Probing molecular environment through photoemission
delays
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Attosecond chronoscopy with ultrashort laser pulses has revealed small but
measurable delays in photoionization, characterized by the ejection of an electron upon
absorption of a single photon. lonization delay measurements in atomic targets provide
a wealth of information about the timing of the photoelectric effect, resonances,
electron correlations and transport. The extension of this approach to molecules,
however, presents great challenges, such as identifying correct ionization channels
and the effect of the anisotropic molecular landscape on the measured delays. Here,
we measure ionization delays from ethyl iodide around a giant dipole resonance. By
using the theoretical value for the iodine atom as a reference, we disentangle the
contribution from the functional ethyl group, which is responsible for the characteristic
chemical reactivity of a molecule. We find significant additional delay caused by the
presence of a functional group, which encodes the effect of the molecular potential on
the departing electron. Such information is inaccessible to the conventional approach
of measuring photoionization cross-sections. The results establish ionization delay
measurements as a valuable tool in investigating electronic properties of molecules.

The advent of high-intensity ultra-short lasers, awarded with the Nobel prize in physics in 2018,
enabled the reconstruction of fundamental processes inside atoms and molecules on the
attosecond (as) time-scale’. One such process is Einstein’s photoelectric effect, characterized
by electron emission upon absorption of a single photon. It proved the discrete nature of light
and was instrumental to the subsequent development of quantum mechanics. The target-
specific delay of this photoemission process is given by the Eisenbud-Wigner-Smith (EWS)
delay, which relates photoemission to a half-scattering event, and can be calculated from the
energy derivative of the phase of the ionized electron wavepacket?. This time delay provides
important information on the electronic structure of matter, including electron correlations and
the details of the atomic or molecular potential in which electrons move. These can help us
develop and validate theoretical models describing electronic excitations in molecules.



Attosecond time delays in photoemission have been studied extensively in the past decade
using streaking®® or RABBITT’-'2 experiments, which combine a weak isolated attosecond
pulse (IAP) or pulse train, respectively, performing single photon ionization, with a probing
infrared laser pulse. Such experiments®*'" and the wealth of theoretical studies, they
inspired''*, have been mainly confined to atomic targets. Recently, photoionization delays
have been measured in simple molecules”'"'®. However, the physical interpretation of such
experiments is extremely challenging for the following reasons.

First, it is extremely difficult to isolate a specific ionization channel in a molecule due to spectral
congestion resulting from closely spaced energy levels® %' Combined with the relatively
broad bandwidth of an IAP, this makes it often impossible to assign correct initial electronic
states based on final electron energies, even for simplest diatomic molecules''. Second, the
ionization process can be viewed as being comprised of two highly complex steps: the initial
ionization of the electron, followed by subsequent propagation in the molecular potential. Since
the electronic states involved in the ionization process are unique to that particular molecule,
there is normally no reference to disentangle these two steps and separate the contribution of
the molecular potential in which the ionized electron wavepacket moves.

Here, we overcome these challenges by measuring attosecond ionization delays in a
polyatomic molecule, ethyl iodide, around a giant dipole resonance. Unlike other resonances,
being an inner shell characteristic, the giant dipole resonance is known to remain largely
unaffected when an atom becomes part of a larger molecule: “If a ‘giant resonance’ is present
in an atom, then we expect to find it, with perhaps slight variations of the profile shape, in
molecules containing this atom, or indeed in the condensed phase. This persistence of the
resonance is unique amongst excited atomic states, and contrasts sharply with Rydberg
behaviour. It provides experimental confirmation that the effect originates deep inside the
atom...” (Quote from page 3 of Ref. ). This is illustrated for the 4d resonance in Fig. 1(c),
where photoionization cross sections (the absolute values are subject to discussion in the
literature'”) for atomic and molecular iodine, and iodine containing molecule are shown. In
addition, the lifetime of a giant resonance is several orders of magnitude shorter than typical
autoionizing states '®. Hence, any significant measured delays will be largely incurred during
the propagation step, thereby providing information on the molecular potential landscape
experienced by the escaping electron wavepacket. Hence, in the case of a giant dipole
resonance in the iodine-containing molecule, the iodine atom therefore provides a natural
reference, which allows us to both identify the initial electron localization, deep inside the
iodine atom, and subsequent ionization pathway, and disentangle the two steps of the

ionization process. The first step refers to a dipole 4d — f transition, with the corresponding

giant resonance being very similar in iodine and ethyl iodide. The second step refers to
propagation of the freed electron in the atomic and molecular potential, respectively. Being
able to disentangle the two steps of the ionization process therefore presents a unique
opportunity to measure the effect of the molecular potential, in this case introduced by the
ethyl group, on the propagation of an ionized electron wavepacket, initially localized around
an iodine atom. We find that the addition of an ethyl group introduces an additional delay of
up to around 38.0 £ 21.4 as, indicating a significant modification of the potential landscape
observed by the escaping electron. Noteworthy, this occurs even though the ethyl group does
not directly participate in the ionization process, with the hole being initially confined to the
inner shells of the iodine atom, and without molecular orientation. Our study disentangles the
effect of a functional group on ionization delays in a molecule, with possible implications for



the timing of electron transfer in chemical reactions. We note that the comparison of ionization
cross sections between atomic and molecular species can contain information on the
molecular environment during the ionization process, while time delay measurements,
introduced here, provide information exclusively about the molecular environment as
experienced by the liberated escaping electron during the propagation.

Results and discussion

The experimental approach, employing attosecond streaking spectroscopy’, is illustrated in
Fig. 1(a), and described in detail in the Methods section. In brief, IAPs in the extreme ultraviolet
(XUV) regime at 80 eV and 93 eV with a bandwidth of 6.5 eV are generated from phase-
stabilized few-cycle near-infrared (NIR) laser pulses of less than 5 fs duration at 750 nm
central wavelength. The XUV and NIR pulses are focused with a variable pulse delay onto the
target comprised of neon atoms and ethyl iodide molecules. Photoelectrons are generated by
XUV ionization and propagate within the respective molecular or atomic potential,
superimposed by the NIR laser field, which ponderomotively alters the electrons’ momenta.
The pulse-delay dependent momentum distributions of photoelectrons are detected with a
time-of-flight (TOF) spectrometer.

As an example for the experimental results from streaking measurements (also see
Supplementary Material (Sl)), Fig. 2(a) shows a streaking spectrogram obtained with 93 eV
photons, where two strong and one faint contributions can be discerned that oscillate with
pulse delay. The faint contribution near 80 eV arises (see Fig. 2(f)) from valence emission
from ethyl iodide. Analysis of the valence emission is not informative, since ionization can take
place from a total of six orbitals within the bandwidth of the IAP'8. Due to the multi-orbital
contributions, the photoelectron valence emission yields a broad spectral feature with no
distinct spectral peak. In contrast, the trace around 71.5 eV stems from photoionization from
the neon 2p subshell. The large photoionization cross section for neon atoms'® permits clear
identification of the neon 2p peak and a good signal-to-background ratio with respect to the
partially overlapping ethyl iodide valence electrons. The contribution at around 37.5 eV in the
photoelectron spectrum is attributed to the emission from the 4d subshell of iodine in ethyl
iodide. A potential contribution from neon 2s in this energy region is negligible (cf. Fig. 2(f)).
The obtained binding potential around 55.5 eV for the 4d emission band is in close agreement
with literature values of 4d ionization from atomic iodine 2%2'. In the experiments, the probed
molecules experience NIR laser intensities around 10""-'2 W c¢m, for which laser-induced
distortions of the molecule’s electronic structure can be safely neglected. Note that all
recorded NIR-induced above-threshold ionization (ATI) contributions are below 16 eV, not
overlapping with the interrogated bands shown in Fig. 2(a).

To extract streaking traces from the measured spectrograms for different bands we utilize
machine learning (ML). For the training of the ML approach (see Methods for details), the initial
parameters are kept as randomized as possible: e.g. up to ten streaking features are
considered with random initial parameters like positions, widths, intensities and streaking
frequencies, within reasonable bounds, followed by addition of random jitter. The desired
outputs of the algorithm are the streaking traces of each band in combination with their
intensity and width. This trained ML algorithm is applied to the experimental streaking
spectrogram to simultaneously extract streaking traces for all discernible bands. To
complement this approach, another established model, namely nonnegative least square
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optimization (NNLS)?? (see Methods for details) is also applied to extract streaking traces,
resulting in almost identical outputs with that of the ML approach. These approaches treat the
image as a whole and identify streaking patterns not only at the current delay step of the scan
but by a combination of multiple previous and upcoming electron spectra. This makes the
algorithm less sensitive to noise and allows to extract streaking traces from low intensity
signals in a more reliable way. As an example, the extracted streaking traces are shown in
Fig. 2(b) for the neon 2p and ethyl iodide 4d emission.

To evaluate the relative streaking time delay of the ethyl iodide 4d emission, we calculate the
phase delay relative to the neon 2p emission by transforming these retrieved streaking traces
into the Fourier domain (see details in the Methods and Sl). The Fourier-filtered data in the
temporal domain, where components outside the incident NIR frequency range are omitted,
is shown in Fig. 2 (b). From the spectral phases of the neon and ethyl iodide streaking traces,
we calculate the relative streaking phase delay according to

¢! (w) — gV (w) (1)

Aty (w) =

w
where ¢ (w) represents the spectral phase of the ethyl iodide and neon streaking traces and
w describes the laser angular frequency. Using the spectral intensity of the neon streaking

trace Iy.(w) as a weighting function, the relative streaking time delay A4t; for each
measurement is calculated by averaging over the streaking phase delay values:
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The obtained results for different measurements at 80 eV and 93 eV are depicted in Fig. 2 (d)
and (e), respectively, as a function of NIR intensity. It is evident that the delays are insensitive
to the NIR intensity within the covered range, which designates insignificant polarization
effects and distortions of the molecule. This also indicates the robustness of the results against
partial contamination with ATI signals, especially at 80 eV. Average mean values and standard
deviations of relative streaking delays are obtained from this data with 51.8 £ 21.2 as (80 eV)
and 18.51+4.3 as (93 eV), respectively. Given the different orders of magnitude between
streaking delay and the period of the NIR field, the small streaking delay is only discernible
upon close inspection of the streaking traces, as illustrated in Fig. 2(c).

At

To contest the above approaches, which we introduced here for extracting streaking traces,
we also retrieved the streaking curves by calculating the central energy after fitting Gaussian
functions (GF) to the photoelectron spectrum at each delay step for individual bands. The
resultant relative streaking delay value (see Fig. 3) at 80 eV, after following the same Fourier
analysis described above, comes out to be nearly same but with much larger standard
deviation (50.8 + 35.8 as), whereas for 93 eV the value (17.4 + 5.6 as) remains very similar to
the ML approach. This clearly indicates the consistency and success of the ML analysis,
especially for the noisier data at 80 eV. Both the analysis indicate the spectral broadening of
the ethyl iodide 4d-emission structure, which can be attributed to the spin-orbit splitting of the
4d photoelectron band, with two components (4ds. and 4ds) separated by 1.7 eV?3, which
are not resolved because of the bandwidth of the attosecond pulse. However we note that the
relative photoionization delays between photoemission from the two spin-orbit components of
iodine 4d are expected to be similarly small as those measured in the case of xenon 4d with
(-4 £ 4.1) as?*.



In Fig. 3(a), we compare the experimental streaking delays to theoretical predictions using the
Classical Wigner Propagation (CWP) method'?5, where the electronic structures of the
ground states of ethyl iodide and neon are calculated either based on frozen-core Hartree-
Fock (HF) or configuration interaction singles (CIS) formalisms. Here we have added an
experimental data point at 105 eV, which was extracted from Ossiander et al.?®. In the first
step of CWP, a bound electron is ionized into the continuum following the absorption of a
single photon from the weak attosecond XUV pump pulse. This process is well-described
within first-order perturbation theory. In the second step, the wave function of the photoionized
electron is propagated in the presence of the NIR laser field by a classical Wigner propagator
within the dipole approximation (for a detailed description of CWP formalism, see'"?°). From
the simulated spectrograms, the relative streaking phase delay and subsequently the relative
streaking delay for ethyl iodide photoemission are calculated following the same analysis
scheme described above for the experimental data. As this approach incorporates effects
induced by Coulomb-laser coupling (CLC)?"?, illustrated as inset to Fig. 3(a), the simulated
results are directly comparable to experimental steaking delay values. The calculations yield
nearly overlapping values from HF and CIS, indicating negligible contributions of excited
states. Both HF and CIS simulations agree very well with experimental measurements at
higher energies and are well within standard deviation for the lowest energy measurement at
80 eV.

In addition to the CWP calculations, we use an independent theoretical approach, based on
molecular quantum scattering theory (QST), described in detail in Ref. *°. According to this
approach, the photoionization delay as a function of electron energy and emission direction in
the molecular frame is defined as the energy derivative of the phase associated with the
photoionization transition matrix element. The latter is calculated using the molecular orbitals
of the neutral molecule obtained from HF calculations and electronic continuum wave
functions obtained through the variational Schwinger method. Hence, the QST approach
directly provides the EWS delay, which can be compared to experiment after the CLC term is
added to the latter. To describe the full dynamics in the laboratory frame, the calculated delays
were isotropically averaged over all molecular orientations. For better comparison with
experimental findings, the results from the full QST are additionally averaged over all
photoelectron emission directions, whereby the range is determined by the detector’s
acceptance angle in the experiment (a cone with 45° full opening angle around the NIR laser
polarization).

The EWS delays predicted by QST and CWP calculations for ethyl iodide are compared to the
experimental data in Fig. 3(b). For experimental data and the CWP simulations, the CLC
contribution, as shown in Fig. 3(a) inset, evaluated according to Ref. 4, is subtracted from the
relative streaking delay. The CLC contribution is due to the long-range Coulomb interaction
between the departing electron and the positively charged parent ion, and is therefore nearly
identical across all atoms and molecules, for a given electron energy. The EWS delays for
neon 2p, calculated using the CIS formalism and added to the relative streaking values along
with the CLC subtraction to obtain the absolute EWS delay, are shown for comparison, and
yield nearly insignificant contributions over the studied energy range. In general, within the
investigated energy region, both theoretical models predict positive EWS delays thus
matching the conclusions of the calculations in Refs. 3" and 2?4, and a universal increase of
EWS delays with decreasing photon energy, in accordance with the experimental findings



We find that both theories make very similar predictions at higher energies and disagree
somewhat at lower energies, with the experimental data point at 80 eV falling closer to the
CWP predictions compared to the other for EWS delays. At higher energies all the theoretical
predictions match excellently with the experimental findings. The disagreement at lower
energies can be understood by considering that accurate theoretical estimates become much
more difficult at lower energies due to the increased influence of the short-range molecular
potential, which is difficult to capture in all its complexity, particularly for polyatomic molecules.
Although more difficult to measure experimentally and model theoretically, the lower energy
data is most valuable as it contains a wealth of information, encoded in the EWS delay, about
the short-range potential landscape. As can be seen from Fig. 3(b), this short-range potential
leads to significant additional delay, of around 38.0 £ 21.4 as.

Generally, the rise in the EWS delay is expected for both shape and giant 4d-resonances. For
giant resonances, intershell and intrashell interactions can influence the photoemission delay
and this particular contribution was debated in prior theoretical works®':*2. In addition to the
delay being due to the transient trapping of the electron wavefunction, such as observed in a
shape resonance’, electron correlations can also play a significant role®'. For instance, short-
range electron-electron repulsion can offset the negative CLC term (shown in Fig. 3(a) inset).

In contrast to the valence electron emission studied so far in most of the previous works”'"15,
the giant dipole resonance in ethyl iodide is due to ionization from an inner 4d shell of the
constituent iodine atom. As such, the ionized electron wavepacket is spatially localized near
the iodine end of the molecule at the time of ionization and the ionization process is barely
affected by the molecular environment. This is well reflected in the comparison between the
phase space representations of the initial giant resonance ionization steps for atomic iodine
and ethyl iodide, as shown in Fig. 4(a - d). It can be seen that the first ionization step is very
similar for the atom and the molecule. This implies that the escaping electron can probe the
molecular landscape introduced by the remaining molecular fragment (i.e. the ethyl group, see
Fig. 1(a)) as it traverses through it. The comparison of the experimentally measured streaking
delay and EWS delay for ethyl iodide with the theoretical values for ethyl iodide and atomic
iodine, presented in Figs. 3(a) and 3(b), expresses the molecular influence. We note that,
experimentally, atomic iodine would need to be obtained from a molecular precursor, a
process that is not 100% efficient and causes overlap between atomic and molecular signals.
We thus rely here on theoretical data for atomic iodine using the well tested CWP
formalism'"?°, Since the initial ionization step, and its contribution to the streaking or EWS
delay, is virtually the same (resulting from ionization of the inner shell of iodine), the difference
between ethyl iodide and atomic iodine is due to the subsequent propagation step of the
electron within the molecular potential. This can be identified exclusively as the impact of the
molecular potential on the departing electron wavepacket. Fig. 3(a) and (b) clearly show an
overall shift of the streaking delay as well as EWS delay in the case of ethyl iodide compared
to iodine. At lowest energy, the EWS delay shift is around 38.0 + 21.4 as, which decreases
with increasing photon energy. The theoretical estimates also show an overall shift, however,
with decreased magnitude at lowest photon energy. The decrease in shift with increasing
photon energy is expected from the fact that the higher energy XUV generates higher kinetic
energy photoelectrons, which spend less time in the molecular environment compared to the
lower kinetic energy photoelectrons. As a result, the lower energy electrons are influenced
more by the molecular potential, which is manifested as larger delay difference compared to
the atomic iodine.



The influence of the molecular environment in other, related systems was studied theoretically,
as shown in Fig. 4(e). The data has been calculated within the classical Wigner-CIS formalism
showing the effect of a variable ligand attached to the iodine atom. For ethyl iodide the
distribution is nearly isotropic. As the ligand mass increases, however, the angular dependent
photoemission delays are less flat. For an iodine atom as a reference, we expect an isotropic
distribution, which is actually still seen, much surprisingly, for ethyl iodide. For the other two
molecules the delay is minimal for normal electron ejection whereas it increases as the
photoionized electron escapes in the direction of the ligand or opposite to it. This difference
can be attributed to the influence of the molecular environment. Here, we also show the angle
integrated delay value for these molecules (dashed horizontal lines), which manifest an
increase of overall delay with the size of the ligand, enabling to observe the molecular
influence even without angular-resolved measurements.

Conclusions

In conclusion, we find that the EWS delay of an escaping electron wavepacket around a giant
dipole resonance increases significantly due to the presence of a functional group. The
experimentally measured EWS delay of around 67.5 + 21.2 as, which is about 38.0 £ 21.4 as
larger compared to the case without functional group, at lower energies, is particularly
significant when one considers that, out of all the halogens, the iodine has the lowest
electronegativity. As a result, the attached alkyl group is close to neutral, suggesting that even
a neutral ligand can measurably modify the potential landscape seen by the departing
electron. Therefore, the EWS delay provides sensitive information about the role of a
functional group in a molecule, which cannot be obtained by the usual technique of measuring
ionization cross sections.

The angular-resolved simulations for other iodide-containing molecules suggest that the delay
correlates with the size of the attached group. These observations open up new perspectives
for angle-resolved EWS delay measurements in molecules to probe the potential landscape
in three dimensions. Finally, since functional groups determine the characteristic chemical
properties of a molecule, understanding their influence on ionization delays is crucial for the
ultimate goal of steering chemical reactions using attosecond pulses®. Given the complexity
of the system, the agreement between theory and experiment, and thereby unleashing the
exclusive role of molecular environment on the ultrafast ionization process contributes to the
development of strong field molecular physics as well as other fields of physics and chemistry.
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Methods
Experimental Setup:

The laser setup and attosecond beamline at the Attosecond Science Laboratory of the King
Saud University have been described elsewhere3. Briefly, the pulses used in the experiment
are delivered by a commercial laser system (FEMTOPOWER compact PRO HP/HR 3 kHz,
Spectra Physics). The system delivers carrier envelope phase (CEP) stable 25 fs pulses with
an energy of up to 800 uJ. The pulses are spectrally broadened in a hollow-core fiber filled
with neon to a width of 300 nm centered at 750 nm, supporting sub-two cycle pulses. The
pulses are subsequently compressed by a set of chirped mirrors. Finally, phase-stable few-
cycle pulses of duration around 4.7 fs with 350 uJ at 3 kHz repetition rate are delivered to the
experiment. In the attosecond beamline, XUV light is generated via high-harmonic generation
(HHG), whereafter XUV and fundamental NIR beams are spatially separated with a concentric
Zr-foll filter and the double mirror that focuses both beams onto the target. The coating of the
inner mirror, which focuses the XUV beam, supports a bandwidth of 6.5 eV around different
central photon energy selected in the cutoff region of the HHG spectrum. The XUV-NIR pulse
delay can be adjusted with a piezo stage attached to the inner mirror. The target gases are
delivered to the interaction volume through a thin nozzle. The gas mixture is prepared within
an external bubbler system, where the neon gas goes into the ethyl iodide liquid through an
input tube, and the neon-ethyl iodide mixture evaporates and is guided to the gas nozzle by
an output tube. The ionized electrons are captured by a TOF spectrometer equipped with an
electrostatic lens and microchannel plate detector at the end.

Retrieval of streaking delay:

To extract the streaking traces from the experimental streaking spectrograms total three
approaches are adapted. First, out of a measured streaking spectrogram, the streaking curves
for different bands (ethyl iodide (4d), neon (2p) and ethyl iodide (HOMO)) are extracted using
machine learning based analysis. This involves extensive training of the algorithm with test
data sets. The test data sets are created with parameters as general as possible involving
multiple streaking features (up to ten) at random positions, with random widths, intensities and
streaking frequencies. At each delay slice, a random jitter is added to all the previous
parameters. The trained algorithm, which produces the output as the traces corresponding to
each band in combination with their intensity and width, is applied to the experimental data.
Different models were applied on this training data with almost identical results for the analysis
of the experimental data. One of the models is to learn the transformation X — Y via a multi-
layer neural network® with a drop rate for preventing overfitting®®. Second more established
approach uses the assumptions, which were put into the training data as conditions in an
optimization routine. This analysis takes way more calculation time but is not using the training
data at all. It was realized by nonnegative least square optimization with a rather huge basis
set of traces. In this NNLS-optimization?? the (L2-) regularization was achieved by Tikhonov
matrix shaped as ldentity scaled by a factor <<1. The NNLS algorithm is very similar to the
one used in Ref. ¥, In essence, all these models and the applied training data sets are proven
to be robust against the reconstruction of all streaking traces at once from an experimental
streaking spectrogram.

In addition to the above analyses, as third approach, we employed manual analysis based on
Gaussian curve fitting over the electron spectrum identify the streaking traces. Corresponding



to ethyl iodide 4d and neon 2p emissions, at each delay step, Gaussian functions are
independently fitted to the photoemission yields within a limited energy range around the
respective peak maxima. The central energies providing the best fits, define the streaking
traces for the respective emission orbitals. For the neon streaking spectrogram, though it is
marginally contaminated by ethyl iodide valence electron emission, the large photoionization
cross section facilitates the ability to resolve the peak structure at any delay position. For 80
eV data (see Fig. S1 in Sl), a similar situation also occurs for the ethyl iodide 4d emission
peak, which is marginally contaminated by ATI electrons induced by the few-cycle laser field.
However, using a reduced NIR intensity, and because of the large cross section at the iodine
giant resonance, the peak structure remains clearly distinguishable throughout the full delay
range.

To retrieve the streaking time delays, streaking traces are Fourier transformed (FT), following
zero padding, into the spectral domain, which yields the spectral amplitude and phase (see
Sl). Since phase and time shift are inherently connected, the relative streaking phase delay
At (w) between the two emission lines is calculated according to

¢ (w) — ¢V PP (w) (M1)

w

Atg(w) =

where ¢/~*¢(w) and ¢"N°?P(w), represent the spectral phases of ethyl iodide and neon
streaking traces, respectively, while w stands for the NIR laser angular frequency. The
resulting relative streaking phase delay At,(w) is nearly a flat function of angular frequency
(see in Sl), for which the average or the relative streaking delay is calculated according to

_ 2w Ine(w).Ats(w) M2
Ats = Yolve(@) (M2)

where the spectral intensity (Iy.(w)) for neon is used for averaging. The method of calculating
delay from the scattering phase is well established, previously used in e. g. Ref. 7' (see Ref.
4 and ' for details).

Classical Wigner propagation method calculations:

The photoelectron in the Classical Wigner Propagation (CWP) method is described by the
Wigner function, which is sampled by individual trajectories that are then propagated
classically. The Wigner function itself is derived from the first-order perturbation theory wave
function describing the single-photon ionization of the electron by the XUV field. This
approximation is justified by relatively weak XUV pulses used in streaking experiments. The
single-electron zeroth-order wave function is determined from the Dyson orbital corresponding
to a chosen final ionic state. The interaction with the probe NIR field is then described non-
perturbatively during the classical propagation. The detailed derivation of the method is
presented in Ref. 2° and further information can be found in the supplemental information of
Ref. '. Here, we provide the specific parameters that were used to simulate streaking delays
of the 4d orbital in ethyl iodide.

The peak intensity of the XUV pulse used in the calculations was 3.51 x 10'® W cm™. The
envelope was Gaussian shaped with a full width at half maximum (FWHM) of around 260 as.
The NIR pulse had a wavelength of 750 nm, an intensity of 8 x 10'> W cm and a Gaussian-
shaped envelope with a FWHM of 7 fs. Even though the intensities of the pump and probe



pulses used in simulations do not exactly match with the experimental values, it is well known
that streaking delays are insensitive to the XUV and NIR intensities®. Therefore, the results of
the CWP simulations should be directly comparable with the experimental values.

The Dyson orbitals, given by the overlap of multi-electron wavefunctions of the neutral
molecule and of an ion with a missing 4d electron, were computed using Superdyson *. The
neutral and ionized molecular wavefunctions were computed using the Hartree-Fock (HF) or
CIS method (the latter allowing for ionization only from 4d orbitals) using a double-zeta 6-
31G** or correlation-consistent triple-zeta (cc-TZVP) basis set, respectively. For the CIS, the
ORMAS program from the quantum-chemistry package Gamess was used *°. The core
electrons of iodine were described with a model core potential (MCP) 4°4'. The electrostatic
forces between the ionizing electron and the ion were computed from the one-particle density
matrix derived from the HF or CIS wave function of the ion in the double-zeta 6-31G** basis
or double-zeta cc-DZVP basis, respectively. The polarization of the neutral molecule with the
IR field was neglected.

In order to simulate the streaking trace, 64 equally spaced pump-probe time delays were
simulated with the time step of 400 as. Twelve orientations of ethyl iodide were used to mimic
the random orientation of the molecule in the gas phase experiment. The orientations sample
the surface of the sphere evenly.

At each XUV-pulse central frequency, the final result of the simulation is a streaking trace. In
order to simulate the detector used in the experiment, only trajectories in a detection cone of
23 degrees half-opening angle around the polarization axis were taken into account. In order
to analyze the streaking traces and calculate the streaking delay the same procedure that is
used in case experimental data analysis is adapted. The standard deviation is estimated by
splitting all trajectories that end up in the detection cone randomly into 10 different ensembles,
calculating the delays with the above described procedure separately for each ensemble, and
then computing the statistical spread of the results. The analysis is done separately for the
two detection cones in opposite directions along the polarization axis and the final streaking
delays are obtained by averaging the two results.

Calculation of the Coulomb-laser coupling (CLC) term:

The CLC corrections are calculated using the analytical formula given in eq. (4.18) in Ref. 4,
Here, the ionization potentials considered for ethyl iodide, atomic iodine and neon are 55.5
eV, 57.1 eV and 21.6 eV respectively.

QST calculations:

Formally, the photoemission and molecular-orientation-resolved one-photon photoionization
delay Tlhv(E: k,R) is defined as the energy-derivative of the phase of the photoionization
matrix element [; 5 (atomic units are employed):

0 M3
Tlhv(E, k,R) = ﬁarg(li_f), (M3)

where £ denotes the photoemission direction in the molecular frame (MF) and R is a collective
variable for the Euler angles that are used to transform the description of electron dynamics
from molecular frame to laboratory frame (LF). The definition of the length-gauge
photoionization matrix element I; f is provided in Eq. (9.3) of Ref. #2. This quantity is calculated



within a single-center-expansion approach employing partial waves that are the energy-
normalized solutions of the Lippmann-Schwinger equation defined in Ref. 43. The scattering
calculations were performed using the program code ePolyScat 4%, The HF wavefunction
approximating the initial state of ethyl iodide was calculated employing an all-electron 6-
311G**-Pople basis set for all atoms on the basis of an equilibrium geometry determined with
the second-order Mgller-Plesset perturbation theory. The partial-wave-expansion has been
truncated at a maximum partial-wave number [, = 50.

The expression for Tlhv(E: k,R) in terms of the photoionization partial-wave matrix elements
Iy reads:

d M4
tia(ERR) = 52arg Y linyYim(R) D, (R), (M4)

lmu

1
where Ylm(k) is a spherical-harmonic function and Dump denotes a Wigner-D-matrix. The

subscript ™My specifies the laser polarization direction in the LF. For the case of linear
polarization considered here, m, = 0. In order to obtain the photoionization delay averaged
over all photoemission-angles and molecular orientations, the angle-resolved delays are
weighted by a factor proportional to the partial scattering cross-section in the particular
direction and summed?’:

~ |2
1 R ~ » LY (k)D} R

i = —Zdefdk| Imu limu lm( ) ;;mp( )|

8 Zlmulllmul

d ~ "
T . i) Doy (), (1)

The integration over the two photoemission polar angles k = (6, ¢) and the Euler angles has
been performed by discretizing the integrand on two Lebedev quadrature grids of order 15 (86
points).
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Figure 1: Photoemission delays around the giant 4d resonance in ethyl iodide. (a) Few-cycle near
infrared (NIR) and isolated extreme ultraviolet (XUV) attosecond pulses with variable delay are focused
onto the target jet containing neon atoms and ethyl iodide molecules. Photoelectrons, emitted in a linear
photoionization process from XUV photons, are propagated in the respective atomic and molecular
orbitals in the presence of the NIR laser field. The delay-dependent final streaked photoelectron
energies are analysed by a time-of-flight (TOF) detector, yielding the photoelectron streaking
spectrogram. For ethyl iodide, the ionized 4d electrons sample the molecular environment during their
propagation. (b) The energy level diagram depicts the scheme of the photoionization process, where
an electron from the 4d subshell of iodine atom within ethyl iodide is emitted into the continuum. Intra-
and intershell couplings of photoelectrons, resulting in the giant dipole resonance, are illustrated by the
curved arrows. (c) Photoionization cross sections for atomic iodine calculated with TDLDAS3! (orange
shaded region) together with experimentally obtained photoionization cross sections for different iodine
containing compounds, including atomic?® (blue circles) and molecular*® jodine (black triangles) and
methyl iodide*” (red squares). The photoionization delays are analysed at different XUV photon
energies, indicated by vertical dashed lines at 80, 93 and 105 eV.
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Figure 2: Ethyl iodide and neon streaking measurements. (a) Atfosecond streaking spectrograms
measured for neon and ethyl iodide for a photon energy centred at 93 eV. (b) Streaking traces obtained
from the spectrograms by machine learning analysis, followed by Fourier filtering. (c) Enlarged view of
the streaking time shift between the neon 2p and ethyl iodine 4d photoionization. (d) and (e) Relative
streaking delays between neon 2p and ethyl iodine 4d from different measurements at 80 eV and 93
eV, respectively, as a function of NIR intensity calculated from the amplitude of the corresponding
streaking curves. Gaussian fit (shaded area) to the streaking delay distributions yield mean values and
standard deviations of (51.8 £+ 21.2) as and (18.5 £ 4.3) as, respectively. (f) Normalized XUV only (no
NIR) photoelectron spectra for ethyl iodide with neon (shaded area) and neon only (red curve),
evidencing negligible contribution of neon 2s photoelectrons.
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Figure 3: Streaking and EWS photoemission delays. (a) Streaking delay for ethyl iodide 4d emission
relative to neon 2p emission as a function of photon energy. The red dots represent the results from the
machine learning (ML) analysis, whereas the grey squares represent results from analysis using
Gaussian fitting (GF). The square and triangle symbols correspond to the Classical Wigner Propagation
(CWP) approach using configuration interaction singles (CIS) and Hartree-Fock (HF) formalisms,
respectively. The diamond symbols represent the CIS results for atomic jodine. Inset: The CLC
contributions for neon and ethyl iodide are calculated according to Ref. 4. The delay at 105 eV is
extracted from Ref. ?6. (b) Comparison of EWS delay between different theoretical calculations and
experimental data. The theory includes the quantum scattering (QST) calculation and Wigner
approaches using HF and CIS for ethyl iodide. To determine absolute EWS delays from relative
Streaking delays for the experimental data and the CWRP results, the neon 2p EWS delays calculated
using the CIS model (purple stars) are added after CLC correction. In the background, the
photoionization cross section (calculated using TDLDA?3") is shown, labelled on the right vertical axis.
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Figure 4: Comparison of the first step in the ionization process and molecular influence on
photoemission delay. Wigner phase-space distribution, showing coordinate and momentum
representation of an electron wavepacket, for the dipole transition from "bound" to "ionized" state of 4d
— f transition of the electron during the giant dipole resonance inside the iodine atom (a) and (b) and
ethyl iodide (c) and (d). The "ionized" state serves as a source function providing initial conditions for
classical propagation (the second step). As can be seen from the figure, the quantum-mechanically
calculated first step, corresponding to transition from "bound" to "ionized" state, looks very similar for
atom and molecule in the case of a giant dipole resonance. (e) Angular distribution of the streaking
delay for different molecules obtained from Wigner calculations (CIS). (f) In the molecules, the angle 6
is measured with respect to the line between C-C bond centre and iodine atom, shown as red arrow,
where R represents either H or F or CH3. The angle-averaged streaking delay values are also shown
as dashed horizontal lines using the same colour scheme in (e).
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