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We report a joint experimental and theoretical study of core ionization of fenchone enantiomers at photon

energies in the range 294.9–306.9 eV. Our experimental method enables the measurement of photoelectron

momentum distributions with full 4π solid-angle coverage in the laboratory frame, yielding photon-energy-

resolved dichroic and anisotropy parameters for photoelectrons emitted from C 1s (C=O and C–Hn) orbitals.

Our experimental results are supported by ab initio electronic-structure calculations and agree fairly well with

values available in the literature. Our findings demonstrate that core-level photoelectron circular dichroism is

highly sensitive to both the localization of the emitting orbital and the treatment of background contributions,

providing a solid basis for future studies of complex chiral molecules.
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I. INTRODUCTION

Since its first theoretical description in 1976 [1] and ex-

perimental validation almost 25 years later [2], photoelectron

circular dichroism (PECD) has emerged as a powerful tool

for investigating the interaction of chiral molecules with light.

A comprehensive overview of experimental and theoretical

PECD studies conducted over the past two decades can be

found in a very recent review article [3]. The PECD ef-

fect manifests as a light-helicity-dependent forward-backward

asymmetry in the angular distribution of photoelectrons emit-

ted from chiral molecules ionized by circularly polarized light.

As PECD is governed by an electric-dipole transition [1],

the measured asymmetries typically range on the order of a

few percent, demonstrating the potential of PECD as a sen-

sitive method for chiral recognition [4]—an aspect of critical

importance in medical and biochemical applications.

So far, extensive experimental and theoretical investiga-

tions have explored PECD across different photon-energy

regimes. PECD has been observed not only in single- and

multiphoton ionization but also in strong-field ionization

processes [5], emphasizing its fundamental role in chiral

light-matter interactions. Although early studies targeted the
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ionization of outer molecular orbitals, sizable PECD has

also been observed in the inner-shell ionization of chiral

molecules [6]. From a physical perspective, in this case,

the effect originates from diffraction of the emitted pho-

toelectron wave by the chiral molecular potential, making

it a final-state scattering phenomenon [3]. Recent studies

of the inner-shell photoionization of trifluoromethyloxirane

molecules have demonstrated that PECD depends substan-

tially on both the orbital from which the electron is ejected

[7] and the kinetic energy of the emitted photoelectron [8].

Previous experimental and theoretical studies have exten-

sively investigated photoelectron circular dichroism in fen-

chone across different ionization regimes and intermediate-

state dynamics, providing an important foundation for the

present work [9–15]. In 2008, Ulrich et al. [16] reported

exceptionally large PECD asymmetry signals—up to 20%—

following C 1s ionization of fenchone molecules. This

discovery established fenchone as a compelling target for

further investigation. More recently, PECD studies have ex-

amined fenchone in the liquid phase [17], as well as in

time-resolved valence-shell ionization experiments [18], rein-

forcing its role as a prototype system. In this study, we revisit

the giant PECD asymmetry reported by Ulrich et al. [16]

for two reasons. First, it allows for a direct verification and

comparison of PECD measurements obtained using different

experimental methodologies. Second, the molecular structure

of fenchone provides a unique opportunity to examine how

the location of the source of the photoelectron wave within

the molecule influences the PECD effect.

As depicted in Fig. 1, fenchone consists of nine carbon–

hydrogen (C–Hn) bonds and a single, well-localized carbon–

oxygen (C=O) bond, separated by approximately 2.3 eV

in their binding energies. Due to their similar chemical
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FIG. 1. Schematic illustration of the photoelectron measurement

on (1R,4S)-fenchone. The red-highlighted carbon atom is double

bonded to an oxygen atom, forming a carbonyl (C=O) group. The

remaining green-highlighted carbon atoms are each bonded to n

hydrogen atoms (n = 0–3). Photoelectrons emitted from the C 1s

(C=O) orbital of the carbonyl group exhibit a kinetic energy ap-

proximately 2.3 eV lower than those emitted from the C 1s orbitals

of the C–Hn bonded atoms. The emission angle θe between the

photoelectron momentum vector and the light propagation direction

is measured for both positive and negative light helicities. See Sec. II

for experimental details.

environments, the binding energies of C 1s (C–Hn) photoelec-

trons are very close, and these photoelectrons manifest as a

single broad peak in X-ray photoelectron spectroscopy [18].

Previous studies suggested that the collective contribution of

C 1s (C–Hn) photoelectrons results in a net PECD effect of

almost zero [6]. In Ref. [16], it was shown that, for a spe-

cific energy, a net PECD can be observed, meaning that the

previous statement is not generally valid. Recent theoretical

calculations support this assumption by predicting that, at

certain photoelectron energies, the PECD of C 1s (C–Hn)

photoelectrons may even be comparable to that of C 1s (C=O)

photoelectrons [18]. This finding underscores the need for fur-

ther experimental verification and deeper theoretical insights

into the role of electron localization in PECD.

II. EXPERIMENT

The experiment was conducted using a cold target re-

coil ion momentum spectroscopy (COLTRIMS) reaction

microscope [19], in which a molecular beam of fenchone

molecules was intersected with a photon beam provided by

beamline P04 [20] at the PETRA III synchrotron (DESY,

Hamburg, Germany). The synchrotron was operated in 40-

bunch mode (5.2 MHz), corresponding to a bunch spacing

of 192 ns. This timing structure allows unambiguous elec-

tron time-of-flight measurements, with the bunch-marker

signal providing the start time. Commercially available sam-

ples of the (1R,4S)-(−)-fenchone (Sigma-Aldrich, W507709,

�98%) and (1S,4R)-(+)-fenchone (Sigma-Aldrich, 46120,

�98%) enantiomers were used without further purification.

The stainless-steel sample container, together with the asso-

ciated gas lines and the 200 µm nozzle, was maintained at a

controlled temperature between 70 and 85 °C to ensure stable

vaporization. The molecular beam was generated by expand-

ing fenchone vapor through the 200 µm nozzle into vacuum.

While this expansion does not correspond to a fully developed

seeded supersonic jet, differential pumping combined with

two skimming stages (each 300 µm in diameter) produces

a well-defined, directed molecular beam under weakly colli-

sional conditions. Circularly polarized photons with energies

ranging from 294.9 to 306.9 eV were employed. For each

enantiomer and photon energy, left- and right-circularly po-

larized measurements were recorded for 1 h each. A single

left-right cycle was sufficient to generate each data point

shown in Figs. 4 and 5, with a total acquisition time of

approximately 30 h. The (1S,4R)-enantiomer was studied at

photon energies from 294.9 to 300.9 eV in steps of 1 eV, while

the (1R,4S)-enantiomer was measured at 298.9, 300.9, 302.9,

304.9, and 306.9 eV. The photon energy was calibrated using

argon by measuring the kinetic energies of the Ar 2p1/2 and

Ar 2p3/2 photoelectrons and shifting the energy scale to match

the reference values reported in Ref. [21].

The charged fragments generated in the interaction region

were guided toward two time- and position-sensitive detectors

[22] by a combination of electric and magnetic fields. The

three-dimensional momentum vectors of the electrons were

reconstructed based on their times of flight and impact

positions. This momentum information provided access to the

photoelectron emission angle θe relative to the propagation

direction of the incident light. The COLTRIMS spectrometer

field configuration was optimized to ensure a 4π detection

efficiency for photoelectrons with kinetic energies up to

17 eV. Specifically, the spectrometer consisted of a 42.1 cm

electron arm (14.3 cm acceleration and 27.8 cm drift) and a

13.3 cm ion arm. The extraction field in the target region was

5 V/cm and the magnetic field was 4.7 G. For a meaningful

comparison with existing electron-spectroscopy results, our

study focuses exclusively on the analysis of photoelectron

properties, integrating over all molecular fragmentation

channels and fragment-ion emission angles.

To characterize the employed samples, we performed

absorption-based electron circular dichroism (CD) measure-

ments using a commercial Chirascan V100 CD spectropho-

tometer (Applied Photophysics). Dilute solutions of fenchone

in ethanol (62.3 mM) were measured in a quartz cuvette with

a 1 mm path length. Background subtraction was performed

using a pure ethanol reference measurement. For both enan-

tiomers of fenchone, we measured the circular dichroism in

a wavelength range of 200–400 nm. The step size for each

measurement was 1 nm. The data are displayed in Fig. 2 in

units of molar ellipticity.

A. Dichroic and asymmetry parameter

We analyzed the angle-resolved electron spectra recorded

for randomly oriented fenchone enantiomers at the above-

mentioned photon energies for the two photon helicities (I±).

To account for possible variations in photon flux and sample

pressure, the measured spectra were normalized to their re-

spective integrals. To describe the normalized photoelectron

angular distributions, we utilized the parametrization within

the dipole approximation regime [23]

Ī±(θe) =
1

I±,int

(

1 ± b1P1(cos θe) −
1

2
b2P2(cos θe)

)

, (1)
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FIG. 2. Circular dichroism spectra of the (1S,4R)- and (1R,4S)-

fenchone enantiomers. The difference in signal intensity between the

enantiomers suggests a disparity in enantiomeric purity, as further

discussed in Sec. IV.

with the dichroic parameter b1, the anisotropy parameter b2,

and the first two Legendre polynomials P1 and P2. The value

of b2 was derived from the sum of the angular distributions

obtained using positive and negative helicities, while b1 was

extracted from the difference between these distributions. This

approach yields the standard expression of the PECD signal:

PECD =
Ī+(θe) − Ī−(θe)

Ī+(θe) + Ī−(θe)
=

b1P1(cos θe)

1 − 1
2
b2P2(cos θe)

. (2)

Direct application of Eq. (2) as a fitting function to extract

both b1 and b2 simultaneously is reliable only if b1 does

not approach zero. To ensure a stable fitting procedure, the

denominator of Eq. (2), Ī+(θe) + Ī−(θe), is first used indepen-

dently to extract the anisotropy parameter b2. This value is

held fixed in a second fitting step, in which the full equation is

used to determine the dichroic parameter b1.

B. Background subtraction

In addition, it is essential to take into account the

background signal underlying the photoelectron peaks. This

background contribution is particularly significant for the

C 1s (C=O) photoelectron peak, where it accounts for approx-

imately 40%–50% of the total electron signal. Consequently,

three different types of background contributions must be

considered. The first originates from the ionization of residual

gas and warm fenchone molecules in the reaction chamber and

represents approximately 3% of the total background signal.

The second background contribution arises from false electron

signals, which may be produced, for example, by electron

scattering induced by the halo of the photon beam. This type

of background is estimated from measurements performed

without the target gas and represents approximately 20% of

FIG. 3. Exemplary background subtraction procedure for C 1s

(C=O) ionization at a photon energy of 300.9 eV (see text for details).

(a) Electron energy distributions of (1R,4S)-fenchone recorded at

hν = 304.9 eV (upper panel) and hν = 300.9 eV (lower panel). The

red and green curves represent the fit results for the C 1s (C=O)

and C 1s (C–Hn) photoelectron peaks, respectively. The dashed line

indicates the energy gate used in the analysis. The dominant back-

ground component beneath the photoelectron peaks, shown in gray,

is estimated from the 304.9 eV data. (b) PECD values [see Eq. (2)]

for (1R,4S)-fenchone. Black data points represent the measured val-

ues with statistical error bars before background subtraction. Red

data points show the corrected values, with uncertainties calculated

according to Eq. (6). (c) Same as panel (b), but for (1S,4R)-fenchone.

the background signal underlying the C 1s (C=O) peak. Such

background could be reduced by employing electron-ion coin-

cidence detection. However, in our experiment, the ions were

not detected with full 4π solid-angle coverage. Additionally,

the low electric field required for sufficient electron energy

resolution impairs ion mass identification due to significant

overlap in the time of flight. Applying a coincidence gate on

the ions would therefore introduce a bias by selecting specific

molecular orientations. To preserve a random distribution of

molecular orientations in the analysis, ion-electron coinci-

dences were not employed. The third and dominant type of

background is intrinsic in nature, primarily originating from

physical processes such as multiple Auger decays/Auger cas-

cades and satellite transitions. These contributions distort the

measured dichroic and anisotropy parameters, necessitating a

rigorous background subtraction procedure. In our approach,

we assume that the background present in the electron energy

distribution remains nearly constant across comparable pho-

ton energies. For instance, to subtract the background from

the spectrum recorded at hν = 300.9 eV, we use the corre-

sponding part of the spectrum measured at hν = 304.9 eV

[see Fig. 3(a) for clarification].

The background subtraction is carried out in multiple steps.

First, we estimate the background beneath the C=O and

C–Hn photoelectron peaks. The dominant component, high-

lighted in gray in Fig. 3(a), is attributed to the aforementioned

physical processes. This baseline is fitted using asymmetric
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least-squares smoothing [24]. From the integrated baseline

fit Nb, the fractional background contribution beneath the

photoelectron peak is given by fb = Nb/Nmeas, where Nmeas

denotes the total number of counts within the energy gate

defining the measured photoelectron peak. For the example

shown in Fig. 3(a), the baseline contributes fb = 34% to the

photoelectron signal. Because the C=O and C–Hn peaks par-

tially overlap, each contributes to the apparent background of

the other. A pseudo-Voigt function is used to fit the C=O peak,

while a Voigt function is applied to the C–Hn peak. These

fits enable us to quantify the background contribution aris-

ing from the neighboring peak, expressed as fnp = Nnp/Nmeas,

which amounts to fnp = 8% in Fig. 3(a). We then subtract this

background from the measured angular distribution Imeas(θe).

We distinguish between a baseline component, Ib(θe), and a

neighboring-peak contribution, Inp(θe). The distribution Ib(θe)

is taken from a dataset recorded at a different but comparable

photon energy, whereas Inp(θe) is extracted from data acquired

at the same photon energy. Both components are scaled by

their relative weights, given by

nb = fb ×
Nmeas

Ib,int

=
Nb

Ib,int

(3)

and

nnp = fnp ×
Nmeas

Inp,int

=
Nnp

Inp,int

, (4)

where Ib,int and Inp,int denote the angle-integrated intensities

of Ib(θe) and Inp(θe) used for background subtraction. The

scaled background distributions are subtracted from the mea-

sured angular distribution, and the result is normalized by

the angle-integrated corrected intensity to obtain the final

background-corrected signal:

Īcorr(θe) =
Imeas(θe) − nbIb(θe) − nnpInp(θe)

Icorr,int

. (5)

The associated uncertainty is approximated as

�Īcorr(θe) ≈

√

√

√

√

(

�Imeas

)2
+ (nb�Ib)2 + (nnp�Inp)2

+ (Ib�nb)2 + (Inp�nnp)2

Icorr,int

, (6)

where �Imeas, �Ib, and �Inp denote the respective statistical

uncertainties, and �nb, �nnp arise from the fitting proce-

dure. As the background is forward-backward symmetric, the

main effect of the background correction is an increase in

the dichroic parameter b1. For the case shown in Fig. 3, we

obtain b1 = 0.032 (= 0.051) before (after) the background

correction for the (1R,4S)-enantiomer [black and red curves

in Fig. 3(b)], while for the (1S,4R)-enantiomer in Fig. 3(c), it

is b1 = −0.024 (= −0.049), respectively.

III. THEORETICAL CALCULATIONS

We performed our calculations only for C 1s (C=O) pho-

toionization of fenchone using the stationary single-center

method [25–27], in a manner similar to our previous study

of the O 1s photoionization of this molecule [28]. The cal-

culations were carried out in the relaxed-core Hartree-Fock

(RCHF) approximation at the equilibrium internuclear geom-

etry of the ground electronic state of the neutral molecule.

Partial photoelectron continuum waves were obtained in the

ionic potential of a singly charged molecule, which in-

cludes a monopole relaxation of all occupied orbitals caused

by the created core vacancy. This effect was simulated in

the equivalent-core approximation with a fractional nuclear

charge for the core-ionized atom [29,30]. For this purpose,

all occupied orbitals of the ion were generated in a molecule

containing all 84 electrons, with the nuclear charge of the

carbon atom in the C=O group set to 6.5 (as optimized in

Refs. [29,30]), thereby modeling relaxation on a half of the

created core vacancy. These occupied molecular orbitals were

generated using the PC GAMESS (US) [31] quantum chemistry

package with a triple-zeta valence basis set [32] augmented by

two p-type and one d-type polarization functions. The orbitals

were further represented by single-center expansions with

angular momentum quantum numbers ℓ, |m| � 99 and used

to generate the ionic potential of the C 1s (C=O) core-ionized

molecule for the photoelectron waves with ℓ, |m| � 29. The

dichroic and anisotropy parameters were calculated via the

explicit equations reported in Refs. [33,34].

IV. RESULTS AND DISCUSSION

In our experiment, we measured the full momentum distri-

bution of the photoelectrons, covering all emission directions

in the laboratory frame. This provides access to the dichroic

parameter b1 and the anisotropy parameter b2 as functions of

both the electron and photon energies. The absolute electron

kinetic energies were determined from the calibrated pho-

ton energies and the binding energies reported in Ref. [16],

namely, IPC 1s (C−Hn ) = 290.3 eV and IPC 1s (C=O) = 292.6 eV.

The dichroic parameter characterizes the strength of the

PECD signal and, ideally, should have identical absolute

values for both enantiomers, albeit with opposite signs. To

verify this, we measured both enantiomers at two photon

energies, 298.9 and 300.9 eV, as an internal consistency check.

A meaningful comparison also requires assessing the enan-

tiomeric purity of the samples, as this factor influences the

observed PECD magnitude. Variations in the enantiomeric

purity of commercially available samples of (1R,4S)-fenchone

have been reported in previous studies [35–37]. Consistent

with this, the circular-dichroism measurement shown in Fig. 2

reveals a notable difference in signal intensity between the two

enantiomers, indicating a significant variation in enantiomeric

purity. Specifically, the maximum CD signal for (1S,4R)-

fenchone is approximately 1.2 times that of (1R,4S)-fenchone.

This disparity results in different absolute values of the PECD

signal measured for the two enantiomers. To correct for this

difference in enantiomeric purity, the measured values of b1

for (1R,4S)-fenchone were scaled accordingly.

Figure 4 shows the measured values of the dichroic pa-

rameter b1 and the anisotropy parameter b2 for C 1s (C–Hn)

photoelectrons, spanning kinetic energies from about 4 to

15 eV. To illustrate the influence of the underlying background

in the measured data, we included error bands in the plot, rep-

resenting the difference between the background-subtracted

data and the raw data without background subtraction. The

large ionization cross section of the C 1s (C–Hn) peak
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FIG. 4. Experimental and theoretical results of C 1s (C–Hn)

ionization of the (1S,4R)-fenchone (blue) and (1R,4S)-fenchone

(orange) enantiomers. The upper and lower panels display the

photon- and electron-energy-resolved anisotropy parameter b2 and

the dichroic parameter b1, respectively. Solid symbols with error bars

represent our experimental data points, corrected for the measured

difference in enantiopurity (see text). The blue and orange error

bands represent experimental values obtained without background

subtraction. The blue dashed curve (theory) and the open symbols

(experiment) are taken from Ref. [18].

naturally results in a low background contribution, as reflected

in the narrow error bands. The extracted values of the dichroic

parameter lie within a few percent. The anisotropy parameter

increases with electron kinetic energy and is expected to satu-

rate at b2 = 2, representing ionization of an atomic s state. In

molecules, this value is reduced by scattering of the electron

on its way out of the molecular scaffold; neglecting shape

resonances, the scattering decreases with increasing electron

energy.

It is not possible to separate the individual contributions

of the nine C–Hn bound carbon atoms in the measured spec-

tra. Nevertheless, the observed asymmetry can be interpreted

as a net forward-backward asymmetry arising from the su-

perposition of the photoelectron signals from the individual

C 1s contributions, adding up incoherently. In previous stud-

ies (Refs. [16,18]), it was suggested that all overlapping

C 1s (C–Hn) contributions approximately cancel out, such

that averaging over them would result in a net PECD effect

close to zero. In contrast, the asymmetry values observed in

our measurements, though small, do not cancel out. Time-

dependent ab initio calculations reported in Ref. [18] predict

the energy-resolved dichroic parameter for the averaged con-

tribution of individual C 1s (C–Hn) photoelectrons, which we

plot together with one experimental data point at a photon

energy of 300 eV (dashed blue curve and open blue symbol

in Fig. 4). Our experimental data show good agreement with

FIG. 5. Experimental and theoretical results for the (1S,4R)-

fenchone (blue) and (1R,4S)-fenchone (orange) enantiomers follow-

ing C 1s (C=O) ionization. The upper and lower panels depict the

photon- and electron-energy-resolved anisotropy parameter b2 and

the dichroic parameter b1, respectively. Solid symbols with error bars

represent our experimental data points, corrected for the measured

difference in enantiopurity (see text). The blue and orange error

bands represent experimental values obtained without background

subtraction. Solid lines correspond to the present RCHF calculations.

Open symbols and the dashed curve represent, respectively, experi-

mental and theoretical data from Ref. [16].

these theoretical predictions in the kinetic-energy range of

7–11 eV. However, for lower and higher kinetic energies, our

experimentally obtained values do not support the theoretical

predictions of Ref. [18].

In contrast to the relatively sparse data available for

C 1s (C–Hn) photoelectrons, extensive experimental and the-

oretical results have been reported in the literature for C 1s

(C=O) photoelectrons. Our experimental findings for both the

dichroic b1 and the anisotropy b2 parameters, together with

the present RCHF calculations, are compared in Fig. 5 with

the available experimental and theoretical data from Ref. [16].

Overall, our experimental results are in good agreement with

the present theoretical results for b1 and b2, successfully re-

producing the general trend of the energy-resolved dichroic

parameter reported in the literature. The data points measured

at 298.9 and 300.9 eV for both enantiomers show good agree-

ment, differing only in sign.

We do not observe the sign change in b1 at a kinetic energy

of approximately 3 eV, as suggested by the computed and

measured data from Ref. [16] and by our theory. In addition,

the present experiment and theory do not support the sign

change in b1 at a kinetic energy of approximately 12 eV,

as proposed by the calculations of Ref. [16]. Moreover, the

absolute values of b1 obtained in our measurements appear

to be slightly shifted in energy and are somewhat lower than
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FIG. 6. Comparison of the measured energy-resolved dichroic

parameters for C 1s (C=O) (red symbols) and C 1s (C–Hn) (green

symbols) photoelectrons in (1S,4R)-fenchone.

those reported in Ref. [16]. The relatively large error bands

indicate a significant background contribution underlying the

C 1s (C=O) peak, which must be considered when analyzing

and interpreting the absolute values of the dichroic parameter.

Therefore, employing different approaches in the treatment

or estimation of the underlying background may explain the

observed differences between our results and the previously

reported experimental values of b1.

In the case of C 1s (C=O) ionization, the emitted photo-

electrons originate from a well-defined distance relative to

the chiral center at the instant of photoionization. In contrast,

for C 1s (C–Hn) ionization, this distance spans a distribution

of values. The C 1s (C=O) photoelectrons may therefore be

considered to come from a spatially localized source, in con-

trast to the delocalized nature of C 1s (C–Hn) photoelectron

sources. A comparison of the energy-resolved PECD signals

for these two cases enables an assessment of how, for a fixed

photon energy, both the kinetic energy and the emission site

of the electron influence the PECD. A direct comparison

between the energy-resolved dichroic parameters for C 1s

(C=O) and C 1s (C–Hn) photoelectrons in (1S,4R)-fenchone

is shown in Fig. 6. As shown, the magnitude of b1 for the

C–Hn sites is consistently lower than that for the C=O site,

with the largest absolute difference occurring at a kinetic

energy of approximately 8 eV. At this energy, the dichroic

parameter for C=O is about seven times larger than that for

C–Hn. In contrast, at a kinetic energy of 5 eV, the measured

asymmetries are very similar. The overall trend of the dichroic

parameter not only differs substantially between C=O and

C–Hn, but also exhibits an opposite sign above approximately

7 eV. These observations indicate that the spatial origin of the

photoelectron within the molecule has a stronger influence

on PECD than the photoelectron kinetic energy alone. This

sensitivity of the photoelectron wave indicates that inner-shell

PECD is caused by scattering mainly at small distances inside

the molecule and is not dominated by the long-range part of

the potential.

V. CONCLUSION

We have measured the energy-resolved dichroic (b1) and

anisotropy (b2) parameters of the C 1s photoelectrons for spa-

tially localized (C=O bound) and delocalized (C–Hn bound)

emitters in fenchone enantiomers. Our experimental results

are supported by relaxed-core Hartree-Fock calculations. Fur-

thermore, we have demonstrated the critical importance of a

proper treatment of the background underlying the photoelec-

tron peaks—an issue particularly relevant for core-level ion-

ization in larger molecular systems. To mitigate background

interference in core-hole ionization measurements, we pro-

pose focusing on momentum-conserving two-body breakup

events, in which the only emitted particles are a photoelectron

and a high-energy Auger electron. This approach would, in

principle, eliminate the dominant systematic background of

low-energy electrons from secondary decay routes and could

represent a promising strategy for future PECD measurements

using a reaction microscope. Using this method, PECD in

fenchone enantiomers could also be investigated as a function

of a single molecular breakup axis, similar to the approach of

Refs. [38,39]. Furthermore, our findings reveal a nonzero net

forward-backward asymmetry in the emission from delocal-

ized C–Hn emitters. However, a complete interpretation of the

PECD signal—specifically, the decomposition into contribu-

tions from individual C 1s (C–Hn) photoelectrons—remains

experimentally inaccessible. Overall, our work suggests that

PECD depends more strongly on the spatial origin of the emit-

ted photoelectron than on its kinetic energy. This highlights

the need for further investigation into the microscopic origins

of PECD in complex chiral molecules.
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