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Mechanism of enhanced ionization of linear H* in intense laser fields
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We investigate the mechanism of enhanced ionization that occurs at a critical internuclear distamtte
two-electron symmetric linear triatomic moleculgHsubjected to an ultrashort, intense laser pulse by solving
exactly the time-dependent Schinger equation for a one-dimensional model gf HResults of the simula-
tions are analyzed by using three essential adiabatic field $1até®), and|3) that are adiabatically connected
with the lowest three electronic stat¥33 ;' , B'Y [, andE'S of the field free ion. We give also a simple
MO (molecular orbital picture in terms of these three states to illustrate the important electronic configurations
in an intense field. The staté®, |2), and|3) are shown to be composed mainly of the configurations FIHH
HH*"H, and H"'HH, respectively in the presence of the field. We conclude that the overall level dynamics is
governed mainly by transitions at the zero-field energy quasicrossings of these three states. The response of
Hs" to a laser field can be classified into two regimes. In the adiabatic req®¥eR(), the electron transfers
from one end of the molecule to the other end every half optical cycle thus creating the ionic component
H*H™H™. In the diabatic regimeR>R,), internuclear electron transfer is suppressed due to electron repul-
sion and laser induced localization. In the intermedi&e-R.) region, where enhanced ionization occurs, the
state|3) is most efficiently created by the field-induced nonadiabatic transitions between the states at quasi-
crossing points. The “quasistatic” laser-induced potential barriers are low enough for the electron to tunnel
from the ascendin@upped well, thus confirming the quasistatic model at high intensities. Analytic expressions
for the critical distanceR. are obtained from this model and collective electron motion is inferred from the
detailed time-dependent two-electron distributions.
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I. INTRODUCTION time-dependent Schdinger equation(TDSE) simulation
was interpreted in terms of laser-induced localization of the
Current laser technology has opened up a new field o&lectron in the moleculd$] and later by quasistatic models
study regarding the interaction of atorfs] and molecules [7-12]. The localization of the electron results from charge
[2] with intense (10" W/cn¥) femtosecond laser pulses. resonanceCR) effects[6]. Thus, the phenomenon of en-
Thus, various interesting multiphoton, nonperturbative optihanced ionization has been called charge resonance-
cal processes have been observed such as above-threshglthanced ionizatiofCREI). CREI has been used to explain
ionization (ATI), tunneling ionization, and high-order har- recent exact numerical simulations of ionization in one-
monic generatiofHOHG). In the high-intensity and low- gjectron systems such asH[6-8], Hs"2, H,*3, and other
frequency regime, the internal Coulomb potential is distorteqinaar [9-11] and nonlinear moleculefl?]. There is now

33/ a laser ;ield Ito f(?rr:ha “qt;]asi?a:]ic" balrri(étor barrierts in | clear experimental confirmation of CREI in the diatomligs
e case of moleculgshrough which an electron can tunne [13] and H," [14] by pulse-probe experiments. In addition,

[3]. The rate of tunneling ionization can be calculated by s ST ; .
p fapati ; enhanced ionization has been observed also in recent experi-
quasistatic” theories. For atoms, Corkum, Burnett, and Bru-

ents for many-electron molecules such as,CT5]. The

rel has thus explained successfully the mechanism of HOH d  freed ising f | .
by assuming that the velocity of the electron after quasistatk‘?,xtra egree of freedom arising from nuclear motion neces-
tunneling is zero and the evolution of the ejected electron iSitates the use of alternative concepts such as laser-induced

described by classical mechanjes-5]. For molecules, “en- avoide_d po_tential crossi_ng[Q] and Iaser-_induged mol_e(_:ular
hanced ionization,” which is a characteristic feature of non-Potentials in a laser field17]. Nonadiabatic transitions
perturbative phenomenon of molecules, has been observé@rough nuclear as well as field-induced potential crossing
both numerically[6—12 and experimentally{13—-16. At points become essential in the ionization process in mol-
critical internuclear distanceR;, which are larger than the ecules.
equilibrium internuclear distanc®,, ionization rates are For odd-electron systems, the simplest moleculé kay
found to take a maximum that far exceeds those of the newbe regarded as a prototype of those molecules and general
tral fragments. This fact means that the extra nuclear degrdeatures of odd-electron molecular ionization can be eluci-
of freedom in molecules has a great influence on the ionizadated by investigating the dynamics of™H The electronic
tion dynamics of moleculef5—9]. The first numerical evi- level dynamics in H" prior to ionization is thus dominated
dence of this phenomenon from a three-dimensiqBal) by the radiative coupling between the “frontier” orbitals, the
highest-occupied molecular orbitdfOMO) and the lowest-
unoccupied molecular orbittdl UMO), 104 and 1o, [6,7,9.
*Email address: ikawata@planck.climie.usherb.ca The transition moment between these increases with internu-
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clear distanceR asR/2, which has been originally empha- (14700 cm?). H;* is an extremely stable and dominant spe-
sized by Mulliken as a charge resonance transition betweenges in high-pressure hydrogen plasma. Thug, I8 an im-
bonding and a corresponding antibonding molecular orbitaportant molecule in any environment where hydrogen plasma
(MO) [18]. The strong radiative coupling changes the potenoccur, such as in the interstellar medium and in planetary
tial surfaces &y and 1o, into the “adiabatic field” HOMO  atmosphere$28]. Because of its importance, the spectros-
and LUMO energies,E-(R)~I,+&oR/2 [6,19], at the copy of H* has been reported in detd9]. The ground
maximum field amplitude:,, wherel,, is the ionization po- state is found to be triangular and the linear geometry exists
tential of an H atom. The instantaneous electronic potentisht 1.77 eV above the ground state. Yu and Bandrauk have
has a descendin@ower) and an ascendin@ipped well that  already reported enhanced ionization of both symmetric and
yield the adiabatic energids_ andE, , respectively. As the nonsymmetric linear molecule 1D gH [10,25. In the
laser intensity increases, the well formed around the nucleusresent paper we examine in detail the mechanism of en-
of the lower(highep potential descend&scends Two bar-  hanced ionization of linear symmetric;Hby employing the
riers are formed on the electronic potential; one is the “in-“adiabatic-field state” method previously used for the study
ner” barrier formed between the two wells and the other isof H, [26]. Simple MO (molecular orbital pictures are used
the “outer” one formed outside the descending well. While to give a clear interpretation of the numerical results and of
E_ is usually below the barrier heightg,, can be higher the origin of theR dependence of the ionization rate. The rest
than the barrier heights in the rangR.=7-9 a.u. of this paper is organized as follows. In Sec. Il, we summa-
[6—-12,19,20,21L In this critical range ofR, ionization pro-  rize the numerical method for solving the TDSE and identify
ceeds readily from the upper adiabatic stat¢. Assuming the key electronic states that play an important role in the
that atR., E; is equal to the top of the two barriers, one ionization process. In Sec. Ill, we present numerical results
obtains analytic expressions fB; for H,", R.~4/l p[7,23]  and discussion with special emphasis on the level dynamics
whereas for B, R.~5/l, [9-10]. These results are inde- prior to ionization on the basis of a three-state model. Fi-
pendent of charge and depend only weakly on field strengthally, we discuss in Sec. IV quasistatic models for deriving
and are consistent with the exact TDSE numerical simulaanalyticallyR. as for diatomicg27].
tions of ionization. This fact means that the ionization pro-
ceeds mainly via the adiabatic field LUMO state that is nona-
diabatically populated by laser excitation from the HOMO
state at near zero-field crossings. A field-induced nonadia-
batic transition from—) to [+) corresponds to a temporary In this paper, we investigate the mechanism of enhanced
spatial localization of the electron near a nucleugs-assand ionization of symmetric linear moleculeH that is a two-
|+) states become transformed to atomic orbifél3,20,23.  electron and three-proton system. The numerical method em-
Thus, the enhanced ionization of odd-electron molecules iployed in this paper is described in our previous study of H
due to the single-electron transfer to the ascendimpe) in an intense laser fiel6]. The model we employ here is
well. This mechanism of enhanced ionization has been clarisne dimensionall1D) in which the two electrons move along
fied by mapping the time-dependent wave function onto thehe molecular axis and three nuclei are fixed with equal spac-
adiabatic field states such ds) and |—) in real time ings. For this 1D model, three-proton and two-electron prob-
[19,20,23. lem, the TDSE is given by the following forrtthroughout
Maxima in the ionization rate with respect®have been this paper, atomic units are usegk#=m,=1):
found also for two-electron model systems such asHi™,
and H2" in one-dimensionallD) simulation[23] as well as 9
in static field calculations of KH[10,24). The existence of V(21,250 = [Ho+ V(21,220 ]¥(21,25,0), (1)
similar R;’s as odd-electron systems indicates that enhanced
ionization is a universal phenomenon in molecular systems.
The mechanism of enhanced ionization of even-electron
molecules is, however, expected to differ much from that of 5 5
one-electron molecules due to electronic correlation as seen — 1( J J ) )

II. NUMERICAL METHOD AND THE ESSENTIAL
ELECTRONIC STATES

o=T+ V. is the electronic Hamiltonian as follows,

T +—
by its influence on HOHG25]. The two-electron diatomic 2\ 022 975
prototype is H for which we have discussed the mechanism

of enhanced ionization in previous wofR6]. For H,, ion- R\ 2]-12 R\ 2]~ 12
ization is enhanced when the excited ionic stateHH is Ve=-— p+(21i§> } —|p+ 22_5) }

most efficiently created from the covalent ground-state HH

in the level dyna_mics prior to ionization_. An anal_y_tic expres- —[p+z§]*1’2— [p+zg]*ll2

sion for the ionic and covalent crossing condition is also

obtained in terms of three essential std®8 and it agrees +[pet(z1—2)%] Y2, (©)

well with the numerical resultg26].

For two-electron triatomic casesgHis the the simplest whereT is the electronic kinetic-energy operator avig is
model to understand the electron dynamics of more extendeitie sum of the Coulomb interactions, and z, denote the
systems. This molecule is usually formed by the reactiorcoordinates of the two electrons afdis the internuclear
H,*+H,—Hs;"+H, which is exothermic by~1.7 eV distance between the two outer hydrogen atoms in the case
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tions after propagating forward in time without a laser field
and then we calculate spectral functions that are defined as
the Fourier transform of the correlation functiof®2]. The
exact electronic wave functions are generated by propagating
the field-free TDSE in imaginary time until their energies
converge to the correct values calculated by the above spec-
tral method. The 1D equilibrium internuclear distanceRjs
~5.0 a.u. According to the results from three-dimensional
ab initio calculations,R,=3.0224 a.u. for linear geometry

-0.5

-1.0 {

Energy (a.u.)

-1.5 4

X'z
3

- [33-34. LargerR is obtained due to the softened Coulomb
2 4 6 8 10 12 14 16 potential withp=1.0 in Eq.(3). Reduction of the value qf

Intemuclear distance R (a.u.) makesR, smaller, but leads to overestimation of ionization

FIG. 1. The energies of the lowest six eigenstates of the symtateés. Thus, in our 1D modeh=1.0 is a better choice to
metric linear molecule ki as functions ofR, the internuclear dis- reproduce the characteristic features of 3D ionization dynam-
tance between the two outer hydrogen atoms. ics [10]. At large R (>10 a.u), the lowest three states be-

come degenerate corresponding to the fact that dissoci-
of symmetric H*. The Coulomb potential is characterized ates into HHH, HH'H, and HHH" with an ionization
by its long-range force and its singularity at the nuclei. Topotential of 0.67 a.u. for the 1D H atom with the softened
avoid these difficulties and save computation time, the Coufp=1.0) Coulomb potential. The electronic transition mo-
lomb potentials are regularized as in previous 1D simulationnents for the two-electron symmetric 41 are defined as
(see Ref[10]) by introducing the parameteys and p. to
soften the electron-nucleus Coulomb potential and the ,uz(\lfi(zl,zz)|(zl+zz)|‘1'j(zl,22)), (5)
electron-electron repulsion potential, respectively. We em-
ploy these parameters as=1 andp.=1 in the present pa-
per. The size of the grid used for the numerical calculation isvherei andj are signs for the related electronic states. For
taken to be 120 a.u. with 601 grid points in bathandz,  H,*, the first transition momen, which corresponds to
coordinates. The applied laser fields are assumed to be lifhe transitionxlzgﬁslzj, has linear dependence &
early polarized along the axis. Thus, the dipole |_nte.ract|0n for large distances. The second-transition moment,
V.(21,2,t) between the molecule and the electric field)  which corresponds to the transitid's ; —E'S ¥, shows
of a laser pulse is taken to be of the following fof80]: similar linear behavior asymptotically. These results clearly
indicate that both the first- and second-transition moments

Ve(21,22, )= (21 Z)e (V). “ [11R) and u,4(R), respectively have the charge reso-
Thus, for a positive fields(t)>0, electrons have minimum Nance(CR) character{18]. As already pointed out for the
energy in the opposite direction to the fieis; 0. The TDSE ~ case of B, the CR effect creates divergent transition mo-
for the system is solved with a new dual coordinate transforients and causes large nonperturbative couplings with laser
mation method[31]. Absorbing boundaries are used both fields[2]. This leads to a lot of interesting nonlinear optical
along z; and z, directions during all propagation time to Processes such as laser-induced localiza®r9], HOHG
prevent reflection of the wave function at the box edge and25), etc. For H”, the essential states are the lowest two-
eliminate the outgoing ionization component. The present 1[¢lectronic states, dq and 1o, and the transition moment
model reproduces essential characteristic features of the 3petween these statgs=(1oy|z|10y) has the linear form

system for low frequencie®,25]. R/2 for largeR [18]. This results from the asymptotic forms
of the 1oy and 1o, molecular orbitals, (i2)[a(1)
Essential electronic states and corresponding asymptotic +b(1)], wherea andb denote the &-like atomic orbitals on
electronic configurations protonsa andb, respectively, and 1 denote the coordinate of

] . ) ) the electron. For K, the asymptotic behaviors of the first

The linear tvyo—e!ectror_l triatomic molecule;Hhas dif- _ transition momentu;, and the second ong,; lead toR/2
fgrent symmetries in various states: thg ground state is gnq RI/(2v2), respectively, by using the LCAO-MO method
singletX'S  and the first excited state with ungerade sym-[10 25 These results will be discussed in the next section in
metry is also a singleB'S| , as in B. The second-excited detail. Thus, in the two-electron case, both transition mo-
state that can interact with the above two staté‘slﬁg Al ments keep linear dependence Ribecause of the electron
spatial symmetric functions are singlet and satisfy the relaeorrelation, and hence, the CR effect is maintained also for
tion ¥(z;,2,) =¥ (z,,2;) att=0. In the present paper, we largeR region. This confirms the fact that;H dissociates as
investigate the ionization dynamics of the molecule that isH;"—H-+H"+H as already mentioned. For the one-electron
initially in the ground singlet state)((lzg) att=0 and we H;*", the transition ry— 1o, decreases slowly to zero as-
thus only take into account the lowest six or three singleymptotically, whereas the second transitiorr 420y,
stateg(see Fig. 1in the following sections. The eigenvalues shows the CRR/2 behavior. The CR effect, therefore, exists
and wave functions of these field-free states are obtained ianly in the excited states in this case as has already been
the following steps: First, we calculate time correlation func-pointed out by Yu and Bandradk0].
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~ Before we discuss numerical results, we construct twaconfiguration HH:H,," , whose energy agrees with the elec-
simple MO pictures for interpretation of these numerical re-trostatic energy of a charge displaced through the distance

sults in the following subsections.

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

R/2 by a fieldey. For the second-excited state, the eigen-
value E3 is doubly degenerate, i.e., the eigenfunctiq&b
and 1/f|3| are degenerate. One state has an ionic configuration

In this section, we construct a six-state picture based oin which the two electrons are located on the middle nucleus

the LCAO-MO theory[37]. We consider the lowest six-

singlet electronic states of linear;H

$1(12=103(1)10y(2), (6)
$2(12=[10G(1)10y(2) +10(2)1oy(1)]V2,  (7)
$3(1.2=[1og(1)204(2)+ Loy(2)204(1)]V2,  (8)

$a(12=10y(1)10y(2), (9)

#5(1,2=[10,(1)204(2) +1oy(2)204(1)]/v2, (10)

b6(1,2=204(1)204(2). (11)

H,H. H, and the other corresponds to a covalent configura-
tion H,H."H, . The third-excited state has the configuration
H,*H.H, and the energy of this state igR/2. The fourth-
excited state is also an ionic state in which the two electrons
are located on the other end of the molecule and its energy is
goR. In a previous paper in which we emphasized the exis-
tence of a doorway state for ionization of, F26], we have
reached the conclusion that the ionic configuratiohHH
formed in the level dynamics is the doorway for ionization
and the simple MO picture gave us the clear condition
needed for the creation of the ionic states from the covalent
ones through the crossing of both states. That enabled us to
estimate the laser intensity needed for the creation of the
ionic state from the initial covalent one from a simple energy

The corresponding electronic potentials are illustrated in Figerossing rule[27]. For H;*, which is E}ISQ a _two_—electron
1. The asymptotic atomic dissociation electronic configurasystem, the mechanism of enhanced ionization is, however,
tions for the states,dy, 1oy, and 274 are expressed in the different from that of H as will be shown later due to elec-

MO approximation as, [v2c(i)+a(i)+b(i)]/2, [a(i)
—b(i)]/v2, and [v2c(i)—a(i)—b(i)]/2, respectively. In
these expressions, b, andc denote the &-like atomic or-
bitals on protons, b, andc, respectively, where we defiree
as the central atomic orbital aredandb are the two outer
atomic orbitals throughout this papéf=1,2) refer to the
coordinates of the two electrons.

tron correlation.

2. Three-state picture

In addition to the six-state picture mentioned above, we
propose a three-state picture that is more appropriate for the
description of the true ki system due to the energy separa-
tion of states aR—« (see Fig. 1 For the real H* system,

The corresponding transition moments between the abovge transition momentg ,,(R) and u,3(R) are almost equal

states are given as,{¢|z|d,)={(P»|Z|ds)=—RI2,
(2|7 p3)=RI(2v2), (pslz| ps)=—RI(2v2), and
(palz| ps)={(ds|Z| ) =R/I2, where R means the internu-
clear distance between the two outer protarendb. Other
matrix elements are zero. The statemdj are thus coupled
with each other by the radiative matrix elementi|z|j) at

maximum field strengtlay. Assuming that the radiative ma-

to each other foR=8 [10]. At R= 14, for instance, the exact
value of the transition moments arg,=4.3 andu,3=5.2,
whereas the corresponding values calculated in the six-state
model [Eq. (6)—(11)] based on the LCAO-MO arg15(R)

=7 and u,3(R)=4.9, respectively. The transition moment
12 1S clearly overestimated in the six-state model. Further-
more, asymptotically, a@R=, the electronic states separate

trix elements far exceed the zero-field energy separations bento two sets of triply degenerate states, separated By

tween the six statesd(;— ¢g), we diagonalize the 86
Hamiltonian matrix and obtain the followingdiabaticener-
gies and states in the field,,

=0.34 a.u. as compared to 0.38 a.u. in 3&ke Fig. 1
Hence, we consider the following approximate forms of the
lowest essential three states that reproduce the characteristic
features of the exact electronic states of linegr For large

E;=—¢goR; ¥1=a(l)a(2), (12 R:
E,=—oR12; ¢,=[a(1)c(2)+a(2)c(1)]/Va, (13) #1(1,2=[{a(1)c(2)+a(2)c(1)}
Es=0; y5(1.2=c(1)c(2), +{b(1)c(2)+b(2)c(1)}
g5 =[a(1)b(2)+a(2)b(1)]/V2 (14) +2{a(1)b(2)+a(2)b(1)}]/(2v3), (17)
E,=eoRI2; ¢a=[b(1)c(2)+b(2)c(1)vV2, (15 #5(1,2=[—{a(1)c(2)+a(2)c(1)}
EimsoR: e(1.2=b(1)b(2). 16 +{b(1)c(2)+b(2)c(1)})/2, (19
The ground statél2) is anionic state that is expressed as e #3(1L2=[{a(l)e(2) +a(2)c(1)}
s cretdy o Gorag. Gomimaed o he. s +HB(De(2)+b(2)e(L)}-2{a(Lb(2)
tanceR by a fielde,. The first-excited state represents the +a(2)b(1)}1/2(2v3). (19
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Both ground ¢, and second-excited states; are linear
combinations of HHHp*, Hy"HH,, and HH. H,,

whereas the first-excited statg, is only composed of the
configuration HH:H," and H,*H.H,. The transition mo- ~ 91

(a) R=14 a.u.
i

(a) Type-l
®

ments between the states are given Kyb|z|d)) ;, 0
=(ps|z| p5)=RI(2V3). The three state€l7)—(19) are thus N’ 5| ¢
coupled with the same matrix elemesyR/(2v3) in good 10 | O
agreement with the exact numerical solutions of 4.3 and 5..
a.u., respectively. Diagonalizing the corresponding3en- '15_15 105 0 5 10 15
ergy matrix on the assumption that the radiative matrix ele- z,(a.u.)
ment far exceeds the zero-field energy separations betwet 15 (b)R=14 a.
the three states, one obtains the following adiabatic field er 10 | . bY Tpel °
ergies and states in a fielg: 5 2 (b) Type &
3
I __ . 3
E; 0.4Req: S e ° @)
$1(1,2=[a(1)c(2)+a(2)c(1)1/v2, HaHH,", -10 O
@

-15 -1IO -I5 O 5 1'0 15
E,=0: y5(1,2=[a(1)b(2)+a(2)b(1)]/v2, HaHc Hy, Z, (a.u.)

(21) 12 () R=14 a..

¥5(1,2)=[b(1)c(2)+b(2)c(1)1/V2, Hy"HcHp.
(22

z,(a.u.)
o
O

The zero-field wave functiond 7)—(19) transform, there-
fore, to the appropriate asymptotic field states. To verify the
above analytical expressions, we show next the exact wav
functions of the system. In our numerical calculation, the
adiabatic field states are obtained as eigenstategn FIG. 2. lllustrations of the three adiabatic field states gf it
=1-3) of the matrixHj;(t) :<q>i||-|(t)|q>j) (i,j=1-3), &(t)=0.1 a.u.:(l) the ground electronic state,H.H," (defined as
where the®;’s are the field-free eigenstates of i Eq. (1)  Type D), (1) the first excited electronic state,H. "Hy, (defined as
and H(t) is the exact field-molecule Hamiltonian ,H Type I, and (Ill) the second excited electronic statg #icH,
+V,(z;.,2,,t) which includes the dipole interaction term at (defined as Type-I)l
t. The corresponding adiabatic field energies &gt)

[19,26]. We illustrate in Fig. 2 the three exact adiabatic field = —1.91, EJ°%L —1.34, andEJ°®= —0.77, respectively,
states ats(t)=0.1 a.u. (=3.6x 10" W/cn?) together with  if we take the origin of the energy as1.34 a.u. that corre-
their electronic configurations. In these figures, the sign obponds toES**' These analytical values are in good agree-
the field is assumed to be positive,t>0) and the descend- ment with the exact adiabatic field energies mentioned above
ing (ascending well is formed on the leftright) nucleus. and also with quasistatic modelis Sec. I\). We next show
Thus Fig. 2a) (|1)) shows the ground electronic configura- the lowest-three field-fre¢e(t)=0] electronic statesb;

tion HyH:H, ™ [Eq. (20)] in which one electron is located in (i=1-3) atR=14 a.u. in Fig. 3. One readily observes that
the descending wellzb= —7) and the other is in the middle both field-free grounda) ®, and third statéc) &5 are com-
well (z,=0) (referred to as the Type-I configuratjofrigure  posed of the configurations ;H.H,", H,"H.H,, and
2(b) (|2)) shows the first-excited staf&q. (21)]. Two elec- H,H."H,. The population of HH."H, included in these
trons are located on both ends of the molecule correspondingtates is larger than those of the other two configurations due
to HyH."H, (referred to as the Type-Il configuratipnin  to electron correlation. The second stéied, contains only
Fig. 2c) (|2)), the highest-energy staf&q. (21)], one elec-  the configuration BH.H, " and H,"H.H, and their signs are
tron is located on the middle welz{=0) and the other is on different from each other. These characteristic features of
the ascending wellz;=7) corresponding to k' H.H, (re-  electronic distributions are well reproduced in the approxi-
ferred to as the Type-IlI configurationType | and Type Il mate forms of the MO’s ¢;— ¢3) proposed in Eqs(17)—

are therefore opposite dipole states. These electronic statesg). Furthermore, exact transition moments between the
have the anticipated configuratiof$— ¢, from Eqs.(20)—  states(u,,= 4.2 andu,,=5.18 are relatively in good agree-
(22) and the energies of these three states Bf&°=  ment with the analytical valu®/(2v3)(~4.0a.u.) in the
—2.0lau,Ey®*=—1.35a.u., anES*=—-0.67 a.u., re- three-state picture. In zero field, calculat@xac) energies
spectively. The corresponding adiabatic energies calculateof the lowest-three states ar&j=—1.35a.u., E9=

by the analytical expressions Eq&0)—(22) are ET°%®  —1.34 a.u., andE3=—1.33 a.u., respectively, and hence,

-15

-15-10 -5 0 5 10 15
z, (a.u.)
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15 8
10 (@) I=3.2x10™ Wiem?
6 0] .. A=800nm
5] (it)
=
s 04 4
o
N -5 | >
10 2 (i) exact (ac) '
] (ii) static (dc)
-15 —_—— 0 T T y
-15-10 -5 0 5 10 15 e 31
15 < () 1=1.0x 10" wiem?
o
10 | % 2 1 A =800nm
~ 5] 2
= L 1 1
&S 0 ®
- N
N 5] (_% 3
0 »
-10 - 12
-15 ———
1510 -5 0 5 10 15 104 © 1=1.0x 10" W/em?
5 z, (a.u) | A=800nm
(c)R=14 a.u.
104 = @,
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'15_15 _1'0 _'5 0 5 1'0 15 FIG. 4. lonization rates for the symmetric linear 1D molecule
z, (au) Hs;* under various laser conditionga) |=3.2x 10" Wicn? (s

=0.1au.), (i) exact (AC) and (ii) static (DC), (b) |
FIG. 3. The contour maps of the exact wave functions for the=1.0X 10" W/cn? (£=0.055a.u.), andc) 1=1.0x10"W/cn?
lowest three field-free g,=0) states ofH, [Eq. ()] at R  (¢=0.18 a.u.),A=800 nm.
=14 a.u.:(a) ground stateb,, (b) first excited stateb,, and(c)
second excited stai®;. wheregg is the peak strength. In all simulations, we choose
T=107/w, i.e., five cycles where w=0.057 a.u.f
the energy separations between these states are much les800 nm). We show in Fig. 4, ionization rates obtained
than the electrostatic energgE=0.4¢yR (=0.56 a.u..  from the time dependence of the norm,
Thus, the three-state picture is expected to give us a valid
interpretation of ionization dynamics ofzH, which will be N(t)=|w(0)%e ", (25)
discussed in the next section.
for three different intens(i){iles(a)anzzs.ZX 10 W/ien? (&g
=0.1a.u.), (b) 1=1.0x10"* Wicnr (g,=0.057 a.u.), and
NIl RESULTS AND DISCUSSION () 1=1.0x10" W/cn?(g,=0.18 a.u.). In all cases, a
In this paper, the electric fielel(t) is assumed to have the maximum occurs around=9 a.u., which is called the criti-
following form: cal distanceR;, corresponding to enhanced ionization. First,
we show the ionization dynamics at two different internu-
e(t)="f(t)sin(wt), (23)  clear distancesR=8 a.u. andR=14 a.u. in Fig. 5 for the
pulse parametee,=0.1 a.u.(=3.2x10* W/cn?) by ex-
where, w is the field frequency and(t) is the envelope amining snapshots of the absolute value of the wave func-

function defined as tions |¥(z,,2,,t)|: (8 R=14 a.u. att=23(7/8) cycle[&(t)
=—0.054 a.u} and (b) R=8 a.u. att=3(3/4) cycle[&(t)

f(t)=eot/T for O<t<T, =—0.072 a.u}. For both cases, the initiat € 0) state is the

exact ground stateb, (=®;) of Hy [Eq. (6)]. This singlet

f(t)=go for t>T, (24)  state has the exchange symmetryz;,z,) =¥ (z,,z;). As
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FIG. 6. (a) EnergiesE,(t) for the six adiabatic field states

Q [n") (n=1-6) atR=8 a.u.(b) The corresponding time-dependent
-10 : ﬂ / . populations obtained by projecting the exact wave packet
-10 -5 0 5 10 15 W¥(z,,2,,t) onto the these six adiabatic field statgs), P}

=|(¥|n")|? (n"=1-6) at each time step. The field used in this
calculation is the same as that in Fig. 4, i&=0.1 a.u.

FIG. 5. Snapshots of the absolute value of the wave functions o )
W(z,.2,0): (@ R=14au. at t=3% cycles [s(t)= izes because of the repulsive interaction between the two
11462 . - -u. =93 =

005424 and () R=8au at t=3% cycles [e(t) elgctrons ar_1d then the second electron, which is in the
_0'072 a. 4 whene,—0.1 a.u - a oy middle well(i.e., z,= 0.0 a.u) moves to the Iowest well. The_r

) ) 0o & path denoted a&3) corresponds to the formation of the ionic
component H"H,"H,~ in the lowest well(region in the
shown in Fig. %a), for R=14 a.u., ionization proceeds circle, i.e.,z;=z,=4.0 a.u) and ionization from this con-
mainly from the Type-Il configuration 4H."H, [already figuration also can be seen as denoted by the @tfThus,
shown in Fig. 1b)]. An electron near the descendifigwer) in the intermediatdR distance around,, the ionization dy-
well (z,=7 a.u.) whereze(t)<O0 [the right nucleus when namics is highly correlated. Hence, in the following, we in-
e(t)<0] is ejected as denoted by the solid arrow. Anothervestigate the electronic level evolution prior to ionization on
type of ionization that starts from the ascendingped well ~ the basis of the adiabatic field states defined in the previous
(z,=—7 a.u.) is indicated by the broken arrow; in this pro- section.
cess, the electron ejected from the ascending well penetrates
through the descending one without colliding with the other
electron(from z,<0 to z,>0). This is the major ionization
channel as seen by the larger probabilities. For the interme- In this section, we identify the essential electronic states
diate (R=8) region, shown in Fig. ®), the ionization pro- that play an important role in the ionization process gf H
cess is more complicated. We can see many types of ionizdhrough comparison between the three-state md&ejs.
tion in this figure. The path denoted &%) shows the (20—(22)] and the six-state onfEgs. (12—(16)]. In Fig.
ionization that proceeds from the Type-Il configuration. An6(a), we show the calculated adiabatic energigét) for the
electron in the descendiritpwen well (z,>0) is ejected to  six adiabatic field statgs’) (n=1—-6) atR=8 a.u. calcu-
largerz, . From the Type-[also shown in Fig. (8)] configu-  lated in the six-state model. Figurgb$ show the corre-
ration H,H.H, ", two paths of ionization can be seen. The sponding time-dependent populations obtained by projecting
path (2) shows the one electron ionization that is dominatedthe wave packet(z;,z,,t) onto these six field-following
by electron-electron repulsion. In this situation, the electroradiabatic statesn’), P,=|(¥|n")]*> (n’=1-6), at each
in the lowest well(right nucleus, i.e.z;=4.0 a.u) first ion-  time step. This is to be compared, in Figa){ to the calcu-

A. Essential electronic states for the ionization process of 4
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FIG. 8. Adiabatic field energiesE, (n'=1-6) for R
=14 a.u.,eg=0.1 a.u.
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be populated in the six-state model as the laser intensity
increases. Figure 8 shows the adiabatic field states energies
E/(n=1-6) for R=14 a.u. At t~275a.u. [e(t)=0],
nonadiabatic transitions between the three stdfes, |2'),
and|3’)) occur due to near avoided crossings. Laser-induced
FIG. 7. (a) EnergiesE(t) for the three adiabatic field states nonadiabatic transitions betweé®/') and|4’) occur at the
In) (n=1~3) atR=8 a.u. in the three-state modéh) The corre-  avoided crossing points near 289 a.u. and~319 a.u. at
sponding time-dependent populatior®,=[(¥[n)|> (n=1~3),  zero field. Complete population exchange betwsh and
obtained by projecting the exact wave packet onto the three adia}4f> occurs around these zero-field points, whereas the field
batic field states at each time step. The open circles denote tqgfr> state is also coupled witf5') aroundt=303 a.u. when
decrease oP; in the time domain | (33Lt1<386). The squares ihq fig|d takes a local maximum. These higher-electronic
denote the decrease &% in the time domain Il (386:t<441). i iac in the six-state modék’) and|5')) are, however
The field used in this calculation is the same as that used in Fig. SComposed of almost the same component$3}z;fas in the,
e, eo=0.1au three-state model. Thus, these states are composed mainly of
the lowest-three electronic statés, ¢,, and¢s of Hy. The
sum of the projected components in the six-state model is
very close to that in the three-state modde difference
between them takes its maximu@+0.08 aroundt~ 300].
V}/e conclude that the three-state model is sufficient to inves-
%gate the ionization dynamics also at lafgeFor the smaller
R regions R<7 a.u.), energy gaps between the field-free
states become large and transition moments between these
three bare electronic stategh{— ¢3) but also the higher- ?na};e?hdeetl:(;svaess? \xfs :&ebstgrz'Xr;qgir:ﬁythg;%lséztewri?ﬁ d:z!\f:,h

three (b4 ¢), whereas the latter IS compo_sed only o_f theot er and higher-electronic states are hardly populated. The
lowest-three bare states. These adiabatic field energies angd " <10 projected components in the six-state me

states are_obtame_d by dlagonallzw_]g .th}e@ (or _3>< 3) en- (12—(16)] is nearly identical to that in the three-state model,
ergy matrix that includes the radiative couplings betweer}:liffering only by a maximun=0.12 att=425 a.u. Thus, due

zero-field states at each time step and the field used for thl[% the large energy separation of the asymptotic states at

calculation is the same as in Fig. 5, i.€y=0.1 a.u[19,25. | - :
) ; e argeR into two separate sets of triply degenerate states, only
As seen from Fig. @), the lowest-three adiabatic field states the lowest-three states are shown to be essential in the ion-

gre ma|_nly populated in t.he whole time range up to SQO a'uFation dynamics of K" .
mall differences occur in the energies due to couplings o

the |4’) and|5’) states to3’), but due to the energy gap
(AE=0.186 a.u.) between the two triplets of stateg,; (
~¢3) and (P4~ ¢g), at R=8 a.u., ande;=0.1 a.u., only Previous numerical calculations and quasistatic models of
the lowest-three states are of importance. This can be exenization rate of exact one- and two-electron molecules, as
plained from the considerable energy gap. It is to be notedummarized in9] and[27] predict the phenomena of en-
that E, changes very little in both Fig. 6 and Fig. 7, as is hanced ionization at some large critical distafg where
expected for a three essential state systgl0s37. For the the ionization rate of the molecule exceeds that of the disso-
largerR regions,R= 14 a.u., higher electronic states come tociating fragments by at least one order of magnitude. Our

o
<)

100 200 300 400 500
Time (a.u.)

lated adiabatic energids,(t) for the lowest-three adiabatic
field stategn) (n=1—23) calculated in the three-state model
and in Fig. Tb) the corresponding time-dependent popula-
tions, P,=|(¥|n)|? (n=1—3). These are obtained by pro-
jecting the wave packet onto the three adiabatic field states
each time step. It should be noted that) (n’=1-3, in the
six-state modelis not the same agn) (n=1-3, in the
three-state modglThe former contains not only the lowest-

B. Mechanism of enhanced ionization
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ducing the three-level crossing to two successive two-level
-1.01 (@) R=7au. problems 1-2 and 2—3, nonadiabatic transition probabili-
_ ~\ /\ /‘ \ / tiesP(1—2) andE(2H3) can be evaluated from Landau-
L?i 12 /\/ v \/ \/ Zener—type equatiord9,38,
5 ........... E .................... Piej:exq_ﬂ-&i,j/‘]')l (26)
2 14 ] 2
w E, where
-1.6
\/\/VV\/\A AR -
450 500 550 600 650 700 750 800 il Dol '
Time (a.u.) . .
0.8 In the above equationd\E;;(R) defines the energy gap be-
(b) R=7 a.u. tween the field-freéth andjth electronic stategj|z|j), the
0.6 | electronic transition moments, the field frequency and
c ' e(t), the instantaneous field amplitude at timeéAround t
S ~550 a.u., field-induced nonadiabatic transition probabili-
‘;;; 0.4 1 ties are thus estimated to g _.,~0.23 andP,_,;~0.53.
& P,_,3 becomes about twic®,_,, because the energy gap
02 | AE 5(R) is about twice larger thalE,5(R), whereas the
.. dipole momentu,=(1|z|2) is only about 1.5 times larger
g “‘\__,\__J\_\_,j\/_‘\‘_/\_ o than w,3=(2|2|3). Around t~550 a.u., the quasicrossing

point, P, falls from 0.50 to 0.36, whered®, increases from
450 500 550 6_00 650 700 750 800 0.05 to 0.18 andP5 increases from 0.0 to 0.05. These values
Time (a.u.) are in good agreement with the theoretical values from Eq.
FIG. 9. (& The adiabatic field energie, (n=1-3) for R (26) The_ decrease oP; in the ne_Xt _quarter cycle (551t
=7 au. (b) The corresponding time-dependent populatidns ~ <°78) IS caused not only by ionization, but also back-
=|(W[nY|? (n=1—3). The field isso=0.1 a.u. with correspond- _transition to|1). Analysis of the wave function shows tha}
ing ionization rate illustrated in Fig.(4). is mainly composed of the Type-Fig. 2(b)] configuration
H,H."Hy, but it contains also some Type-I configuration in
previous exact 3D calculation of ionization rates for the one-this relatively low-intensity field.
electron H** showed a sharp maximum in the ionization =~ WhenR increases and the energy differences between the
rate aroundR;=5/,=10 a.u., wheré, is the ionization po- ground statél) and upper states decrease, nonadiabatic tran-
tential of H(1s)=0.5 a.u. in 3D[10]. The same phenomena sitions between the states can occur. For intermediate
persisted for 2D triangulafnonlineay Hy** [12] and this =8 a.u. values, returning to Fig. 7, which shows the results
was confirmed as in the case of H[6,7], as the rapid ion- calculated in the three-state model, the energy gaps between
ization of the field-modified LUMO that is Stark-shifted the lowest-three states become smaller @hdouples radia-
above total internal electrostatic barriers (Coulotfileld) tively readily with the lower states. The ionization process in
aroundR, at the peak of the field, i.eg,. Perusal of the this intermediateR region nearR; is characterized by the
two-electron 1D linear k' ionization rates illustrated in Fig. population of[3) as seen in Fig. (b). Beforet~330 a.u.,
4 show similarly enhanced ionization for critical distancesonly |1) and |2) are mainly coupled together at the initial
8<R.<10a.u. at the moderate intensitiés-10** and | lower-laser intensity. Nonadiabatic transition probabilities
=3.2x 10" W/cn? [Figs. Xa), 1(b)], whereas at the higher evaluated from Eq(26) are P;_,~0.14 andP,_3~0.50
intensity | = 10®W/cn?, two R.'s seem to occur at 6 and 9 around t~220 a.u., respectively. Arounti=331 a.u., the
a.u. We examine this enhanced ionization mechanism for theonadiabatic transition probabilities afe; .,~0.27 and
three regimesR< 8, R=8, andR>8 a.u. by examining the P, .3~0.64, respectively, an; increases from 0.0 to 0.25
nature of the two-electron wave functiobf(z;,z,,t) ob- by the transitions between the three statéd){|2)
tained at the time in the laser field. —13)). In the time domain | (33&¢t<386), P; decreases
For smallR=7 a.u. values, Fig.(@) shows the adiabatic as denoted by the open circles in Figh); while P in-
field energiesg, (n=1—3) and the corresponding time- creases and takes a local maxim@v0.5) att=371 by the
dependent populationB,=|(¥|n)|?> (n=1—3) are shown nonadiabatic transition frof2). It should be noted tha®; is
in Fig. 9b). For this smaller distance, when the laser inten-recovered from 0.0 to 0.39 around the next zero-field time
sity increases, field-induced nonadiabatic transitions occur=386 by the transitiongl)—|2)—|3) and P, becomes
mainly between statd$) and|2). Aroundt~551 a.u., which  almost zero. lonization proceeds quickly & also in the
corresponds to zero fiel&; andE, are nearest each other time domain Il (386<t<441) as denoted by the squares in
and the field-induced nonadiabatic transition friinto [2)  Fig. 7(b). Figure 10 shows snapshots of the two-electron
occurs at this timeg19,26. Then [2) becomes populated wave functions |¥(z;,z,,t)] at t=396au. ¢
(P,~0.18). Around the field zeros, electrons tend to sepa= —0.036 a.u.) and=410 a.u. €=—0.069 a.u.) for which
rate from each other because of the electron correlation. Rave expect electron flux in the>0 direction. One can see in
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FIG. 11. Contour maps of the two-electron wave functions of
FIG. 10. Snapshots of the absolute value of the two-electrorihe adiabatic field states BRt=8 a.u. for the adiabatic field states at
wave functions| ¥ (z;,z,,t)| at (a) t=396 a.u. £=—0.036 a.u) &(t)=0.03 a.u.:(a [1), (b) [2), and(c) [3).
and(b) t=410 a.u. €=—0.069 a.u.). The field is,=0.1 a.u. and
R=8 a.u. Type-lll configuration [Fig. 2(c)], H,"H.H,. Around t

=396 a.u.,|3) is dominant P;~0.39), but|2) is also popu-
Fig. 10@) the ionic component H H, H." being built up  lated (P,~0.12). P; reduces quickly as denoted by the
as denoted by the bold circle &=396 a.u. around;=2, squares in Fig. (b) whereasP, is nearly constant by the
=0. In this configuration, two electrons are located in thetimet~419.|3) is mainly composed of the Type-lll configu-
middle well, i.e., H~ for which the ionization potential is ration where one electron is in the middle well and the other
very small[l,(1DH")=0.06 a.u] so that ionization pro- one is in the ascending well. The ionic component
ceeds relatively easily. This ionic component decreases in thid, “H, "H.* seen in Fig. 1®) is formed by the one electron
next moment {=410 a.u.) and ionization proceeds as de-in the ascendinguppep well transferring to the middle well.
noted by the three paths in Fig. (). The solid arrow rep- In Fig. 11, we show the contour maps of the wave functions
resentstwo-electronionization from the middle well %; at R=8 a.u. for the adiabatic field states &(tt)=0.03 a.u.
=27,=0) but this is clearly not a major channel. The brokenso that the minimum two-electron energy occurgaD: (a)
arrow represents one-electron ionization that is caused by tH#&), (b) |2), and(c) |3). At this laser intensity, the energies of
electron-electron repulsion from the Type-l configurationthese adiabatic states dfg=—1.49 a.u.,E,=—1.34 a.u.,
where one electron is in the middle well and the other one iendE;= —1.23 a.u., respectively. Fit), (z,=0, z,= —4),
in the descending well. In this case, first, one electron in the local maximum of internal potential barriér1.4 a.u) is
descendinglower) well (z;=4—x) ionizes and then the formed in the direction of the solid arrovz,<—4 [Fig.
other electron transfers to the descenditayver) well (z,  11(a)], and similarly in the direction of the broken arrow,
=0—4). The solid-dotted arrow shows the one electron ion-z;<0 a maximum occurs with energy1.30 a.u. The cross
ization which proceeds from the Type-ll configuration sections of the total static potentialV. [Eg. (3)]
H,H. H,. In this case, the electron in the descending+V, [Eg. (4)]) along the solid arrow and the broken arrow
(lower) well ionizes ¢, =4— =) and another one in the as- are shown in Fig. 1®) and Fig. 12a), respectively. In both
cending (uppe) well (z,=—4 a.u.) remains. It should be directions, local maxima are greater thiap, thus suppress-
noted that these types of ionization are provoked by theng ionization via the statgl). For|2) [Fig. 11(b)], the same
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0.5 middle nucleus is createfbee Fig. 1(a)]. lonization pro-
(@) ceeds readily from this configuration. As the laser intensity
10| increases t(>414), ionization proceeds also Vi) as seen
E, in Fig. 7(b) because potential barriers go down &gl be-
—— — — — comes higher. The width of the three stateld), |2), and|3)
15 E, calculated in a corresponding dc field of 0.03 a.u. calculation
is 1.4<10°2, 2.7x10 2, and 1.6k 10 ' a.u. (1 a.u=4
2.0 X 10'®s™1), respectively. Thus, the ionization rate frg8) is
05 about one order of magnitude larger than those from other

states. As a result, enhanced ionization occurs aréun@
by the creation ofi3), which is composed mainly of the
Type-lll configuration, H*H.H, .

For largeR (= 14 a.u), Fig. 13a) shows the adiabatic
field energiesk,, (n=1~3), and the corresponding time-
dependent populationB,,=|(¥|n)|?> (n=1~3) are shown
in Fig. 13b). The energy gaps between the states are now
smaller and transition moments between the states become
large asR/2v3. Fort>300, the level dynamics becomes di-
abatic[ 8y », 8, 3<1, EQ.(26)] because of the increase of the
field amplitudee(t) and largeR. Nonadiabatic transition
probabilities areP;_,,~0.98 andP,_,3~0.99, respectively.
Thus, the statefl) and |3) are strongly coupled with each
other through the stat¢?) and the alternating population
changes can be seen at zero-field titnear avoided cross-

-1.0 4

-1.5

Energy (a.u.)

-2.0 4

-0.5

-1.0 4

-1.5

2.0 ing9). This means that the transitions between the adiabatic
. . r (quasistatit wells are suppressed at large lonization pro-
-10 -5 0 5 10 ceeds mainly vig2) as seen in Fig. 1B). Thus, around
z(au) ~386 a.u., population flows int{2) from |1) by the nona-

FIG. 12. The cross sections of the total static potentialdlabatlc transition an, rises from~0.35 10~0.55. In the

(V¢ [Eq.(3)]+V, [Eqg. (4)]) along the various directions and t!me domain | (386(t,<441)‘ P2 decreas.es.dutle to loniza-
adiabatic energieg, , E,, andEs ate(t)=0.03 a.u(see Fig. 1 ton, Whgreafl remains constant. Thus, ionization proceeds
(a) the cross section along the bold broken arraw<(0) in Fig. ~ Mainly via the stat¢2). This is typical of nonadiabatic tran-
11(a) or along the bold broken arrowz{<4) in Fig. 11b), (b) the  Sitions in three closely coupled statg29] and is the main
cross section along the solid arro@,& —4) in Fig. 14a) or along ~ mechanism of enhanced ionization ig™H [10]. The middle

the bold broken arrowz;<4) in Fig. 1Xc), and(c) the cross sec- state corresponds to a zero eigenvalue state and dynamics are
tion along the solid arrowz, < —4) in Fig. 11b) or along the solid  mainly controlled by it. Around t~414 a.u. [&(t)

arrow (2,<0) in Fig. 1Xc). ~0.072 a.u], |2) is mainly composed of the Type-ll con-

thing can be said of the energy-level relations. Local potenfiguration, HH. Hy, as shown in Fig. 2 and its energy is
tial maxima formed in both directions denoted by the solidE2=—1.34 a.u. A local potential maximuif+-1.62 a.u} in
arrow (22<4) and bold broken arrowz£<4) (—118 and the quaSiStatiC piCtUre is now aIOﬂg for Z,< —7 a.u. ThUS,
—1.30 a.u., respectivelyare greater thai, and ionization E, is higher than the barrier and the electron in the descend-
is also suppressed via the sta®. In this case, the cross ing (lower) well can pass over the barrier and ionize. For
sections of the total static potential along the solid arrow andpposite field,e(t)=—0.072 a.u., the local potential maxi-
the broken arrow are shown in Figs.(tRand 12a), respec- mum formed in the direction of the broken solid arr¢zy
tively. Thus, both stated) and|2) are trapped as illustrated >0, Fig. 5a)] is much lower tharE, and this direction is

in Fig. 12. In the case of8) [Fig. 11(c)], a local potential more favorable for the electron to ionize. The motion of the
maximum formed in the direction of the solid arrovz,( wave packet in this direction corresponds to one-electron
<0) is —1.18 a.u. The cross section of the total static potenionization mainly from the ascendin@ppe) well. One can

tial along the solid arrow is shown in Fig. @2 This is  see from Fig. &) that ionization from2), i.e., configuration
higher tharE;= —1.23 a.u. and ionization is also suppressedH,H."H, (z;=7 a.u.,z,=—7 a.u), proceeds most favor-

in this direction(i.e., z,<0) [Fig. 12c)], but in the direction ably alongz,>0 and that the electron in the ascending well
shown by the broken arrowz{<4), the local potential atz,=—7 a.u. ionizes more preferably. Consequently, for
maximum is—1.33, well belowE; [Fig. 12b)]. The cross largeR, characteristic features of ionization become atomic-
section along the broken arrow is shown in Fig(2The like and ionization proceeds mainly from the Type-Il con-
electron wave packet can pass over the barrier along the bofeyuration. Thus, ionization in the large>R. region con-
broken arrow ¢;<4) and the ionic configuration i."H,,  verges to the asymptotic H§}) limit. In summary, forR
(z;=z,=0) in which the two electrons are located at the>8, due to the slow electron-tunneling rate between the end
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FIG. 14. The time-dependent populatioRg=|(¥|n)|? (n=1
—3) in the dc field case(@) R=9.5 a.u.,(b) R=14 a.u. forg
=0.1 a.u.

300 400 500 600

Time (a.u.) the states decrease and become degenerd®e=at. As a

consequence, field-induced transitions between the states be-
FIG. 13. (a) Adiabatic energie€, (n=1—-3), (b) correspond- COme large. The third sta{8) also participates in the level
ing time-dependent populationB,=|(¥|n)2 (n=1-3) at R dynamics, but its population is still small. In conclusion, in a
=14 a.u. anc,=0.1 a.u. dc field, R, corresponds to the distanBeat which ionization
most efficiently proceeds vigd), which is mainly composed
atom H, and H., an electron remains localized in the field- both of the Type-I configuration Hi.H,™ and the ionic
induced upper well and ionizes from {See Fig. 13. component H H,"H, " . For R<9.5 a.u., asR decreases,
We investigate next the ionization process in a dc field tahe statgl) increases its ionic component that increases the
compare the ac mechanism of enhanced ionization with a dionization, but the attractive forces from the nuclei hinder the
(statio mechanism. As in our present studies, we ramp the dincrease of the ionization rate. For largR>9.5 a.u., the
field to the maximume, (ac amplitude within five cycles. covalent|2) state becomes dominant as a result of increased
As seen in Fig. @), under the dc fieldR; shifts to some- population. As shown above, the mechanism of enhanced
what largerR compared to th&; in the ac field case and has ionization in the ac field is much different from that in the dc
a peak atR~9.5. In Figs. 14, we show the time-dependentfield, in that in the ac field ionization is enhanced by the
populationsP,=|(¥|n)|?> (n=1—23) for the dc field case: creation of|3), which is mainly composed of the Type-IiI
(@ R=9.5 a.u.,(b) R=14 a.u. ForR=9.5 a.u., Fig. 14), configuration, H*H:Hy . In the dc field, on the other hand,
ionization proceeds mainly via the staf®) only that is ionization mainly proceeds vid), the opposite phase state,
mainly composed of the Type-I configuration, which con-HsH:H,™ and the creation of3) is negligible. Contrary to
tains some ionic component,HH."H,* (P~0.55 at its the H, case[26], the doorway of ionization for ki in the ac
maximum around~500 a.u). As R increases, energy gaps field is, however, not the ionic configuration,FH."H,™
between the field-free states become smaller and the covaleitit the Type-lll configuration k"HcH, in which the two
state|2) becomes populated ¢H."H,). For R=9.5 a.u., electrons are located in both middle and ascending wells.
P, is, however, still negligible and ionization proceeds This is a signature of the importance of electron repulsion in
mainly via|1). As R increases furtherR=12 a.u.),|2) be- 1D delocalized system. To confirm further the ac mechanism
comes more and more populated and the ionization rate star@ enhanced ionization, we examine this process for different
to decrease as seen in Figay The ionization rate froni2)  laser intensities. We consider the lower intensity case, Fig.
is smaller than that fronfl) becauseE; — Vimayis larger than — 4(b) where | =1.0x 10W/cn?, A=800nm for which the
E,—Vmax here, V.., is the local potential maximungor  ionization rate as a function dR retains a peak aroung
maxima formed in the direction of ionization. Thus, the co- ~9.5 a.u. In Fig. 1), we show the corresponding energies
valent (H,H."H,) state|2) is less favorable to ionization of the time-dependent adiabatic field staté&s{E;) at R
than the statél). The creation of2) causes the reduction of =9.5 a.u. and the corresponding time-dependent populations
the ionization rate. For largd® (=14), the population of2) ~ P,=|(¥|n)]* (n=1~3) are shown in Fig. 1®). One can
becomes larger than that [df) because energy gaps betweensee the dominance of the stég[open circles in Fig. 16)],
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enhances ionization. Thus, the ionization rate has a peak
aroundR~9 a.u. For largdr(>14 a.u.), the response of the
system to the electric field becomes diabatic as the laser in-
FIG. 15. (8 Time-dependent adiabatic field energieg,( tensity increases and the electron transfers between the wells
—E;). (b) Corresponding time-dependent population,  are suppressed. lonization proceeds mainly via the (i
=[(¥|n)]? (n=1—3) atR=9.5 a.u.,e,=0.055 a.u. which the two electrons are located on both ends of the mol-
ecule[Fig. 2(b)]. In Fig. 16, we illustrate in detail the two-
Type-Ill configuration, to the ionization process. One seeglectron density ¥(z;,2,,t)|* at R=6 a.u. where a new
opposite phase oscillation of the two dominant electronighaximum in the ionization rate occurs for#@v/cn? [Fig.
states, the Type-1R,;), HyH.H,™, and Type-lll Ps), 4(c)]. The density is reproduced from the exact TDSE, Eq.

H."H.H,, reminiscent of plasmong¢see Ref.[40]). The (1), at the timet=427 a.u. where:(t)=—0.1 a.u. for the
ionic components, H'H, H," and H,"H,"H,~ are not ~maximum amplitudes,=0.18 a.u. (1Wi/cn?). One sees

dominant due to electron repulsion. In general, the characteftom the figure considerable density accumulated in the en-
istic features of ionization in the low-field case {4@v/cn?)  circled region around;; =2z,=3 a.u., corresponding to the
and the intermediate case (20W/cn?) are similar.R¢

0 200 400 600 800
Time (a.u.)

corresponds to th® at which [3) is most efficiently created 1.0
and the adiabatic field enerdy; exceeds the internal static R=6 a..
barriers, thus, confirming the quasistatic model of overbarrier 0.8 P,
ionization[6—12,27. R I
For higher laser intensity, Fig. (¢ (1=1.0 -
X 10"*W/cn?, A =800 nm), the ionization rate as a function 5 0.6 AN
of R has a peak arounB~9 a.u. and a shoulder is formed g . o
aroundR~6 a.u. In the smalR regime R<6 a.u.), ioniza- § 04

tion proceeds mainly via the staB, which is composed of
the Type-I configuration and the higher states are negligible
because of the large energy gaps between them. Aréund 024
~7 a.u., the staté2) becomes considerably populated be- SR/

cause of the strong laser intensity. The ionization rate from g ' : . ' . {:
|2) being smaller than that frori), the creation of2) re- 0 100 200 300 400 500 600
duces the total ionization rate. Thus, the ionization rate be- Time (a.u.)

comes smaller @®=7 a.u. and a shoulder is formed around

R~6 a.u. AsR increases further, both transition moments FIG. 17. Time-dependent populations of ionic components con-
12 and u,3 become large and the intervention of the highesttained in the two-electron density obtained by projecting the wave
state|3) is essential. The ionization probability frofy is ~ Packet onto the three ionic stateBj =KW |Wy -y +n )% Py
almost unity and as in the lower-intensity cases the creatioff (¥ |Pw_+n-n, ), and Pr=K¥[¥y +y+y ) for &g

of [3) and the configuration f H.H, in the level dynamics =0.18 a.u. (=10"*W/cn?).
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ionic configuration H*H.*H,~ . Clearly, most of the one- This givesR.=6-7 a.u. by using,—A=0.6 a.u., in agree-
electron ionization occurs from this configuration. Figure 17ment with the first peak observed in the ionization rate illus-
shows the time-dependent populations of ionic componenttated in Fig. 4c). The mixed regime aroun&.=9 a.u.,
contained in the two-electron density obtained by projectingcorresponds to laser-induced transitions mainly between the
the wave packet onto the three ionic states H,"H,*,  three electronic staté¢'S , B'X, , andE'S ", which are
H,"H. Hy", and H,"H."H,~ . One notes, clearly, oscilla- illustrated in Fig. 1. The electron distributions for this regime
tion between the two configuration,AH."H, ™ (probability ~ are illustrated in Fig. 10 and the corresponding adiabatic
P.) and H,"H."H,~ (probability Pg), corresponding to the field states in Fig. 11. The numerical results show that the
electron transfer between both ends of the molecule throughain ionization pathway is through the upper state, Type Ill.

the middle ionic state i H. H, ™ (probability Py,). H."H:Hp, where one electron is in the uppermost well on
H, and the other electron is in the middle well. lonization
IV. CRITICAL DISTANCES AND CONCLUSION proceeds mainly from the outermost atorp.HVe therefore

adopt again the quasistatic above barrier image used before
Summarizing the above, we conclude from the TDSE nuin obtaining analytic expressions f®, for H," [7], and

merical solutions of the two-electron distribution that threeH,** [10]. We write the energy of staig) as a sum of the
main configurations determine the ionization dynamics viawo-electron energies,
laser-induced electron transfer in three different regimes of
laser-molecule interactiong22]: (a) adiabatic: R<9 a.u., E.=E(zy)+E(zy),
H, H."Hy " (ionic), (b) diabatic:R>9 a.u., HH;"H,, (co-
valent, Type 1), and(c) mixed: R=9 a.u., H"H:H, (cova-

lent, Type Ill). The energy of each electronic configuration Ez)=-l-g+5 E@)="lh-5, (0
can be estimated from electrostatics assuming negligible
overlap between atomic orbitals on neighboring sites, where one electrorz¢>0) is on atom ki, and the other one

(z,=0) is on H,, i.e., the middle atormisee Fig. 1L The
total energyE, is equal to that in Eq(28). We note that the
ionizing upper electronz;>0) only interacts with the left
bare nucleus I and the electrostatic fiele,, from the laser,
since nucleus His shielded by the other electromz,&0).

6
Ea(R)=—1,=A— 5—&0R,

Ep(R)=—21,— =, Assuming that the upper electrom,;&0) is at a distance
from nucleus H, we obtain its electrostatic potential,
_ 2oR 1 1
E(R==2lp gt 3 28 V(2)=- +eoz. 3

R2+z RI2—z

whereA is the ionization potential of H(0.06 a.u) andl , is Definina z= R/4+v. and searching for the maximum barrier
that of H(0.67 a.u) in 1D. These energies are comparable toy, :cr:)n? ?he cond)?t,ion oV)/(d2) |:% gives rea)c(ililyu I
the adiabatic energies calculated in the previous discussion,” ' '

thus, confirming the validity of the electrostatic atomic eoR® R
model aroundR;=9 a.u. For example, aR=8 a.u. and y= 128 9°
£(t)=0.03 a.u.(Fig. 11), the adiabatic energies were found

to beE,=—1.34 a.u. an&.=—1.23 a.u. The energy differ- - ge(ing next the energy of the maximum baréf equal to
ence between these two is approximatelyoR)/(2)  E(z) [Eq.(30)], in agreement with the observation in Fig.

=0.12 a.u., in agreement with ER8). Small differences 15 that jonization proceeds by overbarrier ionization, gives
are due to the neglect of atomic polarizabilities. The adiape approximate form

batic regime, R<R.=9 a.u., corresponds to the regime

where electrons follow nonresonantly the field. This is the goR 11

quasistatic regime of strong-field atomic physf&s-5]. In lb=>""Ir: (33
the molecular case, this corresponds to efficient charge trans-

fer via the creation of the ionic configuratid@) as con- A golution of this equation atf,=580, gives readilyR,

firmed by Fig. 17. As in the case of;H26,27, one can  _g 5 in agreement with the dominant ionization maxima
estimate the critical distand®, for enhanced ionization on  ranorted in Fig. 4. We conclude that the quasistatic model of
the basis of the simple principle of most efficient chargesyerparrier ionization for molecules exposed to intense laser
transfer at the fleld—lnduceg energy crossings of theT covaleRfa|ds as originally proposed by Codling, Frasinski, and
configuration Type Il (f§Hc"Hy), with the ionic configura-  aherly[41] and modified to take into account the impor-

tion (Hy"Hc"H, ™). Thus, equating=,(R) andEp(R), one  tant Stark shifts of the LUMQ7,9,27] explains qualitatively

(32

obtains an expression fét; similar to H, [26-27, well the main enhanced ionization critical distanég
| =9 a.u. in Fig. 4, calculated from the TDSE fogH Thus,

Ro=-2 when (I,—A)2=8z,. (290  enhanced ionization aR.=9 a.u. occurs from the laser-
2g9 induced excitation of the configuration,HH.H, with the

043411-14



MECHANISM OF ENHANCED IONIZATION OF LINEAR. .. PHYSICAL REVIEW A64 043411

electron situated on the uppermost quasistatic wellsatd- ~ molecule[42] and large clustef43—44 ionization have sug-
tributing mainly to the ionization by the over-barrier passagegested such laser-induced electron density oscillations. Our
Electron repulsion suppresses the creation of the ionic sta®alculations, albeit in 1D only, illustrate that different en-
H,"H."H,~ i.e., complete charge transfer. The ionic statehanced ionization mechanisms can occur in delocalized sys-
begins to contribute to the ionization dynamics at higher iniem such as molecules as a function of laser intensity.
tensities (=10'°) and at shorter internuclcear distances. The

present results ir_ldicate that enhanced ionizat_ion can there- ACKNOWLEDGMENTS

fore be strongly influenced by electron repulsion, the latter

reducing complete charge transfer and accentuating collec- We thank A. Becker, S. Chelkowski, and P. B. Corkum for
tive oscillations as illustrated by configurations of Type | andhelpful discussions concerning molecular-enhanced ioniza-
Type Ill in Fig. 2. Recent experiments on intense-field largetion.
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