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Abstract 

Few-femtosecond extreme-ultraviolet (EUV) pulses with tunable energy are employed to 

initiate the Jahn-Teller structural rearrangement in the ethylene cation. We report on a 

combined experimental and theoretical investigation of an unusual isotope effect on the low 

energy competing H/D-loss and H2/D2-loss channels observed in the ultrafast dynamics 

induced by an EUV pump pulse and probed by an infrared (IR) pulse. The relative production 

yield of C2D4+, C2D3+, and C2D2+ exhibit pronounced oscillations with a period of ~50 fs as a 

function of the pump-probe delay, while the oscillatory patterns are less pronounced for C2H4+. 

By using surface hopping to model the non-adiabatic dynamics in the four lowest electronic 

states of the cation, we show that the enhanced oscillations in deuterated fragment yields arise 

from a synergy between the isotope effect on the wave packet relaxation through the network 

of conical intersections and on the vibrational frequencies of the cation.  
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1. Introduction 

Recent studies have renewed interest in the ultrafast relaxation and the dynamics of the 

structural Jahn-Teller rearrangement that follow the sudden ionization of ethylene (C2H4) 

neutral ground state to the lowest electronic states of its cation (C2H4+)1-6. This renewed focus 

is driven by significant advances in generating ultrashort extreme-ultraviolet (EUV) and 

infrared (IR) pulses, which allow researchers to capture time-resolved electronic and vibronic 

dynamics with unprecedented detail7-10. These ultrashort pulses have enabled direct 

observation of the intricate molecular motions that occur as the ethylene cation undergoes rapid 

structural rearrangement, illuminating the crucial roles of conical intersections (CIs) and 

vibronic couplings in guiding these ultrafast processes. Such insights provide a more detailed 

understanding of the mechanisms underlying electronic relaxation and molecular 

reconfiguration on femtosecond time scales. A comprehensive overview of foundational 

studies in this field can be found in Ref.5. The ethylene cation serves as a model system for 

investigating electronic relaxation pathways, structural dynamics, and energy redistribution 

after ionization. Dynamics simulations indicate that excited C2H4+ relaxes to the lowest 

electronic doublet state through CIs, which occurs at both twisted and planar molecular 

geometries. These CIs facilitate distinct dissociation pathways, leading to H- and H2-loss. 

EUV-pump and IR-probe schemes, which ionize neutral ethylene and then track the ensuing 

nuclear and electronic dynamics, have confirmed many of these mechanisms experimentally. 

The high time resolution of these methods has provided critical insights into the relationship 

between excitation energy, relaxation pathways, and fragment ion yields. 

EUV time-resolved photoelectron spectroscopy has further expanded our 

understanding by examining isotope effects in these ultrafast relaxation dynamics. Experiments 

using ethylene-d4 (C2D4) reveal notable isotope influences on the time scales and yields of 

fragmentation processes11. Specifically, deuteration increases the time scale for internal 

conversion steps by a factor of approximately √2, consistent with theoretical predictions that 

account for the mass-dependent nature of nuclear motion. This delay in dynamics highlights 

the critical impact of isotopic substitution on the molecular relaxation pathways of ethylene 

cations. 

In this work, we provide evidence for an unexpected isotope effect on charged 

fragmentation yields, utilizing an advanced few-femtosecond EUV-pump/IR-probe 

experimental setup. Our results reveal new details on the time-dependent fragmentation 

pathways in ethylene cation photochemistry, demonstrating that isotope substitution can 
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significantly modulate ions yields on femtosecond time scales. This study contributes to a 

deeper understanding of the molecular-level mechanisms driving photochemical reactions in 

ethylene cations, with broader implications for interpreting isotope effects in other systems 

undergoing ultrafast nonadiabatic dynamics. 

2. Ion yields and population dynamics of the lowest states of the ethylene cation 

Briefly, the ethylene neutral ground state (GS) is ionized to the four lowest electronic 

states of the cation, D0, D1, D2 and D3, using ~10-fs EUV pulses produced by high-order 

harmonic generation (HHG) in a gas cell, driven by ~15-fs IR pulses with a central wavelength 

of about 800 nm. The low order harmonics (9th, 11th and 13th, hereafter indicated as H9, H11 

and H13, respectively) are spectrally selected by employing a time-delay compensated 

monochromator12-14 (see Fig. S1 in the Supporting Information (SI)). 

 

 
Figure 1: Relative yield as a function of the EUV-IR delay for the fragments (a) C2H4

+, (b) C2H3
+, and (c) C2H2

+, obtained by 
ionizing ethylene with H9 (blue), H11 (green) and H13 (orange). The second row shows the results in case of ethylene-d4 
ionization: (d) C2D4

+, (e) C2D3
+, and (f) C2D2

+. In all panels, the markers represent the average over 10 independent 
pump−probe measurements, while the shaded areas cover twice their standard deviation (error of the mean). 

 

Figure 1 shows the differential ion yield, defined as the difference between the ion yield 

measured with and without the IR pulse, divided by the latter, for the first three heaviest 

fragments of ethylene (figs. 1(a)-(c)) and ethylene-d4 (Figs. 1(d)-(f)).  The deuterated fragments 

qualitatively agree with their related hydrogenated counterpart, besides clear amplitude 

oscillations with a period of ~50 fs. Photoionization by H9 leaves the molecule mostly on the 

GS of the cation, D0, with a smaller fraction on the first excited state, D1 (see Table 1). The 
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photoionization cross-sections are taken to be identical for the two isotopomers and were 

derived from the experimental data of Ref.15 and are in good agreement with computed 

photoionization cross-sections, see for example ref.16. The interaction with the IR pulse induces 

a bleaching of the parent ion, occurring near delay zero (i.e., when pump and probe pulses 

temporally overlap) for both isotopomers (compare the blue curves in Figs. 1(a) and 1(d)). 

 
Table 1. Relative photoionization yields to the D0, D1 and D2/D3 states of the ethylene cation derived from the experimental 
photoionization cross section reported in Ref. 15 and the harmonic spectra used in this work. For H13, the ionization yields of 
higher excited states are ≤ 1% and have been neglected, see SI, section S1. 

C2H4/C2D4 H9 H11 H13 

D0 0.64 0.23 0.11 

D1 0.35 0.52 0.28 

D2/D3 0.01 0.25 0.61 

  

After excitation by H11 (green curves in Fig. 1) and H13 (orange curves in Fig. 1) the 

cation is left in a higher excited state (see Table 1) and the bleaching occurs at ~25-fs delay 

time, where a shoulder is observed in C2H4+ relative yield from H9 (Fig. 1(a), blue curve). In 

our previous study3 we have used dynamical surface hopping (SH) for ensembles of trajectories 

initially started on the ground cationic state and the first three excited states, followed by Born 

Oppenheimer Molecular Dynamics (BOMD) simulations once the population of the excited 

cationic states relaxed back to D0. We showed that the bleaching peak in the C2H4+ yield is due 

to a re-excitation to D3 of the population that relaxed to D0 from higher states or that was 

ionized to D0 by the IR probing pulse through a multiphoton process3 (see Fig. 2(a) for a 

cartoon of the relaxation paths). Re-excitation is favored when a notable fraction of the 

trajectories on D0 adopt a geometry that corresponds to a large transition dipole and is three-

photon resonant with D3. The bleaching peak for H11 and H13 ionization is delayed relative to 

that for H9 ionization due to the ~20 fs needed for the population in the D1, D2, and D3 states 

to relax to D0, establishing favorable conditions for re-excitation.  

The same mechanism is responsible for the delayed shoulder observed in Fig. 1(a), 

which is attributed to the re-excitation to D3 of the population initially excited to D1 by H9 and 

that later relaxes to D0.3 The short computed lifetime for D1 (~12 fs, see Table S2) in C2H4+ 

supports this argument and is in agreement with similar semiclassical studies.1-5 The shoulder 

is almost absent for the C2D4+ H9 yield (Fig. 1(d), blue curve) because of the mass effect on 

the rate of motion of the wave packet on D1 for the heavier isotopomer which leads to a longer 
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computed relaxation lifetime of 26 fs (Table S2) for the D1 state of C2D4+. For the H11 and 

H13 ionizations of C2D4 (green and orange curves in Fig. 1(d)), the delay of the bleaching is 

comparable to what observed in C2H4. SH non-adiabatic modeling of the population dynamics 

(see SI, section S2), shows that the different relaxations paths through the network of CI's from 

the excited states to the GS D0 are followed in different proportions by the two isotopomers. 

This is qualitatively sketched by the thickness of the red (C2H4+) and blue (C2D4+) arrows in 

the cartoon of Fig. 2(a). Figures 2(b)-(g) show the calculated temporal evolution of the 

electronic state populations following initial excitation to D1 (Figs. 2(b) and (e)), D2 (Figs. 2(c) 

and (f)) and D3 (Figs. 2(d) and (g)). The mass isotope effect slows the motion of C2D4+ and 

delays the relaxation from D1 to D0, as shown in the computed decay curve for the D1 ensemble 

(compare Figs. 2(b) and (e)). In contrast, there is only a small delay in the relaxation of the D2 

and D3 ensembles (see Figs. 2(c)-(d) and compare with Figs. 2(f)-(g), respectively) resulting in 

similar computed lifetimes of these two higher excited states (see Table S2). 
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Figure 2: (a) Cartoon of the relaxation paths through the network of CIs between the 4 lowest electronic states, D0
, (black), 

D1 (light blue), D2 (grey) and D3 (orange), of the ethylene cation for C2H4
+ (red wavepacket) and C2D4

+ (blue wavepacket). 
Also shown is the ground electron state, S0 green curve, of the neutral which is suddenly ionized by the EUV pulse (violet 
arrow on the left). The thickness of the red and blue arrows indicates the difference in the fraction of trajectories that follows 
a given pathway. The relaxation pathway of the two isotopomers differs on D1, where a larger fraction of the heavier C2D4

+ 
relaxes to D0 through the planar I CI (violet cone) than for C2H4

+, see Table 2. The green cone indicates the twisted CI between 
D1 and D0. Molecular geometries are given after excitation (D2h) or at the highlighted D0/D1 CIs. For the case of the planar I 
CI, the yellow arrows indicate the torsional motion and CC stretching that are activated at the CI geometry. Finally, the red 
vertical arrows on the left picture the 3-photon re-excitation process discussed in Ref. 3. Note that the total energy is conserved 
for each ionization energy meaning that the population on D0 is vibrationally more excited for H11 and H13 than for H9. (b)-
(d), Population dynamics for the hydrogenated molecule corresponding to initial excitation to D1, D2 and D3.(e)-(g) same as 
(b)-(d) but for the deuterated molecule. 

3. Isotope effect on the dynamics of the fragmentation yields 

Beyond the isotope effect on the timing of the bleaching peak of the parent and the 

correlated first maximum in the other fragments in Fig. 1, there is a pronounced isotope effect 
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on the dynamics of the fragmentation yields. The temporal evolution of the relative ion yield 

of the deuterated species (displayed in Figs. 1(d)-(f)) shows large oscillations with a period of 

~50 fs (with peaks at ~85 fs and ~135 fs).  In contrast, in the ion yields of the hydrogenated 

species (Figs. 1(a)-(c)) the oscillations are much weaker, and visible only in the parent ion, 

with a comparable ~50-fs period. In C2D4+ the oscillations dephase after ~150 fs and exhibit a 

revival after ~250 fs for the H11 and H13 ionization (see Fig. S7). A previous experimental-

theoretical study of the isotope effect on the fragmentation of the ethylene cation using a higher 

energy EUV attosecond pulse train and a longer IR pulse probe6, focused on monitoring the 

yields in higher energy fragments (H+/D+, CH2+/ CD2+). Faster dynamics was reported for 

C2H4+, but no oscillations were resolved in the fragmentation yields. 

In this Paper, we demonstrate that the large oscillations in the fragment yields in the 

case of ethylene-d4 originate from the synergy between two isotope effects on the dynamics, 

which affect the fraction of the photoionized population that is present or has relaxed to D0 

from the higher excited states and is available for re-excitation by the IR pulse. The first isotope 

effect is the slowdown of the motion of the wave packets of the deuterated species due to the 

mass effect, which alters the relaxation paths through the network of the CIs between the 

electronic states of the cation (see Fig. 2(a)). The second effect involves the mass-dependent 

changes in the vibrational frequencies of the D0 state which leads to stronger coupling between 

the CC stretching and the torsion and scissoring modes in the vibrationally excited C2D4+ cation 

that control the magnitude of the transition dipole from D0 to D3. 

Upon sudden ionization of the neutral ground electronic state in its equilibrium 

geometry, the ethylene cation is produced in an unstable planar D2h geometry which initiates 

nuclear motion on the four lowest excited electronic states of the cation, D0, D1, D2 and D3, that 

are populated by EUV photoionization in this study (see Fig. 2(a)). The nuclear motion in the 

excited states triggers ultrafast electronic relaxation in ~50 fs through a network of planar and 

twisted CIs, which leads to fragmentations and isomerizations on the ground electronic state 

D0. Several theoretical studies 1-6, 17-21 have already identified the essential of the excited state 

dynamics for the four lowest states of the cation. The CIs seams between the excited states act 

like geometrical funnels that constrain the geometry of the cation when it relaxes from a higher 

excited state to a lower one, thereby activating specific nuclear motions. The CIs sampled by 

the SH trajectories at the level of electronic structure that we use agree with recent previous 

works1, 5. We provide the geometries of the minimum energy CIs (MECIs) in Section S4.1 of 

the SI. 
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The D2/D3 and D2/D1 relaxations occur through the seams of two peaked MECIs with 

planar geometries and elongated C-C bonds (~1.4Å) (marked with violet cones in Fig. 2(a), see 

Section S4.1 of the SI). These geometries are close to the planar geometry of the neutral GS of 

the Franck-Condon (FC) region, which explains why the relaxation is ultrafast and not subject 

to isotope effect. The D3/D2 transfer occurs within 5 fs for both isotopomers (Figs. 2(d) and 

2(g)). The population transfer from D2 to D1, instead, happens within 5 to 10 fs for both the D2 

(Figs. 2(c) and 2(f)), and the D3 (Figs. 2(d) and 2(g)) initial states. In this latter case we observe 

an additional shoulder at about 15 fs. The D3/D2 and D2/D1 MECIs activate the C-C elongation 

and in plane C-H modes. As a result, the populations that reach D1 within the first 10 fs from 

D2 and D3 exhibit planar geometries which are significantly different from the D1 ensemble of 

initial conditions sampled from the Wigner distribution of the D2h planar neutral (see Fig. S9).  

 Three CIs are involved in the D1/D0 relaxation sampled by the SH trajectories: two 

planar and a twisted one. The two planar CIs were identified in Refs.1, 5. We call them planar I 

and II, respectively. The planar I MECI (violet cones in Fig. 2(a) between D1 and D0) is located 

2.45 eV above the energy of the planar, D2h, D0 cation (see Table S3). It has a distorted 

geometry with modified HCH angles and a slightly compressed C-C bond (1.28 Å). It plays a 

major role relaxation channel to D0 for both isotopomers (see Table 2). The second MECI, 

planar II (not shown in Fig. 2(a)), is slightly higher in energy (2.56 eV, Table S3) and is less 

sampled in relaxation dynamics of the two isotopomers. Both MECI geometries have a 

compressed C-C bond. They activate the C-C elongation and CH modes as the D3/D2 and D2/D1 

ones, but to a lesser extent, see Fig. S9, and low frequency, out-of-plane motions: the CH2 

torsion, wagging, and HCH in plane scissoring modes (see SI Section S4.1). The planar MECI 

geometries (see the molecular cartoon in Fig. 2(a) for planar I) differ more from the planar 

geometry of the neutral ground state than the D3/D2 and the D2/D1 MECIs. As a result, the 

decay of the D1 initial state to D0 in Figs. 2(b) and (e) is slower than that of the D2 and D3 ones 

to D1, see Figs. 2(c)-(f). The seams of the planar CI’s are very shallow. In addition, Fransèn et 

al.5 identified a third planar D1/D0 MECI that was not characterized at our level of electronic 

structure, and that is similar to the one reported in Ref.4, see SI section S4.1. 

The third major MECI playing a role in the D1/D0 relaxation dynamics for the energy 

range of the three ionization energies discussed here has a twisted MECI geometry with a 

torsion angle of 90˚ as previously reported (marked with green cones in Fig. 2(a)).1, 5, 17, 18 This 

CI is lower in energy than the two planar MECI (1.57 eV above the planar D2h geometry of D0, 

Table S3) and activates the out-of-plane low frequency mode CH2 torsion, wagging, and in 

plane HCH anti-symmetric bending scissoring, as well as the C-H stretching. Unlike the other 
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two planar CIs, the C-C stretching is not activated in the twisted CI. We identified a second 

non-planar MECI of an approximate C3v ethylidene geometry that is however not sampled by 

the SH trajectories in the first 200 fs, see section S4.1. On the other hand, ethylene/ethylidene 

isomerization occurs extensively on D0 for the D1, D2 and D3 initial states during the 2 ps 

BOMD dynamics for both isotopomers. It does not however correlate with H2 loss as 

speculated in Refs.17, 18 and reported by Fransèn et al. for ~ 2% of trajectories initiated on D2 

and D3 in the first 200 fs of SH simulations for C2H4+, see SI Section S5. 
Table 2. Fraction of trajectories that reach D0 through a hop from D1 via the three D1/D0 CIs (see Fig. S2 for the 
distribution in time of the last D1/D0 hop for the three ensembles of initial conditions on D1, D2 and D3 
respectively). The confidence intervals are reported in Section S4.2. 
 

Hydrogen 
 
Deuterium 

 
Planar Type I Planar Type II Twisted 

Ensemble D3 52.3 6.4 41.3 
58.7 4.2 37.1 

Ensemble D2 81.5  9.4 9.1 
96.3 3.1 0.6 

Ensemble D1 77.5 21.1 1.4 
86.4 13.3 0.3 

 
 

The major channel for the D1/D0 relaxation is the planar I CI for the D1 and the D2 

initial states for both isotopomers, see Table 2. The confidence intervals were assigned using a 

bootstrapping procedure reported in Section 4.2. Because of the mass effect, the motion of the 

C2D4+ trajectories initiated in the FC region is slowed down compared C2H4+. As a result, C2D4+ 

more efficiently relaxes through the planar I CI, which is sloped and close to the FC region in 

configuration space. For the D1 ensemble, the isotope mass effect leads to a longer relaxation 

time, 21.4 fs for C2D4+ vs 12.3 fs for C2H4+ (see Table S2). The amount of relaxation of the D1 

ensemble through the twisted CI is negligible, ~1% for C2H4+ and less than 1% for C2D4+. For 

the D2 ensemble, for C2H4+ the fraction that relaxes through the twisted D1/D0 CI reaches 9% 

and is comparable to the fraction going through the planar II D1/D0 CI, while for C2D4+ because 

of the isotope mass effect, these fractions reduce to 3.1 and 0.6% respectively. In the deuterated 

molecules, this makes the planar I CI the overwhelming channel (>95%) for relaxation for the 

D2 ensemble. For the D3 ensemble, we observe a significant rise in the fraction of trajectories 

that relax through the twisted D1/D0 CI for both isotopomers (~40%). Nevertheless, relaxation 
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through the planar I CI remains dominant (~59% for C2D4+ and ~52% C2D4+). For C2H4+, the 

D1/D0 relaxation pathways identified in this work are in semi-quantitative agreement with those 

reported in Ref. 5, showing an increase in the importance of the twisted one for the D2 and D3  

initial states. The major differences are that in our computations the twisted pathway is already 

playing a role for the D2 initial state and the contribution of a third planar MECI to the D1/D0 

relaxation in Ref. 5.  

Since the total energy is conserved, relaxation from the D1, D2 and D3 initial states leads 

to a vibrational excitation of D0. Moreover, the geometrical constraints imposed by the 

relaxation through CIs lead to specific distributions of C-C distances, and HCH and HHHH 

angles on D0 for the D1, D2 and D3 initial states (see Fig. S9), which are in turn different from 

the Wigner distribution on D0. The Wigner distributions of CC distance (Fig. 3(a)) and HCH 

angles on D0 are narrower than the distributions resulting from the higher electronic states 

which are centered on larger mean values. In addition, the distributions of C2D4+ are 

systematically narrower than those of C2H4+ because the mass isotope effect on the vibrational 

motion. The major difference however is seen in the torsion mode, whose Wigner distribution 

for the D0 ensemble is peaked at ~±23°, the values of the twisting angle in the equilibrium 

geometry (see left panel of Fig. 3(b)). Instead, the distributions of the torsion angle on D0 are 

centered around 0° for the ensembles of trajectories initiated on excited electronic states (see 

right panel of Fig. 3(b)), as a result of the planarity constraint imposed by the D1/D0 type I CI 

and the D2/D3 and D1/D2 ones. Note that for the D1 ensemble the distribution of the CC distance 

peaks at higher value for the C2D4+ than for C2H4+. 

We now examine the origins of the isotope effect leading to the large amplitude 

oscillations observed in the experimental relative yields of C2D4+ (Fig. 1(d)), C2D3+ (Fig. 1(e)) 

and C2D2+ (Fig. 1(f)). As discussed above, the reason for the first bleaching peak in the parent 

yields, accompanied by a maximum in the yield of the other fragments, is common to both 

C2D4 and C2H4, and due to a 3-photon re-excitation process from D0 to D3 initiated by the IR 

pulse (red arrows in Fig. 2(a)).3 After the first bleaching peak, the presence of the oscillations 

in the yields with a period of ~50 fs in Figs. 1(d), (e) and (f) for the deuterated cations results 

from two isotope effects that primarily affect the fraction that was ionized to D1. This fraction 

contributes 35% for the H9 ionization, 52% for the H11 and 28% for the H13 one (Table 1).   

For the D1 initial state, the slower motion of the C2D4+ cation due to the mass isotope 

effect favors the relaxation through the planar I CI. The geometries of the C2D4+ cation on D0 

resulting from short times D1/D0 hops (see Fig. S8) are planar  and have a C-C bond length 

elongated to ~1.4 to ~1.6 Å (see Fig. 3(a)), which favors a large transition dipole from D0 to 
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D3 (see Fig. S10) compared to C2H4+. As discussed above, the relaxation of the D2 and D3 

initial states, which are accessed by the H11 (25%) and H13 (65%) ionizations, leads to wider 

distributions of the C-C elongation (see Fig. S9) which do not correspond to large values of the 

D0/D3 transition dipole, see Fig. S10 and therefore yield smaller active fractions (Fig. S11).  

 

 

Figure 3: a) Histograms of the C-C bond length for ethylene (red, upper row) and ethylene-d4 (blue, lower row). 
The left column shows the results for the Wigner distributions of initial conditions of the D0 ensemble. The right 
column shows the distribution after relaxation through the planar I CI in the first 10 fs of the SH dynamics for the 
D1 ensemble. b) Same as in a), but for the HHHH (red) and DDDD (blue) angles. Both in a) and b) the number of 
counts is normalized by the total number of considered trajectories. c) Average Fourier transform of the C-C bond 
length (blue), HCCH torsion angles (dashed-light and solid-dark green), HCH angles (dashed-light and solid-dark 
pink), and of HHHH torsion (dashed orange) for C2H4+ (top) and C2D4+ (bottom) computed for the trajectories 
of D1 ensemble that relax on D0 through the type I CI.  

A large value of the transition dipole also requires a bending angle of ~ 120°, a condition that 

is satisfied for both isotopomers (see Fig. S9). The second isotope effect is on the vibrational 

motions that involve a motion of the D atoms on D0. In the case of C2D4+, the periods of the C-

C elongation and the antisymmetric scissoring DCD modes become almost identical, and in 

addition also become commensurate with the excited states of torsion mode activated by the 

relaxation through the planar type I CI or by the ionization process.1, 4, 5 The coupling between 
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these three modes results in combination bands,19, 20 which do not occur for C2H4+. The periods 

of the C-C, HCH (DCD), HCCH (DCCD) and HHHH (DDDD) coordinates averaged over the 

trajectories of the D1 ensemble that relaxed to D0 through the planar type I CI are computed by 

Fourier Transform (FT)22 and plotted in Fig. 3(c) for the two isotopomers. The computed 

periods are in good agreement with the ones computed at the BOMD level of electronic 

structure for the equilibrium geometry of D0, see Table S7 of the SI. For C2D4+, bottom row in 

Fig. 3(c), the computed periods of the C-C bond and of the antisymmetric scissoring DCD 

mode appear at ~28 fs, the symmetric scissoring DCD mode at ~38 fs and the DCCD torsion 

mode at ~100 fs. From the bottom middle panel, one sees that C-C is strongly coupled to the 

two DCD modes. In addition, the C-C mode exhibits a small peak at 100 fs (marked by a 

vertical black dashed line in the bottom left and right panels of Fig. 3(c)) which indicates that 

the C-C mode is coupled to the DCCD torsion. In C2H4+ (top row of Fig. 3(c)) the isotope effect 

on the period of the torsion mode (~70 fs) prevents an effective coupling between the torsion 

and the C-C mode, whose period is unaffected. As a result, as seen from the top left and right 

panels of Fig. 3(c), there is no peak at 70 fs in the C-C mode. On the other hand, the periods of 

the two HCH scissoring modes are shifted to shorter values by a factor of ~1.3. The 

antisymmetric scissoring HCH mode has a period of ~ 21 fs and the symmetric one ~ 29 fs 

which leads to a strong coupling with the C-C mode. For both isotopomers, the broad peaks in 

the HCCH coordinate at ~ 45-50 fs for C2H4+ and at ~ 55-60 fs for C2D4+ correspond to the 

wagging modes. 

 In C2D4+, the computed period of ~100 fs for the torsion mode implies that the ion is 

planar every half period, that is, every ~50 fs, which roughly corresponds to two vibrations of 

the C-C mode. Moreover, for the fraction of trajectories of the D1 ensemble that relaxes to D0 

through the planar I CI, the C-C bond is elongated. Therefore, for C2D4+, a larger transition 

probability to D3 occurs each time the C-C is elongated between 1.55 and 1.60 Å, and the cation 

is planar, see Figure S9, that is, every ~50 fs. This correlation is present in 77 trajectories out 

of the 141 runs for the D1 ensemble (55 %). The re-excitation to D3 leads to a bleaching of the 

parent yield and a simultaneous increase in the fragment yields since fragmentation is favored 

by the higher excitation energy that is gained through the excitation to D3 by the 3 IR photon. 

The computed active fractions on D0 for the D2 and D3 initial states that contribute for 25% for 

the H11 ionization and 65% for the H13 ionization are significantly smaller, see Figs. S11 of 

the SI. 
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Figure 4 shows, as a function of time, the active fraction of trajectories on D0 that relax 

from D1 through the planar CI I with planar geometry (within ±10°) and with a C-C bond 

between 1.55 and 1.6 Å, normalized to the D1 initial state. For C2H4+ (shown in Fig. 4(a)), the 

calculated active fraction shows no clear periodic maxima beyond the bleaching peak at ~20 

fs. In contrast, C2D4+ (shown in Fig. 4(b)) exhibits peaks at around 36 fs, 85fs and 135 fs, 

closely matching the timing of the maxima observed in the experimental yields in Figs. 1(d)-

(f). The reason for the lack of periodic maxima in C2H4+ is the isotope effect on the vibrational 

frequencies, which precludes an efficient coupling between the CC and the torsion modes. In 

addition, the shorter vibrational periods of the C2H4+ ion induce a faster dephasing between the 

CC, the torsion modes and the other vibrational modes.  

Figure 4: Active fraction of trajectories on D0 that relax from D1 through the planar I CI with geometries planar, 

within ± 10˚, and with a CC bond in the range [1.55-1.60] Å) that can be re-excited to D3 by a three photon transition for C2H4
+ 

(red, panel a)) and for C2D4
+ (blue, panel b)). The continuous thick curves are the result of a mobile average over 25 time 

points, see SI, Section 4.3 for details on the computation of the active fraction and the computed fractions for the D2 and D3 

initial states. The computed FTs of the active fraction are reported in Fig. S12. Periods at ~50 and ~ 100fs are 

resolved for C2D4+ while there are not discernable for C2H4+. 

4. Conclusions and perspectives 

In conclusion, by elucidating the enhanced oscillations observed in the relative 

fragmentation yields of C2D4+, our work sheds light on the physical origins of the isotope effect 

in the ultrafast relaxation process of a prototypical molecular cation. The experimentally 

measured yields for the deuterated isotopomer exhibit pronounced oscillations with a ~50-fs 

period which are not clearly discernable for the hydrogenated one. We show that the slower 
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motion of the wave packet out of the FC region of the heavier C2D4+ for the population ionized 

to the D1 electronic state favors the relaxation through the planar type I D1/D0 CI. This CI 

functions as both a geometrical and temporal funnel, transferring a substantial population to 

D0 within the initial 10 fs of relaxation with elongated C-C bonds and planar geometries. In 

addition, in C₂D₄⁺, because of the isotope effect on the vibrational periods, the torsion mode is 

efficiently coupled to the C-C mode and the cation is planar, with an elongated C-C bond every 

50 fs, which corresponds to half the period of the torsion and two periods of the C-C elongation. 

As a result, the re-excitation to D3 occurs every 50 fs which explains the larger oscillations in 

the measured ion yields as a function of the EUV-IR pump-probe delay. The periods of these 

two modes are not commensurate in C₂H₄⁺ which precludes the observation of large oscillations 

in the ion yields as a function of the EUV-IR pump probe delay.  

Our results show that pump-probe schemes based on few-fs tunable EUV radiation in 

combination with few-fs IR pulses and isotope substitution, provide a fine probe of the 

geometrical and temporal constraints that the ultrafast relaxation through a network of CIs 

between excited electronic states imposes on the vibrational motion on the ground electronic 

state. Our results pave the way for exploiting these constraints for better controlling the reaction 

outcomes. 
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