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Intensity-dependent three-body Coulomb explosion of methane in femtosecond laser pulses
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We experimentally study three-body Coulomb explosion of methane molecules, i.e., CHy3" — H* + H* +
CH,™" in 800-nm laser pulses with different intensities. We find that, at a relatively low intensity, the three-body
breakup channel is dominated by a concerted pathway with a high kinetic energy release (KER). However, at a
high laser intensity, an extra pathway with a low KER appears. The pathway with a low KER can be explained
as a sequential pathway, indicating the potential existence of a stable intermediate CH;* dication during the
three-body Coulomb explosion of methane molecules in strong laser pulses. The intensity dependence of the
pathway is explained as the increasing population on the excited state of CH3>™ with the increase of the laser
intensity, which has a longer lifetime than that of the ground state.

DOLI: 10.1103/PhysRevA.109.023115

I. INTRODUCTION

Methane is a significant organic molecule owing to its
simple structure. It is widely distributed throughout the uni-
verse and can easily become a highly charged molecular
ion through ionization by cosmic radiation. Subsequently,
the highly charged molecular ions can generate fragments
via dissociation or Coulomb explosion (CE) processes [1-5].
Therefore, studying the fragmentation dynamics of methane
molecules can aid in our understanding of atmospheric chem-
istry and interstellar chemistry [2-5]. Moreover, the methane
molecule serves as an ideal prototype to investigate some
fundamental effects, such as Jahn-Teller distortion [6,7] and
Auger decay [8].

The fragmentation dynamics has been extensively stud-
ied when the methane molecules are irradiated by strong
laser fields or impacted by ion or electron sources in the
last few decades [9-17]. A lot of attention has been fo-
cused on the three-body breakup channels of CH4** — H +
H* 4+ CH,* and CH4** — H* + H* + CH,". The three-
body fragmentation processes are usually classified into two
classes, namely, concerted and sequential pathways [9-16].
In the concerted pathway, two C-H bonds break simultane-
ously [15,16,18,19]. In the sequential pathway, one chemical
bond breaks after the other breaks with a time delay, resulting
in the formation of a long-lived intermediate ion [18-28].
For the three-body fragmentation processes of CH4>* — H +
H* 4+ CH,*, the experimental results with ion impact have
excluded the existence of the sequential pathway of CH4>* —
H + CH3?t - H+H' 4+ CH," [10,16]. A similar conclu-
sion was obtained in electron impact experiments [11,12,15].
In the laser-induced CE process of the methane molecules,
it was found that the three-body channel of CH,3* — HT +
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H* + CH," occurs in a concerted process while the se-
quential pathway involving a long-lived intermediate CH3>*
dication was not observed [13]. These results all indicate the
absence of a long-lived CH;?* dication, which is consistent
with a previous theoretical study that the ground state CH3%*
dication should not have a significant lifetime. This is because
the ground state potential energy curve has a local well too
shallow to support a long-lived state [29].

In fact, long-lived dications are important for determining
double ionization energy value and studying bond-forming
reactions [3,30]. There were many attempts to directly ob-
serve the long-lived CH;?* dication [30-34]. In the 1980s,
some groups claimed to directly observe the long-lived CH32*
dication using the charge stripping technique [30,31]. How-
ever, subsequent experiments using the same method did
not find the long-lived CH;2" dication [32-34]. Further-
more, when methane was irradiated by femtosecond laser
fields [35,36] or impacted by electrons and ions [10,12,15,16],
the CH3%* dication was not observed in time-of-flight spectra.
While the existence of long-lived CH3?* dications remains
controversial, most of the experimental results support the
theoretical study, i.e., the CH;?* dication usually has a short
lifetime [29]. However, those previous studies only considered
the ground state of the CH;2* dication. In strong laser fields,
it has been shown that the population of the excited state
increases with increasing the laser intensity [37,38].

In this paper, we investigate the dependence of the three-
body fragmentation process of CH4>* on the intensity of a
strong 800-nm laser pulse. Our primary focus is the breakup
channel of CH43* — H* 4+ H* 4+ CH,*. We find that a path-
way with a high kinetic energy release (KER) (high-KER
pathway) is dominant in the three-body CE process of CH,>*
at a relatively low laser intensity. However, when increasing
the laser intensity, an additional pathway with a low KER
(low-KER pathway) is observed. The low-KER pathway can
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be explained as a sequential pathway. One possible explana-
tion would be the existence of a stable intermediate CH32*
dication. Furthermore, we have calculated the ground and
excited state potential energy curves for the CH;32* dication.
The ground state potential energy curve exhibits a shallow po-
tential well, while the potential energy curve of the electronic
excited state reveals a deep potential well. This indicates that
the excited state CH32* dication should have a long lifetime.
Moreover, using the concerted pathway, we also reconstruct
the transient molecular structure of CH,3* at the instant of
CE. These results underscore the importance of laser param-
eters in the three-body fragmentation of methane molecules,
offering new avenues for controlling the outcome of methane
molecule fragmentation reactions under strong laser fields.

II. EXPERIMENTAL METHODS

The CE experiment of methane molecules in intense laser
fields was conducted using cold-target recoil-ion momen-
tum spectroscopy (COLTRIMS). A Ti:sapphire laser system
produced linearly polarized laser fields with a central wave-
length of 800 nm and a pulse width of ~25 fs. The laser
intensity was regulated by an 800-nm half-wave plate and
an ultrabroadband wire grid polarizer made of fused silica.
Subsequently, the laser beam was focused into the vacuum
chamber by a parabolic mirror (f = 75 mm) and interacted
with the supersonic methane molecules. Three-dimensional
momentum distributions of the ions were measured via
the COLTRIMS. A weak homogeneous static electric field
(~10.2 V/cm) was utilized to accelerate and guide the re-
sultant ions to microchannel plate detectors. By measuring
the time of flight and the positions of the ions on the de-
tectors, three-dimensional photoion momentum distributions
with high resolution can be obtained. We obtained the results
of the CE channel of CH,** — Ht + Ht + CH,* at two
laser intensities. The intensity was calibrated by comparing
the photoelectron momentum distribution from single ioniza-
tion of argon in elliptically polarized laser pulses with the
result of the nonadiabatic tunneling ionization model [39].
The laser intensity of the lower intensity case was calibrated
to be around 1.8 x 10'* W/cm?, while that of the higher
intensity case was calibrated to be around 3.8 x 10'* W /cm?.

III. RESULTS AND DISCUSSION

The total KER distributions (blue solid lines with squares)
for the channel of CH,** — Ht + Ht 4+ CH,* at different
laser intensities are shown in Fig. 1. At the laser intensity of
1.8 x 104 W/cmz, the KER distribution exhibits only one
peak at ~15.5eV in Fig. 1(a), which corresponds to the
high-KER pathway. However, at the laser intensity of 3.8 x
10 W/cm?, an additional peak at ~8.8 eV appears along-
side the peak ~15.5 eV in the KER spectrum of Fig. 1(b),
which corresponds to the low-KER pathway.

To shed light on the origin of the high-KER pathway and
the low-KER pathway, we utilize the ion kinetic energy (KE)
correlation spectrum to analyze the three-body fragmentation
dynamics [19,24]. We show the ion KE correlation spectrum
of two protons in Figs. 2(a) and 2(b) at the laser intensity
of 1.8 x 10" W/cm? and 3.8 x 10'* W/cm?, respectively. In
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FIG. 1. The blue solid lines with squares show the total ionic
KER distributions for the three-body breakup channel CH43* —
H* + H* + CH,™ at the laser intensity of (a) 1.8 x 10'* W /cm? and
(b) 3.8 x 10'* W/cm?. The black solid line with plus signs shows the
KER distribution of region A in Fig. 2(b). The red dashed line with
rhombuses shows the KER distribution of region B in Fig. 2(b). The
green dash-dotted line with circles shows the KER distribution of
region C in Fig. 2(b).

Fig. 2(a), the ion KE correlation spectrum mainly lies near
the diagonal line of the coordinate axis at the low laser inten-
sity, marked as region A. Additionally, a winglike structure
marked as region B in Fig. 2(a) is observed, but the proportion
of the events in region B is relatively small. When increas-
ing the laser intensity, the ion KE correlation spectrum in
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FIG. 2. (a) and (b) The ion KE correlation spectrum for two pro-
tons generated from the CE channel CH,** — H* + H* 4+ CH,* at
the laser intensity of 1.8 x 10'* W/cm? (a) and 3.8 x 10" W /cm?
(b). (c) The schematic diagram for the concerted pathway (pathway
1) and the sequential pathway (pathway 2) for the three-body CE
process of CH,3*
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Fig. 2(b) becomes complex. Regions A and B are also found
in Fig. 2(b), but the proportion of the events in region B of
Fig. 2(b) obviously increases as compared to that in Fig. 2(a).
Moreover, an interesting observation in Fig. 2(b) is that two
isolated islands marked as region C appear, which exhibit an
obvious asymmetric energy sharing between the two protons.
Furthermore, the KER distributions of regions A—C are shown
in Fig. 1(b). It is noted that regions A and B mainly con-
tribute to the peak of ~15.5 eV in the KER spectrum, i.e.,
the high-KER pathway. Region C corresponds to the peak of
~8.8 eV, i.e., the low-KER pathway. According to previous
studies [19,40], regions A—C should originate from different
fragmentation processes.

For the three-body channel of CH,’* — H* 4+ H* +
CH,™", the concerted and sequential pathways are illustrated
in Fig. 2(c), namely,

pathway 1: CH4** — H* +H' + CH,*
pathway 2: CH4** — H' 4+ CH3>* — HY + H" 4+ CH,".

In the case of pathway 1, two C-H bonds break simultane-
ously. When those two C-H bonds stretch symmetrically and
break simultaneously, the two protons acquire the same KEs at
the moment of breakup and thus the KE correlation spectrum
shows a distribution along the diagonal line of the coordi-
nate axis. This corresponds to the concerted pathway with
symmetric stretching. When the two C-H bonds break with
different bond lengths at the moment of breakup in pathway
1, the two protons acquire different KEs, which corresponds
to the concerted pathway with asymmetric stretching. In the
case of pathway 2, there is a delay between the breaking of
two C-H bonds and it will also produce two protons with
asymmetric energy sharing. Based on the above analysis,
region A of the high-KER pathway in Fig. 2 should corre-
spond to the concerted pathway with symmetric stretching.
Regions B and C both exhibit a pronounced asymmetric en-
ergy distribution between the two protons. In order to provide
a more comprehensive illustration of the fragmentation mech-
anisms occurring in different regions as depicted in Figs. 2(a)
and 2(b), we show Dalitz plots in Fig. 3 and Newton plots in
Fig. 4. Here, we only show the results at high laser intensity
in Figs. 3 and 4.

The Dalitz plots presented in Fig. 3 can serve as a
valuable visualization tool for the three-body fragmentation
processes [18]. This probability density represents the vector
correlation by utilizing the reduced energies of the three frag-
ments, denoted as X and Y according to the equations
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Here, ¢; = [Pi|*/ Y |Pj|* (i, j = 1,2, 3) represents the nor-
malized coordinate of the ith fragment and P; represents the
momentum vector of the ith fragment. In our analysis, the
two protons are regarded as the first and second fragments,
and CHJ is regarded as the third fragment. The Dalitz plots
corresponding to regions A-C of Fig. 2(b) are shown in
Figs. 3(a), 3(b), and 3(c), respectively. Note that the Dalitz
plots at the case of lower laser intensity are nearly the same as
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FIG. 3. (a)—(c) Dalitz plots for the three-body fragmentation of
CH,** at the laser intensity of 3.8 x 10'* W/cm?, corresponding
to regions A—C in Fig. 2(b). (d) Characteristic momentum vector
geometries for specific points in the Dalitz plot.

those in Figs. 3(a) and 3(b). Additionally, Fig. 3(d) displays
the characteristic momentum vector geometries for specific
points in the Dalitz plot. Moreover, the Newton plot in Fig. 4
is also an effective method to identify the fragmentation
mechanisms of three-body processes. For the Newton plots
in Fig. 4, the normalized momenta of the three fragments are
plotted on a two-dimensional plane with one of them fixed
on the x axis and the other two on the upper and lower half
planes. The Newton plots corresponding to regions A, B, and
C of Fig. 2(b) are displayed in Figs. 4(a), 4(b), and 4(c),
respectively.

For region A, the Dalitz plot in Fig. 3(a) is primarily
distributed along X = 0. The results, by comparing Fig. 3(a)
with Fig. 3(d), indicate that the two protons acquire the
same energy during the three-body fragmentation process.
The corresponding Newton plot in Fig. 4(a) shows a pair of
crescent-shaped structures. These results support that region
A in Fig. 2(b) arises from the concerted pathway with sym-
metric stretching.

For region B, the Dalitz plot and the Newton plot are
shown in Figs. 3(b) and 4(b), respectively. Notably, the events
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FIG. 4. (a)—(c) Newton plots for the three-body fragmentation of
CH,** at the laser intensity of 3.8 x 10'* W/cm?, corresponding to
-regions A—C in Fig. 2(b). The black dashed line in Fig. 4(c) is meant
to guide the eye.
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FIG. 5. The correlation angle distributions between the momen-
tum vectors of two protons for regions A (a), B (b), and C (c) in
Fig. 2(b), respectively.

in region B are close to those in region A on the Dalitz
plot. It is found that as the KE of one proton decreases,
the KE of the other proton increases for region B of Fig. 2.
This shows a strong asymmetric KE correlation, which is
consistent with the expected behavior of two asymmetrically
stretching C-H bonds. The result is also consistent with pre-
vious results [40]. For the Newton plot in Fig. 4(b), it also
exhibits a pair of crescent-shaped structures, which is sim-
ilar to the result for the concerted pathway with symmetric
stretching. As for region C, the Dalitz plot and the Newton
plot are shown in Figs. 3(c) and 4(c). Notably, the events in
region C are significantly distant from those in region A on
the Dalitz plot. This indicates that the three-body fragmen-
tation mechanisms for regions A and C should be different.
Although the Newton plot in Fig. 4(c) is more like an in-
complete semicircular structure, the differences of the Newton
plot between region B and region C are not obvious enough.
Therefore, we further show the correlation angle distribu-
tion between the momentum vectors of the two protons in
Fig. 5.

Figure 5(a) shows the correlation angle distribution be-
tween the momentum vectors of the two protons in region A
of Fig. 2(b). The distribution exhibits a single-peak structure
at 135°, indicating the presence of the most probable relative
emission direction between the two protons when the two
C-H bonds break. Similarly, the correlation angle distribu-
tion between the momentum vectors of the two protons in
region B, shown in Fig. 5(b), also exhibits a single-peak
structure at 124°. However, in Fig. 5(c), it can be seen that
the angular distribution exhibits a plateau-like distribution
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FIG. 6. Potential energy curves of CH3>*. The blue dashed line
is the potential energy curve of the ground state (%A, state). The red
solid line is the potential energy curve of the excited state (>B; state).
The inset shows the equilibrium geometrical structure of the CH3>*.

within an angle range of 80°-140°, which is different from
the single-peak structures in regions A and B. This indi-
cates a lack of correlation in the emission angles of the
two protons, which agrees with the expected behavior of
the sequential pathway. Therefore, region B is more likely
to originate from the concerted pathway with asymmetric
stretching, closely associated with the vibrational motion of
the chemical bond. Region C is more likely to originate from
the sequential process, closely related to the rotation of the
intermediate.

From the above analysis, it is found that the concerted path-
way is dominant for the three-body CE channel of CH,3* —
H* +H" + CH,™" at low laser intensity. This is consistent
with previous studies, i.e., the absence of the long-lived
CH;%* dication [16,29]. However, when increasing the laser
intensity, it is found that the low-KER pathway may origi-
nate from the sequential pathway CH,’>* — H* 4+ CH3?* —
H* + H* + CH,*. One possible explanation for this result is
the existence of a stable CH32" dication, which is different
from previous theoretical study [29].

We employed the CASSCF/CASPT2/cc-pVQZ method to
calculate potential energy curves of the CH3?* dication in the
quantum chemistry software of ORCA [41-43]. The selected
active space comprises five electrons and seven orbitals, and
we also verified the selected active space using the MOKIT
package [44]. Firstly, we optimized a structure of the CH3>*+
dication, which is depicted in the inset of Fig. 6. The geometry
exhibits a C;, symmetry and reveals a long C-H bond, which
corresponds to a weak one-electron bond [29]. Subsequently,
we varied the C-H bond length of this weak bond while
keeping other bond angles and lengths fixed to obtain the
potential energy curves. The corresponding results are shown
in Fig. 6. The ground state of CH3?* dication corresponds
to the 2A; state, whose potential energy curve is shown by
the blue dashed line in Fig. 6. It is evident that the potential
energy curve of the ground state CH3>* dication exhibits a
negligible potential well and resembles a repulsive poten-
tial curve. According to previous studies, the lifetime of the
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dications is related to the depth of the potential well on the
potential energy curve [16,27,29,35]. Therefore, this implies
that the ground state CH3?* dication should not have a sig-
nificant lifetime, which agrees with previous studies [29,35]
and cannot explain our experimental results at high laser
intensity.

We further investigated the potential energy curve of the
2B, state CH3>* dication, as shown by the red solid line
in Fig. 6. It is found that the potential energy curve of the
2B, state exhibits a deep potential well. Therefore, the re-
sult indicates that a stable excited state CH3%" dication is
feasible and potentially has a long lifetime. The long-lived
intermediate dications rotate during the CE process, which
leads to a lack of correlation in the emission angles of the two
protons. Therefore, the correlation angle distribution between
the two protons shows a plateau-like structure, as shown in
Fig. 5(c). Moreover, in Fig. 1(b), the KER value of region
C is lower compared to that of regions A and B. Previous
studies have shown that excited states typically yield higher
KER values in the three-body breakup channels as compared
to the ground state by assuming the final dissociation limit is
identical for the ground and excited states (the dissociation
limit refers to the energy of potential energy curve when the
bond length goes to infinity) [28,40]. However, in our case,
the final dissociation limit of the 2B, state is much higher
than that of the 24, state, as shown in Fig. 6, which leads to a
lower KER value of region C than that of regions A and B in
Fig. 1(b). Furthermore, when increasing the laser intensity, the
population on the excited state of CH3?* also increases [38]
and the low-KER pathway appears.

Our experimental and theoretical results indicate that the
most likely reason for the low-KER pathway is the presence
of long-lived CH3>* dication, leading to the sequential path-
way. However, the complex nuclear dynamics in the potential
energy surface during multiple ionization poses challenges in
fully comprehending the experimental results, presented in
Figs. 4 and 5. In order to provide a more direct evidence for the
existence of long-lived CH;2* dication, ab initio theoretical
calculation may be needed. Moreover, considering the com-
plex vibrational modes and light mass of the hydrogen atom
in methane, the influence of the large angle vibration of two
C-H bonds cannot be entirely ruled out with regards to the
experimental results in region C. Therefore, the experimental
results do not decisively confirm the presence of the long-
lived CH3%* dication. We hope that our experimental results
can facilitate a detailed theoretical study about the low-KER
pathway.

Moreover, the most probable molecular geometry of
CH,43* is reconstructed, using the information encoded in the
concerted pathway with symmetric stretching. To reconstruct
the molecular geometry at the instant of CE, we employ the
classical Coulomb model [22,24]. The molecular geometry
of neutral CH; and the reconstructed molecular geometry
of CH4** are both depicted in Fig. 7(a). As can be seen,
the two C-H bonds stretch to ~4.7 a.u. and the bond angle
is approximately 113° at the instant of CE. We further rule
out the possible non-Coulomb effect during our reconstruc-
tion process [19]. To this end, we calculated the ab initio
potential energy curve of CH,** using the CASSCF method
with the quantum chemistry software ORCA, assuming equal
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FIG. 7. (a) The molecular geometric structure of neutral CH,
and the reconstructed molecular geometric structure of CH4>" using
the concerted pathway with symmetric stretching. (b) The Coulomb
potential and ab initio potential of CH,**. Here, the selected two
C-H bond lengths are equally stretched, while the other two C-H
bonds are fixed to be 1.09 A and the bond angles are fixed to be
109°28'.

bond lengths for the two stretching C-H bonds. The results
are shown in Fig. 7(b). Remarkably, it can be observed that
the ab initio potential energy curve agrees with the Coulomb
potential energy curve when the bond length exceeds 4.7 a.u..
This indicates that the classical Coulomb model is suitable for
reconstructing the molecule geometry and the non-Coulomb
effect is not significant in our case [19]. The reconstructed
results indicate that the most probable bond length stretches
to approximately 2.3 times the equilibrium bond length of
the neutral molecule, which is consistent with previous results
in the CE process of some other molecules [45]. The recon-
structed bond angle is nearly identical to that of the neutral
molecule.

IV. CONCLUSIONS

We have investigated the intensity-dependent three-body
fragmentation dynamics of CH,;** in a strong 800-nm fem-
tosecond laser field. At low laser intensities, it is found
that the dominant pathway is the high-KER pathway, which
is believed to be a concerted pathway. As the laser inten-
sity increases, a low-KER pathway emerges. Our results
indicate that this pathway might originate from a sequen-
tial pathway CH,*" — H* 4+ CH3** — H* + H* + CH,™,
which suggests the existence of a stable CH3>* dication. Our
theoretical results reveal that the potential energy curve of the
excited state CH32" dications possesses a deep potential well,
enabling the formation of long-lived CH3>* dications. Conse-
quently, the population of the excited state CH32* dications
increases with increasing laser intensity and the low-KER
pathway appears. Additionally, employing the CE imaging
method, the structure of CH43* at the moment of CE has been
reconstructed. This comprehensive investigation enhances our
understanding of the three-body fragmentation dynamics of
methane molecules, suggesting an evidence for the presence
of long-lived CH3”* dications during the CE processes of
methane molecules. Such results may hold promise for inves-
tigations of time-resolved chemical reactions [46,47].
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