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Molecules in intense laser fields: Enhanced ionization in one- and two-electron linear
triatomic molecules

Hengtai Yu and Andre´ D. Bandrauk
Laboratoire de Chimie The´orique, Faculte´ des Sciences, Universite´ de Sherbrooke, Sherbrooke, Que´bec, J1K 2R1 Canada

~Received 19 December 1996!

Numerical solutions of the time-dependent Schro¨dinger equation are presented to study the behavior of one
and two electrons in symmetric and nonsymmetric linear molecules H3

21 and H3
1. Enhanced ionization, as

discovered earlier in diatomic molecules H2
1 and H2 are shown to occur also in triatomic systems at critical

internuclear separations that are determined by both field-induced barrier localization of the electron and
charge resonance~CR! transitions. Two-electron effects manifest themselves through their influence on CR
transition moments and electron collisions at large intensities.@S1050-2947~97!02407-4#

PACS number~s!: 42.50.Hz
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I. INTRODUCTION

The interaction of intense laser fields with atoms has l
to many unexpected nonlinear multiphoton optical pheno
ena of a nonperturbative nature such as above-threshold
ization ~ATI ! and laser-induced stabilization@1#. Molecules
are being investigated currently in similar fashion as th
offer the possibility of more complex behavior due to t
additional degrees of freedom arising from the nuclear m
tion. Thus the analog of ATI for nuclear motion, abo
thresheld dissociation~ATD!, is now well documented in
terms of a dressed state representation of field-electronic
lecular surfaces on which nuclei propagate@2–4#.

Electronic ionization and the Coulomb explosion of mo
ecules have only recently been addressed experimentally
theoretically@4–27#. A fundamental difference between a
oms and molecules has been the prediction of the phen
enon of charge resonance enhanced ionization~CREI! from
numerical similations@11–22# and its recent experimenta
confirmation@8–10,23#. Both laser-induced barrier tunnelin
models@5–7,12,20,21# and laser-induced charge localizatio
models@11,13,18# show that such enhanced ionization ra
occur in diatomic molecules in the presence of intense la
fields at large critical internuclear distances, exceeding
rates of the dissociation fragments by one or two orders
magnitude. The kinetic energies of the Coulomb explos
fragments are hence predicted and found experimentall
be much less than those obtained from direct Franck-Con
ionizations from the initial ground state as these explosi
occur at the large critical distances mentioned ab
@5–10,22#. Exact numerical simulations of Coulomb expl
sions in H2

1 confirm the theoretical predictions and the e
perimental observation of low-kinetic-energy fragmen
@15,16# as due to CREI at large distances. We address in
present paper the laser-enhanced ionization phenomeno
linear triatomic molecules such as the one-electron H3

21 and
the two-electron H3

1 molecules for both symmetric an
nonsymmetric dissociation. Previous three-dimensional~3D!
simulations on this one-electron triatomic system have fo
that the field induced over the barrier ionization models c
explain qualitatively CREI and its phase control in such s
tem @18#, whereas 1D simulations have shown that field b
561050-2947/97/56~1!/685~9!/$10.00
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rier effects dominate ionization of highly charged on
electron triatomic molecules@21#. As in our previous
simulations in H2 @17#, we shall compare one- and two
electron systems in a linear triatomic array of three proto
The spectroscopy of the two-electron system H3

1 is now
well documented@28#. The ground state is found to be trian
gular and the linear geometry exists at 1.77 eV above
ground state. We shall explore nonlinear effects for the lin
geometry as an attempt to understand one- and two-elec
effects in extended systems in intense laser field. We h
already shown previously that the one-electron linear H3

21

can be stabilized at high intensities and frequencies du
high nonlinear electron-field interactions@29#. We shall ex-
amine in the present paper the nonlinear electronic prope
of this system in the region of current experimental con
tions, I.1014 W/cm2 andl5 1064 nm, by solving the ap
propriate time-dependent Schro¨dinger equation~TDSE!.

II. NUMERICAL METHOD

The main numerical method for solving the TDSE ha
been given in our previous paper on the 3D H3

21 @18# and
1D H2 @17#. For the 1D, three-proton, two-electron proble
we write

i
]

]t
C~x1 ,x2 ,t !5@Hk~x1 ,x2 ,t !

1Vext~x1 ,x2 ,t !#C~x1 ,x2 ,t !, ~1!

whereHk5T1Vc and

Vc52F11S x12 R

2 D 2G21/2

2F11S x11 R

2 D 2G21/2

2F11S x22 R

2 D 2G21/2

2F11S x21 R

2 D 2G21/2

2@11~x1!
2#21/22@11~x2!

2#21/2

1@11~x12x2!
2#21/2, ~2!

Vext5~x11x2!E~ t !,

whereT is the kinetic-energy operator,x1 and x2 are the
coordinates of the two electrons, andR is the internuclear
685 © 1997 The American Physical Society
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686 56HENGTAI YU AND ANDRÉ D. BANDRAUK
distance between the two outer hydrogen atoms in the s
metric H3

1 case. In the nonsymmetric case that we labe
H3

21(n) and H3
1(n), andR is the distance between th

external proton and the adjacent proton in H2
1 or H2, which

are fixed atRe52.0 a.u.
In this work, the nuclei of the triatomic molecule are co

sidered as fixed, with the bond oriented along thex axis. The
size of the grid used for the numerical calculations is taken
be 256 a.u. with 1024 grid points in bothx1 andx2 coordi-
dates. The linearly polarized external laser fieldE0(t) is set
parallel to thex axis, with a five-cycle ramp time, afte
which it is kept constant during the simulation.

An absorbing potential along eachx1 andx2 electron di-
rection is used during all propagation to prevent reflection
wave functions at the box edge. This absorbing poten
Vabs is of the form Vabs(x)5cos$@(x2x1)/xa(p/2)#%

1/8,
where x1 is the range with the potential equal to 0 a
xa532 a.u. the range in which the absorbing potential
used. In three dimensions, the absorbing potential along
z direction is the same as that in one dimension. The sa
absorbing potential is used for the other, orr, direction, but
with the range equal to 8 a.u.

A. Energies and transition moments in one dimension

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

ferent symmetries in various states: The ground state
singletX1Sg

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

1 , as in H2 @17#. The second
excited state that can interact with the above two state
E1Sg

1 . All spatial symmetric functions satisfy the relatio
c(x1 ,x2)5c(x2 ,x1) initially ( t50). The initial wave func-
tion of the states is generated by propagating the field-
TDSE ~see Ref.@17#! in imaginary time until convergence
The three-dimensional contour map of the wave functio
for the ground stateX1Sg

1 of H3
1 at the total internuclea

distance between the two outer hydrogen atomsR510 a.u. is
given in Fig. 1~a! and that of the nonsymmetric cas
H3

1~n! is given in Fig. 1~b! for later discussion. The eigen
values of these field-free states can be calculated from
wave functions using two methods. The first method p
ceeds by calculating the correlation function after propag
ing forward in time~without the laser field! and then using a
Fourier transform with a window function@30#. The second
method is to calculate directly the energy from the tim
independent Schro¨dinger equationHC5EC from the
propagated initial wave function. The two methods gi
comparable results up to three decimal points. The ener
of these states for internuclear distanceR from 2.0 to 20 a.u.
are given in Figs. 2~a! and 2~b!. It can be seen from Figs
2~a! and 2~b! that the 1D linear triatomic molecules H3

1 and
H3

1(n) (n means nonsymmetric, in which the short bond
fixed at 2.0 a.u.! are stable, with an equilibrium atRe.2.5
a.u. Three-dimensionalab initio calculations give an equilib
rium Re5 1.5112 a.u. for linear geometry. Our longer bo
lengths are due to the softened Coulomb potential w
c51 in Eq. ~1!. Using smallc would reduceRe , but would
lead to very high ionization rates. Thus a compromise
been made to usec51 to be closer to the 3D ionizatio
rates. The one-electron H3

21 potentials are similar to the
two-electron H3

1 system and are therefore not reported.
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largeR (.7 a.u.!, the first three states become degener
for both H3

21 and H3
1 and from Fig. 2~a! H3

1 dissociates
to 2H 1 H1 since the ionization potential of 1D H with
c51 is 0.67 a.u., whereas H3

21 goes to H1 2H1. How-
ever, for the nonsymmetric case, these states sepa
at larger internuclear distance, as shown in Fig. 2~b!. The
energy of the ground state for H3

21(n) asymptotically goes
to that of H2

11H, whereas for H3
1(n) it approaches that o

H21H1 and H1 H2
1 at largeR.

The first electronic transition momentsm for the two-
electron symmetric H3

1 and nonsymmetric H3
1~n! mol-

ecules are defined asm5^C i(x1 ,x2)ux11x2uC j (x1 ,x2)&
and are shown in Fig. 3~b!. For H3

1, the first transition
momentm12 ~a!, corresponding to theX1Sg

1→ B1Su
1 tran-

sition, varies nearly linearly withR for large distances. The
second transitionm23(R) ~b!, corresponding toB1Su

1 →
E1Sg

1 , shows similar linear behavior asymptotically. W
show for comparison~c! the H2

1 transition moment, which
behaves asR/2 and is typical of charge resonance~CR! tran-
sitions @1,2,12,13,32#. Thus, in H2

1, suchR/2 behavior for

FIG. 1. Initial electron pair functionsc(x1 ,x2) for ~a! the sym-
metric H3

1, X1Sg
1 state,R15R25R/255 a.u., and~b! the non-

symmetric H3
1(n), X1S state,R152 a.u.,R25R55 a.u.
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56 687MOLECULES IN INTENSE LASER FIELDS: . . .
the transition moment comes from the asymptotic form
the 1sg and 1su molecular orbitals, (1/A2)@(1s1)
6(1s2)#, wherem125^1sguxu1su&. In H3

21 and H3
1, the

1sg → 1su → 2sg transition moment can be shown
behave asR/2A2.0.4R since theg orbitals are asymptoti-
cally (1/A2)„(1s2)6$(1/A2)@(1s1)1(1s3)#%… and them or-
bital is (1/A2)@(1s1)2(1s3)#, where (1si) is the 1s atomic
orbitals or protoni @33#. Figure 3~a! shows clearly the CR
character of both the first (a) and second (b) transitions in
H3

1, i.e., the electron is being transferred from one end
the molecule to the other by the laser field, with a mom
close to the theoretical 0.4R value. As shown previously fo
H2

1, it is the CR effect that creates divergent transition m
ments and hence large nonperturbative couplings with ra
tion fields with unusual effects such as laser-induced lo
ization and large even-order harmonic generation@12,13#. In
the case of the one electron, H3

21, a transition occurs aroun
R54.5 a.u. from the 0.4R triatomic behavior to theR/2 di-

FIG. 2. Energies~one dimension, a.u.! for ~a! H3
1 and ~b!

H3
1(n).
f

f
t

-
a-
l-

atomic behavior for the second 1su → 2sg transition,
whereas the first 1sg → 1su transition decreases slowly t
zero asymptotically. Thus, in the two-electron H3

1 case,
electron correlation maintains the CR effect for both tran
tions, whereas in the H3

21 case, this effect diminishes as
ymptotically in the first transition. This reflects the differe
dissociation products of both molecules: H3

21

→H11H1H1, whereas H3
1 →H1H11H. Clearly in the

latter the CR transfer occurs over the whole length of
molecule at all times.

For the nonsymmetric H3
1(n) system, the near degen

eracy of the dissociation products H21H1 and H1H2
1 cre-

ates a CR-like first transition moment (a) with R/2 behavior
@Fig. 3~b!#. Both first (a) and second (b) transition moments
undergo a sharp decrease aroundR55 a.u. A similar behav-
ior is found in H3

21(n), the one-electron nonsymmetric ca
where the first transition momentm12 is constant, that of
H2

1, in view of the dissociation product H2
11H1. The

second transition momentm23(R) behaves initially as a CT

FIG. 3. Electronic transition momentsm ~a.u.! for ~a! H3
1 and

~b! H3
1(n).
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688 56HENGTAI YU AND ANDRÉ D. BANDRAUK
R/2-like moment with a maximum atR.6 a.u. We interpret
this abrupt change of moment aroundR.5–6 a.u. as a tran
sition from delocalized~molecular orbitals! electrons at
smallR to a more localized region at largeR in both one-
electron H3

21(n) and two-electron H3
1(n) systems. A

similar behavior is found in theX1Sg
1 →B1Su

1 transition of
H2 @17#.

B. Ionization rates

The initial two-electron wave function for the symmetr
H3

1 and nonsymmetric H3
1~n! are illustrated in Figs. 1~a!

and 1~b!, respectively. In the symmetric case@Fig. 1~a!#,
one sees six peaks corresponding to the large reson
H2H12H at electron position (x1 ,x2)5~5,25) and
(25,5), the resonance H2H2H1 at (25,0) and (0,25),
and the resonance H12H2H at ~0,5! and ~5,0!. The non-
symmetric case H3

1(n) @Fig. 1~b!# shows two major peaks
at (25,2) and (2,25) corresponding to the charge res
nance H↔H1↔H whereR55 a.u. is the largest neighbo
proton-proton distance andRe 5 2 a.u. is the equilibrium
H2

1 distance. The smaller peaks occuring at~0,2! and~2,0!
correspond to the H11H2 resonance. An instantaneous ele
tric field will tilt the Coulomb potentialVc @Eq. ~2!# in the
field direction. This is illustrated for the symmetric cas
H3

1 in Fig. 4, at a field intensityI5831013 W/cm2 or,
equivalently,E052.53108 V/cm. The ridge along the diag
onal x15x2 represents the electron repulsion barri
whereas the triple wells are the one-electron–proton bind
potentials. Figure 1~a! shows clearly the three charge res
nances for the pair of electrons bound in each well and se
rated by the repulsive ridge in the initial field-free grou
state. In the presence of the instantaneous fieldE0 Fig. 4
each electron can tunnel out from the high~negativex) po-
tential region to the low~positivex) region.

The ionization rates in the presence of the time-depend
field E0(t)cos(vt) is obtained by propagating in real time
the exact TDSE~1!, using split-operator methods@31,32#,

FIG. 4. Total static potential„Vc @Eq. ~2!# 1Vext @Eq. ~1!#… at
R510 a.u. for 1D H3

1; E052.53108 V/cm and x1 and x2 are
electronic coordinates.
ce

-

,

,
g

a-

nt

with the initial wave functions illustrated in Fig. 1. The tot
ratesG ~s21) are calculated from the logarithmic decrease
the total probability or normN(t),

lnN~ t !52Gt, N~ t !5E uC~x1 ,x2 ,t !u2dx1dx2 . ~3!

Several examples of calculated ionization rates are ill
trated in Figs. 5 and 6. Thus, in Figs. 5~a! and 5~b! we com-
pare an exact 3D calculation for H3

21 vs the 1D result for
H3

21 with the softened (c51) Coulomb potential in Eq.~1!.
The general forms of the ionization rate vsR for
I5831013 W/cm2, l51064 nm, and the same pulse env
lope ~five-cycle ramp! are similar in the exact 3D and mode
1D cases. The principle feature to be underlined is the c
ionization enhancement that appears between 8 and 14 a
both cases. A 20-fold increase of ionization occur for the
H3

21 case at the maximum (R.10.5 a.u.! when compared
to the asymptotic value corresponding to the H atom. In

FIG. 5. Electronic ionization rates~s21) at I5831013 W/cm2

andl 5 1064 nm for~a! 3D H3
21 and ~b! 1D H3

21.
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56 689MOLECULES IN INTENSE LASER FIELDS: . . .
FIG. 6. Electronic ionization rates~s21) at I51014 W/cm2 and
l 5 1064 nm for~a! 1D H3

1: ~i! exact and~ii ! static ~dc! poten-
tials; ~b! 1D H3

1(n); and ~c! 1D H3
21(n).
1D case the increase is about 100-fold, i.e., the 1D mo
enhances the effect even further due to the lower dimens
ality of electron trajectories.

This same enhancement of ionization is obtained for b
the symmetric H3

1 @Fig. 6~a!#, and nonsymmetric H3
1(n)

@Fig. 6~b!# 1D electron systems.„We add in Fig. 6~c! the
one-electron H3

21(n) nonsymmetric case for compariso
with the two-electron case@Fig. 6~c!#. In the two-electron
case, the enhanced ionization now occurs over a broa
larger-R range, i.e., 8<R<20 when compared with the one
electron case@Figs. 5~b! and 6~c!#. We turn next to the physi-
cal interpretation of these enhanced ionization results.

III. ONE-ELECTRON IONIZATION

The lower-frequency region such asv50.0428 a.u. or,
equivalently,l51064 nm shows signatures of CREI in d
atomic ions via laser-induced localization@12,13# and field-
induced barrier suppression@5–7,13–16,20,21#. The latter
quasistatic picture has been very useful in explaining hi
intensity low-frequency atomic ionization as a field-induc
tunneling phenomenon@34#. In the triatomic one-electron
molecular ion case, the correlation of enhanced ionizati
with a similar field-induced barrier tunneling model has be
successful for the 3D nonsymmetric H3

21 molecule@18# and
highly charged one-electron 1D triatomic molecules@22#.
We examine below in detail the TDSE ionization results
the 3D symmetric case H3

21 as shown in Fig. 5~a!. As seen
in Fig. 4, in the presence of an instantaneous static fi
E0, the total electron-proton potentials are tilted down
large electron nuclear positionx. Along each coordinatex1
or x2, three barriers are prominent, which an ionizing ele
tron encounters on its way out to largex.

As an example we show in Fig. 7~a! for the one-electron
3D symmetric H3

21 such a field distorted potential profil
along the internuclear axis. We labelV1 ,V2 ,V3 as the barrier
maxima that develop at 4,24, and212 a.u., at intensity
831013 W/cm2 (E052.53108 V/cm! for the total internu-
clear distanceR514 a.u.~or 7 a.u. between each proton!.
We give also the corresponding position of the first thr
static field levelsE1 ,E2 ,E3 as a functionR. The latter are
obtained as static field resonances in a TDSE calcula
with constant static field~dc field! @12#. Crossing of the lev-
elsEi with Vi ’s implies field-induced trapping of these leve
with concomitant ionization suppression. Figure 7~b! shows
that belowR57 a.u., all levelsEi , which at zero field are
1sg , 1su , and 2sg levels, are aboveV2 andV3. All levels
Ei are belowV1, the left outer barrier belowR57 a.u., in
agreement with the rapid decline of ionization rates bel
this internuclear distance as illustrated in Fig. 5~a!. Enhanced
ionization begins to occur aboveR57 a.u. up toR512,
where after a new sharp decline in ionization occurs. T
can be rationalized from Fig. 7~b! as due to the complete
trapping of levelsE2 andE3 aroundR512 by V1 andV2,
respectively. Thus, as shown in Fig. 7~a!, levelsE2 andE3
are trapped by barriersV2 andV3 at R514 a.u. and level
E2 will be subsequently trapped again beyondR514 a.u. by
V2. Figure 7~a! thus provides a strong correlation betwe
the enhanced ionization window 7<R<14 a.u. and the static
above-barrier ionization model. A sharp maxima occu
around 10 and 11 a.u. asE2 begins to tunnel appreciabl
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690 56HENGTAI YU AND ANDRÉ D. BANDRAUK
across the decreasingV1 barrier. This sudden enhanceme
can be also correlated to CREI@12,13# as a laser-induced
electron ionization. For a two-level system, the energy se
ration v12

0 5v22v1 is renormalized by the time-depende
field such that@13,35,36#.

v125v12
0 J0~2VR /v!, ~4!

wherev12
0 is the field free-energy separation due to elect

tunneling between the proton andVR the Rabi frequency
@5eEm(R)#.

In the present case, the 1sg → 1su transition moment is
clearly approximated bym5R/2A2 @see Fig. 3~a!# as dis-
cussed in Sec. II A. Zeros ofJ0(2VR /v) occur at 5.5 and
8.65 or, alternatively, atR57 and 10.7 a.u. At such zero
one expects tunneling suppression of the electron betw

FIG. 7. Total static potentialVc1Vext along the internuclear
axis for linear 3D H3

21 at I5831013W/cm2 (E52.53108 V/cm,
for ~a! R514 a.u., withV1 ,V2 ,V3 the barrier maxima,E1 ,E2 ,E3

the static field levels, and their population after 20 cycles; and~b!
V1 ,V2 ,V3 ,E1 ,E2 ,E3 as functions ofR.
t

a-

n

en

the protons by the laser field sinceDv50 @12,13#. The field
therefore induces tunneling ionization across the static b
rier Vi and simultaneously suppresses tunneling between
Coulomb potential wells that competes with the ionizati
@13#.

The quasistatic field tunneling ionization interpretati
becomes more valid for low laser frequencies and/or hig
intensities. The latter is corroborated by Fig. 8, where
present the ionization rates for 3D H3

21 for the higher in-
tensity 531014 W/cm2 and the wavelengthl51064 nm.
Again there is a sharp rise in ionization rate aroundR58
a.u., which approaches asymptotically the 3D H atom va
Thus again H3

21, where one electron is bound by three pr
tons, has ionization rates comparable to and above that o
H atom for the same excitation conditions. The sharp pea
R58 a.u. correlates strongly with the liberation of the lowe
level (1sg at zero field! at that distance in the presence of
equivalent static field@Fig. 9~a!#. The subsequent fall in ion
ization rate atR59 a.u. seems to be due to the crossing
V1 andV2 at R58 @Fig. 9~b!# such that atR59 a.u.E1 is
trapped by the middle barrierV2. AboveR59 it is theE2
andE3 levels that contribute free~above-barrier! ionization,
whereasE1 ionizes through tunneling as a H atom.

We conclude from the TDSE calculation for symmetr
H3

21 that the enhanced ionization window 8<R<14 a.u.
obtained in the exact 3D simulation@Fig. 5~a!# and the model
1D case@Fig. 5~b!# can be correlated with a field-induce
quasistatic above-barrier ionization, whereas the sharp p
at R.10–11 a.u. can be rationalized in terms of fiel
induced localization and possibly also frequency resona
effects.

IV. TWO-ELECTRON IONIZATION

Previous time-dependent 1D calculations for two-elect
atomic systems@32–38# have examined the role of correla
tion and provided insight into atomic one-electron vers
two-electron photoionization. A previous 1D model of H2

FIG. 8. Electronic ionization rates~s21) for 3D H3
21 at

I5531014 W/cm2 andl51064 nm.
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56 691MOLECULES IN INTENSE LASER FIELDS: . . .
examined the high-frequency and high-intensity behavio
this molecule in the space transition representation@39# in
which we already showed stabilization of the one-elect
H3

21 @28,29#. We examine here the symmetric H3
1 and

nonsymmetric H3
1~n! two-electron 1D systems using th

same methods as we used previously for H2 at intensities
I>1014 W/cm2 andl5 1064 nm@17#.

The ionization rates for the symmetric and nonsymme
linear molecule H3

1 are illustrated in Fig. 6. Comparin
with the single-electron case H3

21 @Figs. 5~b! and 5~c!#, one
observes now a broader window for enhanced ionizat
One main difference between the one-electron and t
electron molecular system can be deduced from the tra
tion moments. Thus, in Fig. 3~a!, we observe that the two
successive momentsm12(R) (a) and m23(R) (b) behave
asymptotically as two equal CR transitions with mome
near 0.4R, the molecular orbital prediction discussed
Sec. II A. For the one-electron H3

21, the first moment
m12(R) decreases for largeR as the molecule dissociates

FIG. 9. Energy levelsE and static potentials along the intern
clear axis for 3D H3

21 at I5531014 W/cm2 for ~a! R58 a.u. and
their population after 20 cycles and~b! as a function ofR.
f

n

c

n.
-
si-

t

H11H11H. The second moment (c) is the CR moment
with asymptotic valueR/2 for H2

1. Thus, in the two-
electron case, two equal CR transitions dominate the ph
physics as opposed to only one CR transition in the o
electron case. Further support for this hypothesis is obtai
by examining the static field ionization rate~ii ! illustrated in
Fig. 6~a!. Curve ~ii ! is obtained by ramping the field unde
the same condition as~i!, but with a static field
E05(8pI 0 /c)

1/2, where I 0 is the peak intensity in the ful
time-dependent calculation~i!. Thus, in the static field case
enhanced ionization occurs at largeR.12220 a.u., in the
region where one-barrier ionization of levelE2 begins~see
Fig. 7!. Hence the shoulder aroundR.14 a.u. can be as
cribed to the population of levelE2 for which a large CR
transition moment occurs. Static field rate calculations
the one-electron case H3

21 show this shoulder to be negli
gible, in agreement with its absence in Fig. 5~b! and the fact
that the transition momentm12 is weak in the one-electron
case, but is a large CR moment for the second transition.
conlusion is that electron correlation that keeps electr
apart enhances CR transition moments in the two-elec
case, thus enhancing population of upper states more e
than in the one-electron case. The sharp onset of ioniza
in the one- and two-electron cases aroundR.8 a.u. corre-
lates well with the above-barrier ionization of levelE3,
which begins forR> 7 a.u. in Fig. 7~b! due to the efficient
population through the large CR momentm23: R/2 and
R/2A2 for the one- and two-electron cases, respectively.

The nonsymmetric case, two-electron system H3
1(n),

which dissociates into the two product channels H21H1 or
H2

11H @see Fig. 2~b!#, manifests two sharp peaks in th
ionization rate as a function ofR @Fig. 6~b!#, the distance
between the outer and inner protons~the H2 distance re-
mains fixed atR52 a.u.!. The same two peaks, albe
sharper, occur in the one-electron case H3

21(n) @Fig. 6~c!#.
Thus enhanced ionization is expected to be prominent,
4<R<10 a.u. in the H11H2 collision and 4<R<7 in the
H11H2

1 collision, with maxima atR55 a.u. and then 7 or
6 a.u. The first maximum atR55 a.u. would seem to corre
late with maxima in the transition momentm12 andm23 @Fig.
3~b!#, indicating a transition from delocalized electrons f
smallR to localized electrons at largeR. In fact,m12.R/2
up toR55 a.u., typical of the CR transition between H2

1

and H or H2 and H
1. The single-electron case H3

21(n) has
a first transition momentm12(R) equal to that of H2

1,
whereas the second transition momentm23(R) behaves as a
CR transition H2

11H1→H2
211H up to R57 a.u. Static

field calculations for the latter 3D problem@17# show that
R55 a.u. also corresponds to the onset of above-barrier
ization of the first levelE1. Thus the decline of ionization fo
largeR is to be interpreted as a rise of the external barr
@Fig. 7~a!# as transition moments decrease with largeR.

Two-electron effects have been shown earlier for H2 to
influence electron ionization distributions at high intensit
@17#. In the present triatomic case, Fig. 4 gives an indicat
of how electrons would ionize in a quasistatic model, f
instance, at the peak intensity. Each electron will tun
along its own coordinatex1(2) from one well to the other and
through the low external barrierV1 @Fig. 7~a!#. This is the
preferred scenario for the one-electron system H3

21. In the
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two-electron case, the electron pair function is quasilocali
in six wells @see Fig. 1~a!# with major peaks at position
(x1 ,x2)5~5,25) or (25,5), corresponding to the least r
pulsive electron resonance H2H12H. Thus either electron
independently will ionize by following the Coulomb poten
tial canal atR565 created by the second electron-prot
attraction. This is clearly evident in Fig. 10, where we illu
trate the electron pair functionc(x1 ,x2) for largex1 along
thex2 canal atR565, after having propagated 20.75 cycl
at I51014 W/cm2, l51064 nm, andR510 a.u. We see
clearly propagation of electron 1 to large distances as it i
izes, whereas sharp peaks remain atx2565, corresponding
to localization of electron 2 at both ends of the molecule. W
note that the peaks are largest atR515, corresponding to
trapping of electron 2 in the right-hand lower well. We no
the same numerical trapping of electron 2 atR50, the
middle well. Thus the quasistatic pictures@Figs. 4 and 7~a!#
show clearly that the electron wave packet is indeed sha
by the static field induced barrier during the ionization p
cess.

As in our H2 work, we further explore the two-electro
dynamics by partitioning the potential space~Fig. 4! into
separate regionsa,b,c,e as illustrated in the right-hand inse
of Fig. 11~a!. a is a box616 a.u., containing the initial H
3

1 @Fig. 1~a!#. We shall also compare it to a larger boxd
with dimension632 a.u. The total boxe has dimension
6128 a.u. The four regionsb correspond to the outgoin
canals aroundR565 a.u., each with width 32 a.u. The ou
going flux in this region should correspond mainly to ind
pendent one-electron ionization as illustrated by Fig. 10.
nally, region c corresponds to the diagonals. The regi
x15x2 is clearly forbidden by electron repulsion correspon
ing to the high ridge in Fig. 4, where the regionx152x2
should be populated by two-electron effects.

Figures 11 and 12 illustrate the probabilities for ea
region as measured by the norm in each as a function
time. The decaying slopes for larger time give an estim
of these ionization rates in each region. The consiste
of the method is verified by comparing ratesGa in the
smallera box (616 a.u.! around the initial molecule with

FIG. 10. Propagating electron pair wave packetc(x1 ,x2 ,t) for
1D H3

1 at I5831014, l51064 nm,R510 a.u. andt520.75
cycles~74 fs! at largex1 and smallx2.
d
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e

ed
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-
i-

-

of
te
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the ratesGd in the largerd box (632 a.u.!. In both low
intensity~Fig. 11! I51014W/cm2 andl51064 nm and high
intensity ~Fig. 12! I51015 W/cm2 andl5532 nm, one ob-
serves identicalGa andGd . We note thatGa , Gd , andGe at
I51014 W/cm2, approach 0.5 probability at large time~10
cycles536 fs!, indicating that one electron remains. This c
also be seen in Fig. 10, where the sharp peaks show trap
of the electrons. The ionizing electron is mainly in regio
b as the probability in regionb quickly rises to 0.4 in 3 fs
and then decays as the electron leaves the box. Figur
illustrates therefore single-electron ionization as being do
nant at 1014 W/cm2. Very little electron density appears i

FIG. 11. Electron pair probabilities and ionization rat
G (s21) for 1D H3

1 at I51014 W/cm2, l51064 nm, andR58
a.u., for various regionsa,b,c,d,e: uau<16 a.u.,udu<32 a.u., and
ueu<256 a.u.

FIG. 12. Electron pair probabilities and ionization rat
G (s21) for 1D H3

1 at I51015 W/cm2, l5532 nm, andR58
a.u., for various regionsa,b,c,d,e: uau<16 a.u.,udu<32 a.u., and
ueu<256 a.u.
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the two-electron region, regionc (,10%). Increasing the
frequency (l5532 nm,v50.0856 a.u.! and increasing the
intensity to 1015 W/cm2 produces quite different results a
illustrated in Fig. 12. The total ionization rateGe has gone up
by about one order of magnitude. The probability in the tw
electron regionc increases to about 75% in three cycles~6
fs!, whereas the probability in the one-electron region
creases to 55% in about two cycles~3.5 fs!. The decay rates
Gb , Gc , and Ge are nearly identical, suggesting that th
represent the same physical phenomenon, i.e., one-ele
ionization. The considerable presence of density in reg
c, the two-electron region wherex252x1, indicates the
strong influence of electron repulsion in the ionization p
cess. Whereas in regionb the electrons ionize independentl
ys

B.

s,

J

ys

k

-

-

ron
n

-

in regionc they do so under the influence of electron rep
sion and thus ionize in different directions. Electron rep
sion or correlation is thus seen to operate at later times, th
cycles, whereas independent electron ionization occur
earlier times, two cycles.
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