PHYSICAL REVIEW X 13, 011044 (2023)

Time-Resolved Chiral X-Ray Photoelectron Spectroscopy
with Transiently Enhanced Atomic Site Selectivity: A Free-Electron Laser Investigation
of Electronically Excited Fenchone Enantiomers

D. Facciala®,"" M. Devetta®,"’

"S. Beauvarlet®,” N. Besley,™* F. Calegari®,*” C. Callegari®,’ D. Catone®,’

E. Cinquanta ,] A. G. Ciriolo ,1 L. Colaizzi ,4 M. Coreno ,6’7 G. Crippa ,]’8 G. De Ninn0,6’9 M. Di Fraia ,6
M. Galli ,4’8 G. A. Garcia ,]O Y. Mairesse ,2 M. Negro ,] O. Plekan®,” P. Prasannan Geetha ,1’8 K. C. Prince ,6
A. Pusallal,l’8 S. Stagira ,1’8 S. Turchini ,7 K. Ueda ,“ D. You,11 N. Zema ,7 V. Blanchet ,2 L. Nahon ,10

1. Powis ,3 and C. Vozzi®'"*

stituto di Fotonica e Nanotecnologie-CNR (CNR-IFN), 20133 Milano, Italy
YUniversité de Bordeaux-CNRS-CEA, CELIA, 33405 Talence, France
3School of Chemistry, University of Nottingham, Nottingham NG7 2RD, United Kingdom
*Center for Free-Electron Laser Science, DESY, 22607 Hamburg, Germany
>Physics Department, Hamburg University, 20355 Hamburg, Germany
®Elettra-Sincrotrone Trieste, 34149 Basovizza, Italy
"Istituto di Struttura della Materia-CNR (ISM-CNR), 00133 Roma, Italy
8Dipartimento di Fisica, Politecnico di Milano, 20133 Milano, Italy
9Labomtory of Quantum Optics, University of Nova Gorica, 5001 Nova Gorica, Slovenia
1OSynchrotron Soleil, 91192 Gif sur Yvette, France
Yinstitute of Multidisciplinary Research for Advanced Materials, Tohoku University,
Sendai 980-8577, Japan

® (Received 2 March 2022; revised 27 September 2022; accepted 2 February 2023; published 23 March 2023)

Chirality is widespread in nature, playing a fundamental role in biochemical processes and in the origin
of life itself. The observation of dynamics in chiral molecules is crucial for the understanding and
control of the chiral activity of photoexcited states. One of the most promising techniques for the study of
photoexcited chiral systems is time-resolved photoelectron circular dichroism (TR-PECD), which offers
an intense and sensitive probe for vibronic and geometric molecular structure as well as electronic structures,
and their evolution on a femtosecond timescale. However, the nonlocal character of the PECD effect,
which is imprinted during the electron scattering off the molecule, makes the interpretation of TR-PECD
experiments challenging. In this respect, core photoionization is known to allow site and chemical sensitivity
to photelectron spectroscopy. Here we demonstrate that TR-PECD utilizing core-level photoemission enables
probing the chiral electronic structure and its relaxation dynamics with atomic site sensitivity. Following UV
pumped excitation to a 3s Rydberg state, fenchone enantiomers (C;,H;c0O) were probed on a femtosecond
scale using circularly polarized soft x-ray light pulses provided by the free-electron laser FERMI. C 1s
binding energy shifts caused by the redistribution of valence electron density in this 3s-valence-Rydberg
excitation allowed us to measure transient PECD chiral responses with an enhanced C atom site selectivity
compared to that achievable in the ground state molecule. This chemical-specific, site-specific, and
enantiosensitive observation of the electronic structure of a transiently photoexcited chiral molecule is
expected to pave the way toward chiral femtochemistry probed by core-level photoemission.
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I. INTRODUCTION

Chirality, or handedness, is the property of an object that
breaks mirror symmetry, making it nonsuperimposable to
its mirror image. The two mirror images of the same chiral
compound are called enantiomers, or optical isomers.
These can be distinguished by their interaction with another
chiral entity, such as circularly polarized light (CPL)
or chiral reagents. In spite of having the same chemical
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structure, enantiomers may then show a class of distinctive
chemical properties, via chiral recognition processes [1].
Of continuing interest, terrestrial life is homochiral at the
molecular level [2,3] with, for instance, all the naturally
occurring chiral amino acids in proteins found to present
the same left-handed configuration. Consequently, the
biological activity and perception of the many chiral
pharmaceuticals [4] and odorants [5] can be very enan-
tiomer dependent.

A chiroptical effect that constitutes one of the most
promising investigation techniques for studying chiral com-
pounds in the gas phase is photoelectron circular dichroism
(PECD) [6]. In PECD, circularly polarized radiation ionizes
a randomly oriented enantiomeric sample, revealing its
chirality by a strong asymmetry between the intensity of
electron emission in the forward and backward direction
along the propagation axis of the ionizing radiation beam.
This asymmetry reverses direction with exchange of the
enantiomer or with the handedness of the circularly polarized
light. The dichroism, or normalized difference between the
left- and right-handed CPL angular distributions, is used to
define a PECD chiral asymmetry factor. As opposed to
conventional circular dichroism, which relies on weak
magnetic dipole and electric quadrupole processes, PECD
arises in a pure electric dipole approximation and conse-
quently produces much stronger chiral asymmetries of up to
a few tens percent. This makes PECD ideally suited for the
study of dilute matter [6—8]. PECD can also be effectively
exploited for probing the molecular dynamics of a chiral
sample with enantiosensitivity, which is very important for
the understanding and manipulation of chiral interactions.
In this case, the molecule is excited with a short laser pulse
(pump) and the subsequent temporal dynamics is probed
with a second photoionizing probe pulse. Recently, the first
UV time-resolved PECD (TR-PECD) valence-shell studies
in chiral molecules have been obtained [9-11], demonstrat-
ing the sensitivity of this technique as a probe of the ultrafast
intramolecular relaxation taking place in a chiral sample
excited in a Rydberg state. Indeed, TR-PECD could provide
access to information on dynamics related to alignment,
vibrational relaxation, and electronic conversion.

In these pioneering valence-shell TR-PECD experi-
ments, the observed asymmetries from the photoelectron
emission might be thought to arise from either the chirality
of its initial orbital or the chirality of the surrounding
effective potential through which it scatters. Disentangling
the role of these two contributions can be experimentally
challenging. One way to address this issue is to single-
photon ionize the molecule directly from a highly localized
atomic core level with an x-ray or soft x-ray probe. The
initial orbital in this case is chemically specific, potentially
localized, and, for an s orbital, spherically symmetric, i.e.,
achiral. It thus serves as an ideal in situ probe of the
influence of photoelectron scattering by the chiral molecu-
lar potential. Furthermore, depending on the molecular

structure, different localization sites may be distinguishable
by their binding energies, due to different chemical shifts,
and as such simultaneously probed with a single experi-
mental measurement. Compared to valence PECD, core-
level PECD thus provides a powerful and direct enantio-
sensitive probe of the electronic scattering potential of a
molecule that is both site and chemical specific, and thus
more sensitive to the electronic and structural environment
surrounding the initial localized core state. The application
of core-level PECD spectroscopy to the study of chirality
of molecules in their ground state has proven to be a very
sensitive tool to investigate the structure of molecules
[12-21].

However, time-resolved core-level PECD studies clearly
require the use of ultrashort, circularly polarized x-ray
probe pulses, and such developments have been restricted
by the limited availability of suitable high-brilliance
sources in the soft x-ray range. In fact, only one time-
resolved measurement, a chemical-specific investigation
of a dissociating chiral cation (C3H3;F;07T), has been
reported [19] so far. Here, the measurement of PECD at
a single binding energy corresponding to the fluorine K
edge was impeded because the contribution of the three F
atom sites in this molecule could not be disentangled
and so the overall observed PECD presented a limited
average value. Because of the very challenging nature of
this experiment, an unambiguous PECD could only be
observed for a single time delay [19].

Recently, Mayer et al. [22] demonstrated that time-
resolved x-ray photoelectron spectroscopy (TR-XPS) of
electronically excited states provides access to the charge
distribution and ultrafast relaxation pathways in a chemi-
cal-selective way. By monitoring the transient excited-state
chemical shift (ESCS) in the S 2p~! core electron binding
energy in photoexcited 2-thiouracil, the transient local
charge density around the sulphur S atom was probed.
Transient ESCS triggered by photoexcitation could poten-
tially enhance the site specificity of TR-XPS techniques,
especially in the case where several atoms of the same
chemical element are probed simultaneously. This capabil-
ity is particularly appealing for studying organic com-
pounds at the carbon K edge, where it could be exploited
for distinguishing the contribution of different carbon
atoms inside the molecule through their different ESCS.

In the present work, we combine the chemical and site
specificity of TR-XPS with the enantiospecificity of TR-
PECD, for studying the photoexcited Rydberg state of
fenchone, a prototypical organic compound, at the carbon
K edge. We performed the experiment at the FERMI free-
electron laser (FEL) light source, the only FEL providing
circularly polarized soft x-ray pulses up to the C K edge with
high temporal coherence. The FEL probe pulse was used in
combination with a low jitter (< 10 fs) external laser used as
a UV pump. With this proof-of-principle experiment, we
demonstrate core-level TR-PECD at carbon K edge and we
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show how the electronic excitation provided by the UV
pump not only initiates molecular dynamical processes in the
electronically excited molecule but also causes transient
ESCS in the core electron binding energies that originate
from the redistribution of the valence electron density after
photoexcitation. In particular, we demonstrate how these
transient shifts permit enhancing the site specificity of the
technique, by allowing to further separate and identify
individual, and subsets of, C atom sites in the C Is~!
spectra that, otherwise, would not be accessible. This
information would not be accessible with XPS only and
without a time-resolved PECD measurement. The results of
our experiment are complemented with theoretical calcu-
lations, allowing us to assign and partially decipher the
contribution of the different carbon photoemission sites to
the overall TR-PECD signal. This establishes a new, time-
resolved, enantiosensitive, site- and chemical-specific exper-
imental tool for electron spectroscopy of photoexcited chiral
species that we call TR-chiral-XPS.

II. EXPERIMENT

The fenchone molecule [C;yH;60; see Fig. 1(a.1)] was
chosen as an easy-to-handle, prototypical conformationally
rigid [23] chiral system, that has been used as a benchmark
in previous one-photon valence-shell [24,25], core-shell
[14], and UV multiphoton [9-11,26,27] PECD studies.
Most importantly, fenchone exhibits a giant chiral asym-
metry in the C s core-level photoemission from its ground
electronic state [14]. In the carbon K-edge region, the x-ray
photoelectron spectrum shows two peaks separated by

(@)

400 nm (3.1 eV)
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FIG. 1.

~2.3 eV with that at higher binding energy identified as
the carbonyl (C = O) carbon 1s~! ionization. This 2.3 eV
chemical shift is rationalized as a descreening at this C;
atomic site caused by the electron withdrawing inductive
effect of the adjacent electronegative O atom. All the
remaining C atom sites in this molecule sit in very similar
chemical environments to one another, leading to their
having closely similar binding energies that are not
resolved; they hence appear as a single XPS peak of
1 eV bandwidth.

The outermost (HOMO) valence orbital of fenchone,
nominally an oxygen lone pair, is in fact highly localized
around the C,-C; (= 0O)-C; atom grouping [Fig. 1(b.2)]. In
our experiment, photoexcitation by a linearly polarized
ultrafast visible pump pulse with photon energy Ey,, =
3.1 eV excited the localized HOMO into the diffuse 3s
Rydberg state by two-photon absorption, triggering ultra-
fast relaxation dynamics [9]. It has been shown that a two-
photon absorption greatly enhances the relative excitation
cross section to the 3s state [28]. When an electron from
this localized orbital is promoted into a diffuse molecular
Rydberg state by UV pump photoexcitation [Fig. 1(b.1)],
one may expect that the reduced valence electron density at
the C;, C,, and C5 atoms will cause similar chemical shifts
to higher core-level binding energy for all three carbons.
Hence, we anticipate up-shifted C,_; 1s~' XPS peaks,
making the three carbon sites distinguishable from all
others in core ionization from the excited 3s Rydberg
state; as a corollary, their presence provides a signature
identifying the Rydberg-excited nature of the molecule
being core ionized.
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(a) Experimental setup. The circularly polarized XUV probe (CPL) and the visible pump with linear horizontal (LH)

polarization are focused quasicollinearly in the molecular beam of S-(+)-fenchone enantiomers. (a.1) 3D representation of the
S-(+)-fenchone, where only carbon (black) and oxygen (red) atoms are shown, while hydrogen atoms are hidden for the sake of clarity.
Carbon atoms are labeled from 1 to 10. (b) Simplified energy level diagram of the excitation scheme. (b.1) 3D representation of the
LUMO + 1 orbital (3s Rydberg state). (b.2) 3D representation of the HOMO orbital. Representations (a.1), (b.1), and (b.2) share the

same molecular orientation.
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The excited state and the subsequent relaxation dynam-
ics were probed in the wake of excitation by circularly
polarized FEL probe pulses with photon energy Epgpe =
300 eV. A scheme of the experimental setup, described in
detail in Appendix A, is shown in Fig. 1(a), and a simplified
energy level diagram representing the pump-probe excita-
tion scheme is shown in Fig. 1(b). The energy and angular
distribution of the photoelectrons emitted from the C K
edge were measured with a velocity map imaging (VMI)
spectrometer generating 2D projections of the 3D photo-
electron angular distribution on a position sensitive detec-
tor. Measurements were repeated, using alternating FEL
helicities, at different pump-probe delays. The photoelec-
tron angular distribution (PAD) and photoelectron spectrum
(PES) were then retrieved from inverse-Abel transformed
images as discussed in Appendix B. The radial coordinate
maps the electron intensity onto the PES energy axis while
the energy-dependent PAD is expressed by fitting Legendre
polynomials to the axially symmetric angular distribution at
each radius.

Kinetic energy (eV)

III. CORE-LEVEL PECD OF FENCHONE

We first present in Fig. 2 the results obtained in the FEL
probe-only ground state ionization, where a gas-phase
sample of randomly oriented S-(+)-fenchone enantiomers
was probed with circularly polarized FEL pulses (degree of
polarization > 95%; see Ref. [29]) at 300 eV. These results
served as a benchmark for assessing the reliability and
accuracy of core-level PECD measurements in our experi-
ment. The experimental PES o, in Fig. 2(a) shows two
distinct peaks as expected. The weaker one, indicated by a
violet dashed line, is identified as the carbonyl C 1s peak
[C, in Fig. 1(a)], whose binding energy is shifted with
respect to the stronger peak, indicated by a green dashed
line, coming from all the remaining C 1s states [C,_jq in
Fig. 1(a)]. The experimental PES is simulated as a sum of
Gaussians centered at the theoretical ground state binding
energies computed using a density functional theory (DFT)
ASCEF calculation with PBEO functional and 6-311++G**
basis. The relative intensity of the two apparent peaks,
C,_10 and Cy, has been adjusted to match the experimental

Kinetic energy (eV)
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FIG. 2. C K-edge ionization of ground state S-(+)-fenchone. (a) Experimental PES recorded at 300 eV photon energy and (b) a
theoretically predicted spectrum based on the calculated C 1s binding energies. These are marked with green and violet sticks, the
lengths of which are intended for clarity only. The gray area in (a) represents the 1o confidence interval, multiplied by 10 for clarity. The
associated experimental PECD results appear in (c), while in (d) the theoretically predicted PECD for S-(+)-fenchone is presented.
The gray area in (c) represents the 1o confidence interval. In both (c) and (d), the backward asymmetry from the C; localized emission
reaches almost 20%. Theoretical PECD asymmetries for S-(+)-fenchone (solid line) and R-(—)-fenchone (dashed line) as a function of
photon energy are presented for the C; peak in (e) and the unresolved average of the C,_, peaks is presented in (f). Dots and diamonds
in (e) indicate experimental synchrotron data for S-(+)-fenchone and R-(—)-fenchone, respectively (see Ref. [14]). The experimental
hv = 300 eV results from our current work for the C; and C,_;, peaks are shown with violet and green square dots in (e) and (f),

respectively, along with the corresponding 1o error bars.
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PES; this fit is shown in Fig. 2(b), and the theoretical
binding energies are indicated by vertical solid lines in
Fig. 2(b), with the violet and green lines indicating the C,
and C,_;, contributions, respectively.

Under these experimental conditions (single-photon
ionization, randomly oriented sample) the chiral antisym-
metry of the PAD, expressed as a function of the polar angle
6 from the propagation axis, adopts a simple form, b, cos @,
that can be fitted using the single adjustable parameter b;.
The PECD asymmetry factor (normalized difference
between forward and backward photoelectron emission)
can then be expressed as 2b; [6]. This experimentally
measured PECD asymmetry is shown in Fig. 2(c) as a
function of binding energy and kinetic energy and agrees
well with the theoretical PECD shown in Fig. 2(d).
The experimental peaks observed at the binding energies
E, =290.28 eV and E, =292.53 eV are indicated in
Fig. 2(c) by vertical dashed green and violet lines,
respectively. The expected average PECD in correspon-
dence of peak E;, (PECD);, is estimated as the average of
PECD(E) over a window of energies of £0.4 eV around
the peak, weighting the average by the Gaussian one-
electron response at E; (see Appendix B 1 for further
details). (PECD), and (PECD), are shown with squares
in Figs. 2(e) and 2(f), respectively, and compared with
both the theoretical calculations and previous experimen-
tal results obtained in a synchrotron radiation study of
fenchone [14].

The comparison shows very good agreement with both
the theory and previous experimental results, demonstrat-
ing that core-level spectroscopy allows accessing the chiral
response of the molecular ground state probed from two
different regions of the molecule, one constituted by the
carbonyl C, peak and the other one represented by the
weighed contribution from other carbons C,_;,. Note also
that, both in the experimental and theoretical results, the
PECD is shown to slightly increase across the C,_;, peak
when going to higher binding energies [Figs. 2(c) and 2(d)],
which reflects the cumulative effect from all the C,_
contributions having different chiral asymmetries and
binding energies. The very good agreement with previous
synchrotron-based data shows that high-quality data can be
acquired with the present FEL-based setup despite its lower
repetition rate.

IV. TIME-RESOLVED C 1s~! IONIZATION
OF n — 3s EXCITED FENCHONE

We then adapted this approach for the time-resolved
study of the relaxation dynamics of photoexcited fenchone.
The molecules were excited with a linearly polarized
visible pump pulse, with an intensity full width at half
maximum (FWHM) duration of ~75 fs, and were then
probed by the FEL circularly polarized pulse, with an
intensity FWHM duration around ~15 fs, at seven different
pump-probe delays in the temporal window ranging from

—200 to 1000 fs. Then, the photoelectron angular distri-
bution and photoelectron spectrum for each pump-probe
delay were retrieved from inverse-Abel transformed images
as discussed in Appendix B. The quasicollinear geometry
of these laser sources with a linear and a circular polari-
zation breaks the axial symmetry at the sample, raising
issues when processing the 2D VMI data using an Abel
inversion technique, which presupposes this symmetry.
While alternative detection methods, such as fast time
and position sensitive detection [18,20,30] or tomographic
reconstruction [26,31,32], allow measuring the full 3D
distribution without Abel inversion, for technical reasons
their use was infeasible in the present situation. However,
the use of the inverse-Abel transform is here justifiable,
since limited effects on the main outcomes are predicted by
theoretical modeling, as discussed in Appendix B 2.

A. Time-resolved PES

Figure 3(a) compares the measured PES ¢, normalized
by its integral, at the pump-probe delays ¢, = —200 fs and
tg = 100 fs, represented by a dashed and a dotted line,
respectively. A sliding average of 1 eV is applied to the
PES, corresponding to the energy resolution of the post-
processed VMI images (1.2 eV at 8 eV kinetic energy; see
Appendix D). We then evaluated the difference between the
sliding averaged spectra 6, corresponding to the two time
delays: Aéy(1g) = 6¢(tg) — 60(t4). This is shown with a
solid line in Fig. 3(a). The measurement reveals a clear
depletion of the main peak at E;. A small enhancement of
the PES in the region of the peak at E, and a higher
enhancement of the signal around E; = 295.4 eV are also
observed. This behavior is confirmed for all delays ¢ > 0:
the general trend of A () with time is shown in Fig. 3(d)
as a false-color plot. Three single-pixel lineouts at E;, E,,
and E;5 of the sliding averaged spectra 6((¢) are indicated in
Fig. 3(e) with green, purple, and red dots, respectively. The
amplitude of these variations is rather small, due to the low
number of molecules excited in the 3s state by the two-
photon UV transition. In our experimental conditions,
we estimated an excitation of the fenchone molecules in
the 3s Rydberg state of around 12.5%, as discussed in
Appendix D. In Fig. 3(e), the lineouts are compared with
single exponential of 3.3 ps decay time. This decay time is
consistent with the depletion of population of the 3s
Rydberg state for E5. For Ej, this time decay corresponds
to a regrowth of the ground state population, with a
measured lifetime of 3.3 ps [9].

These observations accord well with the initially stated
expectations that the changes in valence electron density
following the n — 3s Rydberg excitation would cause
additional C 1s binding energy shifts at the C;, C,, and
C; atomic sites that are adjacent to the localized valence
HOMO orbital. Theoretically predicted C 1s binding
energies in the ground and excited 3s Rydberg state (see
Table S2 in Supplemental Material [33]) are indicated in
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(a) PES at r4 = =200 fs (dashed line) and tz = 100 fs (dotted line), difference Ad((7z) = 6¢(t5) — 6¢(t4) of the sliding

averaged PES 6 (solid line and 1o error bars). (d) Aé () for all the measured delays ¢. (a),(d) The energies E;, E,, and E; are indicated
by dashed green, violet and red lines, respectively. (e) 6¢(¢) for E;, E,, and E; indicated by green, violet, and red dots, respectively,
along with the 1o error bars. A single exponential of 3.3 ps decay time, corresponding to the measured lifetime of the 3s Rydberg
state [9] is shown with solid lines. The amplitude and time zero of this exponential are fitted to the experiment and the 1o confidence
interval of the fit is represented by a gray shaded area. (b),(c) Calculated binding energies for the ground state (b) and excited 3s Rydberg
state (c), indicated by red (C;), blue (C,, Cs3), and orange (from C,4 to C;() dots and vertical lines, where the vertical offset is intended for
clarity only. Theoretical PES in (b) and (c) are shown with dashed and dotted line, respectively.

Figs. 3(b) and 3(c), respectively, and after folding with a
shaping function provide theoretical PES that are overlaid
in these panels as a black line. We note that when the
molecule is excited in the 3s Rydberg state, the carbonyl C;
15! peak, shown in red in Figs. 3(b) and 3(c), shifts
to a higher binding energy of 295.41 eV. Following a
similar trend, the C, and C; carbon peaks, shown in blue
in Figs. 3(b) and 3(c), shift to around 292.3 eV, being
unfortunately overlapped with the binding energy of the C,
peak for an emission taking place from the ground state.
All the other contributions, shown in orange in Figs. 3(b)
and 3(c), slightly spread in energy but still within our
experimental energy resolution. Thus, the depletion
observed at £, in Figs. 3(a), 3(d), and 3(e) can be attributed
to the shift of the C, and C; contributions to higher
binding energy, while the enhancement around E; can
be attributed to the carbonyl C; contribution of the
molecule excited in the Rydberg state. The slight increase
of signal around E, could be explained as well, since now
two carbon 1s sites (C, and C3) are expected to contribute
at this energy for a photoemission taking place from the 3s
Rydberg state, compared to only one contribution (C;)
from the ground state.

B. Time-resolved PECD

TR-PECD allows unveiling the chiral electronic struc-
ture and molecular relaxation dynamics after excitation by
the visible laser. Figure 4(a) compares the PECD measured
at t,4 and t, represented with black dashed and solid lines,
respectively. Since PECD is obtained as the dichroism
(difference) signal normalized by the total signal ¢, the
PECD becomes overwhelmed by noise as the PES intensity
vanishes. Hence, we only show PECD results for binding
energy ranges where the PES intensity is sufficiently large
to guarantee the reliability of the measurement. This,
unfortunately, causes the exclusion of PECD measured
in the E5 energy range that spans the C; contribution in the
Rydberg-excited state.

A clear increase of the PECD around E, can be observed
at 1 compared to its value at 74. This increase at positive
pump-probe delay, corresponding to a decrease in absolute
value of the PECD, can be interpreted as due to the different
chiral asymmetry and binding energies of the 1s carbon
states of the molecule in the excited 3s Rydberg state, that
originates from the different local chiral environment of
each carbon atom after excitation. For explaining this
experimental observation, the theoretical PECDs of the
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FIG. 4. (a) Experimental PECD (black lines) and PES (gray lines) at 1, = —200 fs (dashed lines) and #z = 100 fs (solid lines), and
p gray A B

corresponding 16 PECD confidence intervals (shaded gray area), for S-(+)-fenchone. Energy E, is indicated by a vertical violet dashed
line. (b),(c) Calculated PECD [S-(+)-fenchone] for the electrons emitted from the carbon 1s site from a ground electronic state (b) and
from excited 3s Rydberg state (c), indicated by red (C;), blue (C,, C3), and orange (from C,4 to Cy) lollipops. Total PECD in (b) and
(c) shown with dashed and dotted black line, respectively. The theoretical PES is also drawn for reference (gray lines). (d) Measured TR-
PECD at E, = 292.53 eV, shown with violet dots along with the 1o error bars. The static value is reported at t = —oo. The theoretical
PECD from the model is shown as a dashed line overlaid to the experimental data.

photoelectrons coming from all the 1s carbon states of the
molecule in the ground and excited 3s Rydberg state are
shown with vertical lollipops in Figs. 4(b) and 4(c),
respectively. The predicted total PECD, taking into account
the resolution of the experiment, is overlaid in black.
The theoretical PECD at E; binding energy changes by
very little upon the n — 3s excitation. Hence, we should
not expect to observe a transient PECD response with high
contrast, even if the ground state population were to be fully
transferred to the Rydberg state. In contrast, the exper-
imentally observed PECD change at E, is clearly signifi-
cant. Theoretically, the ground state PECD at E, is
predicted to be negative, arising solely from the C; atom
(see Sec. III). For the excited 35 Rydberg state, the C; atom
no longer contributes at E, (having been up shifted to E3)
and the net PECD at E, is predicted to be positive, due to a
positive C; contribution (~0.1 predicted) and an approx-
imately zero C, contribution. In practice, assuming an
initial molecular excitation of ~12.5% in the experiment,

the population in the excited Rydberg state at 100 fs is
predicted to be ~12%, and the reduced PECD magnitude
observed at E, can thus be explained as the mean of
~12% C, and ~12% C; 3s Rydberg state contributions
combined with the residual ~88% ground state C;
contribution.

The average PECD in correspondence of the peak at E,
as a function of the pump-probe delay ¢, (PECD),(7), is
shown in Fig. 4(d) with violet dots. For all positive delays
the measured PECD is of lesser magnitude compared to
the PECD at t+ = —200 fs and the static PECD. We can
compare the experimental PECD with a simple model
estimating the PECD at E, by assuming a 12.5% excitation
probability and considering variations of the population of
the ground and excited states as a function of the pump-
probe delay. For all positive delays, the observed PECD can
be then understood as the weighted combination of the C,
and C; 3s Rydberg state contributions with the residual
ground state C, contribution. This model predicts a steplike
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change in the PECD at ¢t = 0, that slowly returns toward the
initial value with a time decay constant of 3.3 ps [9]. These
predictions are overlaid to the experimental data and shown
as a violet dashed line in Fig. 4(d). The model is seen to
be consistent with what is observed experimentally, and
generally confirms the picture previously discussed for
delay 15 = 100 fs. At 7 = 50 fs, where the population in
the excited Rydberg state reaches its maximum ~12.1%,
the predicted PECD is —11.47%, 5.81% higher than the
static value, and the measured PECD is —11.2 4 2.2%.
Nevertheless, compared with the simplified model pre-
dictions, the experiment provides some weak indications
of additional dynamics. In particular, we observe a sta-
tistically relevant reduced magnitude of the |PECD| at 0
and 100 fs, of the order of a few percent (2%—3%), which is
not captured by our simple model. Such short-timescale
dynamics could be anticipated from the stronger (1 + 1),
(142'), and (2 + 2') REMPI 3s Rydberg PECD recorded
in studies by the Bordeaux group [9,10] where subpico-
second oscillations were attributed to fast vibrational
dynamics following the excitation. Some of the observed
differences between these cases may be ascribed to the one-
versus two-photon Rydberg excitation schemes. While
there are no symmetry constraints on transitions in a
molecule such as fenchone, which has neither rotational
nor reflection symmetry, it is well established that due to
non-Condon effects the envelope of vibronic transitions can
vary dramatically between one- and two-photon excitations
[36,37]. It is then easy to imagine that enhanced excitation
of a specific mode may allow the system to approach
significant regions of the potential surface inducing differ-
ent dynamics. Beyond that, core-level PECD may also be
expected to be more sensitive to the electronic environment
surrounding the initial localized core state. For this reason,
with respect to valence PECD, we expect core-level PECD
to be more sensitive to the electronic density changes
initiated by the pump in the vicinity of the core, and less
sensitive to the resulting intramolecular relaxation and
especially vibrational energy redistribution processes.
Overall this TR-PECD measurement performed in the
excited state allowed accessing the local chirality of the
electronic environment around those sites that in the ground
state are mixed with the contributions from all other sites. The
combination of a site-selective probe and the chemical shift
triggered by excitation with an ultrafast pump allowed us to
measure the chiral structure of a molecule from partially
individual sites that, otherwise, would not be accessible.

V. CONCLUSIONS AND PERSPECTIVES

In this work, we demonstrated core-level PECD at the
carbon K edge with FEL radiation, obtaining good agree-
ment with theoretical CMS-Xa calculations and previously
reported synchrotron experiments. The core probe was
exploited for studying the electronic scattering potential
of photoexcited fenchone molecules. The photoelectron

dichroism from the excited state was studied at different
pump-probe delays and photoelectron kinetic energies, and
the role of different sites of the ground state and excited
molecule in the total measured PECD was unraveled. More
specifically, the pump excitation allowed control of the
core-shell ionization site by isolating an additional subset
of C atoms (C, and C3) whose PECD contribution could be
unraveled, and whose dynamics could be rationalized with
the help of high level PECD calculations which are highly
predictive for core shells.

In the context of PECD, this work demonstrates explicitly
its clear dependence on the initial orbital, in terms of
localization within the molecule, and permits a comparison
of the dichroism response at one of the asymmetrically
substituted chiral centers, C;, with that of adjacent C atom
sites. The different chemical shifts of binding energy induced
by the pump laser are particularly helpful for probing at
different sites, opening the concept of advanced TR-chiral-
XPS. Previous work on valence-shell PECD had shown a
dependence with the nature and symmetry of the initial
orbital but could not directly address the localization issue. In
addition, we show the strong sensitivity of PECD to a change
in the surrounding electronic density and not only to the
molecular structures (geometries) as already reported [38].

The understanding of chiral dynamics that can be gained
in this type of experiment, by following the complex ultrafast
dynamics taking place in excited chiral molecule or during
the dissociation of the molecule itself, will give new insight
into fundamental questions in photochemistry and biochem-
istry related to the nature of chirality and to chiral recog-
nition. Note that such a methodology may have a broad
range of interests since it could be applied to any type of
chirality, beyond the asymmetric-carbon central chirality
case [39], as well as beyond the gas phase since PECD has
been recently demonstrated in liquid fenchone [40].

The data that support the main findings of this study are
available from the corresponding authors upon reasonable
request.
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APPENDIX A: EXPERIMENTAL SETUP

Experiments were performed at the seeded-FEL user
facility FERMI, providing left and right circularly polarized
FEL pulses with a high degree of polarization, typically
greater than 95% [29], at 10 Hz repetition rate. A double-
stage high-gain harmonic generation scheme allows us to
reach FEL wavelengths down to 4 nm, where the output of
a shorter replica of a first undulator chain (FEL-1) is used to
seed a second undulator chain (FEL-2). The seed laser is
produced by an optical parametric amplifier pumped by a
Ti:sapphire laser. Its wavelength is set to Ag..q = 264.5 nm,
and the 64th harmonic is produced from the double cascade
scheme, generating FEL probe pulses at 300 eV photon
energy. The intensity FWHM pulse duration at this photon
energy is estimated to be 15 fs [41]. The choice of 300 eV is
constrained by the asymmetry response of fenchone at the
C 1s edge, the background contribution for the pump alone
(especially the first above threshold ionization peak), and
the available FEL photon energy in this range, which are
given by the proper combination of harmonics in the two
undulator chains.

The seeded scheme allows pump-probe experiments
with a timing jitter below 10 fs [42,43]. A portion of the
infrared (IR) laser that drives the seed laser of the FEL is
propagated to the experimental hall by a high-stability
optical beam transport to seed also the UV pump laser.
Second harmonic generation inside a BBO crystal gener-
ates 100 pJ pump pulses with 55-75 fs pulse duration at
396 nm. The intensity is then attenuated to 31 pJ by using a
half-wave plate and a polarizer to reduce photoionization
by the pump alone and suppress sidebands in the photo-
electron spectrum arising from the dressing of the con-
tinuum electrons by the UV laser photons. The pump and
probe pulses are then recombined at the interaction region
in a quasicollinear geometry, at an angle of 0.6°, and the
temporal and spatial overlap is finely optimized by means
of well-tested spectroscopy methods in noble state gases
[44]. The probe is circularly polarized and propagates along
the axis z, while the pump is linearly polarized along the
axis y perpendicular to z. Both axis y and z are parallel to
the plane of the VMI detector placed on top.

The molecular sample of S-(+)-fenchone (Aldrich, 98%)
was placed in an external reservoir and heated up to 85 °C.
The fenchone vapor was then mixed with 1 bar of helium
that serves as a carrier gas. A pulsed Parker valve with a
nozzle diameter of 800 pm generated a supersonic molecu-
lar gas jet that was then collimated by a skimmer with a
diameter of 1 mm, placed at a distance of 40 cm from the
interaction zone. No clusters of fenchone have been
detected to be formed in such seeded conditions.

The VMI static electric fields were adjusted in order to
collect photoelectrons up to ~18 eV kinetic energy. The
VMI is equipped with a pair of resistance matched micro-
channel plates (MCPs) (chevron double-stack MCP)
coupled to a phosphor screen, with an active diameter of
77 mm. The electron images are then recorded with a CCD
camera system.

APPENDIX B: DATA ACQUISITION
AND ANALYSIS

1. Static experiment

The static FEL-only PECD experiment was performed
by alternatively recording VMI electron images from right
and left circularly polarized FEL radiation, switching the
helicity every 10 x 10* single-shot acquisitions. A back-
ground image was acquired every three single-shot acquis-
itions by properly delaying the pulsed valve in order to
collect the electrons coming only from the residual gas.
A total of 200 x 10° single-shot images were acquired, out
of which one-third are background images and the other are
signal images, corresponding to a total of 6 hours of
acquisition. Background images were not subtracted from
the signal data, since we used a background retrieval
algorithm to reconstruct the actual background present in
the signal, as discussed later.

The FEL intensity fluctuations were monitored by meas-
uring the photocurrent (PC) coming from one of the plane
mirrors used to transport the FEL radiation to the exper-
imental chamber. The coefficient of variation (CV) of this
signal during all the acquisitions was measured to be of the
order of ~8%, where CV is defined as the PC standard
deviation divided by the mean PC. The 200 x 10° original
dataset was initially filtered to remove all the shots where the
PC was lower than 40% of its mean value. This procedure
resulted in approximately M ~ 60 x 10° images for each
helicity. Each single-shot image (of size 980 x 980 pixels)
was processed by a centroiding algorithm in order to retrieve
the positions of all the spots in the image corresponding
to single electrons impinging in the MCP plate that were
subsequently amplified by electron cascade inside the
double-stack MCP. From the coordinates of each spot,
images were reconstructed by 2D binning the point-based
dataset into a 512 x 512 square grid of axes y and z covering
the original image extension. Each image was convoluted
with a 15 x 15 pixels 2D Gaussian kernel having 2.6 pixels
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standard deviation in both y and z directions. This con-
volution parameter was chosen as a compromise between the
need to reduce the shot (Poisson) noise arising from the low
number of events detected and at the same time maintain an
energy resolution sufficient enough to distinguish the two
main peaks in the ground state XPS.

The dataset of M images obtained for each helicity was
then divided into N = 30 subsets of equal dimension
(~2000 images per subset and helicity), and the images
from each subset were averaged to provide N pairs of
left-handed 7*'(y, z) and right-handed /~'(y, z) circularly
polarized measurements.

From the acquired images, the original 3D photoelectron
distribution can be retrieved from standard inversion
techniques [45]. In the static experiment of Fig. 2, the
PAD exhibits cylindrical symmetry around the axis g,
and can be defined as the following Legendre polynomial
expansion:

2
PAD?(K.0) = BJ(K)P(cos0),
=0

(B1)

where P, are the Legendre polynomials of order /, which
depend on the polar angle @ with respect to the axis z, BY
are the anisotropy parameters, expressed as a function
of the kinetic energy K of the outgoing electron, and p is
the helicity. Frequently it is convenient to use the normal-
ized anisotropy parameters b = BY/B{. For even I,
b; = b/! = by, while for odd I, ' = —b;!. The VMI
records the projection of this 3D distribution on the 2D
plane of Cartesian axis y and z. To reconstruct the b,
parameters from this projection, the acquired VMI images
were processed using the CPBASEX code [46], which
implements the PBASEX inversion method [45] without
polar rebinning.

Because of the cylindrical symmetry of the 3D distri-
bution and the rules for the coefficients b;, 2D images
should obey the two symmetry properties: I7(y,z) =
I7?(y,—z) and I?(y,z) = I?(-y, z), for p = +1. Before
performing the inversion, we further aggregated our data
taking into account these symmetries, in order to increase
the signal-to-noise ratio and at the same time compensate
for the unavoidable nonuniformity of the imaging detector.
A single dataset of N symmetrized images S*!' was
constructed by the symmetrization procedure, S*!(y,z) =
I (y,2)+ 1 (=y,2) + I (y,—2) + I (=y,—2)]/4, and
Abel inverted in order to retrieve, for each sample, the
three anisotropy parameters By(K), B (K), and B,(K).

The retrieved coefficient By(K) exhibited two clear
peaks, along with a broad background signal that was
stronger than the one measured every three shots of the
laser with the pulsed valve delayed, but similar in shape.
This background likely comes from the photoionization
from the valence states of the residual gas and the helium
carrier by the XUV pulse. Because of their high kinetic

energy (greater than 250 eV), the majority of these
electrons were not collected at the VMI detector, but are
expected to hit the electrodes and walls of the VMI
generating secondary electrons in a random direction, part
of which are then accelerated toward the detector. Because
of the stochastic nature of this secondary emission and the
achiral nature of helium, this background is not expected to
change with the helicity of the laser. As such, it is expected
to only add up to the reconstructed even anisotropy
parameters of Eq. (B1). By using a background retrieval
algorithm described in the Supplemental Material [33],

Bo(K) is expressed as the sum of a signal B}%(K) and a

background ng(K). See Fig. S3 in the Supplemental
Material [33]. The procedure is repeated for each of the
N = 30 samples, and the final PES 6((K) is computed
from the mean of the N retrieved By®(K), while
PECD(K) = 2b/'(K) is computed from the mean of the
N normalized asymmetries b (K) = B (K)/B}%(K).
The 1o confidence intervals of oy(K) and PECD(K) are
computed from the standard deviation of the mean esti-
mated from the standard deviation of the N samples. These
results, that can be conveniently expressed both as a
function of the kinetic energy K and binding energy E,
are shown in Figs. 2(a) and 2(c). The PECD associated to a
peak in the PES centered at the binding energy E; is
estimated as the weighted average:

sk Go,(E~ E)2b7(E)dE

E +AE ’
EI-]—AE Gag (E - Ej )dE

(PECD), = (B2)

where AE = 0.4 eV and G, is the one-electron Gaussian

response function derived from the fit described in
Appendix D. The estimate is computed for each of the
N normalized asymmetries b]“l, from which the mean and
lo confidence interval are extracted, shown in Figs. 2(e)
and 2(f) with squares and error bars, respectively.

As shown in Fig. S1 of the Supplemental Material [33],
the forward-backward asymmetry in correspondence of the
two peaks associated to the C; and C,_;, contributions is
clearly visible from the direct analysis of the VMI images,
before the Abel inversion and background subtraction
procedures.

2. Time-resolved measurement

In the delayed pump-probe experiments the UV pump
pulse, linearly polarized along the direction y, may induce an
alignment of the molecule, breaking the cylindrical sym-
metry around the FEL propagation axis z. In principle, this
invalidates use of the Abel inversion procedure, requiring
such axial symmetry, for the direct extraction of the
coefficients of Eq. (B1). Without assuming this symmetry
the photoelectron angular distribution can be generally
written as an expansion of spherical harmonics, Y ;"(6?, Q):
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(+1)

Im

TABLE 1. Normalized coefficients a

for the calculated S-(+)-fenchone C,; 1s~' PAD expanded in spherical

harmonic functions Y,,,. The calculation models the 3D photoelectron distribution (6, ) from the two-photon
pump-aligned 3s Rydberg state that is ionized by a 300 eV, left circularly polarized probe pulse.

m = -6 =5 -4 -3 -2 -1 0 1 2 3 4 5 6
=0 1
I=1 0 -0.0739 0
=2 0.0181 0 0.0077 0 0.0268
=3 0 -0.0147 0 0.0057 0 00074 0
=4 -0.0134 0 —0.0051 0 -0.0010 0 0.0020 0 0.0168
I=5 0 —0.0008 0 —0.0003 0 -0.0054 0 -0.0074 0 -0.0064 O
I=6 0 0 0 0 0 0 0.0034 0 00043 0 00030 0 O
in Legendre polynomials becomes b(lﬂ) = ﬁa%l) =
(K, 0, ) ZA, LK)YT(6, ), (B3) Sy

with the summation running up to [ = 2n, where n is the
number of photons in the combined excitation-ionization
process (here, n = 3). The breaking of the cylindrical
symmetry can result in expansion coefficients A;,, # 0
for m # 0. As before it can be convenient to introduce
the normalized angular coefficients a;,, = A;,,/Aoo-

To further explore this issue we computed theoretical 3D
PADs including the broken cylindrical symmetry caused by
the crossed pump-probe polarizations. For the carbonyl C,
1s~! photoelectron angular distribution from the two-
photon excited fenchone 3s Rydberg at 300 eV photon,
we obtained alj" = -0.074, a$3" = 0.027, but |a;,,| <
0.02 for all the other harmonics (Table I and Fig. 5; see
Appendix C for further details). Neglecting these small
harmonic terms, and noting the relation Y, (0,¢) =

/(21 + 1/47n)P;(cos @), the dominant chiral coefficient,

(+1)

aj, ', expressed for an alternative PAD expansion

0.1

a;, RCP S-fenchone

-0.1

FIG. 5. The ay, coefficients, [ = 1-6, for the calculated
S-(+)-fenchone C; 1s~! PAD. See Table I and note that this
figure is for right circular polarization (p = —1).

—0.128. This agrees closely with the value b,

—0.129 that is computed for an assumed random orienta-

tion [shown in Fig. 4(c)]. Examination of the aEH)

coefficients for the C; 1s~! ionization (Table II) leads to
a similar conclusion. Hence, in these instances the presence
of harmonics / > 2 in the two-photon excited PAD and its
broken axial symmetry will have little influence on our
theoretically calculated PECD asymmetry.

The consequences of applying an Abel inversion algo-
rithm to an image from a nonaxially symmetric PAD has
been discussed by Comby et al. [9] who deduce that only
the even b; terms retrieved from symmetrized images
would be affected. In particular, the apparent By* retrieved
in these circumstances will not be strictly equivalent to the
actual cross section 6. However, there will nevertheless be

a secondary effect for the odd (chiral) coefficients, bl
§1g

since these are normalised to B

These considerations together suggest that effects of
the intermediate’s alignment (including introduction of the
[ =3, 5 harmonics) can reasonably be neglected in our
modeling and data treatments, but with the caveat that
precision of the experimentally derived chiral asymmetry
will be somewhat reduced.

For the pump-probe experiment, a background image was
acquired once every seven single-shot acquisitions, and a
total of 460 x 103 single-shot images were acquired, dis-
tributed unevenly among the pump-probe delays, and cor-
responding to an acquisition time of 13 hours for the entire
pump-probe scan. After filtering the original dataset, taking
into account only signal images, and removing images
acquired at low FEL intensity, the number of samples for
each helicity is ~9 x 10° at + = =200 fs and ¢ = 1000 fs;
~34x10° at t=0fs, t=50fs, and =600 fs; and
~38x10° at t = 100 fs and ¢ = 200 fs. The same analysis
described previously was performed, and N symmetrized
S(y, z) images were retrieved for each pump-probe delay,
from which the B; parameters were extracted.

The first coefficient By(K) exhibits again two strong
peaks coming mainly from the photoemission from the
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TABLE II. Normalized coefficients agtl) for the calculated S-(+)-fenchone C; 1s~! PAD. Other details as for

m

Table I.
m= -6 =5 —4 -3 -2 -1 0 1 2 3 4 5 6
=0 1
=1 0 0.0263 0
=2 —0.0320 0 -0.1071 0  —0.0369
=3 0 0.0033 0 -0.0023 0 -0.0030 0
=4 0.0388 0 0.0147 0 0.0169 0 0.0241 0 0.0273
=35 0 —-0.0019 0 —-0.0011 0 0.0056 0 0.0077 0 0.0067 0
6 0 0 0 0 0 0 -0.0045 0 -0.0058 O —0.0039 O O

carbon 1s states of the molecule still in the ground state
and a broad background signal. Furthermore, as shown in
Fig. S3 in the Supplemental Material [33], a strong peak at
K ~0.7 eV, and a weaker peak at K ~ 3.8 eV, are visible,
corresponding to the photoemission from the HOMO state
(~ — 8.6 eV) following the absorption of three and four
pump photons, respectively. This is the pump alone PES
signal that is achiral since it results from ionization by the
linearly polarized UV laser. Both the background and
multiphoton signal are expected to only add up to the
reconstructed even asymmetry parameters. The background

ng(K ) originating from the ionizing laser was estimated
from an independent FEL-only measurement, and extracted
following the same procedure used for the static experi-
ment. The multiphoton signal By” (K) from the pump was
measured directly from an independent measurement
performed with the pump only. Each of the N B values
retrieved from the Abel inversion for each pump-probe
delay can be expressed as the sum By(K) = By*(K) +
CogBYE(K) + cmpBi(K), where the coefficients cy, and
¢mp are found by minimizing B3%(K) in the region
K < 3.7 eV, where no photoionization signal from the

carbon 1s states is expected. Once the signal By®(K) is
retrieved from the background subtraction procedure,
0o(K), PECD(K), (PECD);, and their associated lo
confidence intervals are retrieved in the same way as in
the static case, for each pump-probe delay.

As shown in Fig. S2 of the Supplemental Material [33],
the main features of the time-dependent forward-backward
asymmetry can be extracted directly from the analysis of
the acquired VMI images, before the Abel inversion and
background subtraction procedures.

APPENDIX C: THEORETICAL COMPUTATIONS

Core 1s electron binding energies of fenchone in the
ground and excited 3s Rydberg states have been computed
by a DFT (PBE0/6-311++G**) ASCF approach with
corrections for relativistic effects [47,48]. For the excited
state XPS, a valence f-spin electron is excited and then
a f-spin core electron ionized.

Photoionization dynamics calculations have been per-
formed using the CMS-Xa method which obtains the
bound and continuum electron eigenfunctions in a one-
electron potential. The potential is constructed by parti-
tioning the molecule into atom-centered overlapping
spherical regions, using the Slater XaXa local density
approximation for the exchange contribution. The use of
this independent electron, frozen core method for PECD
calculations has been fully described [49] and a successful
application to predict the C 1s PECD of ground state
fenchone has been reported [14]. Initially we took the
preferred parametrization identified in this earlier work,
later adapting it with increased atomic sphere radii but
retaining all else. For the 3s Rydberg state we adopted an
approach previously used for calculations on camphor [50]
and difluorobenzene isomers [51]. Further information on
the generation of the ground and 3s Rydberg state potential
can be found in the Supplemental Material [33].

The majority of these CMS-Xa PAD calculations were
made for an assumed random orientation of fenchone
molecules. To justify the neglect of alignment induced in
the 35 Rydberg state excitation, a limited number of further
calculations were made to predict the full 3D PAD (see
Appendix B 2 and Supplemental Material [33]). Adopting
methods introduced to predict PADs obtained in the reso-
nance enhanced multiphoton ionization of difluorobenzene
isomers [51], pyrazine [52], and PECD of camphor [50],
molecule frame PADs were calculated for the single-photon
ionization of the 3s state using the CMS-Xa model as above.
These molecule frame PADs were then averaged over the
Euler angles representing lab frame molecular axis orienta-
tion, weighted by the orientation-dependent transition
strengths for populating the excited state. In the present
case the two-photon transition moment tensor for 3s
excitation, calculated by a CAM-B3LYP/dAug-cc-pVDZ
time-dependent DFT (TDDFT) calculation [28], was used to
estimate the intermediate state alignment. More details are
provided in the Supplemental Material [33].

APPENDIX D: FITTING AND MODELING

The static experimental PES was fitted by PESg;(E), a
series of ten Gaussians, one for each ith carbon atom,

011044-12
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centered at the theoretical ground state (g.s.) binding
energy E¥*:

10
PESE(E) = ) kG, (E—~EF*).
Py

1

o,V 2m

-x?/(263)

G, (x) = e , (D1)

where o, is constrained to follow the resolution scaling law,

o, = a,VK = a,1/300 eV - E, (D2)
with the scaling factor a, The coefficients k,_;, are
constrained to be equal, since the overlap in binding energy
of the C,_; contributions does not allow us to extract their
independent values from the experiment, while k; is
extracted from the fit. The fit returns a o resolution ¢, =

0.5eVatKk =8¢V (ag = 0.177\/W), corresponding to a
FWHM of 1.18 eV at this energy, and k; = 1.36k,_;. This
resolution, lower than the one achievable with the VMI
spectrometer available, comes mostly from the postpro-
cessing convolution of the VMI images already described
in Appendix B 1 and required for reducing the noise due to
the low number of counts. The difference between k; and
k,_1o can be attributed to the different cross sections of
these contributions. As discussed later, reliable cross
sections can be computed only for some atomic sites.
For this reason, the theoretical photoelectron spectra shown
in Figs. 3(b) and 3(c) are derived by using the retrieved
fitted response function G, and by assuming that all the
carbon atoms contribute with the same cross section. The
PECD for the ground state shown in Fig. 2(d) was derived
by weighting the theoretical PECD of each contribution
([2b]"]%*) with the retrieved response function:

i 118s.
PECDg'S'(E) _ Zzlgl kiGag(E - Eg.s.)[zbl+ ]? ’
PESE (E)

(D3)

The three lineouts 8 (1) at E; = Ey, E, E5 [Fig. 3(e)]
were fitted with 63 (1) = 6 (14) + Ay} (1), where
A&é‘%t(t) is a single exponential convoluted with a
Gaussian:

bl (1) = hf (1),

1
10 =75

where H(t) is the Heaviside function, o, = 32.8 fs is the
measured cross-correlation of the pump and probe pulses,
7 = 3.3 ps is the measured lifetime of the Rydberg 3s
state [9], while &y, h,, hs, and t, are parameters of the fit.

e~ (10)/(267) | 4 [e"/*H(1)],

(D4)

The cross-correlation of the two pulses has been measured
from the sidebands in the photoelectron spectra of fenchone
appearing at high pump laser intensities (~150 pJ). The fit
is performed globally on the three lineouts by minimizing
the sum of squared errors, where each lineout has been

previously normalized to its amplitude max(|A6-(<)j )|)
Confidence intervals of the fitted lineouts are obtained
by repeating the procedure for the N constructed data
samples.

Estimates of the percentage of excited molecules ry can
be obtained from the fitted parameters /A, h,, and A3, under
the assumption that all the carbon atoms contribute with the
same cross sections both before and after excitation. Before
excitation, 9 carbon atoms contribute to the main C peak at
binding energy 290.3 eV while after excitation 7 carbon
atoms contribute to this peak. Since all the lineouts have
been normalized to the value of 6, at E; and ¢, = —200 fs,
we derive h; & —%ro, from which a first estimate of the
excitation probability ry &~ 16.7% is obtained. Analogously,
the positive increase of signal h; ~ % ro around energy Ej
gives an estimated percentage of excited molecules
ro & 15.3%. Under the same approximations, and taking
into account that in correspondence of the energy E, we
have 2 carbon atoms contributing in the excited state and 1
carbon atom contributing in the ground state, we derive
h, zéro, that however gives a lower number of excited
molecules, ry~5.6%. Taking into account these con-
siderations, we estimated a percentage of excitation
ro & 12.5%, obtained from the mean of the previous three
estimates, associated to a standard error of the mean of
~3.5%. From these considerations, we assumed that
after excitation ro = 12.5% of the sample is found in the
excited 3s Rydberg state, while the rest (1 — ry) is in the
ground state.

Since, after excitation, the excited Rydberg state relaxes
to the ground state with a decay time 7z = 3.3 ps, the
percentage r of the sample in the excited 3s Rydberg state
changes with pump-probe delay 7 as r(z) = rof(¢). The
time-dependent PES, which depends on both 7 and E,
formally originates from the overlap between these two
contributions:

PES(E.1) = [1 — r(1)]PES}*o(E) + r(1)PEST o (E).

10
PES{*0°(E) = > ¢ G, (E - E¥*™), (D5)
i=1

where ¢§* and ¢}* are the cross sections of the ith carbon

state in the ground state and 3s Rydberg state, respectively,
E%* and E3* are the binding energies of the ith carbon state
in the ground state and 35 Rydberg state, respectively, and
the subscript 1-10 indicates that all the atomic contribu-
tions from C; to Cy, are considered. The time-dependent
PECD can also be formally written as the weighed average:
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PECD(E, 1) =

[1 — r(1)|PECDY” ,(E)PES’(E) + r(t)PECD}* o (E)PESY* | (E)

where

!0 cg.s.,3sGay (E _ Elg.s.,3s) [2b;r1]lg.s.,3s

PECDS* ' (E) = ==
e PEST3 (B

(D7)

PES(E, t) and PECD(E, t) could be in principle estimated
by theoretically computing the binding energies, the cross
sections, and asymmetry parameters for all the carbon
contributions in the g.s. and 3s Rydberg state. We com-
puted the binding energies in the g.s. and 3s Rydberg with
TDDFT calculations (see Table S2 of the Supplemental
Material [33]), and we computed the cross sections and
the asymmetry parameters with the CMS-Xa method.
However, the near degeneracy in binding energy of several
|

PECD(E,, {) »

[1 = r(1)]PESYZ,o(E) + r()PES]L 1 (E) ’

_[1 = r(1)]PECD{* (E,)PEST*™ (E,) 4 r(1)PECD3' 5(E,)PES} 4 (E,)

(Do)

carbon atoms prevents us from computing reliable theo-

retical cross sections ¢ for atoms C,~C ) in the ground

state and atoms C4,—C,, in the excited 3s Rydberg state.
For the carbon 1s orbitals with better separated binding
energies (like C; in the g.s. and C;, C,, and C; in the 3s
Rydberg state), a reliable approach that uses relaxed
localization constraints has been implemented [14].
We used this approach for computing the cross sections

cf™ and ¢3*, (listed in Table S4 of the Supplemental

. .8.,3s
Material [33]). The asymmetry parameters [25,']§*"

not affected by these basis set constraints.

At the energy E,, the PECD depends only on the cross
sections and asymmetry parameters of the atoms C;, C,,
and C;. In this case, we can reliably compute the expected
time-dependent PECD and compare it with the experimen-
tal one. The PECD at E, reads:

are

[1 = r(1)]PEST™ (E,) + r(t)PES3*4(E;) |

(D8)

and its value as a function of # is shown with a dashed line in Fig. 4(d). The description can be further simplified with the

approximation EY™ ~ E3 ~ E3* ~ E,, which gives

PECD(E,, 1) »

CMS-Xa calculations with relaxed localization constraints
for C;_3 predict ¢3’/c§™ ~1.67, ¢3* /cf* ~ 1.08, 265"~
~17.3%, [2b{'3° ~ —1.1%, and [2b"']3’ ~ 10.2%. At the
maximum of the excitation probability (around 7 = 50 fs,
where r(7¢) ~ 12.1%), we calculate then
PECD(E,, t¢) ~ —11.47%, (D10)
with an increase in the PECD with respect to the ground

state value of 5.81%, compatible to what has been exper-
imentally observed in Fig. 4(d).
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