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ABSTRACT: Instantaneous (laser-field-dependent) potential energy curves
leading to neutral fragmentations of methane were calculated at several laser
intensities from 1.4 × 1013 to 1.2 × 1014 W/cm2 (from 1.0 × 1010 to 3.0 × 1010 V/
m) using ab initio molecular orbital (MO) methods to validate the observation of
neutral fragmentations induced by intense femtosecond IR pulses (Kong et al. J.
Chem. Phys. 2006, 125, 133320). Two fragmentation paths, CH2 + 2H and CH2 + H2, in

1T2 superexcited states that are located
in the energy range of 12−16 eV were considered as the reaction paths because these states are responsible for Jahn−Teller
distortion opening up reaction paths during ultrashort pulses. As field intensity increased, the low-lying excited 1A1 states
originated from the Jahn−Teller 1T2 states were substantially stabilized along the neutral-fragment path CH4 → CH2 + 2H and
were located below the ionization threshold. On the other hand, the low-lying excited 1B1 states, which also originate from the
Jahn−Teller 1T2 states, were embedded on the ionized state along the dissociation path to CH2 + H2. This indicates that ionic
fragments, rather than neutral ones, are produced along the CH2 + H2 path. The computational results support neutral
fragmentations through superexcited states proposed by Kong et al.

1. INTRODUCTION

Chemical reactions induced by intense laser pulses beyond the
so-called multiphoton regime have attracted considerable
attention.1−3 Several mechanisms for intense-field chemical
reactions have been proposed to explain mass spectra of
positively charged fragments. The proposed mechanisms
include Coulomb explosion,4 charge migration,5 charge
resonance-enhanced ionization and dissociation,6 multielectron
dissociative ionization,7 field-assisted dissociation mechanisms,8

and nonadiabatic dynamics of electronic degrees of freedom.9

Kong et al.10 reported experimental results for methane
irradiated by intense ultrashort (40 fs) IR (800 mn) laser
pulses. A notable finding was that neutral fragments, CH and
H, were produced in addition to ionic fragments. The neutral
fragments were clarified by observation of fluorescence from
their electronically excited states. The fluorescence revealed a
nonlinear dependence on laser intensity, namely, (10 ± 1)-
photon processes involved before the laser intensity reached 2
× 1014 W/cm2. Furthermore, the CH radical fragments in
electronic excited states (A2Δ, B2Σ−, and C2Σ+) were observed
to be vibrationally and rotationally hot. Evidence of the
production of rotationally hot CH fragments suggests a two-
step model, CH4 → CH2 → CH, because of asymmetric
dissociation.10 On the basis of the energy diagram of CH4

under field-free conditions, Kong et al.10 explained their
experimental results and proposed a multiple-channel dissoci-
ation through superexcited states of the parent molecule as the
neutral-fragmentation model. In relation to the mechanism of
neutral fragmentations, Azarm et al.11 reported the direct
observation of superexcited states in methane using a pump−
probe technique with a pulse duration of about 50 fs (full width
at half-maximum). A depletion of the CH (A2Δ → X2Π)
fluorescence signal of the delay time was attributed to the de-
excitation of superexcited states by the probe pulse. The
lifetime of the superexcited state was measured to be in the
range of 50−160 fs.
Concerning the nonlinear dependence on laser intensity,

Teranishi et al.12 presented a theoretical interpretation based
on Floquet treatment. They assumed that the fluorescence
intensity of CH radicals is proportional to the excitation
probability of methane. The idea of their theoretical treatment
was based on the fact that valence excited states of methane are
energetically close to Rydberg states or buried in the manifold
of Rydberg states. In other words, a dense state manifold
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includes many electronic states, and resonant coupling with IR
laser fields is assumed to occur and to create Floquet states
before the electronic transition from the ground state. The
transition from the ground state to valence excited states can be
described by a first-order dipole approximation.
To our knowledge, there are no theoretical explanations for

why superexcited states participate in the production of neutral
fragments of methane induced by intense femtosecond laser
pulses. Although the role of superexcited states in photo-
dissociation under field-free conditions has been investigated in
detail,13−19 the treatment of superexcited states under field-free
conditions cannot be used under conditions of intense
ultrashort IR laser pulses.
This article focuses on how the potentials of superexcited

states of methane behave in intense laser fields. For this
purpose, we used a field-dependent ab initio MO approach that
has been successfully applied to the explanation of potential
deformations and fragmentations of CO2.

20,21 We took into
account the effects of vibrational motions in optically active
states in the early stage of photofragmentation of methane
during irradiation of ultrashort pulses. In this early stage, the
Jahn−Teller effect in 1T2 superexcited states opens channels to
the neutral-fragmentation paths, CH2 + 2H and CH2 + H2. In
the next section, theoretical basis and procedures used in the
present investigation are briefly described. In section 3, ab initio
MO results are discussed with respect to instantaneous
potential energy curves (PECs) along the neutral-fragmentation
paths for CH2 + H2 and CH2 + 2H under an electric field of E
= 109−1010 V/m (1012−1014 W/cm2). Finally, a qualitative
discussion is provided on the nuclear dynamics producing
neutral fragments through such superexcited states.

2. THEORETICAL TREATMENTS

2a. Reaction Paths for Neutral Fragmentations, CH2 +
2H and CH2 + H2. In most theories of fragmentations induced
by intense femtosecond pulses, vibrational motions are frozen
during the femtosecond duration of the laser pulse. This is
called the frozen-nuclei approximation. It should be noted that
this approximation cannot be applied to the methane
fragmentation experiments of Kong et al.10 for the following
two reasons: First, the oscillation periods for the H−C−H
bending mode (1369 cm−1) and the C−H stretching mode
(3036 cm−1) in the ground state, calculated to be 24 and 11 fs,
respectively, are explicitly shorter than the pulse duration (40
fs) used in their experiments.10 Second, the bending and
stretching vibrational modes belonging to the t2 representation
are Jahn−Teller modes. It is well recognized that the Td
structure of methane is deformed by the Jahn−Teller effect.22,23
When the molecule is promoted from the ground state to a 1T2
excited state, there are four Jahn−Teller modes (t2 × t2 = a1 + e
+ t1 + t2). An a1 mode does not provide any geometrical
distortion, and there is no t1 motion in methane. An e mode
provides D2d structures, whereas a t2 mode provides C2v
structures. Linear combinations of the t2 stretching mode can
provide one long C−H bond and derive the dissociation into
CH3 + H.23a Linear combinations of the t2 bending and
stretching modes can correlate with the dissociations

→ +CH CH 2H4 2 (1a)

and

→ +CH CH H4 2 2 (1b)

Along this t2 deformation, the
1T2 excited state splits into three

states within C2v symmetry, namely, 1A1,
1B1, and 1B2.

Accordingly, the bending and stretching should play important
roles in the early events of the reaction dynamics of methane. It
is essential to investigate how the superexcited potentials along
these vibrational coordinates change under intense laser-field
pulses to clarify the neutral-fragmentation mechanisms of
methane under intense ultrashort laser pulses. Because a
superexcited state is embedded in the ionization manifold and
even in the dissociation continuum of methane, the ionization
processes would be more preferable than the neutral
fragmentations if the shape of the potential energy surfaces of
the superexcited states were not distorted markedly by the laser
field.
The main configuration of the ground state (1A1) correlates

not to that of the ground state at the dissociation limit, but to
that of the lowest excited 1A1 state at the dissociation limit.
Accordingly, an avoided crossing should occur between the
potential energy surfaces of the ground and lowest 1A1 states. In
other words, it is difficult to obtain a smooth PEC for the
lowest excited 1A1 state, if molecular orbitals are optimized only
for the excited 1A1 state. Therefore, it was decided that the
geometry should be optimized for the ground state (1A1 in Td)
for the purpose of avoiding this difficulty. Then, as long as C2v
symmetry is maintained, the ground state correlates not to the
ground state of CH2(

3B1) + H2, but to that of CH2(
3B1) +

2H(2S).
On the other hand, the main configuration of the 1B1 state

correlates to CH4 → CH2 + H2, where the electronic state of
CH2 belongs to the B1 representation and also correlates to the
lowest 1Δ state of linear CH2. The dissociation path for the
lowest 1B1 state into CH4 → CH2(

1B1) + H2(
1Σg

+) was already
reported by Mebel et al.24 Note that the dissociation path
obtained for the lowest 1B2 state is exactly the same as that
obtained for the lowest 1B1 state except that the dissociation
direction is different; that is, it dissociates into CH2 + H2 or H2
+ CH2. In the present article, the fragmentation path CH4 →
CH2 + 2H is called the A1 path, and the fragmentation path
CH4 → CH2 + H2 is called the B1 path.

2b. Potential Energy Curves for Electronically Excited
States in the Presence of Intense Laser Fields. The optical
cycle (∼2.6 fs) of an IR (800 nm) laser is much shorter than
the pulse length (∼40 fs) used in our experiments.10 The
electric field of the laser oscillates too fast for the nuclei to
follow. The reactions induced by such an intense IR laser pulse
can be described by an effective potential energy averaged over
one optical cycle of the laser.20,21 For example, the resultant
effective potential energy U̅(R,t) of a diatomic molecule at time
t can be expanded in terms of the pulse envelope, f(t), as

α γ̅ = − − + ···U R t U R R f t R f t( , ) ( )
1
4

( ) ( )
2

32
( ) ( )2 4

(2)

where U(R) is the field-free potential energy and α(R) and
γ(R) are the polarizability and hyperpolarizability, respectively,
of the molecule. It should be noted that, under an intense laser
field, the convergence in eq 2 is slow, and higher-order terms
might make a significant contribution. Accordingly, eq 2 could
not be employed in the present investigation, and configuration
interaction (CI) calculations (variational methods) were
performed to obtain instantaneous PECs of low-lying states
when an electric field was applied. The magnitudes of the
instantaneous potential energies can be regarded as the
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maximum magnitude of the effective potential energies at each
point along the dissociation paths.
For practical evaluation of instantaneous PECs, the fully

optimized reaction space multiconfiguration self-consistent field
(MCSCF) method was employed together with Dunning’s aug-
cc-pVTZ basis set.25−27 The MCSCF active space includes all
valence orbitals and electrons. Under field-free conditions, the
MOs and expansion coefficients of configuration state functions
(CSFs) were optimized by the MCSCF method. After the
optimization procedure, the relative energies of low-lying
electronic states and the transition dipole moments between
the ground state and low-lying states were refined using the
first-order configuration interaction (FOCI) method.25,28

When an electric field was applied, zero-field MOs were simply
used in the FOCI calculations, in which the molecular orbitals
were not optimized. All of the MO calculations were performed
using the GAMESS suite of program codes.25

3. RESULTS AND DISCUSSION

It is well recognized that the two energy ranges of 11−16 and
18−24 eV are of interest for superexcited states under field-free
conditions.19 The superexcited states in the lower-energy range
have a single electron hole in the highest occupied molecular
orbital (HOMO) (1t2) [denoted by(1t2)

−1], whereas those in
the higher-energy range have a single electron hole in the next
HOMO (2a1) [denoted by (2a1)

−1]. We restrict ourselves to
the excited 1T2 states in the low-energy range of 11−16 eV.
Table 1 lists the vertical excitation energies from the ground

state to low-lying states in methane (Td), together with the
weight factors of valence character and the oscillator strengths
under field-free conditions. The geometrical structure was
optimized for the ground state (1A1). Note that, at the present
level of theory, the vertical and adiabatic ionization energies
(IEs) were calculated to be 13.11 and 11.60 eV, respectively.29

It should be noted that only 11T2 and 21T2 are optically active
in the neighborhood of the ionization threshold for the Td
structure. Table 1 also includes the excitation energies and the

Table 1. Vertical Excitation Energies and Corresponding Oscillator Strengths at the Energy Minimum of the Ground State
(X1A1) with No Electric Fielda

Td V (%) ΔE (eV) f L
b f V

b C2v
c ΔE (eV) f L

b f V
b

X1A1 97 0 X1A1 0
11T2 23 11.18 0.471 0.480 11A1 10.11 0.022 0.016
(t2 → a1*) 11B1 (B2) 8.24 0.065 0.106
21T2 14 12.58 0.046 0.066 21A1 12.32 0.168 0.068
(t2 → t2*) 21B1 (B2) 11.00 0.007 0.002
11T1 16 12.68 0 0 31B1 (B2) 12.01 0.002 0.000
(t2 → t2*)
11E 11 12.69 0 0 31A1 14.14 0.122 0.048
(t2 → t2*)
11A1 2 12.98 0 0 41A1 15.65 0.244 0.244
(t2 → t2*)
21T1 11 13.63 0 0 41B1 (B2) 12.47 0.003 0.001
21E 9 13.83 0 0 51A1 16.48 0.017 0.011
21A1 3 14.06 0 0 61A1 17.11 0.000 0.001
31T2 9 14.20 0.004 0.001 71A1 17.39 0.001 0.003
(t2 → a1*) 51B1 (B2) 13.42 0.000 0.000
41T2 6 14.41 0.751 0.564 81A1 17.98 0.062 0.038
(t2 → a1*) 61B1 (B2) 14.03 0.350 0.212
31T1 22 14.95 0 0 71B1 (B2) 16.79 0.007 0.005
51T2 20 15.07 0.103 0.111 91A1 18.04 0.053 0.025
(t2 → t2*) 81B1 (B2) 17.10 0.064 0.042
31E 26 15.12 0 0 101A1 18.45 0.012 0.014
(t2 → t2*)
41T1 0 15.43 0 0 91B1 (B2) 17.70 0.002 0.002
61T2 6 15.73 1.717 1.215 111A1 18.72 0.100 0.092

101B1 (B2) 18.24 0.036 0.038
31A1 15 16.01 0 0 121A1 18.84 0.094 0.063
(t2 → t2*)

aA T1 state at a Td structure is split into A2, B1, and B2 sates at a C2v structure, and a T2 state at a Td structure is split into A1, B1, and B2 states at a C2v
structure. An E state at a Td structure is split into A1 and A2 states at a C2v structure, and an A1 state correlates to an A1 state at a C2v structure. This
table includes only A1 and B1 states at a C2v structure. V (%) denotes weights of the configuration state functions consisting only of active orbitals,
where many excitations from the active orbitals to the external orbitals are included in the MCSCF calculations followed by FOCI calculations
(MCSCF + FOCI). When C2v symmetry is used, the numbers of configuration state functions included in MCSCF + FOCI calculations are 77100
(1A1), 75504 (

1A2), 76284 (
1B1), 76284 (

1B2), 120104 (
3A1), 119456 (

3A2), 119788 (
3B1), and 119788 (

3B2).
bf L is the oscillator strength computed

using the length form of the transition moment ⟨X1A1|r|state⟩, whereas f V is that computed by using the velocity form of transition moment ⟨X1A1|∂/
∂r|state⟩. cThe first five columns indicate the results at the Td structure optimized for the ground state, whereas the last four columns indicate the
results at the C2v structure. For all

1A1 states listed in the last four columns, the optimized geometry for the lowest excited
1A1 state was used (not the

ground state), whereas the optimized geometry for the lowest excited 1B1 (
1B2) state was used for all

1B1 (
1B2) states listed in these columns. Because

the transition is forbidden from the ground state to a 1A2 state, the geometry optimization was not performed for the lowest 1A2 state, and no results
are shown for A2 states.
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corresponding oscillator strengths after geometry deformation
from the Td structure to the C2v structures optimized for the
lowest excited 1A1 and the lowest 1B1 states.
According to the present MCSCF + FOCI calculations, the

valence character of the lowest 1T2 state (1
1T2) originates from

the singly excited configuration generated by the HOMO−
LUMO (lowest unoccupied molecular orbital) transition (t2 →
a1*). The valence characters of the next lowest four states (2

1T2,
11T1, 11E, and 11A1) originate from the singly excited
configuration generated by the HOMO−next LUMO (t2 →
t2*) transition, where only the 21T2 state corresponds to a

dipole-allowed optical transition in the frozen-nuclei approx-
imation. As shown in Table 1, the weight factors of valence
character are below 50% and suggest that strong mixing of
valence and Rydberg characters occurs in low-lying excited
states in methane. Therefore, it seems meaningless to classify
the states into valence and Rydberg categories.
Figure 1 shows two fragmentation paths, A1 and B1, as

introduced in section 2b. The C−H bond length for the leaving
hydrogen atoms (Hc and Hd) is taken as the abscissa. At every
point of the abscissa, the other geometrical parameters were
optimized within C2v symmetry. On the PEC of the ground

Figure 1. Dissociation paths optimized for the (a) ground state (1A1) and (b) lowest 1B1 state in the absence of an electric field. Black lines are for
distances (left vertical axis), and red lines are for angles (right vertical axis). Solid lines are for leaving hydrogen atoms, and broken lines are for CH2
fragments.
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state, the Hc···Hd distance increased as the C−Hc bond length
(and the C−Hd bond length) increased (see Figure 1a), which
indicates that the dissociation limit must be CH2 + 2H. On the
other hand, Hc···Hd stays short on the PEC of the lowest 1B1

state even at the dissociation limit, which indicates that the
dissociation limit must be CH2 + H2. At the optimized
geometry for the ground state (1A1), all H−C−H angles are

109.5°, and all C−H bond lengths are 1.101 Å. At the
optimized geometry for the lowest 1B1 state, the geometry has
C2v symmetry, and its geometrical parameters are C−Ha = C−
Hb = 1.094 Å, Ha−C−Hb = 128.5°, C−Hc = C−Hd = 1.227 Å,
and Hc−C−Hd = 47.2° (see Figure 1). These values are very
similar to those reported by Mebel et al.28

Figure 2. Dissociation potential energy curves (PECs) of low-lying 1A1 and
1B1 states with no electric field along the (a) A1 and (b) B1 paths (see

text). The energy zero is set to the ground-state energy at its optimized geometry. Note that the energies of the low-lying 1A2 and
1B2 states are not

shown.
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Figure 2 shows PECs of the low-lying singlet states along the
A1 and B1 paths shown in Figure 1, together with those of a few
low-lying doublet states in the ionized species in the absence of
an electric field. The vertical IE CH4(

1A1) → CH4
+(2T2) + e−

was calculated to be 13.11 eV (MCSCF + FOCI), whereas the
adiabatic IEs to CH4

+(2A1) and to CH4
+(2B1) were calculated

to be 11.64 and 11.60 eV, respectively.23c Additionally,
CH4

+(2B2) has the same structure as CH4
+(2B1) except for a

90° rotation with respect to the principle axis of C2v symmetry.
The PECs along the B1 path (Figure 2b) are basically the same
as those reported by Mebel et al.24

Nonzero oscillator strengths between the ground state and
the relevant excited states are required as one of the necessary
conditions for the photodissociation of methane in an intense
laser field.12,30 Along the A1 path, where the geometrical
symmetry is deformed from Td to C2v, the third and fourth
excited 1A1 states have relatively large oscillator strengths ( f L or
f V), and the sixth 1B1 state has a large oscillator strength at the
structure optimized for the lowest 1B1 state (see the right three
columns of Table 1 and the footnotes to Table 1). These states
are labeled 31A1, 4

1A1, and 6
1B1 in Table 1. These excited states

can be recognized as superexcited states, because their energies
are higher than the IEs under field-free conditions. In fact,
when the molecular geometry is deformed into C2v symmetry,
the excitation energies to these excited states from the energy
minimum (Td) of the ground state are estimated to be 14.14 eV
(31A1), 15.65 eV (41A1) and 14.03 eV (61B1), and their
oscillator strengths are 0.122, 0.244, and 0.350, respectively.
Figure 3 shows instantaneous PECs for 31A1 along the A1

path shown in Figure 1, upon the application of electric fields
(E), namely, E = 0, ±1.54 × 1010, and ±3.09 × 1010 V/m,
where these values are 0, 0.03, and 0.06, respectively, in atomic
units and also correspond to 0, ±3.16 × 1013, and ±1.26 × 1014

W/cm2. When the direction of the electric field is parallel
(antiparallel) to the direction of the z axis as illustrated at the
top of Figure 3, the value of the electric field is defined as
positive (Figure 3a) [negative (Figure 3b)]. The instantaneous
PECs for the lowest ionized states, that is, the lowest 2B1 and
2A1 states in CH4

+, which are denoted by thick red and green
lines, respectively, are also depicted for comparison. Surpris-
ingly, the instantaneous PECs for superexcited states were
energetically pushed down along the A1 path together and
became shallower as the electric field increased. At |E| = 0.06 au,
the PECs were lowered by about 4 eV compared with those at
E = 0. This indicates a substantial increase in the probability of
neutral fragmentation along the A1 path as the laser intensity
increased.
On the other hand, the energy lowering of the PESs of the

lowest 2B1 and
2A1 states in CH4

+ was ∼1 eV when the electric
field of the laser pulse was changed from |E| = 0 to |E| = 0.06 au
and was small compared with that of the 31A1 state along the A1
path. This means that the neutral dissociation channel CH4 →
CH2 + 2H is preferred to the channel CH4

+ → CH2
+ + 2H in

intense fields. However, it does not mean that ionized
fragments cannot appear. Several fragmentation paths exist in
polyatomic molecules. For methane, another dissociation path,
for example, CH4

+ → CH3
+ + H, can be considered. In fact,

experimentally, CH4
+ → CH3

+ + H is recognized as the
possible primary reaction channel in intense fields, and
furthermore, CH3

+ → CH2
+ + H and CH2

+ → CH+ + H are
recognized as secondary reaction channels.8 Thus, selection of
the reaction channel at the initial stage is the key to which

fragments, neutral or ionized ones, are produced for CH4
dissociation in intense laser fields.
Field-dependent behaviors in the instantaneous PECs similar

to those shown in Figure 3 (i.e., the PECs along the A1 path are
pushed down) were also obtained for the 41A1 state. This
suggests that the characteristic feature in the PECs is not
specific to the 31A1 state but common to the 1A1 states.

Figure 3. Instantaneous potential energy curves (PECs) of the third
lowest excited 1A1 state along the A1 path. The target states are
emphasized by thick black lines, and the red and green thick lines are
for the ionized 2B1 and

2A1 states, respectively, in CH4
+. Note that the

2A1 state in CH4
+ corresponds to the 2B2 state (ground state) at the

D2d structure. The inset at the top of this figure depicts the directions
of positive and negative electric fields.
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Figure 4 shows calculated instantaneous PECs of 61B1 along
the B1 path shown in Figure 1. In contrast to the results for the
31A1 state along the A1 path, the field dependence of the
instantaneous PECs for 61B1 is different; the instantaneous
PEC along the B1 path for 61B1 is embedded on the PECs of
the ionized states. This indicates that ionic fragments, rather
than neutral ones, are produced along the B1 path as a result of
nonadiabatic couplings between the two channels CH4 → CH2

+ H2 and CH4
+ → CH2

+ + 2H. The calculated ab initio MO
results shown in Figures 3 and 4 suggest that channel CH4 →
CH2 + 2H, not CH4 → CH2 + H2, is responsible for neutral
fragmentation.
We now make a brief comment on the accuracy of the wave

functions used in the MCSCF method. For field-free
conditions, comparison of the oscillator strengths between
the length and velocity forms, f L and f V, indicates considerably

Figure 4. Instantaneous potential energy curves (PECs) of the sixth lowest 1B1 state along the B1 path. The target states are emphasized by thick
blue lines, and the red thick lines are for the ionized states (2B1 state in CH4

+).
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accurate wave functions for the superexcited states in low-
energy ranges because these two values agree with each other to
the same order, as reported in Table 1. When exact wave
functions are used for the ground and excited states, the same
value must be obtained for both f L and f V. For nonzero fields, a
detailed discussion about the reliability of the present MCSCF
+ FOCI calculations was published for the deformations and
dissociations of CO2, CO2

+, and CO2
2+ under intense-laser-field

conditions.21 In that treatment, both the MOs and the
expansion coefficients of the configuration state functions
were optimized. A simplified method was adopted in the
present work as described in the Theoretical Treatments
section. Because the reliability of electronic wave functions
decreases as the field strength increases, the instantaneous
PECs of low-lying states were calculated under field strengths
of |E| = 0−0.06 au. These calculated results show that the PECs
provide consistent results on lowering or raising the field
strength from 0 to 0.06 au, as illustrated in Figures 3 and 4.
Therefore, the reliability of the present results is relatively high.
Finally, Kong et al.10 proposed the two-step fragmentation

mechanism CH4 → CH2 → CH for CH4 in intense laser fields.
Although it is shown in this article that the neutral
fragmentations take place in electronic excited states through
A1 path, quantum dynamical treatments based on multidimen-
sional potential surfaces are necessary to confirm the
fragmentation mechanism.10 In the quantum dynamical treat-
ment, two key issues have to be considered: nonadiabatic
transition (NT) and intramolecular vibrational energy redis-
tribution (IVR). As shown in Figure 3, many avoided crossings
occur among the PECs along the A1 path even below the
ionization energy. This indicates that NT takes place among the
time-dependent adiabatic states.20,21,30 IVR plays an important
role especially in electronic excited states. In the present
treatment, vibrational modes of methane were restricted to
Jahn−Teller-active modes, and multimode potential energy
surfaces including other vibrational modes in electronic excited
states have to be considered.

4. CONCLUSIONS
This article shows important roles of superexcited states for the
neutral fragmentations of methane irradiated by ultrashort
intense IR laser pulses (40 fs). Instantaneous PECs of
superexcited states in the low-energy ranges were calculated
using the field-dependent ab initio MO procedure. Instanta-
neous PECs along two neutral-fragmentation paths, CH4 →
CH2 + 2H and CH4 → CH2 + H2, were considered taking into
account vibrational modes leading to Jahn−Teller distortions.
The electric field intensities generated by the pulses were set to
E = 0, ±3.16 × 1013, and ±1.26 × 1014 W/cm2. When methane
is promoted to one of the superexcited 1A1 states, it is predicted
to dissociate as CH4 → CH2 + 2H along the A1 path because
these superexcited states are lower in energy than the ionized
states near the Franck−Condon region. Therefore, it can be
concluded that the probability of producing neutral fragments
along this path increases as the intensity of the electric field of
the laser increases. On the other hand, when methane is
promoted to one of the superexcited 1B1 states, it is predicted
to dissociate as CH4 → CH2 + H2 along the B1 path. However,
these states are buried in the manifold of ionized states, and this
path produces ions rather than neutral fragments. Quantum
dynamical treatments of fragmentations through superexcited
states with multidimensional potential energy surfaces should
be the next stage in the present series of investigations. Finally,

in this article, we concentrated on searching the neutral-
fragmentation paths and omitted ionization processes. It should
be noted that the evaluation of ionization rates during
fragmentations is important because ionization is the main
dynamic process of methane in intense ultrashort IR pulses.
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