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Short-wavelength free-electron lasers with their ultrashort pulses at high intensities have

originated new approaches for tracking molecular dynamics from the vista of specific sites.

X-ray pump X-ray probe schemes even allow to address individual atomic constituents with a

‘trigger’-event that preludes the subsequent molecular dynamics while being able to selec-

tively probe the evolving structure with a time-delayed second X-ray pulse. Here, we use a

linearly polarized X-ray photon to trigger the photolysis of a prototypical chiral molecule,

namely trifluoromethyloxirane (C3H3F3O), at the fluorine K-edge at around 700 eV. The

created fluorine-containing fragments are then probed by a second, circularly polarized X-ray

pulse of higher photon energy in order to investigate the chemically shifted inner-shell

electrons of the ionic mother-fragment for their stereochemical sensitivity. We experimen-

tally demonstrate and theoretically support how two-color X-ray pump X-ray probe experi-

ments with polarization control enable XFELs as tools for chiral recognition.
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Chirality is a fundamental phenomenon that determines
everybody’s all-day-life to a large extent. It is, for instance,
responsible for odor perception, taste, and the effect of

most pharmaceutical drugs on any living organism. In fact, the
molecular building blocks of all known biological matter possess a
handedness. They are non-superimposable mirror images of
themselves, called enantiomers. It currently constitutes an inter-
disciplinary effort to find the underlying reason for this and its
origin. Determining and controlling the conformation of chiral
molecules is not only an important aspect of the natural sciences
but also an industrial, specifically, pharmaceutical research sub-
ject. However, chiral molecules are identical in their stoichio-
metric composition and they are practically only distinguishable
via their interaction with other chiral objects.

A versatile tool for investigating enantiomers in the gas phase in
a controlled and theoretically well accessible way is circularly
polarized light since it possesses a handedness as well. The so-
called circular dichroism (CD) quantifies the absorption difference
between left and right circularly polarized light and is typically an
effect accounting only for a few per mille of the overall signal, since
it relies on weak electric-dipole–magnetic-dipole interactions.
This light–matter interaction is today commonly used for chiral
recognition and control. In 1976, Ritchie1 predicted that circularly
polarized light can imprint its enantio-selectivity onto emitted
photoelectrons. His groundbreaking idea can be visualized with a
picture of an electron driven by circularly polarized light which
scatters on the asymmetric potential of a chiral molecule like a nut
on a thread, meaning it either moves in forward or in backward
direction with respect to the propagation of the light, depending on
the rotational direction of the components. This so-called photo-
electron circular dichroism (PECD) can be orders of magnitude
stronger than the respective absorption difference of circularly
polarized photons, since it emerges already in the electric-dipole
approximation.

At present, PECD has been exploited for chiral recognition
using a variety of light sources and photon energy ranges. Low
photon energy has, for example, been used for directly exploring
the chiral chemical environment2,3, and higher photon energies
to address individual constituents of a molecule and to explore
how specific sites encounter the surrounding chiral potential4,5.
In the case of outer-shell photoionization with low photon
energies, both, initial and final electronic states contribute to the
observed effect. In contrast, the case of element-specific photo-
ionization with high photon energies from an almost symmetric
atomic-like inner shell, like the fluorine 1s shell under investi-
gation, allows for focusing on the individual contribution of the
final electron continuum state. Furthermore, strong laser sources
have been used to explore how a chiral molecule interacts with
multiple photon absorptions in the long-wavelength regime6,7.
Finally, time-resolved PECD investigations have recently started
to explore ultrafast processes in chiral compounds with femto-
second optical laser pulses8,9. Furthermore, fast time resolution
has also been achieved using conventional CD10–12. The versa-
tility of PECD is valuable but also a challenge to the differ-
entiation of individual properties and processes of chirality13,14.
The first work on site-specific and time-resolved investigations of
a chiral molecule was introduced by the Mukamel group15, where
the authors present simulations for stereochemical dynamics in
an optical-laser pump, X-ray probe scheme.

Today’s short-wavelength FELs provide photon pulses of very
high brilliance, i.e. they can exceed the brilliance of any other
light source at the accessible photon energies by more than a
billion times. The high intensity allows for very efficient time-
resolved experiments that either use optical lasers in order to
trigger processes in the target of choice16 or even X-ray pulses as
so-called ‘pump’17–22, while in both cases, the dynamics are

probed with a second X-ray pulse. Their capability of enabling
high-precision studies of dichroic light–matter interaction in
dilute species was initially demonstrated in the vacuum ultraviolet
regime at FERMI in Italy23,24. The first circularly polarized X-ray
pulses that enabled high irradiation levels were achieved at the
LCLS25,26. Such polarization-controlled (X)FELs are on their way
to eventually offer the possibility for ultrafast studies of chir-
optically sensitive targets from the perspective of element-specific
and even site-specific constituents during ultrafast structural
changes or electron migration.

The present work reports the first investigation of a site-
specific PECD in an ionic chiral fragment of a dissociating chiral
molecule by an XFEL. The employed X-ray pump X-ray probe
scheme allows for addressing specific atoms in the molecule in
both pulses. In particular, an ultrashort X-ray pump pulse triggers
photolysis of the prototypical molecule trifluoromethyloxirane
(C3H3F3O) in a way that, among many possibilities, one singly
charged fluorine atom departs and leaves the singly charged
mother-fragment behind. While the distance between these two
ionic systems increases in time, a second ultrashort X-ray pulse
probes the PECD of F 1s photoelectrons of the remaining
mother-fragment. This possible channel of dissociation is one out
of many, however, it can be energetically disentangled via electron
VMI spectroscopy. The static PECD of F 1s photoelectrons of
neutral trifluoromethyloxirane molecules was systematically stu-
died both, experimentally and theoretically, in our previous
work5. This preliminary work uncovers which chiral asymmetry
can be expected in a broad interval of the photoelectron kinetic
energies and demonstrates that the presently used theoretical
approach can describe the measured PECD quantitatively. A
comparative study of this molecule’s PECD and the similar
methyloxirane (C3H6O) has been done for the valence ionization
regime27. In the present work, we theoretically demonstrate that
the PECD of a fluorine core-photoelectron emitted from the
chiral mother-fragment can sense the dissociating fluorine ion
over a wide range of internuclear distances, far beyond chemical
bond dynamics. Averaging these dynamics in the predicted
stereochemical sensitivity of the mother-fragment over the indi-
vidual fluorine ejection and ionization channels, surprisingly,
results in a slightly oscillating PECD of around 1–2%. The sign
and magnitude of the PECD is qualitatively supported by the
experimental data.

Results and discussion
The process. The presently studied process is schematically illu-
strated in Fig. 1. The X-ray pump pulse with a photon energy of
about 698 eV releases a 1s photoelectron from one of the fluorine
atoms in the neutral C3H3F3O molecule with a kinetic energy of
about 4 eV. This corresponds to a calculated F 1s binding energy of
about 694 eV. In the next step, the created core-ionized state decays
by an ultrafast Auger process (the presently calculated lifetime is
about 2.3 fs) and populates dicationic states in the molecule. The F
1s binding energy of the doubly charged but still intact molecule in
the ground state is calculated to be about 704.7 eV. After charge
rearrangement, the created dicationic states initiate a Coulomb
explosion which can, as one of many options, dissociate the system
into a singly charged fluorine ion F+ and the also singly charged
mother-fragment C3H3F2O+. The F 1s binding energy of the
mother-fragment, after having undergone the full chemical shift
due to a missing fluorine ion, is estimated to be about 8 eV higher
compared to that in the neutral molecule, i.e. about 702 eV.
Previous studies support that this channel under investigation can
indeed be expected to be present28.

In the course of this fragmentation, a delayed, circularly
polarized X-ray pulse with a photon energy of about 710 eV
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ionizes the 1s electron of one of the fluorine atoms in the
C3H3F2O+ at different distances to the ejected F+ ion. A second
photoelectron with a kinetic energy of about 8 eV is emitted.
Those secondary photoelectrons can be energetically separated
from the primary photoelectrons and from other nonlinearly
generated electronic contributions. In fact, since only electrons
from a previously ionized target are under investigation, we are
facing a sequential two-photon (two-color) process. Therefore,
the signals of the photoelectrons released from the previously
charged system by the probe pulse scale nonlinearly with the X-
ray pulse energy, i.e. quadratic for a two-photon absorption.
Therefore, they can be discriminated from the photoelectrons
released from the neutral molecule, whose signals scale linearly
with the XFEL pulse intensity, assuming that the total pulse
energy scales evenly for the two colors. Details on the data
analysis and a discussion of alternative possible processes to be
taken into account can be found in the section “Data
interpretation and analysis”. In the present experiment, the
forward–backward asymmetry, i.e. PECD, of the secondary F 1s
photoelectrons released from the singly charged mother
fragment C3H3F2O+ by the probe pulse is analyzed, while
the initially ionized fluorine atom increases its distance to
the remaining chiral structure along the respective C–F bond.

The described process is a specific possibility out of a large
variety of possible dissociation dynamics and only accounts for
a small fraction of the dissociation dynamics.

Theoretical estimates. For enabling access to the transient PECD
of the F 1s photoelectrons ejected from the singly charged
mother-fragment, we modeled the final step of the process the-
oretically. It should be stressed, that a full theoretical treatment of
even this last photoionization step is currently almost impossible.
This is because the Auger decay of the initially core-ionized
F+(1s−1) in the trifluoromethyloxirane molecule populates a
huge manifold of different dicationic states, which leave the
created F+ and C3H3F2O+ fragments in a variety of different
electronic configurations. As a consequence, different channels
generate different chiral potentials for the scattering of the sec-
ondary F 1s photoelectron. In addition, the internuclear geometry
of the singly charged mother-fragment relaxes dynamically in the
course of the fragmentation. Moreover, since the center of charge
of the C3H3F2O+ fragment does not necessarily coincide with the
center of its mass, the mother-fragment may rotate as a whole,
alternating thereby the relative geometry of the two species.
Furthermore, it cannot be ruled out that a ring-opening accom-
panies the dissociation and alters the mother-fragment in its
chiral composition.

Because of these difficulties, we made a qualitative estimate of
what can be expected as an outcome of such an experiment. In
particular, the present theoretical model implies the following
restrictions. First of all, we used a frozen internuclear geometry at
the equilibrium of the neutral molecule in its ground state.
Secondly, we assumed straight dissociation of the F+ ion along
the respective C–F bond, without possible changes in the relative
orientation of the ions. Finally, we assumed that both, the F+ and
C3H3F2O+ ions end up in their electronic ground configurations
after Auger decay. Under those assumptions, the angle-resolved
spectra of the 1s photoelectrons of individual fluorine atoms
remaining bound to the mother-fragment were computed for the
second ionization step alone (i.e., perturbatively) at different
separations to the dissociating F+ ion in the photoelectron energy
range of 6–10 eV. We assumed a random laboratory-frame
orientation of the dissociating system of two ions at the instant
of photoionization, which allows parameterization of the
respective differential photoionization probability via the dichroic
parameter β1 and the angular distribution parameter β2 as
I ± ðθÞ /¼ 1 ± β1P1ðcos θÞ � 1

2 β2P2ðcos θÞ1, with PL being the
Legendre polynomials. Those parameters were computed by
the single-center (SC) method and code29,30, as outlined in the
section “Theoretical model”.

The present theoretical results are collected in Fig. 2. This
figure depicts the PECD (upper panel) as twice the dichroic
parameter β1 and the angular distribution parameter β2 (lower
panel), computed for all possible combinations of the
dissociating fluorine ion Fþj and the ionized fluorine atom Fi,
as a function of the internuclear separation RC−F= Req+ ΔR.
Each depicted point represents a value averaged over the
studied kinetic energy interval to account for the experimental
photon energy bandwidth of about 3.5 eV. As one can see for
the combination of the F2 atom and the Fþ1 ion, the computed
PECD grows almost monotonically from a small value of about
+2% at RC−F= Req, i.e. at ΔR= 0, to a large value of about
+17% at ΔR= 14 a.u. For the second remaining fluorine atom
F3 and the same dissociating ion Fþ1 , the computed PECD
exhibits an opposite behavior, i.e. it monotonically decreases
from a similar positive value of about +2% at ΔR= 0 to a large
negative value of about –12% at ΔR= 14 a.u., changing thereby
its sign around ΔR= 2 a.u.

Fig. 1 Principal scheme of the process. The X-ray pump pulse ejects a 1s
photoelectron from one of the fluorine atoms of the neutral C3H3F3O
molecule. This step is represented by the upward transition from the
ground state to the core-ionized state of the molecule. In the second
step, the core-ionized state undergoes Auger decay which populates
dicationic states of the molecule as indicated by the downward transition
pointing to the repulsive curve. The doubly charged molecule can
Coulomb-explode into the fluorine ion and the singly charged mother-
fragment. During this dissociation, a delayed circularly polarized X-ray
pulse probes the asymmetric scattering of the 1s photoelectron emitted
from one of the remaining fluorine atoms attached to the singly charged
mother-fragment. This second electron emission in an altered Coulomb
potential of the transient system is shown by the upward transition at an
enlarged distance between the ionic fragments. The present experiment
analyzes the PECD of this secondary F 1s photoelectron of C3H3F2O+ as a
function of the time delay between the pulses.
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For the dissociation of the second Fþ2 ion and ionization of
the two remaining atoms F1 and F3, as well as of the third Fþ3
ion and the F1 and F2 atoms, changes of the computed PECDs
as functions of the internuclear separation ΔR are not as strong,
i.e. well within ±6%. Those PECDs possess distinct oscillations,
which are comparable to the whole variation range, and can
change their sign (even multiply as can be seen for the Fþ3 /F1-
combination). Such oscillations might be a result of interference
effects in the multiple scattering of the photoelectron waves
emitted from the mother-fragment on the dissociating fluorine
ions. It is interesting to note that, for a given dissociating Fþj
ion, PECDs of the two remaining Fi atoms exhibit qualitatively
‘opposite’ trends. On the contrary, the computed individual
angular distribution parameters β2 possess very similar trends:
They fall monotonically with an increase of the internuclear
separation from a value in between 1.15 and 1.21 to a value in
between 0.70 and 0.92. As can also be seen from Fig. 2, the
computed individual PECDs and β2-parameters are almost
saturated to their asymptotic (non-zero) values at the largest
considered internuclear distance of ΔR= 14 a.u.

The black solid curves in Fig. 2 represent the total PECD and
β2-parameter, averaged over all individual contributions since
photoelectrons released in different Fþj /Fi-combinations cannot
be distinguished in the present experiment. Because of almost
opposite behaviors of the chiral asymmetries computed for
individual combinations, their strong changes and oscillations as
functions of the internuclear separation cancel out, resulting in a

moderate total chiral asymmetry which varies in between +1.2%
and +1.9%. Although these theoretical results should be
considered as a qualitative estimate of the effect, Fig. 2 allows
drawing a few important conclusions. For the considered
photoelectron kinetic energy interval, the PECD computed for
the individual Fþj /Fi-combinations can change as a function of
the internuclear separation between the two fragments by almost
an order of magnitude. Those individual chiral asymmetries can
distinctly oscillate with the internuclear separation, and can
even change their sign. The described variations and changes
persist for a rather large internuclear separation beyond the
chemical bond breaking, where the RC−F bond is extended
beyond ΔR= 10 a.u. The latter observation can be related to the
long-range impact of the Coulomb repulsion between the two
ionic fragments.

Experimental results and discussion. The present experiment
was carried out at the AMO beamline of the LCLS at the SLAC
National Accelerator Laboratory in the USA31,32. Both intense
pump and probe X-ray pulses had a similar duration of about 10
± 3 fs. To be able to energetically distinguish the primary and
secondary photoelectrons and to specifically address the F 1s
electrons of the singly charged C3H3F2O+ mother-fragment at an
enantio-sensitive kinetic energy, the photon energies of the pump
and probe pulses were set to 698 ± 2 and 710 ± 2 eV, respectively.
In order to minimize a possible influence of the pump pulse on
the studied PECD effect, we used a linearly polarized pump pulse,
while the time-delayed probe pulse was circularly polarized. The
emitted photoelectrons were detected with a VMI spectrometer,
which provided access to their laboratory-frame angular emission
patterns. The measurements were performed for four-time delays
between the pulses at τ= 0, 60, 125, and 250 fs. More details on
the beamline operation, experimental setup, and data analysis are
provided in the sections “LCLS machine operation”, “Experi-
mental parameters and setup”, and “Data interpretation and
analysis”.

In the obtained VMI spectrum, we observe different photo-
electron signals. The photoelectrons from the neutral molecules
ejected by the linearly polarized pump pulse emerge in the low
kinetic energy range at around 4 eV and cannot exhibit any chiral
asymmetry. Photoelectrons released by the circularly polarized
probe pulse from the neutral molecules, at around 16 eV, are not
found to possess any significant PECD, because of their rather
high kinetic energy at which PECD is usually expected to be
already small. These observations are consistent with our previous
study of the F 1s photoionization of trifluoromethyloxirane5. As
also expected, photoelectrons released by the circularly polarized
probe pulse from the neutrally ejected fluorine atoms, at around
12.5 eV kinetic energy, exhibit no chiral asymmetry. On the
contrary, we observe an enantio-selective chiral asymmetry for the
secondary F 1s photoelectrons from the singly charged mother-
fragment C3H3F2O+ with a kinetic energy of 8 eV. For the time
delay τ= 0 fs, i.e. when the two pulses overlap, a variety of
processes occurs within the duration of the pulses, such as Auger
decay, charge-migration dynamics, restructuring before the actual
bond-breaking, and rapid change of the Coulomb potential. All
these processes significantly alter the observed F 1s photoelectron
signal from C3H3F2O+ and its respective PECD which can,
therefore, not be decisively extracted. For longer delays, when
most ultrafast relaxation processes are essentially completed, the
present data analysis could be performed in a more consistent
way. In particular, for the time delays of τ= 60, 125 and 250 fs
and the R-enantiomer, we observe PECDs of +2.7%(+1.0%/
−2.0%), +0.3%(±2.6%), and +0.9%(±3.0%), respectively. The
PECD of −2.5%(−1.0%/ +2.0%) measured for the S-enantiomer

Fig. 2 Theoretical estimates for emission patterns. Panel (a) PECD and
panel (b) angular distribution parameter of 1s photoelectrons of the
individual fluorine atoms Fi (as enumerated in the inset-picture) remaining
bound to the singly charged C3H3F2O+ mother-fragment and the respective
averaged quantities, computed for the R-trifluoromethyloxirane at different
distances RC−F= Req+ΔR between the C atom of the CF2-group and the
individual Fþj fluorine ions dissociating along the bond (see legend for
details).
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and τ= 60 fs time delay confirms a chiral origin of the observed
asymmetry.

These experimental results are collected in Fig. 3 as a function
of the time delay (upper horizontal scale). Owing to the large
experimental uncertainties (see the section “Data interpretation
and analysis” for details), an unambiguous PECD can only be
observed for the time delay of τ= 60 fs. The red curve in Fig. 3
depicts the average theoretical PECD from Fig. 2 (black solid
curve) as a function of the internuclear separation RC−F= Req+
ΔR (lower horizontal scale; note also the axis breaking). In order
to interrelate the internuclear separation with the pump-probe
time delay, we used a simplified classical Coulomb-explosion
model. In the model, we considered two point charges, one
localized on the dissociating fluorine and another on the oxirane
ring, being initially separated by 5.5 a.u. The model yields, that
the considered time delays of 60, 125, and 250 fs correspond to
the internuclear separations of about ΔR ≈ 4, 10 and 26 a.u.

It should be stressed, however, that the used Coulomb-
explosion model is by far oversimplified. Indeed, as the F+

fragment moves apart, the positive charge of the double-hole
instantly delocalizes over the molecular skeleton in order to
reduce the Coulomb-repulsion force. Owing to this dynamical
charge delocalization and additional geometry relaxation, the
realistic fragmentation dynamics do not follow an expected 1/R
repulsion law. In addition, a part of the repulsion energy can be
transferred to the remaining manifold of internal nuclear degrees
of freedom of the whole system, and owing to this energy
dissipation, the overall separation should proceed on a slower
timescale. Nevertheless, since the calculated average chiral
asymmetry changes only moderately over the whole internuclear
distance range, we rely in the further discussion on the implied
Coulomb-explosion model.

As one can see from Fig. 3, the average theoretical and
experimental PECDs exhibit a similar value for τ= 60 fs and
ΔR ≈ 4 a.u., whereas the measured asymmetry is somewhat

stronger (note that the large experimental uncertainties do not
allow for a more decisive interpretation). The computed PECD
becomes almost constant (≈+1.5%) at the internuclear separa-
tions of about ΔR ≈ 10 a.u. (corresponding to a time delay of
about τ= 125 fs). Further on, it saturates very slowly to its
asymptotic value of about +1.2% (shown by the red horizontal
bar at the internuclear separations of around ΔR ≈ 26 a.u. after
the axis break). These theoretical predictions agree with the
experimental results within the respective uncertainties, which
reveal a PECD on the targeted singly charged chiral fragment
created via an X-ray photon. For the specific case that the oxirane
ring in the otherwise intact mother-fragment opens, the chirality
of the fragment is lost which would lead to a reduction of the
PECD that is not incorporated in the current model. A qualitative
hint that this scenario is not abundant is given by the actually
measured non-zero PECD at τ= 60 fs. A decisive confirmation
that the experimental PECD indeed drops down at 125 fs requires
more accurate calculations of the complicated fragmentation
dynamics as well as advanced experimental methods to reduce
the present uncertainties.

Conclusions and outlook
In the present work, we fragment enantiomerically pure tri-
fluoromethyloxirane and study the specific channel that creates a
singly charged chiral mother-fragment C3H3F2O+ and a singly
charged fluorine atom. The PECD of the F 1s photoelectrons of
the ionic mother-fragment is the subject of the present investi-
gation. We employ an X-ray pump X-ray probe scheme enabled
by the LCLS-XFEL at SLAC in the USA. For the F 1s photo-
ionization of C3H3F2O+ in the vicinity of a dissociating F+ ion
via a circularly polarized X-ray pulse, we theoretically predict a
highly dynamical chiral asymmetry that differs enormously for
different emitter-site perspectives. The absolute values of the
individual channels’ PECD can grow as high as 17%. It is
remarkable that in our simulation the PECD provides an
instantaneous probing of the chirality of the mother-fragment
even at very large internuclear distances to the ejected fluorine
ion. This indicates, that the chiral potential of the mother-
fragment is still influenced by the presence of the dissociating
fluorine ion, similar to findings of a recent time-resolved study of
ordinary CD of a chiral molecule12. The prediction of a persisting
average PECD of about 1% agrees qualitatively with the experi-
mental results within the present experimental uncertainties and
quantitatively for the time delay at τ= 60 fs.

It should be noted that the quality of the presently performed
experiment to access time-resolved PECD is compromised by the
complexity of the nuclear and electron dynamics accompanying
the process. The advantages of the inner-shell ionization of the
atomic fragment, which allows an unambiguous assignment of
the origin of the secondary photoelectrons, can potentially be
utilized in a more controlled way if, e.g. (neutral) dissociation of a
specific (unique) element is governing the fragmentation
dynamics. This can in principle be achieved, e.g., by an optical
laser pulse preceding an ionizing XFEL pulse. There are cases
where both, a dissociating atom and its mother-fragment, could
mainly stay in their neutral ground states and no significant
charge and bond rearrangements, as well as rotations of the
fragments with respect to each other would be expected. Very
importantly, neutral dissociation evolves on a much slower time
scale, enabling higher resolution in the time domain.

The present work is the first step on a road map that is set to
pave the way for future investigations of chirality with free-
electron lasers. Tackling the underlying challenges effectively
requires a robust understanding of ultrafast, nonlinear, and
polarization-dependent physics that in several cases lie at the very

Fig. 3 Comparison of experimental and theoretical results. Average PECD
of all combinations of remaining and dissociating fluorine atoms in singly
charged C3H3F2O+ in its R-enantiomeric form, measured at different time
delays between the pump and probe X-ray pulses (shown by circles with
error bars; refers to the upper horizontal scale), together with the
corresponding average theoretical PECD (solid curve), computed at
different internuclear separations RC−F= Req+ΔR between the C atom on
the CF2-group of the mother-fragment and the dissociating F+ ion along the
respective C–F bond (refers to the lower horizontal scale). The two
horizontal scales are adjusted via a classical Coulomb explosion model (see
text for details). The theoretical value at the largest shown separations
represents an asymptotic PECD for RC−F=∞. Experimental PECD
measured for S-enantiomer at the delay of 60 fs is shown by solid square
with error bars (refers to the upper horizontal scale).
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limit of today’s technical capabilities and insights. All of the
mentioned topics entail independent and vital fields of state-of-
the-art science. However, only in combination, a reasonably
broad basis can be established to allow for the site-specific study
of fundamental and applied dynamics in complex chiral systems.
Besides further establishing the fundamentals of nonlinear and
ultrafast light–matter interaction in chiral systems, future studies
of dynamics in, e.g., partially chiral peptides and larger com-
plexes, transiently chiral systems, and nonlinear chirality in the
X-ray regime can be enabled by XFELs. With seeded XFELs, high
repetition rate, few-femtosecond time resolution, and advanced
detection schemes, studies of ultrafast dynamics in chiral systems
with site-specificity yield promising potential for new perspectives
on exploring chiral dynamics.

Methods
Theoretical model. The molecular structure, i.e. assignment of states, their
potential energy curves, and the respective vertical ionization potentials were
modeled with the recently developed toolkit XMOLECULE33–35. To identify the
signal from various fragmentation channels, we have computed core-ionization
potentials for the neutral molecule and a number of plausible atomic and molecular
fragments of different charge. The calculations are based on the Δ-SCF method,
where the binding energy is obtained from independent self-consistent-field (SCF)
calculation for the initial and final electronic states. We have employed the
Hartree–Fock or restricted open-shell Hartree–Fock method, respectively. Specific
open-shell electronic configurations, as for example in atomic fluorine, have been
taken into account via respective multi-configuration self-consistent-field (MCSCF)
calculations. All calculations have been performed with the 6–311G(d,p) basis set36.
Auger decay rates and core–hole lifetimes have been calculated using the method
described in earlier work33. The presently estimated binding energies of the F 1s
electrons of different species are in a reasonable agreement with the present
observation, providing reliable estimates for the considered photoelectron energies.

Calculations of the photoelectron angular distributions were carried out by the
SC method and code29,30, as described in detail in our previous work on
trifluoromethyloxirane5. In particular, calculations were performed in the frozen-
core Hartree–Fock approximation at different internuclear geometries between the
F+ and C3H3F2O+ ionic fragments. For numerical convenience, the molecular
center was chosen on the carbon atom of the CF2-group of the mother-fragment, to
enable an accurate SC representation of the 1s orbitals of the remaining fluorine
atoms. In the calculations, we ignored the 1s core electrons of a dissociating
fluorine ion and reduced its nuclear charges accordingly by 2. This allowed us to
use shorter SC expansions. In particular, using ℓc, ∣mc∣ < 80 was sufficient to
accurately describe the included 2s and 2p orbitals of a dissociating fluorine ion at
the largest considered separation of ΔR= 14 a.u. For the photoelectron in the
continuum, we used shorter SC expansions with ℓε, ∣mε∣ < 30. The working
equations required to compute the dichroic parameter are reported in refs. 5,37.

LCLS machine operation. The LCLS provided ultraintense, circularly polarized
femtosecond pulses via a periodic, magnetic dipole structure, the so-called Delta
undulator, at 120 Hz repetition rate25,26. In general, the radiation from an FEL is
generated via relativistically moving electrons that are periodically displaced by
magnetic chicane arrays, so-called undulators. In contrast to undulators used in
storage-ring synchrotron radiation sources, segmented FEL undulators are longer
and provide sufficient interaction of the electrons with the emitted light in order to
form regions of minimal and maximal localization probability within the electron
bunch (coherent microbunching). The light emitted from these fs-substructures is
exponentially amplified in subsequent undulator segments.

For the present experiment, the LCLS was set up to generate two-color X-ray
pulses, one linearly polarized and one circularly polarized. Each pulse was
produced in the undulator line by a different electron bunch slice by using the
fresh-sliced technique38. This technique is based on impressing a temporal-
transverse correlation to the electron bunch upstream of the undulator line and
controlling the electron bunch trajectory in two consecutive undulator sections.
The linearly polarized X-ray pulse was produced in the first 8 undulator segments
from the bunch tail, while the circularly polarized pulse was produced in the
variable-polarization Delta undulator from the bunch head, microbunched in the
preceding last 8 regular undulator segments and the beam diverting technique25,39.

In the second section, the first 7 undulator segments were used to microbunch
the electrons while the Delta undulator was set to produce circularly polarized
X-rays from the microbunched beam. The section used to microbunch the electron
beam was pointed downwards so that the unwanted linearly polarized light
generated by the first 7 undulator segments was pointed off the experiment and
collimated by a photon collimator. The electron bunch orbit corrector located just
upstream of the Delta undulator integrated in a quadrupole magnet was used to
kick the bunch upwards39, to direct the circularly polarized beam to the same
location of the first X-ray pulse.

Downstream of the first undulator section, a magnetic chicane was used to delay
the electrons, thus granting control on the delay between the X-ray photon pulses.
When the chicane was turned off, the circularly polarized pulse had a time advance
of about 10–20 fs on the linearly polarized one, which would correspond to a
negative time-delay. By activating the chicane, the circularly polarized pulse could
be delayed by up to 1 ps with a resolution of single femtoseconds. The photon
energy of each pulse was controlled independently by setting the magnetic strength,
K, of the undulator segments in the first and the second section at two different
values. Switching between right-handed and left-handed circular polarization is
routinely possible within a few minutes by setting the magnetic-pole phase shift of
the Delta undulator segment accordingly. The anticipated degree of polarization for
these pulses is >95%.

Experimental parameters and setup. Figure 4 illustrates the principal scheme of
the experiment. The first-arriving, linearly polarized, pump pulse with hν= 698 ±
2 eV provided an average pulse energy of approximately 150 μJ, whereas the second,
circularly polarized, probe pulse with hν= 710 ± 2 eV provided approximately
50 μJ. The pulse energy of pump and probe pulses can, in principle, be adjusted, but
was chosen to be maximal for the present experiment. Lower pulse energies can be
selected via post-sorting. Note that the machine diagnostics only provide cumulative
pulse energy comprising pump and probe pulses. Further treatment was done as
explained in the section “Data interpretation and analysis”. The photon energy
bandwidth as well as its jitter broaden the linear pump signal to about 5 eV and to
about 3.5 eV for the probe pulse. Both pulses had a duration of 10 ± 3 fs and were
focused to 20 ± 5 μm FWHM via Kirkpatrick–Baez optics into the LAMP endstation
at the AMO beamline of the LCLS31,32,40. With a beamline transmission of 60% at
the chosen photon energies, the irradiation from these pulses in the interaction
region with the randomly aligned molecular target was about 2 × 1015 and 7 × 1014

W/cm2, respectively, for the pump and probe pulses. This level of irradiation yields
a non-negligible level of multiple ionizations within each of these pulses, which
complicates the data interpretation and requires a comparison between high and
low irradiation levels (see the section “Data interpretation and analysis”).

Fig. 4 Scheme of the experiment. A linearly polarized X-ray pulse triggers
the photolysis of C3H3F3O, while a circularly polarized X-ray pulse probes
the PECD of 1s electrons emitted from the remaining fluorine-site in the
C3H3F2O+ fragment. A VMI spectrometer measures the electrons from the
effusively injected molecules with angular resolution. The depicted electron
VMI images show one exemplary raw single shot in quadrant 3 (a), an
inverted averaged raw image containing information from 150,000 shots in
quadrant 2 (b) which is dominated by one-photon processes and basically
just reflects the ionization of the neutral molecule by the pump and the
probe pulse, and in the upper half (c) the nonlinear signal from the probe
pulse, see also Fig. 5 for a corresponding angle-integrated view. The signal
from the singly charged C3H3F2O+ fragment [see contribution c) in Fig. 5]
is in the inner one of the two visible rings, the outer one stems from neutral
fluorine atoms [contribution b) in Fig. 5]. All data corresponds to τ= 60 fs.
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(R)-(+)+3,3,3-Trifluoro-1,2-methyloxirane and its enantiomeric partner (S)-
(–)+3,3,3-Trifluoro-1,2-methyloxirane, each with a purity of 97% (Sigma Aldrich),
were chosen to provide a molecular compound that yields observer sites that are
located outside of the stereocenter of the molecule, i.e. the fluorine atoms (see
molecular representation in Fig. 4). It is experimentally simple to handle in terms
of effusive gas-phase delivery due to its vapor pressure of about 530 hPa at room
temperature. The three fluorine atoms increase the absolute photoionization cross-
section at the chosen photon energy to a total of 1.2 Mb which is beneficial for a
proof-of-principal experiment, however, it further complicates the differentiation
of the expected PECD, since electrons ionized from the individual fluorine atoms
have previously been shown to yield very different scattering properties in the
molecule5. This is further substantiated by the theoretical results of the
section “Theoretical estimates”. For a detailed interpretation of the data, it
furthermore needs to be taken into account that the cross-sections of the other
elements of the molecule are non-negligible at the chosen photon energies. In
particular, the three carbon atoms, as well as the single oxygen atom, are
accounting for 350 kbarn each, whereas the three hydrogen atoms only contribute
0.1 kbarn in total. All of these constituents may also undergo multiple photon
absorptions at high intensities.

Once ejected from the chiral target, the photoelectrons are projected onto a
position-sensitive micro-channel-plate (MCP) detector via electrostatic electrodes,
i.e. a VMI-spectrometer41 (see a schematic representation in Fig. 4). The current
from the MCPs illuminates a fast phosphorescent screen, i.e. type P47, that is read
out by a 1 Megapixel low-noise camera. The kinetic energy window defined by the
electrostatic field was set to 0–20 eV in order to provide maximum resolution for
low kinetic electron energies. The resolution is estimated to be in the order of E/ΔE
>100. Due to these settings, no Auger electrons were recorded since their kinetic
energies lie mainly in between 570 and 650 eV, as calculated by the XMOLECULE
toolkit33. Exemplary VMI images for a single shot, an average image as well as the
derived nonlinear spectral contributions are depicted in Fig. 4.

Data interpretation and analysis. For each combination of polarization, target,
and delay, we acquired an average of 150,000 images. Resulting from the above
described experimental conditions and present theoretical estimates for the F 1s
binding energies of the neutral molecule, electrons from one-photon absorption
arrived with kinetic energies of about 4 eV, if ionized by the pump pulse, and about
16 eV, if ionized by the probe pulse (see an upper panel of Fig. 5). Those corre-
spond to an F 1s binding energy in the C3H3F3O molecule of Ebind= 694 eV and
are indicated in the upper panel as signals a). As discussed above and in agreement
with the experimental data, neither of them is expected to yield a significant PECD.
Since only a small fraction of the target ionized by the probe pulse corresponds to
the ‘pumped’ target, the one-photon contribution a) was subtracted by filtering the
nonlinear pulse-energy progression via sorting for high contributions in the region
of interest (more details below). The quadratic progression for the signal over the
FEL pulse energy was cross-checked, and clearly supports the nonlinear character
of the spectrum highlighted in red in the lower panel of Fig. 5.

As indicated in the upper panel of Fig. 5 with a red arrow, absorption of the first
photon followed by the Auger decay and Coulomb explosion of the doubly ionized
molecule results in a shift of the F 1s binding energy for the C3H3F2O+ mother-
fragment by about 8 eV, i.e. it has a binding energy of Ebind= 702 eV. The partner-
fragment of this dissociation channel, i.e. the F+ ion, has a calculated 1s binding
energy of 726.6 eV and can therefore not be ionized by any of the pulses. The
probe-pulse will not only release the desired F 1s photoelectrons from the singly
charged mother-fragment C3H3F2O+ [contribution c) in the lower panel of Fig. 5].
The lower panel of Fig. 5 indicates the presence of further prominent fragments in
the ‘pumped’ target, namely: b) the ionization of neutral F atoms by the probe pulse
(Ebind= 697.6 eV), as well as residuals from non-optimal background subtraction
of a); d) ionization of the doubly charged (intact) molecules C3H3F3O2+ by the
probe pulse (Ebind= 704.7 eV), and e) signal stemming from sequential ionization
by the pump pulse of all neutral fluorine-containing fragments with binding
energies in between the neutral molecule and neutral atomic fluorine. Further
(unmarked) nonlinear contributions from the probe-pulse could be originated by
CFþ3 (Ebind= 704.5 eV), CFþ2 (Ebind= 704.9 eV), CF+ (Ebind= 706.4 eV), and
C3H3F2O2+ (Ebind= 707.8 eV). As mentioned in the previous section, about one-
third of all fragmenting channels can be originated by the photon-absorption of
other atoms in the molecule, which yields very different dynamics and dissociation
products that cannot be accounted for in the current experiment.

The F 1s photoelectrons of dissociated neutral fluorine atoms account for a
significant nonlinear pump-probe signal at a kinetic energy of 12.4 eV. It is
interesting to note that despite the large photon energy deposited in the molecule, a
significant amount of neutral fluorine atoms is apparently created. This channel is
in competition with c) since the underlying processes exclude each other. This
signal was analyzed for PECD but, as anticipated due to the large kinetic energy, no
sizable PECD was found. Contribution d) represents the ionization of the doubly
charged intact molecule that can stem mainly from sequential ionization via the
probe-pulse, or at time-zero, it could occur as a combination of photons from the
pump and probe pulse. A small contribution from sequential two-photon
absorption from the linearly polarized pump pulse of neutral fragments could
explain the signal shifted towards lower kinetic energies <3 eV. In the case of a fast
dissociation, neutral fluorine atoms can also be ionized by the pump pulse

(calculated kinetic energy is about 0.4 eV). Given its bandwidth of about 5 eV, this
could in principle contribute to the kinetic energy region below 3 eV.

The encountered uncertainty of the anisotropy parameter β2 resulting from the
averaged VMI-images for the individual time delays is in principal agreement with
the theoretical prediction shown in Fig. 2, but can, due to its large uncertainty, not
contribute to a dynamical perspective of the experimental data.

The photon energy jitter can be corrected in the analysis, however, the broad
bandwidth inevitably leads to an averaging over the highly energy-dependent
PECD. The spatial and timing jitter are negligible due to the chosen operation
mode as described in the section “LCLS machine operation”. A relative pixel-to-
energy calibration of the VMI images was performed by shifting the photon energy
of the pump pulse between 690 and 715 eV. The absolute photon energy is derived
from the calculated binding energy of the neutral molecule. Due to the complex
machine setup and a resulting lack of time, a common transmission normalization
to the racemic target was only done for 60 fs delay. However, due to the subtraction
of normalized images from different targets and different polarizations under
otherwise similar conditions, the PECD determination for the other time delays
was still possible.

After normalization and calibration of the VMI images, they are sorted into
different intensity regimes of the incoming light as well as signal strength in the
ROI (see Fig. 5). This is feasible due to the stochastic nature of the photon
generation, which causes a large variation of the pulse energy from shot to shot.
It can be regarded as an intrinsic intensity scan. The images were subsequently
Abel-inverted42 in order to recover the original three-dimensional distribution
of the electron emission. Due to a small damaged area on the detector in one
quadrant, only data from one-half of the detector was taken into account.
Subtracting the average of the lower half of the intensity contributions in the
ROI from the average of the highest 10%, as identified to be the best trade-off
between strong pump-probe signal and low contributions from sequential
ionization, allowed for self-referencing of the individual spectra. This was

Fig. 5 Assignment of spectral contributions. Panel (a) illustration of
energy distributions of the total and panel (b) nonlinear electron emission
yields for the exemplary case of τ= 60 fs. The former is dominated by
the one-photon absorption signals, while the latter by the two-photon
absorption signals (as indicated in each panel). The calculated
contributions of core electrons of fluorine under different conditions are
indicated by letters a)–e) and, for the subject of this study c), an arrow
further illustrates the shift. Those linear and nonlinear contributions
correspond to: a) one photon ionization of the neutral molecule with the
pump or probe pulse, and b)–e) ionization of F 1s in different fragments, as
indicated in the panel (see also text for details). An inset to the lower panel
illustrates the theoretically predicted kinetic-energy-dependence of the
total PECD, computed for the respective internuclear separation of ΔR= 4
a.u.
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cross-checked for consistency with a dedicated background subtraction of
individual runs containing no circular color. In Fig. 4, the pump-probe data is
furthermore illustrated as VMI image (upper half). As a reference, also averaged
data from the highest 10% of the recorded pulse energies (lower right) as well as
an exemplary single shot are depicted.

For deriving the PECD, such processed normalized images acquired for left-
and right-handed circular polarizations for the same enantiomer are subtracted
from each other. The resulting asymmetric signal in the full three-dimensional
angular distribution for the observed F 1s region of C3H3F2O+ was then
quantified for its forward–backward asymmetry percentage. Contributions b)–d)
were fit with Gaussian curves in order to extract the individual contribution of
c). Due to this angle and energy integration of signal c) for individual quadrants,
it is not feasible to derive an energy-resolved PECD. For 60 fs, we have
additionally confirmed the anticipated sign-change of the forward–backward
asymmetry with swapping from R(+) to S(−) enantiomers. For 250 fs delay, this
method of enantiomer-change was the only available data set, which is part of
the reason for the largest of the uncertainties. We have partly encountered slight
energy and bandwidth shift after swapping helicities of the photons, which also
results in a larger uncertainty due to slightly different kinetic energy
contributions to the PECD. Combining these imperfections with the estimated
additional uncertainties of the manifold processes after inner-shell ionization by
the pump pulse, the complex machine conditions, the partly damaged detector
and therefore reduced statistics, the broad bandwidth of the photons and their
jitter as well as the challenging derivation of the nonlinear signal and its angular
distribution, causes the overall experimental uncertainty to be large (see Fig. 3).
Another complication that may contribute to the uncertainty is the scenario that
the intact mother-fragment restructures into another chiral or even achiral
geometry. Therefore, only the 60 fs delay reveals an unambiguous PECD. It
should, however, be stressed that the robust probe signal of the circularly
polarized pulse, as shown in the lower part of Fig. 5, is a significant outcome of
the experiment in itself. The present experimental procedure does not provide
access to the energy-resolved PECD of signal c). An inset to the lower panel of
Fig. 5 illustrates that the averaged total PECD, computed for the internuclear
separation of ΔR= 4 a.u. corresponding to the time delay of 60 fs, increases
smoothly from about 0.8–1.9% in the kinetic energy range of 6–10 eV, yielding
the energy-averaged value of about 1.4%.

Data availability
The data that support the findings of this study are available from the corresponding
author on reasonable request. All steps to reproduce the presented experimental and
theoretical findings are either explained in detail or cited in the manuscript.
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