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Abstract

Following ionization by an extreme ultraviolet (XUV) attosecond pulse train, a

polyatomic molecule can be promoted to more-than-one excited states of the residual

ion. The ensuing relaxation dynamics is often facilitated by several reaction coordinates,

making them difficult to disentangle by usual spectroscopic means. Here, we show that

in atto-chemistry isotope labelling can be an efficient tool for unraveling the relaxation

pathways in highly excited photo-ionized molecules. Employing a XUV pump pulse and

a near-infrared probe pulse, we found the nuclear as well as coupled electron-nuclear

dynamics in ethylene to be almost 40% faster compared to its deuterated counter-part.

The findings, which are supported by advanced non-adiabatic dynamics calculations, led

to the identification of the relevant nuclear coordinates controlling the relaxation. Our

experiment highlights the relevance of ultrashort XUV pulses to capture the isotopic

effect in few-femtosecond molecular photo-dynamics.

Introduction

Following pioneering works of A. H. Zewail,1 femto-chemistry experiments have provided

many important insights about light-induced dynamics in complex molecules. These ex-

periments usually involve studying the relaxation of a particular electronic state in the

neutral molecule, excited resonantly via ultraviolet or, visible laser pulses. With the advent

of high-order harmonic generation (HHG) based tabletop sources providing attosecond and

few-femtosecond pulses in the extreme ultraviolet (XUV) domain, it is now possible to inves-

tigate ultrafast relaxation processes in photo-ionized systems, leading to the development of

atto-chemistry.2–4 Ionization by an ultrashort XUV pulse, spanning several electron-volts re-

sults in emission of an electron from the valence as well as inner-valence levels leaving behind

highly excited species, where probing out-of-equilibrium electron and nuclear dynamics are of

great interests. Notable examples include electron localization in hydrogen molecule,5 charge

migration in amino acids,6 coupled electron-nuclear dynamics,7 and relaxation of correla-

2



tion bands8 in polycyclic aromatic hydrocarbons, and hydrated electron formation in water

clusters,9 just to name a few. Contrary to femto-chemistry experiments, photoionization of

a molecule by a broadband XUV pulse is accompanied by excitation of several of its cationic

states at the same time, leading to relaxation dynamics that involves different pathways

facilitated by different nuclear coordinates. This poses a unique challenge in atto-chemistry

experiments: how to disentangle the relaxation pathways undertaken simultaneously by the

molecular cation and associate them with a relevant coordinate?

Here, we show that by comparing the relaxation timescales between two isotopologues,

ethylene (C2H4) and its deuterated counterpart (C2D4), one can determine the nuclear coor-

dinates that govern the underlying reaction pathways in the XUV-ionized species. Compared

to C2H4, the change in zero-point energy is about 15 meV in C2D4.10 Despite such a tiny

change of 0.1%, we found that both nuclear and coupled electron-nuclear dynamics in C2H4

could be faster by as much as 40% compared to C2D4. Furthermore, we were able to mea-

sure isotope effects on a timescale as short as 5 − 10 fs between the two isotopologues.

These observations are in excellent agreements with theoretical results obtained from non-

adiabatic semi-classical dynamics simulations based on multi-reference electronic structure

calculations.

The article is structured as follows: In the next section, the concept of the experiment is

exposed. Then, the experimental and theoretical methods used are presented, including de-

tails of the data analysis. In the subsequent section, the results are presented and discussed.

The last section offers some concluding remarks.

Scientific Premise

Being the simplest alkene in nature, ethylene served as a test-bench in several experiments

involving resonant excitation by ultraviolet pulses.11–14 Pioneering efforts to study XUV-

induced fragmentation dynamics in ethylene began more than a decade ago,15 with Ludwig
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Figure 1: Pump-probe scheme for studying isotope effect. Both molecules were ionized from
their neutral ground states by an XUV-APT. At pump-probe delay, td = 0 a nuclear wave-
packet (red) is launched at a position r = r0 in the potential energy surface of an excited
state in C2H+

4 . It explores the potential energy surface and reaches a relaxed configuration:
r = rH (at td = t1), from where excitation to the dissociative state is no longer favored by
the NIR probe. In case of C2D+

4 , due to the isotopic substitution the corresponding nuclear
wave-packet (blue) reaches a different point (r = rD) in the potential energy surface at
td = t1. From there, the NIR probe can still promote the wave-packet to the dissociative
state. Thus, the decay rate becomes different in the two systems.

et al. carrying out more recent investigations containing improved temporal resolution.16

In our experiment, after ionizing C2H4 and C2D4 by a XUV attosecond pulse train (APT),

we monitored the ensuing relaxation dynamics in the molecular cation using a near in-

frared (NIR) pulse. After photoionization by the XUV-pump (photon energy: 17 − 23.5

eV, well below the photo-double ionization threshold of ethylene), a nuclear wave-packet is

launched into the excited states of C2H+
4 (see Fig. 1, the ‘red’ wave-packet). In contrast

to femto-chemistry experiments, where only one electronic state is excited, here the pump
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pulse populates the ground cationic state Ex0 (X 2B3u) as well as three excited cationic

states: Ex1 (A 2B3g), Ex2 (B 2Ag), and Ex3 (C 2B2u) (see Fig. S1 in the Supporting In-

formation). The population in these excited states can decay to a low-lying level through

a conical intersection17 via coupled electron-nuclear motion, or relax via nuclear dynamics

such as bond-dissociation, structural rearrangement. When the pump and probe pulses are

synchronized in time (td = 0) and the reaction co-ordinate (r = r0) is same as the neutral

geometry at equilibrium, the probe depopulates the excited state by promoting part of its

population to a higher lying dissociative state leading to production of ionic fragments. If

the probe arrives at a delay td = t1 after the pump, the reaction coordinate is r = rH , the

wave-packet has evolved and the population has relaxed through any of the above mech-

anisms. Hence, the NIR pulse can no longer efficiently promote the nuclear wave-packet

to the dissociative state and the probability for producing the relevant fragment decreases,

causing exponential decay in the measured photo-ion yield as a function of the pump-probe

delay. For C2D+
4 , due to increase in mass the nuclear wave-packet can reach a different

value of the reaction coordinate: r = rD in the potential energy landscape at td = t1 (see

Fig. 1). This means that the population can remain on the potential energy surface of the

excited state for longer time than C2H+
4 , eventually permitting the NIR probe to promote

the wave-packet to the dissociative state over a longer time, leading to a slower decay. It

is worth noting that the timescale of a particular fragment ion in the two-color signal is

primarily dependent on the underlying relaxation process. While it is possible to obtain the

same timescale for several fragments from a given system,18 here, we found the timescales

to vary significantly depending on the fragment, indicating that they are in fact governed by

different nuclear degrees of freedom. In the following, we therefore highlight three different

relaxation pathways by choosing three different fragments, H+, H+
2 and CH+

2 as well as their

corresponding isotopologues.
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Methods

In this section, the experimental and theoretical methods used in the present work are

presented. First, the eperimental setup is described. Then, the data analysis of the mea-

surements is detailed. Last, the theoretical electronic structure and dynamics methods, as

well as computational details, are presented.

Experimental methods

The experiments were performed using a commercial Ti-Sapphire laser system (Legend USX)

providing femtosecond NIR (central wavelength: 805 nm) pulses (energy: 2 mJ) at 5 kHz

repetition rate. The amplifier output was split in two equal parts using a beam-splitter along

the two arms of a Mach-Zehnder interferometer. One part (‘pump’ arm) was used to produce

the XUV radiation via high-order harmonic generation in Krypton. The co-propagating NIR

beam was filtered out using an Nb2O5 beam-splitter followed by a 200 nm thick Sn-filter.

The resulting XUV spectra, containing three odd-order high-harmonics from 11th to 15th (see

Fig. S1 in the Supporting Information) was focused unto the target gas using a gold-coated

toroidal mirror. The NIR beam on the ‘probe’ arm was focused using a lens having focal

length of 1 m. The pump and probe pulses were recombined via a drilled mirror. The use of

a refractive delay-line unit consisting of a pair of wedges allowed us to cover a wide range of

delay (from −180 fs to +400 fs) between the arrivals of the two pulses, without introducing a

significant change on the pulse duration (< 1 fs) due to the dispersion. Here, negative delays

implied that the probe arrived before the pump and vice versa. The target molecules were

introduced as an effusive jet in the interaction region of a velocity map imaging spectrometer

operating in the ion time-of-flight mode. The target number density was estimated to be

around 5 × 1011/cm3. The peak intensity of the NIR probe pulse at the focus was varied

between 4− 9 TW/cm2. The duration (FWHM) of the NIR pulse was found to be 26± 1 fs

(see Fig. S2 in the Supporting Information). The cross-correlation between the XUV pump
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and the NIR probe, measured using photoionization of argon, was found to be 36 ± 4 fs,

indicating a duration (FWHM) of 24 − 30 fs for the XUV pulse. Ethylene (purity>99%)

and deuterated ethylene (95%) were purchased from Sigma-Aldrich and used without further

purification.

Data analysis

Figure 2: (a) Experimental transient signal for H+ ion, as a function of the pump-probe
delay. Open circle: experimental data; solid line: fit with f(t). (b) Same as (a), but for
CH+

2 fragment. Note that in this case two exponential decay functions are required to fit the
experimental data correctly. Open circle: signal from experiment; solid line: fit with g(t);
dashed line: decay with τslow; dashed-dotted line: decay with τfast.

The XUV-only signal for a given fragment has been subtracted at each delay point

from the corresponding two-color signal (XUV+NIR). Afterwards, the timescale was ex-

tracted by fitting this difference signal with an exponential decay function convoluted with

a normalized Gaussian function representing the instrument response. See Fig. 2(a) for

typical pump-probe delay-dependent H+ yield at 9 TW/cm2 NIR-intensity (open circles)

and the corresponding fit (solid line). The complete fitting function can be expressed as:

f(t) =
[
{A exp

(
− t−t0

τ

)
+B}Θ(t− t0)

]
∗ fIRF (t) + C. Here, fIRF (t) is the instrument re-

sponse function, given by: fIRF (t) = 1
σ
√
2π

exp
[
−
(

t
σ
√
2

)2
]
. τ is the time constant for the

exponential decay, t0 denotes the temporal overlap between the two pulses, σ is the vari-
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ance associated with fIRF (t) and Θ(t− t0) denotes a Heaviside step function. The term

C corresponds to a linear background, subtracted from the transient signal at each probe

intensity. After fitting the transient signal with f(t), we have determined the signal-to-noise

ratio (SNR) by taking the root-mean-square of the residue (difference between the measured

signal and the fit) at each delay point. The SNR was found to be 28. It is used as an input

for the Monte-Carlo simulation as described in previous works,8 to determine the accuracy

of the extracted time-constants for a fixed value of σ. As shown in Fig. S3 in the Supporting

Information, the timescales can be accurately extracted down to 10 fs. Fig. 2(b) shows the

transient signal for the CH+
2 fragment as a function of pump-probe delay at 9 TW/cm2 NIR

intensity. Two exponential decay functions with unequal time-constants are required to fit the

ion yield. To fit the transient signal for CH+
2 using two exponential decays, the function was

changed to: g(t) =
[
A exp

(
− t−t0

τslow

)
Θ(t− t0) +B exp

(
− t−t0

τfast

)
Θ(t− t0 −∆t)

]
∗fIRF (t)+C.

Here, ∆t denotes the time lag between the two decay functions with two different decay con-

stants, τslow > τfast. The faster decay (τfast; dashed-dotted curve) is lagging behind the slower

one (τslow; dashed curve) by ∆t. Each τ -value was obtained from the difference signal cumu-

latively averaged over twenty consecutive scans across the entire temporal window of −180

fs to +400 fs. We used the Levenberg-Marquardt algorithm for fitting the difference signal.

The uncertainties reported here represent the errors obtained from this fitting procedure

only. These errors were further used to obtain the weighted average of the measured time

constants at different probe intensities for a particular fragment. For N time-constants τ1,

τ2, . . . τN with N corresponding uncertainties δ1, δ2, . . . δN , obtained at N different probe

intensities, the weighted average is given by, τ̄ =
∑N

i=1 wiτi∑N
i=1 wi

, where wi = 1/δ2i is the weight.

The uncertainty on the weighted average can be expressed as, δ =

√
N

∑N
i=1 wi(τi−τ)2

(N−1)
∑N

i=1 wi
.19 Fi-

nally, the 95% confidence interval can be designated as: τ ± 1.96 δ√
N

. To maintain consistency

in the fitting procedure, the values for σ and t0 have been assumed to be the same in case

of all the fragments for a given target molecule at a given NIR intensity. The value of the

parameter 2σ
√
2ln2 in different cases was found to vary from 26− 32 fs, which is reasonably
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close to the measured cross-correlation. Similarly, the values for t0 were found to be within

−3 to 6 fs in various cases, which is rather close to the step size (4 fs) used for the temporal

scan.

Theoretical methods

The electronic structure of both isotopic molecules was studied using the complete active

space self-consistent field (CASSCF) method,20 equally averaged over the first five doublet

states: Ex0, Ex1, Ex2, Ex3 and Ex4. In all molecules, the active space used consisted

of 11 electrons distributed in 12 orbitals: the four σ and four σ∗ orbitals of the four C-H

bonds, the σ and four σ∗ orbitals of the C=C bond, and the π and π∗ orbitals of the C=C

bond (see Fig. S4 in the Supporting Information). It is noted that all valence electrons are

active. Only the core 1s electrons of the carbon atoms are inactive. This allows, in principle,

for any chemical bond to break or form. The ANO-RCC basis set with polarized double-

zeta contraction (ANO-RCC-VDZP)21 and the atomic compact Cholesky decomposition

(acCD)22 were used.

Non-adiabatic “on-the-fly” dynamics were simulated using the trajectory surface hopping

method with Tully’s fewest switches algorithm.23 The nuclear motion was treated classically

by numerically integrating Newton’s equations of motion using the velocity Verlet algorithm.

A time step of 20 a.u., i.e. about 0.48 fs was used. All nuclear coordinates were taken into

account. Non-adiabatic transitions among any of the five lowest-energy doublet states were

included. The decoherence correction suggested by Granucci and Persico was used with a

decay factor of 0.1 hartree.24 The implementation of the above methods in the OpenMolcas

(version 19.11-586-g8ab414a) package25 was used.

For each molecular system, 100 trajectories were initiated on either Ex1, Ex2 or Ex3 state,

around the equilibrium structure of the electronic ground state of the neutral species. Both

initial positions and momenta were sampled from a Wigner distribution26 to mimic the

vibrational ground state before photoionization; this was performed using the Newton-X
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package.27

The absolute values of the nuclear coordinates as a function of time were calculated as a

mean over the different bond lengths (or, angles) in the molecule allowing for better statistics.

These absolute values for different coordinates oscillate rapidly as a function of time (see

Fig. S5 in the Supporting Information). Thus, the variations of the nuclear coordinates,

reported below, were obtained by performing a moving average of the corresponding absolute

values over a time-window. The duration of the time-window for the moving average was

chosen to be significantly longer than the period of oscillations for all these coordinates. The

period of C–H stretching, C=C stretching and H–C–C bending being typically 20−25 fs, we

used a fixed time-window of 50 fs for performing the moving average and extracted only the

corresponding trend as a function of time for the purpose of comparing with the experimental

τ -values. By choosing 50 fs as the averaging window for all the fragments, we could effectively

remove the fast oscillating behavior of all the co-ordinates as a function of time, allowing

us to compare quantitatively the experimental isotope effect with the theoretical ones. An

even wider time-window would lead to mixing of the trends at shorter timescale with those

at longer timescales, to which the NIR probe was not sensitive.

Results and Discussions

In this section, the measured fragmentation dynamics are presented and discussed in light of

the simulations. More precisely, the H+ (D+), H+
2 (D+

2 ) and CH+
2 (CD+

2 ) fragment dynamics

are interpreted in terms of different relaxation pathways occurring upon XUV photoioniza-

tion: dissociation, structural rearrangements and non-adiabatic transitions, respectively.

Relaxation via dissociation

The relaxation dynamics with the shortest time-scale was measured for the H+ ions. The

transient signal (difference between the XUV+NIR and XUV-only signals) as a function of
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Figure 3: (a) Solid circles (squares): time-constants obtained for the H+ (D+) fragments at
different NIR intensities. The dashed line in each case corresponds to the weighted average
and the shaded area represents the 95% confidence interval. (b) Average temporal variation of
the C–H (red curve) and C–D (blue dotted curve) bond-length for Ex2 state. The averaging
was performed using the procedure described in the Theoretical Methods. (c) and (d) Same
as (b), but for Ex3 and Ex1 state, respectively.

the pump-probe delay was fitted with an exponential decay function convoluted with the

instrument response function to extract the experimental time-constants, τ (see Supporting

Information for details about the fitting procedure). The τ -values for H+ and D+ at different

probe intensities are shown in Fig. 3(a). The τ -values for both molecules do not change as a

function of the NIR-probe intensity, allowing us to consider only the XUV-induced dynamics

in the cation. The reason behind the extracted timescales being independent on the NIR

probe intensity can be attributed to the fact that the main role of the probe is simply to

deplete the population in the excited state (see Fig. 1). The timescales are representative
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of the dynamics initiated by the XUV-pump only. If the probe is too weak, it is unable to

transfer the population to the dissociative state, which reduces the subsequent production

of the ionic fragments but it could not affect the relaxation time inherent to the population

in the excited state. On average, τH+ = 23.2 ± 0.6 fs is faster by 7 ± 2 fs compared to

τD+ = 30.4± 1.4 fs. We propose the formation of H+ (or, D+) ions in the two-color signal to

stem from the dominant reaction channel involving loss of an H-atom in the photo-excited

cation.28 Indeed, as shown in Fig. 3(b), for both molecules the corresponding trend in

bond-length for Ex2 state increases rapidly with time, denoting bond-dissociation. It should

be noted that significant number of dissociation events were observed in the dynamical

evolution of these two bonds, in contrast to previous theoretical studies.16,29 This could be

attributed to the use of a multi-reference electronic structure method together with a large

active space. In addition, the rate of increase in C–D is slower than that in C–H bond: the

heavier D-atom takes longer to reach the same distance compared to the lighter H-atom.

Within τH+ = 23.2 fs, the C–H bond elongates to 1.2 Å (the red vertical line). To reach

the same value (see the horizontal dashed line), the C–D bond takes 32 fs (the blue vertical

line). The difference of almost 9 fs matches quantitatively with the isotope effect of 7 ± 2

fs in the τ -values, supporting our assumption that indeed the decay in H+ or, D+ ions are

signatures of the relaxation process mediated by the C–H or, C–D dissociation. Similarly,

inspecting the evolution of these two bonds in the Ex3 state (see Fig. 3(c)), we found the

corresponding difference in time to be almost 18 fs that matches only qualitatively with the

observed isotope effect, implying that although Ex2 plays the dominant role, Ex3 can also

contribute to the underlying relaxation process. However, for the Ex1 state, we noticed an

isotope effect that is an order of magnitude higher than the experimental value (see Fig.

3(d)). All of these enable us to identify Ex2 as the most relevant electronic state where the

relaxation process takes place.
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Figure 4: (a) Solid circles (squares): experimental time-constants for H+
2 (D+

2 ) at different
intensities of the NIR probe. As before, the dashed lines denote weighted average for the
respective time-constant, whereas the shaded area signifies 95% confidence interval. (b) The
time-dependent average variation of the H–C–C (red curve) and D–C–C (blue dotted curve)
angles for excitation to the Ex3 state. The same for (c) the Ex2 state and (d) the Ex1 state
are also shown.

Relaxation via structural rearrangements

Additional changes in the molecular geometry, such as structural rearrangement can also

initiate relaxation processes in the ethylene cation. To understand better its role in the

relaxation dynamics, we studied the time-dependent formation of H+
2 ion. The corresponding

τ -values as a function of the NIR probe intensity for both H+
2 and D2+ are shown in Fig.

4(a). Once again, the average value for τH+
2
= 29.3 ± 2.5 fs is smaller compared to that

of τD+
2

= 42.1 ± 3.2 fs. Despite overlapping error-bars, the 95% confidence intervals do

not overlap, thus allowing us to extract an isotope effect of 13 ± 6 fs. The values of τH+
2
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are significantly (26%) higher than τH+ indicating a relaxation pathway possibly different

from the C–H bond-dissociation. We propose this pathway to be facilitated by the H–C–C

bending coordinate that brings two hydrogen atoms closer compared to the neutral geometry.

A related mechanism had been proposed previously in connection with H+
2 formation from

ethylene cation.15 We carried out an identical analysis as before for the average variations in

H–C–C and D–C–C angles as a function of time. As shown in Fig. 4(b) for the Ex3 state,

the trends in both angles reduce rapidly indicating movement of a hydrogen atom from one

of the carbon atoms to the other. During the time interval τH+
2
= 29.3 fs, the H–C–C angle

reduces to 118.4◦ (marked by the red vertical line). The D–C–C angle reaches the same value

(dashed horizontal line) almost 12 fs later (see the blue vertical line). The difference in time

agrees quantitatively with the experimental isotope effect mentioned above. For excitation

to both Ex2 and Ex1 states, no noticeable isotope effect during the time interval comparable

to τH+
2

or, τD+
2

can be found (see Fig. 4(c) and (d), respectively). The difference in initial

values of the angles for different electronic states in a molecular cation can be attributed to

the averaging of their corresponding absolute values, as explained in Theoretical methods.

Clearly, Ex3 is the main electronic state from which the NIR probe transfers the population

to the dissociative state. However, the large uncertainties for the individual τ -values (see

Fig. 4(a)) also indicate that only a small population on Ex3 decays via this H–C–C (or,

D–C–C) bending angle leading to a low probability of formation for H+
2 or, D+

2 . This, in

turn, implies the possible existence of competing pathways for the population to undergo

relaxation from the Ex3 state on a timescale faster than the dynamics facilitated by this

particular coordinate.

Relaxation via non-adiabatic transition

Apart from the nuclear dynamics associated with the C-H moiety, distortions along the

C=C bond can also drive relaxation processes in the photo-excited C2H+
4 . Indeed, according

an analysis of the initial and hopping geometries in the theoretical simulations, the most
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Figure 5: (a) The values of ∆t as a function of the NIR probe intensity for both the molecules,
along with their respective averages (dashed lines) and 95% confidence intervals (shaded
areas). (b) Decay of the electronic population from the Ex3 state (red solid line) and C2D+

4

(blue dashed-dotted line). (c) The same as (b), but from the Ex2 state.

important coordinate that induces the non-adiabatic relaxation from Ex1 to Ex0 is the

change of C=C bond-length. To shed light on the role of this coordinate, we investigated the

decay associated with the CH+
2 photo-ion, produced via symmetric dissociation of the C=C

bond. Although the yield of CH+
2 can overlap with that from C2H++

4 , the doubly charged

ion is metastable with long lifetime30 and hence, could not contribute to the time-dependent

signal for CH+
2 . As already shown in Fig. 2(b), for CH+

2 , we required two decay functions

with unequal time-constants, separated by a time lag (∆t) to fit the experimental transient

signal. It can be understood as follows: the nuclear wave-packet launched in the excited

cationic state splits in two parts at td ≈ 0. One part remains in the same potential energy
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Figure 6: (a) Time constants for the fast decay (τfast) shifted by ∆t, as observed in case
of CH+

2 (solid red circles) and, CD+
2 (solid blue squares). The weighted averages (dashed

lines) for τfast and 95% confidence intervals (shaded areas) are also shown. (b) The average
variation of the C=C bond-length as a function of time for C2H+

4 (solid red curve) and C2D+
4

(blue dotted curve). (c) Decay of the electronic population in C2H+
4 for excitation to the

Ex3 state. After ∆t = 34.3 fs (denoted by black vertical line) the electronic state containing
maximum of the electronic population is the Ex1 state (red curve). (d) Same as (c), but in
C2D+

4 . Once again, the maximum probability of finding the system after ∆t = 40 fs (black
vertical line) is the Ex1 state.

surface, whereas the other part transits to a lower excited state via a conical intersection,

before undergoing further nuclear relaxation. ∆t can be interpreted as the time for this non-

adiabatic transition to take place. The two exponential decays correspond to the relaxation

processes in the two different electronic states. The values of ∆t as a function of NIR probe

intensity is shown in Fig. 5(a). For C2H+
4 , we obtained an average value of ∆t = 34.3±1.2 fs

which is almost 6±2 fs faster than the average value of ∆t = 40±2 fs in C2D+
4 . Even though
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the potential energy surfaces do not change due to isotopic substitution, the velocity with

which the nuclear wave-packet approaches the conical intersection changes due to change in

mass and hence, the time for non-adiabatic relaxation as well. Furthermore, if most of the

population is transferred from Ex1 to Ex0 within the first few femtoseconds,16,31 we could

not have observed the exponential decay following ∆t. Hence, the non-adiabatic relaxation

can occur only from Ex3 or, Ex2. The decay of the electronic population from Ex3 state, as

obtained from theoretical calculations, is shown in Fig. 5(b). To enhance the isotope effect

in the region of interest we have plotted the population in log-scale. From here, we could see

that after 34.3 fs, the population level reduces to almost 9% for C2H+
4 (see the red vertical

line). To reach the same level (dashed horizontal line), C2D+
4 takes longer time, around 39.3

fs (see blue vertical line). Once again, the time difference of 5 fs matches quantitatively with

the experimental isotope effect. Interestingly, for Ex2, the rate of decay of the population

is slightly faster in C2D+
4 compared to C2H+

4 : to reach the same level of 12% the former

takes about 2 fs less than the latter (see Fig. 5(c)). Combining both cases, we can clearly

infer that the measured ∆t-values represent the non-adiabatic transition from the Ex3 state,

rather than from Ex2 state. For the fast decay process following ∆t, we show the relevant

time-constants as a function of the NIR probe intensity in Fig. 6(a). No significant difference

in the average experimental τ -values (29.4 ± 2.6 fs for CH+
2 and 30 ± 3.3 fs for CD+

2 ) can

be found. For both molecules, the most probable state in which the nuclear wave packet

can be found after ∆t is the Ex1 state (see Fig. 6(c) and (d)). Indeed, as shown in Fig.

6(b) the average variation of the C=C bond length in Ex1 state is near identical for both

isotopologues (see the vertical lines) during the first 30 fs. This suggests that after reaching

the Ex1 state the population relaxes even more via stretching of the C=C bond. The time-

constants of the slower decay in both molecules show clear dependency on the intensity of

the NIR probe, making the relevant isotope effect difficult to observe unambiguously (see

Fig. S6 in the Supporting Information). In addition, the absolute values are larger for τslow,

close to 100 fs, hinting towards a different relaxation mechanism in this case.
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Conclusions

In conclusion, we have shown that time-resolved mass spectrometry using ultrashort XUV

and NIR pulses can distinguish the relaxation time-scales that differ from each other by only

a few femtoseconds between two isotopologues. The kinetic isotope effect due to isotopic sub-

stitution is well known, as can be seen from many femto-chemistry experiments32–34 as well

as with growing interests of studying it in the context of atto-chemistry.35–37 Here, we could

establish that the observed and simulated isotope effect can in fact be used to identify the rel-

evant electronic states and nuclear coordinates involved in the relaxation processes, resulting

from the simultaneous ionization and excitation of several cationic states in the molecule by

the XUV attosecond pulse train. The timescale extracted here provides an indirect measure

to the relaxation process initiated by only the XUV-pump. While it does not exclude the

involvement of other coordinates in XUV-induced photoionization of ethylene, our approach

provides a way to identify the dominant nuclear coordinates along with the electronic states.

The technique is introduced for laboratory-based HHG sources, but it is equally applicable

to similar experiments being developed at free-electron laser facilities.38 In there, of partic-

ular interests is the ultrashort X-ray pulses as pump to study relaxation processes following

core-ionization.39 However, as a molecule becomes more complex structurally, it becomes

even more difficult to determine precisely the relevant reaction coordinate, especially with

several cationic states excited at the same time, by comparing time-resolved measurements

with quantum chemistry calculations. The universal character of isotope labelling as a tool

to investigate the relaxation pathways, especially for non-adiabatic transitions could be ex-

tremely effective in these situations. The results obtained here for ethylene paves the path for

such experiments at the crossroad of attoscience and molecular photo-physics and chemistry.
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