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We have developed a method for describing the reaction dynamics of a polyatomic molecule in intense laser fields.

First, the dynamical behavior of H,* and H, in near-infrared, intense laser fields (/ > 10> Wem™2 and A > 700 nm) was
examined; accurate evaluation of the electronic and nuclear wave packet was achieved by the dual transformation method
that we developed. Using “field-following” time-dependent adiabatic states defined as eigenfunctions of the “instantane-
ous” electronic Hamiltonian, we have clarified the dynamics of bound electrons, ionization processes, Coulomb explosion
processes, and molecular vibrations of Hy™ and Hy. The analyses indicate that the multielectron dynamics and nuclear
dynamics of polyatomic molecules in intense fields can be described by using the potential surfaces of time-dependent
adiabatic states and the nonadiabatic coupling elements between those states. To obtain time-dependent adiabatic states
of a molecule, one can diagonalize the electronic Hamiltonian including the interaction with the instantaneous laser elec-
tric field by ab initio molecular orbital (MO) methods. The time-dependent adiabatic potentials obtained are used to eval-
uate the multichannel nuclear dynamics until the next ionization process. We have applied the time-dependent adiabatic
state approach to reveal the characteristic features of the dynamics of structural deformations of CO, and its cations in a
near-infrared intense laser field. The experimentally observed stretched and bent structure of CO,>* just before Coulomb
explosions originates from the structural deformation of CO,%*. We also revealed the mechanism of the experimentally
observed bond dissociation of C;HsOH; we found that the relative probability of C—O bond cleavage to that of C—C bond
cleavage becomes smaller with decreases in the pulse length. This example clearly shows that field-induced nonadiabatic

transitions play a decisive role in the reaction dynamics of molecules in an intense laser field.

1. Introduction

The frontier of atomic and molecular studies on light-matter
interaction has been expanded into new areas by the develop-
ment of high-power lasers.!> Nowadays, the intensity of fo-
cused light generated by Ti:Sapphire laser systems can easily
exceed 7 =10""Wcem™2. A laser field of light intensity of
3.5 x 10" W cm™2, which corresponds to 5.1 x 10°Vem ™!,
exerts on an electron a force that is as strong as the elec-
tron—nucleus interaction in a hydrogen atom. Novel phenom-
ena induced by nonperturbative electronic dynamics in intense
laser fields, such as tunnel ionization* and higher-order har-
monic generation of emission (HHG),’ have been discovered.
An epoch is marked by the advent of attosecond light pulses
generated by using HHG in a soft-X-ray regime.®

The introduction of handy high-powered laser systems into
the field of chemistry is innovative but inevitable. Compared to
atoms in intense fields, molecules exhibit complex phenomena
arising from their additional (vibrational and rotational) de-
grees of freedom, such as charge-symmetric and -asymmetric

dissociation,” alignment with an external field,'° creation of
electronically excited fragments,'"!'? and ionization rates that
depend on the internuclear distance.®!>!* In intense laser fields
(I > 10® Wem™2), the Coulombic potentials in which the
electrons are placed are greatly distorted:'>~!® A large part of
the electron density is transferred among nuclei within a half
optical cycle (~1.3fs for A = 800 nm light).!*"?! Intramolecu-
lar electron transfer induced by such an intense field triggers
structural deformation or nuclear motion of molecules. It
should be emphasized that the interaction of an intense field
with molecules is not restricted to resonant electronic or vibra-
tional transitions. Near-infrared, intense-field pulses (centered
around ~800 nm) can induce chemical reactions’>?® or struc-
tural deformations such as bond stretching and bond angle
bending.?*

The resultant structural deformations in turn change the
electronic response to the field, e.g., the efficiency of intramo-
lecular electron transfer and the probability of a tunnel type of
ionization. As the field becomes stronger and its optical period
(=271 /w, where w is the frequency of light) becomes longer,
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the tunnel type of ionization'>~'¥2° becomes dominant; an
electron penetrates (or goes beyond) the distorted “quasi-stat-
ic” barrier(s)?® for ionization before the sign of the laser elec-
tric field changes. One characteristic of ionization of a mole-
cule in an intense laser field is enhanced ionization; ionization
is greatly enhanced at a critical internuclear distance, R,
which is much longer than the equilibrium internuclear dis-
tance, R. (known as enhanced ionization).”!*1427-39 Enhanced
ionization has been experimentally observed for various mole-
cules,?’ 3 such as CO,% and benzene molecules.>' The corre-
lation between ionization and structural deformation plays a
key role in fragmentation or reaction processes.’>3* In other
words, the competition between ionization and fragmentation
governs the fate of the molecule in an intense field. One inter-
esting example is Cgp. It is known that Cgp in a laser field de-
composes into fragments, e.g., through the loss of C, units.>>3¢
On the other hand, for the case of intense ultrashort 70 fs-laser
pulses of near-infrared long wavelength A ~ 1600 nm, a spec-
tacular observation has been recently reported; highly charged
Ceo ions up to Cgp'?" are produced without any fragmenta-
tion.?” This is just one example to indicate that the develop-
ment of laser systems generating intense femtosecond pulses
has made a new tool for manipulating the dynamics of mole-
cules on an ultrashort time scale available to chemists.

In fact, a more sophisticated way of controlling reaction dy-
namics by using intense laser pulses had already been widely
used. Gerber et al. used near-infrared, intense femtosecond
laser pulses tailored by a genetic algorithm-controlled pulse
shaper to optimize the branching ratios of different organome-
tallic photodissociation channels.?? Levis et al. reported selec-
tive bond dissociation and rearrangement of polyatomic mole-
cules, such as acetophenone, by optically tailored, intense-field
pulses (*10'* W cm~2).2* Many excited states that are dynam-
ically Stark-shifted by such intense pulses can open various
channels for reactions, and reaction selectivity is achieved
by optimizing the phases and amplitudes of the optical compo-
nent frequencies with a liquid crystal light modulator in the
pulse shaper. However, it is a very difficult task to experimen-
tally determine in which stage the structural deformations or
chemical reactions occur, e.g., while the molecule is neutral
or while it is a monocation. Furthermore, to enhance reaction
selectivity, one must elucidate the mechanisms and character-
istic features of molecular (electronic and nuclear) dynamics in
intense fields. To the best of our knowledge, there were no
practicable, systematic theoretical treatments to explain nucle-
ar (reaction) dynamics of polyatomic molecules in intense
laser fields.

Our research on the dynamical behavior of molecules in
intense fields started from an investigation of the dynamics
of a very basic example, namely, H,™. To quantitatively un-
derstand the ultrafast electronic dynamics in intense fields,
one must solve the time-dependent Schrodinger equation for
the electronic degrees of freedom of a molecule. We devel-
oped an efficient grid point method, the dual transformation
method,’® for accurate propagation of an electronic wave pack-
et. In this method, both the wave function and the Hamiltonian
are transformed consistently to overcome the numerical diffi-
culties arising from the divergence of the Coulomb potentials
involved. We have applied this method to H,*!° and H,.2%%
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The vibrational degree of freedom is incorporated in the cal-
culation of H,™ without resorting to the Born—Oppenheimer
(B-0O) approximation.'® The calculated whole dynamics of
the electronic and nuclear degrees of freedom is analyzed by
using “field-following” time-dependent adiabatic electronic
states {|n)} defined as eigenfunctions of the “instantaneous”
electronic Hamiltonian H(¢) including the interaction with a
laser electric field £(¢).'%3%* Only field-free adiabatic states,
i.e., bound state components, are used to diagonalize H(?).
In a high-intensity regime, “field-following” time-dependent
eigenvalues interpreted as time-dependent adiabatic potential
surfaces can cross each other in energy so that nonadiabatic
transitions between adiabatic states occur.!*¥% We have
demonstrated how “doorway states” to ionization or to struc-
tural deformation of H,™ and H, can be identified by popula-
tion analysis of time-dependent adiabatic states. The analysis
has shown that the nuclear dynamics in a near-infrared field
can be described in terms of wave packet propagation on
time-dependent adiabatic potentials and nonadiabatic transi-
tions due to temporal changes in £(). It also turns out that tun-
nel ionization to Volkov states'®#® (quantum states of a free
electron in a laser field) proceeds substantially in an adiabatic
state or adiabatic states.

The above description of dynamics in terms of time-depend-
ent adiabatic states constructed from bound electronic states,
i.e., the time-dependent adiabatic state approach, is applicable
to polyatomic molecules in intense laser fields. While the intra-
molecular multielectron dynamics of a polyatomic molecule in
intense laser fields can be described by time-dependent adia-
batic electronic states, the resultant nuclear dynamics is de-
scribed by multichannel wave packet propagation on time-
dependent adiabatic potentials. The charge distributions on in-
dividual atomic sites of doorway states to ionization can be
used to judge whether ionization occurs or not at a given inten-
sity. This approach has an advantage that the properties of the
adiabatic states of polyatomic molecules can be evaluated by
ab initio molecular orbital (MO) methods intended to calculate
bound electronic states.*748

The structure of this paper is as follows. Section 2 is used to
explain basic concepts such as tunnel ionization. In Section 3
and Section 4, we review the results of our theoretical investi-
gations of electronic and nuclear dynamics of H,™ and H; in
near-infrared intense fields. Population analysis in terms of
time-dependent adiabatic states is presented. We next outline
the proposed time-dependent adiabatic state approach (Section
5) and review the results of its application to CO, (Section 6).
Reliable experimental data of structural deformation of CO, in
a near-infrared, intense laser field is now available.?* From the
results of calculation of the nuclear wave packet dynamics of
CO, and its cations, we have extracted the characteristic fea-
tures of the dynamics of CO, in intense fields that are respon-
sible for the observed structural deformation. In Section 7, we
present the results for field-induced dissociation of ethanol that
we theoretically investigated on the basis of the time-depend-
ent adiabatic state approach. The dissociative ionization of
ethanol has been experimentally investigated by Itakura et
al.*> We discuss the mechanisms of preferential dissociation
of the C—C and C-O bonds of ethanol in intense laser fields
to assess the importance of field-induced avoided crossings
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in reaction dynamics. Concluding remarks are given in Section
8 with a summary of the present study.

2. Multiphoton Ionization and Tunnel Ionization

“Tunnel ionization” is a ubiquitous term in the research field
of phenomena induced by intense laser light. It is used to
describe nonperturbative ionization processes that are different
from multiphoton ionization (MPI)*° in a nonlinear but pertur-
bative regime. In this section, we outline the differences be-
tween MPI and tunnel ionization, although it is difficult to draw
perfect distinction between the two types of ionization. At
intensities lower than 102 W cm~2, the ionization process is
interpreted as “normal” MPI; the minimum number of photons
necessary for exceeding the ionization threshold are absorbed.
As the laser intensity approaches 10'> W cm™2, “normal” MPI
is taken over by above-threshold ionization (ATI),>'~* where
more photons than the minimum number of photons required
to escape the binding potential are absorbed. As a result, in pho-
toelectron energy spectra, discrete peaks appear at intervals of
one photon energy. At intensities lower than 10'> Wcm™2, the
ATI peaks can be assigned to higher order terms in a perturba-
tion expansion of light-matter interaction; in this domain, ATI
is interpreted as a multiphoton processes.

Laser fields of the higher intensities (I > 103 Wcm™2)
induce nonperturbative phenomena. Such a laser electric field
significantly distorts the Coulombic potential that the electrons
are placed in; the distorted potential forms a “quasi-static” bar-
rier (or barriers) through which an electron or electrons can
tunnel.'>~'® Tunnel ionization occurs if the electron has enough
time to penetrate the barrier(s) before the sign of the field
changes. The tunnel ionization regime can be distinguished
by using the Keldysh parameter y = w,/21,/f(1),'> where Ip
is the ionization potential of the system, w is the laser frequen-
cy, and f(t) is the pulse envelope at time 7. An interpretation of
Keldysh parameter is as follows.> The length of the barrier in
a distorted Coulombic potential is estimated as I,/ f(¢) (for a
zero-range potential), and the average velocity of the tunneling
electron is \/Z_Ip /2. The time required to escape the binding
potential through tunneling is then Tuy = ,/21,/f(1). The
Keldysh parameter is the ratio of Ty, to the optical period
1/w.

Favorable to tunnel ionization are the conditions that the
electric field is stronger and that its period is longer. The qua-
si-static tunneling condition is given by the inequality ¥ < 1.
In the high-intensity and low-frequency regime (intensity / >
108 W em~2 and wavelength A > 700 nm), the rate of ioniza-
tion can be estimated by “quasi-static” tunnel theories.!3~18-
Among various versions of tunnel theory applicable to the
adiabatic limit of y <« 1, the Ammosov-Delone—Krainov
(ADK) theory!” has been most widely used. In the tunneling
regime, the ionization probability depends on frequency only
weakly. When the electron ejected through tunneling circles
back to the vicinity of the nucleus (rescattering), higher-order
harmonics (HHG)? are generated. Corkum?® has well explain-
ed the mechanism of HHG by assuming that the velocity of the
electron just after quasi-static tunneling is zero and the evolu-
tion of the ejected electron is described by quiver motion in
classical mechanics or equivalently Volkov states in quantum
mechanics. HHG is a rich information source about the highest
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occupied molecular orbital (HOMO) from which a single-
active electron is ejected.”’ For example, Corkum et al.’’" have
demonstrated that the full three-dimensional structure of a sin-
gle orbital can be imaged by a seemingly unlikely technique,
using high harmonics generated from intense femtosecond
laser pulses focused on aligned molecules. Applying this ap-
proach to a temporal sequence of molecular alignments caused
by a nonadiabatic interaction with a short pulse, they con-
structed a tomographic view of the HOMO of Nj.

The domain for MPI is given by the opposite case of y > 1.
The probability of “normal” MPI or ATI is very sensitive to the
existence of real intermediate states in resonance with the pho-
ton energy. Resonance structures also appear in ATI spectra.>
For a short pulse of which the width is less than 1 ps (but not as
short as a few-cycle pulse), an individual ATI peak break up
into narrow fine structures apparently due to resonance with
intermediate Stark-shifted Rydberg states (which can be rough-
ly estimated by the ponderomotive shift induced by the quiver
motion of an electron in an intense laser field).”® For longer
pulses, the fine structures disappear because all the electrons
leave the interaction volume with some extra ponderomotive
energy before the applied field is turned off.>° In the tunneling
regime, an electron is ejected from the remaining ion core
essentially within a half optical cycle. All structures associated
with resonances are washed out. Resonances with intermediate
states are less important. As the response of the system to the
field is approaching the tunneling regime, ATI peaks broaden
and eventually overlap with each other.*

In the case of molecules, in addition to electronic motion,
nuclear motion must be considered. In the MPI regime
(¥ > 1) up to 10"°Wcm™2, as the intensity becomes higher
and the pulse duration becomes longer, the ionization process
changes from soft ionization (where only parent ions appear)
to hard fragmentation (small fragments are produced).’%6!-63
The ladder switching from photon absorption by the neutral
to that by the parent ion takes place.®’*> The second ladder
switching from the parent ion to fragment ions is typical for
most polyatomic molecules. When dissociation in an inter-
mediate state is faster than photon absorption, the absorption
ladder switches to a fragment. Fragment patterns can be
described by statistical models where redistribution of energy
among all degrees of freedom is assumed.®* All of ions are
produced with very little excess energy as a consequence
of the ladder-switching mechanism for MPI and dissocia-
tion. As a result, fragments have small kinetic energies of
~0.2eV.

In the intense field regime for which y < 1 is satisfied, ion-
ization occurs faster than dissociation. As shown in Sections 3
and 4, the dependence of the calculated ionization probabilities
of H,™ or H, on the internuclear distance is in accordance with
the experimentally observed tendency of enhanced ionization:
That ionization of a molecule in a near-infrared laser field is
greatly enhanced at critical internuclear distances which are
much larger than the equilibrium internuclear distance. Al-
though the ionization potential of H,™ simply decreases as
the internuclear distance increases, the ionization rate has a
peak or peaks at intermediate internuclear distances. The anal-
ysis of the entire electronic wave packet indicates that acceler-
ation or suppression of field-induced intramolecular electron
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transfer leads to enhanced ionization. Enhanced ionization is a
universal phenomenon irrespective of whether the molecule is
diatomic or polyatomic. For multielectron molecules, en-
hanced ionization creates multiply charged molecular ions,
which immediately undergo Coulomb explosions due to nucle-
ar repulsion.®® It is shown that field-induced intramolecular
electronic dynamics also causes chemical reactions (fragmen-
tations)**%® other than Coulomb explosions. Intramolecular
electronic dynamics, which triggers both enhanced ionization
and reaction dynamics, is therefore regarded as the key process
to control the competition between the ionization and the reac-
tion of molecules.

3. Electronic and Nuclear Dynamics of Hy*
in Intense Laser Fields

In this section, we show how the electronic and nuclear
wave packet of H,™ in an intense laser field evolves tempo-
rally and spatially and we present the results of time-depend-
ent adiabatic state analysis of the wave packet dynamics of
H, ™. We introduce the important concept of “doorway state
to tunnel ionization” by using a time-dependent adiabatic state
basis set.

3.1 Numerical Solution of the Time-Dependent
Schrodinger Equation for a 3D H,* Hamiltonian: The
Dual Transformation Technique. We first derive a three-
dimensional (3D) Hamiltonian for the electronic and nuclear
degrees of freedom of Hy* in a laser electric field. In the pres-
ent treatment, molecular vibration is allowed, but the molecu-
lar axis is assumed to be fixed to a direction in space. In addi-
tion to the internuclear distance R, we must in general consider
three electronic coordinates; e.g., three cylindrical coordinates
Z, p,and @ (x = pcos @,y = psing,z = z), where p is the co-
ordinate perpendicular to z. In intense laser fields, electrons
move with a large amplitude oscillation in the case where
the molecular axis is parallel to the polarization direction of
the laser electric field £(7); on the other hand, at the perpendic-
ular configuration of the molecular axis and the field, the dis-
tortion of the electron cloud is relatively small. This is related
to the anisotropy of polarization: The axis component of the
polarizability of a diatomic molecule is larger than the perpen-
dicular component at intermediate internuclear distances.®’-%%
As a result, the rate of tunnel ionization has a maximum near
the geometry where the molecular axis is parallel to the polar-
ization direction,® 7! i.e., where the angle between the molec-
ular axis and the polarization direction, Oy, is 0° (although it
has been experimentally shown that the ionization rate of O, in
an intense near-infrared field has a maximum around Oy &
45°.72 See, for related theoretical work, Refs. 73—76). Besides,
it is known that a diatomic molecule of anisotropic polariza-
tion is aligned by a laser electric field so that the molecular
axis is parallel to the polarization direction.'® This parallel
case should be studied as the main spatial configuration. Then,
the molecular axis component of the electronic angular
momentum, 7im, is conserved (the magnetic quantum number
m is conserved). In this case, it is convenient to set the coordi-
nate z parallel to the molecular axis; after separation of the
center-of-mass of a molecule, the total wave function can be
written as a product form of ®(z, o, R)e™?/ V27, The wave
function ®(z, p, R) is normalized as
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/dR/ dp/ dzp|®(z, p. R = 1. (1)
0 0 —00

Choosing the midpoint between the two protons as the
origin of the electronic coordinates, we then reduce the time-
dependent Schrodinger equation for the four degrees of free-
dom (z, p, R, and @) to that for ®(z, p, R) as (throughout this
paper atomic units are used unless otherwise noted, i.e.,
me = ay = e = E, = h = 1, where me, ay, e, and E}, are the
electron mass, Bohr radius, elementary electric charge, and
hartree, respectively)

2

3 19
—®(z, p,R) = | — — — + Ha(?) | ®(z, p, R), 2
L5 @ 0. R) [ . o 1(0] (z 0. R) 2

where m,, is the proton mass and the instantaneous electronic
Hamiltonian H,(f) is the sum of the Born-Oppenheimer
(B-0) electronic Hamiltonian at zero field strength, Hgl, and
the dipole interaction with light, Vg(z,1):

Ho (1) = Hy + Ve(z.1). 3)

The explicit form of He(f) is given by’’

1 9%
0
Hel:——<

LN WL
2ue \3p>  pap CoD TR

972 2,02
4)

where W, = 2mpme/(2m, +m.) ~ m. and V(z,p,R) is the
Coulomb attractive potential exerted on the electron

1 1
VP G-R2? Vot GrR2?

The nuclear repulsion energy 1/R is included in Eq. 4. The di-
pole interaction between the molecule and the electric field
E(1) is expressed as

Ve(z, 1) = [1 + me/Q2my + me)]zE(1) ~ zE(2). (6)

V(z, p,R) =

Equation 2, which contains both electronic and vibrational de-
grees of freedom, can be solved “exactly” by an efficient grid
method for accurate propagation of an electronic wave packet
of a Coulombic system!'®-382 without resorting to the Born—
Oppenheimer approximation. In this method, called “dual
transformation,” the following three requirements are intro-
duced to treat the attractive Coulomb potential which is char-
acterized by its long range and its singularity at the nucleus.
The first one is as follows: (i) The wave function is trans-
formed so that it is zero at the Coulomb singular points (which
ensures that the numerical difficulties concerning singularity
are avoided). The choice of new scaled coordinates is also
crucial: (ii) Near the nuclei, the equally spaced intervals in
the new (scaled) coordinates must generate small grid intervals
in the linear scaled (cylindrical) coordinates (to cope with the
extremely high momentum components near the nuclei); in the
weak interaction region where the distance from the nuclei is
larger, the corresponding intervals in the linear scaled (cylin-
drical) coordinates are chosen to be relatively large and near-
ly constant. With the help of finite difference formulas, we
then spatially discretize the transformed Schrodinger equation
which the transformed wave function obeys. To that end, the
transformed wave function must be analytic around the nuclei:
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(iii) The differential operators contained in the transformed
Hamiltonian can be evaluated well by the finite difference
method even near the Coulomb singular points.

We have applied the method to H,™ (including molecular
vibration)'® and H,,?3° where the unscaled cylindrical coordi-
nate 0 is transformed to p = g;(€) so that the function g; is
chosen to satisfy the three requirements (i)—(iii) given above.
In the case of an unscaled cylindrical coordinate system (i.e.,
for p = &), the finite difference method does not provide suf-
ficient accuracy for evaluating the differential operators con-
tained in the Hamiltonian. Scaling can be extended to the un-
scaled z coordinate as z = g>({).

In addition to the variable transformation in the total
Hamiltonian —(1 /mp)(a2 /OR?) + H (1), we have to transform
the wave function to avoid the numerical difficulties concerning
Coulomb singularities. The original wave function ®(z, o, R)
which is in general finite at the nuclei must be transformed to
a function CDDT@‘ ,&, R) that is zero at the nuclei. This demand
on the transformed wave function, i.e., requirement (i), must
be satisfied under a normalization condition for the transformed
wave function GDDT(C &, R). In the case where finite difference
formulas are employed, it can be difficult to conserve the norm
of the wave function. For instance, the finite difference repre-
sentation of (1/0)d/dp in Eq. 4 is asymmetric, i.e., it iS no
longer Hermitian. In order to make a time evolution scheme
based on the finite difference method stable and accurate,
one should impose the following normalization condition on
®PT(Z, £, R) used in the actual numerical calculation’®

fﬂM/w@/mdad“@amﬁzx ™
0 0 —00

Note that the Jacobian or the scale factor for each coordinate
is formally unity, unlike in the normalization condition for
oz, . R).

The transformed wave function that satisfies the normaliza-
tion condition, Eq. 7, is uniquely determined as

PNEER) = Vg1 ()81 (E)h (D) P(z o, R), ®)

where a prime denotes the derivative with respect to the argu-
ment of the function. Inserting Eq. 8 into Eq. 2, we obtain the
following transformed Schrodinger equation

E DT _ _iiz DT ] DT
L8t d ({7 S’ R) - |: mp aRz +Hel (t) d ({7 SvR)’ (9)

where the transformed Hamiltonian HST(t) is expressed as

Hy' (1) = V1)) (E)gh (O Ha (1) (10)

1

V816)g1(8)85(0)

The explicit form of Eq. 10 is given in Ref. 38a, together
with g1 and g, functions of scaled coordinates & and ¢ that ful-
fill the three requirements (i)—(iii). The introduction of these
transformations drastically reduces the required numbers of
erid points.*® Equation 9 is integrated in time by a 3D version
of the alternating-direction implicit method (ADI) called the
D’yakonov scheme.”® The ADI provides short time propaga-
tors of which the quality is characterized by the second-order
accuracy of a short time step Az and by the numerical stability
for various potentials.
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3.2 Field-Following Adiabatic States and Field-Induced
Nonadiabatic Coupling. We show in the next subsection that
the intramolecular electronic motion in H, ™ which triggers tun-
nel ionization and nuclear motion can be understood in terms of
field-following time-dependent adiabatic states. We have fully
analyzed the H,™ dynamics for the first time by using time-de-
pendent adiabatic states. The time-dependent adiabatic states
defined here are obtained by diagonalizing the instantaneous
electronic Hamiltonian H, () in terms of bound states of Heol:
V), 1¥,), ..., |¥,). The matrix elements of He(¢) are func-
tions of adiabatic parameters R and f. Diagonalization of
H, (1) yields the time-dependent adiabatic states {|j(¢))} and en-
ergies {E;()}, where j runs from 1 to n in ascending order with
respect to energy. To diagonalize H.(¢), we here use the lowest
two bound electronic states 1s0, and 1so, for Hgl(t) (abbrevi-
ated as |g) and |u), respectively), which are radiatively coupled
with each other by the transition dipole moment (g|z|u) >~ R/2.
This large transition moment is characteristic of a charge reso-
nance transition between a bonding and a corresponding anti-
bonding molecular orbital, which was originally pointed out
by Mulliken.” The eigenvalues of HY for 1so, and 1so, are
denoted by E,(R) and E,(R), respectively.

In this two-state model, the time-dependent eigenfunctions,
[1) and |2), which are adiabatically connected with 1so, and

1so, at £(1) = 0, are given analytically as'®80
[1) = cos ®|g) — sin Olu), (11a)
|2) = cos O|u) 4 sin BO|g), (11b)
where © is a function of ¢ and R:
®= %arctan[iz(izzzgt)], (12)

with the B-O energy separation AE,,(R) = E,(R) — E¢(R).
The corresponding eigenvalues (potential surfaces) are

1
En(R1) = |:Eg(R) + E(R) % | A2, + 4|(g|z|u)8([)|2i|

~ %[Eg(R) + E,(R) £ R|E()|]] for large R. (13)

The adiabatic energies E|,(R,t) at £(¢) = 0.053E}/eay are
shown in Fig. 1 along with E, and E,. If £,(¢) is a value of
the field strength in atomic units (i.e., in units of Ejy/eay),
the corresponding field strength in SI units, €(¢), is given by
the relation £(f) = 5.14 x 10''&€,(f) Vm~'. The light intensity
I in SI units is given by I = 3.5 x 10'°g,(r)> W cm~2, where
the value of £(¢) is assumed to be equal to the field envelope
(field amplitude).

The instantaneous electrostatic potential for the electron,
V(z, p,R) + Ve(z,t), has two wells around the nuclei, i.e.,
z= £R/2. The dipole interaction energy for an electron is
E(HR/2 at the right nucleus and —&(#)R/2 at the left nucleus.
As &(t) increases from zero to a positive value, the potential
well formed around the right nucleus ascends and the well
formed around the left nucleus descends, and vice versa when
&(t) < 0. Therefore, at large R|E(?)|, E» and E; change accord-
ing to the energy shifts of the ascending and descending wells,
respectively; the electron densities of |2) and [1) are localized
near the ascending and descending wells, respectively (irre-
spective of the sign of the electric field).
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Fig. 1. Potential energies E;(R, ) and E>(R, t) of the lowest
two field-following adiabatic states |1) and [2) of H,*
(denoted by solid lines) at &(f) = 0.053E}/eaqy, i.e., at
I=10"Wcm™2 as a function of internuclear distance
R. The broken lines denote the Born—Oppenheimer poten-
tial surfaces of 1s0, and 1s0,. The dotted lines denote the
heights of the inner and outer barriers for tunnel ioniza-
tion. The internuclear repulsion 1/R is included in the
energy.

To investigate the nuclear dynamics and ionization dynam-
ics of H ™, we project the “exact” electronic and nuclear wave
packet ®(z, p, R; ) onto |1) and |2). The two projected compo-
nents X (R,t) = (1|®(7)) and x,(R,1) = (2|P(¢)) (integrated
over p and z) are used for analyses of the mechanism of ion-
ization and the field-induced nuclear dynamics. We also use
this expansion formula for the total wave function |®):

W 0. R: 1) = X1 (R DIT) + X5(R.D[2), (14)

where |W) is an approximate wave function for |®). It will be
shown that the key processes of intramolecular electronic mo-
tion and nuclear motion can be described by this expansion
while ionization is not directly taken into account. The follow-
ing approach using the two time-dependent adiabatic states can
be straightforwardly extended to cases where the number of
time-dependent adiabatic states are more than two. The results
for a six-state model are summarized in Section 3.3.

Inserting Eq. 14 into Eq. 2, we derive the coupled equations
within the framework of the two-state model as'®#34

), [ 1@ 1 [00\?
S KR =i = EiR+ - (

L R my \OR ]|
X X1 (R) — AR, D X5(R), (15a)
9 [ 1@ 1 /00\?]
% Xo(R) = —if — T + Ex(R, 1) + P <8_R>
X X3(R) + AR, ) x| (R), (15b)

where the total coupling A(R, ¢) that induces nonadiabatic tran-
sitions between the two-time-dependent adiabatic states is
2000 0 i ¥O

d
A(R,t):<1'5‘2> —————— +.... (16)
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Here, the small terms (g|8*/0R?|g)/m, and (u|d*/9R>|u)/m,
are not explicitly written in the diagonal elements in Eq. 15
and the off-diagonal element Eq. 16. The term (1|9/0¢|2) =
d® /0t is the nonadiabatic coupling due to temporal change
in the electric field £(H)® and the other coupling terms in
Eq. 16 are due to the joint effect of the electric field and the
nuclear motion.

Thachuk et al. have developed a semiclassical formalism for
treating time-dependent Hamiltonians and applied it to the dis-
sociation of diatomic ions.®® The internuclear distance R is
treated parametrically as some time-dependent function de-
scribing the motion of the nuclei. They have derived the non-
adiabatic couplings 00 /d¢ and vd® /9R for the two-state model
from the semiclassical formalism, where v is the relative nu-
clear velocity. These two terms correspond to the first and sec-
ond terms in Eq. 16. When typical values of the nuclear veloc-
ities are assumed, the effect of 0®/0¢ is much larger than that
of vd® /IR for homonuclear diatomic ions (in a near-infrared
field). In the case of heteronuclear diatomic ions, the dominant
coupling term which causes hopping between time-dependent
surfaces is also 0®/dt. The term vd®/dR causes significant
hopping at small internuclear distances only when the field-
induced Stark shift is, in the domain of small R, comparable
to the energy gap between the field-free states.

It is expected from Eqs. 15 and 16 that field-induced non-
adiabatic transitions occur if the main coupling term 9® /0t
is large in comparison with the gap between the two adiabatic
potential surfaces, E; — Ej. The term 00 /0t is expressed as

(glzlu) 9E(7)

7 (cos 20)2. (17)

30 /ot = L
AE(R) ot

Since &(¢) is a sinusoidal function of time, |0€(f)/0t| and
(cos 20)? becomes largest when €(t) =0, i.e., t, =nw/w (n
is an integer) for

(1) = f(t) sin(wy), (18)

where w is the light frequency and f(z) is the envelope of the
pulse shape (field amplitude). The gap E, — E; becomes AE,,,
i.e., smallest when the two adiabatic potential surfaces come
closest to each other, i.e., again, when the field £€(r) changes
its sign. Thus, a nonadiabatic transition between the two adia-
batic states is expected to occur within a very short period T,
before and after the field £(¢) changes its sign.*#! It should be
noted that (g|z|u)/AE,,(R) increases as R increases [(g|z|u) is
an increasing function of R and AE,,(R) is a decreasing func-
tion of R]. Larger internuclear distances are thus favorable for
nonadiabatic transition. A nonadiabatic transition between |1)
and |2) corresponds to suppression of electron transfer between
the two wells, i.e., two nuclei.

If the nuclear motion is slow in comparison with the time
scale of T, the nonadiabatic transition probability per level
crossing at R, Pponag, can be defined; it is given by the
Landau—Zener form®?

Pnonad = eXP(—27T5), (19)
where
8 = AE,(R)*/8(glzlu) f(Dw. (20)

For § > 1, the electronic state remains in the same adiabatic
state such as |1) or |2). For § < 1, the main route is the non-
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Fig. 2. Dynamics of nuclear wave packets of H,* in an intense 760 nm-laser field (w = 0.06E}, /1 and the envelope f(¢) is linearly
ramped with ¢ so that after two optical cycles f(¢) attains its peak value fy = 0.12E}/eap). The nuclear packets |x,(R, N =
[(1|®)|? and | X2(R, N> = |(2|®)|* obtained from the full 3D wave packet ®(z, p, R; 1) are denoted by solid contour lines in (a)
and ("), respectively. Panels (b) and (b’) show | x| (R, H)|* and | X5(R, 1)|? in the two-state model defined by Eq. 15, respectively;
panels (c) and (c’) show | x| (R, H)|? and | X5(R, 1)|? in the field-induced coupling model, where the nonadiabatic coupling A(R, ?) in
Eq. 16 of the two-state model is replaced by the dominant term (1]d/0¢|2). Level crossing moments at which the two adiabatic
energies are closest to each other (i.e., the electric field £(f) is zero), are indicated in the lower panels by vertical dotted lines.

adiabatic channel. The probability P,on,g can be increased as
the intensity, frequency, and R are increased. We have ob-
tained conditions for isolated transition (where T, < 27T/w);¥
w < AE,,(R)/2 < 2(glzlu)f(t) in the adiabatic case and
max[w, AE,,(R)/2] < 2(g|z|u) f(?) in the diabatic case. In the
following section, we show how the nonadiabatic transition
between the adiabatic states is correlated to dissociation and
ionization processes.

3.3 Electronic and Nuclear Dynamics of H,* in a Long-
Wavelength, Intense Field. We show that, in a long-wave-
length, intense field regime, tunnel ionization proceeds in the
region R > 2R, through the |2) state populated from |1), where
R. is the equilibrium internuclear distance. The two adiabatic
states |1) and |2) (or 1so, and 1so,) are essential states for
describing the electronic dynamics prior to tunnel ionization
and nuclear dynamics. To demonstrate these points, we project
the “exact” electronic and nuclear wave packet ®(z, p,R;1)
onto |1) and |2). The projected components x,(R, ) = (1|P)
and X,(R,?) = (2|®) are regarded as nuclear wave functions
associated with |1) and |2). We will show that the solution
of the coupled Eq. 15 for the two-state model is qualitatively
consistent with the nuclear motion obtained from the exact
mapping of ®(z, o, R;t) onto |1) and |2).

In a long-wavelength, intense field, after one-electron tunnel
ionization from Ha, |1) of H,™ is prepared. Since the creation
of an ionizing electronic wave packet through tunnelling
begins and ends within a very short period, i.e., a half-optical
cycle (characteristic of tunnel ionization), the lowest vibration-
al state ),;,—o(R) of Hy in the ground electronic state X! Z; is
vertically excited to |1) of Hy*.83 We thus employ the follow-
ing form as the total wave function at t = 0 for the 3D simu-

lation: ®(z, 0, R; 1) = Xyib=o(R)|1) [A more precise form can
be given by the product of x,;,_o(R) and the ionization prob-
ability as a function of R. See Ref. 84]. Here, we simply re-
place [1) at t = 0 with the Iso, B-O electronic wave function
of Hy™ (which is a function of R). This replacement does not
affect the following conclusions. The “exact” 1so, B-O elec-
tronic wave function is obtained by operating a spectral filter
on an approximate initial state.3>86

We assume that H,™ interacts with the following laser
pulse: @ = 0.06Ey, /A (A = 760nm). The envelope f(7) is lin-
early ramped with 7 so that after two optical cycles f(¢) attains
its peak value fy = 0.12E,/eay (I = 5.0 x 10'* W cm™2). The
corresponding light intensity 7 is given by I = 3.5 x 10'°f,(r)?
W em™2, where f,(¢) is the value in atomic units of £(¢) (i.e., in
units of E}/eap). For the numerical calculation, the grid ends
in z used were £30a( and the grid ends in p were 0 and 30ay.
The grid space for R ranges from ~0.01ay to 15ay. To elimi-
nate the outgoing ionizing flux and to evaluate the ionization
probability, we set absorbing boundaries for the electronic
coordinates p and z.

The projected vibrational components x;(R,?) = (1|®) and
X2(R, 1) = (2|®) are shown in Fig. 2a and 2a’, respectively.
The atomic unit of time is 7i/E, = 0.024fs. The Hy* wave
packet starts from the equilibrium internuclear distance R, ~
1.5ag of Hy. Since R, is longer for Hy™ than for Hy, the nuclear
wave packet x;(R,t), which is initially X,;—o(R), moves to-
ward larger internuclear distances. Without an external field,
the main component of the packet reflects at the outer turning
point in E, at R &~ 3ag, coming back toward the inner turning
point. On the other hand, under the condition of an intense
pulse, dissociation takes place as well as ionization. When
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Fig. 3. Landau—Zener type of field-induced nonadiabatic
transition probability, Pponad, of Ho™ plotted as a function
of R and the field amplitude f(¢) (solid line). The frequen-
cy of the field is w = 0.06E}, /Ai. The number attached to a
contour line indicates the nonadiabatic transition probabil-
ity. At field strengths £(¢) above the bold solid line, E is
higher than the heights of the inner and outer barriers for
tunnel ionization; on the other hand, above the bold dotted
line, E, is higher than the outer barrier height. The barrier
heights defined as those of V(z, p,R) + zE(¢) evaluated
along the molecular axis are functions of R and &(z).

the instantaneous field strength R|E(7)| is large, the potentials
E((R,t) and E>(R,t) given by Eq. 13 are distorted, as shown
in Fig. 1. The nuclear wave packet is moved toward larger
internuclear distances by the field-induced barrier suppression
in E{(R,t) (bond softening due to a laser field).

In the early stage, in which the internuclear distance is small
(R < 3ayp), the response to the field is adiabatic: The main
component of the wave packet is still in |1). At larger R
(>3ay), nonadiabatic transitions occur between |1) and |2)
when the field £(7) changes its sign, i.e., when the two adiabat-
ic potential surfaces come closest to each other. As the packet
reaches internuclear distances around R & 3.5a,, § becomes as
small as 0.23 for f(¢) = 0.12Ey/eaq; Phonag = 0.24. In Fig. 3,
the nonadiabatic transition probability Pnon.g is plotted as a
function of R and the field amplitude f(¢) (w = 0.06Ey/h).
Around t = 5.1fs (=47 /w), as shown in Fig. 2a’, a part of
the population in |1) is transferred to |2). The temporally peri-
odic structure in Fig. 2a’ clearly demonstrates that nonadiabat-
ic transitions from |1} to |2) occur at every crossing around ¢ =
J/w (j > 4), where § < 1. The probability |x,(R, )* has a
gap around R = 5ap. Owing to high probabilities of nonadia-
batic transition between |1) and |2) for R > 3.5a, the initial
nuclear wave packet in |1) bifurcates into two wave packet
X1(R.t) and x,(R,t) around R = 3.5a, for the first time. Be-
cause the two wave packet experience a crossing twice in the
subsequent one optical cycle, x,(R,?) and x,(R,?) that reach a
region around R = 5ay destructively interfere with each other:
[X2(R, )|* at R ~ 5a, becomes almost zero.

Thachuk et al. also examined how classical trajectories are
hopped between time-dependent surfaces.®® The conservation
principle to apply during a hop depends upon its physical ori-
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Fig. 4. Overall populations P;(f) and P,(f) on the lowest
two adiabatic states, |1) and |2), of H," in an intense
760 nm-laser field. The populations P;(f) and P,(f) inte-
grated over R are denoted by a dotted line and a solid line,
respectively. To eliminate the outgoing ionizing flux, we
set absorbing boundaries for the electronic coordinates O
and z. lonization corresponds to the reduction of the norm
of the wave function remaining in the grid space. The total
norm in the grid space enclosed with the absorbing boun-
daries, Pg;a(t), is denoted by a broken line. Level crossing
points for H, ™, where €(r) = 0, are indicated by vertical
dotted lines. Around ¢ = 5.1 fs (=47 /w), the wave packet
approaches R ~ 3.5ay; then, nonadiabatic transitions
between |1) and |2) begin. Nonadiabatic transitions occur
around level crossing points t = nir/w for n >4 (See
Eq. 18). The reduction in P,(¢) denoted by open circles
is due to ionization. The upper adiabatic state |2) is regard-
ed as the main doorway state to tunnel ionization. A reduc-
tion in P,(¢) corresponds to the subsequent reduction in
Pgia(t) (delayed by a time that the ionizing currents need
to hit the absorbing boundaries) as indicated by the line
with arrows at both ends.

gin. The nonadiabatic coupling 0®/d¢f mainly induces energy
exchange between the electron and the field. When 00 /0df is
dominant as in the case of H,™, nuclear momentum is there-
fore conserved upon hopping. On the other hand, when
vd®/0R is dominant, energy exchange occurs between the
electron and nuclei: The total energy of the molecular system
is conserved.

The overall populations P, (f) = f X (R, )|?dR and P,(t) =
f [ X2(R, 1))*dR are shown in Fig. 4 together with the total norm
in the grid space enclosed with the absorbing boundaries,
Pgiq(?). An increase in P (1) at a crossing point coincides with
a decrease in P;(7). During the next half cycle after a nonadia-
batic transition (as the field strength approaches a local maxi-
mum), a reduction in the population of |2), P,(¢), is clearly
observed, whereas P (f) changes very little. According to non-
adiabatic transition theory, without ionization, P(¢) and P,(¢)
should be constant between adjacent crossing points. The
reduction in P,(¢) just after a crossing, denoted by open circles,
is hence due to ionization. This is also confirmed by the corre-
lation in reduction between Pgiq(#) and P(t), as indicated by
the line with arrows at both ends. We hence conclude that
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the state |2) is the main doorway state to tunnel ionization.
Enhancement of ionization in H,™ around R > 2R, is due to
the joint effect of the following three factors: (i) nonadiabatic
transitions from |1) and |2) occur at large R; (ii) |2) is easier to
ionize than is |1); (iii) the ionization probability of |2) has
peaks around certain internuclear distances R > 2R..

The reason that |2) is easier to ionize than is |1) can be
explained by comparing the adiabatic energies with the barrier
heights for tunnel ionization. In addition to the barrier of
V(z, p,R) + zE(t) + 1 /R between the two wells (inner barrier),
when |E(t)| # 0, a barrier with finite width is formed outside
the descending well (outer barrier). The barrier heights of
V(z, p,R) + zE(t) + 1 /R evaluated along the molecular axis
are also plotted in Fig. 1. Figure 1 clearly demonstrates that,
while E; is usually below both of the barrier heights, E, can
be higher than the barrier heights in a range around R. ~ 6ay.
In the intensity region above the bold solid line in Fig. 3, E, is
higher than the heights of both the barriers; above the bold dot-
ted line, E; is higher than the outer barrier height. While the
electron goes over or through only the outer barrier in the ion-
ization process from |1), the electron must go over or through
both the inner and outer barriers for ionization from |2) [If
there is a period in which the energy of the adiabatic state is
higher than the barrier(s) for ionization, “overbarrier” ioni-
zation outmeasures “underbarrier” tunnel ionization. In this
paper, “tunnel ionization” refers to both types of ionization].
Figures 2a, 2a’, and 3 clearly show that the |2) component that
is nonadiabatically created from |1) is easier to ionize than is
|1), except at the atomic limit where R is much larger than R..
Figure 3 also shows that below f(¢) = 0.03E/eay (I =3 X
103 W cm™2) ionization hardly occurs and H,™ simply disso-
ciates, experiencing nonadiabatic transitions. Using x;(R,?)
and X,(R,t), we have determined critical distances R, and
the critical momenta P, where ionization to H,?>* dominantly
occurs. The distribution in conjugate momentum P is obtained
by Fourier-transforming (R, t) and x,(R, ) with respect to R.
The kinetic energies of dissociative fragments originating from
Coulomb explosions H* 4+ HT can be estimated.*?

In Fig. 5, the rate of ionization from |2) in a DC field, I, is
plotted as a function of R. The field strength is fixed at a con-
stant €(t) = 0.0533Ey/eap. We solved the time-dependent
Schrodinger equation for Hy™, with nuclei frozen at various
values of R,* by using the dual transformation method. The
ionization rate is obtained by fitting the norm within the space
encircled by the boundary planes to an exponential decay
form. The results are essentially the same as those obtained
by using complex basis sets.®” Roughly speaking, I'» is large
in a wide range from R = 5ap to 10ay, owing to barrier sup-
pressions favorable for tunnel ionization from |2) (in the re-
gion of R < 10ay, the rate of ionization from |[1) in a DC field,
I'y, is one-hundredth as large as I';). Besides, a couple of
peaks are observed in the range (/7 also has a peak at R ~
0.5ap). The maximum ionization rate from |2) is found at R &
9ay. For this field strength, at R & 9ay, however, E, is only a
little above the inner barrier, as shown in Fig. 1. The fast ion-
ization is attributed to the following facts: at R & 9ay, |2) is
resonant with an adiabatic state (originating from states other
than 1so, and 1s0,) in the descending well that is higher than
|1); the outer barrier is thin and is much lower than E,. Anoth-
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Fig. 5. Ionization rates of Hy™ as a function of internuclear
distance R. The open squares denote ionization rates ', of
the upper adiabatic state |2) at a DC constant field strength
&(t) = 0.0533Ey/eay (which corresponds to = 10"
W cm—2); the open circles denote ionization rates /" in an
alternating intense field of A = 1064nm and I = 10"
Wcm™? under the condition that the initial state is the
ground state 1so, (the field envelope has a five-cycle lin-
ear ramp and I is defined as the stationary ionization rate
after the ramp). The scales for I, and " are marked on the
right and left ordinates, respectively.

er peak is also found at R & 6aqy, but it is lower than that at
R = 9ay. The rate of ionization from |2) seems to be more sen-
sitive to the outer barrier than to the inner barrier. The ioniza-
tion rate I” in an alternating intense field is correlated with I,
(e.g. both have peaks at R = 6a( and 9ay), which also indicates
that ionization proceeds via the |2) created from the initial
state 1s0,. As an example, we also show in Fig. 5 the ioniza-
tion rates I in an alternating intense field under the condition
that @ = 0.0428E;,/h (4 = 1064nm) and the envelope f(z)
has its constant peak value fy = 0.0533E,/eay (I = 10"
Wcem™?) after a five-cycle linear ramp.®® The initial state is
the ground state 1s0,. As clearly demonstrated in Fig. 5, the
ionization rate I" changes as I (e.g. both have peaks at R =
6ap and 9ay). The ionization rate I” increases by more than two
orders of magnitude as R increases from its equilibrium value
of R. ~ 2ay to an intermediate region around R = 6ay.

The above mechanism of ionization is called charge reso-
nance-enhanced ionization?’* because nonadiabatic transitions
occur between the two adiabatic states |1) and |2) arising from
a charge resonance pair of 1so, and 1so, [See Eq. 11]. The
analysis in terms of the populations of the two adiabatic states
is validated by the fact that, in the high-intensity and low-
frequency regime, only these two states are mainly populated
before ionization.*' The bound state components other than
[1) and |2) (or the higher B-O bound electronic states other
than 1so, and 1s0,) can be as large as 5-10% of the total
bound state component. However, all the intermediates other
than |1) and |2) (or higher B-O bound electronic states other
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than 1so, and 1s0,) vanish completely within a quarter cycle
due to overbarrier ionization. It is concluded that |1) and |2)
(or 1so, and 1s0,) are essential states for describing the elec-
tronic dynamics prior to tunnel ionization. The two-state mod-
el wave functions (R, ) and x5(R,?) obtained by solving the
coupled Eq. 15 are shown in Figs. 2b and 2b’, respectively. It
should be pointed out that the two-state model of Eq. 15 gives
nearly the same nuclear dynamics as the “exact” projected
ones X;(R,?) = (1|®) and x,(R,?) = (2|®), although the pop-
ulation decrease due to ionization cannot be reproduced. This
indicates that the nuclear motion in intense fields is determined
by the potential surfaces of a small number of time-dependent
adiabatic states.

We performed calculations for the two-state model of Hy™
on the assumption that in Eq. 16 all the coupling terms other
than the dominant direct field-induced term (1|9/0¢|2) = 0®/
ot are zero. The wave functions (R, ) and x5(R,t) obtained
by solving the coupled Eq. 15 on this assumption (the field-
induced coupling model) are shown in Figs. 2c and 2c¢’, re-
spectively. As is expected from the discussion in Section
3.2, no discernible difference was observed between the exact
two-state coupling case and the (1]9/d¢|2)-coupling case. The
dominance of field-induced nonadiabatic coupling is the key to
develop a practicable way of estimating the nuclear dynamics
of general polyatomic molecules in intense laser fields. The
details of a proposed method are given in Section 5.

The concept of a time-dependent adiabatic state has already
proved useful for designing actual experiments. Using the idea
of time-dependent adiabatic state, Niikura et al. have designed
a scheme to control the vibrational wave packet on the lowest
time-dependent adiabatic state of H,™ or D, .8 The nature of
bond softening of this potential can be temporally controlled
by mixing the signal and idler of an optical parametric ampli-
fier. By changing the modulation period of light intensity, they
achieved control of the dissociation yield. When the wave
packet reached its outer turning point, the Stark-shifted poten-
tial allows the molecule to dissociate through bond softening if
the laser intensity is high. On the other hand, if the field is
weak at this critical time, little dissociation is measured.

Within the framework of the two-state model, the expansion
of Eq. 14 in terms of time-dependent adiabatic states is equiv-
alent to

W) = X (R, DIg) + X, (R, D)[u). ey

In the near-infrared regime, however, the time-dependent
adiabatic state expansion like Eq. 14 has an advantage over
the expansion in terms of field-free states like Eq. 21. For ex-
ample, in the expansion using time-dependent adiabatic states,
only a small number of low-lying adiabatic states are required
to describe the electronic and nuclear dynamics of a molecule
in intense laser fields. This is a crucial advantage in the case of
polyatomic molecules. See also Section 5.

4. Two-Electron Dynamics of H, in an Intense Laser Field

The mechanism of ionization of H,™ is called charge reso-
nance-enhanced ionization. In the case of multielectron mole-
cules, however, different mechanisms can be expected; field-
induced intramolecular electron transfer between nuclei trig-
gers strong electron—electron correlation. For Hj, localized
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ionic-bond states H"H™ and H™H™ are expected to be created
in an intense field. The formation of localized ionic states
should be related to the internuclear distance of H,. To eluci-
date possible mechanisms of ionization of H,, one must an-
swer the question as to how electron correlation dynamics in
an intense laser field is affected by the molecular structure.
It is expected that the clarified mechanism of enhanced ioniza-
tion for Hy would serve as a prototype of ionization of multi-
electron molecules in intense fields.

In this section, we present the results of an investigation of
the two-electron wave packet dynamics of H; in an intense lin-
early polarized field. H, has six electronic degrees of freedom
for two electrons. The position of the jth electron is designated
by cylindrical coordinates (p;, z;, and ;). The z-axis is set
parallel to the molecular axis, with the origin of the z-axis
located at the midpoint between the two nuclei separated by
an internuclear distance R. Here, we assume that the molecular
axis is parallel to the polarization direction of a linearly polar-
ized laser electric field £(¢) (parallel polarization condition).'”
Then, the two-electron wave function can be represented by
five coordinates: zi, z2, P, 05, and @ = @, — @,.

We applied the dual transformation method to
As in the case of Hy™, both the original electronic wave func-
tion ® and the Hamiltonian H are transformed to ®* and A"
consistently so that the numerical difficulties arising from the
divergence of the Coulomb potentials are overcome. The time
integration of the Schrédinger equation id®T/9t = HT®T is
carried out using the alternating implicit direction (ADI) for-
mula.”® The numerical procedure has been described in detail
in Refs. 20 and 39.

4.1 Electronic Wave Packet Dynamics at Different Inter-
nuclear Distances. Although the molecular axis is assumed
to be parallel to the polarization direction, the two-electron
wave function still has five degrees of freedom. Here, to rep-
resent the wave packet, we employ the reduced density
P(z1,z2) obtained by integrating the square of the wave func-
tion, |®(1)|?, over the degrees of freedom other than z; and
2, parallel to the polarization direction:20:3%4

15(21,22)=/ de/ dp,
0 0
27T

x / A0, a1 D(Dy, o2t DI (22)
0

H2.20’30_32’39

This representation is useful because the electronic dynamics
in Hj is characterized by electron motion along the polariza-
tion direction z. The covalent bond configurations (H-H)
around z; = —zp = £R/2 and the ionic-bond configurations
(H*H™ and H"H™) around z; = 7z = £R/2 can be distin-
guished by using Eq. 22. As an example, P(z;, z») for the exact
ground state X' E;: at R = 4ay is drawn in Fig. 6a. The re-
duced density map clearly demonstrates that the covalent com-
ponents around z; = —z; = £R/2 are dominant in the ground
state at R = 4ag. The localized ionic components [HYH™) and
|[H H™) contained are both 19%, where the electronic states of
[H"H™) and |H"H™) are defined as H™ ions of which the cen-
ters are located at z; = z, = +=R/2. In the calculation of the
H™ state, electron—electron repulsion is exactly taken into
account.

The field £(¢) that the H, interacts with is assumed to be
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(b)t=7/2w |

4 0 4

(c)t=7z/a)§

Fig. 6. Electronic wave packet dynamics of H, in an intense 760 nm-laser field (w = 0.06E}, /#). The internuclear distance is fixed
at R = 4ay. The reduced density I_’(zl ,22) defined by Eq. 22 is drawn at quarter cycle intervals: (a) t = 0; (b) t = 71/2w = 0.63 fs;
(c)t=m/w=1271s; (d) t = 37/2w = 1.90fs. The contour lines in the four panels are plotted at the same intervals. The field
strength is €(¢) = 0.03E/eap at t = /2w and E(t) = —0.09E} /eay at t = 377 /2w. The initial state shown in (a) is the ground
state X characterized by the covalent-bond component around z; = —z, = £R/2. The ionic-bond component H"H* around
71 = 22 = —R/2 (at the left nucleus) increases as the field approaches the first local maximum at r = 77 /2w, as shown in (b).
The wave packet at £(f = 71/w) = 0 in (c) is nearly identical to the initial one in (a). In (d), the density around the ionic config-
uration (z; = zo = R/2) becomes very high because of the stronger field strength at = 377/2w. As indicated by the broken line in
(d), an electron is ejected from the localized ionic configuration. The direct ionization current from the covalent configurations

denoted by the dotted line in (d) is relatively small.

f(t)sin wt, where w is the frequency, and the pulse envelope
f(t) is linearly ramped with time ¢ so that f(¢) attains its max-
imum fy after one cycle. The field parameters used are as fol-
lows: fo =0.12E,/eap (intensity I = 5.04 x 10 Wcem™2)
and @ = 0.06E,/h (1 =760nm). The instantaneous field
strength is () = 0.03E} /eay at t = 77/2w (which corresponds
to I =3.15 x 108 Wem™2); £(f) = —0.09Ey /eag at t = 37/
2w (I =2.84 x 10" Wecem™2).

We have calculated the wave packet dynamics at different
values of R. The initial state at = 0 is the ground state X' Eg*.

4.1.1 R = 4ay: Shown in Fig. 6 are snapshots of P(z;, 2)
for R = 4ay taken at the following four moments: (a) t = 0; (b)
t=7/2w = 26.2h/E, = 0.634fs (h/E, = 0.02421s); (c) t =
7/w; (d) t = 37 /2w. In a low-frequency intense field, an ionic
component is created around the descending potential well,
where the electrostatic potential for each electron, i.e., the

dipole interaction energy z;E(f) or z,E(t), is negative. For
instance, the left well where z; and z, & —R/2 is the descend-
ing well when £(¢) > 0. As the field approaches t = 7/2w, the
ionic component created around the left nucleus (z; =z =
—R/2) increases to [(®[H HT)|> = 0.31 from 0.19 at r = 0.
Note that £(f = 7/2w) > 0. The corresponding reduced densi-
ty map is shown in Fig. 6b. The laser field forces the two elec-
trons to stay near a nucleus for almost one half cycle. When
the field returns to zero at t = 7/w, the packet shown in
Fig. 6¢ is almost identical to the initial one shown in Fig. 6a,
indicating that the response to the field is nearly adiabatic.
Until ¢t = 77 /w, no ionization current is observed on the scale
of the contour line intervals. A quarter cycle later, at t = 37/
2w, as shown in Fig. 6d, the population of the ionic component
around z; = zp = R/2 becomes as large as (OH HM)|? =
0.54 because of the stronger field £(t = 371/2w) = —0.09E},/
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Fig. 7. Snapshots of the reduced density of H, at R = 1.6ay: (a) t = 0, (b) = 377/2w. The applied pulse is the same as that used in
Fig. 6. Despite the intense field strength at r = 377/2w, the ionization current is very small.

eap. From 3D analysis of the spatial configuration of the two
electrons, we have confirmed that the ionic component created
in the descending well is the H™ ion at the nucleus where the
dipole interaction energy is negative. In the case of R = 4ay,
the population of a localized ionic component is maximized
around the time when the absolute value of the field strength
takes a local maximum; then, the population of the counter-
localized ionic component is minimized. This means that the
response of the bound state component to the field is still adia-
batic. The increase in a localized ionic component is caused by
the loss of the counter-localized ionic component through an
intermediate covalent configuration.

As indicated by the broken line in Fig. 6d, an electron is
ejected from the localized ionic structure [HTH™). If the dis-
tance between the two nuclei is so long that the Coulomb inter-
action between H™ and H™ is negligible, the ionization poten-
tial of the localized ionic structure is considered to be as low as
I,(H™) = 0.75eV. The localized ionic structure is hence unsta-
ble and is regarded as a doorway state to ionization. The direct
ionization route from a covalent structure is denoted by a dotted
line in Fig. 6d, but the current along the dotted line is relatively
small. At R = 4ay, the rate of ionization from a pure ionic state
is at least five-times greater than that from a pure covalent
state (deduced from the ionizing flux).

4.1.2 R = 1.6a,: The reduced densities at t =0 and
37 /2w for R = 1.6ay (=R, = 1.4ay) are shown in Figs. 7a
and 7b. Despite the intense field strength at ¢ = 377/2cw, the
ionization current is very small. This is consistent with the ion-
ization rates of the lowest adiabatic state in static fields calcu-
lated by Saenz.”® He has reported that the ionization rate in a
static field of € = 0.08Ey/eaq increases from R = 1.6a, to 4ay
by a factor of 40.

For R = 1.6ay, |(®/HTH™)|? is as large as 0.74 at t = 37/
2w, while [(®|HTH™)|?> = 0.58 at t = 0. As R decreases, the
population of HYH™ (or H"H") becomes larger; however,
the rate of ionization from a pure ionic state H"H™ or H"H™
decreases owing to the more attractive force of the distant nu-
cleus exerted on the electron pair. At R = 1.6ay, |(®|HTH™)|?
is large, but the electron cloud shrinks in comparison with
the pure HYH™ or H"H™. We also note that the increase in

[(®|HYH™)|* from f =0 to t = 37/2w is only 0.16 for R =
1.6ap, while it is 0.35 for R = 4ay. This suggests that the
unstable part of the existing H"H™ is smaller for R = 1.6aq
than for R = 4ay.

4.1.3 R = 6ay and 8ay: Snapshots of the reduced density
for R = 6ay are shown in Fig. 8. The initial reduced density
for R = 6ay shown in Fig. 8a indicates that the ground elec-
tronic state at large R is a state dominated by covalent charac-
ter. For R = 6ay, |(®|HTH™)|*> at r = 0 is as small as 0.016;
for R = 8ay, it further reduces to 6 x 10~*. The reduced den-
sity at t = 371/2w = 1.90fs for R = 6qy is shown in Fig. 8b.
The population of H"H™ in an intense field becomes smaller
as R increases. Around ¢ = 37/2w, [(®[HTH™)|? is at most
0.06 for R = 6ap and is very small, less than 0.004, for R =
8ay. The decrease in the H"H™ population is unfavorable for
tunnel ionization.

In addition to the populations of HYH™ and H™H™, there
exists yet another factor that determines the ionization rate.
The ratios of the ionization probability at 1 = 27T/w to the
unstable component of H"H™ around ¢ = 37/2w (= |(®(t =
3/2w)|HTH)|? — |(®(r = 0)|HTH)|?) are 1, 6, 20, and
140 for R = 1.6ay, 4ay, 6ay, and 8ay, respectively; the ratio
of the ionization probability to the unstable component of
H™H~ (or H"H™) increases as R increases. One of the reasons
for this tendency is that the created HTH™ becomes more un-
stable as R increases: The attractive force that the distant proton
H* exerts on the electrons in H™ becomes weaker. We have
confirmed that ionization from the created ionic state occurs
rapidly. A large part of the ionic component decays to Volkov
states; that is, for R > 6ag, the created H"H™ ionizes com-
pletely within a half optical cycle (*1.27fs), as shown in
Fig. 8c. This is again consistent with Saenz’s result” that
the lifetime of a pure HYH™ in a static field with &€ =
0.06E} /eqy is shorter than 0.5 fs for R > 6ay (Since the ionic
and covalent states have no overlap at large R, each state
can be assigned to an adiabatic state in a static field.). For
R > 6ay, |(®|HTH™)|? reaches the maximum at about 7 =
20h/Ey before the field reaches the local maximum at ¢ =
37 /2w, which reflects the rapid ionization of the created
H™H~ within a half optical cycle.
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Fig. 8. Snapshots of the reduced density of Hy at R = 6ay: (a) t =0, (b) t = 371/2w, (¢) t = 3.37w/2w. The applied pulse is the
same as that used in Fig. 6. The drastic change from (b) to (c) indicates rapid ionization from the created ionic state around
71 = 2o = R/2. The contour intervals in Fig. 8 are one-third of those in Fig. 6 or 7.

Another reason why the ratio of the ionization rate to the
population |(®|HTH™) | increases as R increases is the signif-
icant ionization from the covalent state at large R. Figures 8b
and 8c show that the ionizing currents from the ionic and
covalent configurations for R = 6a are of the same order of
magnitude. As mentioned previously, the ionization rate of a
“pure” covalent state is small. For R = 6ay, the ionization rate
of a “pure” covalent state in a static field with € = 0.06E},/eay
is about one-fourth as large as that of an “pure” ionic state (for
& = 0.08Ey/eay, one-tenth).”® On the other hand, as shown in
Fig. 8, the remaining covalent component is much larger than
the created ionic component [(®|HTH™)|? (which is at most
only 0.06 around ¢t = 37 /2w). Therefore, for R = 6ay, as well
as the ionization of the created localized ionic component, the
direct ionization from the dominant covalent component sig-
nificantly contributes to the total ionization probability.

For R = 8ay, as shown in Fig. 9, the creation of an ionic
state is greatly suppressed in comparison with the cases of
smaller internuclear distances. As mentioned previously,
[(®|HTH™)|? around ¢ = 37 /2w is less than 0.004. Moreover,
the ionization rate of an ionic state reaches a ceiling at large R
(>6ay), where the attractive force exerted by the distant nuclei
becomes negligible. The ionization rate from a covalent state
is also almost independent of R if the field is strong enough
to lower the ionization barrier of an H atom to the initial ener-
gy —I,(H). In this case, the ionization processes of two nearly

isolated H atoms are triggered by field-dominated one-electron
motion and are independent of each other. The minimum field
strength required for barrier suppression ionization of H is giv-
en by Ig(H)/4 ~ 0.063E}/eayp. This is consistent with the re-
sult that the ionization rate of the covalent state is almost inde-
pendent of R (>6a¢) in a static field of & > 0.08E}/eay.”
Hence, if the field strength is beyond the barrier suppression
strength of H, the ionization rate of the covalent state, as well
as that of the ionic state, is almost independent of R: The main
ionization route at large R (>8ay) is a direct one from the dom-
inant covalent component.

If the intensity is below a threshold value, for instance, if
E(t) < 0.04Ey /eay at R = 8ay, such creation of an ionic state
is inhibited: The dependence of the ionization rate on R is gov-
erned by the ionization rate of the covalent state. In a static
field of & < 0.04Ey/eay, as R increases from 6ay, the ioniza-
tion rate of the covalent state decreases up to R 2 10ay.”® This
implies that in the case of a weak field the polarization
enhanced by two-electron correlation participates in field-
induced ionization from the covalent state. As R increases, this
type of polarization diminishes; therefore, in the case of a
weak field, the ionization rate of the covalent state decreases
with increase in R up to a certain large internuclear distance.

In conclusion, the main doorway state to ionization is the
localized ionic state H"H™ or HYH™. As R increases, while
the population of H"H™ decreases, a pure ionic state H"H™
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Fig. 9. Reduced density of H, at R = 8ay: (a) t = 0 and (b) t = 371/2w. The applied pulse is the same as that used in Fig. 6. The

contour intervals are the same as those in Fig. 6 or 7.

becomes more unstable in a field because of the weaker attrac-
tive force of the distant H*. As a result, ionization is enhanced
in the critical range from R = 4a, to R = 6ay.

We have also investigated the intramolecular electronic
dynamics that governs the ionization process by analyzing
the populations of field-following adiabatic states defined as
eigenfunctions of the instantaneous electronic Hamiltonian.
In a high-intensity and low-frequency regime, only a limited
number of adiabatic states participate in the intramolecular
electronic dynamics, i.e., dynamics of bound electrons. The
effective instantaneous Hamiltonian for H, is constructed from
three main electronic states: X, BLZM’“, and EF°' (At large R,
the last two electronic states are replaced with the ungerade
and gerade ionic states.). By solving the time-dependent
Schrodinger equation for the 3 x 3 effective Hamiltonian, we
have found that the difference in electronic and ionization
dynamics between the small R case and the large R case orig-
inates in the character of the level crossing of the lowest two
adiabatic states.

As the field strength increases, the lowering second lowest
adiabatic state |2) comes closer to the lowest adiabatic state
[1) starting from the X state. The transition period in which
a nonadiabatic transition between |1) and |2) is completed is
much smaller than the quarter optical cycle 7/2w. Thus, a
nonadiabatic transition is localized around the time 7. when
the field strength £(7) reaches the value required for a crossing,
&(t.). In the case of R < 4ay, the energy gap at the avoided
crossing between |1) and |2) is as large as that at zero field
strength. As a result, the probabilities of nonadiabatic transi-
tions to upper adiabatic states are small. When |€(7)]| is larger
than |&(z.)|, |1) is ionic, while |2) is covalent. Therefore, ion-
ization occurs from state |1) characterized by a localized ionic
state HYH™ or H™H™ directly to Volkov states. In the case of
large R (>4ay), nonadiabatic transitions occur from |1) to |2)
when these two states cross each other. For R > 6ay, ioniza-
tion proceeds mainly through state |2), which is a covalent
character-dominated state when |E(t)| > |E(t.)|. The three-state
problem can be reduced to a two-state problem by prediago-
nalizing the 2 x 2 matrix constructed in terms of the upper two

states B and EF. On the basis of the two-state model, an ana-
Iytical expression of the field strength required for the crossing
of |1) and |2) is derived; moreover, the probability of a non-
adiabatic transition between [1) and |2) is expressed by the
Landau—Zener formula. The results based on these simple for-
mulas agree with those in the three-state treatment.

4.2 Two-Electron Dynamics of a Triplet State. Early
measurements indicated that intense laser ionization rates
(and ATI spectra) of diatomics are nearly equal to those of
atoms with similar electron binding energies. In recent works,
however, the ionization yield of O, has been found to be great-
ly suppressed, relative to Xe, an atom with nearly the same
ionization potential as 0,.%% Faisal et al.”® attributed the sup-
pression effect to the one-electron character of the highest
occupied MOs of O,; the antibonding orbitals cause a destruc-
tive interference between the two subwaves of the ionizing
electron emerging from the two atomic centers.

We discuss here a two-electron character, namely, the role
of exchange symmetry in ionization of H,. The singlet cases
discussed above are compared with triplet cases where the ini-
tial state is the lowest triplet state b3Ej. Since the spin—orbit
coupling is negligible, the wave function in the triplet case is
spatially antisymmetric with respect to exchange of the two
electrons. The same laser pulse as used in Figs. 6-9 is applied
to the b*Z; state at R = 4ag. Figure 10 shows the reduced
density for the triplet case at t = 37 /2w. In contrast with
the singlet case, an ionic component, expected to be unstable,
is unlikely to be created owing to the Pauli exclusion principle.
For the triplet case, electron transfer from the ascending well
toward the descending well is suppressed. The ionization rate
is reduced to about one third from the X' )3; case to the b =t
case. Considering that the energy of the b =} state is even
higher than that of the X'} state by 0.023E; at R = 4ap,
we conclude that the inhibition of ionic-state formation due
to the Pauli principle is responsible for the reduction in the ion-
ization rate. This again indicates that the formation of an ionic
state plays a dominant role in intense field-induced ionization
of H,. At least for ionization of two-electron diatomics, elec-
tron-spin multiplicity should be taken into account.
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Fig. 10. Reduced density for a triplet case of H, at r =
37w/2w = 1.90fs. The applied pulse is the same as that
used in Fig. 6. The initial state is the b*E}F state, and
the internuclear distance is fixed at R = 4a,. The symbol
x denotes an unoccupied ionic configuration site. Creation
of an ionic component due to electron transfer from well
to well is suppressed in comparison with the singlet case
in Fig. 6: The ionization rate in the b*=; case is reduced
to about one third of that in the X' 2; case.

5. Description of Dynamics of Polyatomic Molecules in
Intense Laser Fields by Time-Dependent Adiabatic States

The description of molecular dynamics in terms of time-
dependent adiabatic states developed in Sections 3 and 4 is ap-
plicable to polyatomic molecules in intense laser fields. We
here present an outline of a time-dependent adiabatic state
approach*® and provide a recipe of procedures for calculating
the nuclear wave packet dynamics of arbitrary polyatomic
molecules.

There is a well-known approach to treat dynamics in intense
fields, namely, the Floquet (dressed state) method targeted for
long-time pulses with a constant envelope.”* In the Floquet
method, a molecule-field state is given by a product of a pho-
ton state and an adiabatic state in a zero field denoted by [N —
£) and |®;), respectively. Here, N is the number of photons
before the interaction and ¢ is the number of photons absorbed
by the molecule; the corresponding diabatic field-dressed po-
tential is given by Aw(N — £) + E;({R}). The adiabatic field-
dressed states can be obtained by diagonalizing the R-fixed
Hamiltonian including the molecule-field interactions among
diabatic field-dressed states. This approach is especially useful
for estimating the momenta of fragment ions and is now appli-
cable to short pulses with a time-varying envelope.”® From a
practical point of view, however, the range of its applica-
tion is rather limited to simple diatomic molecules such as
H,*.%>% In this approach, it is necessary to calculate all of
the field-free adiabatic states involved in the process under
consideration (including high-lying states) and, moreover, the
field-free states obtained are then dressed with photon number
states. The number of photons absorbed or emitted, ¢, can be
much larger than one. Application of the Floquet approach
to polyatomic molecules is therefore a very laborious process.
On the other hand, the present time-dependent adiabatic state
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approach has the advantage that only a small number of low-
lying adiabatic states that can be efficiently calculated by
MO methods are required to describe the electronic and nucle-
ar dynamics of a molecule in intense laser fields. It should be
pointed out that many field-free excited states are involved
even in the lowest adiabatic state |1).

5.1 Construction of the Instantaneous Electronic Ham-
iltonian. To obtain the time-dependent adiabatic potential
surfaces of a polyatomic molecule, we must construct the in-
stantaneous electronic Hamiltonian Hy(¢). Taking a polyatom-
ic molecule of N, electrons and N, nuclei as an example, we
demonstrate the way of constructing H,(¢). The Cartesian co-
ordinates of the jth electron are denoted by 7e, = (Xe,j» Ye,j» Ze,j)
and those of the jth nucleus are denoted by 7, ; = (Xnj» Yn.j» Zn.j)-
The charge of jth nucleus is denoted by e;. The temporal oscil-
lation of the applied laser electric field is given by €z&(1),
where e is the polarization vector of the field. In a long-wave-
length case, the interaction with the field can be expressed by
the dipole interaction

Ne Nn
— |:—€ Z ;:e,j + Z E_j?n’j:| -Ege(l)
J J
Ne Nu
_ [—e RTINS m}
Jj J

EcE(t) — QFc+e:£(1)
= — [l €cE(1) — QFc-€cE(1), (23)

where 7. denotes the center of mass of the molecule, and Q is
the total charge of the molecule (for instance, Q = +2 for a
dication). The vectors F.;— 7. or F;—7r. in the dipole
moment fi;,, can be expressed in terms of appropriate relative
coordinates. In the dipole approximation, therefore, the center
of mass of the molecule can be separated from the internal
degrees of freedom.'® The center of mass of the molecule
moves in a field potential —QF.-€¢€(t) as a particle with the
total mass and total charge +Q of the whole molecule; the
term —Qr.-é<&(t) should not be included in the Hamiltonian
for the internal degrees of freedom.

In the following derivation of internal Hamiltonians and MO
calculations, the center of mass, 7., is assumed to be equal to the
center of mass of the nuclei, 7, because the difference is neg-
ligible in the present problem. Thus, the coordinates of the jth
electron are given by the relative coordinates 7. ; — 7y; the
nuclear coordinates measured from 7, can be expressed in terms
of internal (vibrational) coordinates and molecular rotation:

Ne Na
==Y (Foj— )+ D ejFa; — Fa). (24)
J J

where {R} denotes a set of vibrational coordinates and rota-
tional angles of the molecule. We hence can define the instan-
taneous electronic Hamiltonian Hg({R},7) = H¢(¢) by adding
— ﬁ{m-égs(t) to the field-free adiabatic electronic Hamiltonian
HY((R)) as

Ha({R}, 1) = HY({R}) — L, ~€cE(0). (25)

All the coordinates must be measured from the center of the
nuclei, 7,, for Q # 0.
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5.2 Calculation of Time-Dependent Adiabatic Potentials.
In diagonalization of He({R},?), both {R} and ¢ are treated as
adiabatic parameters as in the case of Hy™:

Ha({R}, OY({R}, 1) = E(RYL, HY({R}, 1). (26)

The eigenvalues E({R}, t) are time-dependent adiabatic poten-
tials for nuclear motion. The eigenvalue problems of Eq. 26
for the neutral molecule and its cations at various internuclear
distances and instantaneous field strengths can be solved by
using MO methods such as the multiconfiguration self-consis-
tent-field (MCSCF) method.”” The dependence of E({R}, ) on t
originates from &(r). It is therefore only necessary to solve
eigenvalue problems at various static field strengths between
the minimum and maximum of &£(¢). The values of E({R},1)
at arbitrary interpolation points of R and ¢ can be obtained
by using spline techniques or by functional fitting.

5.3 Calculation of Field-Induced Nonadiabatic Coupling
Elements. In a high-intensity regime, field-following adiabat-
ic potential surfaces can cross each other in energy (avoided
level crossing), resulting in the occurrence of nonadiabatic
transitions between adiabatic states.!?3943829098 The field-
induced nonadiabatic coupling between two time-dependent
adiabatic states ,(1) and V¥, (1), (V,(0)]d/dt| Y, (1)), is ex-
pressed as

(W, (018/ 31|, (1) = Loy (DIIE®) /31 /[Ea(t) — En(D],  (27)

where E, () and E,,(¢) are adiabatic energies of 1, (r) and v, (7),
and Ly (1) = (Y, (D!, ~€c| P, (1)) is the polarization direc-
tion component of the electronic transition dipole moment
(Needless to say, these quantities are also functions of {R}).
Equation 27 can be easily obtained by differentiating
HaY,(t) = EOW,(0) or Ha(Wy(1) = En(d)¥y(1) with re-
spect to time ¢. Calculation of transition dipole moments such
as [,y (1) at a static field strength is routinely implemented in
MO package programs.

5.4 Construction of the Coupled Equations for Nuclear
Dynamics. According to the results of H,™, we assume for
general polyatomic molecules that field-induced nonadiabatic
transitions are the dominant ones. Field-induced nonadiabatic
transitions occur when the field-induced coupling (r,(?)|
/0ty (1)) becomes as large as the energy gap |E,(1) — Ep(7)|
(The field-induced nonadaiabatic transition probability based
on the Landau—Zener formula®?® is given by P, = e 2%,
where § is the ratio |[E,(r) — En(£)1/8(1,(1)|3/ 3|, (1)) eval-
uated at the avoided crossing). For molecules more complex
than H,™, employing field-induced terms (ir,(1)|d/0t|Y, (1))
as the dominant nonadiabatic coupling term (all the deriva-
tives with R are ignored), we solve the coupled equations for
time-dependent adiabatic states as in Eq. 15. Construction of
the coupled equations for an arbitrary number of adiabatic
states {|j)} is thus straightforward. The diagonal elements
are, in addition to the kinetic energy operator for vibrational
modes, the energies of time-dependent adiabatic states in-
volved, {E;(H)}; the off-diagonal elements are the field-
induced nonadiabatic couplings among them, {(i|d/0¢|j)}.
The coupled equations for an arbitrary pulse shape can be
solved numerically.

5.5 Switching to Cation Stages. In an intense laser field, a
neutral molecule ionizes to a monocation stage, and then to
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multiply charged cations. Quantum chemical calculations of
field following adiabatic states are required for each stage,
i.e., the neutral molecule, monocation, dication, etc. Besides,
we need to know when an ionization process occurs during
the interaction with the applied pulse. It is necessary to estab-
lish a criterion as to when one switches, e.g., from the neutral
to the monocation stage. To be theoretically consistent with
the present time-dependent adiabatic state approach, one must
calculate the ionization probability of a time-dependent adia-
batic state or an electronic wave packet of a linear combination
of time-dependent adiabatic states. However, this challenging
task is still difficult to perform. In the present study, to switch
to other cation stages, we employ a criterion based on appear-
ance intensities at which cations are experimentally detected.
As mentioned in Section 4,293 ionization of H, proceeds via
a formation of a localized ionic state HYH™ (or H"H™). On
the basis of this fact, we have also proposed the simple electro-
static view that each atom in a molecule is charged by field-
induced electron transfer and that ionization proceeds via the
most unstable (most-negatively or least-positively charged)
atomic site.3** From this simple electrostatic consideration
based on the characteristic features of electronic dynamics of
molecule, we have also derived a semiempirical formula for
the estimate of the light intensity required for ionization of a
molecule (which is expressed as a function of the ionization
potentials of constituent atoms and the positions of nuclei).
The formula can be used as an alternative criterion for switch-
ing, as shown in Refs. 48 and 66.

6. Characteristic Features of Nuclear Dynamics
of CO; in Near-Infrared Intense Fields

We have investigated the dynamics of structural deforma-
tions of CO, and its cations in a near-infrared intense laser
field on the basis of the time-dependent adiabatic state
approach. The adiabatic potential surfaces E({R},t) and wave
functions Y({R},7) of CO, and its cations are calculated by
using the full-optimized reaction space MCSCF method®’
with the 6-311G(d) basis set” (unless otherwise noted). The
MCSCEF active space contains all of the valence orbitals and
valence electrons. For a nonzero field case, the MOs and the
expansion coefficients of the configuration state functions are
optimized by incorporating the dipole interaction — !, E(7)
into the Hamiltonian of the MCSCF method. All ab initio
MO calculations are performed using the GAMESS suite of
program codes.'®

6.1 Derivation of Vibrational Hamiltonians of CO,. As
shown in Fig. 11, the three atoms O, C, and O of CO, are des-
ignated by 1, C, and 2, respectively. The Cartesian coordinates
of the C atom are denoted by (x, y., zc), and those of the jth O
atom are denoted by (x;,y;,z;). We denote the mass of a C
atom by mc and that of an O atom by mg. After separating
the center of mass from the total nuclear system, we obtain
the kinetic energy for the internal nuclear degrees of freedom
as follows:

. [ aare 9 e o
T= -— — , (28
Z { 2 (3”1@2 - 3"222> * mc arlearze} %)

l=xy,z

where the reduced mass (i is given by (L = mcmo/(mc + mo)
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Fig. 11. Coordinates of a triatomic molecule CO, on the
y—z plane. The Cartesian coordinates of the C atom are
denoted by (yc, zc), and those of the jth O atom are denot-
ed by (y),z;). The relative coordinates {riy, 2y, r1;, 1.} are
defined as 71, = yc — y1, 12y = ¥2 — Yc, I = 2¢c — 21, and
ry; = 2 — Zc; Ry and R, denote the lengths of the two
C-O bonds. The angle between the z-axis and the C-O
bond direction is denoted by 6.

(Y1, Z1)

1,
I
1

and the relative coordinates {ry, 72, 1y, 2y, 71z, 12;} are defined
as ry; = xc — Xy, ; = X» — Xc, ..., as shown in Fig. 11.

In the following, although a linearly polarized intense laser
field can align molecules,'? we assume that the molecule does
not rotate during the interaction with a laser pulse. The rota-
tional motion of a molecule cannot follow the rapid optical
oscillation of a near-infrared field £(r) but can follow the
change in a slowly varying electric field envelope f(f). The
effective potential V() for molecular rotation of a linear
molecule is then given by averaging the instantaneous poten-
tial over one optical cycle 277/w: 04101

V(x) = ayy)(cos X)2f2(1)/4, (29)

where ¥ is the angle between the molecular axis and the polar-
ization direction of the field £(#), and ¢, and «, (=) are
the molecular axis component and the perpendicular compo-
nent of the polarizability, respectively. For the experimentally
determined value o, — &0y, = 13.8a of CO,,'" the potential
depth is about 0.15eV (~1200cm™") at I ~ 3 x 10" Wcm™2.
Above this intensity, the appearance of CO,™ is experimental-
ly confirmed.!® The depth of ~1200cm™! is sufficiently large
to align CO; at room temperature. However, to achieve a high
degree of alignment in the polarization direction by adiabatic
following of the molecular rotation to the pulse envelope
f(t), the pulse length must be longer than the time scale of
rotational motion, i.e., 277/2B = 40 ps, where B (~0.39 cm™')
is the rotational constant of CO,.”!% Since the length of the

_(azz -
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pulse used in the experiment (100 fs) is much shorter than
27 /2B, alignment motion is negligible.

Without rotation, the degrees of freedom of a CO, molecule
are reduced to 4 vibrational modes, namely, two bond stretch-
ing modes and two degenerate modes for bond angle bending.
In this paper, we consider only two degrees of freedom and
employ two effective vibrational Hamiltonians that are suitable
for describing the nuclear dynamics of CO; in intense fields.*®
The first one is constructed from the two bond-stretching
modes of CO; in the case of linear geometry, and the second
one is constructed from the symmetric bond stretching and
bond angle bending modes.

6.1.1 One-Dimensional Space (Linear Geometry Case):
First, we assume that the molecule is linear and is aligned par-
allel to the polarization direction z: 71, = 1oy =11y, =12, =0
(No bending is taken into account). In this case, rj; and ry,
can be replaced with the O—C bond length R; and C-O bond
length R, respectively. From the z component in Eq. 28, we
obtain the vibrational kinetic energy in the case of linear
geometry: '3

R n? & P
T o (azel2 + 8R22> e R ORy
The symmetric and antisymmetric stretching modes are repre-
sented by

Ry = (R + R2)/2,

(30)

(31a)
and

Ry =R — Ry, (31b)

respectively. The total vibrational Hamiltonian ﬁz consists of
the vibrational kinetic energy operator 7, for the two bond-
stretching coordinates R} and R, and an adiabatic potential en-
ergy E.(R(,R,,t) in a laser field £(¢) obtained from Eq. 26.
Calculation of the time evolution of the vibrational wave pack-
et is carried out by using the split-operator technique®>106-107
for a small time increment Af.

6.1.2 Two-Dimensional Space: We have also treated a
case in which the molecule is placed on the y—z plane; i.e.,
rix = ra = 0. Neglecting antisymmetric stretching and molec-
ular rotation, we obtained the kinetic energy operator for the
symmetric stretching R = R, and bending mode 6:

;o M ( 29__sm26 9 311129 9?
T dmome R R 0 R oRO
cos?0 & cos?O &
R a?*?ﬁ)
—h—z(cos 98_2+sm29 9 sin20 &
4mgo oR? R2 99 R 0RO
sin"f 8 sin"d 8—2> (32)
R OR R* 39*)°

where 0 = 6; = 6, is the angle between the x axis and a C-O
bond axis, as shown in Fig. 11. The bond bending angle in the
conventional definition corresponds to 77 — 26. In this two-
dimensional model, the O-O axis is parallel to the polarization
direction of £(¢) (z axis) and the adiabatic energy is symmetric
with respect to the sign of &(¢). Since the kinetic energy oper-
ator contains product forms such as those of 6 and 3/06, we
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used the Lanczos method'?”!% for wave packet propagation,
which can be used for any form of the Hamiltonian operator.

6.2 Results of CO, Dynamics. In an intense field, cations
created are successively ionized at large internuclear distances
(due to enhanced ionization), and the resultant multiply-charg-
ed cations undergo Coulomb explosions (due to repulsion
among positively charged atomic sites).>”'*?* On the basis of
distribution patterns in a covariance map of fragment ions,'?”
Cornaggia studied the geometrical structures of CO, cations
that are about to Coulomb-explode and suggested the existence
of a large amplitude bending motion.'!® The structures of cre-
ated cations can now be precisely determined by measuring the
momentum vector distributions with mass-resolved momen-
tum imaging'!' and coincidence momentum imaging.!'> By
using these momentum imaging techniques, Hishikawa et al.
investigated the geometrical structure of exploding CO,** in
a 1.I-PWcem™2, 100-fs pulse (4 =795nm) and found that
the C—O bond length is stretched to about 1.7 A and that the
mean amplitude of bending is large (the mean bending angle
from linear geometry being ~20°).2* However, the structural
deformation stage, i.e., the stage in which the structural change
that leads to the identified structures of exploding cations is
induced, has not been experimentally determined yet. In the
following, we present the results of investigations of the mo-
lecular dynamics of CO, and its cations in a near-infrared
intense laser field to explain the observed structure of explod-
ing CO,*.

6.2.1 Neutral CO, and CO,*: The equilibrium structure
of the ground electronic state of neutral CO; in a zero field is
linear and the equilibrium internuclear distance for a C-O
bond, R., is 1.16 A (The calculated value obtained by the pres-
ent MCSCF approach is 1.17 A). We discuss the nuclear mo-
tion of neutral CO; in a field. For wejec >> @, where Wejec rep-
resents the characteristic frequency for electronic transitions,
the present approach has an advantage because the vibrational
motion is mainly determined by the lowest adiabatic state.

We have calculated the potential surface of the lowest adia-
batic state of CO, as a function of the two C—O bond distances
R, and R, (and the bond angle 20). Bond stretching can be
classified into two types: symmetric two-bond stretching, in
which R; = R;, and one-bond stretching, in which one C-O
bond is longer than the other (e.g., Ry > R, = R.). The field-
free potential of the lowest state of CO; in the case of linear
geometry, E.;(R,R,,& =0), is shown in Fig. 12a. In an
intense field, as shown by the slope along R; in Fig. 12b, the
adiabatic potential E, (R}, Rz, t) is greatly distorted; the disso-
ciation energy for a C—O bond is &7¢eV in a zero field and is
reduced to 4eV at a moment of £(fr) = 0.1E}/eay. However,
structural deformation such as one-bond stretching does not
occur even at f(7) ~ 0.1Ey/eaq as explained below.

The key is the fact that when the sign of the field is reversed,
the dissociation energy for the C—O bond under consideration
(for R;) increases, as shown in Fig. 12c. A time-dependent
adiabatic potential surface E,(R|,R»,?) can be fitted to the
following conventional form:

E.(R{,R,1)

1
= Vi(R1, Ry, € = 0) — (R, R2)E(1) — EOl(Rl,Rz)Ez(f)
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1 L1 )
- gﬂ(RlvRZ)g - 1 YR, RHE (D) + ..., (33)

where E,(R}, R», € = 0) is the potential surface in a zero field.
Since — (R}, R;) in the second term — (L(R}, R»)E(?) is more or
less proportional to the antisymmetric coordinate R,, the barrier
for one of the one-bond dissociation (two-body breakup) chan-
nels O + CO and OC + O is greatly reduced when |E(?)] is
large, as mentioned above. It should, however, be noted that
the following inequality in temporal or energy scale holds:

Oetec > W > Wy > f(O/ (1) ~ 1/T,, (34)

where @y, is a characteristic vibrational frequency and T
is the pulse length. The experimental condition @ >>> Wy,
means that the change in &(7) is too fast for the vibrational
motion to follow the change in £(¢) adiabatically. Moreover,
w > f(t)/ f(t) means that f(¢) does not change in one optical
cycle 27w/w (which is much shorter than T},). The nuclear
dynamics is thus expected to be governed by the effective
potential given by replacing &/(¢) in E(R;, Ry, ) with the aver-
age (w/2m) fttfg // ;" &J(t")dr’ over one optical cycle (where j =
1,2,..:%

E.(Ri,Rp,1) = E,(R|,R>,& = 0)
1 3
-3 a(Ry, Ry f2(t) — > YRLR) O +.... (35)

The actual dynamics is thus governed by the pulse envelope
f(@). The cycle-averaged potential EZ(R],RQ, 1) at f(t)=
0.1Ey/eap is shown in Fig. 12d. Since the odd order terms
of £(t) in E_Z(Rl , R, 1), such as the dipole interaction term, dis-
appear, the barrier for the one-bond dissociation in EZ(RI LR, 1)
is as high as the field-free value in Fig. 12a.

The dissociation energy in E,(R;,R,,?) for the symmetric
stretching mode is reduced from 15.5 to 13.5eV as f(¢) in-
creases from O to f(f) = 0.1Ey/eayp: « in the leading perturba-
tion term in EZ(Rl,RQ,t) has a ridge along the line R = R;.
However, this reduction is not large enough to induce symmet-
ric bond stretching. Besides, a comparison between Figs. 12a
and 12d shows that the equilibrium geometry in E.(R;,R», 1)
is, up to f(t) &~ 0.1Ey/eay, almost equal to that in a zero field.
Since wy;p > f(t) /f (1), the vth vibrational state in a zero field
is adiabatically transferred to the vth state of E.(Ri,R»,1).
Therefore, little bond stretching occurs, and the width of the
wave function does not increase much. Bending motion is
not induced for f(¢) < 0.1E}/eay, either: At a fixed internuclear
distance, the curvature of the potential along € increases as
|E(1)| increases. The appearance intensity of CO,™, i.e., the
minimum intensity at which CO,™ is experimentally detected,
is 1~ 3 x 108 Wem™2 [£(£) ~ 0.03E, /eag].!"® This value is
much smaller than f(r) = 0.1Ey/eay.

We thus conclude that CO, maintains its stable linear struc-
ture around R, ~ 1.17 A even at field strengths f(¢) ~ 0.1Ey/
eaq beyond the appearance intensity of CO,™. In the case of
small R, the energy difference between the first excited and
ground electronic states (*&9eV) is much larger than w
(~1.6eV): Only the lowest adiabatic state is populated, as
we have assumed. In the CO,™ stage, ionization occurs before
the field intensity becomes high enough to deform the mole-
cule, as in the neutral case.
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Fig. 12. Potential surfaces of the lowest adiabatic state of CO; as a function of the two C-O bond distances R, and R,. The contour
lines are plotted at intervals of 1eV. The field-free potential of the lowest state is shown in (a). The adiabatic potentials
E.(R|,Ry,1) at &(t) = £(1/10)Ey/eap are shown in (b) and (c), respectively. While the dissociation energy for a C—O bond is
~7eV in a zero field, it is greatly reduced, for instance, to 4eV at a moment of £(¢) = (1/10)E}y/eaq as shown in (b). However,
structural deformation such as one-bond stretching hardly occurs even at f(t) ~ 0.1E}/eag. The nuclear dynamics is in fact gov-
erned by an effective potential, i.e., the average of E (R, R,,t) over one optical cycle. The cycle-averaged potential at f(r) =
0.1Ey/eaq is shown in (d). Panels (a)—(c) are reproduced from Ref. 48.

6.2.2 CO,** Molecule: In the stage of CO,>*, considera-
tion must be given to at least the lowest three adiabatic states
of CO,2*, the ground triplet state adiabatically connected with
the 3B, state X7 in the case of linear geometry) in a zero
field and the nearly degenerate lowest singlet states connected
with 'A; and 'B; in a zero field (1A, in the case of linear
geometry). The energy difference between 'A; and °B; in a
zero field is as small as ~1.5eV (=one photon energy) near
the equilibrium geometry of R, ~ 1.2 A. When CO," is ion-
ized, the light intensity can already reach a region higher than
I~ 5x 10" Wem2.113 Therefore, there is a possibility that
the higher states 'A; and !'B; are also populated to some
extent. However, the dynamical behaviors of nuclei for the
three states will be nearly alike, because the potential surfaces
of the lowest three adiabatic states have nearly the same shape
over a wide range of field strengths.*’

Since Coulomb explosions of Ot + C* + O™ are experi-
mentally observed at high intensity 7 > 3 x 10" Wcem=2113
(the appearance intensity of triply charged species), the small

differences in the ionization potential between the lowest three
adiabatic states of CO,2+ will make only a small difference in
the ionization rate. Therefore, the electronic and nuclear dy-
namics in the CO,%* stage are expected to be nearly the same
irrespective of which state is prepared among the lowest three
adiabatic states. As will be shown below, structural deforma-
tion of CO,%* can occur before most of CO,>t are ionized
(the saturation intensity for ionization of CO,*t, 1> 105
W ecm ™2, is much higher than the appearance intensity of triply
charged species).

6.2.2.1 Simultaneous Two-Bond Stretching; The nuclear
dynamics of CO,%* in the linear geometry case is examined
as a representative case of field-induced structural defor-
mation. We present the results of calculation of the nuclear
wave packet dynamics in the lowest adiabatic state potential
E.1(Ry,R,,t). The dissociation energy in a zero field is ~11
eV in the case of symmetric two-bond stretching (~5eV
smaller than that of CO,) and ca. 1¢eV in the case of one-bond
stretching. From the viewpoint of dissociation energy, it is
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Fig. 13. Nuclear wave packet dynamics on the lowest time-dependent adiabatic potential of CO,>* in the vertical transition case.
The pulse envelope of the applied field is expressed by Eq. 36: peak strength fy = 0.19E; /eay (1.3 x 10'> W cm™2), pulse length
T, = 194fs, and wavelength A = 795 nm. We here assume the vertical transition case in which the wave function prepared at
t = 0 in the lowest adiabatic state |1) is that of the ground vibrational state of CO,. The central position of the initial wave function
is marked with a symbol x around R; = R, = 1.17 A in (a). The square of the nuclear wave functions at # = 24.7 fs is denoted by
the solid contour lines in (a); the wave packet at r = 96.9 s (solid lines) is shown in (b). The instantaneous adiabatic potentials of
[1) at E(t = 24.71s) = —0.029E}, /eay and E(t = 96.9 fs) = 0.19E},/eay (both are local extremes of the applied field) are shaded on
a gray scale in (a) and (b), respectively; the dotted contour lines are plotted at intervals of 1eV. As shown in (b), although the
adiabatic potential can be dissociative at instantaneous moments for one of the two-body breakup channels, one-bond stretching
is not greatly enhanced by the field. As denoted by a broken line with an arrow in (b), two-bond symmetric stretching is dominant.

Adapted from Ref. 48.

expected that one-bond stretching is predominant. As will be
shown below, however, the wave packet dynamics shows that
symmetric stretching occurs as well as one-bond stretching.

The applied alternating electric field is assumed to have a
near-infrared frequency @ = 0.0574E,/h (A4 = 795nm) and
to have a realistic pulse envelope f(7):

() = fysin*(t/T,) for 0 <t <T,, (36)

and it is otherwise zero. To reproduce the pulse used in the ex-
periment, we choose the following parameters: peak strength
fo = 0.19E, /eay (1.3 x 101> Wem™2) and pulse length T, =
194 fs.

The geometry of CO,?* just after ionization of CO,* is
expected to be more or less equal to the equilibrium geometry
of CO,. The vibrational wave function of the initially prepared
state of CO,%* can be expressed by the product of the wave
function of the ground vibrational state of CO, and the ioniza-
tion rates of CO, and CO, ™ as functions of nuclear coordinates.
Since the explicit forms of the ionization rates are unknown, we
tested two cases: vertical transition and adiabatic transition. In
the vertical transition case, the vibrational state of CO,**
initially prepared is the ground vibrational state of CO,. In
Fig. 13a, the center of the initial wave function is marked with
a symbol x around R = R, = 1.17 A. As shown by the wave
packetat r = 24.7 fs in Fig. 13a, a part of the wave packet prop-
agates first toward the channels for one-bond stretching from
the Franck—Condon region. The instantaneous potential at
E(t =24.7fs) = —0.029E}, /eay is denoted by dotted contour
lines. Around r = 45fs, the wave packet returns to the vicinity
of R = 1.2 A. The initial one-bond stretching is not an effect of

the applied field; it originates from the difference in the equi-
librium internuclear distance between CO,>* and COs.

We have proposed that the experimentally observed two-
body breakup to CO™ + O™ is due to the one-bond stretching
mainly determined by the shape of the field-free adiabatic
potential of CO,>*. To estimate the probability of occurrence
of one-bond dissociation, we set a detection window with a
width of R, = [0,1.2]A at R, = 1.7 A, and we also set a win-
dow of the same width for the other bond. In a zero field, all of
the dissociation components are detected by the two windows;
the probability for one-bond dissociation channels is Pype ~
0.14 (=total dissociation probability in this case). In the pres-
ence of the field, the probability detected by these windows is
Pone = 0.20 (Subsequent ionization will cause sequential bond
breaking as OC* + O" — OT + C* 4 O?*!12)_ The adiabat-
ic potential in a field can be dissociative at instantaneous
moments for one of the two-body breakup channels, as shown
by the instantaneous potential E, ; (R, Ry, t) at E(t = 96.91s) =
0.19E}, /eay in Fig. 13b. However, considering that the total
dissociation probability is ~0.70, one-bond stretching is not
greatly enhanced by the field, as indicated by the wave packet
at + = 96.9fs in Fig. 13b. This is due to the disappearance of
the odd order terms with £(¢) in the cycle-averaged potential
EX,I(RI,Rz,t) of CO,%*, as in the case of CO, [See Eq. 34].
The dynamics of the wave packet in the cycle-averaged poten-
tial is practically identical to the “raw” dynamics shown in
Fig. 13.

Although the dissociation energy for symmetric stretching is
as large as ~11 eV in a zero field, symmetric two-bond stretch-
ing becomes dominant as the field envelope approaches f(r ~
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Fig. 14. Cycle-average of the lowest adiabatic potential
E 1(R1,Ry,1) of CO,%*. The cycle-averaged potential is
obtained by averaging E (R}, R, t) over one optical cycle
around 7 = 96.9fs near the pulse peak [f(r = 96.9fs) =
0.19E4/eap]. The intervals between contour lines are
0.1eV. As the field intensity increases, the stabilization
energy due to the induced dipole moment becomes large:
as shown in the figure, the steepest descending slope from
Ry = R, = R, is formed along R, = R,. The cycle-aver-
aged potential is symmetric with exchange of R; and R,
because of the disappearance of the odd order terms with
&(1). Reproduced from Ref. 48.

50fs) = 0.1E,/eag (I ~ 3.5 x 10'* W cm™2); the center of the
wave packet moves to a region of R} =R, [=1.4A at 1 =
96.9fs, as shown in Fig. 13b]. The appearance of field-induced
symmetric two-bond stretching can be explained by the char-
acteristic features of EZ, 1(R1, Ry, 1). The cycle-averaged poten-
tial E. (R, R»,1) at t = 96.9fs is shown in Fig. 14. In CO,%*,
the stabilization energy —(R;, R;) f(1)? /4 due to the induced
dipole moment is large around the ridge of R; = R, relative to
the field-free dissociation energy for symmetric stretching.
Consequently, at high intensities, the steepest descending slope
from R; = R, = R, is formed along R} = R, in Ez,1(R1,R2, 1),
as shown in Fig. 14. The dissociation energy for the symmetric
coordinate in E_Z,I(RI,RZ, t)isjust 2.2eV at f(t) = 0.14Ey /eay;
at higher field intensities, the symmetric stretching becomes
unbound. The difference between the total dissociation prob-
ability and the one-bond dissociation probability P, is re-
garded as the probability of occurrence of field-induced sym-
metric two-bond dissociation, Pgyp, (0.50).

After bond stretching in CO,2*, ionization to CO,** occurs
even at field strengths that do not ionize CO,%* around R.
(enhanced ionization).?* As shown in Fig. 15, the potential sur-
face of the field-free lowest adiabatic state (*IT in the case of
linear geometry) of CO,3* has a minimum around R| = R, =
1.35A, from which a hill gently ascends to a peak around
Ry =R, = 1.7A with a height of 0.5eV. In the region of
R =R, > 1.7A, the potential of CO,?t is governed by the
Coulomb repulsions of the three positively charged atoms and
decreases according to the formula of 5/2R;. If ionization to
CO,3t occurs, say, around R = R, = 1.7 A, the nuclear wave
packet is then at the top of the hill of CO,>*: The CO,* cre-
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Fig. 15. Potential surface of the field-free lowest adiabatic
state 2IT of linear CO,** as a function of symmetric C-O
distance Ry (=R; = R»). In the region of Ry > 1.7 A, the
potential of CO,3" is governed by the Coulomb repulsions
of the three positively charged atoms O + C* 4+ O" and
it decreases according to the Coulomb repulsion formula
of 5/(2Ry).

ated will undergo Coulomb explosions to OT + C* + O™.

In the present case, the applied filed for CO,* is turned on
at t = 0. We confirmed that the final structural deformation
theoretically predicted is not sensitive to the choice of the time
of switching from CO,* to CO,>*. When CO,* is ionized
(I <3 x 10" Wem™2), the light intensity is still not high
enough to deform the potential of CO,>*.

We have also tested the adiabatic transition case in which
CO,*t starts from its ground vibrational state. Considering
that the ionization probability generally has a peak around
an internuclear distance larger than the equilibrium internu-
clear distance, the peak of the initial vibrational wave function
of CO,%* is presumably expressed by shifting the wave func-
tion of the ground vibrational state of CO, toward larger inter-
nuclear distances. Since the equilibrium internuclear distance
of CO,*t (the calculated value being 1.22 A) is longer than
1.17A of CO,, the actual situation will be shifted from the ver-
tical transition case toward the adiabatic transition case. Under
the condition of the same pulse as that used before, the prob-
ability of going through the detection windows for one-bond
stretching, Pope, is &0.13. This value is smaller than that in
the vertical transition case. In the adiabatic transition case,
one-bond stretching is purely field-induced: Initial one-bond
stretching as observed in the vertical transition case does not
occur. The probability of field-induced two-bond dissociation,
Pgym, is 0.35. The ratio Pgyp/Pope is eventually only a little
larger in the adiabatic transition case than in the vertical tran-
sition case where one-bond stretching initially occurs.

6.2.2.2 Correlation between Bond Angle Bending and
Symmetric Stretching; We now discuss the origin of the ex-
perimentally observed bending amplitude, ((20)%)!/? ~ 20°, of
exploding CO,**.2* In the case where the molecular axis is
parallel to the field polarization direction, the energy shift
due to the induced dipole is nearly proportional to —R; cos 6,
because field-induced charge separation occurs between the
two O atoms. The induced dipole of the lowest adiabatic state
that shifts the energy downward becomes smaller as the mole-
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Fig. 16. Bending and stretching dynamics on the lowest
time-dependent adiabatic potential of CO,%* in the vertical
transition case. The contour map denoted by dotted lines
(plotted at intervals in 1eV) is the cycle-averaged poten-
tials of [1) at r = 84.7fs. Snapshots of the wave packet
are taken at r =0 (solid lines), t = 84.7fs (bold solid
lines), and ¢ = 96.9fs (broken lines). In the initial stage
up to ~70fs, the mean amplitude of bending, ((20)%), is
doubled at most (~12°). However, the curvature of the
cycle-averaged potential with 6 is large at large R: After
the wave packet passes a point of ~1.6 A, the amplitude
of bending motion in |1) decreases. Adapted from Ref. 48.

cule becomes more bent; as a result, the curvature of the poten-
tial with 6 is larger in a nonzero field than in a zero field.
Therefore, if the internuclear distances are fixed, a large-
amplitude bending motion is unlikely to be induced by a field.
In the case of a perpendicular spatial configuration, bond
stretching does not occur, while bending motion is slightly
induced.

To examine how the bending motion is correlated with bond
stretching, we used the two-dimensional Hamiltonian con-
structed from the bending and symmetric stretching modes,
Eq. 32. The pulse envelope in Eq. 36 was used. The calculated
wave packet dynamics showed the following features.*® The
wave packet propagation on the lowest adiabatic state |1) of
CO,>* is shown together with the cycle-averaged potential
at t = 84.7fs in Fig. 16. We assumed the vertical transition
case. In the initial stage up to &70fs, at periodic intervals of
30-35fs, the wave packet moves back and forth along the
symmetric stretching coordinate R (between R = 1.2 and
R = 1.4 A) and repeatedly spreads and shrinks in the bond an-
gle direction. The quasiperiodic motion originates from the
fact that the potential surface of CO,2t is shallower than that
of CO,. The cycle-averaged potential of |1) is rather flat with
respect to the change in the bond angle 20 for R < 1.5 A. Thus,
the bending amplitude 26 is doubled at most (~12°) from the
initial value of 260 ~ 6°, as shown by the snapshots of the wave
packet at t = 0 and 84.7fs in Fig. 16. However, the curvature
of the cycle-averaged potential with 6 is large at large R due to
the field-induced energy o« —R, cos 6: As shown by the wave
packet at r = 96.9fs (the peak of the pulse) in Fig. 16, after
the wave packet passes a point of ~1.6 A, the amplitude of
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Fig. 17. Potential surfaces of the lowest four field-free trip-
let states of CO,2* as a function of the bending angle 26 at
C-O distance of R, = R; = R, = 1.6 A. The four elec-
tronic states at linear geometry are assigned to X° DIR
3 X, , and degenerate 3A, states in the ascending order
of energy; the four states at a bent structure are designated
by B, Az, By, and A, of the C,, point group, respectively.
The potential of the first excited state ¥ has a minimum
at a bent structure.

bending motion in |1) decreases. The dynamics in |1) alone
is not sufficient to explain the experimentally observed large-
amplitude bending.

We have reported that field-induced nonadiabatic transition
between the lowest two adiabatic states, |1) and |2), is essential
for describing the experimentally observed large-amplitude
bending.*® Shown in Fig. 17 are potential surfaces of the low-
est four field-free triplet states of CO,>* as a function of the
bending angle 26 at C—O distance of R, = 1.6 A (here, the
6-3114-G(d) basis set is used). The first excited triplet state
in the case of linear geometry is 32; at R, ~ 1.6 A, while it
is3A,atRy ~ 1.2A (at a bent structure of the C,, point group;
32; corresponds to A,, and A, splits into B, and A,). In the
region of R, > 1.5A, the potential of the first excited state
32; has a minimum at a bent structure. The difference in
energy between the lowest two adiabatic states in a zero field
becomes as small as one photon energy 0.057E;, (= 1.55eV)
in the large bond length region (R, > 1.6 A). The difference
also decreases as the bending angle increases because the po-
tential of the second lowest adiabatic state |2) in a zero field
has a minimum at a bent structure of 260 ~ +60°, as shown
in Fig. 17.

Thus, nonadiabatic transitions take place at internuclear dis-
tances R, larger than ~1.6 A (We have estimated the maxi-
mum field-induced coupling of (1|d/d¢|2) and calculated the
nonadiabatic transition probability by the Landau—Zener for-
mula.*®). Around R, ~ 1.4-1.7 A, the cycle-averaged potential
of |2) near the peak of the pulse envelope (e.g., at t &~ 92fs)
has a minimum at 26 &~ £12°, which reflects the minimum
of the potential of the field-free first excited state at 26 ~
+60°. We have shown that the component in |2) nonadiabati-
cally transferred from |1) is therefore split into two parts to-
ward large bending angles.*® The mean amplitude of bending
motion in |2) is as large as the experimental value of ~20°
at R, ~ 1.7 A (The same conclusion is drawn in the adiabatic
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transition case). The role of nonadiabatic transitions is crucial
for bending, while the average bond distance depends only
weakly on whether the wave packet propagates on |1) or |2).

Simultaneous two-bond stretching is induced by an intense
field in the lowest time-dependent adiabatic state |1) of CO,>,
and this two-bond stretching is followed by the occurrence of a
large-amplitude bending motion mainly in the second lowest
adiabatic state |2) nonadiabatically created from |1) at large
C-O distances of R, ~ 1.6 A by the field. We conclude that
the experimentally observed bent structure of an exploding
Ot +C* + 07" is the structure of CO,>* just before the
Coulomb explosion. We also propose that the experimentally
observed two-body breakup to CO™ 4 O7 is due to the one-
bond stretching in the CO,>* stage. For an isovalent molecule
with CO,, namely, CS;, nonsequential symmetric bond break-
ing accompanied by a large amplitude bending motion, as well
as sequential bond breaking, has experimentally been identi-
fied.!'? The experimental data suggest that the bending defor-
mation proceeds as the two C-S bonds stretch.

6.3 Control of Breaking of Two Identical Chemical
Bonds. We have shown in a previous section that the fate
of chemical bonds of a molecule in a near-infrared intense field
is mainly determined by the cycle-averaged potential (in the
case where the role of field-induced nonadiabatic couplings
is of minor importance). It is therefore possible to control
the reaction dynamics in intense fields by modifying the cy-
cle-averaged potential. One of the most commonly used
schemes is the combination of @ and 2w fields:''*

&() = F(N[sinwr + n sin(2wr + )], (37)

where § and 1 are the relative phase and amplitude between
the w and 2w fields, respectively, and F(z) is the slowly vary-
ing field amplitude. While the average of £(f) over one period
of 27 /w, (E(1)), is zero as in the single w-frequency case, the
cycle-average of the higher odd-order term of £(#) is nonzero
except in the case of § = 0. For example, the leading odd-
order term, (€3(z)), is

(£3(1)) = FP(0)([sin wt + 1 sinQwr + 8)°)
= —3n(sin §)F(1)/4. (38)

To assess the effect of the nonzero cycle average of £3(¢) judi-
ciously, we set (€2(f)) equal to that in the single w-frequency
case. By choosing the field amplitude as

F@) = f(n/v1+n? (39

we have the same (€2(r)) as that in the single w-frequency
case: (€2(0)) = (1 + n»F*(t)/2 = f*(¢)/2. Thus, the differ-
ence in dynamics between the single and double frequency
cases can be attributed mainly to the nonzero (£3(¢)). The final
form of (€3()) becomes

(£3) = =3n(sin8) £ (1) /4(1 + n*)*2. (40)

We consider the case in which (£3(¢)) is maximized: n =
1/+/2 and § = £7/2. The amplitude f(r) and the fundamental
frequency w are the same as those used in Eq. 36. The pulse of
the w and 2w fields chosen this way is assumed to be applied
to CO,. In the vertical CO, — CO,2* transition case, the dis-
sociation probability for one-bond stretching channels is
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Fig. 18. Dynamics of two C-O bonds (R, and R;) in the
lowest adiabatic state of CO,2" in a w + 2w field £(r) =
[ x [sinwt + nsinQwt + ¢)]/+/1 +n% The relative
phase and amplitude between the @ and 2w fields are
chosen so that the nonzero cycle average of £3(¢) is maxi-
mized: ¢ = /2 and 1 = 1/4/2. We assume that the ini-
tial nuclear wave packet at =0 (solid contour lines)
around the equilibrium C-O distance R, ~ 1.2 A is pre-
pared by the vertical transition from CO,. The contour
map denoted by bold solid lines shows the wave packet
at t = 67.8fs. The cycle-averaged potential of the lowest
adiabatic state at + = 67.8 fs is denoted by dotted contour
lines (in units of eV). The combination of the intense @
and 2w fields induces asymmetric one-bond R, stretching.
Adapted from Ref. 48.

Pone = 0.60, while the probability of field-induced two-bond
dissociation, Pgyp,, is ~0.40. We assumed that the wave packet
propagates in the lowest adiabatic state of CO,>*. Compared
to the single w-frequency case, Pype increases and Py, de-
creases. More interesting is the asymmetry of the one-bond
dissociation channels O™ + CO™ (R; dissociation) and COt +
O™ (R, dissociation) as shown in Fig. 18 by a snapshot of the
wave packet at t = 67.8fs for § = /2. For 6 = /2, the
probability for R; dissociation is P; ~ 0.48 and the probability
for R, dissociation is P, ~ 0.12. For the choice of the opposite
phase, i.e., § = —m/2, P and P, are interchanged with each
other. As expected from the asymmetric shape of the cycle-
averaged potential as shown in Fig. 18 (dotted contour lines),
one of the two C-O bonds is selectively dissociated in a two-
color field of w and 2w.

7. Preferential Bond Cleavage of Ethanol in Intense Laser
Fields: Importance of Field-Induced Avoided Crossing

In this section, we report the results of theoretical investiga-
tions of experimentally observed preferential cleavage of C-O
and C-C bonds of ethanol C,HsOH in intense laser fields. In
this example, for the first time, we fully evaluate essential
field-induced nonadiabatic coupling elements of a polyatomic
molecule by MO calculation (see Eq. 26) and solve the corre-
sponding coupled equations for nuclear dynamics. Taking etha-
nol as an example, we demonstrate that field-induced nonadia-
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batic coupling plays a decisive role in the fate of a molecule.

Dissociative ionization of ethanol in near-infrared intense
laser fields (up to ~4 x 10> W cem™2) was experimentally in-
vestigated by Itakura et al.** For a transform-limited intense
laser pulse as short as 32fs, fragmentation due to C—C bond
cleavage is the major process, although a C-C bond and a
C-0 bond of neutral ethanol have nearly the same dissociation
energy (=~3.4eV). This C—C bond cleavage occurs in the
monocation stage. As the linear chirp rate of the pulse increas-
es (the pulse is lengthened to ~2 ps) while keeping the pulse
energy constant, dissociative ionization becomes dominant
over the formation of parent ions; moreover, fragment ions
originating from C-O bond cleavage (such as C,Hs™) increase
relative to those originating from C—C bond cleavage (such as
CH,OH™).

To investigate dissociation dynamics of neutral ethanol and
its cations, we use simple one-dimensional models for quan-
tum mechanical nuclear dynamics and apply the time-depend-
ent adiabatic state approach to the models. We here treat the
cleavage of a C—C bond or a C-O bond of ethanol. Ethanol
molecules are randomly oriented in a molecular beam; pre-
sumably, molecules are not aligned by a pulse as short as 2 ps.
We investigate two spatial orientation configurations: (i) The
spatial configuration in which the C—C axis (C-O axis) is par-
allel to the polarization direction of an intense laser field is
expected to be the most preferable for C—C bond cleavage
among all the configurations, denoted by the C—C || field case;
(ii) The case of the C-O axis being to parallel to the polariza-
tion direction is the most favorable for C—O bond cleavage,
denoted by the C-O || field case. To examine the dynamics
of C—C cleavage and that of C-O cleavage, we compare the
C-C || field case and the C-O || field case which are the most
favorable for C—C bond cleavage and C-O bond cleavage, re-
spectively. Since the bond angle between the C—C axis and C—
O axis (*108°) is not far away from a right angle, the C—C and
C-0 bonds are nearly independent of each other in the above
two configurations of an applied field. For example, the cycle-
averaged dissociation energy for the C—O bond decreases only
slightly in the C—C || field case. Therefore, in the C—C || field
case, only the C—C bond length is quantum mechanically treat-
ed as a dynamical variable describing the C—C dissociation; in
the C-0O || field case, only the C—O bond length is treated as a
dynamical variable. We here focus on the experimental evi-
dence that the C—C bond tends to be dissociated more easily
than the C—O bond as the pulse length is shortened.

We follow the general procedures of (i) to (v) in Section 5.
The 6-311G(d,p) basis set (which contains a set of polarization
functions on each hydrogen atom) is used in the calculation of
the adiabatic potential surfaces E({R},?) and wave functions
W({R}, 1) for ethanol and its cations. First, the molecular orbi-
tals are optimized in the absence of an electric field by the full-
optimized reaction space MCSCF method. Using the MOs
optimized this way, we then calculate the adiabatic electronic
energy by the first-order CI method.!®® When an instantaneous
field is applied, the interaction with the field is treated as a part
of the configuration interaction in the first-order CI method.
In the equilibrium structure of neutral ethanol, the C—-C-O-H
skeleton is placed on a plane: The neutral ethanol belongs to
the point group C;. The calculated equilibrium distance of the
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C—C bond is 1.54 A and that of the C—O bond is 1.43 A.

It has been reported that a neutral ethanol molecule is ion-
ized to a monocation around 7 = 10'* W ecm™2.!"> The calcu-
lated cycle-averaged potential surface of neutral ethanol
around this light intensity shows no significant deformation
leading to C—C or C-O bond stretching. It is presumed that
a neutral ethanol molecule is ionized to an ethanol monocation
without any significant structural change. We thus search for
reaction paths in the monocation stage of C,HsOH™ from near
the equilibrium structure of neutral ethanol. The structure of
C,HsOHT just after ionization is therefore assumed to belong
to the point group Cs, as in the equilibrium structure of a
neutral ethanol molecule.

For C;HsOHT™, the calculated equilibrium distance of the
C-C bond is 1.52A and that of the C-O bond is 1.55A. In
the C-C || field case, the C-O internuclear distance is nearly
constant, while the C—C bond is stretched by a laser field; vice
versa in the C-O | field case. In the C-C | field case, we
therefore fix the C-O bond distance at the calculated value
of its equilibrium distance; in the C-O || field case, the C—C
bond distance is fixed at its equilibrium distance. We also fix
the C—C-O angle at its calculated equilibrium value of 107.6°.
The positions of hydrogen atoms are optimized at different
C-C (or C-0) bond lengths so that the field-free ground state
energy is minimized. The symmetry of C; is not broken by a
nonzero field because the polarization direction of the applied
field is on the symmetry plane both in the C-C | field and
C-O || field cases. The ground electronic state of CoHsOH™
has A” symmetry of the point group C;.

The potentials of the lowest four A”-symmetry time-depen-
dent adiabatic states of C;HsOH™ in the C—C | field case are
shown in Fig. 19 as a function of the C—C bond distance Rc_¢:
(a) &(r) = —0.1Ey /eayp, (b) E(r) = 0, and (c) €(¢) = 0.1Ey/eay.
The value of £(t) is chosen to be positive when the field vector
points from the end carbon to the middle carbon atom. Com-
pared to the field-free case shown in Fig. 19b, the potentials
become more distorted as the field strength approaches
|E(®)| = 0.1E/eag. At f(t) = 0.1Ey/eay, the cycle-averaged
potential ascends by 0.7eV as the C—C bond length increases
from Rc.c = 1.55A to 2.2 A and it descends in the region of
Rcc>22 A; it is not completely dissociative. However,
field-induced avoided crossings occur in a range not far away
from the equilibrium C-C distance when E() is negative; at
&(t) = —0.1Ey /eayp, there exists a crossing around Rc¢ of
2 A, as shown in Fig. 19a. In the ground electronic state, the
CH,OH group is positively charged. The change in the popu-
lations of natural orbitals upon ionization from C,HsOH to
C,HsOH™ indicates that an electron is removed out of a non-
bonding electron pair localized near the oxygen atom. For
&(1) < 0, the electrostatic energy of the lowest adiabatic state
hence increases in the region of Rc ¢ < 2 A as |€(1)| increases;
on the other hand, the electrostatic energies of CH3 " -character
excited states descend. This is the reason why field-induced
avoided crossings between the CH,OH™-dominated ground
state and CH;t-dominated excited states occur at relatively
small Rc_c. For &(t) > 0, as well as CH,OH"-dominated ex-
cited states, the electrostatic energy of the lowest adiabatic
state decreases as E(¢) increases. As a result, for &£(¢) > 0,
field-induced avoided crossings between the lowest adiabatic
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Fig. 19. Adiabatic potentials of lowest four A”-symmetry time-dependent adiabatic states of CoOHsOH™ in the C-C || field case as a
function of the C—C bond length Rc_c. The positions of hydrogen atoms are optimized at different C—C bond lengths under the
point group C so that the field-free ground state energy is minimized. The instantaneous electric field strength in each panel is
chosen as follows: (a) £(r) = —0.1E}/eay, (b) () = 0, and (c) €(t) = 0.1Ey/eay. The value of €(¢) is chosen to be positive when
the field vector points from the end carbon to the middle carbon atom. Field-induced avoided level crossings occur in a range not
far away from the equilibrium C-C distance (~1.5 A) when £(t) is negative; the lowest three adiabatic states cross each other

around Rc_c = 2.0A at E(t) = —0.1Ey/eay, as shown in (a).

state and higher adiabatic states occur at relatively large Rc_c,
as shown in Fig. 19c. The crossing nature at a negative field is
thus different from that at a positive field. In what follows, we
would like to show that nonadiabatic transitions due to field-
induced crossing during the period of £(7) < 0 trigger C—C dis-
sociation.

We use the following one-dimensional kinetic energy oper-
ator for C—C bond dissociation:

. 1 1
Tcc=—5 ( +
2 I’VlCH3

where mcy, is the mass of the CH3z group and mcpy,on is the
mass of the CH,OH group. It may be more rigorous to use
the C-C axis component of the difference vector between
the center of mass of CH,OH and that of CH3, Rcy,—cH,0H-
The use of Eq. 41 is justified by the fact that the difference
between Rcu,—cH,on and Rc_c is nearly constant. The cou-
pled equations of motion for the nuclear wave functions
{x j(Rcﬁ,t)} associated with time-dependent adiabatic states
are constructed in terms of the kinetic energy operator of
Eq. 41, time-dependent adiabatic potentials, and field-induced
nonadiabatic couplings such as (1]d/d¢|2). The value of the
field-induced coupling between two adiabatic states generally
peaks at the temporal and spatial point where the two states
come closest to each other in energy. We here truncate the
coupled equations of motion by restricting the participating
time-dependent adiabatic states to the lowest three states.

We solve the coupled equations of motion in the case of
near-infrared intense fields. For the pulse envelope, we em-
ployed Eq. 36 with the following parameters: peak strength
fo = 0.12E,/eay (5.0 x 10" Wem™2) and pulse length T, =
75 fs; frequency @ = 0.0574Ey/h (A = 795 nm). As an initial
state, we use the lowest vibrational state of the field-free
ground electronic state of C;HsOH™ or that of C;HsOH. Since

82
ORZ

1

MCH,0H

; (41

these two initial states lead to nearly the same result, we here
present the results in the former case. The equilibrium struc-
ture of C;HsOH™ is nearly the same as that of C,HsOH (for
which the calculated equilibrium distance of the C-C bond
is 1.54 A and that of the C-O bond is 1.43 A).

The field-induced nuclear dynamics for the lowest three
adiabatic states, i.e., X;(Rc_c,?), Xo(Rc_c,t), and X3(Rc_c,?),
are shown in Fig. 20. As was expected, the nuclear wave pack-
et X;(Rc_c,t) ramifies to the upper adiabatic states at Rc_c ~
1.7A owing to field-induced nonadiabatic transitions near
the pulse peak. The distance of Re_c ~ 1.8 A is nearly equal
to the location of field-induced avoided crossing at the nega-
tive peak value of £(f) = —0.12E}, /eay. Dissociation proceeds
through transitions to the upper adiabatic states because the
cycle-averaged potentials of the upper adiabatic states are dis-
sociative. Field-induced nonadiabatic transitions at Rc_c ~ 1.7
A occur only when &(7) is negative. In the present case, the
total probability of C—C bond cleavage, Pc_c, is 0.15. Without
the nonadiabatic couplings such as (1]|d/0¢|2), the dissociation
probability Pc_c is drastically reduced to 1.7 x 107, This fact
again indicates the importance of field-induced nonadiabatic
transitions occurring in the vicinity of points of field-induced
avoided crossings.

In Fig. 21, we also present the potential surfaces of time-
dependent adiabatic states in the C-O | field case. We use
the effective one-dimensional kinetic energy operator Tc_o to
calculate wave packet propagation for C—O bond dissociation:

v

ORZ o
We solve the coupled equations of motion for the same applied
field as in the C-C || field case of Fig. 20. The field-induced
nuclear dynamics for the lowest three adiabatic states, i.e.,
X1(Rc-0.1), X2(Rc-o0,1), and X3(Rc_o,1), are shown in Fig. 22

Teo=—-5 (42)

( 1 1
2 \mcu,cH,  Mown
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Fig. 20. C-C bond wave packets for the lowest three A”-symmetry adiabatic states |1), |2), and |3) in a near-infrared intense field of
® = 0.0574E,/h (A = 795nm): (a) | x;(Re_c, D|%, (b) | xo(Re_c, HI%, and (c) | x3(Rc_c.1)|>. The pulse envelope has the following
parameters: peak strength fy = 0.12Ey /A (5.0 x 10" W cm™2) and pulse length T, = 75fs. The initial state is the lowest vibra-
tional state of the field-free ground electronic state of C;HsOH™. The nuclear wave packet x,(Rc_c,?) ramifies to the upper adia-
batic states at Re_c ~ 1.8 A because of field-induced nonadiabatic transitions near the pulse peak. Field-induced nonadiabatic tran-
sitions at Re_c ~ 1.8 A occur only when &€(7) is negative (i.e., when field-induced avoided crossings occur). Once transferred to the
upper adiabatic states, dissociation is promoted because the cycle-averaged potentials of the upper adiabatic states are dissociative.
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Fig. 21. Adiabatic potentials of lowest four A”-symmetry time-dependent adiabatic states of CoHsOH™ in the C-O || field case as a
function of the C—O bond length Rc_o: (a) £(r) = 0 and (b) €(r) = 0.1Ey/eayp. The value of £(¢) is chosen to be positive when the
field vector points from the middle carbon atom to the oxygen atom. In comparison with the C—C | field case, field-induced avoid-
ed crossings occur in a range far away from the equilibrium C—O distance (1.5 A) when £() is positive; the lowest two adiabatic
states cross each other around Rc_o = 24A at E(t) = 0.1Ey/eay, as shown in (b).

(The lowest three adiabatic states are coupled.). The calculated
probability of C-O cleavage, Pc_o, is 0.074 (Pc_o decrease to
~(0.0018 in the absence of nonadiabatic couplings). Although
the packet in the lowest time-dependent adiabatic state |1)
reaches a region of large Rco > 1.8A (see Fig. 22a), non-
adiabatic transitions to the upper adiabatic states are not so
greatly enhanced as in the C—C | field case. Note that the
zero-field potential of the lowest adiabatic state with respect

to the C-O length Rc o is, as shown in Fig. 21a, rather flat
in comparison with the C—C || field case. For a long pulse such
as T, =200fs, the dominant dissociation pathway in the
C-0 || field case is the adiabatic channel through the shallow
cycle-averaged potential surface of the lowest adiabatic state
[1) and it is not due to field-induced nonadiabatic couplings
as in the cases of 7}, < 100fs.

As the pulse length becomes shorter, the ratio Pc_o/Pc_c
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Fig. 22. C-O bond wave packets for the lowest three A”-symmetry adiabatic states |1), |2), and |3) in a near-infrared intense field
of @ = 0.0574Ey, /A (A = 795 nm): (a) | X,(Rc-o, N2, (b) [ X2(Rc-o, )%, and (c) [ X3(Rc-o, £)|*. The applied pulse is the same as in
the case of Fig. 20. The initial state is the lowest vibrational state of the field-free ground electronic state of C;HsOH™. Although
the packet in the lowest time-dependent adiabatic state reaches a region of large Rc_o > 1.8 A (see Fig. 22a), nonadiabatic tran-
sitions to the upper adiabatic states are not so greatly enhanced as in the C-C || field case.

becomes smaller; e.g., Pc_o/Pc_c ~ 0.2 for the pulse of T}, =
50fs. This tendency is in accordance with the experimental
results.*® In the C—C || field case, nonadiabatic transitions to
upper dissociative adiabatic states occur even if the pulse
length is as short as 30 fs. On the other hand, in the C-O || field
case, the nuclear wave packet needs longer time to reach a crit-
ical region for C-O dissociation. As shown in Fig. 21b, the
location of field-induced crossing in the C-O || field case is
far away from the equilibrium C-O distance in comparison
with the C-C || field case. In the C-O | field case, it takes
longer time for a wave packet to reach the region of avoided
crossing where nonadiabatic transitions to upper dissociative
adiabatic states occur. For pulses as short as 50 fs, the C-O dis-
sociation process is essentially adiabatic: Once the pulse has
fully decayed, the electronic state is the ground electronic state
and hence C-O bond cleavage is unlikely to occur. We have
also analyzed the nuclear dynamics on A’-adiabatic states
and come to the same conclusion that C—C bond cleavage be-
comes dominant as the pulse length is shortened.

The calculated dissociation probability is independent of the
sign of the linear chirp rate, as observed in the experiment.*’

8. Concluding Remarks

In this paper, we first reviewed the results of theoretical in-
vestigations of electronic and nuclear dynamics of H,™ and H,
in near-infrared intense fields to support a theoretical approach
for dealing with dynamics of polyatomic molecules in intense
fields, namely, the time-dependent adiabatic state approach.
Electronic dynamics and subsequent nuclear dynamics of
H,™ in a near-infrared, intense laser field are examined with
accurate evaluations of the electronic and nuclear wave packet
by the dual transformation method we have developed to deal
with the dynamics in Coulombic potentials. Using “field-fol-
lowing” time-dependent adiabatic states defined as eigenfunc-
tions of the “instantaneous” electronic Hamiltonian, we clari-
fied the dynamics of the bound electron, ionization processes,

Coulomb explosion processes, and nuclear vibration of Hy™ in
an intense laser field (/ > 10> Wem™2 and A > 700 nm). The
present analysis of H,™ indicates that the electronic and nucle-
ar dynamics of molecules in intense fields can be described by
using the potential surfaces of time-dependent adiabatic states
and the nonadiabatic coupling elements between those states.
By population analysis of time-dependent adiabatic states,
the “doorway state” to ionization is identified and the mecha-
nism of enhanced ionization is clarified.

According to the results of accurate evaluation of two-elec-
tron dynamics of H, in an intense laser field (/ ~ 10'* W cm ™2
and A4 = 760nm), an ionic component characterized by the
electronic structure HYH™ or H™H™ is created owing to laser-
induced electron transfer from the ascending well to the de-
scending well. Ionization proceeds via a formation of an elec-
tron pair localized in the descending well, in contrast to the
H,™ case, where the electron is ejected most easily from the
ascending well. As R increases, while the population of H"H*
decreases, a pure ionic state H"H* becomes more unstable in
an intense field, because the attractive force that the distant H*
exerts on the electrons of H™ is weaker. As a result, ionization
is enhanced at the critical range of R, = 4ap—6ay. It is con-
cluded that H"H™ and H"H* are the main doorway states to
ionization and that these localized ionic states are identified
as time-dependent adiabatic states constructed from three es-
sential electronic states, X, B, and EF.%°

The above description of dynamics in terms of “field-fol-
lowing” time-dependent adiabatic states, i.e., the time-depend-
ent adiabatic state approach of a multichannel framework, is
applicable to polyatomic molecules in intense laser fields with
the help of ab initio MO methods. The time-dependent adiabat-
ic potentials and field-induced nonadiabatic coupling elements
calculated by MO methods are used to evaluate the nuclear
dynamics until the next ionization process. We have applied
the approach to reveal characteristic features of molecular dy-
namics in intense fields. The results of theoretical investigation
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of structural deformations of CO, and its cations in a near-
infrared intense field showed that the experimentally observed
structure of CO,T (Ry ~ 1.7A and 26 ~ 20°) just before
Coulomb explosions originates from the structural deformation
of CO,%>*. Tt is concluded that the experimentally observed
structure deformations occur when the molecular axis is paral-
lel to the polarization direction of the field. In the CO, and
CO,™ stages, ionization occurs before the field intensity
becomes high enough to deform the molecule. Although the
dissociation energy of CO,%** in a zero field is ~11eV in the
case of symmetric two-bond stretching and it is ~1eV in the
case of one-bond stretching, simultaneous two-bond stretching
occurs in an intense field as well as one-bond stretching. Two-
bond stretching is induced by an intense field in the lowest
time-dependent adiabatic state |1) of CO,%*, and this two-
bond stretching is followed by the occurrence of a large-ampli-
tude bending motion mainly in the second lowest adiabatic
state |2) nonadiabatically created from |1) at large C-O dis-
tances of R, ~ 1.6 A by the field. The occurrence of two-bond
stretching in near-infrared fields can be illustrated by using the
cycle-averaged potential. We also proposed that the experi-
mentally observed two-body breakup to CO™ + O™ is due to
the one-bond stretching in the CO,** stage.

We also applied the time-dependent adiabatic state ap-
proach to investigate dissociative ionization of ethanol. We
employed two one-dimensional models in which the C—C axis
or the C-O axis is parallel to the polarization direction of an
applied laser field (denoted by the C-C || field case and the
C-0 | field case, respectively) to compare the probability of
C—C bond cleavage, Pc_c, and that of C—O bond cleavage,
Pc_o. We theoretically revealed that dissociation proceeds in
the monocation stage of C,HsOH. As the pulse length be-
comes shorter, the calculated ratio Pc_o/Pc_c becomes small-
er: e.g., Pc_o/Pc_c ~ 0.2 for a pulse of 7}, = 50fs. This ten-
dency is in accordance with the experimental results that the
fragmentation to CH,OH™' and CHj due to C—C bond cleavage
is the major fragmentation process for a transform-limited 32-
fs pulse in the experiment. In the C—C || field case, nonadia-
batic transitions to upper dissociative adiabatic states occur
even if the pulse length is as short as 30 fs. On the other hand,
the location of field-induced crossing in the C-O || field case is
far away from the equilibrium Rc_o distance in comparison
with the C—C || field case. In the C-O || field case, it takes a
longer time for a wave packet to reach the region of avoided
crossing where nonadiabatic transitions to upper dissociative
adiabatic states occur. The present example of ethanol is the
first accurate assessment of the effect of field-induced nonadia-
batic transition in a polyatomic molecule.

The time-dependent adiabatic state approach has the advan-
tage that only a small number of low-lying adiabatic states that
can be efficiently calculated by MO methods are required to
describe the electronic and nuclear dynamics of a molecule
in intense laser fields. It should be pointed out that many
field-free excited states are involved even in the lowest adia-
batic state |1). Practical advantages of the time-dependent
adiabatic state approach over the Floquet method (dressed
state method)™ in describing the dynamics of polyatomic
molecules have been summarized in Section 5.

Hankin et al. have investigated ionization of 23 organic
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molecules caused by their interaction with intense 40 fs, 800
nm pulses.''> All molecules reach saturated ionization at high-
er intensities than would be expected for atoms of the same
ionization potential. Dependence of the ionization rate on the
alignment of the molecule with the laser field is ruled out as
the cause of the high saturation intensities. For many organic
molecules, saturated ionization occurs at higher intensity than
expected. Later, Lezius et al. proposed a mechanism that “non-
adiabatic multielectron dynamics” is responsible for higher
saturated intensities for organic molecules.?' They emphasized
that the adiabatic assumption fails in the case of a large mole-
cule where the size of the molecule (the spatial extent of delo-
calized electrons) exceeds the path lengths of field-induced
electron motion; i.e., the time scale of electron motion inside
the binding potential well is longer than the laser period, driv-
ing electron dynamics inside the molecule. This is also empha-
sized in our results of the field-induced intramolecular electron
dynamics in Hy* or H, at large internuclear distances. The
popular Keldysh parameter, often used as a diagnostic of tun-
neling behavior, becomes meaningless when electron dynam-
ics inside the molecule become important. They also suggested
that collective multielectron behavior should start to dominate
their strong-field response as systems increase further in size.
The energy poured into a molecule by a laser field can be
shared by the dynamic polarization of all electrons. The exis-
tence of various fragmentation pathways in Cgg as well as high
saturation intensities for its ionization''® support the idea that
nonadiabatic multielectron dynamics plays a significant role in
ionization, fragmentation, and energetics of a molecule in an
intense laser field.

Elucidation of nonadiabatic multielectron dynamics is one
of the most important problems we should solve in the next
decades. Since the early days of nonperturbative ionization
of atoms in intense laser fields, several versions based on the
evaluation of the S-matrix transition amplitude'!” have been
introduced; these are together known as the Keldysh—Faisal—
Reiss (KFR) theory.!>!!3119 The KFR theory can be applied
to a regime of nonadiabatic ionization as well as the tunneling
regime of ¥ < 1. However, in the conventional KFR theory,
only the leading terms of systematic series expansions for ion-
ization processes have been used. Electron dynamics prior to
ionization has not been explicitly taken into account. To clar-
ify ionization processes such as enhanced ionization and to ex-
amine the competition between ionization and fragmentation,
one must calculate the ionization probability of a time-evolv-
ing electronic state as a function of internuclear distances.
To that end, we have incorporated the present time-dependent
adiabatic state approach (i.e., a wave packet consisting of
bound electronic states) into a framework based on S-matrix
scattering theory.'?® The time-evolution of the wave packet
composed of only bound states is determined by the time-
dependent Schrodinger equation so that the effects of both
Coulomb field and radiation field on the bound electron(s) can
be reproduced. This type of time-evolving wave packet can de-
scribe intramolecular nonadiabatic multielectron dynamics of
a molecule in intense laser fields. By completion of this pro-
ject, the semi-empirical procedure for switching to cation
stages will be replaced by an ab initio treatment, and then
the time-dependent adiabatic state approach becomes a truly
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unified approach to describe electronic and nuclear dynamics
of polyatomic molecules in intense laser fields. The role of
time-dependent adiabatic states as doorway states to ionization
will be fully clarified even in the case of polyatomic mole-
cules. We have also developed a multi-configurational time-
dependent Hartree—-Fock method to describe multielectron
dynamics of a molecule in intense laser fields.'?!

In Section 6.3, we theoretically demonstrated that one of
two C-O bonds could be selectively dissociated by a nonreso-
nant two-color field of w and 2w. This example proves that the
concept of the cycle-averaged potential is also useful for de-
signing schemes to control molecular dynamics, e.g., cleavage
of chemical bonds, in intense fields. A foreseeable application
of the present time-dependent adiabatic state approach is sim-
ulation of the control of more complex processes, such as
chemical reactions of polyatomic molecules in intense
fields.???*122 The dynamics of CO, presented in this paper
suggests that control of chemical reactions in intense fields
should be carried out in a manner that Coulomb explosions oc-
curring at large internuclear distances are avoided. It is of great
importance to examine how a desired reaction product is selec-
tively created by control of field-induced nonadiabatic transi-
tions which are ubiquitous in the case of polyatomic molecules
as was shown by an example of C,HsOH in Section 7. Field-
induced nonadiabatic coupling designed by optimal control
schemes, which is also intended for manipulating nonadiabatic
multielectron processes, would become a promising “tool” to
steer processes inherent in a molecule such as intramolecular
vibrational energy redistribution (IVR) and nonradiative tran-
sitions (electronic relaxation due to nuclear motion).
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