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SPECIAL TOPIC — Ultrafast physics in atomic, molecular and optical systems
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We investigate the dissociation dynamics of ethylene (C;H4) in strong femtosecond laser fields using a reaction
microscope. Coincidence ion detection enables reconstruction of fragment momenta and identification of multiple two-
body channels of C,H2T, including CZH; +HT, CH;’ +CHY, and CzH; + H; Particular attention is given to the
symmetric CH;r + CH;r channel. With increasing laser intensity, the kinetic energy release peak shifts from 5.2 eV to
7.3 eV, indicating a transition from dissociation via lower excited states (e.g., 3B3, and 'Ay (Sy)) to higher-lying states
(e.g., 3Ag and 1B3g). The observed evolution of state populations highlights that peak laser power density governs the
selection of dissociation pathways. By tuning laser parameters, specific channels can be enhanced or suppressed, providing
an effective approach for steering molecular fragmentation dynamics in polyatomic systems.
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1. Introduction

Laser-induced dissociation dynamics of polyatomic
molecules stands as a core frontier in atomic and molec-
ular physics, linking fundamental theory to practical
applications.!'=! In strong laser fields, molecular dissociation
entails chemical bond cleavage, atomic rearrangement, ultra-
fast electronic state transitions, and coupled electronic-nuclear

[6-11

dynamics. I Recent advances in ultrafast laser and imag-

ing techniques have enabled real-time tracking of bond evo-

10,12,13

lution on femtosecond to attosecond scales,! I advanc-

ing our understanding of microscopic dissociation processes

14,15]

and supporting applications in interstellar chemistry,| at-

5,[1171 and notably, quantum control of

mospheric reaction
molecular processes.!'®!°1 A critical unmet need, however,
lies in clarifying intensity-dependent control mechanisms for
polyatomic systems such as ethylene, building on insights
from simpler molecules.

Strong laser fields offer a direct means to excite and
manipulate intramolecular electronic motion, with the cen-
tral challenge of laser-induced dissociation being the precise
control of ionic quantum states to steer fragmentation path-

ways. Laser parameters (intensity, frequency, pulse dura-
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tion) critically regulate electronic state distribution and dis-

[20-22

sociation outcomes, I enabling targeted manipulation of

fragmentation channels. For diatomic molecules, two key
electronic state preparation pathways have been established:
(i) sub-cycle ionization, where ultrafast pulses remove inner-
valence electrons to directly populate high-lying ionic states
governing post-pulse nuclear dynamics;>>3?4 and (ii) outer-
valence electron ionization, which initially populates low-
lying states that are subsequently field-excited to dissociative
higher states.[>>2] Extending this understanding to intensity-
dependent control in ethylene remains an urgent research gap,
which this study addresses.

Hydrocarbons are ubiquitous in nature and industry and
have long served as targets for experimental studies. Ethylene
(C2Hy), a common hydrocarbon and feedstock for many or-
ganic syntheses, has been a primary focus for studying disso-
ciation processes. A variety of experimental techniques have
been employed to probe the ionization and fragmentation of
C,Hy, including double charge transfer spectroscopy,?’! TOF
mass spectrometry,?8! and Auger spectroscopy.?*3°1 Gaire
et al.®!l conducted the first kinematically complete direct
single-photon double ionization measurements of C,Hy4 near
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the double-ionization threshold, and quantum-chemical cal-
culations were used to propose the electronic states and ex-
citation pathways associated with different dissociation chan-
nels of C,H3 ™. Building on this, Jochim ez al.*?! introduced
a method to extract transient metastable lifetimes and recon-
struct the full three-dimensional momentum of dissociation
fragments, focusing on the deprotonation channel CzHﬁ+ —
C2H3+ +HT. They reported lifetimes of 202 £ 10 ns and
916 =40 ns for this channel, with corresponding values of
269 %29 ns and 956 83 ns in C;D4. To gain a more com-
prehensive understanding of the dissociation dynamics, Wang
et al.33) investigated the two-body and three-body fragmenta-
tion channels of CzHﬁ+ using 300 eV electrons combined with
ion—ion coincidence detection, obtaining KER distributions
and reconstructing initial-state information for each channel.
For three-body fragmentation, Newton-diagram features indi-
cated that a two-step sequential mechanism dominates: CzHﬁ+
first undergoes two-body breakup, followed by delayed loss of
a neutral H atom from the intermediate cation (C;HJ, CoHy ,
or CH2+ ). In parallel, studies on the C,Hy dimer system by
Kalugina et al.!** focused on intermolecular interactions. Us-
ing ab initio and analytical approaches, they systematically
mapped the PES and dipole moments of the (C;H4), and
showed that for intermolecular separations larger than 11 ag, a
long-range model accurately captures the interaction energy
and induced dipole. Despite these extensive efforts, previ-
ous studies have largely concentrated on processes induced
by high-energy particles or photons. In contrast, strong-field
laser—induced double ionization of CoHy typically involves si-
multaneous population of multiple electronic states; the corre-
sponding state-evolution pathways and their quantitative rela-
tion to field strength remain insufficiently clarified. As a result,
the control of C;Hy4 double-ionization dissociation pathways
under intense laser fields remains largely unexplored.

In this work, we investigate the dissociation dynamics
of C2H3,+ in strong laser fields using coincidence imaging
techniques. Experimentally, we observed multiple fragmen-
tation channels, including C,H7 + H", CHJ + CHJ, and
C,H; +H;. Combined with theoretical analysis, we eluci-
date the initial electronic states and dissociation mechanisms
underlying these channels, with particular emphasis on the
intensity-dependent regulation of the symmetric dissociation
channel (CH2+ —|—CH2+ ) over a laser intensity range of 1 x 10—
2 x 10" W/cm?. Our results demonstrate that the laser power
density significantly influences the excitation probability of
specific electronic states and the subsequent fragmentation dy-
namics. This deepens our understanding of controlling the

breakup of polyatomic molecules. [>3-33-36]

2. Experimental apparatus

The experimental platform consists of a reaction micro-
scope coupled to a Ti:sapphire femtosecond laser system. The
laser delivers pulses with a center wavelength of 790 nm,
a duration of 25 fs, a repetition rate of 3 kHz, and single-
pulse energies up to 3 mJ. After focusing with a 15 cm focal-
length lens, the beam is directed perpendicularly into the su-
personic cold-target region of the reaction microscope, where
it interacts with a jet of C,Hs molecules. The laser inten-
sity was determined by measuring the yield variation of Ar™
and Ar>* ions as a function of laser intensity and compar-
ing the measured Ar™ ion yield with theoretical results cal-
culated using the ADK theory.’’! The laser intensities used
in the experiments were calibrated to be 1 x 10'* W/cm? and
8 x 10'* W/cm?. The reaction microscope comprises a multi-
stage differentially pumped supersonic source, an ultra-high-
vacuum (UHV) interaction chamber, a time-of-flight (TOF)
mass-spectrometry section, and a time- and position-sensitive
detector. During operation, CoHy at 1 bar is expanded through
a 30 um nozzle into the source chamber and is subsequently
collimated by a skimmer and apertures before entering the
UHYV target region. In the interaction zone, the focused fem-
tosecond pulses cross the molecular beam, producing ionic
fragments. The fragments are accelerated by uniform extrac-
tion fields along a defined axis and recorded by the time- and
position-sensitive detector. By measuring the arrival time and
impact position of each ion, we reconstruct the full three-
dimensional momentum vectors of all fragments detected in
coincidence. The target density at the laser focus is care-
fully controlled to ensure that only one C,H4 molecule inter-
acts with each laser pulse. This condition guarantees that all
electrons and ionic fragments detected per shot originate from
the same parent molecule, allowing for clear channel assign-
ments. Due to the precise three-dimensional momentum reso-
lution of the reaction microscope, we observe abundant parent
dications (C2Hi+) in the strong-field double-ionization exper-
iments. Under linearly polarized light, the process is domi-
nated by nonsequential double ionization, where removal of
two electrons from the HOMO prepares a relatively long-lived
ground-state dication, which can be directly detected in the
spectrometer.

3. Analysis and discussion

Using ion—ion coincidence measurements, we recorded
fragment-ion pairs produced in the dissociation of CoHy at a
peak laser intensity of 1 x 10'* W/cm?. Figure 1 presents the
two-dimensional TOF correlation map of fragments following
double ionization of C,H4. Because momentum is conserved
during the Coulomb explosion, distinct reaction channels man-
ifest as narrow linear features with characteristic slopes. Four
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principal channels are clearly resolved: the deprotonation
channel C,H7 + H*, the H; channel CoH; + Hj, and the
symmetric cleavage CH;r + CH2+. Notably, the C2H§r +HT
channel exhibits an island-like cluster with a pronounced trail-
ing tail in the correlation map. This structure originates from
long-lived metastable ionic intermediates, *>! highlighting the
distinctive kinetics associated with such states.

500
11000
C,Hi+HJ
9000\N, ~ 7 -
’g\ Co,HI+C,HT
G : )
& 7000 50
° C,Hi+HT
CH{+CHY{
5000
3000 0
2000 4000 6000 8000 10000
TOF (ns)

Fig. 1. TOF correlation map for the dissociation of C;H4 molecules in-
duced by an 800 nm femtosecond laser at 1 x 10'* W/cm?2.
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Fig. 2. Dissociation channel of C2H§r +H*: (a) KER spectrum; (b) 2D
momentum distribution of H in the x, y-plane.

Figure 2(a) shows the KER spectrum of the deprotonation
dissociation channel C;H3 ™ — CoHy +H™. The spectrum ex-
hibits a narrow distribution with a peak around 3.8 eV. Fig-
ure 2(b) presents the two-dimensional momentum distribution
of HT ions in the xy plane. Py represents the recoil ion momen-
tum, where the x direction corresponds to the laser polarization

and the y direction corresponds to the laser propagation direc-
tion. It is evident that the fragment ions are isotropically dis-
tributed, indicating that the angular distribution of fragments
from the deprotonation channel of C,H4 shows no directional
dependence. This phenomenon suggests that the separation of
the two fragment ions through Coulomb explosion occurs on a
timescale longer than the rotational period of the molecule in
space after the laser pulse has ceased.

According to the potential energy curves along the C-H
bond coordinate, *! when one electron from the HOMO-1 or-
bital and one from the HOMO orbital are ionized, the resulting
C2Hi+ ion can populate the lowest electronically excited state
3A. (T1), which leads to C-H bond cleavage with a KER of
approximately 3.7 eV. It is worth noting that the KER distribu-
tion in Fig. 2(a) exhibits a high-energy tail, which corresponds
to dissociation from the 'A, (S,) state, where the potential
energy surface predicts a KER of approximately 4.3 eV. Fur-
thermore, along the C—H coordinate, the potential energy sur-
face features a shallow yet extended barrier. Consequently,
this state exhibits a relatively long lifetime, and the dissoci-
ation of C2Hi+ along the C-H bond proceeds slowly, which
accounts for the isotropic angular distribution of the product

ions.
(a) —TFit
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Fig. 3. KER spectrum of the CZH‘%Jr — CZH; +H;r reaction channel.
(a) KER spectrum; (b) 2D momentum distribution of H;“ in the x, y-plane.

As shown in Fig. 3(a), the KER spectrum for the
CoHZT — CoHj + HJ channel peaks at approximately
4 eV. This channel exhibits an isotropic angular distribution

043301-3



Chin. Phys. B 35, 043301 (2026)

(Fig. 3(b)), which originates from its dominant dissociation
pathway and specific features of the potential energy surface.
The H; formation proceeds mainly via two plausible path-
ways: (1) migration of a hydrogen atom across the C=C bond,
forming an ethyl-like cationic intermediate (CH3CH?") that
subsequently fragments into HCCH™; or (2) recombination of
two hydrogen atoms on the same carbon, followed by sep-
aration from the vinylidene ion (CH,C™). Given that path-
way (1) necessitates a long-distance proton transfer across the
double bond, it follows that pathway (2) becomes the dom-
inant route for H2+ formation. Similar to the deprotonation
channel, the isotropy arises from a long-lived intermediate
induced by a conical intersection. Potential energy surface
analysis[31-33] indicates that the dissociation proceeds via cou-
pling of the !By, and !By, states to the lower-lying !By,
state through a conical intersection, which creates a shallow
potential well that stabilizes the dication. This extends the

dissociation timescale beyond the rotational period of the di-
cation, thereby erasing any directional preference induced by
the laser polarization and resulting in an isotropic fragment
distribution.

The symmetric dissociation channel corresponds to C—C
bond rupture in the dication: CH3"™ — CHj +CHj. Fig-
ures 4(a) and 4(b) show the measured KER spectra at peak in-
tensities of 1 x 10'* W/cm? and 8 x 10'* W/cm?, respectively;
for comparison, Fig. 4(c) reproduces the distribution reported
by Xie et al.8 at 2 x 10" W/ecm?. Multi-peak fits to the ex-
perimental spectra yield the KER peak positions and relative
weights discussed below. By performing multi-peak fitting of
the experimental data, the peak positions and distributions of
the KER were obtained. At different laser densities in this
study, the angular distribution of CHZ+ ions is anisotropic, con-
sistent with previous experimental results. 3%

(a) —— Total Fit (b) —— Total Fit (c) —— Total Fit
1.0 ---- Peak 1:3.9¢eV ---- Peak 1: 4.0V 1.0 ---- Peak 1: 5.0V
--=- Peak2:52¢V ---- Peak2:4.9 ¢V -==- Peak 2: 6.0 ¢V
0.8 ---- Peak3:6.2eV ---- Peak3:5.5eV 0.8 === Peak 3: 736V
= { CHy+CHJ = Peak4:62eV | F Peak 4: 8.1 ¢V
5 0.6 5 ---- Peak5:7.1eV 5 0.6 --- Peak 5:9.2eV
n @0 Peak 6: 7.9 eV 0a . } CH}4+CHY
4 ---- Peak7:9.1 eV 0.4
0. } CHj+CHY :
0.2 i’ 0.2
0 / \ \\7\_1%” - 0 o A X *oese o,
2 4 6 8 10 10 12 14 2 4 6 8 10 12 14
KER (eV) KER (eV) KER (eV)

Fig. 4. Dissociation channels of CH2+ JrCH;r : (a) KER spectrum corresponding to 1 x 10* W/ecm?; (b) KER spectrum corresponding to

8 x 10" W/cm?; (c) KER spectrum corresponding to 2 x 1015 W/cm?.

Under a laser intensity of 1 x 10'* W/cm?, the KER spec-
trum in Fig. 4(a) is primarily centered around 5.2 eV, with
weaker features at 3.9 eV and 6.2 eV. The C,Hy molecule
forms the Bs, state upon removal of electrons from the
HOMO-2 and HOMO orbitals. Consequently, the main KER
peak for symmetric dissociation is observed at 5.2 eV in the
present experiment. This finding is supported by the analysis
of the potential energy curves in Fig. 5(a), which shows that
dissociation from the 3Bj, state yields a theoretical KER of
5.0 eV, in excellent agreement with the measurement. In
addition, the peak at 6.2 eV in the KER spectrum corresponds
to the dissociation channel of the 3B3g electronic state. Theo-
retical calculations yield a KER of 6.0 eV for this state, con-
sistent with the experimental value. The dissociation mech-
anism is as follows: the dication is initially populated in the
3B3g state, which features a shallow potential well near the
Franck—Condon region; as the C—C bond stretches, the sys-
tem undergoes a conical intersection from the 3B3g state to the
3B;, state, and finally dissociates via the 3B5, state. Notably,
prior studies of this channel did not report a peak at 3.9 eV;
here we observe it for the first time and attribute it to the 'A,
(S,) state, for which theoretical calculations yield a KER value
of 4.0 eV. In this pathway, removal of one HOMO and one

HOMO-1 electron prepares 'A, (S»). Subsequently, due to a
conical intersection between the 1Au (S») and lAg (S) states,
the ion subsequently transfers from ' A, (S,) to 1Ag (Sy), from
which the final dissociation occurs.

When the laser power density is increased to 8 x
10 W/cm?, the main peak appears at 6.2 eV. Under these
conditions, the population of low-energy KER peaks with the-
oretical values of 4.0 eV, 5.0 eV, and 5.5 eV gradually de-
creases, while that of higher-energy KER peaks at 7.3 eV,
8.0 eV, and 9.0 eV correspondingly increases. The dissocia-
tion mechanisms of the low-energy KER peaks (4.0 eV, 5.0 eV,
and 5.5 eV) and the main peak (6.2 eV) are consistent with
those at lower laser power densities. Specifically, the 4.0 eV
KER peak corresponds to the YA, (S,) state, the 5.0 eV and
5.5 eV peaks arise from the *B3, and 3B3g states, respectively,
while the main peak at 6.2 eV originates from the crossing
dissociation channel involving the B3, —>Bj, transition. Of
particular interest is a 7.1 eV peak that arises from popula-
tion on 3By, which transfers via conical intersections to 3B1g
before dissociation.[®! Its calculated KER is 7.3 eV. In addi-
tion, double ionization from the HOMO-2 orbital populates
the highly excited 31Ag state of CgHiJ’, which directly in-
duces C—C bond cleavage. The experimentally observed KER
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peaks at 7.9 eV and 9.1 eV correspond to dissociation via
the 31Ag state following conical intersections to the 1B3g and
2! A, states, respectively. The associated theoretical values are
8.0 eV and 9.0 eV, in excellent agreement with the experimen-
tal data. When the laser power density is further increased to
2 x 10" W/cm?, the main peak shifts to 7.3 eV, the popula-
tion of low-energy KER peaks is further suppressed, and high-
energy KER peaks become dominant. Importantly, the KER
peaks at 8.1 eV and 9.2 eV observed under this condition ex-
hibit dissociation mechanisms that are fundamentally differ-
ent from the peaks at the same energies under lower power
densities.’8] These peaks arise from low-lying 1'A, states
that are promoted via field-induced excitation to the highly ex-
cited 31Ag state, which subsequently undergoes conical inter-
sections to the 21Ag and 1B3g states and then dissociates along
these high-lying pathways. Consequently, the theoretical KER
values for this process are the same as those of the correspond-
ing dissociation pathways at lower power densities. To pro-
vide an intuitive illustration of how the dissociation pathways
of different electronic states depend on the laser power den-
sity, Fig. 5(b) presents the populations of various electroni-
cally excited states of Csz‘Jr as a function of laser power den-
sity. Atlow power density (1 x 10'* W/cm?), the lower excited
states 3B3, and 3B3g dominate (~ 90%), while the even lower
'Ay (Sy) state is also populated (~ 10%). This indicates that,
within this intensity regime, the laser field primarily ionizes
the outer-valence electrons of CoHy, and the resulting dissoci-
ation channels correspond to the potential energy surfaces of
relatively low-lying excited states. As the laser power density
increases to 8 x 10!* W/cm?, the populations of the excited
states undergo significant changes: the 'A, (S;) state drops
sharply to approximately 5%, while the *Bs, and 3B3g states
decrease to around 65%. At the same time, higher-lying ex-
cited states By, 31Ag) begin to be significantly populated.
This shift indicates that, at intermediate power densities, the
laser field possesses sufficient energy to ionize inner-valence
electrons, generating highly excited states via removal of these
inner electrons. At a laser power density of 2 x 101> W/cm?,
the 1A, (Sy) state nearly vanishes, and the populations of
lower excited states such as 3Bz, and 3ng decrease to about
37%. This indicates that their efficiency as dissociation chan-
nels is strongly suppressed, primarily due to the competitive
population of higher-lying states. At this laser power den-
sity, the dissociation process is dominated by higher excited
states including 3B,y and 31Ag. The formation mechanism of
these states shifts from being governed mainly by direct ion-
ization to being driven predominantly by field-induced excita-
tion — namely, ions in lower excited states absorb additional
photons in the intense laser field and are promoted to higher
electronic states. These results indicate that increasing laser
power density drives a transition from low-energy ionization-

driven channels to high-energy excitation-dominated dissoci-
ation pathways. In summary, the peak laser power density is
the key factor controlling the relative yields of different dis-
sociation pathways. At intensities of 1 x 10'* W/cm? or be-
low, CzHﬁ+ predominantly populates the 3Bj, state, with a
relatively large contribution from the LA, (Sy) state. As the
intensity increases, population channels leading to the 31Ag
and 3B, states become accessible. With further increase in
intensity, field-induced excitation to the 3'A, and By, high-
lying states becomes dominant. The dissociation pathways
of CoHy can thus be actively manipulated by precise adjust-
ment of the laser power density: on the one hand, selective
ionization of different orbitals determines the initial excited
states and their dissociation channels (e.g., low intensities ion-
ize outer-valence HOMO and HOMO-1 to produce low-lying
states, whereas high intensities ionize the deeper HOMO-2 to
generate higher-lying states); on the other hand, at high inten-
sities, field-induced excitation can promote CzHﬁ+ from low-
lying to higher excited states, thereby substantially altering the
subsequent dissociation dynamics. Therefore, the laser power
density serves as the critical experimental parameter for steer-
ing molecular dissociation pathways.

Energy (eV)

C—C distance (a.u.)

(b) = ALS)
80 3B3u*3B3g
3Blu
§ —— 3IA
~ 60 ¢
=
g=)
g
& 40
o
~
[N
20
0 L L n
0 5 10 15 20

Power density (10* W-.cm™2)

Fig. 5. (a) Calculated potential energy curves of CzHﬁ+ along the C—
C stretching coordinate.*! (b) Population fractions of electronically ex-
cited states as a function of laser intensity.

4. Conclusion

This work investigates the mechanisms of two-body dis-
sociative fragmentation of CzHﬁJr induced by strong laser
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fields at different power densities using momentum coinci-
dence imaging. All two-body Coulomb explosion dissoci-
ation channels of CzHﬁ+ within the studied laser intensity
range are identified. Particular emphasis is placed on the
laser-intensity-dependent control of the symmetric dissocia-
tion pathway (CHJ +CHj ), in which a new KER peak at 4 eV
is observed for the first time and assigned to the LA, (S)) state.

Analysis of the potential energy curves indicates that the
deprotonation channel originates from the 3 Ay (T)) ionic state,
while the dissociation process of the C2H‘21+ — C2H§r +H2+
channel proceeds via coupling between the '*By, and !°By,
states, followed by relaxation to the lower-lying 3B, state
through a conical intersection.

For the symmetric dissociation channel of CoH2", the
KER spectra exhibit pronounced evolution with increasing
laser power density: the main feature shifts from a low-energy
peak (5.2 eV) to dominant high-energy peaks (7.3-9.0 eV).
This behavior reflects a transition in the dominant dissocia-
tion mechanism. At low laser intensities, selective ionization
of specific molecular orbitals populates low-lying dissocia-
tive states (e.g., 'Ay (S2), *Bsy), whereas at higher intensities,
field-induced excitation promotes the dication to higher-lying
dissociative states (e.g., 31Ag, 3B1u)-

Correlation analysis of electronic-state populations at dif-
ferent power densities demonstrates that the peak laser power
density is the key parameter governing the dissociation mech-
anism, as it directly determines the relative contributions of
different channels. By precisely tuning the laser parameters
to selectively populate target ionic states, specific dissociation
pathways can be enhanced or suppressed. This study eluci-
dates the pathway-selection mechanism in strong-field double
ionization of ethylene, governed by the complex population
dynamics of electronic states, and highlights the potential of
femtosecond laser intensity as a powerful tool for steering dis-
sociation pathways in polyatomic molecules.
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