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Abstract: We theoretically investigated the dynamics of structural deformations of CO; and its cations in
near-infrared intense laser fields (~10'® W cm~2) by using the time-dependent adiabatic state approach.
To obtain “field-following” adiabatic potentials for nuclear dynamics, the electronic Hamiltonian including
the interaction with the instantaneous laser electric field is diagonalized by the multiconfiguration self-
consistent-field molecular orbital method. In the CO, and CO,* stages, ionization occurs before the field
intensity becomes high enough to deform the molecule. In the CO.?* stage, simultaneous symmetric two-
bond stretching occurs as well as one-bond stretching. Two-bond stretching is induced by an intense field
in the lowest time-dependent adiabatic state |10of 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(nonadia-
batically created at large internuclear distances by the field from |11t is concluded that the experimentally
observed stretched and bent structure of CO,** just before Coulomb explosions originates from the structural
deformation of CO,?*. We also show in this report that the concept of “optical-cycle-averaged potential” is
useful for designing schemes to control molecular (reaction) dynamics, such as dissociation dynamics of
COg, inintense fields. The present approach is simple but has wide applicability for analysis and prediction
of electronic and nuclear dynamics of polyatomic molecules in intense laser fields.

1. Introduction nucleus interaction in a hydrogen atom. Laser-induced intramo-
lecular electron transfer triggers nuclear motion. It should be
emphasized that the interaction of an intense field with
molecules is not restricted to resonant electronic or vibrational
transitions. Strong-field, near-infrared pulses (centered around
~800 nm) can induce chemical reacti®fisor structural

The development of high-power lasers has opened frontiers
of science on light matter interaction, which cover a broad area
of atomic and molecular scienck$.Handy laser systems of
high intensity have been used for various applications such as
precise material processing and medical application. The advent
of such light sources has made a new tool for manipulating the deformatlons such as bond stretching and bond angle bending,
dynamics of molecules on an ultrashort time scale available to for example, as observed by Yamgnou'cm et al. for£0
chemist$# In intense fields (> 103 W/cn®), the Coulombic The resultant structural deformations in turn change the elec-
potentials that the electrons are placed in are greatly distorted:tronic response to the field, e.g., the efficiency of intramolecular
57 a large part of the electron density is transferred among €léctron transfer and the probability of tunnel type of ioniz-
nuclei within a half optical cycle+1.3 fs forA = 800 nm ation, in which an electron penetrates (or goes beyond) the
light).8-10 A light intensity of 1 au, i.e., 3.5¢ 10'6 W/cn®, distorted barrier(s) for ionization. For tunnel type ionizaftoh!2
exerts on an electron a force that is as strong as the electron as the field becomes stronger and its period/c becomes
longer, an electron can be ejected from the molecule before the

T Tohoku University. phase of the field changes. It is known that tunnel ionization is
* Osaka Prefecture Univergit
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(known as enhanced ionizatiok).1” Enhanced ionization has  state components, are used to diagonaHz€). The analysis
been experimentally observed for various molecite¥’ such has shown that the nuclear dynamics in a near-infrared field
as CQ and benzene moleculés!® The correlation between  can be described in terms of wave packet propagation on time-
ionization and structural deformation is thought to play a dependent adiabatic potentials and nonadiabatic transitions due
decisive role in fragmentation and reaction proces%es. to temporal change ie(t). It also turns out that tunnel ionization
Attempts to use intense laser pulses for controlling chemical occurs from an adiabatic state or adiabatic states to Volkov
reactions have recently begun. Gerber et al. used near-infraredstate$ (quantum states of a free electron in a laser field). The
intense femtosecond laser pulses tailored by a genetic algorithmimportant concept “doorway state to tunnel ionization” is thus
controlled pulse shaper to optimize the branching ratios of introduced. The charge distributions on individual atomic sites
different organometallic photodissociation chanrfdlgvis et of doorway states to ionization can be used to judge whether
al. recently reported selective bond dissociation and rearrange-onization occurs or not at a given intensity.
ment of polyatomic molecules, such as acetophenone, by The purpose of this study is to demonstrate that the above
optically tailored, intense-field laser pulses10* W/cn?).* description of dynamics in terms of “field-following” adiabatic
Many excited states that are dynamically Stark-shifted by such states, i.e., the time-dependent adiabatic state approach, is useful
intense pulses can open various channels for reactions, andor analyzing and predicting theectronicandnucleardynamics
reaction selectivity is achieved by optimizing the phases and of polyatomicmolecules in intense laser fields. The properties
amplitudes of the optical component frequencies with a liquid of the adiabatic states of polyatomic molecules can be calculated
crystal light modulator in the pulse shaper. However, it is & py ab initio molecular orbital (MO) method&.In this study,
very difficult task to experimentally determine in which stage \ve apply the proposed approach to dynamics ob Gnear-
the structural deformations or chemical reactions occur, €.9., infrared intense fields, since reliable experimental data of field-
while the molecule is neutral or while it is a monocation. induced structural deformation of G@s now availablé! as
Furthermore, to enhance reaction selectivity, the mechanismsmentioned in the next paragraph. From the results of calculation
and characteristic features of molecular (electronic and nuclear) 5¢ the nuclear wave packet dynamics of £and its cations,
dynamics in intense fields must be elucidated. To the best of \yo extract characteristic features of the dynamics ob GO
our knowledge, there were no practical, unified theoretical jhiense fields that are responsible for the structural deformation.

treatments to explain both electronic and nuclear dynamics of \ye aiso propose a scheme to control bond breaking of CO
polyatomic molecules in intense laser fields. There is therefore species by using a two-color pulse @fand 2v.

an urgent need for the development of theoretical approaches . ) . . -
In an intense field, cations created are successively ionized

to deal with dynamics in intense fields. . : Y
I ) tudie&922we have accurately solved the time- at large internuclear distances (due to enhanced ionization), and
N previous s ’ Yy resultant multiply charged cations undergo Coulomb explosions

d]:efpf_endtentgchan:ger equat|oknst of lftfhagdbl'b bé/ usmt% an dual (due to repulsion among positively charged atomic siteky.1”
€ 'C'?n gt -pomh v_val:\%eTEac T rlne dOI ase ond el Yal on the basis of distribution patterns in a covariance map of
transformation technique. The calculated electronic and nuclear fragment ion€? Cornaggia studied the geometrical structures

dynarglc? IS danaly;ed fby u:‘ N9 ﬂfetlg -fgllozvlntg adlab?tllc s'E[ate§ of CO;, cations that are about to Coulomb explode and suggested
{InQ defined as eigenfunctions of the *instantaneous” electronic the existence of a large amplitude bending mo#bihe

HamiltonianHg(t) including the interaction with a laser electric . . .
, 8.22 2497 . o : structures of created cations can now be precisely determined
field e(t).822 Only field-free adiabatic states, i.e., bound - S .

by measuring the momentum vector distributions with mass-
resolved momentum imagifgand coincidence momentum

(13) Zuo, T.; Bandrauk, A. DPhys. Re. A 1993 48, 3837. Bandrauk, A. D.

Comments At. Mol. Phys. D999 1, 97—115. Seidemann, T.; lvanov, M. imaging®? which are considered useful techniques for obtaining
Y.; Corkum, P. B.Phys. Re. Lett. 1995 75, 2819-2822. ; : H i
(14) Gibson, G N.: Li, M: Guo, C.. Nibarger. J. Phys. Re. A 1998 58, snapshots of the s'patlall conflgurgtlon of a molecule. By using
4723-4727. these momentum imaging techniques, Hishikawa et al. inves-
(15) Posthumus, J. H.; Giles, A. J.; Thompson, M. R.; Codling) KPhys. B ; ; ; :
1996 29, 5811-5830. Codling. K.; Frasinski, L. Ji. Phys. B1993 26, tigated the geometrical structure of exploding £0in a 1.1
783-810. o ’ . PW cn1?, 100-fs pulse X = 795 nm) and found that the-€D
(16) Sonstant, E.; Stapelfelt, H. Corkum, P.fBys. Re. Lett. 1996 76, 4140 bond length is stretched to about 1.7 A and that the mean
17 ?gfgﬂidt, M.; Normand, D.; Cornaggia, Bhys. Re. A 1994 50, 5037~ amplitude of bending is large (the mean bending angle from
(18) Shimizu, S.; Kou, J.; Kawato, S.; Shimizu, K.; Sakabe, S.; Nakashima, N. linear geometry being-20°).11 However, the deformation stage,
Chem. Phys. Let200Q 317,609-614. i.e., the stage in which deformation of the structure of explodin
(19) Harada, H.; Shimizu, S.; Yatsuhashi, T.; Sakabe, S.; Izawa, Y.; Nakashima, ! . .g . p 9
N. Chem. Phys. Let2001 342, 563-570. _ cations is induced, has not been experimentally determined yet.
(20) Itakura, R., Watanabe, J.; Hishikawa, A.; Yamanouchy kKChem. Phys. | this paper, we reveal the origin of the structural deformation

2001, 114,5598-5606. ) 3t

(21) Robson, L.; Ledingham, K. W. D.; Tasker, A. D.; McKenna, P.; McCanny, Of exploding CQ>*.
T.; Kosmidis, C.; Jaroszynski, D. A.; Jones, D. R.; Issac, R. C.; Jamieson,
S. Chem. Phys. Let2002 360, 382-389.

(22) Harumiya, K.; Kono, H.; Fujimura, Y.; Kawata, |.; Bandrauk, A.Rhys. (27) Kawata, |.; Kono, H.; Fujimura, Y.; Bandrauk, A. Phys. Re. A 200Q
Rev. A 2002 66, 043403-1—-14. 62, 031401(R)1-4. Kawata, |.; Bandrauk, A. D.; Kono, H.; Fujimura, Y.
(23) Kawata, I.; Kono, HJ. Chem. Phys1999 111, 9498-9508. Kono, H.; Laser Phys2001, 11, 188-197.
Kita, A.; Ohtsuki, Y.; Fujimura, Y.J. Comput. Phys1997 130 148 (28) Kono, H.; Koseki, S.; Shiota, M.; Fujimura, ¥. Phys. Chem. 2001,
159. 105, 5627-5636.
(24) Kono, H.; Koseki, S. In ref 2, pp 267284. (29) Frasinski, L. J.; Codling, K.; Hatherly, P. Sciencel989 246 1029-
(25) Kono, H.; Kawata, |. InAdvances in Multi-Photon Processes and 1031. Card, D. A.; Wisniewski, E. S.; Folmer D. E.; Castleman, A. W., Jr.
Spectroscopy Gordon, R. J., Fujimura, Y., Eds.; World Scientific: Int. J. Mass Spectros@003 223—-224,355-363.
Singapore, 2001; Vol. 14, pp 164.88. (30) Cornaggia, CPhys. Re. A 1993 54, R2555-2558.
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8020 J. AM. CHEM. SOC. = VOL. 125, NO. 26, 2003



Structural Deformation of CO, ARTICLES

r.
2
|'——'| coordinates and molecular rotation denoted by & B¢t We

(X2,¥5) X“7f©—r hence can define the instantaneous electronic Hamiltonian

y (X',Y',Z") and can be expressed in terms of internal (vibrational)
é, Hel({ R} ,t) = He(t) by adding—uine(t) to the field-free adiabatic
Iy
Ho({RED) = He({R}e(=0) — tjny (V) )
| y
(Xc’yc) ° In diagonalization of the instantaneous electronic Hamiltonian
R,
rx
2 l Ha({RED v»({RED = V{REY »((REY 3)
1y

electronic HamiltoniarHe({ R} ,(t)=0) as

Ha({R},1), both{R} andt are treated as adiabatic parameters
(X1 ,.V1) x . . . . .
The eigenvalue¥({ R} ,t) are time-dependent adiabatic potentials
I‘_r_'l for nuclear motion.
In a previous study® we solved eq 3 of C®and its cations

Figure 1. Coordinates of a triatomic molecule @on thex—y plane. The at various instantaneous field strengths by using MO methods

Cartesian coordinates of the C atom are denotedkgyyt), and those of . : : : . g
the jth O atom are denoted by(y). The relative coordinatefs. and found that the multiconfiguration self-consistent-field

lyl2} are defined asy = Xc — Xu, Fx = X2 — Xc, 1y = Yo — Y1, andray (MCSCF) method is reliable for the present problem. The
=Y2 — yc; RiandR; denote the lengths of the two-@ bonds. The angle  adiabatic potential surfac&{ R} ,t) and wave functiong({ R} ,t)
between thecaxis and a €O bond direction is denoted bf or 0. used in this paper are calculated by using the full-optimized

reaction space MCSCF methddith the 6-313#-G(d) basis
set3* The MCSCF active space contains all of the valence
orbitals and valence electrons of g@nd its cations. For a
We present an outline of a time-dependent adiabatic statenonzero field case, the MOs and the expansion coefficients of
approach to study dynamics of a polyatomic molecule @O the configuration state functions are optimized by incorporating
intense fields. To obtain the time-dependent adiabatic potentialthe dipole interaction—uine(t) with a static field into the
surfaces of CQ we construct the instantaneous electronic Hamiltonian of the MCSCF method. All ab initio MO calcula-
HamiltonianHe(t) as follows. As shown in Figure 1, the three tions are performed using the GAMESS suite of program
atoms O, C, and O of CQare designated by 1, C, and 2, codes®
respectively. The Cartesian coordinates of the C atom are In a high-intensity regime, field-following adiabatic potential
denoted byX., Y., Z), and those of thggh O atom are denoted  surfaces can cross each other in energy (avoided level crossing),
by (%, ¥, Z). The nuclear charges of O and C atoms are denoted resulting in the occurrence of nonadiabatic transitions between

2. Description of Dynamics in Intense Laser Fields by
Time-Dependent Adiabatic States

by eo andec, respectively. The applied laser electric fieid) adiabatic state¥ Nonadiabatic transition caused by the tem-
is assumed to be polarized parallel to thaxis. In a long-  poral change ire(t) is characteristic of dynamics in intense
wavelength case, the interaction witft) can be expressed by fields. The field-induced nonadiabatic coupling between two
the dipole interaction time-dependent adiabatic statgg(t) and yy(t) is given by
() |a/0t|yp(t)1J The coupling can be easily evaluated from

—[—e(z Xei) T €% + €%, 1+ €cXc] €(t) = the following convenient form obtained by differentiating

' He(t)a(t) = Ea(t)pa(t) and Hu(t)yu(t) = Eo(t)yu(t) with respect

—[—e(z (Xe; — X)) + €%, — X) + (X, — X) + to timet
1

ec(Xc = X)] €(t) — QXe(t) = —uipe(t) — QXe(t) (1) (1070t () = pa()[0e(t)/ N[ E(t) — ELD]  (4)
where Xe; is the x coordinate of theth electron,X is the x where uqp is the polarization direction component of the
component of the center of mass of the molecule, @nsl the electronic transition moment betwegn(t) and yp(t). Nona-
total charge of the molecule (for instand®, = +2 for a diabatic transitions are dominant if the energy &aft) — E4(t)
dication). The difference fronX, for instance, Xe; — X) or (xc is smaller than the couplingpa(t)|d/dt|yp(t)Uat the avoided

— X), can be expressed in terms of appropriate relative crossing. According to the LandaZener formule®3’ the
coordinates. In the dipole approximation, therefore, the center nonadaiabatic transition probability is given by

of mass can be separated from the internal degrees of freedom.

The center of mass of the molecule moves in a field potential Pwp= e ™M (5)
—QXe(t) as a particle with the total mass and total chatdgg

of the whole molecule; the termQX €(t) should not be included ~ (33) Ruedenberg, K.; Schmidt, M. W.; Dombek, M. M.; Elbert, S.Chem.
Phys.1982 71, 41-50, 51-64, 65-78. Schmidt, M. W.; Gordon, M. S.

in the Hamiltonian for the internal degrees of freedom. Annu. Re. Phys. Chem1998 49, 233-266.

In the following derivation of internal Hamiltonians and MO~ (34) ;Z”Sé‘sng_”é&? Binkley, J. S.; Seeger, R.; Pople, JJ.AChem. Phys198Q
calculations, the center of masX,Y,2), is assumed to be equal  (35) Schmidt, M. W.; Baldridge, K. K.; Boatz, J. A; Elbert, S. T.; Gordon, M.

i ' ;i H S.; Jensen, J. H.; Koseki, S.; Matsunaga, N.; Nguyen, K. A.; Su, S.; Windus,

to thg 'cenFer of the nucleiX(,Y',Z'), because the dlfference is T L Dupuis, M. Montgomery, J. A, 3g. Comput. Cheml993 14,
negligible in the present problem. Thus, the coordinates of the 1347-1363.
; ; ; ; 1 ) (36) Kayanuma, YPhys. Re. A 1994 50, 843-845.
ith electron ar'e given by the relatlv_e coordinates € X', e, (37) Zener, CProc. R. Soc. London, Ser. 2032 137, 696-702. Zhu, C.;
— Y, Zj — Z'); the nuclear coordinates are measured from Teranishi, Y.; Nakamura, HAdv. Chem. Phys2001, 117,127—233.
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whered is the ratio|[Ex(t) — Ea(t)]/@a(t)|d/0t|yp(t) 0 evaluated R 2| o2 &2 h2 9

at the avoided crossing. T= Y e . @)
Determination of the characteristic features of electronic o ory” Oy Mg rydry

dynamics of H™ and H molecules in an intense laser field has

led to the simple electrostatic 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 sif&?22427 We have shown that
the doorway state to ionization in,Hs the lowest adiabatic

state characterized by a charge-transferred localized ionic state

H*H~ or H"H*.%22As in previous papers, we derive a criterion
for ionization based on electrostatic considerafoinis known

that the tunnel ionization rate has a maximum at the geometry oo

in which the molecular axis is parallel to the polarization
direction3940 As the most important spatial configuration, we
next consider a linear COmolecule with charges @" CRc*
09" placed parallel ta(t).

In the lowest adiabatic state of GQvhen a field is applied,

where the reduced magsis given byu = {memo}/{(mc +
mMo)} and the relative coordinatg$ix, rax, riy.loy, 1z 27} are
defined as1x = Xc — X1, F2x = X2 — X¢, - . ., @S shown in Figure
1.

In the following, we assume that the molecule does not rotate
during the interaction with a laser pulse. A linearly polarized
intense laser field can align molecufésThe rotational motion
of a molecule cannot follow the rapid optical oscillationet)
but can follow the change in a slowly varying electric field
opef(t). The effective potential for molecular rotation of
a linear molecule is known to be

8)

where y is the angle between the molecular axis and the

— (0 — ay,)(cosy)* F(t)/4

an appreciable amount of negative charge is transferred frompolarization direction of the field(t) and o« and ayy are the

O atom to O atom in the direction that the instantaneous dipole

molecular axis component and perpendicular component of the

interaction energy of the electrons becomes lower. Results of polarizability, respectively. For the experimentally determined
numerical calculations indicate that the charge on the C atom valueax — ayy = 13.8 auf® the potential depth of C&s about

changes only a little in an intense fiel® Therefore, another
electronic configuration to consider is the field-induced charge-
transfer ionic component@ -1+ Cc+ OQ*FD*, In an intense
field, the two adiabatic states represented By"QCOc™ O

and QR D+ CRt OQR:*+D* come close to each other in energy.
Near the avoided crossing, the componerfr@®*+ CQct
0@+ pecomes dominant in the lowest adiabatic state. From
the difference in electrostatic energy between the two configura-
tions, the field strengthe, required for the creation of @ -1+
Cct 0D+ due to avoided crossing, is then givereby

€= [1,(0%" =1 (0™ —(Q, + 1 - Q)/Ry_oJ}Rs o
(6)

where Ro—o is the O-O bond length and,(O%™) is the
ionization potential of an O atom with chargeQ;. Although

0.15 eV (1200 cnT?) atl ~ 3 x 108 W cm~2. Above this
intensity, the appearance of @0s experimentally confirmet:
The field strengthe(t) in atomic units corresponds to (5.24
10")¢(t) V m~Lin Sl units, and the field envelogé) in atomic
units corresponds to the light intenslty= (3.5 x 1016)f2(t) W
cm2. The depth of £1200 cnm?) 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, the pulse
duration must be longer than the time scale of rotational motion,
i.e., 21/2B ~ 40 ps, whereB (~0.39 cn1?) is the rotational
constant of CQ@ .#045 Since the pulse duration used in the
experiment4£100 fs) is much shorter thamt22B, the alignment
is incomplete.

Without rotation, the degrees of freedom of a J@olecule
are reduced to 4 vibrational modes, namely, two bond stretching
modes and two degenerate modes for bond angle bending. It is

the ionization probability may depend on the details of the still time-consuming to construct potential surfaces for these
electronic character such as spin multiplicity, the estimated value four vibrational degrees of freedom. In this paper, we select
of ¢ is regarded as the value of the intensity required for tunnel two degrees of freedom from among them and derive two ef-
ionization because the charge transfer ionic state is electronicallyfective vibrational Hamiltonians that are suitable for describing
unstable and is hence expected to be a doorway state to tunnethe nuclear dynamics of GOn intense fields. The first one is
ionization. It is confirmed that the electrostatic model as constructed from the two bond-stretching modes of, @Che
represented by eq 6 is valid in the case of°i¥? case of linear geometry, and the second one is constructed from
the symmetric bond stretching and bond angle bending modes.
A. One-Dimensional Space (Linear Geometry CaseF.irst,
we assume that the molecule is linear and is aligned parallel to
the polarization directionx: riy = rpy = ri; = rp; = 0. (No

3. Derivation of Vibrational Hamiltonians of CO
Intense Fields

2in

We denote the mass a C atom bymc and that of an O
atom bymo. 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

(38) Bandrauk, A. D. InThe Physics of Electronic and Atomic Collisions
Itikawa, Y., et al., Eds.; AIP Conf. Proc. 500; American Institute of
Physics: New York, 1999; pp 162117.

(39) Posthumus, J. H.; Plumridge, J.; Frasinski, L. J.; Codling, K.; Langley, A.
J.; Tady, P. FJ. Phys. B1998 31, L985-993. Ellert, C.; Corkum, P. B.
Phys. Re. A 1999 59 R31706-3173.

(40) Banerjee, S.; Kumar, G. R.; Mathur, Bhys. Re. A 1999 60, R3369-
3372.
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bending is taken into account.) In this casg,andr, can be
replaced with the ©C bond lengthr; and C-O bond length

(41) Larsen, J. J.; Sakai, H.; Safvan, C. P.; Wendt-Larsen, Ida; Stapelfeldt, H.
J. Chem. Phys1999 111, 7774-7781. Schmidt, M.; Dobosz, S;
Meynadier, P.; D'Oliveira, P.; Normand, D.; Charron, E.; Suzor-Weiner,
A. Phys. Re. A 1999 60, 4706-4714.

(42) Friedrich, B.; Herschbach, Phys. Re. Lett. 1995 74, 4623-4626. Keller,

A. J. Mol. Structure(THEOCHEMN) 1999 493 103-115.

(43) Spackman, M. AJ. Phys. Chem1989 93, 7594-7603.

(44) Cornaggia, C.; Hering, PPhys. Re. A 200Q 62, 023403-1—13.

(45) Origoso, J.; Rodguez, M.; Gupta, M.; Friedrich, Bl. Chem. Phys1999
110, 3870. Mathur, D.; Banerjee, S.; Ravindra Kumar, G. In ref 2, pp-336
349.
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R., respectively. From thg component in eq 7, we obtain the B R2 & MRZ 52 MAZ 92 K2 5
vibrational kinetic energy in the case of linear geonttry T= R]O 3qsx2 - 4memg 3q5y2 - MM, 3qax2 - ”_‘o@
_ hz( . _) W © (12)
x 2u R, 2 8R22 Mg 9R;9R, whereM = m¢ + 2mg is the total mass of the nuclei. The first

two coordinatesgs and gy, can be divided into symmetric

The symmetric and antisymmetric stretching modes are repre-stretching and bending modes, and the last two coordinages,

sented byRs = ((R: + R)/2) andR, = Ry — Ry, respectively.

and gy, can be divided into two types of motion, namely,

We next describe the numerical procedures for nuclear wave antisymmetric stretching and rotation. In the two-dimensional

packet dynamics in one-dimensional spacdhe total vibra-
tional HamiltonianH, consists of the vibrational kinetic energy
operatorTy for the two bond-stretching coordinatBs and R,
and adiabatic potential(R;,Ry,t) in a laser fields(t) obtained
from eq 3. Calculation of the time evolution of a vibrational

wave packet is carried out by using the split-operator for a small

time incrementAt4748

iVxAt)
2h

) p( iVXAt) ;
exp~ 5 |¥ () + O(AL) (10)

Yt + At) = exp(— iH%)w(t) = exp(—

p( iT,At
exp —

h

wheret in Vy(Ry,Ry,t) is replaced with the midpoirit+ (At/2).
The operation of expfiTxAt/h) on a wave function is performed
in momentum space by using fast Fourier transformation. A
typical value ofAt used for the present simulation is 0.625
0.001 fs.

To cope with various temporal forms of the applied field,
we fit a time-dependent adiabatic potential surfagdRy,Ro,.t)
to the following conventional form

ViRu,Ro,t) = Vi(Ry,R,€=0) — 1a(Ry,Ry)e(t) —

S aRURIEM) — PBRURIED — 3 VRURIEW) (11)

whereVy(R;,Rx,e=0) is the potential surface in a zero field. The
functionsu, a, B, andy of Ry andR; are determined by fitting
the form of V\(Ry,Ry,t) to the calculated potential surfaces at
various static field strengths(up toe = 0.2 au).

B. Two-Dimensional SpaceWe next treat a case in which
the molecule is placed on the-y plane; i.e.f1; = ro; = 0. By
making the following replacements in tlxeandy components
ineq7

o = (M T 12)/2

s = (r1y - rzy)/2

qax = r1x r2x

Oay = F1y Ty

we obtain

(46) Freed, K. F.; Lombardi, J. R. Chem. Phys1966 45, 591-598.

(47) Feit, M. D.; Fleck, J. A., Jd. Chem. Physl983 78, 301-308. Kono, H.;
Lin, S. H.J. Chem. Phys1986 84, 1071-1079. Bandrauk, A. D.; Shen,
H. J. Chem. Phys1993 99, 1185-1193.

(48) Balakrishnan, N.; Kalyanaraman, C.; SathyamurthyPhys. Rep1997,
280, 79-144.

space model, we neglegi; andds and set 1, equal tora, and

riy equal to—ry. The two C-O bond lengthsR; = (r1 +

ry?)Y2 andR, = (r2@ + ra?)%2, are equal to each otheR; =

R, = R. Using the following transformations
dx = Rcosf and gy, =Rsin6 (13)

we obtain the kinetic energy for the symmetric stretching and

bending modes

- WM [, @ sinPa  sin® &
Ten= 4momc(sm % R 617 R oR6
coff 9  cog0 &) _ [ 2,8  sindd
R R R g7 4mg R R 00
sin2 9 sif6 9 stG 8 (14)
R 9RO R R R

wheref = 6; = 6, is the angle between theaxis and a €O
bond axis, as shown in Figure 1. The bond bending angle in
the conventional definition correspondssto— 26.

In the present two-dimensional model, the-O axis is
parallel to the polarization direction ef(t) (x axis) and the
adiabatic energy gives the same value @iy = +|e(t)|. The
time-dependent adiabatic potential surface can therefore be fitted
by the form

Vo RO =V, o(RO,(0)=0) — S a(RO)N) —

27RO (15)

No odd order terms af(t) appear. (The permanent dipole vector
points to they direction.)

The split-operator method is not applicable to the operator
Te_p because the exponential form of_, cannot be evaluated
by Fourier transform. We here employ the Lanczos metRdd,
which can be used for any form of the Hamiltonian operator.
In this method, the total Hamiltonian at one time is diagonalized
in terms of N basis functions generated by the Lanczos
recursion scheme. (In this pap&, ~ 7.) Then an effective
short-time propagator that is accurate upt.~1 is constructed
from the eigenvalues and eigenvectors.

4. Results and Discussion

The applied alternating electric field is assumed to have the
form ¢(t) = f(t) sin wt, wheref(t) is the field envelope. A

(49) Park, T. J.; Light, J. Cl. Chem. Physl986 85, 5870-5876. Leforestier,
C. et al.J. Comput. Phys1991, 94, 59—-80.
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Figure 2. Potential surfaces of the lowest adiabatic state of @©a function of the two €0 bond distanceR; andR,. The contour lines are plotted at
intervals of 1 eV. The field-free potential of the lowest state is shown in (a). The adiabatic pot¥itR&,,t) ate(t) = + (1/10) au are shown in (b) and
(c), respectively. While the dissociation energy for a@ bond is~7 eV in a zero field, it is greatly reduced, for instance, to 4 eV at a momest)ot=
(1/10) au as shown in (b). However, structural deformation such as one-bond stretching hardly occurg(@ven24®/10 au. The nuclear dynamics is in
fact governed by an effective potential, i.e., the averagé@®;,R.,t) over one optical cycle, like the average of the adiabatic potential&)at + (1/10)
au shown in (d).

realistic pulse shape is employed of the main electronic configuration can be expressed as
_ Q%+ CO 0%, From eq 6,ec = 0.05 au atRc—o = Re. For the
f(t) = fosin(zt/T,) for 0<t=<T, (16) lowest adiabatic state aft) = 0.1 au> ¢, one of the O atoms

is negatively charged as 0.83%. The ionic component O
and is otherwise zero. To reproduce the pulse used in the-corg+ pecomes dominant beyorgd We thus expect for CO
experiment, we choose the following parameters: peak strengthy,at tunnel ionization via the ionic configuration predominantly
fo = 0.19 au (1.3x 10" W/cn¥ ); pulse lengthT, = 194 fs; occurs somewhere aroued As expected, the calculated value
an((ij)frl\el)glzjtigr)go: 21r?ds 7C€?)u:rl Cvzgf?r;n:j)i.scuss the nuclear of ¢cis larger than the intensity~ 3 x 10% W cm2 (f(1) ~

2 728 . .
motion of neutral C@in a field. For weiec > @, Where weiec 0.03 au) at which C&" appears exp.erlmentalfﬁ.
represents the characteristic frequency for the electronic transi- We have calculated the potential surface of the lowest
tions, the present approach has the advantage that the electronigdiabatic state of COas a function of the two €0 bond
and vibrational motion is determined only by the lowest distancesR; andR. and the bond angleé2 Bond stretching
adiabatic state. In a zero field, the ground statéSgin the can be classified into two types: symmetric two-bond stretching,
case of linear geometry aréd\; in the case of bent geometry  in whichR, = R, and one-bond stretching, in which one-O
underC,, (for a symmetric stretching). The equilibrium structure bond is longer than the other (e.& > R, = Re). The field-
is linear and the equilibrium internucler distance for a@ free potential of the lowest state of G@ the case of linear
bond,Re, is 1.16 A. (The calculated value is 1.17 A.) To estimate geometry Vx 1(R1,Rz,6=0), is shown in Figure 2a. The adiabatic
how much electron density is transferred in a molecule, the total potentialVy 1(R1,Rx,t) is greatly distorted in an intense field; the
charge is assigned to each atom by Mulliken population dissociation energy for a-€0 bond is~7 eV in a zero field
analysis’At Rc—o = Re, the charges of O and C in a zero field  and is reduced to 4 eV at a momentegt) = (1/10) a.u. €€,
are —0.22 and +0.4%, respectively: the charge distribution a5 shown in Figure 2b. However, structural deformation such

- i ~ 212
(50) Levin, I. R.Quantum ChemistryPrentice Hall: Englewood Cliffs, NJ, as one b_ond StretChmg hardly occurs evelf(tat 219/10 au
2000; pp 505-508. as explained below.
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The key is the fact that when the sign of the field is reversed,
the dissociation energy for the<® bond under consideration
increases, as shown in Figure 2c. The second temRy,Ry)e(t)
in the lowest adiabatic potentig 1(R1,Rx,t) expanded as in eq
11 can be approximated asR.g(Rye(t), where g(Rs) is a
function of the symmetric stretching coordinate. SirggRy;,R:)
is more or less proportional to the antisymmetric coordinate
R., the barrier for one of the one-bond dissociation (two-body
breakup) channels @ CO and OC+ O is greatly reduced
when |¢(t)| is large, as mentioned above. It should, however,
be noted that the following inequality in temporal or energy
scale holds

> w > oy, > OO ~ LT, (17)

Welec
where wyip is the vibrational frequency. The experimental
conditionw > w.ip, means that the changedft) is too fast for
the vibrational motion to follow the change éft) adiabatically.
Moreover,w > f(t)/f(t) means thaf(t) does not change in one
optical cycle (2r/w) (which is much shorter than the pulse length

(i) CO22" Molecule. The geometry of C&* just after
ionization of CQ" is expected to be more or less equal to the
equilibrium geometry of C®. The vibrational wave function
of the initially prepared state of G& can be expressed by the
product of the wave function of the ground vibrational state of
CO, and the ionization rates of G@&nd CQ* as functions of
nuclear coordinates. Since the explicit forms of the ionization
rates are unknown, we test two extreme cases. The first one is
the vertical transition case in which the initial vibrational state
of CO2" is the ground vibrational state of GOThe second
one is the adiabatic transition case in which-£G0starts from
its ground vibrational state. Considering that the ionization
probability generally has a peak around an internuclear distance
larger than the equilibrium internuclear distance, the peak of
the initial vibrational wave function of C&" is presumably
expressed by shifting the wave function of the ground vibrational
state of CQ toward larger internuclear distances. Since the
equilibrium internuclear distance of GO (the calculated value
being 1.22 A) is longer than 1.17 A of G{he actual situation
will be a little shifted from the vertical transition case toward

Tp). The nuclear dynamics is thus expected to be governed bythe adiabatic transition case.

an effective potential like the average of the adiabatic potentials

at ¢(t) = + (1/10) au shown in Figure 2d.

The precise effective potential can be given by replaeity
in V(Ry,Ro,t) with the averaged/2m) i, €(t') dt' over
one optical cycle (wherg=1, 2, ...)

- 1
Vi(RuR 1) = Vy(Ry,R,,€=0) — 4 a(R,RYF(L) —

3

357 (RuRIF() (18)

In the cycle-averaged potentid}(Ry,Ro,t), the odd order terms

of (t), such as the dipole interaction term, disappear. Therefore,

the actual dynamics is governed by the pulse amplitiffe
The leading perturbation term i(Ry,Ry,t) is given by the
polarization energy proportional to. The polarizabilityo. has

a ridge along the lind&; = Ry: the dissociation energy ivy-
(R1,Rx,t) for the symmetric stretching mode is greatly reduced
from 15.5 to 7 eV ad(t) increases from 0 té(t) ~ 2410 au
(>>€.). Figure 2d is almost identical t¥,(Ry,Ry,t) at f(t) =
212/10 au 7 x 10 W cm~2). However, a comparison of

In the stage of C&#*, consideration must be given to at least
the lowest three adiabatic states of £0 the ground triplet
state connected with th#B; state £, in the case of linear
geometry) in a zero field and the nearly degenerate lowest singlet
states connected withA; andB; in a zero field {Aq in the
case of linear geometry). The energy difference betwdan
and 3B; in a zero field is as small as-1.5 eV near the
equilibrium geometry oRe ~ 1.2 A. When CG" is ionized,
the laser field strength is higher thamx 5 x 10 W cm~251
Therefore, the difference of1.5 eV (~one photon energy) may
not be decisive in the preparation of €0, there is a possibility
that the lowest three states are almost equally populated.
Fortunately, the potential surfaces of the lowest three adiabatic
states have nearly the same shape in a wide range of field
strengthg8

Results of Mulliken population analysis show nearly the same
atomic charge distributions for the lowest three adiabatic states
of CO2" in a field. Therefore, for the three adiabatic states,
almost the same net charges are expected to be transferred
among nuclei by a field. Since Coulomb explosions of
O™+C™+O* are experimentally observed more or les$ at

parts a and d of Figure 2 shows that the equilibrium geometry 3 . 1014 \W cm25! the small differences in the ionization

in Vi(Ru,Rx,t) is, up tof(t) ~ 22/10 au, almost equal to that in
a zero field. The equilibrium internuclear—© distance is
calculated to be 1.19 A dft) ~ 2Y2/10 au. Sincevyip > f(t)/
f(t), the oth vibrational state in a zero field is adiabatically
transferred to thesth state of\_/x(Rl,Rz,t). Bond stretching
scarcely occurs, and the width of the wave function hardly
increases. Bending motion is not induced figy < 2¥/2/10 au,
either: at a fixed internuclear distance, the curvature of the
potential alongf increases ag(t)| increases.

We thus conclude that G@naintains its stable linear structure
aroundR. ~ 1.17 A even at field strengtti) ~ 2210 au. In
the neutral stage, ionization beginsf@} ~ 0.03 au before the
field intensity becomes high enough to deform the molecule.
In the case of smak, the energy difference between the first
excited and ground electronic states is much larger éhaanly

potential between the lowest three adiabatic states of Ofll

make only a small difference in the ionization rate. Therefore,
the electronic and nuclear dynamics in the£Gstage is nearly

the same irrespective of which state is prepared among the
lowest three adiabatic states.

In the three adiabatic states, two positive charges are nearly
equally distributed among the three atoms. We assume that the
state consists of three main configurations, @&, O*C*0O,
and O'CO'. The ionic configuration favorable for tunnel
ionization is O°'CT0O?", created from OCO™. The field strength
required for this crossing as estimated by eq &is 0.18 au
in the case of the equilibrium geomet®y = R, = Re. As will
be shown below, structural deformation of €O can occur
before the field strength reaches the large threshold value of
0.18 au, i.e., before ionization. As a representative case, we

the lowest adiabatic state is populated, as we have assumed. Iy esent results of calculation of nuclear wave packet dynamics

the CQ* stage, ionization occurs before the field intensity
becomes high enough to deform the molecule, as in.CO

(51) Hishikawa, A.; Yamanouchi, K. Private communication.
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Figure 3. Nuclear wave packet dynamics in the lowest adiabatic $taief CO,2" in the vertical transition case. The applied field is given by eq 16: peak
strengthfo = 0.19 au (1.3x 10 W/cnv¥), pulse lengthl, = 194 fs, and wavelength = 795 nm. We here assume vertical transition from,@® which

the wave function prepared ait= 0 in |10is that of the ground vibrational state of @O'he squares of the nuclear wave functions &t 0 andt = 24.7

fs are denoted by the pink and blue contour lines in (a), respectively; the wave patkeBét9 fs (red lines) is shown in (b). The instantaneous adiabatic
potentials of|1Cate(t = 24.7 fs)= —0.029 au and(t = 96.9 fs)= 0.19 au (both are local extrema of the field) are shown in (a) and (b), respectively; the
green contour lines are plotted at intervals of 1 eV. As shown in (b), although the adiabatic potential can be dissociative at a moment for onéotithe two-

breakup channels, one-bond stretching is not greatly enhanced by the field.

starting from the lowest adiabatic state of £0adiabatically

in eq 16.

A. Simultaneous Two-Bond Stretching: A Characteristic
of Dynamics in Intense Fields.We examine the nuclear
dynamics in the lowest adiabatic state potential(R;,R.,t) as
a function of the two bond-stretching coordinat®sand R,

shown below, however, the wave packet dynamics shows that

symmetric stretching occurs as well as one-bond stretching.
Vertical Transition from the Ground Vibrational State

of CO,. We assume that the wave function of the ground

vibrational state of C@is prepared at = 0 in the lowest

adiabatic state of C&". In Figure 3a, the square of the initial

wave function is denoted by the pink contour circles aroRnd

= Ry~ 1.2 A. As shown by the wave packettat 24.7 fs in

channels for one-bond stretching from the FranClondon
region. The instantaneous potentiak@t= 24.7 fs)= —0.029
au is denoted by green contour lines. Aroung 45 fs, the
main part of the wave packet returns to the vicinityrof 1.2

field; it originates from the difference in the equilibrium
internuclear distance between €®and CQ. This is confirmed

a zero field.

adiabatic potential of C&". To estimate the probability of

occurrence of one-bond dissociation, a detection window with

a width of R, = (0, 1.2 A) is set aR, = 1.7 A, and a window

the probability for one-bond dissociation channeBdg ~ 0.14.
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windows isPgne ~ 0.20. Subsequent ionization processes are
connected t8B;. The parameters of the applied pulse are given not taken into account here. The adiabatic potential can be
dissociative at a moment for one of the two-body breakup
channels, as shown by the instantaneous potentét at 96.9
fs) = 0.19 au in Figure 3b. 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
(linear geometry case). The dissociation energy in a zero field at (t = 96.9 fs)= 0.19 au in Figure 3b. This is due to the
is ~11 eV in the case of symmetric two-bond stretching (5 eV disappearance of the odd order terms wft) in the cycle-
smaller than that of Cg) and ca. 1 eV in the case of one-bond averaged potentialy 1(Ry,Rx,t) of CO2*, as in the case of CO
stretching. From the viewpoint of dissociation energy, it is The dynamics of the wave packet in the cycle-averaged potential
expected that one-bond stretching is predominant. As will be is identical with the “raw” dynamics shown in Figure 3.
Although the dissociation energy in a zero fieldid1 eV
in the case of symmetric stretching, symmetric two-bond
stretching becomes dominant as the field envelope approaches
f(t ~ 50 fs)= 0.1 au ( ~ 3.5 x 10" W cm™?); the center of
the wave packet moves to a regionRf= R, (=1.4 A att =
96.9 fs, as shown in Figure 3b). The appearance of field-induced
symmetric two-bond stretching can be explained by the char-
acteristic features ofy 1(Ry,R,t). The cycle-averaged potentials
Figure 3a, a part of the wave packet propagates first toward theatt = 24.7 fs and = 96.9 fs are shown in Figure 4. In GO,
the stabilization energy-o(Ry,Ry)f(t)%4 due to the induced
dipole moment is large around the ridgeRif= R; relative to
the field-free dissociation energy for symmetric stretching.
Consequently, the steepest descending slope Rom R, =
A. The initial one-bond stretching is not an effect of the applied Re is formed at high intensities aloriy = Ry in Vy1(Ry,R,t),
as shown in Figure 4b. The dissociation energy for the
symmetric coordinate iV, 1(Ry,Ry.t) is just 2.2 eV atf(t) =
by the fact that the initial one-bond stretching is reproduced in 2%%10 au; at higher field intensities, the symmetric stretching
becomes unbound. The difference between the total dissociation
We propose that the experimentally observed two-body probability and the one-bond dissociation probabilRy,e can
breakup to CO+0O7 is due to the one-bond stretching in the be used as the probability of occurrence of field-induced
symmetric two-bond dissociatioRsym(~0.50).
After bond stretching, C&" is ionized due to enhanced
ionization at larger values @® > Re. It should be noted that
of the same width is set for the other bond. In a zero field, all the value ofe. decreases with increasesRa For instanceec
of the dissociation components are detected by the two windows;= 0.14 au aR = 1.4 A. Moreover, aR increases, in the ionic
configuration OCTO?*, the attractive force due to the distant
In the presence of the field, the probability detected by these nuclei " and C" against electrons in Obecomes weaker.
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Figure 4. Cycle averages of the lowest adiabatic potertiad(R;,Rx,t) of CO2" at (a)t = 24.7 fs and (b} = 96.9 fs. The cycle-averaged potential is
obtained by averaginyy1(Ri,Rx,t) over one optical cycle. The intervals between contour lines for (a) and (b) are 1 and 0.1 eV, respectively. As shown in

(a), around(t = 24.7 fs)~ 0.029 au, the dissociation energy for symmetric

two-bond stretching is as large as the field-free dissociatiomdrieays).(

As the field intensity increases, the stabilization energy due to the induced dipole moment becomes large: the steepest descendindrskope,from
1.2 A'is formed alondRy = Ry, as shown in (b). The cycle-averaged potential is symmetric with excharigeanfd R, because of the disappearance of the

odd order terms with(t).
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Figure 5. Potential of the field-free lowest adiabatic potential of £0

The heights of contour lines are indicated in units of eV. The potential
surface has a saddle point arouRd= R, = R = 1.35 A, from which a

hill gently ascends to a peak arouRd= 1.7 A by a height of 0.5 eV. In

the region ofR > 1.7 A, the potential of Cg¥* decreases as F2owing

to the dominant Coulomb repulsions of the three positively charged atoms.

Once an ionic component of @ O?" is created at largR as
the field intensity approaches, ionization therefore occurs at
a high probability. Hence, after bond stretching in £0Q
ionization to CQ%" occurs even at field strengths that do not
ionize CQ?" aroundR. (enhanced ionization).

As shown in Figure 5, the potential surface of the field-free
lowest adiabatic statel{l in the case of linear geometry) of
CO.3* has a saddle point aroui = R, = 1.35 A, from which
a hill gently ascends to a peak arouRd= R, = 1.7 A by a
height of 0.5 eV. In the region & = R, > 1.7 A, the potential
of CO2" governed by the Coulomb repulsions of the three
atoms decreases as B2If ionization to CQ3" occurs, say,
aroundR; = R, = 1.7 A, the nuclear wave packet is then at the
top of the hill of CGQ3": the CQ3" created will undergo
Coulomb explosions to G+ C™+ O™.

When CQT is ionized, the intensity is not high enough to
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Figure 6. Nuclear wave packet dynamics in the lowest adiabatic $iate
of CO2" in the adiabatic transition case. The wave packet starts from the
ground vibrational state ifL.(] The two contour maps denote snapshots of
the nuclear wave packetstat O fs (solid contour lines) and 96.9 fs (bold

contour lines). As the field intensity increases, the center of the wave packet
moves along the lin®;, = R, of symmetric stretching.

dynamics of C@" is not affected by starting the wave packet
of CO2" at the moment when CQ is ionized, e.g., at. ~ 33

fs for whichf(ty) = ¢ = 0.05 au is satisfied. The wave packet
prepared at = t. first undergoes one-bond stretching and then
meanders in the vicinity dR = 1.2 A until two-bond stretching
begins, as in the case of startingtat O.

Adiabatic Transition to CO 2?*. In the adiabatic transition
case, the initial wave packet is the ground vibrational state in
the lowest adiabatic state of GO. The wave packet dynamics
under the condition of the same pulse as that used before is
illustrated in Figure 6. The probability of going through the
detection windows for one-bond stretchifype 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 total dissociation probability
is 0.48, and the probability of field-induced two-bond dissocia-

deform the potential. Therefore, the subsequent wave packettion, Psym, is 0.35. The ratidPsyn/Pone is only a little larger in

J. AM. CHEM. SOC. = VOL. 125, NO. 26, 2003 8027



ARTICLES Sato et al.

a
(= 84.7?5\_/( )

Bond angle 28 (degree)
Bond angle 28 (degree)

1.8

1.2

T T T
1.2 14 16
C-O bond length R(A) C-O bond length R(A)

Figure 7. Wave packet propagation on (a) the lowest adiabatic tatnd (b) the second lowest adiabatic st&féof CO2" in the vertical transition case.
The contour maps denoted by green lines (plotted at intervals in 1 eV) are the cycle-averaged potentifl§iaft(a) 84.7 fs and (b)2[t = 92 fs. In (a),
snapshots of the wave packet are taken=ai0 (pink contour lines)t = 84.7 fs (blue lines), antl= 96.9 fs (red lines). In (b), snapshots of the wave packet
are taken at = 92 fs (blue lines) and = 104 fs (red lines). We have assumed that a nonadiabatic transition ffdm|20occurs only once at~ 92 fs.
(The population of2[is normalized at this moment.) In the initial stage up~@0 fs, the mean amplitude of bendirig20)20] is doubled at most~12°).
However, the curvature of the cycle-averaged potential Witk large at largeR: as shown in (a), after the wave packet passes a pointlod A, the
amplitude of bending motion ifi[decreases. On the other hand, as shown in (b), the cycle-averaged potéRfiabsftwo minima at@ ~ 15°. Consequently,
the component in20nonadiabatically transferred fromClis split into two parts toward large bending angles.

the adiabatic transition case than in the vertical transition casestretching characteristic of intense-field dynamics; the two-
where one-bond stretching initially occurs. In an alternating field dimensional Hamiltonian constructed from the bending and
whose frequency is larger than the vibrational frequencies, symmetric stretching modes is used.
symmetric two-bond stretching is generally more field induced  The wave packet propagation on the lowest adiabatic state
than is one-bond stretching. |10of CO2* is shown together with the cycle-averaged potential
B. Correlation between Bond Angle Bending and Sym- att = 84.7 fs in Figure 7a. We assumed the vertical transition
metric Stretching: Importance of Field-Induced Nonadia- case. In the initial stage up te70 fs, at periodic intervals of
batic Transition. We now clarify the origin of the experimen-  30—35 fs, the wave packet moves back and forth along the
tally observed bending amplitudg20)?~ 20°, of exploding symmetric stretching coordinai (betweenR = 1.2 andR =
CO.2+.11 We show that this large amplitude results from a strong 1.4 A) and repeatedly spreads and shrinks in the bond angle
correlation between the bending and stretching modes throughdirection. The quasiperiodic motion originates from the fact that
field-induced nonadiabatic transitions. The calculated bending the potential surface of G&' is shallower than that of CO
frequency of CG@*" in a zero field is%1¢ths as large as that of  The cycle-averaged potential ¢fCis rather flat with respect
COy; if the initially prepared state is the ground vibrational state to the change in the bond anglé ®r R < 1.5 A. The bending
of CO,%" (adiabatic transition case), the mean amplitude of the amplitude is doubled at most-(2°), as shown by the wave
bending motion[{26)2] increases only 1/016 ~ 1.3 times on packet at = 84.7 fs in Figure 7a. However, the curvature of
going from CQ to CO2". In the vertical transition case, the the cycle-averaged potential withis large at larg&R: as shown
wave packet initially prepared from G@& a linear combination by the wave packet a@t= 96.9 fs (the peak of the pulse) in
of the ground anéxcitedvibrational states of the bending mode  Figure 7a, after the wave packet passes a pointhb A, the
in the lowest adiabatic state of GO. Since the curvature of  amplitude of bending motion i COdecreases. The dynamics
the potential with9 is smaller in C@* than in CQ, the initially in |[10alone is not sufficient to explain the experimentally
prepared wave packet spreads out aléngVhen the pulse is  observed large-amplitude bending.
off, the maximum of the mean amplitude for bond angle bending  In the following, we show that field-induced nonadiabatic
260 is ~9°, which is one and one-half times larger than the initial transition between the lowest two adiabatic stat&sSand |2L]

value (~6°). The mean amplitude of9° is still smaller than
the experimentally observed value20°. The experimentally
observed large-amplitude bending motion cannot be attributed
to the structural change between £fid CQ?" in a zero field.

is essential for describing the experimentally observed large-
amplitude bending. As shown in Figure 8, the difference in

energy between the lowest two adiabatic states in a zero field
becomes smaller than one photon energy 0.057 au (1.55 eV) in

The energy shift due to the induced dipole is nearly the large bond length regioR(> 1.7 A). The difference also
proportional to—Rs cos6 because field-induced charge separa- decreases as the bending angle increases because the second
tion occurs between the two O atoms. The induced dipole of lowest adiabatic state in a zero field has double minimafat 2
the lowest adiabatic state that shifts the energy downward = 4+12° due to the RennetTeller effect®? the first excited
becomes smaller as the molecule becomes more bent; as a resultsiplet state is a degeneratA of the main configuration (next
the curvature of the potential withis larger in a nonzero field ~ HOMO 17,)® (HOMO 17)% in the case of linear geometry. It
than in a zero field. Therefore, if the internuclear distances are is thus expected that the nonadiabatic transition between the
fixed, a large-amplitude bending motion is hardly induced by a
field. To examine how the bending motion is correlated with (52)
bond stretching, we here focus on the role of the symmetric

Herzberg, G.The spectra and structures of simple free radicals
introduction to Molecular spectroscop@ornell University Press: Ithaca,
NY, 1971.
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to the experimentally observed Coulomb explosion channel of
30+ O™+C*+O*. We presume that the bent configuration of an
’3\ 20 exploding O+C*t+O" is the structure of C&" just before
Eo the Coulomb explosion.
Z 10 Since the structural deformation is determined by the shape
AN IR of the cycle-averaged potential, the molecular dynamics in a
2 04 “.‘ 9,‘1""”’ T 7 B field perpendicular to the molecular axis is dominated by the
W _104 ST perpendicular component of the polarizability,. For CQ and
5 ; . . .
- its cations,ayy increases by~1 au as the bending angle 2
S -20- changes from Oto 2(°. Although the increase inyy is small,
o a perpendicular field may slightly increase the bending ampli-
-30+ tude because the curvature alogis small. However, a
‘ perpendicular field does not sufficiently reduce the large
1.0 1.2 1.4 1.6 1.8 dissociation energy to induce bond stretching (as the bond length

C-0 bond length R(A) Rincreases from 1.2 to 1.6 any increases by only 3 au). We

Figure 8. Difference in energy between the lowest two field-free adiabatic thus conclude that the perpendicular configuration is not

states of C@* as a function of the bending angl& Zind symmetric responsible for the experimentally observed bond stretching

stretching coordinat® (C—0O bond length). The contour map is plotted in ; ; ;
units of eV. The difference becomes smaller than one photon energy 0.057accompan|ed by a large amplitude motion.

au (1.55 eV) at large internuclear distancBs 1.7 A). The difference 5. Control of Two-Bond Dissociation
also decreases a® Icreases.

We have shown that the fate of the molecular dynamics in
lowest two states is strongly correlated with the bending or an intense laser field is determined by the cycle-averaged
stretching motion. It is known that the Renndreller interaction potential. It is therefore possible to control the molecular
induces various dynamical effeétsas well as spectroscopic  dynamics in intense fields by modifying the cycle-averaged
perturbations. potential. One of the most commonly used schemes is the

The energy gap between the lowest two stat&&nd|200f combination ofw and 2» fields>*
CO2t is 2—3 eV (~0.1 au) around the point wheR= 1.6 A
and the bending angle92= 10°. In the case of this structure,
the nonadiabatic transition probability estimated by the Lardau
Zener formula of eq 5 takes a maximum value of about 0.11
e.g., att ~ 91.6 fs. At this moment(t) = 0.15 au and(t) ~
0.19; from the MCSCF calculatiorE,(t) — Ea(t) ~ 0.07 au
anduia(t) ~ 0.27 au. Sinc&,(t) — E;(t) decreases rapidly with
increases iR, we expect that nonadiabatic transitions predomi-
nantly take pla(_:e at ir_]ternucle_ar distances larger thar A _ Ba(t)D= F3(t)E[Bin wt + 7 sin(2wt + ¢)]3D=
In the present simulation, we simply assume that a nonadiabatic . 3
transition from|1[to |2C0occurs only once &t~ 92 fs. At this — 3n(sing)F(1)/4 (20)
moment, the center of the wave packet is located ardrird
1.6 A, as shown by the wave packettat 92 fs in Figure 7b.
The subsequent nonadiabatic transitions are ignored. ArBund
~ 1.4-1.7 A, the cycle-averaged potential @Jatt = 92 fs
shqwn in Figure 7b has two r_ni_nima in the bond angle direcFion, F(t) = f(t)/(1 + 772)1/2 (21)
which reflects the double-minimum structure of the zero-field
potential. Consequently, the componenidnnonadiabatically we have the sam@?(t)(as that in the single-frequency case:
transferred fronj10s split into two parts toward large bending  [d23(t)0= (1 + pd(F4t)/2) = (f%(t)/2). Thus, the difference in
angles, as shown by the wave packet at 104 fs in Figure dynamics between the single and double frequency cases can
7b: the mean amplitude of bending motion/2ilis as large as be attributed mainly to the nonzef@®(t)l] The final form of
the experimental value of20° at R ~ 1.7 A. The same [é%(t)Obecomes
conclusion is drawn in the adiabatic transition case. The role

€(t) = F(t)[sin wt + » sin(2wt + ¢)] (29)

where¢ andy are the relative phase and amplitude between
' thew and 2v fields, respectively, anB(t) is the slowly varying

field amplitude. Whilelé(t)Cover a period of 2/w is zero as

in the singlew-frequency case, the cycle-averageeé(t) is

nonzero except in the case ¢f= 0

To assess the effect of the nonzero cycle average3@f
judiciously, we sefé?(t)(lequal to that in the single-frequency
case. By choosing the field amplitude as

of nonadiabatic transitions is crucial for bending, while the ()= — 3y(sin)f 3(t)/4(1+ 772)3/2 (22)
average bond distance depends only weakly on whether the ) ) ) ] o
wave packet propagates ¢tilor [20] We consider the case in whid@3(t)Uis maximized: n =

1/2Y2 and¢ = £(2/2). The amplitudd(t) and the fundamental
frequencyw are the same as those used in eq 16. In the vertical
CO, — CO2" transition case, the dissociation probability for
one-bond stretching channelsRg,e ~ 0.39, while the prob-

The nonadiabatic transition probability increases as the
molecule becomes bent. Bent molecules preferentially trans-
ferred to|200from |10Care then further bent. Since more charge
is transferred in2Cthan in|10] the ionization probability of20
is expected to be larger than that|af] Thus, the wave packet 54y charron, E.; Giusti-Suzor, A.: Mies, F. Rhys. Re. A 1994 49, R641—

in the upper adiabatic state probably makes a larger contribution ~ 644. Kanai, T.; Sakai, Hl. Chem. Phy2001, 115 5492-5497. Baranova,

N. B.; Reiss, H. R.; Zel'dovich, B. YaPhys. Re. A 1993 48, 1497

1505. Sheehy, A.; Walker, B.; Di Mauro, L. Phys. Re. Lett 1995 74,

(53) Fujimura, Y.; Hayashi, H.; Nagakura, Shem. Phys1992 162 205— 4799-4802. Bandrauk, A. D.; Levesque, J.; Chelkowski, S. In ref 2, pp
212. 221-235.

J. AM. CHEM. SOC. = VOL. 125, NO. 26, 2003 8029



ARTICLES Sato et al.

1.8 — . created at large internuclear distanées: 1.6 A by the field
P P ! from |100. The potential shape ¢2C0is dominated by the field-
free first excited state of C®", of which the equilibrium
geometry is a bent one owing to the strong Reni@ller effect.
The present example is the first demonstration of the effect of
field-induced nonadiabatic transition in a polyatomic molecule.
We proposed that the experimentally observed two-body
breakup to CO+O" is due to the one-bond stretching in the
CO2t stage. The probability of two-body breakup is smaller
in the adiabatic transition case than in the vertical transition
case where one-bond stretching initially occurs. In an alternating
field whose frequency is larger than the vibrational frequencies,
two-bond stretching is more field-induced than is one-bond
10 1'2 1'4 1|6 1I8 stretching. This is due to the disappearance of the odd order
) ) ’ ) ’ terms withe(t) in the cycle-averaged potentisl 1(Ry,Ro,t) of

C-0 bond length R, (A)

C-0 bond length R, (A) CO?*. As the field intensity approachds~ 3.5 x 10 W
-2 ; : - ) .
Figure 9. Nuclear wave packet dynamics in the lowest adiabatic state of C'' _the two-bond stretching bgcomes dominant; at higher
CO2* inaw + 2w field e(t) = f([sin wt + 5 sin(2t + GJIL + V2 intensities, the two-bond stretching becomes unbound. The
The relative phase and amplitude betweendahend 2» fields are chosen  appearance of field-induced two-bond stretching is also ascribed
so that the nonzero cycle averageed(t) is maximized:¢ = (w/2) andy to the features oW 1(Ry,R,t) characteristic of the molecular

= 1/212, We assume that the initial nuclear wave packet &t 0 (solid d . inf d. int fields: in £0 the stabili
contour lines) aroun&e ~ 1.2 A is prepared by the vertical transition from ynamics In near-infrared, intense Tields; in € stabiliza-

CO,. The contour map denoted by bold solid lines shows the wave packet tion energy—a(Ry,Ro)f(t)%/4 due to the induced dipole moment
att = 67.8 fs. The cycle-averaged potential of the lowest adiabatic state at is large around the ridge & = R; relative to the dissociation

t = 67.8 fs is denoted by dotted contour lines (in units of eV). The _ ; ; i
combination of the intense and 2v fields induces asymmetric one-bond energy for two-bond stretching. Since a similar structural

stretching. deformation to that in the CQcase is reported for GS2 the
proposed mechanism of dynamics of £i@ intense fields is
ability of field-induced two-bond dissociatioRsym, is ~0.61. presumably typical of the dynamics of linear triatomic mol-
We assumed that the wave packet propagates in the lowesgcules.
adiabatic state of C&*. Compared to the single-frequency It is well-known that there is an approach to treat dynamics
case Poneincreases anBsym decreases. More interesting is the in intense fields, namely, the Floquet (dressed state) method
asymmetry of the one-bond dissociation channeis-00" (R, targeted for long-time pulses with a constant envef§pe.the
dissociation) and CO+O* (R; dissociation) as shown in Figure ~ Floguet method, a molecule-field state is given by a product of
9 by a snapshot of the wave packet at 67.8 fs for¢ = (/ a photon state and an adiabatic state in a zero field denoted by
2). For¢ = (n/2), the probability forR; dissociation isP; ~ IN — ICand|®;[Jrespectively. HereNl is the number of photons
0.34 and the probability foR, dissociation isP, ~ 0.05. For before the interaction arids the number of photons absorbed
the choice of the opposite phase, ig¢s= —n/2, P, andP; are by the molecule; the corresponding field-dress@batic po-

interchanged with each other. As expected from the asymmetrictential is given byhw(N — 1) + E({R}). The field-dressed
shape of the cycle-averaged potential as shown in Figure 9diabatic states can be obtained by diagonalizing Béixed
(dotted contour lines), one of the two-© bonds is selectively ~ Hamiltonian including the molecule-field interactions among

dissociated in a two-color field ab and 2v. diabatic field-dressed states. This approach is especially useful
for estimating the momenta of fragment ions and is now
6. Concluding Remarks applicable to short pulses with a time-varying envelgfiferom

a practical point of view, however, the range of its application
is rather limited to simple diatomic molecules such a$.F4-57

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

before Coulomb explosions originates from the structural obtained are then dressed with photon number states. The
deformation of C@". It is concluded that the experimentally number of photons absorbed or emitteccan be much larger
observed structure deformations occur when the molecular axisy, 1. Application of the Floguet approach to polyatomic
is parallel to the polarization direction of the field. In the £0
and CQ" stages, ionization occurs before the field intensity
becomes high enough to deform the molecule. Although the
dissociation energy of C®* in a zero field is~11 eV in the
case of symmetric two-bond stretching and~i& eV in the
case of one-bond stretching, simultaneous two-bond stretching
occurs as well as one-bond stretching. Two-bond stretching is (55) shirley, J. HPhys. Re. 1965 138 B979-B987. Chu, S.-IAdw. At. Mol.
induced by an intense field in the lowest time-dependent (56) ';Tjésavlvz?g %Al'_ }éggzﬁ-mjimura XChern. Phys. Let1991, 184 203
adiabatic state1l0of CO.2t, and this two-bond stretching is 208. Day, H. C.; Piraux, B.; Potvliege, R. NPhys. Re. A 200Q 61,
followed by the occurrence of a large-amplitude bending motion ., 931402(R)1-4.

. . . . _ : (57) Muller, H. G.; Backsbaum, P. H.; Schumacher, D. W.; ZavriyevJA.
mainly in the second lowest adiabatic stgehonadiabatically Phys. B1990,23, 2761-2769.

In this paper, we presented the results of theoretical investiga-
tion of structural deformations of G@nd its cations in a near-
infrared intense field and showed that the experimentally
observed structure of G& (R~ 1.7 A and @ ~ 20°) just

molecules is therefore a very laborious process. On the other
hand, the present time-dependent adiabatic state approach has
the advantage that only a small numbeda#-lying adiabatic
states that can be efficiently calculated by MO methods are
required to describe the electronic and nuclear dynamics of a
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molecule in intense laser fields. It should be pointed out that internuclear distances are avoided. It is of great importance to

many field-free excited states are involved even in the lowest examine how a desired reaction product is selectively created

adiabatic statél[] by manipulation of field-induced nonadiabatic transitions which
We have demonstrated that the concept of the cycle-averagedare ubiquitous in the case of polyatomic molecules.

potential is also useful for designing schemes to control

molecular dynamics, e.g., cleavage of chemical bonds, in intenseA

fields. We theoretically predict that one of twe-© bonds can '

be selectively dissociated byreonresonantwo-color field of

w and 2v. A foreseeable application of the present approach is

simulation of the control of more complex processes, such as

chemical reactions of polyatomic molecules in intense figfefs.

The dynamics of CQ presented in this paper suggests that JA0344819

cont_rol of chemical reactions in intense _fields shoul_d be carried (58) Ohtsuki, Y. Sugawara, M. Kono, H.: Fujimura, Bull. Chem. Soc. Jpn.

out in a manner that Coulomb explosions occurring at large 2001, 74, 1167-1191.
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