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ABSTRACT 

We report photoelectron circular dichroism of  S-(+)-fenchone enantiomers recorded with 

state-state vibrational level resolution using picosecond laser (2+1) resonance enhanced 

multiphoton ionization via 3s and 3p Rydberg intermediate states. The 3p state decays to the 

3s state on a picosecond timescale so that, above the 3p Rydberg excitation threshold, 

ionization of vibrationally hot 3s states competes with direct 3p-1 ionization. Complex 

vibronic dynamics of the 3p→3s internal conversion weaken the Rydberg v=0 propensity 

rule in both the 3p-1 and 3s-1 ionization channels. Large variations of the forward-backward 

chiral asymmetry factors are observed between v=0 and v>0 vibrational transitions, 

including dramatic swings from up to 17%. Such changes of sign indicate complete reversal 

of the preferred direction for photoelectron emission in the laboratory frame, associated to 

vibrational motion. These asymmetry switches easily exceed the amplitude and frequency of 

such vibrationally induced flips previously observed in single photon ionization. 
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Photoionization of randomly oriented enantiomers by circularly polarized radiation produces a 

forward-backward asymmetry in the angular distribution of emitted photoelectrons characterized by 

Kuhn chiral asymmetry factors, g,  that typically range from a few % to several tens %. These 

asymmetries exceed those typically encountered with traditional single-photon chiroptical 

techniques by orders of magnitude due to originating in the pure electric dipole approximation.1, 2  

Initially studied using synchrotron radiation in soft X-Ray and vacuum ultraviolet (VUV), this chiral 

sensitivity has enabled the technique of Photoelectron Circular Dichroism (PECD) as a new probe of 

molecular orbital structure, configuration,  conformation, and clustering.3-4 The more recent 

combination of laser excitation sources with PECD5-6 has opened up further avenues for the 

investigation of both fundamental light-matter interactions7, 8 , 9-10 and practical analytical 

applications.11-15 Resonantly enhanced multiphoton ionization (REMPI) photoelectron circular 

dichroism (MP-PECD) has received particular interest in both these contexts. Theoretical models 

have established the premise that in the perturbative limit, MP-PECD can be considered as a 

photoionization from the optically aligned intermediate state.6, 16 17 In principle then, spectroscopic 

preparation of the resonant state provides a convenient opportunity to state-select and characterize 

an initial state for the subsequent photoionization step. 

Both experimental7, 13, 18-21 and theoretical16-17 studies have addressed some aspects of the part 

played by the intermediate state in MP-PECD, such as  its electronic character, degree of alignment, 

and competing relaxation processes, using the benchmark molecule fenchone (C10H16O). However, 

rather limited attention has been given to the explicit role of vibrational 

excitation.20 A dramatic finding from VUV PECD studies was that 

photoelectron asymmetries of several %  in vibrationally cold chiral oxiranes 

could be caused to completely flip direction by an accompanying weak 

excitation of certain vibrational modes in the cations.22-23 Similar behaviour 

has been reported in PECD of jet-cooled chiral terpenes24-25 but has yet to be 

corroborated in MP-PECD. 

In the following we report a two-photon resonant, one-photon ionization (2+1) MP-PECD 

investigation of jet cooled S-(+)-fenchone via its 3s, 3p Rydberg states. Using a picosecond (ps) laser 

we retain sufficient photon resolution to selectively populate distinct vibrational levels in the 

intermediate state excitation, with comparable resolution for the detection of ion state vibrational 

excitation in the photoelectron spectrum (PES). We show that the magnitude, and indeed direction, 

of the MP-PECD asymmetries display a clear dependence on the levels of vibronic excitation. 

Figure 1 presents a ps laser (2+1) REMPI spectrum of the 3s and 3p bands (also referred to26 as the B 

and C bands) of fenchone.27 The resolution, estimated from the two-fold convolution of the 1.3 ps 

laser pulse width is  ~17 cm-1. With 75 normal modes, fenchone’s vibrational density of states 

increases very rapidly with energy, leading to highly congested spectra. An investigation of a higher 

resolution (~0.1 cm-1) REMPI spectrum recorded with a ns laser source has concluded that 

transitions can be assigned to single vibrational eigenstates only for the first 300 cm-1 (40 meV) 

above the 3s origin.20 Nevertheless, the experimental spectra in Fig. 1 clearly show significant 

resolvable vibrational structures ranging across much of the 3s and 3p bands, as confirmed by the 

Franck Condon simulations for these bands27 shown in Fig. 1. 

 

Scheme 1: S-(+)-fenchone 
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Figure 1. Picosecond laser REMPI spectrum of the 3s/3p bands of fenchone, taken from Ref. [27 ].  

The 3s and 3py Franck-Condon simulated vibrational spectra for excitation from the ground state 

neutral fenchone are taken from the same source. Marked along the bottom are the excitation 

energies where MP-PECD measurements were recorded. 

 

We have recorded ps REMPI PES and MP-PECD spectra at excitation energies that were primarily 

chosen to coincide with these vibrational peaks; these energies are marked in Fig. 1. An overview of 

these results is provided in Figure 2. The two distinctive PES “ridges” running diagonally across the 

waterfall plot (Fig. 2a) have been previously noted in experiments with nanosecond,20 picosecond,27 

and femtosecond19  laser sources. The first ridge, formed following excitation in the B band, is 

identified as arising from 3s state ionization following a strong v=0 propensity rule, as expected for 

Rydberg state ionization. This “3s” PES ridge extends through the subsequent C band excitation 

region, where it is paralleled by a second 3p ionization ridge. 

For the present results, the ionization energy of the peak maxima in both the 3s and 3p ridges varies 

linearly with two-photon excitation energy (Fig. 2c) with fitted slopes of 1.030.01 and 0.990.03 

respectively, indicating that two-photon energy in excess of the threshold, deposited in the Rydberg 

state, is fully retained as internal energy to the cation. Back extrapolation of the 3s fit to the 8.49 eV 

adiabatic ionization energy of fenchone27-28  yields an intercept of 5.965 eV, in very good agreement 

with the spectroscopically determined n→3s transition origin of 5.952 eV.28-29 Similarly, the 3p ridge 

extrapolates to an intercept of 6.403 eV, corresponding closely with the first intense maximum 

observed in the 3p excitation region (Fig. 1). These fitting results, and the extremely similar Franck-

Condon (FC) simulations calculated for the S0 →3s, 3p, and D0 (cation) excitations,27 support  the 

identification of these ridges as vibrational energy conserving “v=0” transitions.  
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Figure 2 (a) Waterfall plot representing the variation of the set of linearly polarized, (2+1) REMPI PES 
with increasing two-photon excitation energy. Ionization energy is obtained as the three-photon 
excitation energy less the electron kinetic energy. Individual spectra have been normalized to the 
same maximum intensity. The corresponding MP-PECD values are revealed as pseudo-colors draped 
onto the PES peaks;  (b) projection of the MP-PECD using the same pseudo-color mapping. The 
adiabatic ionization potential (8.49 eV) is marked as solid line while the maximum ionization energy 
accessible in a three-photon process is indicated by a yellow dash-dotted line. Dashed lines indicate 
the variation of the PES principal peak positions seen as ridges in the waterfall plot; (c) Plot to show 

variation with ionization energy of the principal (v=0) PES peak position along the 3s and 3p ridges; 
(d) Schematic showing (2+1) REMPI excitation. The transitions marked terminate at the 3-photon 

energy but indicate the vibration level-preserving electron energy release given the v=0 propensity  
for Rydberg ionization. 

 

Above the 3p excitation threshold the relative intensity of the ridges was already known to depend 

on the excitation pulse duration, with the 3p ionization dominating the fs spectra,19 while the 3s 

dominates in the ns regime. From these previous observations, an internal conversion from the 3p to 

3s state, with an intermediate lifetime, was inferred.20 A schematic of this proposed (2+1) REMPI 

excitation scheme is given in Fig. 2d. Energetically, ionization via both 3p and 3s intermediate states 

is  possible above the 3p excitation threshold. However, already at this threshold the FC factors for 

direct excitation S0→3s are unfavourable (see FC vibrational simulations in Fig. 1).27 Additionally, we 

note the relative intensities of the “3s” and 3p PES peaks are the same whether recorded with linear 

(Fig. 2a) or circular ( Fig. 7 Ref. [27]) polarizations. An experimental/computational investigation of 

circular-linear dichroism in fenchone shows that, relative to the C band 3p Rydberg excitations, the  
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two-photon transition strength for the 3s electronic excitation is approximately 50%  greater with 

circular polarization, but 50% less with linear polarization.27 The failure to observe changed  3s-1:3p-1 

PES peak intensity ratios with linear and circular polarizations implies that both 3s-1 and 3p-1 

ionization channels proceed via excitation of a common electronic intermediate. This further 

corroborates the inferred 3p→3s internal conversion as the dominant 3s excitation mechanism in 

the C band region.  

The single narrow 3s-1 PES peak shapes recorded via direct 3s Rydberg excitation in the B band 

change appearance when excitation occurs via the C band. Both the 3s-1 and, now, the 3p-1 PES peaks 

are broad and structured (Fig. 2a). While in each ionization channel the v=0 ionization remains the 

most intense component, the additional structures have previously been attributed to additional 

vibrational excitation in both 3p-1 and 3s-1 ionization channels — see for example Fig. 12 Ref. [27]. 

Such weakening of the v=0 propensity is indicative of more complex vibrational dynamics 

associated with the 3p→3s conversion and strong vibronic coupling of the 3s and 3p potential 

surfaces.  

 

Figure 3. MP-PECD spectra (red) 
measured at (a) 5.98 eV (b) 6.40 
eV (c) 6.60 eV two-photon 
excitation energies. 
Corresponding linear polarized 
PES measurements are plotted in 
green. Additionally, panel (a) 
includes 6.34 eV measurements, 
plotted in red and violet on the 
same axes. For clarity only a single 
indicative error bar is drawn here. 
Best fit Gaussian functions for the 

3s (magenta) and 3p (blue)  v=0 
PES component peaks are 
included. For the 3p C band 
excitations (b) and (c), the   
vibrational features identifiable 
from the PES are marked, helping 
reveal correlations with the PECD. 
(Further examples appear in 
Supplementary Information.) 
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An overview of the present MP-PECD results is provided as pseudo-color mapping in Fig. 2a,b with 

examples of individual PES and MP-PECD spectra in Figure 3. For an overall three photon process the 

PECD forward-backward asymmetry can be defined and evaluated as 1 1
1 3 52 4

2 lcp lcp lcpPECD b b b= − + , 

where lcp

jb are the coefficients of the jth Legendre polynomial term in the left circularly polarized (lcp) 

photoelectron angular distribution.6, 30 These odd Legendre terms are antisymmetric with respect to 

the forward-backward direction of the light beam. 

The 3s and 3p PES ridges are evident as local minima in the PECD values recorded along  the v=0 

peaks but, above the 3p Rydberg excitation threshold, both the 3s and 3p PECD swing from negative 

to positive values as the ionization energy (vibrational excitation) increases above the v=0 peaks. 

These swings, of as much as  17%, show the strong forward-backward photoelectron scattering 

asymmetry undergoing a complete reverse in preferred direction. As seen in Fig. 3, there is a 

correlation between the PECD spectra and identifiable vibrational structure in the PES, and we 

conclude that there is here a clear vibrational influence on the PECD. The consistency and amplitude 

of these oscillations dramatically exceeds previous observations of vibrationally flipped PECD22-25 and 

is the principal finding of this study. 

In fact, a swing from negative to positive PECD in the 3p-1 ionization of fenchone was noted by 

Kastner et al.19 However, the much greater bandwidth of their 25 fs laser excitation precluded the 

observation of the vibrational structure as revealed here, and so it was tentatively suggested that 

two different, unresolved 3p states (separation ~120 meV) underlying the rather symmetrical PES 

band profile could be responsible. 19-20 No such switch in the asymmetry was previously remarked in 

the 3s-1 PES bands.   

Our measurements include one made at an excitation energy of 6.34 eV, just below the observed 

REMPI C band. The signal level is low in this region, and a substantial background is evident in the 

REMPI PES (Fig. 3a). Two relatively narrow but partially overlapped PES peaks are seen, the first of 

which fits perfectly the trends established by the 3s v=0 PES ridge (Fig. 2) and which we therefore 

assign as such. The second lies ~0.11 eV to higher energy (and a third, similarly spaced, may possibly 

be discerned from the noise above that). This spacing does not match other fenchone vibrational 

features and an assignment of this additional feature is uncertain.  

To facilitate comparison with previous studies that could only identify v=0 ionizations, we isolate 

and extract PECD asymmetries across the principal v=0 peaks in the 3s and 3p ridges that are 

observed here, and plot their mean values in Fig. 4. For spectra recorded across the first halves of 

both the B 3s and C 3p Rydberg excitation bands, the 3s v=0 PECD values are in agreement with 

previous ns and fs experiments, 19-20 starting at approximately -173 % in the B band and reducing in 

magnitude to less than -10% in the shortest wavelength C band excitations. On the other hand, the 

PECD values recorded between 6.15 –6.35 eV excitation have a significantly lesser magnitude than 

either the ns or fs results. The reasons for this discrepancy are unclear but may be associated with 

the differing times available for relaxation and IVR in the 3s intermediate. A 3.3 ps lifetime for the 3s 
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state has been deduced from direct pump-probe measurements, and a faster 400 fs decay time was 

associated with unspecified IVR or dephasing in the 3s state.21  

The 3p-1 PECD magnitudes (Fig. 4) are significantly larger (~ -5%) than were reported using a 

femtosecond laser source.19 In large part we attribute that to an ability to better identify and isolate 

the v=0 contribution with the better resolved ps PES measurements, so avoiding averaging with the 

opposite sign contributions that accompany higher vibrational excitations in the ion state. Even so, 

we confirm a marked difference between the PECD resulting from direct v=0 ionization from the 3p 

Rydberg states and that from ionization of the 3s state, whether accessed by direct excitation or 

following internal conversion from the 3p states.  

 

Figure 4 Mean v=0 PECD asymmetries (baseline corrected) for 3s-1 and 3p-1 ionizations. These are 

weighted averages formed across the FWHM of gaussian functions previously fitted to the principal 

v=0 PES peaks (shown in Fig. 3). For reference, the ps REMPI spectrum, with arbitrarily scaled 

intensity, is shown in green. 

 

These results show how a degree of vibrational selectivity in both the ionized and the ionizing states 

could be exploited to examine vibrationally influenced chiral photoionization dynamics by selective 

excitation of the neutral intermediate state with picosecond MP-PECD. Earlier conclusions7, 20 that 

there is no substantial vibrational influence on fenchone MP-PECD need to be qualified by restriction 

to 3s-1 v=0 transitions only. Clearly, the ionization with additional ion vibrational excitation 

observed (Figs. 2, 3) in the transition . .
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direction as was observed, more weakly, in some VUV studies.22-25 Moreover, the similar observation 

of propensity rule violating v0 ionization in the 3p-1 channel, with again a corresponding reversal 

in the chiral photoelectron asymmetry, is very likely a demonstration that the evolution of the 

initially excited 3p vibrational wavepacket occurs over both of the non-adiabatically coupled Rydberg 

surfaces. We may anticipate that complementing such experiments with theoretical modelling will 

provide fresh insight into the vibronic dynamics and 3p Rydberg state predissociation. Such work is 

in progress.  

Quite aside from the intrinsic interest of the coupled electron-nuclear dynamics observed by MP-

PECD, these results also suggest caution when interpreting or using PECD asymmetry measurements, 

for example for determining enantiomeric excess,11-13 without resolving or otherwise fully 

characterizing/controlling the vibrational populations of both initial and final states. 

Experimental Method 

Our experimental apparatus and method has been described elsewhere.27, 31    Briefly, the 

picosecond laser system consists of a Ti:Sapphire oscillator, regenerative amplifier, and  single-pass 

amplifier chain (Coherent) pumping an optical parametric amplifier (Light Conversion, TOPAS) 

providing a 1kHz pulse train between 350–450 nm (~ 10–20 uJ). The pulse duration of 1.3 ps 

corresponds to a transform limited bandwidth 11.3 cm-1. Polarization control of the uv output was 

performed by  half- and quarter-waveplates in the beam path. The degree of circular polarization 

obtained for PECD experiments was confirmed by measurement of the Stokes S3 parameter to be 

always >96%.  

He (1 bar) was bubbled through a room temperature commercial sample  (Sigma-Aldrich) of S-(+)-

fenchone enantiomer and admitted into a velocity map imaging (VMI) electron  spectrometer31  by 

expansion through a 1kHz pulsed valve (Amsterdam ACPV2, 150 µm nozzle). The seeded molecular 

beam is then skimmed before entering the main spectrometer chamber. Typical operating pressures 

were 2×10-7 mbar, with a background pressure of 5×10-8 mbar. The laser was focussed into this 

chamber by a 30 cm lens, providing intensities estimated as 1011–1012 W cm-2 in the ionization 

region. 

The VMI photoelectron 2D images were analysed to obtain PES and, for circular polarizations, PECD 

spectra by Abel inversion,32 following a previously described procedure33(examples provided in 

Supplementary Information). When forming the LCP-RCP difference images the image pixels were 

re-binned prior to inversion to improve the PECD statistics, at the expense of a slightly reduced 

kinetic energy resolution compared with the linear polarized PES. In regions of low PES intensity, 

where the noise in forming the difference signal and its intensity-normalization becomes excessive, 

PECD plotting is suppressed. The v=0 PES peaks were fitted with gaussian functions. Above the 3p 

excitation threshold the widths were constrained to be within 10% of the extrapolated widths of the 

pure v=0 peaks in the 3s excitation region. While not unique, these fits help visualise the isolated 

v=0 components when the peak shapes are asymmetrically broadened by further vibrational 

excitation (see Fig. 3). Characteristic PECD values for the v=0 peaks, plotted in Fig. 4, are obtained 

as weighted averages formed across the fitted gaussian’s FWHM. 
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Figure Captions 

Figure 1. Picosecond laser REMPI spectrum of the 3s/3p bands of fenchone, taken from Ref. [27 ].  The 

3s and 3py Franck-Condon simulated vibrational spectra for excitation from the ground state neutral 

fenchone are taken from the same source. Marked along the bottom are the excitation energies where 

MP-PECD measurements were recorded. 

Figure 2 (a) Waterfall plot representing the variation of the set of linearly polarized, (2+1) REMPI PES 

with increasing two-photon excitation energy. Ionization energy is obtained as the three-photon 

excitation energy less the electron kinetic energy. Individual spectra have been normalized to the 

same maximum intensity. The corresponding MP-PECD values are revealed as pseudo-colors draped 

onto the PES peaks;  (b) projection of the MP-PECD using the same pseudo-color mapping. The 

adiabatic ionization potential (8.49 eV) is marked as solid line while the maximum ionization energy 

accessible in a three-photon process is indicated by a dash-dotted line. Dashed lines indicate the 

variation of the PES principal peak positions seen as ridges in the waterfall plot; (c) Plot to show 

variation with ionization energy of the principal (v=0) PES peak position along the 3s and 3p ridges; 

(d) Schematic showing (2+1) REMPI excitation. The transitions marked terminate at the 3-photon 

energy but indicate the vibration level-preserving electron energy release given the v=0 propensity  

for Rydberg ionization. 

Figure 3. MP-PECD spectra (red) measured at (a) 5.98 eV (b) 6.40 eV (c) 6.60 eV two-photon excitation 

energies. Corresponding linear polarized PES measurements are plotted in green. Additionally, panel 

(a) includes 6.34 eV measurements, plotted in red and violet on the same axes. For clarity only a single 

indicative error bar is drawn here. Best fit Gaussian functions for the 3s (magenta) and 3p (blue)  v=0 

PES component peaks are included. For the 3p C band excitations (b) and (c), the   vibrational features 

identifiable from the PES are marked, helping reveal correlations with the PECD. (Further examples 

appear in Supplementary Information.) 

Figure 4 Mean v=0 PECD asymmetries (baseline corrected) for 3s-1 and 3p-1 ionizations. These are 

weighted averages formed across the FWHM of gaussian functions previously fitted to the principal 

v=0 PES peaks (shown in Fig. 3). For reference, the ps REMPI spectrum, with arbitrarily scaled 

intensity, is shown in green. 

 


