SB12, SB14, and SB16 for the
RABBIT process involving PI from the HOMO and HOMO-1 orbital
of CF, are reproduced in figs. S1 and S2. The black curves indicate
the position of the maximizing phase ®y,1(Esg, 9) at each angle.

The theoretical molecular frame-resolved RABBIT delays pre-
sented in the main text have been evaluated for a configuration
where the laser electric field vector (defining the laboratory frame)
points along the dissociating C-F bond, i.e., for coincident laboratory
and molecular frames (o = 0, § = 0). The partially averaged delays
introduced in Fig. 2 have been averaged over all orientations (Euler
angles o, B) using a 50-point Lebedev grid, whereby the integration
over the laboratory frame emission angles has been restricted to an
emission cone with an opening angle of 18°, as in the experiment.

In principle, the above approach closely follows the formalism
introduced in (16). There are, however, two distinctions. First, Eq. 6
takes into account the degeneracy of the initially occupied orbital,
which plays an important role in nonlinear molecules. Second, in
the current manuscript, we adopt the following appr9x1mat10n for
the “‘two- photon” XUV + IR) matrix elements: M W(ESB,S P)=
Mlhv arelE SB,S @) Teo(Esp, SB)< where My, 4. is the one-photon PI
matrix element and T (Esp, Egp) is the long-range “continuum-con-
tinuum” contribution introduced in (51). In other words, we ignore
the angular momentum couplings in the second step of the
XUV + IR-PI process. The continuum-continuum matrix element
is evaluated using the “P+A’"” formula (see equation 100 and following
text) in (51). The calculation of the one-photon PI matrix elements
(in what follows, these will be referred to as “PI matrix elements” for
brevity) follows the procedure outlined in section S1.1 and is iden-
tical with the formalism of (16).

The reference RABBIT delays for Ar are calculated following a
conceptually analogous procedure, whereby we directly use the
formula for the two-photon matrix elements given in equation 24 of
(42). For completeness, we reproduce this expression below. Note
that we have omitted the energy-independent terms and other
constant factors and have slightly adapted the notation to ensure
consistency with the rest of this text
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- 1
a/e(ESB’ 9, (P) = Nk;gNkSB <
|kSB - kSB
< \iZIKG (8)
eXP_@ 11 || ks ”
2 ksgB ks [ | (2 kgp) Z/%se
T2 +iZ(1/k — 1/ksg)]
iZ(1/kE,~1/k
(kS — keg)
Yim (9, @) Z <YLm,|Y10|Yxm X Ymd YiolYim,)

L=l li+2

B ik
(Riz |1 |Ryyi e ™M

In the above equation, ksg and kSB correspond to the momenta
assoc1ated with the energies Egg and ESB, i.e., ksg =2 Esg and k
2ESB Yin(9, @) represent sphencal harmonics, Z =1, and I" (x) is
the complex Gamma function. m(k ) denotes the scattering phase
shift, and (R¢z |7 |Ry,,) corresponds to the radial matrix element for
the dipole transition involving the bound-state wave function R,
(here, n; =3 and [; = 1) and the continuum function Rz, w1th
asymptotic momentum kSB We extract the one photon PI matrix
elements ( Yy | Y10l Yium XRiZ, 7] Ry, )14‘ M) from our ePolyScat
calculations (see section Sl.l) (52, 53). The associated SB intensity
is calculated from the incoherent sum of the contributions of all
three degenerate p orbitals (m; = 0, = 1). The corresponding refer-
ence delays are subsequently extracted from a fit procedure as in the
case of CF,.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj8121
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