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The acetylene-vinylidene system serves as a benchmark for investigations of ultrafast dynamical

processes where the coupling of the electronic and nuclear degrees of freedom provides a fertile

playground to explore the femto- and sub-femto-second physics with coherent extreme-ultraviolet

(EUV) photon sources both on the table-top as well as free-electron lasers. We focus on detailed

investigations of this molecular system in the photon energy range 19...40 eV where EUV pulses

can probe the dynamics effectively. We employ photoelectron-photoion coincidence (PEPICO) spec-

troscopy to uncover hitherto unrevealed aspects of this system. In this work, the role of excited

states of the C2H
+

2 cation, the primary photoion, is specifically addressed. From photoelectron

energy spectra and angular distributions, the nature of the dissociation and isomerization channels is

discerned. Exploiting the 4π-collection geometry of velocity map imaging spectrometer, we not only

probe pathways where the efficiency of photoionization is inherently high but also perform PEPICO

spectroscopy on relatively weak channels.

1 Introduction

One of the outstanding problems of interest in time-resolved spec-

troscopy and quantum dynamics of molecular systems is phenom-

ena involving the interplay between nuclear motion and electron

dynamics1,2. In femto- and sub-femto-second timescales, a deep

understanding of these scenarios is intimately related to realiz-

ing the grand challenge of making molecular movies; "watch-

ing" chemical reactions take place3. Among important aspects

of the physics of systems beyond the Born-Oppenheimer approx-

imation4, decoupling nuclear and electronic dynamics, the role

of conical intersections5, shape resonances6, and fast rearrange-

ments within molecules7–9 are of particular interest. Proton mi-

gration ensuing in the rearrangement of photoexcited molecular

systems has a prominent place not only owing to the intriguing
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physics, but also due to its importance in biological systems; this

plays a key role in processes underlying human vision10, photo-

synthesis11, proton tunneling in DNA12 and radiation damage13,

to name a few.

The acetylene-vinylidene system has long served as the bench-

mark for investigations of isomerization especially on ultrafast

timescales7,14,15 as well as in static spectroscopy and theoreti-

cal investigations16–19. Both the photoexcitation of outer-valence

electrons7 in the extreme-ultraviolet as well as core-shell elec-

trons in the hard-xray regimes can effect isomerization8. Under-

standing this system paves way for investigating the dynamics of

proton migration in larger systems such as benzene9, and proton

conduction in covalently bonded molecules20 and weakly bound

aggregates such as bio-interfaces21. In order to perform time-

resolved spectroscopy of the acetylene-vinylidene system, an in-

timate knowledge of not only the neutral molecule but also the

residual ion and more importantly, the details of photoelectron

energies and angular distributions is essential: For example, tran-

sient absorption, laser-induced fluorescence or resonant multi-

photon ionization methods which are popular in this context are

effective when the system is spectroscopically well-characterized.

The dynamics of wavepacket resulting from the finite bandwidth

of interrogating pulses can be traced effectively when the states

involved are known a priori.

In this article, we use photoelectron imaging in coincidence

with photoion spectrometry to uncover the details of this bench-
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mark system in the spirit of preparing the ground for further in-

vestigations of this system using table-top as well as free-electron

pulsed laser sources. While, reports on the transient dynamics of

this system have been published, our recent investigations of this

molecular system embedded in He nanodroplet-environment mo-

tivate further time-resolved studies22 to estimate the time scale

of environment assisted Penning ionization of C2H2 from higher

lying states of He∗ (n = 4) band. One of the key advantages of

photoelectron spectroscopy is that it can be readily applied in

time-resolved studies bringing with it the advantage of accessing

the entire reaction coordinate even when the electronic and vibra-

tional states evolve in time. Thus, photon energy dependent study

of partial cross sections and photoelectron angular distributions

has proved to be a useful tool to probe different resonant autoion-

ization processes and shape resonance phenomena in molecular

species23–26.

In these investigations of acetylene (C2H2) photoionization

by the photoelectron-photoion coincidence technique, we report

the photoelectron energy spectra (PES) corresponding to dif-

ferent ionization channels of C2H +
2 along with their accom-

panying photoelectron angular distributions (PADs). This al-

lows us to discern PES and PADs for each C2H2 fragment ion

as a function of photon energy; this includes the primary pho-

toion C2H +
2 as well as those resulting from further dissocia-

tion and isomerization. The choice of the velocity-map-imaging

scheme for photoelectrons is deliberate. This technique is a pre-

ferred method for studying molecules and clusters with extreme-

ultraviolet pulses and high-harmonic generation methodology27

owing to the inherently high-collection efficiency over the entire

solid angle28–30. Thus, our results can be immediately carried

forward and applied to these scenarios.

The key findings of this work are as follows: Firstly, we pre-

cisely characterize all the fragmentation channels and determine

the electronic states responsible for producing each of these frag-

ments. These are validated by the fact that the contributions of

the highest occupied molecular orbital (HOMO) to the photoelec-

tron spectra are in good agreement with prior theoretical work31.

However, the photoelectron angular distribution measurements

do not always agree with reported theory; nor do they evidence

autoionizing resonances when correlated to particular ionic frag-

ments. But it is noteworthy that earlier computations do not

match unanimously, either31,32. Thus, our work provides perti-

nent inputs for revisions over and above the existing work. Owing

to the merits of the experimental technique, we employ, we could

ascertain that the less abundant ionic fragments which result from

single ionization including, C +
2 , CH +

2 , CH+ and C+ arise from

the higher-excited ionic states. The hallmark of this article is that,

to the best of our knowledge, we have for the first time measured

state-selective branching ratios, photoelectron angular distribu-

tions and asymmetry parameters, as a function of photon energy,

for all the relevant cationic states of primary photoion, C2H +
2 ,

for different photoionization pathways both below and above the

double ionization energy of this paradigmatic molecular system.

Fig. 1 Schematic of the experimental setup: Acetylene gas is effused

through a leak valve in the source chamber adjacent to the spectrom-

eter chamber which is connected by a conical skimmer. Subsequently,

through the skimmer, C2H2 is flooded into the spectrometer chamber

where the electron-VMI and the ion-ToF spectrometers are situated. In

the spectrometer chamber, C2H2 is ionized by linearly polarized EUV

photon beam.

2 Experimental methods

The experiments reported here were carried out at the Gasphase

beamline of the Elettra Sincrotrone, Trieste. Fig.1 shows the

schematic diagram of the experimental setup, whose details have

been published earlier33. Here, high-purity C2H2 gas was effused

into the source chamber through a dosing valve. The C2H2 gas

was distilled before entering this valve to remove acetone contam-

ination. In the distillation process, the gas mixture was passed

through a slurry of ethanol and liquid N2 maintained at −100
◦C. The source chamber is connected to spectrometer chamber

through a conical skimmer which maintains a differential pres-

sure; C2H2 gas effuses into spectrometer chamber which is main-

tained at ∼ 10−8 mbar, while the source chamber remains at

∼ 10−5 mbar.

The spectrometer chamber holds two co-axial spectrometers -

a velocity map imaging (VMI) spectrometer and a time-of-flight

(ToF) spectrometer (cf. fig.1). A focused beam of linearly polar-

ized extreme-ultraviolet (EUV) photons passes through the geo-

metric centre of the two spectrometers at right angle to the spec-

trometer axis which is also perpendicular to its polarization axis

(ε). Photon energies in the range between 19 and 40 eV were

used in our study. We exploited the excellent photon energy defi-

nition possible at this beamline quantified by the resolving power

of the monochromator upstream, ∆E/E ≤ 10−4; using a set of

gratings, high-quality photon beams in the energy range 10−900

eV are accessible here. The synchrotron ring delivers the photon

beam in this case in the form of ∼ 150 ps pulses with typical peak

intensity of ∼ 15 W/m2 and repetition rate of 500 MHz. Here,
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randomly oriented C2H2 molecules are photoionized by the EUV

light and the resultant photoelectrons and photoions are detected

in coincidence with the VMI and ToF spectrometers, respectively.

The charged particle count rate was maintained at ∼ 18 kHz by

adjusting two slits on the photon beam path. This synchronous

detection scheme of photoelectrons and photoions enables us to

measure the kinetic energies and angular distributions for pho-

toelectrons correlated to different photoions formed due to C2H2

photoionization. Therefore, unlike previous studies23,34,35, not

only do we get the photoelectron energy distributions of C2H2

photoionization, but also this provides photoelectron energy spec-

tra and angular distributions correlated to specific photoions and

photoionization channels.

We implemented Abel inversions using the well-established

program, MEVELER36, to obtain the full 3D velocity distribution

of photoelectrons from 2D projection images captured by the VMI

spectrometer. We used known photoelectron energy distribution

of He at different photon energies above the atomic He ioniza-

tion energy (Ei = 24.58 eV) to calibrate VMI spectrometer. The

average energy resolution (∆E/E) achieved by the spectrometer

is about 7%. For one-photon ionization by linearly polarized light,

under dipole approximation, the differential cross section can be

expressed as:
dσ

dΩ
=

σtotal

4π
[1+βP2(cosθ)]. (1)

Since, the photoelectron velocity (~v) has the cylindrical symme-

try along the polarization axis (ε), the differential cross section

has no azimuthal (φ) dependence. P2(cosθ) is the second order

Legendre polynomial and θ is the angle between ~v and ε. The

photoelectron angular distribution (PAD) is characterized by the

asymmetry parameter, β .

In the current study, to obtain the value of β specific to differ-

ent ionic states, we used the following scheme: Multiple Gaussian

functions are fitted to the PES to determine different ionic states

and their full-width-at-half-maximum (FWHM). Then, we obtain

the PAD for each state by integrating the angular photoelectron

counts over the FWHM limit of each state from the Abel-inverted

distribution. Finally, we fitted eq.(1) on the PAD to get the asym-

metry parameter, β . For example, fig.2 a), b) show the experi-

mental VMI distribution and the Abel-inverted distribution of the

photoelectron emitted due to photoionization of effusive He at

28 eV, respectively. Fig.2 c) presents the PAD of the observed He

1s ionization, where the value of β obtained from fitting eq.(1)

is 2.01± 0.08 which correctly correlates to the PAD of p- partial

wave resulting from one-photon ionization37.

3 Results and discussion

Acetylene in its neutral ground state (1Σ+
g ) has the following elec-

tronic configuration:

(1σg)
2(1σu)

2(2σg)
2(2σu)

2(3σg)
2(1πu)

4

, with 1πg, 3σu, 4σg and 4σu being the lowest lying unoccupied

orbitals. In the spectral range from 19.0 eV to below double ion-

ization energy (Edi ∼ 32 eV), electrons are predominantly excited

or ionized from the valence orbitals, 1πu, 3σg, 2σu and 2σg. Con-
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Fig. 2 a) VMI distribution and b) Abel-inverted distribution of the

photoelectrons, in a logarithmic color scale, due to photoionization of

effusive He at 28 eV and (c) the photoelectron angular distribution (PAD)

obtained from b). The red line shows the fitting of the PAD for β =

2.01±0.08, demonstrating the performance of the spectrometer.

sidering the independent particle model, ionization from the 1πu,

3σg, 2σu and 2σg orbitals leads to X2Πu, A2Σ+
g , B2Σ+

u , and C2Σ+
g

states in C2H +
2 , respectively. Along with these direct ionization

channels, there exists several indirect autoionizing resonances in

C2H2, where electrons are excited from the valence orbitals to the

virtual orbitals upon photoabsorption. As these excitations decay

to the ionic states, X ,A,B and C, the corresponding kinetic ener-

gies of photoelectrons remain same irrespective of the ionization

mechanism. However, the ionization cross sections of these states

and the associated photoelectron angular distributions are greatly

influenced by the involved ionization processes23,31,32,35,38,39.

Here, we will discuss the photon energy dependent photoioniza-

tion cross sections and the photoelectron angular distributions

associated with different cationic states of C2H +
2 both for the

photoionization and for different photodissociation channels. The

remainder of this article is organized as follows: First we discuss

photoion mass spectra which enable us to identify distinct ioniza-

tion channels characterized by the dissociation pathways of the

C2H +
2 ion. The mainstay of this article, photoelectron energy

spectra (PES) specific to these ionization channels, as well as the

photoelectron angular distributions (PADs) and the asymmetry

parameters (β) particular to each ionization channel and ionic

state are presented. We compare our work with existing studies

wherever it is relevant to underscore new findings.

3.1 Photoion mass spectra and dissociation channels

To identify C2H2 photoionization channels, we recorded the pho-

toion ToF mass spectra, presented in fig.3, at different photon en-

ergies. We observe several fragmented ions, C2H+, C +
2 , CH +

2 ,

CH+ and C+ as well as unfragmented parent molecular ion,

C2H +
2 . Each of these fragmented ions represents a distinct pho-

todissociation channel, where the respective ionic fragment is ac-

companied by undetected neutrals. Among these ionic products,

C2H +
2 and C2H+ ions are the most abundant ionic species, con-

stituting ∼ 95% of total ion-yield, while the other fragments com-

prise the remaining fraction. Notably, in fig.3 the ion-yields of

the photoions (x), where x represents C2H +
2 , C2H+, C +

2 , CH +
2 ,

CH+ and C+, vary with photon energy, evidencing the corre-

sponding dependence of the relative ionization efficiencies (ηx)

1–12 | 3



Table 1 Comparison of relative ionization efficiencies (ηx) of the photoions (x) as a function of photon energy (hν) with the results obtained by

Hayaishi et al.
38

hν (eV)
ηx (arb. u.)

η (arb. u.)

x = C2H +
2 x = C2H+ x = C +

2 x = CH +
2 x = CH+

Current Previous 38 Current Previous 38 Current Previous 38 Current Previous 38 Current Previous 38 Current

19.0 0.777 0.777 0.105 0.112 0.006 0.004 0.004 0.002 0.007 0.000 0.904
21.6 0.739 0.734 0.183 0.191 0.014 0.008 0.008 0.011 0.029 0.004 0.988
23.9 0.651 0.628 0.148 0.149 0.016 0.024 0.008 0.026 0.028 0.019 0.864
26.0 0.588 0.511 0.137 0.119 0.019 0.025 0.007 0.016 0.024 0.025 0.784
28.0 0.377 0.412 0.090 0.087 0.014 0.021 0.005 0.012 0.017 0.023 0.509
36.0 0.283 — 0.073 — 0.015 — 0.005 — 0.027 — 0.416
40.0 0.209 — 0.061 — 0.014 — 0.005 — 0.029 — 0.331

of the channels involved on the same parameter.

Hayaishi et al. 38 extensively studied the photoionization dy-

namics of C2H2 by measuring the photoion-yields of C2H +
2 ,

C2H+, C +
2 , CH +

2 and CH+ as a function of photon energy. They

discussed the appearance energies of these ions as well as as-

signed electronic excitations that result in these photoions from

ab initio theoretical calculations. Here, the relative ionization ef-

ficiencies (ηx) are calculated from the integral area of different

photoion (x) peaks in the TOF mass spectra as a function of pho-

ton energy, shown in fig.3. Herein, the photoion ToF mass spectra

are normalized such that the total ion-yields of background N +
2

ions at different photon energies are proportional to the respec-

tive partial ionization cross section of N +
2 from N2 photoioniza-

tion40. Since, we kept the data acquisition time and the spec-

trometer chamber pressure at the same values for all the mea-

surements at different photon energies, assuming the identical

detection efficiencies of different photoions, the relative ioniza-

tion efficiencies calculated here are proportional to the respective

partial photoionization cross sections of C2H2 photoionization41.

Table.1 shows the comparison of the observed relative ionization

efficiencies (ηx) of C2H +
2 , C2H+, C +

2 , CH +
2 and CH+ ions with

the results obtained by Hayaishi et al. 38. The reported relative

ionization efficiencies (ηx) scaled suitably so that the ionization

efficiency of C2H +
2 at 19.0 eV photon energy, are matched with

that of Hayaishi et al. 38. In this context, it is important to note

that, in the work of Hayaishi et al. 38 at hν = 15.3 eV the relative

ionization efficiency of C2H +
2 is equal to 1 arb. u.. In table.1, η

represents the total relative ionization efficiency of cumulative all

C2H2 photoions shown in fig.3.

It is encouraging to note that there is a good agreement be-

tween our results and corresponding values from earlier studies

for C2H +
2 and C2H+ ions: The reported photoionization thresh-

old of C2H2 is 11.4 eV and appearance energy of C2H+ is 16.8

eV38,42 which can be associated with the C2H +
2 states, X2Πu and

A2Σ+
g , respectively. For photoions whose appearance energies are

higher than that of C2H +
2 and C2H+, > 16eV, their yield and

photoionization efficiencies are also relatively lower (cf. table.1).

We identify C +
2 ion originating from two photodissociation chan-

nels:

C2H2 +hν → C +
2

+H2 + e− (2)

, and

C2H2 +hν → C +
2

+2H+ e− (3)

with appearance energies of 18.1 eV and 22.7 eV, respectively38.
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Fig. 3 Photoion ToF mass spectra at different photon energies. The

x-axis represents mass to charge ratio (M/q) of the photoions in atomic

units. The shaded portion from M/q= 11 to 15 and from M/q= 27.5 to 30

are magnified 10 times. Throughout, peaks are labeled by the single- and

double-ionization ionic fragments from acetylene - C2H
+, C +

2
, CH +

2
,

CH+ and C+, along with the singly ionized parent molecular ion, C2H
+

2
.

However, at hν = 36 and 40 eV, non-dissociative double-ionization prod-

uct, C2H
2+

2
, make small contribution to the peak at M/q = 13. While

the contribution to the M/q = 14 peak from N+ due to residual nitrogen

(N2) ionization is tiny at lower photon energies, at 36 and 40 eV this can

be significant40. The peak at M/q = 28 corresponds to N +
2

ions. The

photoion ToF mass spectra are normalized such that the background N +
2

ion yields are proportional to the partial photoionization cross-sections of

N2 producing N +
2

ions at the respective photon energies40. The rel-

ative ionization efficiencies (ηx) for different photoions (x) are directly

calculated from the integral-area of the respective photoion peak at dif-

ferent photon energies which are proportional to the respective partial

photoionization cross sections.
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We infer these mechanisms noting that the observed difference

between these two C +
2 appearance energies matches the dissoci-

ation energy of the H2 molecule38. Similarly, for CH+ ion, there

are two distinct appearance energies at 20.7 eV and 24.1 eV arising

due to the following photoionization channels:

C2H2 +hν → CH++CH+ e− (4)

, and

C2H2 +hν → CH++C+H+ e− (5)

, respectively38. The appearance energies of the CH +
2 + C and

C+ + CH2 photodissociation channels are 19.4 eV38 and 24.0

eV41, respectively. However, previous electron impact ioniza-

tion study on C2H2 reported the appearance energy of C+ ion

at a lower energy of 20.42 eV43. Table.1 is a concise summary

of the measured relative ionization efficiencies (ηx) of these pho-

toion compared with literature38, corresponding to the aforemen-

tioned ionization channels, affirming the reliability of our mea-

surements. We are now in a position to obtain insights into these

processes taking advantage of the photoelectron imaging corre-

lated to each of these photoions. This enables us to derive insights

into state-selective photo-fragmentation dynamics.

3.2 Photoelectron energy spectra and state-specific dissoci-

ation dynamics

To understand the mechanisms underlying the photoionization of

C2H2, here we present the photoelectron energy spectra (PES)

and photoelectron angular distributions (PADs) of the photoelec-

trons correlated to all the ionic products of C2H2 photoionization.

Then, PES and PADs in coincidence with each of the product ions

are presented to investigate the ionization channels leading to

these product ions. This allows us to compare our work with ear-

lier reports, whereas the ionization channel specific investigation

is a particular specialty of this work. We first discuss the C2H2

photoionization and the ionization channels that produce most

abundant ions, C2H +
2 and C2H+. In the latter part, we discuss

rest of the photodissociation channels.

In fig.4, panels a) and c) show the photoelectron VMI distribu-

tions and panels b) and d) show the Abel-inverted distributions

correlated to C2H +
2 and C2H+ ions, respectively, at 28 eV pho-

ton energy. Fig.4 e) shows the cumulative PES summed over all

the photoelectrons associated to all the photoions resulting from

C2H2 photoionization. There are four distinct peak-structures in

the PES centered at 11.8,17.0,19.0 and 23.5 eV representing dif-

ferent ionized states of C2H2. The vertical green dashed lines in

fig.4 e) present the known ionization energies of first five cationic

states X2Πu, A2Σ+
g , B2Σ+

u , C2Σ+
g and D2Σ+

u at 11.4, 16.71, 18.64,

23.33 and 23.53 eV, respectively32. Therefore, in this photon en-

ergy range (19− 28 eV), these five states are mainly populated

upon photoionization of C2H2. Interestingly, PES correlated to

the unfragmented C2H +
2 ion (cf. fig.4 f)) do not have the fourth

peak corresponding to the C and D states, evidencing that the un-

fragmented C2H +
2 ion is only produced from first three states.

In contrast, PES correlated to C2H+ ion (cf. fig.4 g)) indicate

that only the higher excited states, excluding X , lead to the C2H+
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+
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Table 2 State-specific binding energies (BE) correlated to all C2H2 photoions and in coincidence with specific ions at different photon energies (hν)

hν (eV)
BE (eV)

All C2H2 photoions C2H +
2 C2H+

X2Πu A2Σ+
g B2Σ+

u C2Σ+
g ,D2Σ+

u X2Πu A2Σ+
g B2Σ+

u A2Σ+
g B2Σ+

u C2Σ+
g ,D2Σ+

u

19.0 11.79 ± 0.48 16.95 ± 0.34 17.49 ± 0.28 — 11.79 ± 0.48 16.92 ± 0.35 — 17.62 ± 0.27 18.54 ± 0.11 —
21.6 11.72 ± 0.61 17.09 ± 0.45 18.76 ± 0.40 — 11.72 ± 0.61 17.01 ± 0.45 18.46 ± 0.42 17.67 ± 0.44 18.86 ± 0.40 —
23.9 11.78 ± 0.84 17.14 ± 0.48 17.49 ± 0.28 23.29 ± 0.14 11.78 ± 0.84 17.09 ± 0.48 18.96 ± 0.46 17.72 ± 0.47 19.00 ± 0.46 23.08 ± 0.18
26.0 11.83 ± 1.09 17.16 ± 0.54 17.49 ± 0.28 23.92 ± 0.35 11.83 ± 1.09 17.12 ± 0.55 18.87 ± 0.48 17.78 ± 0.52 19.10 ± 0.48 23.44 ± 0.38
28.0 12.01 ± 1.28 17.27 ± 0.69 18.76 ± 0.40 24.24 ± 0.44 12.01 ± 1.28 17.22 ± 0.69 18.98 ± 0.55 17.88 ± 0.63 19.23 ± 0.54 23.60 ± 0.45

Table 3 Comparison of equivalent state-selective ionization cross sections (σi) of different states (i) correlated to cumulative all C2H2 photoions with

TDDFT calculation31

hν (eV)
σi (Mb)

i = X2Πu i = A2Σ+
g i = B2Σ+

u i =C2Σ+
g ,D2Σ+

u

Current TDDFT 31 Current TDDFT 31 Current TDDFT 31 Current TDDFT 31

19.0 12.72 ± 0.32 13.45 8.94 ± 0.23 15.57 4.90 ± 0.12 4.40 — —
21.6 12.36 ± 0.31 12.12 11.59 ± 0.29 9.86 5.09 ± 0.13 5.50 — —
23.9 11.64 ± 0.29 8.85 9.08 ± 0.23 8.23 4.17 ± 0.10 4.44 0.49 ± 0.01 0.89
26.0 10.20 ± 0.26 7.68 7.09 ± 0.18 7.02 4.70 ± 0.12 3.74 1.03 ± 0.03 1.15
28.0 5.31 ± 0.13 6.87 4.79 ± 0.12 6.04 3.49 ± 0.09 3.38 1.38 ± 0.03 1.18

fragment, which in addition release a neutral H. This observa-

tion reveals the mechanism underlying the previously reported

appearance energy of C2H+ at 16.8 eV38,42. Coincident photo-

electron imaging in forthcoming discussions will reveal further

details of the dynamics in this channel and others.

In order to determine the binding energies (BE), multiple Gaus-

sian functions are fitted to the PES; peak positions and relative

intensities associated with different maxima are determined. Ow-

ing to the finite energy resolution of the VMI spectrometer, we are

not able to distinguish between the closely spaced C and D states.

Therefore, we address the properties of this peak by labelling it as

C,D. Table.2 presents the binding energies corresponding to dif-

ferent C2H +
2 states obtained from the fitting of PES correlated to

cumulative all C2H2 photoions as well as spectra in coincidence

with specific photoions, C2H +
2 and C2H+, respectively.

In fig. 4 e)- g), we note upward shifts in PES peaks correspond-

ing to the ionic state, X , compared to its ground vibrational level

shown by the vertical green dashed line at 11.4 eV. This upward

shift in BE of the X state can be attributed to the photoionization

of C2H2 into the higher vibrational levels, ν2 = 2 and 3, belonging

to the ground ionized state (X) with energies 11.85 and 12.1 eV,

respectively44. However, it should be noted that, the finite energy

resolution of the spectrometer leads to significant widths in the

reported binding energies, cf. table.2. From table.2, we see that

the PES peaks in the spectra in coincidence with cumulative all

C2H2 photoions, and those correlated to C2H +
2 are nearly at the

same positions for X and A states, whereas maxima in spectra cor-

related to A and B states in C2H+ are significantly shifted towards

higher binding energies by ∼ 0.66 eV and ∼ 0.23 eV, respectively,

as compared to the same in C2H +
2 , also evident in panel g) of fig.

4. Thus, the additional binding energy is expended in climbing up

the vibrational manifold of the A and B states of the C2H +
2 ion

leading up to the dissociation into the C2H+ ion and the neutral

H45. For this dissociative ionization channel, the contributions of

the higher excited states (C,D) are also significantly enhanced.

Furthermore, even though we are able to decipher the elec-

tronic states resulting from C2H2 photoionization, particularly in

the case of C2H +
2 and C2H+ product ions, it is difficult to discern

the exact ionization process for the following reasons without ad-

ditional knowledge: Both the direct photoionization and indirect

autoionization processes lead to the same final electronic state;

photoelectron kinetic energies emerging from the final state re-

main identical irrespective of the ionization mechanisms. How-

ever, the partial ionization cross sections of the final states and

the associated photoelectron angular distributions will depend

on the details of the ionization processes. At photon energies

near the autoionization resonances, we may expect to see the im-

pact of resonances both in the partial ionization cross sections of

these states and in the associated photoelectron angular distri-

butions (PADs). Therefore, to discern the C2H2 photoionization

processes, we will discuss photon energy dependent partial ion-

ization cross sections in terms of state-selective branching ratios

and photoelectron asymmetry parameter of these states in detail.

To the best of our knowledge, state-selective branching ratios and

photoelectron asymmetries for different photoionization channels

of C2H2 as a function of photon energy are reported for the first

time.

To determine the state-selective branching ratios (Ri) as a func-

tion of photon energy for different photoionization channels, we

use the following method: First, the PES correlated to a specific

photoionization channel for a given photon energy, hν , is fitted

with the following multiple Gaussian functions, F(E), of the form:

F(E) = ∑
i

Ci
1√

2πσ ′
i

e
− 1

2
(

E−BEi
σ ′

i
)2

(6)

where, BEi, σ ′
i and Ci represent the binding energy (BE), standard

deviation and intensity of the ith state in the fitted PES, respec-

tively. Now, the branching ratios (Ri) of different ionic states (i)

for the concerned photoionization channel at the photon energy,

hν , can be written as:

Ri =
Ci

∑i Ci
(7)
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Fig. 5 State-selective branching ratios (Ri) as a function of photon en-

ergy defined by equations 6 and 7 for different photoionization channels

correlated to a) cumulative all C2H2 photoion, b) C2H
+

2
and c) C2H

+

ions. The state-selective branching ratios, Ri, are labelled by i which cor-

respond to the states, X ,A,B and C,D of the primary photoion C2H
+

2
for

different photoionization channels producing C2H
+

2
, C2H

+, C +
2

, CH +
2

,

CH+ and C+ ions. The dependence of state-selective branching ratios

(Ri) on photon energy reveal the role of possible resonances involved, as

discussed in the text.

These state-selective branching ratios (Ri) provide a normalized

scaling for the relative intensities of individual ionic states (i) in

a specific photoionization channel at a particular incident photon

energy, where the total intensity summed over all the ionic states,

∑i Ri, is equal to 1.

The state-selective branching ratios as a function of photon en-

ergy producing all C2H2 photoions are presented in fig.5 a). As

a trend, with increasing photon energy, the population of X de-

creases while that of higher excited C,D states increase. And,

these ratios in the case of A and B states, respectively, show mod-

erate photon energy dependence. These decreasing nature of rel-

ative intensities of X and A states can be attributed to the involved

2p atomic orbital. On the other hand, increasing state-selective

branching ratios of B and C,D states are due to the involved 2s

atomic orbital35. In addition, a weak local maximum is observed

in the A state around 21.6 eV. A comparison between the equiva-

lent state-selective ionization cross sections (σi) of different states

(i) obtained from our study with the same from theoretical time

dependent density functional (TDDFT) calculation31 as a func-

tion of photon energy is reported in table.3. To calculate the

equivalent state-selective ionization cross sections, we implement

the following method: First, the state-selective relative ionization

efficiencies (ηi) of different ionic states (i) for C2H2 photoioniza-

tion at a particular photon energy are calculated as,

ηi = η ×Ri (8)

where, η and Ri are the total relative ionization efficiency and the

branching ratio of the corresponding ionic state (i). η is related to

cumulative efficiency of all photoions resulting from C2H2 ioniza-

tion at the corresponding photon energy (cf. table.1). We take ad-

vantage of previously reported partial photoionization cross sec-

tions of C2H2 in the work of Cooper et al. 41, to determine the

state-selective ionization cross sections, which are a fraction of

the total cross section. Implementing this scheme, we calculated

these state-selective ionization cross-sections (σi) from ηi using

the relation, σi (in Mb) = (29.38±0.74)×ηi (in arb. u.). The suc-

cess of the measurements and this procedure is vindicated by the

agreement of these experimental state-selective ionization cross

sections with the theoretical calculation.

To our advantage, the PEPICO technique enables the measure-

ment of state-selective branching ratios associated with the pho-

toionization channels producing C2H +
2 and C2H+ ions as a func-

tion of photon energy, see fig.5 b) and c). This leads to a com-

prehensive picture of ionization and dissociation in the photo-

fragmentation process examining the PES correlated to C2H +
2

and C2H+ ions. As observed from the PES (cf. fig.4) the higher

excited ionic states, (C,D), do not leave behind unfragmented

C2H +
2 ions, the lowest ionized state, X , does not participate in

the dissociation process to produce C2H+. For the C2H +
2 ion,

the state-selective branching ratio of X state dominates over the

same of A and B states. The state-selective branching ratios of

the X and A states slightly decrease with increasing photon en-

ergy and are significantly higher than that of the B state which

slightly increases with increasing photon energy. On the other

hand, for C2H+ ion, the contributions of B states are dominant

over the A and C,D states. Beyond the photon energy of ∼ 21

eV, the state-selective branching ratio of A largely remain inde-

pendent of photon energy. On the other hand, opposite behaviors

are seen for B and C,D states, in which the branching ratio of B

decreases and the same of C,D increases with increasing photon

energy.

3.3 Photoelectron angular distributions: fragment- and

state-selected

The most significant aspect of correlated photoelectron imaging

is the opportunity it provides to examine photoion- and state-

specific PADs. This immediately reveals the variations of the

asymmetry parameters (β) of the photoelectron angular distri-

butions correlated to different electronic states. Fig.6 a), b) and

c) depict β as a function of photon energy; these are determined

for the cases of photoelectrons in coincidence with cumulative all

C2H2 photoions as well as PADs correlated to C2H +
2 and C2H+

ions, respectively. Since the π-electron usually leads to a higher
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Fig. 6 Photoelectron asymmetry parameter (β) of different states cor-

related to a) cumulative all C2H2 photoions b) C2H
+

2
ion and c) C2H

+

ion, respectively, as a function of photon energy.

degree of asymmetry than that of σ electron ejection34, the ob-

served large value of β for X state originating from the ionization

of the HOMO (1πu) is justified. Considering the low relative pho-

toionization efficiencies of some of the channels, the VMI tech-

nique plays an important role in the measurement of β param-

eters in which photoelectrons are collected over the entire solid

angle. In this case, the measured β (∼ 1.5) for X states is higher

than the corresponding values obtained from the previous experi-

mental studies where angle-resolved spectra were recorded using

hemispherical electron analyzers34,35.

Two significant trends underscore the behaviour and physics of

the dependence of the asymmetry parameter (β) as a function

of photon energy: i) For the X and A states, the absence of au-

toionizing resonances in the chosen photon energy region, 19...28

eV, underlies the observation of a weak dependence of the β , the

asymmetry parameter on hν , cf. the black and red lines in fig.6. It

is well known that autoionizing resonances influence PADs; there

are no such channels decaying to the lower ionized states, X and

A, for hν > 19 eV46, consistent with earlier results35,47. ii) The

higher ionized B state shows considerable variations in the β pa-

rameter with photon energy in the PADs of the cumulative all pho-

toion distribution and those correlated with the C2H +
2 ion, cf. the

blue line in fig.6 panels a) and b). We observe a local maximum

around 21.6 eV in the β vs. hν curve for photoelectrons in coin-

cidence with cumulative all photoions and a minimum at ∼ 26.0

eV in the photon energy dependence of β correlated to the C2H +
2

ion. In previous works, a minimum was observed at hν = 25 eV for

the B state and reasoned as occurring due to interplay between

2σu → kσg and 2σu → kπg transitions, where k represents a state in

the continuum31,35,47. Therefore, it is surprising that we do not

observe the minimum corresponding to the B state curve for the

dissociation product, C2H+ ion; there is no such structure in the

β vs. hν curve. Rather, we only observe a nearly constant β with

increasing photon energy, cf. the blue line in fig.6 c). This leads

us to the conclusion that the observed local minimum around 26

eV in the β vs. hν curve for C2H +
2 ion is related 2σu → kσg,kπg

autoionizing resonances which play a prominent role in the for-

mation of C2H +
2 upon photoionization of the parent molecule.

While C2H+ is formed by the dissociation of C2H +
2 , the absence

of this minimum (at ∼ 26 eV) in the β associated with the for-

mer indicates formation C2H+ ion from non-autoionizing states.

A fraction of the population of C2H2 participates in the aforemen-

tioned autoionizing resonance which is left undissociated when it

decays, very likely, to lower vibrational states. However, C2H+ is

formed by dissociation from a competing channel which proceeds

through a population of the higher vibrational states of C2H +
2

upon direct ionization. This observation motivates further theo-

retical investigations including multichannel interactions consid-

ering autoionizing states and nuclear dynamics. Finally, for the

C,D states, the value of β increases steadily with increasing pho-

ton energy for cumulative all ions and C2H+ ions (green line in

fig.6 a), c)). Since these states do not produce unfragmented

C2H +
2 , autoionizing channels play no role.

Several theoretical studies performed hitherto31,32 addressed

the variation of electronic state specific asymmetry parameter by

considering multichannel interaction of electronic excitations in

this photon energy range. Wells and Lucchese 32 implemented

multichannel scattering methodology (MCSCF) where the par-

tial cross sections and corresponding β parameters of different

ionic final states were calculated for different autoionization reso-

nances. Fronzoni et al. 31 used time dependent density functional

method on a fixed nuclei geometry to calculated the autoioniza-

tion channels and the asymmetry parameters. Table.4 shows the

comparison of the β parameter obtained in our experiment with

the previous theoretical studies32,35. Only for the B state, reason-

able agreement between our experimental result and the theoret-

ical calculation is observed. While for other ionized states our β

values are quite different from the same calculated from theory.

It should be noted that both the theoretical studies estimate dif-

ferent values of β for the X ,A and C,D states, with reasonable

agreement only for B state.

3.4 Higher-excited states: binding energies and dissociation

channels

Before concluding this article, we discuss the photoionization

channels that produce low ion-yields at M/q = 24,14,13 and 12

in the photoion ToF mass spectra. Here, both the single and dou-

ble ionization regimes of C2H2 are covered in the photon energy
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Table 4 Comparison of asymmetry parameters (β) correlated to the photoelectrons in coincidence with cumulative all C2H2 photoions with previous

theoretical studies at different photon energies (hν)

hν (eV)
β

X2Πu A2Σ+
g B2Σ+

u C2Σ+
g ,D2Σ+

u

Current TDDFT 31 MCSCF 32 Current TDDFT 31 MCSCF 32 Current TDDFT 31 MCSCF 32 Current TDDFT 31 MCSCF 32

19.0 1.54 0.88 0.74 0.60 0.31 0.02 0.59 0.67 0.59 — — —
21.6 1.74 1.03 0.79 0.61 0.32 0.15 1.30 1.16 0.82 — — —
23.9 1.72 1.19 1.06 0.67 0.36 0.22 1.04 1.17 1.22 0.10 1.06 0.01
26.0 1.80 1.26 — 0.83 0.41 0.30 0.86 1.13 1.25 0.32 1.47 -0.31
28.0 1.74 1.32 — 1.10 0.46 0.41 0.86 1.08 1.23 0.67 1.43 -0.13
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Fig. 7 The photoelectron energy spectra correlated to a) C +
2

, b) CH +
2

,

c) CH+, C2H
2+

2
and d) C+ ions, respectively, at different photon ener-

gies. The vertical green dashed lines show the binding energies of singly

ionized states of C2H2
48. Whereas the blue dashed line shows the dou-

ble ionization energy (Edi) of acetylene. The red vertical dashed lines

show the new peaks centred at 24.5 and 19.7 eV. The integral areas of

the PES correlated to these ions at different photon energies are propor-

tional to the relative ionization efficiencies (ηx) of these photoions (x) at

the respective photon energy, shown in table.1.

range, 19...40 eV, to access the higher excited electronic states of

C2H +
2 leading to these low-yield ions. However, the previous sec-

tions, only the single ionization pathways of C2H2 were discussed

by presenting the PES and PADs correlated to cumulative all C2H2

photoions and the high yield ions, C2H +
2 and C2H+. PES corre-

sponding to these photoions are plotted in fig.7 as a function of

binding energy (BE), where BE is calculated by subtracting the

kinetic energy of the detected electron from the incident photon

energy. Since we detect only one emitted electron both for single

and double ionization events, a correct assignment of electronic

states is only possible for the cationic states (BE < Edi) which re-

sult from single ionization events. To assign dicationic states (BE

≥ Edi) relevant to double ionization, it would be necessary to take

into account the total kinetic energy carried by both the emitted

electrons. In fig.7, the vertical green dashed lines show cationic

states leading up to the blue dashed line showing the double ion-

ization energy (Edi ∼ 32 eV) of C2H2.

Since, the studied photon energies cover the spectral range

both below and above the Edi, we discuss these two regimes sep-

arately. For hν < Edi, only single ionization of C2H2 molecule is

possible. Therefore, photoion ToF mass peaks at M/q = 24,14,13

and 12 correspond to C +
2 , CH +

2 , CH+ and C+ ions, respectively,

which result from different fragmentation channels of C2H +
2 ion.

In fig.7, the PES correlated to all these ions have onset around the

B2Σ+
u which show intense peak structures around 24.5 eV BE. This

implies that the low-yield ions are produced from the higher ex-

cited states, B and beyond, whereas the high-yield C2H +
2 and

C2H+ ions are found to be predominantly produced from the

lower-lying X ,A and B states. For hν = 21.6 eV, we observe small

PES peaks at BE around B state. For C +
2 , CH +

2 and C+ ions, the

corresponding PES peaks are centered at BE = 19.7 eV, whereas

for CH+ ion, the associated peak is coinciding with B state (cf.

fig.7 c)). At hν = 23.9 eV, PES correlated to all these photoions

(red line in fig.7) have similar maxima around a binding energy

of 23.3 eV corresponding to the C state. However, the associated

photoelectron asymmetry parameters (β) for these ions are quite

different (cf. table.5). The observed β decreases from 0.25 for

C +
2 ion to −0.03 for C+ ion. Similar peaks around 24.5 eV are

observed for photoionization at 26.0 and 28.0 eV (blue and green

line in fig.7), along with two additional peak structures centered

around 2Πu (BE = 26.40 eV) and 2Σ+
g (BE = 27.27 eV) states for

hν = 28.0 eV. The peak around 24.5 eV (vertical red dashed line

in fig.7) cannot be associated with any reported cationic state,

though. For C +
2 and CH +

2 ions, the 24.5 eV peak dominates over

the other two peaks assigned to 2Πu and 2Σ+
g states, while for
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Table 5 State-selective photoelectron asymmetry parameters (β) correlated to C +
2

, CH +
2

and CH+, and C+ ions at different photon energies (hν)

C2H +
2 state

β

hν = 40 eV hν = 36 eV hν = 28 eV hν = 26 eV hν = 23.9 eV

state BI (eV) C +
2 CH +

2 CH+ C+ C +
2 CH +

2 CH+ C+ C +
2 CH +

2 CH+ C+ C +
2 CH +

2 CH+ C+ C +
2 CH +

2 CH+ C+

C2Σ+
g 23.33 1.33 1.12 1.15 0.89 1.14 0.84 1.08 0.41 0.70 0.38 0.63 0.37 0.33 0.18 0.27 0.36 0.25 0.19 0.02 -0.03

2Πu 26.40 0.47 0.63 1.02 0.70 0.04 0.09 0.96 0.60 0.07 -0.01 0.13 0.22 — — — — — — — —
2Σ+

g 27.27 0.19 0.13 0.91 1.12 0.02 0.04 0.74 0.68 0.14 -0.27 0.03 0.16 — — — — — — — —
2Σ+

g 29.04 0.29 1.09 0.61 0.83 0.29 0.20 0.40 0.36 — — — — — — — — — — — —
2Σ+

u 30.06 0.44 0.38 0.55 0.73 0.34 0.67 0.43 0.63 — — — — — — — — — — — —
2Σ+

g 30.77 0.36 0.08 0.54 0.82 0.29 0.03 0.59 0.43 — — — — — — — — — — — —
2Σ+

g 31.85 0.25 -0.08 0.36 0.60 0.45 0.17 0.23 0.36 — — — — — — — — — — — —

24.5 eV 24.50 0.67 -0.33 0.75 0.84 0.68 0.21 0.73 0.60 0.27 0.79 0.60 1.06 0.08 0.19 0.02 0.11 — — — —

CH+ and C+ ion all the three peaks are almost at equal intensity.

For 2Πu (BE = 26.40 eV) state, the observed photoelectron angu-

lar distributions are isotropic, which resulted in β values close to

zero. This is in contrast to the observed asymmetry (β) for X2Πu

state where we observe higher degree of asymmetry (β ∼ 1.5).

However, the new peak around 24.5 eV shows higher degree of

asymmetry which increases from 0.27 for C +
2 to 1.06 for C+ at

hν = 28.0 eV.

For hν > Edi, both single and double ionization of C2H2 are

possible. Therefore, the mass peaks at M/q = 24,14,13 and 12

correspond to fragment ions from both single and double ioniza-

tion events. However, the contributions of single and double ion-

ization events can be distinguished from the BE scale in the PES.

For BE < Edi, all the events are from single ionization processes

which are discussed earlier. The relevant state-selective asymme-

try parameters (β) are shown in table.5 for hν = 36 and 40 eV. For

BE > Edi, the PES correspond to the detection of one of the two

emitted electrons from double ionization of C2H2. The assign-

ment of electronic states is not feasible, as stated earlier. Fig.7 a)

shows the PES correlated to C +
2 ion produced from the C2H 2+

2

→ C +
2 + H+ + H dissociation process49. Fig.7 b) and d) show

the PES corresponding to CH +
2 and C+ which result from the

same photo-fragmentation channel C2H 2+
2 → C+ + CH +

2 ; this

channel involves the characteristic isomerization of acetylene50.

For C2H 2+
2 and CH+ photoions produced by non-dissociative and

the dissociative (C2H 2+
2 → CH+ + CH+) double ionization chan-

nels, respectively, the corresponding PES are shown in fig.7 c)50.

For all the cationic states, we determine fragmentation channel

specific photoelectron asymmetry parameters (β) from the an-

gular distributions obtained by integrating photoelectron counts

in Abel-inverted distributions considering a 1 eV energy-window

centered at the BE of each state. Table.5 presents the details of

the asymmetry parameter along with the BE of each state. This in-

cludes state-selective β values which are distinct to photoioniza-

tion channels with relatively low cross sections, producing C +
2 ,

CH +
2 , CH+ and C+ ions, contributing new knowledge about this

important molecular system.

4 Conclusion

Several intriguing dynamics of the acetylene-vinylidene system

which play a central role in our understanding of proton mi-

gration and isomerization in the extreme ultraviolet, 19...40 eV

are uncovered. State-selective ionization pathways are identified

for C2H2 photoionization. We observe that the unfragemented

C2H +
2 ion mainly results from the lower-lying X ,A and B states,

while photodissociation of C2H +
2 from A,B,C and D states leads

to C2H+ ion and neutral H. Less abundant ions (C +
2 , CH +

2 ,

CH+ and C+) are predominantly produced from even higher ex-

cited states, B and beyond. For photoionization above the double

ionization energy (Edi), these ions are produced due to fragmen-

tation of C2H 2+
2 . Below Edi, the isomerization of acetylene is ad-

dressed by presenting the PES and PAD in coincidence with CH2+

ion. State-selective branching ratios and photoelectron asymme-

try parameters (β) correlated to the relevant cationic states are

reported as a function of photon energy for all the C2H2 ion-

ization channels. Photon energy dependent photoelectron asym-

metry parameter shows distinct patterns for the photoionizations

leading to C2H +
2 and C2H+ ions. Previously reported autoion-

izing resonance around 25 eV decaying to B state is found to

be selective to the ionization pathway it proceeds. We observe

this autoionization signature in the β parameter only for unfrag-

mented C2H +
2 ion. Whereas photo-fragmentation channel pro-

ducing C2H+ does not indicate such autoionization in the varia-

tion of its photoelectron angular distribution with photon energy.

To understand the photoelectron dynamics in this system, par-

ticularly theoretical explorations combining both the nuclear and

the electron dynamics are required. Finally, these results open

avenues urging time-resolved studies of this important molecu-

lar system using table-top high-harmonic and free-electron laser

pulses.
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