
PHYSICAL REVIEW A, VOLUME 64, 043411
Mechanism of enhanced ionization of linear H3
¿ in intense laser fields
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We investigate the mechanism of enhanced ionization that occurs at a critical internuclear distanceRc in the
two-electron symmetric linear triatomic molecule H3

1 subjected to an ultrashort, intense laser pulse by solving
exactly the time-dependent Schro¨dinger equation for a one-dimensional model of H3

1. Results of the simula-
tions are analyzed by using three essential adiabatic field statesu1&, u2&, andu3& that are adiabatically connected
with the lowest three electronic statesX1Sg

1 , B1Su
1 , andE1Sg

1 of the field free ion. We give also a simple
MO ~molecular orbital! picture in terms of these three states to illustrate the important electronic configurations
in an intense field. The statesu1&, u2&, andu3& are shown to be composed mainly of the configurations HHH1,
HH1H, and H1HH, respectively in the presence of the field. We conclude that the overall level dynamics is
governed mainly by transitions at the zero-field energy quasicrossings of these three states. The response of
H3

1 to a laser field can be classified into two regimes. In the adiabatic regime (R,Rc), the electron transfers
from one end of the molecule to the other end every half optical cycle thus creating the ionic component
H1H1H2. In the diabatic regime (R.Rc), internuclear electron transfer is suppressed due to electron repul-
sion and laser induced localization. In the intermediate (R.Rc) region, where enhanced ionization occurs, the
stateu3& is most efficiently created by the field-induced nonadiabatic transitions between the states at quasi-
crossing points. The ‘‘quasistatic’’ laser-induced potential barriers are low enough for the electron to tunnel
from the ascending~upper! well, thus confirming the quasistatic model at high intensities. Analytic expressions
for the critical distanceRc are obtained from this model and collective electron motion is inferred from the
detailed time-dependent two-electron distributions.
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I. INTRODUCTION

Current laser technology has opened up a new field
study regarding the interaction of atoms@1# and molecules
@2# with intense (.1014 W/cm2) femtosecond laser pulse
Thus, various interesting multiphoton, nonperturbative o
cal processes have been observed such as above-thre
ionization ~ATI !, tunneling ionization, and high-order ha
monic generation~HOHG!. In the high-intensity and low-
frequency regime, the internal Coulomb potential is distor
by a laser field to form a ‘‘quasistatic’’ barrier~or barriers in
the case of molecules! through which an electron can tunn
@3#. The rate of tunneling ionization can be calculated
‘‘quasistatic’’ theories. For atoms, Corkum, Burnett, and B
rel has thus explained successfully the mechanism of HO
by assuming that the velocity of the electron after quasist
tunneling is zero and the evolution of the ejected electro
described by classical mechanics@4–5#. For molecules, ‘‘en-
hanced ionization,’’ which is a characteristic feature of no
perturbative phenomenon of molecules, has been obse
both numerically@6–12# and experimentally@13–16#. At
critical internuclear distancesRc , which are larger than the
equilibrium internuclear distanceRe , ionization rates are
found to take a maximum that far exceeds those of the n
tral fragments. This fact means that the extra nuclear de
of freedom in molecules has a great influence on the ion
tion dynamics of molecules@6–9#. The first numerical evi-
dence of this phenomenon from a three-dimensional~3D!
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time-dependent Schro¨dinger equation~TDSE! simulation
was interpreted in terms of laser-induced localization of
electron in the molecules@6# and later by quasistatic mode
@7–12#. The localization of the electron results from char
resonance~CR! effects @6#. Thus, the phenomenon of en
hanced ionization has been called charge resona
enhanced ionization~CREI!. CREI has been used to expla
recent exact numerical simulations of ionization in on
electron systems such as H2

1 @6–8#, H3
12, H4

13, and other
linear @9–11# and nonlinear molecules@12#. There is now
clear experimental confirmation of CREI in the diatomicsI 2

@13# and H2
1 @14# by pulse-probe experiments. In additio

enhanced ionization has been observed also in recent ex
ments for many-electron molecules such as CO2 @16#. The
extra degree of freedom arising from nuclear motion nec
sitates the use of alternative concepts such as laser-ind
avoided potential crossings@2# and laser-induced molecula
potentials in a laser field@17#. Nonadiabatic transitions
through nuclear as well as field-induced potential cross
points become essential in the ionization process in m
ecules.

For odd-electron systems, the simplest molecule H2
1 may

be regarded as a prototype of those molecules and gen
features of odd-electron molecular ionization can be elu
dated by investigating the dynamics of H2

1. The electronic
level dynamics in H2

1 prior to ionization is thus dominated
by the radiative coupling between the ‘‘frontier’’ orbitals, th
highest-occupied molecular orbital~HOMO! and the lowest-
unoccupied molecular orbital~LUMO!, 1sg and 1su @6,7,9#.
The transition moment between these increases with inte
©2001 The American Physical Society11-1
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clear distanceR as R/2, which has been originally empha
sized by Mulliken as a charge resonance transition betwe
bonding and a corresponding antibonding molecular orb
~MO! @18#. The strong radiative coupling changes the pot
tial surfaces 1sg and 1su into the ‘‘adiabatic field’’ HOMO
and LUMO energies,E7(R)'I p7«0R/2 @6,19#, at the
maximum field amplitude«0 , whereI p is the ionization po-
tential of an H atom. The instantaneous electronic poten
has a descending~lower! and an ascending~upper! well that
yield the adiabatic energiesE2 andE1 , respectively. As the
laser intensity increases, the well formed around the nuc
of the lower~higher! potential descends~ascends!. Two bar-
riers are formed on the electronic potential; one is the ‘‘
ner’’ barrier formed between the two wells and the other
the ‘‘outer’’ one formed outside the descending well. Wh
E2 is usually below the barrier heights,E1 can be higher
than the barrier heights in the rangeRc57 – 9 a.u.
@6–12,19,20,21#. In this critical range ofR, ionization pro-
ceeds readily from the upper adiabatic stateu1&. Assuming
that atRc , E1 is equal to the top of the two barriers, on
obtains analytic expressions forRc ; for H2

1, Rc'4/I p @7,23#
whereas for H3

21, Rc'5/I p @9–10#. These results are inde
pendent of charge and depend only weakly on field stren
and are consistent with the exact TDSE numerical simu
tions of ionization. This fact means that the ionization p
ceeds mainly via the adiabatic field LUMO state that is no
diabatically populated by laser excitation from the HOM
state at near zero-field crossings. A field-induced nona
batic transition fromu2& to u1& corresponds to a temporar
spatial localization of the electron near a nucleus asu2& and
u1& states become transformed to atomic orbitals@6,7,20,22#.
Thus, the enhanced ionization of odd-electron molecule
due to the single-electron transfer to the ascending~upper!
well. This mechanism of enhanced ionization has been c
fied by mapping the time-dependent wave function onto
adiabatic field states such asu1& and u2& in real time
@19,20,22#.

Maxima in the ionization rate with respect toR have been
found also for two-electron model systems such as H2, H3

1,
and H4

21 in one-dimensional~1D! simulation@23# as well as
in static field calculations of H2 @10,24#. The existence of
similar Rc’s as odd-electron systems indicates that enhan
ionization is a universal phenomenon in molecular syste
The mechanism of enhanced ionization of even-elect
molecules is, however, expected to differ much from that
one-electron molecules due to electronic correlation as s
by its influence on HOHG@25#. The two-electron diatomic
prototype is H2 for which we have discussed the mechani
of enhanced ionization in previous work@26#. For H2, ion-
ization is enhanced when the excited ionic state H1H2 is
most efficiently created from the covalent ground-state
in the level dynamics prior to ionization. An analytic expre
sion for the ionic and covalent crossing condition is a
obtained in terms of three essential states@27# and it agrees
well with the numerical results@26#.

For two-electron triatomic cases, H3
1 is the the simplest

model to understand the electron dynamics of more exten
systems. This molecule is usually formed by the react
H2

11H2→H3
11H, which is exothermic by;1.7 eV
04341
a
l
-

al

us

-
s

th
-

-
-

a-

is

ri-
e

d
s.
n
f
en

-

ed
n

~14 700 cm21!. H3
1 is an extremely stable and dominant sp

cies in high-pressure hydrogen plasma. Thus, H3
1 is an im-

portant molecule in any environment where hydrogen plas
occur, such as in the interstellar medium and in planet
atmospheres@28#. Because of its importance, the spectro
copy of H3

1 has been reported in detail@29#. The ground
state is found to be triangular and the linear geometry ex
at 1.77 eV above the ground state. Yu and Bandrauk h
already reported enhanced ionization of both symmetric
nonsymmetric linear molecule 1D H3

1 @10,25#. In the
present paper we examine in detail the mechanism of
hanced ionization of linear symmetric H3

1 by employing the
‘‘adiabatic-field state’’ method previously used for the stu
of H2 @26#. Simple MO~molecular orbital! pictures are used
to give a clear interpretation of the numerical results and
the origin of theR dependence of the ionization rate. The re
of this paper is organized as follows. In Sec. II, we summ
rize the numerical method for solving the TDSE and ident
the key electronic states that play an important role in
ionization process. In Sec. III, we present numerical res
and discussion with special emphasis on the level dynam
prior to ionization on the basis of a three-state model.
nally, we discuss in Sec. IV quasistatic models for derivi
analyticallyRc as for diatomics@27#.

II. NUMERICAL METHOD AND THE ESSENTIAL
ELECTRONIC STATES

In this paper, we investigate the mechanism of enhan
ionization of symmetric linear molecule H3

1 that is a two-
electron and three-proton system. The numerical method
ployed in this paper is described in our previous study of2
in an intense laser field@26#. The model we employ here i
one dimensional~1D! in which the two electrons move alon
the molecular axis and three nuclei are fixed with equal sp
ings. For this 1D model, three-proton and two-electron pr
lem, the TDSE is given by the following form~throughout
this paper, atomic units are used,e5\5me51!:

i
]

]t
C~z1 ,z2 ,t !5@H01V«~z1 ,z2 ,t !#C~z1 ,z2 ,t !, ~1!

H05T1Vc is the electronic Hamiltonian as follows,

T52
1

2 S ]2

]z1
2 1

]2

]z2
2D , ~2!

Vc52Fr1S z16
R

2 D 2G21/2

2Fr1S z26
R

2 D 2G21/2

2@r1z1
2#21/22@r1z2

2#21/2

1@re1~z12z2!2#21/2, ~3!

whereT is the electronic kinetic-energy operator andVc is
the sum of the Coulomb interactions.z1 and z2 denote the
coordinates of the two electrons andR is the internuclear
distance between the two outer hydrogen atoms in the c
1-2
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MECHANISM OF ENHANCED IONIZATION OF LINEAR . . . PHYSICAL REVIEW A64 043411
of symmetric H3
1. The Coulomb potential is characterize

by its long-range force and its singularity at the nuclei.
avoid these difficulties and save computation time, the C
lomb potentials are regularized as in previous 1D simulat
~see Ref.@10#! by introducing the parametersr and re to
soften the electron-nucleus Coulomb potential and
electron-electron repulsion potential, respectively. We e
ploy these parameters asr51 andre51 in the present pa
per. The size of the grid used for the numerical calculation
taken to be 120 a.u. with 601 grid points in bothz1 andz2
coordinates. The applied laser fields are assumed to be
early polarized along thez axis. Thus, the dipole interactio
V«(z1 ,z2 ,t) between the molecule and the electric field«(t)
of a laser pulse is taken to be of the following form@30#:

V«~z1 ,z2 ,t !5~z11z2!«~ t !. ~4!

Thus, for a positive field,«(t).0, electrons have minimum
energy in the opposite direction to the field,z,0. The TDSE
for the system is solved with a new dual coordinate trans
mation method@31#. Absorbing boundaries are used bo
along z1 and z2 directions during all propagation time t
prevent reflection of the wave function at the box edge a
eliminate the outgoing ionization component. The present
model reproduces essential characteristic features of the
system for low frequencies@9,25#.

Essential electronic states and corresponding asymptotic
electronic configurations

The linear two-electron triatomic molecule H3
1 has dif-

ferent symmetries in various states: the ground state
singletX1Sg

1 and the first excited state with ungerade sy
metry is also a singletB1Su

1 , as in H2. The second-excited
state that can interact with the above two states isE1Sg

1 . All
spatial symmetric functions are singlet and satisfy the re
tion C(z1 ,z2)5C(z2 ,z1) at t50. In the present paper, w
investigate the ionization dynamics of the molecule tha
initially in the ground singlet state (X1Sg

1) at t50 and we
thus only take into account the lowest six or three sing
states~see Fig. 1! in the following sections. The eigenvalue
and wave functions of these field-free states are obtaine
the following steps: First, we calculate time correlation fun

FIG. 1. The energies of the lowest six eigenstates of the s
metric linear molecule H3

1 as functions ofR, the internuclear dis-
tance between the two outer hydrogen atoms.
04341
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tions after propagating forward in time without a laser fie
and then we calculate spectral functions that are define
the Fourier transform of the correlation functions@32#. The
exact electronic wave functions are generated by propaga
the field-free TDSE in imaginary time until their energie
converge to the correct values calculated by the above s
tral method. The 1D equilibrium internuclear distance isRe

;5.0 a.u. According to the results from three-dimensio
ab initio calculations,Re53.0224 a.u. for linear geometr
@33–36#. LargerR is obtained due to the softened Coulom
potential withr51.0 in Eq.~3!. Reduction of the value ofr
makesRc smaller, but leads to overestimation of ionizatio
rates. Thus, in our 1D model,r51.0 is a better choice to
reproduce the characteristic features of 3D ionization dyna
ics @10#. At large R ~.10 a.u.!, the lowest three states be
come degenerate corresponding to the fact that H3

1 dissoci-
ates into H1HH, HH1H, and HHH1 with an ionization
potential of 0.67 a.u. for the 1D H atom with the soften
(r51.0) Coulomb potential. The electronic transition m
mentsm for the two-electron symmetric H3

1 are defined as

m5^C i~z1 ,z2!u~z11z2!uC j~z1 ,z2!&, ~5!

where i and j are signs for the related electronic states. F
H3

1, the first transition momentm12 which corresponds to
the transitionX1Sg

1→B1Su
1 , has linear dependence onR

for large distances. The second-transition momentm23,
which corresponds to the transitionB1Su

1→E1Sg
1 , shows

similar linear behavior asymptotically. These results clea
indicate that both the first- and second-transition mome
@m12(R) and m23(R), respectively# have the charge reso
nance~CR! character@18#. As already pointed out for the
case of H2

1, the CR effect creates divergent transition m
ments and causes large nonperturbative couplings with l
fields @2#. This leads to a lot of interesting nonlinear optic
processes such as laser-induced localization@6–9#, HOHG
@25#, etc. For H2

1, the essential states are the lowest tw
electronic states, 1sg and 1su and the transition momen
between these statesm5^1sguzu1su& has the linear form
R/2 for largeR @18#. This results from the asymptotic form
of the 1sg and 1su molecular orbitals, (1/&)@a(1)
6b(1)#, wherea andb denote the 1s-like atomic orbitals on
protonsa andb, respectively, and 1 denote the coordinate
the electron. For H3

1, the asymptotic behaviors of the firs
transition momentm12 and the second onem23 lead toR/2
andR/(2&), respectively, by using the LCAO-MO metho
@10,25#. These results will be discussed in the next section
detail. Thus, in the two-electron case, both transition m
ments keep linear dependence onR because of the electro
correlation, and hence, the CR effect is maintained also
largeR region. This confirms the fact that H3

1 dissociates as
H3

1→H1H11H as already mentioned. For the one-electr
H3

11, the transition 1sg→1su decreases slowly to zero as
ymptotically, whereas the second transition 1su→2sg
shows the CRR/2 behavior. The CR effect, therefore, exis
only in the excited states in this case as has already b
pointed out by Yu and Bandrauk@10#.

-

1-3
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Before we discuss numerical results, we construct t
simple MO pictures for interpretation of these numerical
sults in the following subsections.

1. Six-state picture based on the LCAO-MO theory

In this section, we construct a six-state picture based
the LCAO-MO theory @37#. We consider the lowest six
singlet electronic states of linear H3

1,

f1~1,2!51sg~1!1sg~2!, ~6!

f2~1,2!5@1sg~1!1su~2!11sg~2!1su~1!#/&, ~7!

f3~1,2!5@1sg~1!2sg~2!11sg~2!2sg~1!#/&, ~8!

f4~1,2!51su~1!1su~2!, ~9!

f5~1,2!5@1su~1!2sg~2!11su~2!2sg~1!#/&, ~10!

f6~1,2!52sg~1!2sg~2!. ~11!

The corresponding electronic potentials are illustrated in F
1. The asymptotic atomic dissociation electronic configu
tions for the states, 1sg , 1su , and 2sg are expressed in th
MO approximation as, @&c( i )1a( i )1b( i )#/2, @a( i )
2b( i )#/&, and @&c( i )2a( i )2b( i )#/2, respectively. In
these expressions,a, b, andc denote the 1s-like atomic or-
bitals on protonsa, b, andc, respectively, where we definec
as the central atomic orbital anda and b are the two outer
atomic orbitals throughout this paper.i (51,2) refer to the
coordinates of the two electrons.

The corresponding transition moments between the ab
states are given as, ^f1uzuf2&5^f2uzuf4&52R/2,
^f2uzuf3&5R/(2&), ^f3uzuf5&52R/(2&), and
^f4uzuf5&5^f5uzuf6&5R/2, where R means the internu
clear distance between the two outer protonsa andb. Other
matrix elements are zero. The statesi and j are thus coupled
with each other by the radiative matrix element«0^ i uzu j & at
maximum field strength«0 . Assuming that the radiative ma
trix elements far exceed the zero-field energy separations
tween the six states (f12f6), we diagonalize the 636
Hamiltonian matrix and obtain the followingadiabaticener-
gies and states in the field«0 ,

E152«0R; c15a~1!a~2!, ~12!

E252«0R/2; c25@a~1!c~2!1a~2!c~1!#/&, ~13!

E350; c3
I ~1,2!5c~1!c~2!,

c3
II 5@a~1!b~2!1a~2!b~1!#/& ~14!

E45«0R/2; c45@b~1!c~2!1b~2!c~1!#&, ~15!

E55«0R; c5~1,2!5b~1!b~2!. ~16!

The ground state~12! is anionic state that is expressed as t
configuration Ha

2Hc
1Hb

1 whose energy agrees with th
electrostatic energy of a charge displaced through the
tanceR by a field «0 . The first-excited state represents t
04341
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configuration HaHcHb
1 , whose energy agrees with the ele

trostatic energy of a charge displaced through the dista
R/2 by a field«0 . For the second-excited state, the eige
value E3 is doubly degenerate, i.e., the eigenfunctionsc3

I

andc3
II are degenerate. One state has an ionic configura

in which the two electrons are located on the middle nucl
HaHc

2Hb and the other corresponds to a covalent configu
tion HaHc

1Hb . The third-excited state has the configurati
Ha

1HcHb and the energy of this state is«0R/2. The fourth-
excited state is also an ionic state in which the two electr
are located on the other end of the molecule and its energ
«0R. In a previous paper in which we emphasized the ex
tence of a doorway state for ionization of H2 @26#, we have
reached the conclusion that the ionic configuration H1H2

formed in the level dynamics is the doorway for ionizatio
and the simple MO picture gave us the clear condit
needed for the creation of the ionic states from the cova
ones through the crossing of both states. That enabled u
estimate the laser intensity needed for the creation of
ionic state from the initial covalent one from a simple ener
crossing rule@27#. For H3

1, which is also a two-electron
system, the mechanism of enhanced ionization is, howe
different from that of H2 as will be shown later due to elec
tron correlation.

2. Three-state picture

In addition to the six-state picture mentioned above,
propose a three-state picture that is more appropriate for
description of the true H3

1 system due to the energy separ
tion of states atR→` ~see Fig. 1!. For the real H3

1 system,
the transition momentsm12(R) andm23(R) are almost equa
to each other forR>8 @10#. At R514, for instance, the exac
value of the transition moments arem1254.3 andm2355.2,
whereas the corresponding values calculated in the six-s
model @Eq. ~6!–~11!# based on the LCAO-MO arem12(R)
57 and m23(R)54.9, respectively. The transition mome
m12 is clearly overestimated in the six-state model. Furth
more, asymptotically, atR.`, the electronic states separa
into two sets of triply degenerate states, separated byDE
50.34 a.u. as compared to 0.38 a.u. in 3D~see Fig. 1!.
Hence, we consider the following approximate forms of t
lowest essential three states that reproduce the characte
features of the exact electronic states of linear H3

1 for large
R:

f18~1,2!5@$a~1!c~2!1a~2!c~1!%

1$b~1!c~2!1b~2!c~1!%

12$a~1!b~2!1a~2!b~1!%#/~2) !, ~17!

f28~1,2!5@2$a~1!c~2!1a~2!c~1!%

1$b~1!c~2!1b~2!c~1!%#/2, ~18!

f38~1,2!5@$a~1!c~2!1a~2!c~1!%

1$b~1!c~2!1b~2!c~1!%22$a~1!b~2!

1a~2!b~1!%#/2~2) !. ~19!
1-4



5

le
e
e

th
a
he

at

ld

o
-

a-
n
e

di

ta

at

e-
ve

t

ue

of
i-

he

,

MECHANISM OF ENHANCED IONIZATION OF LINEAR . . . PHYSICAL REVIEW A64 043411
Both groundf18 and second-excited statesf38 are linear
combinations of HaHcHb

1, Ha
1HcHb , and HaHc

1Hb ,
whereas the first-excited statef28 is only composed of the
configuration HaHcHb

1 and Ha
1HcHb . The transition mo-

ments between the states are given by^f18uzuf28&
5^f28uzuf38&5R/(2)). The three states~17!–~19! are thus
coupled with the same matrix element«0R/(2)) in good
agreement with the exact numerical solutions of 4.3 and
a.u., respectively. Diagonalizing the corresponding 333 en-
ergy matrix on the assumption that the radiative matrix e
ment far exceeds the zero-field energy separations betw
the three states, one obtains the following adiabatic field
ergies and states in a field«0 :

E18520.4R«0 :

c18~1,2!5@a~1!c~2!1a~2!c~1!#/&, HaHcHb
1 ,

~20!

E2850: c28~1,2!5@a~1!b~2!1a~2!b~1!#/&, HaHc
1Hb ,

~21!

E38510.4R«0 :

c38~1,2!5@b~1!c~2!1b~2!c~1!#/&, Ha
1HcHb .

~22!

The zero-field wave functions~17!–~19! transform, there-
fore, to the appropriate asymptotic field states. To verify
above analytical expressions, we show next the exact w
functions of the system. In our numerical calculation, t
adiabatic field states are obtained as eigenstatesun& (n
51 – 3) of the matrix Hi j (t)5^F i uH(t)uF j& ( i , j 51 – 3),
where theF i ’s are the field-free eigenstates of H0 in Eq. ~1!
and H(t) is the exact field-molecule Hamiltonian H0
1V«(z1 ,z2 ,t) which includes the dipole interaction term
t. The corresponding adiabatic field energies areEn(t)
@19,26#. We illustrate in Fig. 2 the three exact adiabatic fie
states at«(t)50.1 a.u. (I 53.631014 W/cm2) together with
their electronic configurations. In these figures, the sign
the field is assumed to be positive («0.0) and the descend
ing ~ascending! well is formed on the left~right! nucleus.
Thus Fig. 2~a! ~u1&! shows the ground electronic configur
tion HaHcHb

1 @Eq. ~20!# in which one electron is located i
the descending well (z2527) and the other is in the middl
well (z150) ~referred to as the Type-I configuration!. Figure
2~b! ~u2&! shows the first-excited state@Eq. ~21!#. Two elec-
trons are located on both ends of the molecule correspon
to HaHc

1Hb ~referred to as the Type-II configuration!. In
Fig. 2~c! ~u2&!, the highest-energy state@Eq. ~21!#, one elec-
tron is located on the middle well (z250) and the other is on
the ascending well (z157) corresponding to Ha

1HcHb ~re-
ferred to as the Type-III configuration!. Type I and Type III
are therefore opposite dipole states. These electronic s
have the anticipated configurationsc182c38 , from Eqs.~20!–
~22! and the energies of these three states areE1

exact5

22.01 a.u.,E2
exact521.35 a.u., andE3

exact520.67 a.u., re-
spectively. The corresponding adiabatic energies calcul
by the analytical expressions Eqs.~20!–~22! are E1

model
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521.91, E2
model521.34, andE3

model520.77, respectively,
if we take the origin of the energy as21.34 a.u. that corre-
sponds toE2

exact . These analytical values are in good agre
ment with the exact adiabatic field energies mentioned abo
and also with quasistatic models~in Sec. IV!. We next show
the lowest-three field-free@«(t)50# electronic statesF i
( i 51 – 3) atR514 a.u. in Fig. 3. One readily observes tha
both field-free ground~a! F1 and third state~c! F3 are com-
posed of the configurations HaHcHb

1 , Ha
1HcHb , and

HaHc
1Hb . The population of HaHc

1Hb included in these
states is larger than those of the other two configurations d
to electron correlation. The second state~b! F2 contains only
the configuration HaHcHb

1 and Ha
1HcHb and their signs are

different from each other. These characteristic features
electronic distributions are well reproduced in the approx
mate forms of the MO’s (f182f38) proposed in Eqs.~17!–
~19!. Furthermore, exact transition moments between t
states~m1254.2 andm1255.18! are relatively in good agree-
ment with the analytical valueR/(2))(;4.0 a.u.) in the
three-state picture. In zero field, calculated~exact! energies
of the lowest-three states areE1

0521.35 a.u., E2
05

21.34 a.u., andE3
0521.33 a.u., respectively, and hence

FIG. 2. Illustrations of the three adiabatic field states of H3
1 at

«(t)50.1 a.u.:~I! the ground electronic state HaHcHb
1 ~defined as

Type I!, ~II ! the first excited electronic state HaHc
1Hb ~defined as

Type II!, and ~III ! the second excited electronic state Ha
1HcHb

~defined as Type-III!.
1-5
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I. KAWATA, H. KONO, AND A. D. BANDRAUK PHYSICAL REVIEW A 64 043411
the energy separations between these states are much
than the electrostatic energyDE50.4«0R ~50.56 a.u.!.
Thus, the three-state picture is expected to give us a v
interpretation of ionization dynamics of H3

1, which will be
discussed in the next section.

III. RESULTS AND DISCUSSION

In this paper, the electric field«(t) is assumed to have th
following form:

«~ t !5 f ~ t !sin~vt !, ~23!

where, v is the field frequency andf (t) is the envelope
function defined as

f ~ t !5«0t/T for 0,t,T,

f ~ t !5«0 for t.T, ~24!

FIG. 3. The contour maps of the exact wave functions for
lowest three field-free («050) states of H0 @Eq. ~1!# at R
514 a.u.: ~a! ground stateF1 , ~b! first excited stateF2 , and ~c!
second excited stateF3 .
04341
less

lid

where«0 is the peak strength. In all simulations, we choo
T510p/v, i.e., five cycles where v50.057 a.u. (l
5800 nm). We show in Fig. 4, ionization rates obtain
from the time dependence of the norm,

N~ t !5uC~0!u2e2Gt, ~25!

for three different intensities:~a! I 53.231014 W/cm2 («0
50.1 a.u.), ~b! I 51.031014 W/cm2 («050.057 a.u.), and
~c! I 51.031015 W/cm2 («050.18 a.u.). In all cases, a
maximum occurs aroundR.9 a.u., which is called the criti-
cal distanceRc , corresponding to enhanced ionization. Fir
we show the ionization dynamics at two different intern
clear distances,R58 a.u. andR514 a.u. in Fig. 5 for the
pulse parameter«050.1 a.u. (I 53.231014 W/cm2) by ex-
amining snapshots of the absolute value of the wave fu
tions uC(z1 ,z2 ,t)u: ~a! R514 a.u. att53(7/8) cycle@«(t)
520.054 a.u.# and ~b! R58 a.u. att53(3/4) cycle@«(t)
520.072 a.u.#. For both cases, the initial (t50) state is the
exact ground statef1 (5F1) of H0 @Eq. ~6!#. This singlet
state has the exchange symmetryC(z1 ,z2)5C(z2 ,z1). As

e

FIG. 4. Ionization rates for the symmetric linear 1D molecu
H3

1 under various laser conditions:~a! I 53.231014 W/cm2 («
50.1 a.u.), ~i! exact ~AC! and ~ii ! static ~DC!, ~b! I
51.031014 W/cm2 («50.055 a.u.), and~c! I 51.031014 W/cm2

(«50.18 a.u.),l5800 nm.
1-6
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MECHANISM OF ENHANCED IONIZATION OF LINEAR . . . PHYSICAL REVIEW A64 043411
shown in Fig. 5~a!, for R514 a.u., ionization proceed
mainly from the Type-II configuration HaHc

1Hb @already
shown in Fig. 1~b!#. An electron near the descending~lower!
well (z157 a.u.) wherez«(t),0 @the right nucleus when
«(t),0# is ejected as denoted by the solid arrow. Anoth
type of ionization that starts from the ascending~upper! well
(z2527 a.u.) is indicated by the broken arrow; in this pr
cess, the electron ejected from the ascending well penet
through the descending one without colliding with the oth
electron~from z2,0 to z2.0!. This is the major ionization
channel as seen by the larger probabilities. For the inter
diate (R58) region, shown in Fig. 5~b!, the ionization pro-
cess is more complicated. We can see many types of ion
tion in this figure. The path denoted as~1! shows the
ionization that proceeds from the Type-II configuration. A
electron in the descending~lower! well (z1.0) is ejected to
largerz1 . From the Type-I@also shown in Fig. 1~a!# configu-
ration HaHcHb

1 , two paths of ionization can be seen. T
path ~2! shows the one electron ionization that is domina
by electron-electron repulsion. In this situation, the elect
in the lowest well~right nucleus, i.e.,z154.0 a.u.! first ion-

FIG. 5. Snapshots of the absolute value of the wave functi

uC(z1 ,z2 ,t)u: ~a! R514 a.u. at t53 7
8 cycles @«(t)5

20.054 a.u.# and ~b! R58 a.u. at t53 3
4 cycles @«(t)5

20.072 a.u.# when«050.1 a.u.
04341
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izes because of the repulsive interaction between the
electrons and then the second electron, which is in
middle well ~i.e.,z250.0 a.u.! moves to the lowest well. The
path denoted as~3! corresponds to the formation of the ion
component Ha

1Hc
1Hb

2 in the lowest well~region in the
circle, i.e., z15z254.0 a.u.! and ionization from this con-
figuration also can be seen as denoted by the path~4!. Thus,
in the intermediateR distance aroundRc , the ionization dy-
namics is highly correlated. Hence, in the following, we i
vestigate the electronic level evolution prior to ionization
the basis of the adiabatic field states defined in the prev
section.

A. Essential electronic states for the ionization process of H3
¿

In this section, we identify the essential electronic sta
that play an important role in the ionization process of H3

1

through comparison between the three-state model@Eqs.
~20!–~22!# and the six-state one@Eqs. ~12!–~16!#. In Fig.
6~a!, we show the calculated adiabatic energiesEn8(t) for the
six adiabatic field statesun8& (n5126) at R58 a.u. calcu-
lated in the six-state model. Figure 6~b! show the corre-
sponding time-dependent populations obtained by projec
the wave packetC(z1 ,z2 ,t) onto these six field-following
adiabatic statesun8&, Pn85 z^Cun8& z2 (n85126), at each
time step. This is to be compared, in Fig. 7~a!, to the calcu-

s

FIG. 6. ~a! EnergiesEn8(t) for the six adiabatic field state
un8& (n5126) atR58 a.u.~b! The corresponding time-depende
populations obtained by projecting the exact wave pac
C(z1 ,z2 ,t) onto the these six adiabatic field statesun8&, Pn8
5u^Cun8&u2 (n85126) at each time step. The field used in th
calculation is the same as that in Fig. 4, i.e.,«050.1 a.u.
1-7
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I. KAWATA, H. KONO, AND A. D. BANDRAUK PHYSICAL REVIEW A 64 043411
lated adiabatic energiesEn(t) for the lowest-three adiabati
field statesun& (n5123) calculated in the three-state mod
and in Fig. 7~b! the corresponding time-dependent popu
tions, Pn5u^Cun&u2 (n5123). These are obtained by pro
jecting the wave packet onto the three adiabatic field state
each time step. It should be noted thatun8& ~n85123, in the
six-state model! is not the same asun& ~n5123, in the
three-state model!. The former contains not only the lowes
three bare electronic states (f12f3) but also the higher-
three (f42f6), whereas the latter is composed only of t
lowest-three bare states. These adiabatic field energies
states are obtained by diagonalizing the 636 ~or 333! en-
ergy matrix that includes the radiative couplings betwe
zero-field states at each time step and the field used for
calculation is the same as in Fig. 5, i.e.,«050.1 a.u.@19,25#.
As seen from Fig. 6~b!, the lowest-three adiabatic field stat
are mainly populated in the whole time range up to 500 a
Small differences occur in the energies due to couplings
the u48& and u58& states tou38&, but due to the energy ga
(DE.0.186 a.u.) between the two triplets of states, (f1
;f3) and (f4;f6), at R58 a.u., and«050.1 a.u., only
the lowest-three states are of importance. This can be
plained from the considerable energy gap. It is to be no
that E2 changes very little in both Fig. 6 and Fig. 7, as
expected for a three essential state systems@10,37#. For the
largerR regions,R514 a.u., higher electronic states come

FIG. 7. ~a! EnergiesEn(t) for the three adiabatic field state
un& (n51;3) at R58 a.u. in the three-state model.~b! The corre-
sponding time-dependent populations,Pn5u^Cun&u2 (n51;3),
obtained by projecting the exact wave packet onto the three a
batic field states at each time step. The open circles denote
decrease ofP3 in the time domain I (331,t,386). The squares
denote the decrease ofP3 in the time domain II (386,t,441).
The field used in this calculation is the same as that used in Fig
i.e., «050.1 a.u.
04341
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be populated in the six-state model as the laser inten
increases. Figure 8 shows the adiabatic field states ene
En8(n5126) for R514 a.u. At t;275 a.u. @«(t)50#,
nonadiabatic transitions between the three states~u18&, u28&,
andu38&) occur due to near avoided crossings. Laser-indu
nonadiabatic transitions betweenu38& and u48& occur at the
avoided crossing points neart;289 a.u. andt;319 a.u. at
zero field. Complete population exchange betweenu38& and
u48& occurs around these zero-field points, whereas the fi
u48& state is also coupled withu58& aroundt5303 a.u. when
the field takes a local maximum. These higher-electro
states in the six-state model~u48& and u58&! are, however,
composed of almost the same components ofu3& as in the
three-state model. Thus, these states are composed main
the lowest-three electronic statesf1 , f2 , andf3 of H0 . The
sum of the projected components in the six-state mode
very close to that in the three-state model@the difference
between them takes its maximum~;0.08! aroundt;300#.
We conclude that the three-state model is sufficient to inv
tigate the ionization dynamics also at largeR. For the smaller
R regions (R,7 a.u.), energy gaps between the field-fr
states become large and transition moments between t
states decrease withR. For both six- and three-state mode
only the lowest two states are mainly coupled with ea
other and higher-electronic states are hardly populated.
sum of the projected components in the six-state model@Eqs.
~12!–~16!# is nearly identical to that in the three-state mod
differing only by a maximum.0.12 att.425 a.u. Thus, due
to the large energy separation of the asymptotic state
largeR into two separate sets of triply degenerate states, o
the lowest-three states are shown to be essential in the
ization dynamics of H3

1 .

B. Mechanism of enhanced ionization

Previous numerical calculations and quasistatic model
ionization rate of exact one- and two-electron molecules
summarized in@9# and @27# predict the phenomena of en
hanced ionization at some large critical distanceRc , where
the ionization rate of the molecule exceeds that of the dis
ciating fragments by at least one order of magnitude. O

ia-
he

5.

FIG. 8. Adiabatic field energiesEn8 (n85126) for R
514 a.u.,«050.1 a.u.
1-8
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MECHANISM OF ENHANCED IONIZATION OF LINEAR . . . PHYSICAL REVIEW A64 043411
previous exact 3D calculation of ionization rates for the o
electron H3

11 showed a sharp maximum in the ionizatio
rate aroundRc55/I p.10 a.u., whereI p is the ionization po-
tential of H(1s)50.5 a.u. in 3D@10#. The same phenomen
persisted for 2D triangular~nonlinear! H3

11 @12# and this
was confirmed as in the case of H2

1 @6,7#, as the rapid ion-
ization of the field-modified LUMO that is Stark-shifte
above total internal electrostatic barriers (Coulomb1field)
aroundRc at the peak of the field, i.e.,«0 . Perusal of the
two-electron 1D linear H3

1 ionization rates illustrated in Fig
4 show similarly enhanced ionization for critical distanc
8,Rc,10 a.u. at the moderate intensitiesI 51014 and I
53.231014 W/cm2 @Figs. 1~a!, 1~b!#, whereas at the highe
intensity I 51015W/cm2, two Rc’s seem to occur at 6 and
a.u. We examine this enhanced ionization mechanism for
three regimes:R,8, R.8, andR.8 a.u. by examining the
nature of the two-electron wave functionC(z1 ,z2 ,t) ob-
tained at the timet in the laser field.

For smallR57 a.u. values, Fig. 9~a! shows the adiabatic
field energiesEn (n5123) and the corresponding time
dependent populationsPn5u^Cun&u2 (n5123) are shown
in Fig. 9~b!. For this smaller distance, when the laser inte
sity increases, field-induced nonadiabatic transitions oc
mainly between statesu1& andu2&. Aroundt;551 a.u., which
corresponds to zero field,E1 and E2 are nearest each othe
and the field-induced nonadiabatic transition fromu1& to u2&
occurs at this time@19,26#. Then u2& becomes populated
(P2;0.18). Around the field zeros, electrons tend to se
rate from each other because of the electron correlation.

FIG. 9. ~a! The adiabatic field energiesEn (n5123) for R
57 a.u. ~b! The corresponding time-dependent populationsPn

5u^Cun&u2 (n5123). The field is«050.1 a.u. with correspond
ing ionization rate illustrated in Fig. 4~a!.
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ducing the three-level crossing to two successive two-le
problems 1→2 and 2→3, nonadiabatic transition probabili
ties P(1→2) andP(2→3) can be evaluated from Landau
Zener–type equations@19,38#,

Pi→ j5exp~2pd i , j /4!, ~26!

where

d i , j5U DEi j ~R!2

^ i uzu j &«~ t !vU, ~ i , j 5123!. ~27!

In the above equations,DEi j (R) defines the energy gap be
tween the field-freei th and j th electronic states,̂i uzu j &, the
electronic transition momentsv, the field frequency and
«(t), the instantaneous field amplitude at timet. Around t
;550 a.u., field-induced nonadiabatic transition probab
ties are thus estimated to beP1→2;0.23 andP2→3;0.53.
P2→3 becomes about twiceP1→2 because the energy ga
DE12(R) is about twice larger thanDE23(R), whereas the
dipole momentm125^1uzu2& is only about 1.5 times large
than m235^2uzu3&. Around t;550 a.u., the quasicrossin
point, P1 falls from 0.50 to 0.36, whereasP2 increases from
0.05 to 0.18 andP3 increases from 0.0 to 0.05. These valu
are in good agreement with the theoretical values from
~26! The decrease ofP2 in the next quarter cycle (551,t
,578) is caused not only by ionization, but also bac
transition tou1&. Analysis of the wave function shows thatu2&
is mainly composed of the Type-II@Fig. 2~b!# configuration
HaHc

1Hb , but it contains also some Type-I configuration
this relatively low-intensity field.

WhenR increases and the energy differences between
ground stateu1& and upper states decrease, nonadiabatic t
sitions between the states can occur. For intermediatR
58 a.u. values, returning to Fig. 7, which shows the resu
calculated in the three-state model, the energy gaps betw
the lowest-three states become smaller andu3& couples radia-
tively readily with the lower states. The ionization process
this intermediateR region nearRc is characterized by the
population of u3& as seen in Fig. 7~b!. Before t;330 a.u.,
only u1& and u2& are mainly coupled together at the initia
lower-laser intensity. Nonadiabatic transition probabiliti
evaluated from Eq.~26! are P1→2;0.14 andP2→3;0.50
around t;220 a.u., respectively. Aroundt5331 a.u., the
nonadiabatic transition probabilities areP1→2;0.27 and
P2→3;0.64, respectively, andP3 increases from 0.0 to 0.25
by the transitions between the three states (u1&→u2&
→u3&). In the time domain I (331,t,386), P3 decreases
as denoted by the open circles in Fig. 7~b!, while P1 in-
creases and takes a local maximum~;0.5! at t5371 by the
nonadiabatic transition fromu2&. It should be noted thatP3 is
recovered from 0.0 to 0.39 around the next zero-field ti
t5386 by the transitionsu1&→u2&→u3& and P1 becomes
almost zero. Ionization proceeds quickly viau3& also in the
time domain II (386,t,441) as denoted by the squares
Fig. 7~b!. Figure 10 shows snapshots of the two-electr
wave functions uC(z1 ,z2 ,t)u at t5396 a.u. («
520.036 a.u.) andt5410 a.u. («520.069 a.u.) for which
we expect electron flux in thez.0 direction. One can see in
1-9
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Fig. 10~a! the ionic component Ha
1Hb

2Hc
1 being built up

as denoted by the bold circle att5396 a.u. aroundz15z2
50. In this configuration, two electrons are located in t
middle well, i.e., Hc

2 for which the ionization potential is
very small @ I p(1DH2)50.06 a.u.# so that ionization pro-
ceeds relatively easily. This ionic component decreases in
next moment (t5410 a.u.) and ionization proceeds as d
noted by the three paths in Fig. 10~b!. The solid arrow rep-
resentstwo-electron ionization from the middle well (z1
5z250) but this is clearly not a major channel. The brok
arrow represents one-electron ionization that is caused by
electron-electron repulsion from the Type-I configurati
where one electron is in the middle well and the other on
in the descending well. In this case, first, one electron in
descending~lower! well (z154→`) ionizes and then the
other electron transfers to the descending~lower! well (z2
50→4). The solid-dotted arrow shows the one electron io
ization which proceeds from the Type-II configuratio
HaHc

1Hb . In this case, the electron in the descend
~lower! well ionizes (z154→`) and another one in the as
cending ~upper! well (z2524 a.u.) remains. It should b
noted that these types of ionization are provoked by

FIG. 10. Snapshots of the absolute value of the two-elec
wave functionsuC(z1 ,z2 ,t)u at ~a! t5396 a.u. («520.036 a.u.)
and~b! t5410 a.u. («520.069 a.u.). The field is«050.1 a.u. and
R58 a.u.
04341
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Type-III configuration @Fig. 2~c!#, Ha
1HcHb . Around t

5396 a.u.,u3& is dominant (P3;0.39), butu2& is also popu-
lated (P2;0.12). P3 reduces quickly as denoted by the
squares in Fig. 7~b! whereasP2 is nearly constant by the
time t;419. u3& is mainly composed of the Type-III configu-
ration where one electron is in the middle well and the othe
one is in the ascending well. The ionic componen
Ha

1Hb
2Hc

1 seen in Fig. 10~a! is formed by the one electron
in the ascending~upper! well transferring to the middle well.
In Fig. 11, we show the contour maps of the wave function
at R58 a.u. for the adiabatic field states at«(t)50.03 a.u.
so that the minimum two-electron energy occurs atz,0: ~a!
u1&, ~b! u2&, and~c! u3&. At this laser intensity, the energies of
these adiabatic states areE1521.49 a.u.,E2521.34 a.u.,
andE3521.23 a.u., respectively. Foru1&, ~z150, z2524!,
a local maximum of internal potential barrier~21.4 a.u.! is
formed in the direction of the solid arrow,z2,24 @Fig.
11~a!#, and similarly in the direction of the broken arrow,
z1,0 a maximum occurs with energy21.30 a.u. The cross
sections of the total static potential„Vc @Eq. (3)#
1V« @Eq. (4)#… along the solid arrow and the broken arrow
are shown in Fig. 12~b! and Fig. 12~a!, respectively. In both
directions, local maxima are greater thanE1 , thus suppress-
ing ionization via the stateu1&. For u2& @Fig. 11~b!#, the same

n
FIG. 11. Contour maps of the two-electron wave functions o

the adiabatic field states atR58 a.u. for the adiabatic field states at
«(t)50.03 a.u.:~a! u1&, ~b! u2&, and~c! u3&.
1-10
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MECHANISM OF ENHANCED IONIZATION OF LINEAR . . . PHYSICAL REVIEW A64 043411
thing can be said of the energy-level relations. Local pot
tial maxima formed in both directions denoted by the so
arrow (z2,4) and bold broken arrow (z1,4) ~21.18 and
21.30 a.u., respectively! are greater thanE2 and ionization
is also suppressed via the stateu2&. In this case, the cros
sections of the total static potential along the solid arrow a
the broken arrow are shown in Figs. 12~c! and 12~a!, respec-
tively. Thus, both statesu1& and u2& are trapped as illustrate
in Fig. 12. In the case ofu3& @Fig. 11~c!#, a local potential
maximum formed in the direction of the solid arrow (z2
,0) is 21.18 a.u. The cross section of the total static pot
tial along the solid arrow is shown in Fig. 12~c!. This is
higher thanE3521.23 a.u. and ionization is also suppress
in this direction~i.e., z2,0! @Fig. 12~c!#, but in the direction
shown by the broken arrow (z1,4), the local potential
maximum is21.33, well belowE3 @Fig. 12~b!#. The cross
section along the broken arrow is shown in Fig. 12~b!. The
electron wave packet can pass over the barrier along the
broken arrow (z1,4) and the ionic configuration HaHc

2Hb
(z15z250) in which the two electrons are located at t

FIG. 12. The cross sections of the total static poten
„Vc @Eq. (3)#1V« @Eq. (4)#… along the various directions an
adiabatic energiesE1 , E2 , andE3 at «(t)50.03 a.u.~see Fig. 11!:
~a! the cross section along the bold broken arrow (z1,0) in Fig.
11~a! or along the bold broken arrow (z1,4) in Fig. 11~b!, ~b! the
cross section along the solid arrow (z2,24) in Fig. 11~a! or along
the bold broken arrow (z1,4) in Fig. 11~c!, and~c! the cross sec-
tion along the solid arrow (z2,24) in Fig. 11~b! or along the solid
arrow (z2,0) in Fig. 11~c!.
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middle nucleus is created@see Fig. 10~a!#. Ionization pro-
ceeds readily from this configuration. As the laser intens
increases (t.414), ionization proceeds also viau2& as seen
in Fig. 7~b! because potential barriers go down andE2 be-
comes higher. The widthG of the three statesu1&, u2&, andu3&
calculated in a corresponding dc field of 0.03 a.u. calculat
is 1.431022, 2.731022, and 1.6731021 a.u. (1 a.u..4
31016s21), respectively. Thus, the ionization rate fromu3& is
about one order of magnitude larger than those from ot
states. As a result, enhanced ionization occurs aroundR.8
by the creation ofu3&, which is composed mainly of the
Type-III configuration, Ha

1HcHb .
For largeR ~5 14 a.u.!, Fig. 13~a! shows the adiabatic

field energiesEn (n51;3), and the corresponding time
dependent populationsPn5 z^Cun& z2 (n51;3) are shown
in Fig. 13~b!. The energy gaps between the states are n
smaller and transition moments between the states bec
large asR/2). For t.300, the level dynamics becomes d
abatic@d1,2,d2,3!1, Eq.~26!# because of the increase of th
field amplitude«(t) and largeR. Nonadiabatic transition
probabilities areP1→2;0.98 andP2→3;0.99, respectively.
Thus, the statesu1& and u3& are strongly coupled with eac
other through the stateu2& and the alternating populatio
changes can be seen at zero-field time~near avoided cross
ings!. This means that the transitions between the adiab
~quasistatic! wells are suppressed at largeR. Ionization pro-
ceeds mainly viau2& as seen in Fig. 13~b!. Thus, aroundt
;386 a.u., population flows intou2& from u1& by the nona-
diabatic transition andP2 rises from;0.35 to;0.55. In the
time domain I (386,t,441), P2 decreases due to ioniza
tion, whereasP1 remains constant. Thus, ionization procee
mainly via the stateu2&. This is typical of nonadiabatic tran
sitions in three closely coupled states@39# and is the main
mechanism of enhanced ionization in H3

11 @10#. The middle
state corresponds to a zero eigenvalue state and dynamic
mainly controlled by it. Around t;414 a.u. @«(t)
;0.072 a.u.#, u2& is mainly composed of the Type-II con
figuration, HaHc

1Hb , as shown in Fig. 2 and its energy
E2521.34 a.u. A local potential maximum~21.62 a.u.! in
the quasistatic picture is now alongz2 for z2,27 a.u. Thus,
E2 is higher than the barrier and the electron in the desce
ing ~lower! well can pass over the barrier and ionize. F
opposite field,«(t)520.072 a.u., the local potential max
mum formed in the direction of the broken solid arrow@z2
.0, Fig. 5~a!# is much lower thanE2 and this direction is
more favorable for the electron to ionize. The motion of t
wave packet in this direction corresponds to one-elect
ionization mainly from the ascending~upper! well. One can
see from Fig. 5~a! that ionization fromu2&, i.e., configuration
HaHc

1Hb ~z157 a.u., z2527 a.u.!, proceeds most favor
ably alongz2.0 and that the electron in the ascending w
at z2527 a.u. ionizes more preferably. Consequently,
largeR, characteristic features of ionization become atom
like and ionization proceeds mainly from the Type-II co
figuration. Thus, ionization in the largeR.Rc region con-
verges to the asymptotic H(1s) limit. In summary, for R
@8, due to the slow electron-tunneling rate between the

l
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I. KAWATA, H. KONO, AND A. D. BANDRAUK PHYSICAL REVIEW A 64 043411
atom Ha and Hc , an electron remains localized in the fiel
induced upper well and ionizes from it.~See Fig. 13.!

We investigate next the ionization process in a dc field
compare the ac mechanism of enhanced ionization with a
~static! mechanism. As in our present studies, we ramp the
field to the maximum«0 ~ac! amplitude within five cycles.
As seen in Fig. 4~a!, under the dc field,Rc shifts to some-
what largerR compared to theRc in the ac field case and ha
a peak atR;9.5. In Figs. 14, we show the time-depende
populationsPn5 z^Cun& z2 (n5123) for the dc field case
~a! R59.5 a.u.,~b! R514 a.u. ForR59.5 a.u., Fig. 14~a!,
ionization proceeds mainly via the stateu1& only that is
mainly composed of the Type-I configuration, which co
tains some ionic component Ha

2Hc
1Hb

1 ~P;0.55 at its
maximum aroundt;500 a.u.!. As R increases, energy gap
between the field-free states become smaller and the cov
state u2& becomes populated (HaHc

1Hb). For R59.5 a.u.,
P2 is, however, still negligible and ionization procee
mainly via u1&. As R increases further (R512 a.u.), u2& be-
comes more and more populated and the ionization rate s
to decrease as seen in Fig. 4~a!. The ionization rate fromu2&
is smaller than that fromu1& becauseE12Vmax is larger than
E22Vmax, here, Vmax is the local potential maximum~or
maxima! formed in the direction of ionization. Thus, the c
valent (HaHc

1Hb) state u2& is less favorable to ionization
than the stateu1&. The creation ofu2& causes the reduction o
the ionization rate. For largerR ~514!, the population ofu2&
becomes larger than that ofu1& because energy gaps betwe

FIG. 13. ~a! Adiabatic energiesEn (n5123), ~b! correspond-
ing time-dependent populationsPn5 z^Cun& z2 (n5123) at R
514 a.u. and«050.1 a.u.
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the states decrease and become degenerate atR5`. As a
consequence, field-induced transitions between the state
come large. The third stateu3& also participates in the leve
dynamics, but its population is still small. In conclusion, in
dc field,Rc corresponds to the distanceR at which ionization
most efficiently proceeds viau1&, which is mainly composed
both of the Type-I configuration HaHcHb

1 and the ionic
component Ha

2Hc
1Hb

1 . For R,9.5 a.u., asR decreases,
the stateu1& increases its ionic component that increases
ionization, but the attractive forces from the nuclei hinder t
increase of the ionization rate. For largeR.9.5 a.u., the
covalentu2& state becomes dominant as a result of increa
population. As shown above, the mechanism of enhan
ionization in the ac field is much different from that in the d
field, in that in the ac field ionization is enhanced by t
creation of u3&, which is mainly composed of the Type-II
configuration, Ha

1HcHb . In the dc field, on the other hand
ionization mainly proceeds viau1&, the opposite phase stat
HaHcHb

1 and the creation ofu3& is negligible. Contrary to
the H2 case@26#, the doorway of ionization for H3

1 in the ac
field is, however, not the ionic configuration Ha

2Hc
1Hb

1

but the Type-III configuration Ha
1HcHb in which the two

electrons are located in both middle and ascending we
This is a signature of the importance of electron repulsion
1D delocalized system. To confirm further the ac mechan
of enhanced ionization, we examine this process for differ
laser intensities. We consider the lower intensity case, F
4~b! where I 51.031014W/cm2, l5800 nm for which the
ionization rate as a function ofR retains a peak aroundR
;9.5 a.u. In Fig. 15~a!, we show the corresponding energi
of the time-dependent adiabatic field states (E1;E3) at R
59.5 a.u. and the corresponding time-dependent populat
Pn5 z^Cun& z2 (n51;3) are shown in Fig. 15~b!. One can
see the dominance of the stateu3& @open circles in Fig. 15~b!#,

FIG. 14. The time-dependent populationsPn5u^Cun&u2 (n51
23) in the dc field case:~a! R59.5 a.u., ~b! R514 a.u. for«0

50.1 a.u.
1-12
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MECHANISM OF ENHANCED IONIZATION OF LINEAR . . . PHYSICAL REVIEW A64 043411
Type-III configuration, to the ionization process. One se
opposite phase oscillation of the two dominant electro
states, the Type-I (P1), HaHcHb

1 , and Type-III (P3),
Ha

1HcHb , reminiscent of plasmons~see Ref.@40#!. The
ionic components, Ha

1Hc
2Hb

1 and Ha
1Hc

1Hb
2 are not

dominant due to electron repulsion. In general, the charac
istic features of ionization in the low-field case (1014W/cm2)
and the intermediate case (3.231014W/cm2) are similar.RC
corresponds to theR at which u3& is most efficiently created
and the adiabatic field energyE3 exceeds the internal stati
barriers, thus, confirming the quasistatic model of overbar
ionization @6–12,27#.

For higher laser intensity, Fig. 4~c! ~I 51.0
31015W/cm2, l5800 nm!, the ionization rate as a functio
of R has a peak aroundR;9 a.u. and a shoulder is forme
aroundR;6 a.u. In the smallR regime (R<6 a.u.), ioniza-
tion proceeds mainly via the stateu1&, which is composed of
the Type-I configuration and the higher states are neglig
because of the large energy gaps between them. ArounR
;7 a.u., the stateu2& becomes considerably populated b
cause of the strong laser intensity. The ionization rate fr
u2& being smaller than that fromu1&, the creation ofu2& re-
duces the total ionization rate. Thus, the ionization rate
comes smaller atR57 a.u. and a shoulder is formed arou
R;6 a.u. AsR increases further, both transition momen
m12 andm23 become large and the intervention of the high
state u3& is essential. The ionization probability fromu3& is
almost unity and as in the lower-intensity cases the crea
of u3& and the configuration Ha

1HcHb in the level dynamics

FIG. 15. ~a! Time-dependent adiabatic field energies (E1

2E3). ~b! Corresponding time-dependent populationsPn

5 z^Cun& z2 (n5123) at R59.5 a.u.,«050.055 a.u.
04341
s
c

r-

r

le

-

-

t

n

enhances ionization. Thus, the ionization rate has a p
aroundR;9 a.u. For largeR(.14 a.u.), the response of th
system to the electric field becomes diabatic as the lase
tensity increases and the electron transfers between the w
are suppressed. Ionization proceeds mainly via the stateu2& in
which the two electrons are located on both ends of the m
ecule@Fig. 2~b!#. In Fig. 16, we illustrate in detail the two
electron densityuC(z1 ,z2 ,t)u2 at R56 a.u. where a new
maximum in the ionization rate occurs for 1015W/cm2 @Fig.
4~c!#. The density is reproduced from the exact TDSE, E
~1!, at the timet5427 a.u. where«(t)520.1 a.u. for the
maximum amplitude«050.18 a.u. (1015W/cm2). One sees
from the figure considerable density accumulated in the
circled region aroundz15z253 a.u., corresponding to th

FIG. 16. Contour map of the two-electron densityuC(z1 ,z2 ,t)u2

at R56 a.u., t5427 a.u. for«050.18 a.u. At this time the lase
intensity is«(t)520.1 a.u.

FIG. 17. Time-dependent populations of ionic components c
tained in the two-electron density obtained by projecting the w
packet onto the three ionic states:PL5 z^CuCHa

2Hc
1Hb

1& z2, PM

5 z^CuCHa
1Hc

2Hb
1& z2, and PR5 z^CuCHa

1Hc
1Hb

2& z2 for «0

50.18 a.u. (I 51015 W/cm2).
1-13
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I. KAWATA, H. KONO, AND A. D. BANDRAUK PHYSICAL REVIEW A 64 043411
ionic configuration Ha
1Hc

1Hb
2 . Clearly, most of the one

electron ionization occurs from this configuration. Figure
shows the time-dependent populations of ionic compone
contained in the two-electron density obtained by project
the wave packet onto the three ionic states Ha

2Hc
1Hb

1 ,
Ha

1Hc
2Hb

1 , and Ha
1Hc

1Hb
2 . One notes, clearly, oscilla

tion between the two configuration Ha
2Hc

1Hb
1 ~probability

PL! and Ha
1Hc

1Hb
2 ~probability PR!, corresponding to the

electron transfer between both ends of the molecule thro
the middle ionic state Ha

1Hc
2Hb

1 ~probability PM!.

IV. CRITICAL DISTANCES AND CONCLUSION

Summarizing the above, we conclude from the TDSE
merical solutions of the two-electron distribution that thr
main configurations determine the ionization dynamics
laser-induced electron transfer in three different regimes
laser-molecule interactions@22#: ~a! adiabatic: R,9 a.u.,
Ha

2Hc
1Hb

1 ~ionic!, ~b! diabatic:R.9 a.u., HaHc
1Hb ~co-

valent, Type II!, and~c! mixed: R.9 a.u., Ha
1HcHb ~cova-

lent, Type III!. The energy of each electronic configuratio
can be estimated from electrostatics assuming neglig
overlap between atomic orbitals on neighboring sites,

Ea~R!52I p2D2
6

R
2«0R,

Eb~R!522I p2
4

R
,

Ec~R!522I p2
3

R
1

«0R

2
, ~28!

whereD is the ionization potential of H2 ~0.06 a.u.! andI p is
that of H ~0.67 a.u.! in 1D. These energies are comparable
the adiabatic energies calculated in the previous discuss
thus, confirming the validity of the electrostatic atom
model aroundRc.9 a.u. For example, atR58 a.u. and
«(t)50.03 a.u.~Fig. 11!, the adiabatic energies were foun
to beEb521.34 a.u. andEc521.23 a.u. The energy differ
ence between these two is approximately («0R)/(2)
50.12 a.u., in agreement with Eq.~28!. Small differences
are due to the neglect of atomic polarizabilities. The ad
batic regime, R,Rc.9 a.u., corresponds to the regim
where electrons follow nonresonantly the field. This is t
quasistatic regime of strong-field atomic physics@3–5#. In
the molecular case, this corresponds to efficient charge tr
fer via the creation of the ionic configuration~a! as con-
firmed by Fig. 17. As in the case of H2 @26,27#, one can
estimate the critical distanceRc for enhanced ionization on
the basis of the simple principle of most efficient char
transfer at the field-induced energy crossings of the cova
configuration Type II (HbHc

1Hb), with the ionic configura-
tion (Ha

1Hc
1Hb

1). Thus, equatingEa(R) andEb(R), one
obtains an expression forRc similar to H2, @26–27#,

Rc5
I p2D

2«0
when ~ I p2D!2.8«0 . ~29!
04341
ts
g

h

-

a
f

le

n,

-

e

s-

nt

This givesRc.6 – 7 a.u. by usingI p2D.0.6 a.u., in agree-
ment with the first peak observed in the ionization rate illu
trated in Fig. 4~c!. The mixed regime aroundRc.9 a.u.,
corresponds to laser-induced transitions mainly between
three electronic statesX1Sg

1 , B1Sa
1 , andE1Sg

1 , which are
illustrated in Fig. 1. The electron distributions for this regim
are illustrated in Fig. 10 and the corresponding adiaba
field states in Fig. 11. The numerical results show that
main ionization pathway is through the upper state, Type
Ha

1HcHb , where one electron is in the uppermost well
Hb and the other electron is in the middle well. Ionizatio
proceeds mainly from the outermost atom Hb . We therefore
adopt again the quasistatic above barrier image used be
in obtaining analytic expressions forRc for H2

1 @7#, and
H3

11 @10#. We write the energy of state~c! as a sum of the
two-electron energies,

Ec5E~z1!1E~z2!,

E~z1!52I p2
1

R
1

«R

2
, E~z2!52I p2

«R

2
, ~30!

where one electron (z1.0) is on atom Hb , and the other one
(z250) is on Hc , i.e., the middle atom~see Fig. 11!. The
total energyEc is equal to that in Eq.~28!. We note that the
ionizing upper electron (z1.0) only interacts with the left
bare nucleus Ha

1 and the electrostatic field«0 from the laser,
since nucleus Hc is shielded by the other electron (z2.0).
Assuming that the upper electron (z1.0) is at a distancez
from nucleus Hc , we obtain its electrostatic potential,

V~z!52
1

R/21z
2

1

R/22z
1«0z. ~31!

Definingz5R/41y, and searching for the maximum barrie
Vm from the condition (]V)/(]z)50, gives readily,

y.
«0R3

128
2

R

9
. ~32!

Setting next the energy of the maximum barrierVm equal to
E(z1), @Eq. ~30!#, in agreement with the observation in Fi
12 that ionization proceeds by overbarrier ionization, giv
the approximate form

I p5
«0R

2
1

11

4R
. ~33!

A solution of this equation atI p
2.5«0 , gives readilyRc

.9 a.u. in agreement with the dominant ionization maxim
reported in Fig. 4. We conclude that the quasistatic mode
overbarrier ionization for molecules exposed to intense la
fields as originally proposed by Codling, Frasinski, a
Hatherly @41# and modified to take into account the impo
tant Stark shifts of the LUMO@7,9,27# explains qualitatively
well the main enhanced ionization critical distanceRc
.9 a.u. in Fig. 4, calculated from the TDSE for H3

1. Thus,
enhanced ionization atRc.9 a.u. occurs from the laser
induced excitation of the configuration Ha

1HcHb with the
1-14
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MECHANISM OF ENHANCED IONIZATION OF LINEAR . . . PHYSICAL REVIEW A64 043411
electron situated on the uppermost quasistatic well at H5 con-
tributing mainly to the ionization by the over-barrier passa
Electron repulsion suppresses the creation of the ionic s
Ha

1Hc
1Hb

2 i.e., complete charge transfer. The ionic sta
begins to contribute to the ionization dynamics at higher
tensities (I>1015) and at shorter internuclcear distances. T
present results indicate that enhanced ionization can th
fore be strongly influenced by electron repulsion, the la
reducing complete charge transfer and accentuating co
tive oscillations as illustrated by configurations of Type I a
Type III in Fig. 2. Recent experiments on intense-field lar
L.
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molecule@42# and large cluster@43–44# ionization have sug-
gested such laser-induced electron density oscillations.
calculations, albeit in 1D only, illustrate that different e
hanced ionization mechanisms can occur in delocalized
tem such as molecules as a function of laser intensity.
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