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Intense laser-field ionization of H2 enhanced by two-electron dynamics
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Intramolecular electronic dynamics and tunnel ionization of H2 in an intense laser field (I'1014 W/cm2 and
l5760 nm) are examined with accurate evaluation of three-dimensional two-electron wave-packet dynamics
by the dual transformation method. We estimated the ionization probabilities at different values of the inter-
nuclear distanceR and found that tunnel ionization of H2 is enhanced by field-induced two-electron dynamics.
An ionic component characterized by the electronic structure H1H2 or H2H1 is created near the descending
well, where the dipole interaction energy with the laser electric field«(t) becomes lower. Ionization proceeds
via the formation of a localized ionic component in the descending well, in contrast to the H2

1 case, in which
the electron is ejected most easily from the ascending well. AsR increases, while the population of H2H1 ~or
H1H2) decreases, a pure ionic state H2H1 becomes easier to ionize in an intense field because of the smallar
attractive force of the distant nucleus. As a result, ionization is enhanced at the critical distanceRc

5(4 –6)a0 (a0 is the Bohr radius!. Although the rate of direct ionization from a covalent state is much smaller
than that from an ionic state, the ionization at largeR (>8a0) mainly proceeds from the remaining covalent
component, which outmeasures the created ionic component. Thus, the field-induced intramolecular electron
transfer between nuclei, which triggers strong electron-electron correlation, is governed by the molecular
structure as well as the field intensity. The mechanism of the ionization enhanced by field-induced intramo-
lecular electron transfer is consistent with the observation of charge-asymmetric dissociation channels of
diatomic molecules such as N11N31. We also investigated the intramolecular electronic dynamics by ana-
lyzing the populations of field-following adiabatic states defined as eigenfunctions of the instantaneous elec-
tronic Hamiltonian. An effective instantaneous Hamiltonian for H2 was constructed of three main electronic
states,X, B 1Su

1 andEF. We found that the difference in electronic and ionization dynamics between the small
R and largeR cases originates in the character of the level crossing of the lowest two adiabatic states.

DOI: 10.1103/PhysRevA.66.043403 PACS number~s!: 33.80.Rv, 33.80.Wz, 42.50.Hz
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I. INTRODUCTION

The development of high-power lasers has opened up
research field of nonperturbative phenomena in intense fi
such as above-threshold ionization@1–3# and higher-order
harmonic generation of emission@2–5#. In a high-intensity
and electronically nonresonant long-wavelength regime~in-
tensity I .1013W/cm2 and wavelengthl.700 nm), a laser
electric field significantly distorts the Coulombic potent
that the electrons are placed in. The distorted potential fo
a quasistatic barrier~or barriers! through which an electron
or electrons can tunnel@3,6,7#. This type of ionization is
called tunnel ionization. In the case of atoms, such nonp
turbative phenomena can be understood in terms of qu
static models@8–10#. The quasistatic tunneling condition
given by the inequalityg,1, whereg is the Keldysh param-
eter @6#.

Interest has recently been shown in the role of intere
tronic correlation in intense fields. Momentum distributio
of photoelectrons and recoil ions in nonsequential dou
ionization of He and Ar atoms have been reported@11,12#.
The validity of correlation mechanisms such as ‘‘rescatt
ing’’ @8#, ‘‘antenna’’ @13#, and ‘‘shake-off’’ proposed to ex-
plain nonsequential double ionization has been tested by
ferent theoretical approaches. By incorporating the electr
electron repulsion term into the so-called intense-field ma
bodyS-matrix theory, Becker and Faisal@14# reproduced the
1050-2947/2002/66~4!/043403~14!/$20.00 66 0434
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measured momentum distribution of doubly charged He21

ions. The rescattering and antenna models are unified in
‘‘energy-sharing’’ mechanism proposed, namely, that
photon energy absorbed by one electron is shared with
other electron via the interelectronic correlation. The mec
nism of nonsequential double ionization has also been ex
ined by numerically solving the time-dependent Schro¨dinger
equation of He@15#.

Compared to atoms, molecules in intense fields exh
complex phenomena arising from their additional~vibra-
tional and rotational! degrees of freedom, such as charg
symmetric and -asymmetric dissociation@16–18#, alignment
with an external field@19#, creation of electronically excited
fragments@20,21#, and ionization rates that depend on t
internuclear distance~enhanced ionization of molecules!
@17,22–24#. In the case of molecules, a large part of t
electron density can be transferred among nuclei within o
half optical cycle of an intense field@25–31#. It is expected
that such intramolecular electronic motion will enhance
subsequent tunnel ionization. Field-induced ultrafast elect
transfer also triggers nuclear motion@28–32#. The resultant
structure deformations in turn change the electronic respo
to the field, e.g., intramolecular electron transfer followed
tunnel ionization. Enhanced ionization has been experim
tally observed for various molecules such as CO2 @33# and
benzene molecules@34#. The internuclear distance at whic
ionization occurs, called the critical distance, is deduced
©2002 The American Physical Society03-1
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HARUMIYA et al. PHYSICAL REVIEW A 66, 043403 ~2002!
assuming that the released kinetic energy of a pair of fr
ment ions comes from the potential energy of the Coulo
repulsion of the ion charges. The critical distanceRc deduced
is a few times larger than the equilibrium internuclear d
tanceRe @35#.

Theoretical explanations for enhanced ionization star
with one-electron systems such as H2

1 and H3
1 . Recent

accurate numerical simulations of ionization showed that
ionization rate is maximum at a critical internuclear distan
Rc and far exceeds the ionization rate of the neutral fragm
H @36–39#. The instantaneous electrostatic potential for
electron in H2

1 has two wells around the nuclei. The dipo
interaction energy for an electron is«(t)R/2 at the right
nucleus and2«(t)R/2 at the left nucleus, where«(t) is the
laser electric field at timet andR is the internuclear distance
As «(t) increases from zero, the potential well forme
around the right nucleus ascends and the well formed aro
the left nucleus descends. Therefore, the ascending and
scending wells yield the field-following adiabatic statesu
1& andu2&, respectively. In addition to the barrier betwe
the two wells~inner barrier!, a barrier with finite width for
electron tunneling is formed outside the descending w
when u«(t)uÞ0 ~outer barrier!. While the adiabatic energy
E2 of u2& is usually below the barrier heights,E1 can be
higher than the barrier heights in the rangeRc5(6 –9)a0
@29–31,36–39#. In this critical range ofR, the upper adia-
batic stateu1& is easier to ionize than isu2& @30,36,39#.
After one-electron ionization from H2, the bond distance o
the resultant H2

1 stretches in theE2 laser-induced dissocia
tive potential @29–31,40,41#, and then ionization proceed
via the u1& state~from the ascending well! that is nonadia-
batically created aroundRc from u2& when the field«(t)
changes its sign~i.e., electron transfer between the nuclei
suppressed!. This type of ionization of H2

1 is called charge
resonance-enhanced ionization@36#. In the case of two-
electron molecules, however, different mechanisms can
expected because the two electrons are forced to move
correlative way by an intense laser field.

In molecules, interelectronic correlation in an intense fi
takes on a different aspect associated with the molec
structure; field-induced intramolecular electron transfer
tween nuclei triggers strong electron-electron correlati
For H2, localized ionic bond states H1H2 and H2H1 are
expected to be created in an intense field@27,42,43#. The
formation of localized ionic states should be related to
mechanism of ionization of H2. Elucidation of this relation-
ship is a key to answering the question as to how intere
tronic correlation and molecular structure affect each othe
intense fields. It is expected that the clarified mechanism
enhanced ionization for two-electron molecules would se
as a prototype of tunnel ionization of multielectron mo
ecules. We also expect that the formation of localized io
states is closely related to the mechanism of nonseque
double ionization of molecules@44–46#.

In previous studies@42,43#, we analyzed the ionization
process for a one-dimensional~1D! H2 molecule in an in-
tense, low-frequency laser field~intensityI>1014W/cm2 and
l51064 nm) by numerically solving the time-depende
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Schrödinger equation. In the calculations, the two electro
are allowed to move in a regularized~softened! Coulombic
potential only along the molecular axis. According to the 1
model calculation, the laser field forces the two electrons
stay near a nucleus for one-half cycle, and the resultant t
sient ionic structures such as H2H1 and H1H2 are the main
doorway states to tunnel ionization. Maxima in the ionizati
rate with respect toR have been found for the 1D H2 model.
The 1D calculated surfaces and transition moments rele
to main electronic states qualitatively agree with accur
calculations for 3D H2, except that the 1D potentials are a
shifted down@42#. Although these features validate the u
of the 1D model, 3D calculation is indispensable for quan
fying the role of two-electron dynamics in enhanced ioniz
tion. It should be pointed out that ambiguous parameters
introduced to remove the Coulomb singularity in the 1
model. Generally speaking, the 3D and 1D models give
ferent populations of H2H1 and different ionization rates
The localized ionic structure H2H1 geometrically has more
different forms in the 3D model than in the 1D model.

To quantitatively understand the electronic dynamics
two-electron molecules in intense fields, it is necessary
solve the time-dependent Schro¨dinger equation for the elec
tronic degrees of freedom of a molecule@47#. We have de-
veloped an efficient grid point method, the dual transform
tion method @48#, for accurate propagation of the 3D
electronic wave packet of a small molecular system such
H2

1 @28# or H2 @27#. To the best of our knowledge, ou
treatment of H2 is the first accurate evaluation of two
electron correlation dynamics of a molecule. The elect
correlation is ignored or only partially taken into account
the single active electron approximation@49# and the time-
depenedent density functional method@50#. In this paper, we
present the results of calculation of electronic wave-pac
dynamics of a 3D H2 model in a long-wavelength intens
field and show that tunnel ionization of H2 is enhanced by
field-induced two-electron dynamics.

The rest of this paper is organized as follows. Derivati
of a 3D H2 Hamiltonian suitable for calculating the wave
packet dynamics in an intense, linearly polarized laser fi
is presented in Sec. II. In Sec. III, the results of numeri
simulation of the electronic wave-packet dynamics of the
H2 model are presented, and the dependence of the ion
tion probability onR is discussed. The intramolecular ele
tronic dynamics leading to the formation of localized ion
states prior to ionization is analyzed by means of ‘‘fiel
following’’ adiabatic states$un(t)&% @28–31# . Those states
are defined as eigenfunctions of the ‘‘instantaneous’’ el
tronic Hamiltonian H0(t) including the interaction with
«(t). Finally, in Sec. IV, a brief summary of the results of th
present work is given together with concluding remarks.

II. DERIVATION OF A HAMILTONIAN OF H 2

We briefly describe the derivation of a H2 Hamiltonian
suitable for calculating the electronic wave-packet dynam
in an intense laser field@27#. The position of each electron i
designated by cylindrical coordinates (r,z, and w). The z
axis is parallel to the molecular axis~the origin of thez axis
3-2
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INTENSE LASER-FIELD IONIZATION OF H2 . . . PHYSICAL REVIEW A 66, 043403 ~2002!
being located at the midpoint between the two nuclei!. Here,
we assume that the two nuclei are fixed in space at a g
internuclear distanceR and that the molecular axis is aligne
by a linearly polarized laser electric field«(t) @19#. The z
axis is thus parallel to the polarization direction~parallel po-
larization condition!. We first define a one-electron Hami
tonianĤ j for the j th electron:

Ĥ j52
1

2 S ]2

]r j
2

1
1

r j

]

]r j
1

]2

]zj
2D 1V~r j ,zj !1zj«~ t !, ~1!

where the last term is the dipole interaction of thej th elec-
tron with the field«(t), and V(r j ,zj ) represents the Cou
lomb attraction between thej th electron and the nuclei:

V~r,z!52
1

Ar21~z2R/2!2
2

1

Ar21~z1R/2!2
. ~2!

Throughout this paper, atomic units are used in the eq
tions. The length is given in units of the Bohr radiusa0 and
the energy is given in units of the Hartree energyEH .

If the kinetic energy originating from thez component of
the angular momentum,2(1/2)r j

22]2/]w j
2 , is added toĤ j ,

we obtain the Hamiltonian of H2
1 @28#. Thus, the total

Hamiltonian of H2 can be expressed as

Ĥ5(
j 51

2

Ĥ j1F2S (
j 51

2
1

2r j
2

]2

]w j
2D 1V12~$r j%,$zj%,$w j%!G ,

~3!

whereV12 is the electron-electron repulsion:

V12~$r j%,$zj%,$w j%!

5
1

Ar1
21r2

222r1r2 cos~w12w2!1~z12z2!2
. ~4!

Introducing the relative anglef between the two electrons

f5w12w2 , ~5!

and the averagex,

x5~w11w2!/2, ~6!

we can rewrite the two-electron part@•••# in Eq. ~3! as

Ĥ1252
1

2 S 1

r1
2

1
1

r2
2D S ]2

]f2
1

]2

4]x2D 2
1

2 S 1

r1
2

2
1

r2
2D ]

]x

]

]f

1V12~$r j%,$zj%,f!. ~7!

Since thez axis component of the total angular momentum
conserved for the parallel polarization condition, the wa
function takes the product form ofei ,x and a function
F($r j%,$zj%,f), where, is the quantum number for thez
component of the total angular momentum. The range ofx is
between 0 and 2p: the allowed values are,50, 61,
62, . . . . Thus, the total Hamiltonian Ĥ(,) for
04340
n

a-

e

F($r j%,$zj%,f) is the sum ofĤ11Ĥ2 and the two-electron
part Ĥ12(,) obtained by replacing]/]x in Eq. ~7! with i ,.

We have developed an efficient grid point method, t
dual transformation method, for accurate propagation of
electronic wave packet@26–28#. In this method, both the
wave function and the Hamiltonian are transformed toC and
ĤT(,) consistently so that the numerical difficulties arisin
from the divergence of the Coulomb potentials are ov
come. The time integration of the Schro¨dinger equation
iC/]t5ĤT(,)C is carried out using the alternating
direction implicit ~ADI ! formula @51#. The time step used is
Dt50.05 \/EH . The grid end points are chosen asrmax
55a0 andzmax'2zmin'12a0. At the grid boundaries,C is
set to zero. The numerical procedure has been describe
detail in Refs.@27,28,48#.

III. RESULTS AND DISCUSSION

In this section, we present the results of investigation
the two-electron wave-packet dynamics of H2 in an intense
linearly polarized field. The initial state att50 is the ground
stateX 1Sg

1 with ,50. The ‘‘exact’’ initial state can be ob-

tained by operating a Hanning spectral filterW„uĤ(,50)
2E0u… on an approximate initial stateFA @52#:

W„uĤ~,50!2E0u…5ReE
0

t

@11cos~pt/t!#

3exp$2 i t @Ĥ~,50!2E0#%dt, ~8!

where the field strength«(t) in Ĥ(,50) is set to zero. The
filter W is a monotonically decreasing function of the arg
ment. The width ofW is given by 1/t. WhenE0 is chosen to
be near the exact energy of the initial state, the operation
W on FA diminishes the components other than the ‘‘exac
initial state contained inFA. Using the trapezoidal rule fo
the above integration, the operation ofW on FA is reduced to
operations of the short-time propagator based on the A
formula.

In this paper, we employ the following functionFX
A as a

trial function for the stateX:

FX
A~1,2!}a~1!b~2!1b~1!a~2!, ~9!

where a and b denote the 1s atomic orbitals on the right
proton and the left proton, respectively, and 1 and 2 repre
the coordinates of the two electrons. The above approxim
ground state meets the required conditions that the exaX
state must possess:,50 and a symmetric property of elec
tron interchange. The spatial wave function must be symm
ric with respect to interchange of the two electrons 1 and
F(r1 ,r2 ,z1 ,z2 ,f)5F(r2 ,r1 ,z2 ,z1 ,2f) for the singlet
state.

A. Electronic wave-packet dynamics
at different internuclear distances

Although the molecular axis is assumed to be paralle
the polarization direction, the two-electron wave functi
3-3
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HARUMIYA et al. PHYSICAL REVIEW A 66, 043403 ~2002!
still has five degrees of freedom,z1 ,z2 ,r1 ,r2, and f5w1
2w2. Here, to represent the wave packet, we employ
reduced densityP̄(z1 ,z2) obtained by integrating the squa
of the wave functionuF(t)u2 over the degrees of freedom
other thanz1 and z2 parallel to the polarization direction
@27#:

P̄~z1 ,z2!

5E
0

`

dr1E
0

`

dr2E
0

2p

dfr1r2uF~r1 ,r2 ,z1 ,z2 ,f!u2.

~10!

This representation is useful because, as will be discus
later, the electronic dynamics in H2 is characterized by elec
tron motion along the polarization directionz. The covalent
bond configurations (H•H) aroundz152z256R/2 and the
ionic bond configurations (H2H1 and H1H2) around z1
5z256R/2 can be distinguished by using Eq.~10!. As an
example,P̄(z1 ,z2) for the exact ground stateX 1Sg

1 at R
54a0 is drawn in Fig. 1~a!. The reduced density map clear
demonstrates that the covalent components aroundz152z2
56R/2 are dominant in the ground state atR54a0. The
localized ionic componentsuH1H2& and uH2H1& contained
in F(t50) are both 19%, where the electronic states
uH1H2& and uH2H1& are defined as H2 ions of which the
centers are located atz15z256R/2 ~in the calculation of
the H2 state, electron-electron repulsion is taken into
count!.

The field«(t) that the H2 interacts with is assumed to b
f (t)sin(vt), wherev is the frequency, and the pulse envelo
f (t) is linearly ramped with timet so that f (t) attains its
maximum f 0 after one cycle. The field parameters used
as follows: f 050.12EH /ea0 (I 55.0431014 W/cm2) andv
50.06EH /\ (l5760 nm). The instantaneous field streng
is «(t)50.03EH /ea0 at t5p/2v ~which corresponds toI
53.1531013 W/cm2); «(t)520.09EH /ea0 at t53p/2v
(I 52.8431014 W/cm2).

To quantify the ionization probability, we use the overl
of the wave packet with the initial state~accurate calculation
of the ionization probability of H2 in an alternating field
requires a huge memory and computational time!. In the
low-frequency regime, the population of the initial state
the moment when the field returns to zero@time t at which
«(t)50 is satisfied#, Pinit(t), is expected to be correlate
with the ionization probabilityPI(t) as a function of time. It
is convenient to definePI(t) only at «(t)50 as the bound
state component, i.e., the population outside the Hilb
space constructed of the bound states of the zero-field e
tronic Hamiltonian. For the 1D model of H2, in which the
electrons are allowed to move only along the molecular a
we have confirmed that at«(t)50 the quantity 12Pinit(t) is
more or less equal toPI(t) and that the decay rate of th
norm in the grid space enclosed with an absorbing bound
regarded as the ionization rate, is equal to the decay rat
the initial state except in the region ofR'4a0. In the fol-
lowing, we employ 12Pinit(t) defined at«(t)50 instead of
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PI(t). A further discussion of this treatment will be given
Sec. III C.

We have calculated the wave-packet dynamics at differ
values ofR. The initial state is the ground electronic stateX.
The relative ionization rates estimated from 12Pinit for dif-
ferent values ofR are shown in Table I. The field strength
zero both att5p/v and at 2p/v. We consider the relative
ionization rates in the first row in Table I to be those for t
field f (t)' f (t5p/2v) ~the average field envelope betwee
t50 and p/v); the relative ionization rates in the secon
row are considered to be those for the fieldf (t)' f (t
53p/2v).

1. RÄ4a0

Snapshots ofP̄(z1 ,z2) for R54a0 are shown in Fig. 1:
~a! t50; ~b! t5p/2v526.2\/EH50.634 fs (\/EH
50.0242 fs); ~c! t5p/v; ~d! 3p/2v. In a low-frequency
intense field, an ionic component is created around the
scending potential well, where the electrostatic potential

FIG. 1. Electronic wave-packet dynamics of H2 in an intense
field. The internuclear distance is fixed atR54a0. The reduced

density P̄(z1 ,z2) defined by Eq.~10! is drawn at quarter cycle
intervals~the frequency of the applied field isv50.06EH /\): ~a!
t50; ~b! t5p/2v526.2\/EH ; ~c! t5p/v; ~d! t53p/2v. The
contour lines in the four panels are plotted at the same interv
The field strength is«(t)50.03EH /ea0 at t5p/2v and «(t)5
20.09EH /ea0 at t53p/2v. The initial state shown in~a! is the
covalent character-dominated ground stateX around z152z25
6R/2. The ionic component H2H1 aroundz15z252R/2 ~at the
left nucleus! increases as the field approaches the first local m
mum at t5p/2v, as shown in~b!. The wave packet at«(t
5p/v)50 in ~c! is nearly identical to the initial one in~a!. In ~d!
the density around the ionic configuration (z15z25R/2) becomes
very high because of the stronger field strength att53p/2v. As
indicated by the broken line in~d!, an electron is ejected from th
localized ionic structure. The direct ionization current from the c
valent structure denoted by the dotted lines in~d! is relatively small.
3-4
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INTENSE LASER-FIELD IONIZATION OF H2 . . . PHYSICAL REVIEW A 66, 043403 ~2002!
each electron,z1«(t) or z2«(t), is negative. For instance, th
left well where z1 and z2'2R/2 is the descending wel
when «(t).0. As the field approachest5p/2v, the ionic
component created around the left nucleus (z15z252R/2)
increases toz^FuH2H1& z250.31. Note that«(t5p/2v)
.0. The corresponding reduced density map is shown
Fig. 1~b!. The laser field forces the two electrons to stay n
a nucleus for almost one half cycle. When the field returns
zero at t5p/v, the packet shown in Fig. 1~c! is almost
identical to the initial one shown in Fig. 1~a!, indicating that
the response to the field is basically adiabatic.

Until then, no ionization current is observed on the sc
of the contour line intervals. A quarter cycle later, att
53p/2v, as shown in Fig. 1~d!, the density aroundz15z2
5R/2 becomes as large asu^FuH1H2&u2 5 0.54 because o
the stronger field«(t53p/2v)520.09EH /ea0. From 3D
analysis of the spatial configuration of the two electrons,
have also confirmed that the ionic component in the desce
ing well ~aroundz15z25R/2) is the H2 ion at the nucleus
where the dipole interaction energy is lower. In the case
R54a0, the population of a localized ionic component
maximized around the time when the absolute value of
field strength takes a local maximum; then the population
the counterlocalized ionic component is minimized. The
crease in a localized ionic component is caused by the los
the counterlocalized ionic component through an interme
ate covalent configuration. The field-following increase
decrease in the localized ionic components means that
response of the bound state component to the field is
adiabatic.

FIG. 2. Snapshots of the reduced density of H2 at R51.6a0: ~a!
t50, ~b! t53p/2v. The applied pulse is the same as that used
Fig. 1. Despite the intense field strength att53p/2v, the ionization
current is very small.

TABLE I. Estimated relative ionization rates for the applie
field at various internuclear distances.

R
1.6a0 4a0 6a0 8a0

From 12Pinit 1/110 18/110 15/110 4/110
at t5p/v

From 12Pinit 1 13 5 3
at t52p/v
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As indicated by the broken line in Fig. 1~d!, an electron is
ejected from the localized ionic structureuH1H2&. If the two
nuclei are distant from each other, the ionization potentia
the localized ionic structure is considered to be as low as
ionization potential of H2, I p(H2)50.027EH50.75 eV.
The localized ionic structure is hence unstable and is
garded as a doorway state to ionization. The direct ioniza
route from a covalent structure is denoted by a dotted line
Fig. 1~d!, but the current along the dotted line is relative
small. At R54a0, the rate of ionization from a pure ioni
state is at least five times greater than that from a pure
valent state~deduced from the ionizing flux!.

2. RÄ1.6a0

The reduced densities att50 and 3p/2v for R51.6a0
('Re51.4a0) are shown in Figs. 2~a! and 2~b!. Despite the
intense field strength att53p/2v, the ionization current is
very small. From Table I, we estimate that the change inR
from 1.6a0 to 4a0 would enhance the ionization rate by
factor of 10–20. This is consistent with the ionization rat
of the lowest adiabatic state in static fields calculated
Saenz@53#. He has reported that the ionization rate in a sta
field of «50.08EH /ea0 increases fromR51.6a0 to 4a0 by
a factor of 40.

For R51.6a0 , z^FuH1H2& z2 is as large as 0.74 att
53p/2v, while z^FuH1H2& z250.58 at t50. As R de-
creases, the population of H1H2 ~or H2H1) becomes larger;
however, the rate of ionization from a pure ionic state H1H2

or H2H1 decreases owing to the greater attractive force
the distant nucleus exerted on the electron pair. AtR
51.6a0 , z^FuH1H2& z2 is large, but the electron cloud ofF
shrinks in comparison with H1H2 or H2H1. We also note
that the increase inz^FuH1H2& z2 from t50 to t53p/2v is
only 0.16 for R51.6a0, while it is 0.35 forR54a0. This
suggests that the unstable part of the existing H2H1 is
smaller forR51.6a0 than forR54a0.

On the assumption that the ionization probabilityPI(t) is
equal to 12Pinit(t) at «(t)50, we obtainedPI(t5p/v)
50.000 65 andPI(t52p/v)50.072. The value ofPI(t
5p/v) is regarded as an ionization probability for one h
cycle at f (t)50.03EH /ea0 (I'331013 W/cm2), which is
the field amplitude averaged in the first half cycle. The io
ization probability att52p/v originates mainly from ion-
ization in the second half cycle:PI(t52p/v) is regarded as
a half-cycle ionization probability atf (t)50.09EH /ea0 (I
'331014 W/cm2), which is the field amplitude averaged i
the second half cycle. By fitting these half-cycle data to
form PI(t)512exp(2GIt), we can estimate the ionizatio
rate G I : G I'0.000 48/fs at f (t)50.03EH /ea0 and G I
'0.060/fs at f (t)50.09EH /ea0. We calculated ionization
rates at variousR and confirmed that the obtained ionizatio
rate is smaller than the value for the corresponding st
field of «(t)5 f (t)5const@53#.

We next would like to extend the present half-cycle ana
sis to longer pulses that are more accessible to experime
ists. The wave function of the lowest vibrationalv50 state
of H2 has a peak aroundRe . When the initial state isv
50, the ionization rate of real H2 with moving nuclei will be

n

3-5



,

n
ty
en

y

,
ct

ns

e

s

4,

ns
at
on

r

en

e

-
ni

e

el
ut

t
d

he
-

ic
r
of

ic

ent

ic
ent

HARUMIYA et al. PHYSICAL REVIEW A 66, 043403 ~2002!
replaced with an ionization rate of H2 at R'Re . Here, we
test theG I obtained forR51.6a0 as the ionization rate of H2
with moving nuclei. Using theG I obtained, as an example
we estimated the ionization probability of H2 interacting
with a 25 fs squarepulse (v50.06EH /\). The estimated
ionization probabilityPI(t525 fs) is only;0.01 for I'3
31013 W/cm2 but increases to a value near unity (;0.78)
for I'331014 W/cm2 ~which is regarded as the saturatio
intensity!. The great difference in the ionization probabili
between the two intensities is in accord with the experim
tal results@54# that for H2 subject to 55 fs laser pulses ofl
5750 nm the appearance~threshold! intensity of the H2

1

ion signal is;531013 W/cm2 and the saturation intensit
I sat is ;231014 W/cm2.

At I'331013 W/cm2, the ionization rateG I of H2 at R
51.6a0 is larger thanGH by nearly one order of magnitude
whereGH is the ionization rate of H. Considering the fa
that I p(H2)50.58EH at R51.6a0 is even larger thanI p(H)
50.5EH , this implies that ionization in H2 at I !I sat is
greatly enhanced by the electron-electron repulsion inte
fied in the localized ionic state.

3. RÄ6a0 and 8a0

Snapshots of the reduced densities forR56a0 and 8a0
are shown in Figs. 3 and 4, respectively. The initial reduc
densities forR56a0 and 8a0 shown in Figs. 3~a! and 4~a!
indicate that the ground electronic state at largeR is a state
dominated by covalent character. ForR56a0 , z^FuH1H2& z2
at t50 is as small as 0.016; forR58a0, it further reduces to
631024. The reduced densities att53p/2v578.5\/EH for
R56a0 and 8a0 are shown in Figs. 3~b! and 4~b!, respec-
tively.

The population of H1H2 in an intense field become
smaller asR increases. Aroundt53p/2v, z^FuH1H2& z2 is
at most 0.06 forR56a0 and is very small, less than 0.00
for R58a0. The decrease in the H1H2 population is unfa-
vorable for tunnel ionization. In addition to the populatio
of H1H2 and H2H1, there exists yet another factor th
determines the ionization rate. The ratios of the relative i
ization rate estimated att52p/v to the maximum value of
z^FuH1H2& z2 aroundt53p/2v are 1.6, 50, 250, and 790 fo
R51.6a0 ,4a0 ,6a0 and 8a0, respectively; the ratio of the
ionization rate to the population of H1H2 ~or H2H1) in-
creases asR increases. One of the main reasons for this t
dency is that the created H1H2 becomes more unstable asR
increases. The reduced density att53.3p/2v586.4\/EH for
R56a0, which is just 8\/EH after the second peak of th
field at t53p/2v, is plotted in Fig. 3~c!. The drastic change
from Fig. 3~b! to 3~c! clearly shows the onset of rapid ion
ization from the created ionic state. A large part of the io
component decays to Volkov states; that is, forR>6a0, the
created H1H2 ionizes completely within a half optical cycl
(;1.27 fs). This is again consistent with Saenz’s result@53#
that the lifetime of pure H1H2 in a static field with «
50.06EH /ea0 is shorter than 0.5 fs forR>6a0 ~since the
ionic and covalent states have no overlap at largeR, each
state can be assigned to an adiabatic state in a static fi!.
For R>6a0 , z^FuH1H2& z2 reaches the maximum at abo
04340
-

i-

d

-

-

c

d

20\/EH before the field reaches the local maximum at
53p/2v, which reflects the rapid ionization of the create
H1H2 within a half optical cycle.

Another reason why the ratio of the ionization rate to t
populationz^FuH1H2& z2 increases asR increases is the sig
nificant ionization from the covalent state at largeR. Figure
3~b! and 3~c! shows that the ionizing currents from the ion
and covalent configurations forR56a0 are of the same orde
of magnitude. As mentioned previously, the ionization rate
a ‘‘pure’’ covalent state is small. ForR56a0, the ionization
rate of a covalent state in a static field with«
50.06EH /ea0 is about one-fourth as large as that of an ion
state ~for «50.08EH /ea0, one-tenth! @53#. On the other
hand, as shown in Fig. 3, the remaining covalent compon
outmeasures the created ionic componentz^FuH1H2& z2,
which is at most 0.06 aroundt53p/2v. Therefore, forR
56a0, as well as the ionization of the created localized ion
component, the direct ionization from the dominant coval

FIG. 3. Snapshots of the reduced density of H2 at R56a0: ~a!
t50, ~b! t53p/2v, ~c! t53.3p/2v. The change from~b! to ~c!
indicates rapid ionization from the created ionic state aroundz1

5z25R/2. The contour intervals in~b! and~c! are one-half of those
in ~a!.

FIG. 4. Snapshots of the reduced density of H2 at R58a0: ~a!
t50, ~b! t53p/2v.
3-6
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component significantly contributes to the total ionizati
probability.

For R58a0, as shown in Fig. 4~b!, creation of an ionic
state is greatly suppressed. As mentioned previou
z^FuH1H2& z2 around t53p/2v is less than 0.004. More
over, the ionization rate of an ionic state reaches a ceilin
large R (>6a0), where the attractive force exerted by th
distant nuclei becomes negligible. The ionization rate from
covalent state is also almost independent ofR if the field is
strong enough to lower the ionization barrier of a H atom to
the initial energy2I p(H). In this case, the ionization pro
cesses of two nearly isolated H atoms are triggered by o
electron motion and are independent of each other. The m
mum field strength required for barrier suppress
ionization of H is given byI P

2 (H)/4'0.063EH /ea0. This is
consistent with the result that the ionization rate of the co
lent state is almost independent ofR (>6a0) in a static field
of «>0.08EH /ea0 @53#. Hence, if the field strength is fa
beyond the barrier suppression strength of H, the ioniza
rate of the covalent state, as well as that of the ionic state
almost independent ofR: the main ionization route at largeR
(.8a0) is a direct one from the dominant covalent comp
nent.

If the intensity is below a threshold value, for instance
«(t),0.04EH /ea0 at R58a0, creation of an ionic state is
inhibited, as will be discussed in Sec. III C: the depende
of the ionization rate onR is governed by the ionization rat
of the covalent state. In a static field of«,0.04EH /ea0, asR
increases from 6a0, the ionization rate of the covalent sta
decreases up toR'10a0 @53#. This suggests that the pola
ization enhanced by two-electron correlation in the case
weak field induces ionization from the covalent state. AsR
increases, this type of polarization diminishes; therefore
the case of a weak field, the ionization rate of the coval
state decreases with increase inR up to a certain internuclea
distance.

In conclusion, the main doorway state to ionization is t
localized ionic state H2H1 or H1H2. As R increases, while
the population of H2H1 decreases, a pure ionic state H2H1

becomes more unstable in a field because of the less at
tive force of the distant nucleus. As a result, ionization
enhanced at the critical distanceRc5(4 –6)a0

B. Electrostatic consideration

In this subsection, the electronic dynamics of H2 pre-
sented so far is discussed on the basis of an electros
model combined with a molecular orbital~MO! approxima-
tion. We consider the three representative electronic sta
the zero-field ground stateX and two ionic excited state
B 1Su

1 andEF @55#. The main electronic configurations in
volved in these states are three electronic configuration
the MO approximation, (1ssg)2,1ssg2psu , and (2psu)2:

f15@a~1!a~2!1b~1!b~2!1a~1!b~2!1b~1!a~2!#/2,
~11a!

f25@a~1!a~2!2b~1!b~2!#/A2, ~11b!
04340
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f35@a~1!a~2!1b~1!b~2!2a~1!b~2!2b~1!a~2!#/2.
~11c!

Both ground and second excited configurations,f1 andf3,
are linear combinations of ionic (aa,bb) and covalent (ab
1ba) configurations, whereasf2 is purely ionic. The three
configurations in Eqs.~11! are coupled by the large transitio
dipole moments ^f1u(z11z2)uf2&5^f2u(z11z2)uf3&
5R/A2. Under the condition in which the radiative intera
tion R«(t)/A2 is much larger than the zero-field energ
separations between electronic states, the diagonalizatio
the 333 instantaneous MO electronic Hamiltonian yiel
three field-following adiabatic states, i.e., the covalent st
(ab1ba)/A2 and two localized ionic states (aa and bb)
@43#. The lowering ionic state (aa or bb), where the two
electrons are localized in the descending well, decrease
energy by the electrostatic energy shift2u«(t)uR of a charge
displaced from nucleus to nucleus by the field, while t
energy of the covalent state is relatively insensitive to
field strength. Therefore, when the energy shiftu«(t)uR of
uH1H2& ~or uH1H2&) is larger than the gap between the fir
excited ionic state and the ground state, the lowering io
state and the covalent character-dominated initial state
cross each other in energy.

The initial ground state is adiabatically connected with t
lowering ionic state after the crossing@43#. As the field
strength increases, the lowest adiabatic state starting from
X state becomes more ionic. In the case ofR<4a0, the en-
ergy gap at the avoided crossing between the lowest
adiabatic states is as large as that at zero field strengths
cause the transition dipole moment of theB-X transition,
which enlarges the gap, increases as'R/A2 up to R
'3a0. As a result, nonadiabatic transitions to upper ad
batic states hardly occur. Therefore, ionization occurs fr
the lowest adiabatic state directly to Volkov states.

In the case of relatively largeR (.Re), the field strength
necessary for creating a localized ionic state,« t , can be es-
timated by adding the Coulomb attraction between H1 and
H2 in a localized ionic state. The energy of the initial cov
lent state is roughly given by22I p(H). The energy of the
localized ionic state in the descending well at the fie
«(t),E(H1H2), is

E~H1H2!'2I p~H!2I p~H2!21/R2u«~ t !uR. ~12!

A necessary condition for the formation of a localized ion
state is then given byE(H1H2)<22I p(H). We thus have
the critical intensity« t as @43,56#

« t'@ I p~H!2I p~H2!21/R#/R'@0.5321/R#/R. ~13!

For R54a0 , « t50.07EH /ea0 is obtained. The dramatic in
crease in the population of H1H2 shown in Fig. 1~d! can be
explained by the fact thatu«(t)u at t53p/2v,0.09EH /ea0,
is greater than« t ; on the other hand, foru«(t)u,« t , the
increase in the ionic character is small, as shown in Fig. 1~b!.
3-7
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C. Adiabatic state analysis

Although Eq.~13! predicts the field strength necessary f
crossing, to quantify the nonadiabatic crossing, we nee
know the energy gaps at avoided crossings as well as
energy shifts of adiabatic states. In the following, we form
late the state dynamics of H2 in terms of time-dependen
adiabatic states. The formation of a localized ionic state
be quantified by using the eigenfunctions~adiabatic states! of
an effective instantaneous HamiltonianHe f f(t) constructed
from the representative three statesX,B, and EF. We ex-
press the 333 effective HamiltonianHe f f(t) using the above
three zero-field states as

He f f~ t !5S EX 2mX-B«~ t ! 0

2mX-B«~ t ! EB 2mB-EF«~ t !

0 2mB-EF«~ t ! EEF

D ,

~14!

where EX ,EB , and EEF are the zero-field energies of th
statesX,B, andEF, respectively@55#. Here,mX-B is an ef-
fective transition moment between the statesX and B, and
mB-EF is an effective transition moment betweenB andEF.

Diagonalization of He f f(t) yields the time-dependen
adiabatic states$u j &% and energies$Ej (t)%, wherej runs from
1 to 3 in ascending order with respect to energy. The tim
dependent Schro¨dinger equation forHe f f(t),

FIG. 5. Adiabatic state analysis of the electronic dynamics of2

at R54a0. The applied pulse used in Figs. 1–4 is plotted in~a!.
The effective instantaneous Hamiltonian is constructed from th
main electronic states,X, B, andEF. The energies and population
of the three time-dependent adiabatic statesu1&, u2&, andu3& of the
333 effective Hamiltonian are plotted in~b! and ~c!, respectively.
In ~b! and~c!, the solid, dotted, and broken lines indicate the qu
tities for u1&, u2&, and u3&, respectively. The gap at an avoide
crossing is 0.17EH , which is almost as large as the zero-field g
(;0.28EH). The probability of a nonadiabatic transition betwe
the lowest two adiabatic statesu1& and u2& is therefore small.
04340
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i ]uC&/]t5He f f~ t !uC&, ~15!

can be solved numerically. We then convert the stateuC&
from the obtained zero-field basis expansion to an adiab
state expansion as

uC&5x1u1&1x2u2&1x3u3&. ~16!

The populations of the adiabatic states,$ux j u2%, are obtained
by projectinguC& onto three statesu1&, u2&, and u3& as x j
5^ j uC&. The energies and populations of the three tim
dependent adiabatic states forR54a0 and 6a0 are plotted in
Figs. 5 and 6, respectively. The applied pulse is the sam
that used in Figs. 1–4 and is plotted in Figs. 5~a! and 6~a!.

1. RÄ4a0

In the case ofR54a0, the accurate theoretical values fo
the X-B and B-EF transition moments are used (mX-B5
21.433ea0 and mB-EF523.001ea0, respectively@55#!. As
shown in Fig. 5~b!, the energy difference between the lowe
two adiabatic statesu1& and u2& becomes smallest attc
5(69,93,114)\/EH , etc. The corresponding field strength
alwaysu«(tc)u50.067EH /ea0, which agrees fairly well with
the value« t50.07EH /ea0 obtained from Eq.~13!. The gap
at an avoided crossing is 0.17EH , which is on the order of
the zero-field gap (;0.28EH). The probability of a nonadia-
batic transition betweenu1& and u2& is therefore small. As
shown in Fig. 5~c!, the nonadiabatic transition probability t

e

-

FIG. 6. Adiabatic state analysis of the electronic dynamics of2

at R56a0. The effective instantaneous Hamiltonian is construc
from the gerade and ungerade ionic statesuI g& anduI u& in Eqs.~33!
in addition to the ground electronic stateX. The notations are the
same as those in Fig. 5. As shown in~b!, the energy difference
between the lowest two adiabatic statesu1& andu2& becomes small-
est attc5(65,97,112)\/EH , etc. The gap betweenu1& andu2& at an
avoided crossing, 0.037EH , is much smaller than that atR54a0:
the probability of a nonadiabatic transition betweenu1& and u2& is
large.
3-8
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u2& for the avoided crossing att569\/EH is only ;0.06. At
small R (<4a0), the main pathway is certainly adiabati
ionization proceeds through the lowest adiabatic state.

In Sec. III A, we have estimated the ionization probabil
from the quantity 12Pinit , wherePinit is the population of
the initial stateX at «(t)50. To be exact, however, this i
only approximately valid. Besidesu1&, there exists a nonzer
component ofu2& at «(tn5np/v)50 (n being a positive
integer!. In the actual wave-packet simulation, the stateu2&
existing just after the preceding crossing attc is subjected to
ionization ~for instance,tn525105\/EH and tc593\/EH).
At «(t)50, u2& is the stateB. The ionization potentialI p of
B is 0.19EH at R54a0. The barrier suppression fiel
strength I p

2/4 for the corresponding one-electron atom
model is 0.009EH /ea0. The field strength required for th
crossing betweenu1& and u2& is u«(tc)u50.067EH /ea0,
which far exceeds the value ofI p

2/4. In a static field of«
50.06EH /ea0, the ionization rate ofu2& is as large as 2/fs
@53#. These facts lead to an expectation that the stateu2& is
rapidly ionized. However, it takes only 12\/EH'0.3 fs
(5np/v2tc) until the field returns to zero since the tw
statesu1& and u2& cross each other attc . Thus, at least one
,

ia

04340
half of the u2& component existing attc remains when the
field returns to zero~at tn5np/v). In the case ofR54a0,
therefore, the ionization probability deduced from 12Pinit is
slightly overestimated.

The above three-state problem can be reduced to a
state problem by prediagonalizing the 232 matrix consisting
of the upper two statesB andEF:

S EB 2mB-EF«~ t !

2mB-EF«~ t ! EEF
D . ~17!

SinceEB'EEF , the eigenfunctions of the above matrix a
nearly equal to the diabatic bases~containing localized ionic
components!

~ uB&2uEF&)/A2, ~18a!

~ uB&1uEF&)/A2, ~18b!

and the eigenvalues areEB1mB-EF«(t) and EB
2mB-EF«(t), respectively. Using theX state and the above
two states represented by Eqs.~18!, we can approximate
He f f(t) as
He f f~ t !'S EX
2mX-B«~ t !

A2

2mX-B«~ t !

A2

2mX-B«~ t !

A2
EB1mB-EFu«~ t !u 0

2m
X-B

«~ t !

A2
0 EB2m

B-EF
u«~ t !u

D . ~19!
to
s-

h

The ratio of the coupling element2mX-B«(t)/A2 to the en-
ergy gap between the highest state and the ground stateEB
2EX2mB-EFu«(t)u, is at mostmX-B /mB-EF . This value is
;1.4/3 at R54a0 and becomes smaller asR increases.
Thus, the effective Hamiltonian for the important nonad
batic transition between the lowest two adiabatic statesu1&
and u2& can be given by

He f f8 ~ t !5S EX 2mX-B«~ t !/A2

2mX-B«~ t !/A2 EB1mB-EFu«~ t !u D . ~20!

The diabatic basis set used is$uX&,(uB&2uEF&)/A2% for
«(t).0 and$uX&,(uB&1uEF&)/A2% for «(t),0.

The eigenfunctionsu18& and u28& of He f f8 (t) can be ex-
pressed in terms of

ua&5@ uX&1~ uB&6uEF&)/A2]/A2, ~21a!

ub&5@ uX&2~ uB&6uEF&)/A2]/A2, ~21b!

and
-

u5arctanFEX2EB2mB-EFu«~ t !u

6A2mX-B«~ t !
G , ~22!

where the upper or lower sign should be taken according
whether «(t) is negative or positive. Using these expre
sions, we have, for«(t),0,

u18&5cosuua&2sinuub&, ~23a!

u28&5cosuub&1sinuua&, ~23b!

and, for«(t),0,u18& and u28& should be replaced with eac
other.

The eigenvalues ofHe f f8 (t),E18 andE28 , are given by

E1,28 5
1

2
$EB1mB-EFu«~ t !u1EX

7A@EB1mB-EFu«~ t !u2EX#212umX-B«~ t !u2%,

~24!
3-9
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which fit well to the lowest two energies in Fig. 5~b!. The
gap

DE218 ~ t !5A@EB1mB-EFu«~ t !u2EX#212umX2B«~ t !u2

~25!

reaches the minimum value of 0.16EH /ea0 at «(t)
50.064EH /ea0, which is nearly equal to the gaps at avoid
crossings in Fig. 5~b!. In the two-state model, the fiel
strength required for the crossing,«(tc8), is determined by
the conditiondDE218 /du«(t)u50:

u«~ tc8!u522mB-EF~EB2EX!/2~mB-EF
2 14mX-B

2 !. ~26!

The agreement betweenu«(tc)u50.067EH /ea0 and u«(tc8)u
50.064EH /ea0 is also good. The above expression provid
a more accurate field strength required for the crossing t
does« t .

The nonadiabatic transition between the lowest two ad
batic statesu1& and u2& can be described well by the two
state model:

uC&'x18u18&1x28u28&. ~27!

Inserting the right-hand side of Eq.~27! into the time-
dependent Schro¨dinger equation forHe f f8 (t), we obtain the
coupled equations for the coefficientsx18 andx28 :

]

]t
x1852 iE18~ t !x182S ]u

]t Dx28 , ~28a!

]

]t
x2852 iE28~ t !x282S ]u

]t Dx18 , ~28b!

where the off-diagonal nonadiabatic coupling]u/]t is given
by

]u

]t
5

mX-B~EB2EX!@d«~ t !/dt#

A2@DE218 ~ t !#2
, ~29!

which has a peak near each individualtc .
In the adiabatic case where nonadiabatic transitions f

u18& hardly occur, the nonadiabatic coupling]u/]t is always
smaller than the gapDE218 (t). This condition holds in the
present case of R54a0 ; ]u/]t,0.07\/EH ~for f 0

50.12EH /ea0) andDE218 (t).0.17EH . Then, the time dura-
tion t tr that the system exists in the transition region@57# is
given by the temporal width of]u/]t around tc . The full
width at half maximum of]u/]t, i.e., t tr , is less than the
quarter cyclep/2v. The width decreases as the field env
lope f (t) or umB-EFu increases. Sincet tr for the crossing at
tc569\/EH is about 20\/EH (p/2v526\/EH), the cross-
ing is nearly isolated from the other ones, e.g., from tha
tc593\/EH . For a short-time, isolated crossing, the diag
nal energy gap in the 232 diabatic representation in Eq
~20!, DE5EB2EX1mB-EFu«(t)u, can be linearized with re
spect to timet; in addition, the off-diagonal matrix elemen
in Eq. ~20! can be well approximated as constant eleme
04340
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evaluated att5tc . In this case, the nonadiabatic transitio
probability P128 between u18& and u28& is given by the
Landau-Zener formula@58#

P128 5exp@22pv2/udDE/dtu t5tc
#, ~30!

where the gradientudDE/dtu and the constant off-diagona
elementv at t5tc are given by

udDE/dtu t5tc
5umB-EFd«~ t !/dtu t5tc

, ~31!

v52mX-B«~ tc!/A2. ~32!

The transition probabilityP128 evaluated attc569\/EH is
0.064. This value is in good agreement with the populat
of u2& between tc569\/EH and 93\/EH (;0.060), as
shown in Fig. 5~c!, which validates the present Landa
Zener formula, Eq. ~30!. As R decreases from 4a0 ,
v2/udDE/dtu t5tc

in Eq. ~30! increases: the larger gap be
tween theB and X states requires larger field strengths f
crossing; in addition, the energy shift@<Ru«(t)u# of the
adiabatic states that have localized ionic components is s
because of smallR. Therefore,P128 decreases with decreas
in R. The two-state model shows that the main pathway is
the lowest adiabatic state in the region of smallR (<4a0).
At small R (!4a0), the ionization probability at«(t)50,
PI , is accurately estimated by 12Pinit because the bound
component remaining at«(t)50 populates only the lowes
adiabatic state, i.e., the initial stateX.

To quantify the important ionic character, we define t
gerade and ungerade mutually orthogonal ionic compon
as @43#

uI g&[cg~ uH1H2&1uH2H1&), ~33a!

uI u&[cu~ uH1H2&2uH2H1&), ~33b!

where cg and cu are the normalization constants (cg
'0.675 andcu'0.744 atR54a0). In a range aroundR
54a0 , uI g& is distributed between theX andEF states as ca
0.34:0.66, while uI u& is predominant in theB state
( z^BuI u& z2'0.88). Projecting the three statesX, B, and EF
onto Eqs.~33! for uI g& and uI u&, we can estimate the local
ized ionic components inua& and ub&, i.e., in Eqs.~21!. The
localized ionic components inu18& and u28& are obtained by
insertingua& and ub& into Eqs.~23!: at t53p/2v, we have

u18&50.99ua&10.12ub&}0.85uH1H2&10.24uH2H1&,
~34a!

u28&50.99ua&20.12ub&}20.45uH1H2&10.32uH2H1&.
~34b!

Stateu18& represents the features of the wave packet in F
1~d!, i.e., that the localized ionic componentuH1H2& over-
whelms the countercomponentuH2H1& and is larger than the
covalent components. This again confirms that ionizat
proceeds through a localized ionic component contained
the lowest adiabatic state in the case of smallR (<4a0).
Considering the already ionized component att53p/2v, it
3-10
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is reasonable that the localized ionic component involved
the wave packet,z^F(t53p/2v)uH1H2& z250.54, is smaller
than z^18uH1H2& z25(0.85)250.72.

2. RÄ6a0 and 8a0

As R increases from 4a0, Heitler-London-type H(n
51)H(n52) atomic components such as (1s) r(2pz) l and
(1s) r(2s) l become predominant in theB state@55#, wherer
and l designate the right and left protons, respectively. T
component (1s) r(2pz) l is mainly responsible for the polar
ization ~or field-induced deformation! of the covalent com-
ponent. For example, as shown in Figs. 3~b! and 3~c!, the
covalent component takes an asymmetric shape with res
to the centerz15z256R/2 when«(t)Þ0. The three-state
model using theX,B, andEF states can describe the pola
ization of the covalent components. On the other hand, th
three states become less ionic asR increases from 4a0, al-
though the ionic component predominates over a broad ra
up to R59a0 for the EF state @55#. It turns out that the
three-state model is not appropriate for analyzing the dyn
ics concerning the ionic states at largeR.

In order to pursue the dynamics of the ionic compone
at large R, we construct another type of effective Ham
tonian as follows. In an intermediate range aroundR54a0,
the uI u& component is mainly involved in theB state; asR
increases, however, the overlap of theB state withuI u& de-
creases. The point of constructing the effective Hamilton
in the case of largeR is to replace theB state inHe f f(t) by
uI u&. In short, theB state is formally forced to represent th
role of theuI u& component distributed among many excit
states. TheuI g& component is distributed amongX,EF, and
other excited states. We treat theEF state as the represent
tive state of theuI g& component distributed among many e
cited states. Since theX state contains anuI g& component, the
presentEF state is only allowed to have an ionic compone
as large asA12 z^XuI g& z2uI g&.

On the basis of the above consideration, we propose
placingmX-B andmB-EF in Eq. ~14! with the following effec-
tive transition moments:

mX-B⇒2^I uu~z11z2!uX&, ~35a!

mB-EF⇒2A12 z^XuI g& z2^I gu~z11z2!uI u&. ~35b!

No modifications to the energiesEX , EB , andEEF are made.
The transition dipole moment betweenuI g& and uI u& is as
large aŝ I gu(z11z2)uI u&'R.

We present an example of the state dynamics for
above-mentioned Hamiltonian. AtR56a0 , ^I uu(z11z2)uX&
50.512a0 and z^XuI g& z250.0324: as suggested in Eqs.~35!,
mX-B and mB-EF are replaced by the effective ones
20.512ea0 and 25.9ea0, respectively. Inserting the mod
fied transition moments into the effective Hamiltonian E
~14!, we solve the corresponding Schro¨dinger equation. The
energies and populations of the obtained three adiab
states forR56a0 are plotted in Fig. 6. As shown in Fig
6~b!, the energy difference betweenu1& and u2& becomes
smallest attc5(65,97,112)\/EH , etc. The field strength attc
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is u«(tc)u50.051EH /ea0. The value obtained from Eq.~13!,
« t50.06EH /ea0, is roughly equal tou«(tc)u. The gap be-
tweenu1& andu2& at an avoided crossing, 0.037EH , is much
smaller than that atR54a0: the probability of a nonadia-
batic transition betweenu1& and u2& is large. As shown in
Fig. 6~c!, the population ofu2& created via the nonadiabati
transition through the avoided crossing att565\/EH is as
large as;0.90.

It is shown in Fig. 6~c! that in addition tou1&, there exists
a nonzero component ofu2& at «(tn5np/v). In the actual
wave-packet simulation, which includes ionization, a lar
part of stateu2& existing just after the previous crossing b
tween u1& and u2& at tc is ionized by the time at which the
field «(t)50 returns to zero~for instance,tn525105\/EH
and tc597\/EH). Stateu2&, which is a localized ionic state
just after the crossing, is ionized faster than in the case
R54a0 because the attractive force exerted by the dist
nucleus is weaker atR56a0. Therefore, we can assume th
the ionization probabilityPI at «(t)50 is nearly equal to
12Pinit because then the population of any adiabatic s
other thanu1& is expected to be small. In smallR (,4a0)
and largeR (.6a0) regions,PI at «(t5np/v)50 is ex-
pected to be equal to 12Pinit . This is reinforced by the
results for the 1D H2 model showing that the agreeme
betweenPI and 12Pinit at «(t5np/v)50 is fairly good
except in an intermediate region aroundR54a0.

The two-state model based on the formally same effec
Hamiltonian as Eq.~20! can be used to described the non
diabatic transition betweenu1& and u2&. The basis functions
are $uX&,(uI u&2A12 z^XuI g& z2uI g&)/A2% for «(t).0 and
$uX&,(uI u&1A12 z^XuI g& z2uI g&)/A2% for «(t),0. The ua&
and ub& in u18& and u28& are given by

ua&5@ uX&1~ uI u&6A12 z^XuI g& z2uI g&)/A2]/A2, ~36a!

ub&5@ uX&2~ uI u&6A12 z^XuI g& z2uI g&)/A2]/A2. ~36b!

The eigenfunctionsu18& andu28& and eigenvaluesE18 andE28
take the same forms as those of Eqs.~23! and ~24!, respec-
tively. Using the two-state model formula Eq.~26!, it is pos-
sible to calculate the field strength required for a level cro
ing asu«(tc8)u50.051EH /ea0, which is identical tou«(tc)u.

In the case ofR56a0, there exists a period for which th
nonadiabatic coupling]u/]t is larger than the gapDE218 (t).
This is the case if the nonadiabatic transition betweenu18&
and u28& is dominant~diabatic case!. The transition timet tr
is given by the period in which the inequalit
(]u/]t)/DE218 (t).1 holds. The temporal width o
(]u/]t)/DE218 (t) aroundtc is smaller than that of]u/]t. For
the crossing aroundtc565\/EH , the range in which
(]u/]t)/DE218 (t).1 is satisfied is a time domaint'(tc

63)\/EH . Since the transition timet tr'6\/EH is much
shorter than the time differences between two consecu
crossings, the condition for an isolated transition holds. T
short transition time is due to the large value (}R) of the
effective transition moment Eq.~35b! replacingumB-EFu. For
an isolated crossing, the nonadiabatic transition probab
P12 is given by the Landau-Zener formula, Eq.~30!, as be-
3-11
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HARUMIYA et al. PHYSICAL REVIEW A 66, 043403 ~2002!
fore. In the case ofR56a0, the transition probabilityP128
evaluated attc565\/EH is 0.92.P128 multiplied by the popu-
lation of u1& (;0.98) just before the crossing attc
565\/EH is equal to the population ofu2& in the range
betweentc565\/EH and 97\/EH , which is;0.90 as shown
in Fig. 6~c!.

We next show that aroundt53p/2v'79\/EH the state
u1& is a localized ionic stateuH1H2&, while u2& is covalent.
As R increases, the two-state model becomes more accu
the two statesu18& andu28& become identical tou1& andu2&,
respectively. Using Eqs.~33! for uI g& and uI u&, we can esti-
mate the localized ionic components ofua& and ub& in Eqs.
~36! (cg'0.7044 andcu'0.7098 atR56a0). Insertingua&
and ub& into Eqs. ~23!, we obtain u18& and u28& at t
53p/2v as

u18&}uH1H2&, ~37a!

u28&}20.042uH1H2&10.13uH2H1&, ~37b!

which means thatu1& is uH1H2& and u2& is covalent. Since
the population ofu2&, P2, is ;0.90 att'3p/2v, the cova-
lent component outmeasures the ionic component. Thi
consistent with the wave-packet dynamics shown in Fig
Since P1(t53p/2v)'0.08, the population ofuH1H2& in
the dynamics based on the two- or three-state model is
;0.08. Considering the prompt ionization of H1H2 formed
around t53p/2v, it is reasonable that the localized ion
component involved in the wave packe
z^F(t53p/2v)uH1H2& z2'0.04, is smaller than the valu
;0.08.

At R58a0 , ^I uu(z11z2)uX&50.15a0 and z^XuI g& z2
50.001 15;mX-B and mB-EF are replaced with the effectiv
values20.15ea0 and 28.00ea0, respectively. The energ
difference between the lowest two adiabatic statesu1& and
u2& becomes smallest attc5(63,99,111)\/EH , etc. The cor-
responding field strength is u«(tc)u50.043EH /ea0

@5u«(tc8)u#. The gap betweenu1& and u2& at an avoided
crossing is as small as 0.01EH : the probability of a nonadia
batic transition betweenu1& and u2& is very large. The
Landau-Zener valueP128 (;0.996) multiplied by the popula
tion of u1& (P1'0.996) just before the crossing attc
563\/EH is equal toP2'0.993 in the range betweentc
563\/Eh and 99\/EH . Since the lowest adiabatic sta
u1&'u18& is uH1H2&, the population ofuH1H2& in the dy-
namics based on the two- or three-state model is very s
as P1(t53p/2v)'0.004 ~in the wave-packet dynamics
z^FuH1H2& z2'0.001 att53p/2v). This means that ionic
components are scarcely involved, i.e., the main pathwa
the diabatic one tracing the covalent character-domina
state, which is consistent with the wave-packet dynam
shown in Fig. 4.

IV. SUMMARY AND CONCLUDING REMARKS

The tunnel ionization of H2 in an intense laser field (I
'1014 W cm22 and l5760 nm) has been examined wi
accurate evaluation of two-electron dynamics by the d
transformation method. The molecular axis is assumed to
04340
te;
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.

so

all

is
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s

l
be

parallel to the polarization direction of the applied laser fie
We have estimated the ionization probabilities at differe
values ofR to reveal the mechanism of enhanced ionizat
in a two-electron molecular system. An ionic compone
characterized by the electronic structure H1H2 or H2H1 is
created near the descending well owing to laser-indu
electron transfer from the ascending well. Ionization p
ceeds via the formation of a localized ionic component in
descendingwell, in contrast to the H2

1 case, where the elec
tron is ejected most easily from theascendingwell. As R
increases, while the population of H2H1 decreases, a pur
ionic state H2H1 becomes more unstable in an intense fie
because of the less attractive force of the distant nucleus
a result, ionization is enhanced at the critical distanceRc

5(4 –6)a0. Although H2 in the ground vibrational state doe
not expand toRc @45#, the peak of the ionization probability
aroundRc indicates that ionization will be strongly enhance
when H2 is vibrationally excited.

We have estimated that the change inR from 1.6a0 to 4a0
would enhance the ionization rate by a factor of 10–20.
the smallR (<4a0) region, the main doorway state to ion
ization is identical to the localized ionic state H2H1 or
H1H2. Around R56a0, the ionization from the covalen
state competes with that from the created localized io
state. AsR increases further, the electron density transfer
between the nuclei is suppressed: the main character
comes covalent. Although the rate of direct ionization from
covalent state is much smaller than that from an ionic st
the ionization at largeR (>8a0) mainly proceeds from the
remaining covalent component.

Recently, Nibargeret al. suggested that the ionization ra
of a charge-asymmetric pathway of N2 can greatly exceed
that of a charge-symmetric pathway@18#. For example, an
asymmetric pathway is the ionization from~1, 2! to ~1, 3!
and a symmetric pathway is the ionization from~1, 2! to ~2,
2!, where (n,m) stands for ann1m charged state leading t
the dissociation channel N2

(n1m)1→Nn11Nm1. Their ex-
perimental results indicate that at small internuclear d
tances (R;4a0) the rate of the ionization from~1, 2! to ~1,
3! is larger than that to~2, 2!. This is explained well by the
mechanism proposed in this paper that ionization is
hanced by field-induced intramolecular electron transfer; t
is, the first step is the adiabatic intramolecular electron tra
fer from ~1, 2! to ~0, 3! and ionization then proceeds from th
created neutral site to~1, 3!. In intense fields, the higher~0,
3! channel is expected to cross the~1, 2! channel. According
to the electrostatic consideration in Sec. III B, the ene
difference between the~0, 3! and~1, 2! channels is estimated
as 2R«(t)22/R1I p(N21)2I p(N), which can be negative
in high-intensity fields (I .1015 W cm22). Their report that
the asymmetric channel is created at a smaller internuc
distance is consistent with our findings that adiabatic
tramolecular electron transfer occurs preferentially at sma
internuclear distances~if the relevant two states can cros
each other!. As R increases, the~2, 2! channel becomes open
To explain this observation, we propose a mechanism du
electron localization~nonadiabatic transfer!. The N11 site of
the ~1, 2! channel is located at the descending well~lower-
3-12
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INTENSE LASER-FIELD IONIZATION OF H2 . . . PHYSICAL REVIEW A 66, 043403 ~2002!
energy side! at smallR, but the N11 site switches over to the
ascending well at largeR: as R increases, electron transfe
becomes suppressed. As in the H2

1 case, one of the electron
trapped in the unstable ascending well can be easily eje
over the inner and outer barriers: the N11 site turns a N21

site of the~2, 2! channel.
We have also investigated the intramolecular electro

dynamics that governs the ionization process by analyz
the populations of field-following adiabatic states defined
eigenfunctions of the instantaneous electronic Hamilton
In a high-intensity and low-frequency regime, only a limite
number of adiabatic states participate in the intramolec
electronic dynamics, i.e., dynamics of bound electrons. T
effective instantaneous Hamiltonian for H2 is constructed
from three main electronic states,X, B, andEF ~at largeR,
the last two electronic states are replaced with the unge
and gerade ionic states!. By solving the time-dependen
Schrödinger equation for the 333 effective Hamiltonian, we
have found that the difference in electronic and ionizat
dynamics between the smallR case and the largeR case
originates in the character of the level crossing of the low
two adiabatic states.

As the field strength increases, the lowering second lo
est adiabatic stateu2& comes closer to the lowest adiaba
stateu1& starting from theX state. The transition period in
which a nonadiabatic transition betweenu1& andu2& is com-
pleted is much smaller than the quarter optical cyclep/2v.
Thus, a nonadiabatic transition is localized around the t
tc when the field strength«(t) reaches the value required fo
a crossing,«(tc). In the case ofR<4a0, the energy gap a
the avoided crossing betweenu1& and u2& is as large as tha
at zero field strengths. As a result, nonadaiabtic transition
upper adiabatic states hardly occur. Whenu«(t)u is larger
than u«(tc)u, u1& is ionic, while u2& is covalent. Therefore
ionization occurs from stateu1& characterized by a localize
ionic state H1H2 or H2H1 directly to Volkov states. In the
case of largeR (.4a0), nonadiabatic transitions occur from
u1& to u2& when these two states cross each other. FoR
.6a0, ionization proceeds mainly through stateu2&, which
is a covalent character-dominated state whenu«(t)u
.u«(tc)u.
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The three-state problem can be reduced to a two-s
problem by prediagonalizing the 232 matrix constructed in
terms of the upper two statesB andEF. On the basis of the
two-state model, an analytical expression of the field stren
required for the crossing ofu1& andu2& is derived; moreover,
the probability of a nonadiabatic transition betweenu1& and
u2& is expressed by the Landau-Zener formula. The res
based on these simple formulas agree with those in the th
state treatment.

The characteristic features of electronic dynamics of H2 in
an intense laser field lead to a simple electrostatic view
each atom in a molecule is charged by field-induced elec
transfer and ionization proceeds via the most unstable~most
negatively charged! atomic site. The success of the adiaba
state analysis for H2 originates from the fact that the dynam
ics of bound electrons and the subsequent ionization pro
can be clarified in terms of a small number of ‘‘field
following’’ adiabatic states. The properties of adiabatic sta
of multielectron molecules can be calculated byab initio MO
methods. While the time-dependent adiabatic potentials
culated by the MO method are used to evaluate the nuc
dynamics~such as bond stretching! until the next ionization
process, the charge distributions on individual atomic s
are used to estimate the ionization probability. We have
ready applied this approach to a multielectron polyatom
molecule, CO2, in an intense field@31,32# and revealed tha
in the CO2

21 stage the two CuO bonds can be symmetri
cally ~concertedly! stretched while accompanied by a larg
amplitude bending motion. This approach is simple but it h
wide applicability in predicting theelectronic and nuclear
dynamics of polyatomic molecules in intense laser fields
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