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Numerical solutions of the time-dependent Sclinger equation for the one- and two-electron linear mo-
lecular ions H2*, Hy™, H3", H.2t, He*", and H3* at fixed internuclear distance and parallel to the laser
polarization have been obtained in intense laser pulsesl¢** W/cn?) in order to examine the effect of
electron-electron interactions on high-order harmonic generation in extédeledalizedl systems. It is found
that, in general, two-electron effects produce longer plateaus at large internuclear distances, thus enhancing
harmonic generation well beyond thg+3U,, atomic maximum order cutoff law, wheig is the ionization
potential andU, the ponderomotive energy. A second plateau is usually found at critical distétces
=(m/2)ay with a cutoff at energyt,+6U, in one-electron systems amg+ 12U, for two-electron systems,
whereqy is the ponderomotive radius. Initial delocalized states, such as molecular orbitals, are shown to create
longer harmonic generation plateaus and one can therefore attribute enhancement of harmonic generation
plateaus by electron repulsion due to the increased separation and delocalization of electrons in extended
systems by correlation effecfsS1050-29479)02501-9

PACS numbds): 42.50.Vk

. INTRODUCTION dimensional models of fHand H;* [11], the electron corre-
lation produces initial electron states with electrons well
Experimental and theoretical studies on the properties ofeparated in space, but the antisymmetry of the initial two-
atoms in intense laser pulses have led to the discovery aflectron wave function ensures a highly coherent delocalized
highly nonperturbative, nonlinear optical phenomena such astate. Thus, in extended systems such as molecules, recolli-
above threshold ionization and high-order harmonic generasion of electrons with different nuclear sites induced by in-
tion (HG) [1]. The investigation of such nonperturbative phe-tense laser pulses has no counterpart in the simpler atomic
nomena in molecules is currently being pursued with thesystems. Thus, in one-electron extended molecular systems
motivation that the extra degree of freedom due to nucleapuch collision of electrons with neighboring ions produces
motions can produce effects such as above threshold dissBigh-order HG[20,21] well beyond the established atomic
ciation, laser-induced avoided crossing of potential surfacebe3Up cutoff law [15,16, wherel, is the ionization po-
[2], and the recently discovered phenomenon of charge reséential andU, the ponderomotive energy. Thus cutoffs at
nance enhanced ionization at large internuclear distdces |7 6Up andlp+8U, in the HG spectrum have been pre-

10]. The latter ionization enhancement also produces erdicted to occur at large internuclear distances. In the present

hanced HG in molecular ions as has been shown in exa%{’r?ék dmeeﬁsﬁ?)?;rllfw?eelgziga ‘:T‘:O‘Z'gftfl‘;”HCﬂfeﬁc'f” 3'9 the
numerical simulations of one-electron molecular ions™H 3 4 H

[3]. The enhancement of ionization of molecular ions b on these new cutoff laws. It is expected that such recollision
T WYetfects should dominate in high-order HG by clusters sub-
short intense laser pulses has also been shown to persist

ifkted to short intense laser pulgeg—25.
the presence of two-electron Coulomb repulsive effetig ] puld .
with little effect on the critical distancB., where such non-
perturbative laser-induced effects are expected to occur.

Numerical simulations of the time-dependent Sclimger Exact numerical solutions of the TDSE for the one-
equation(TDSE) for two-electron atom$12—14 have fo-  electron H* molecular ion produced a HG spectrum with
cused on the problem of direct versus stepwise ionization. Awo distinct plateaus: one short plateau of molecular origin
recollision model of an electron with the core ion for ex- and the other |Ong one due to the ionized e|ec'[®]*_] We
plaining high-order HG 15,16 has been invoked as a pos- present first two simple one-electron models that will help us

sible mechanism for enhanced ionization of atomic systemgnderstand the results to follow for the larger extendgd H
[17,18. Previous calculations of HG in one-dimensional agnd H3+ systems.

negative ions have concluded that the inner electron can be
passive or active as the laser field is weak or strong
[12,13,19.

In the present work we extend our previous numerical Symmetric molecular ions such as Hdiffer from atoms
solutions of the TDSE of one-electron and two-electron mo4n that single valence electrons occupy molecular orbitals
lecular systems to examine the effect of electron-electroithat are degenerate upon dissociation of the ion. Such degen-
repulsion and hence correlation on high-order HG in sucteracy results in electronic transition moments that diverge as
systems. As previously shown in our work on one-R/2, one-half the internuclear distance, due to charge reso-

II. ONE-ELECTRON SIMPLE MODELS

A. Essential two-state quantum model
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)

tive molecule-field interactions as the ion dissocidft2k
Taking H,™ as our example, the CR radiative couplings are
limited to th? gro_und .ﬂrg and f|rs+t excited i, electronic g, p |aser-induced tunneling suppression has been shown to
states that dissociate into H{l- H™ and are well separated .t in H* and can be interpreted as laser-induced local-
from other excited states at large distances. These two ﬁrﬂation [3,6,27

states are the doorway or essential electronic states for the o
ionization process. Thusee, e.g., Fig. 11 in Ref27]) the
two-state molecule-field Hamiltonidr(t) coupling the b
and 1o, molecular orbitals can be reexpressed in terms o

nance(CR) effects[2,26]. This leads readily to nonperturba- (29)
‘JO — :0

The general case whefe>A,w can be considered as a
time-dependent nonadiabatic transition problem between the
{wo adiabatic surfacest (A%+ Q2coSwt)'’? and has been
reated in detail by Kayanuni&1]. Assuming well-localized

tfe IoEaIized leﬁ|1>:1$a:(1‘79+1_au)/\/§ and right|2)  yransitions around times t,=(n—3%)m/o (n
=1s,=(Loy—1og)/\2 H atom orbitals =1,2,...), P, the probability that the system is in state
H(t) =0 cog wt) (|1)(1]|—[2)(2]) + A(|1)(2] +|2)(1]), |2) after thenth crossing, is essentially the Landau-Zener

transition probability

where Q is the Rabi frequencf)=E&R/2, & is the field Ph~e 2™, 5=A%200. ®)
amplitude, and 2 is the electronic energy separatior 2

=[ eu(R) — €4(R)]. The general solution can be expressed ad his simple two-state model therefore predicts laser-induced
localization[3,6] and laser-induced nonadiabatic transitions

in the two-essential-state manifoldl) and|2). We shall be
1) looking at extended systems with large internuclear distances
where A<Q,w. This corresponds to the diabatic regime
where the essential doorway states are equally exgxég

o sin( wt)

\If(t)=C1(t)ex;{ —i

2) )

Q
+ Cz(t)ex;{ i (;) sin( wt)
N . . .. B. Classical electron model
yielding equations for the amplitud&3(t) from the Schre

dinger equation One of the first models proposed to explain the emision of

coherent radiation by electron scattering on a metallic sur-

idC,(t) 20\ face is related to the Smith-Purcell effe@2,33. In the
T =A ex;{|< 7) Slﬂ(wt)}cz(t), present molecular context, the metal ion grating is replaced
by the proton array or “wire,” H>*, H,*", and H®", to
idC,(1) (3 which we add one or two electrons. The interaction of free
27 X;{ﬂ(_) sin(wt) |C4(t). ionized electrons driven by the laser fiefgcos(t) (in a.u.
dt w e=hA=m=1) is described classically by the equation
For visible light energies, e.g., at 800 nms=1.5 eV and at Z(t)= — Eycod wt+ @),

large internuclear distancés>6 a.u. whereA <w, to low-
est order ofA/w, one can reexpress E(B) as

Z(t)= = (&l w)[sin(wt+ @) —sin(¢)], 9
idC, 2Q idC, 2Q
gt~ Mo| 7] Ca(), 5 =AJo| | Ca(D), (4) Z(t)= ag[cog wt+ @)+ wt sin(p) —cog ¢)], (10
where where ¢ is the initial laser phase at which the electron is

ionized and we assume an initial zero velociB(0)
=0. ag is the ponderomotivéquiver radius in a.u. and

20\ @ [zwe  [2iQ
Jo| 7| = ﬂfo exp — - sin(wt) dt 5) U, is the corresponding ponderomotive energy
is the zeroth-order Bessel function. Thus the transition prob- _ 2 1,
ability between the localized atomic statgd) and 0=/, Up=7 aqu”=Eo/40" (1D

[2), Pix(t), is readily given from Eq(4) as
The classical equation®) and (10) allow us to predict

3 (_) At} ©6) the optimal conditions for HG. As a first hypothesis we shall

o w ' look at maximum acceleration, which in the classical limit

should produce maximum radiatidB4]. From Eqg.(9) we

Such a result has been anticipated previously for tW°'|eVebbtain2(max) at phasest+ o= . This yields the velocity
excitations[28] and has been discussed in the problem Of'z:g sin(@)o with a maximum Z(max)=€ o for
tunneling suppression by periodic field9,30. As noted by T~ /3 Th% resulting enerav is 0 ¢
these previous authors, the effective tunneling between states” < 9 gy

|1) and|2) if one considers Eq(l) as a tunneling Hamil- Y )
tonian is reduced by the factdg(2()/ w) and vanishes at the E(max) = Z_: ﬁ —oU (12)
special condition 2 20 P

P12(t) = S|n2




PRA 59 HIGH-ORDER HARMONIC GENERATION BY ONE- AND ... 541

The corresponding minimum distance required by the elec- 10
tron to collide with a neighboring ion is then obtained from A
Eq. (10) as b: 1q->2q,

H,”* 3D

¢ g —>1qj(H2+)
Z(t)=ag[ — 1+ wt]=a[ 7/2—1]=0.57a,. (13

Thus the maximum acceleration criterion yields a maximum
harmonic ordeN,,=2U,/o at an internuclear distande
=0.57aq during a quarter cyclé= 7/2w.

The next scenario is the recombination of the electron
with the parent ion[20,21. For maximum velocity, the
phase requirement iet+ ¢=37/2, thus yielding the tran-
scendental equation 32— ¢)sin(e)=cos(p), the solution

of which is ¢=0.087, Z(max)=1.265,/w. The resulting
maximum energy is & %%%

E(max)=3.17Up. (14 0 | x T 1 | | | oy

Transition moment (a.u.)

This simple classical model explains the theoretical order (@) R (a.u)
cutoff law for HG in atoms by recollisiohl5,16|

Np=(l,+3.1U,)/ o, (15 Hg* 1D

i: X2g —>B Zu
wherel , is the ionization potential. However, in the molecu- ii: BY. u—>AZg H* ’
lar case, collisions will occur with neighboring ions as in Eq. 6 - ii:Hz (169 —>1oU) i
(13). Then the maximum velocity conditiomt+ ¢=37/2 &
gives this velocity from Eq.(9) to be i=(850/w)[1
+sin(p)], i.e., Z(max)=2&,/w at @=m/2. Thus the maxi-
mum energy obtained with no constraints is

283

w2

Transition moment (a.u.)

E(max = =8U,. (16

This is gained durindhalf a cycle sincewt= 7. The corre- §
sponding minimum distance traveled by the electron is from
Eqg. (10

2 4 6 8 10 12 14 16 18 20

Z(mlw)=mag. (17 (b) R (a.u.)

In summary, one sees from the above simple classical FiG. 1. Electronic transition moments as a function of tdtal
model that collisions with neighboring ions can lead to afor (a) H,2* (three dimensions a, log—1lay; b, lo,—20y;
larger HG spectrum with a cutoff up to the maximum har-and ¢, H,*, loy—1o,; and for (b) Hs* (one dimension
monic N, given by i, X3g—BX,; ii, BX,—A3y; andiii, H,", log—1ay.

Nm=(lp+8Up)/w. (18) Ill. NUMERICAL METHOD
This larger extended cut-off law involving collisions with We have solved the TDSE for both one-electron linear
neighboring ions requires an initial laser phagse w/2, i.e.,  systems ", H,3", and H*" parallel with and interacting
E(t) = &sin(wt) with £(0)=0. Thus, in this more extended with intense laser pulses using an exact three-dimensional
HG spectrum, unfortunately little ionization occurs initially (3D) Hamiltonian and a 1D Hamiltonian with a regularized
and we have suggested that a two-laser scheme is required (oftenedl Coulomb potential to remove singularities in the
render such molecular HG more efficig@0]. Setting next two-electron systems. Descriptions of both methods can be
Z(t)=mayl2, yields after simple calculation another cutoff found in earlier referenced1,27. We present here briefly
law Np=(1,+6Up)/w with ¢=7/2 andwt=3n/4, which  the method for the 3D model. Thus, for thg# molecular

was confirmed numerically for one-electron systems™H ion, the laser-molecule TDSE is written in a.u. as
and H?" [20]. In conclusion, the classical modé&d) and

(10 predicts maximum kinetic energiesUg, 6U,, and p

8U,, by collision with neighboring ions at the minimum dis- i—W(p,Z,Rt)=[Ho(p,Z,R,t) +Vy+ Verd ¥ (p,Z,R 1),
tances (/2—1)a, at time t=u/2w, (w/2)a, at t ot

=3mldw, and maqy at t=7w/w. Assuming further that the (19
initial velocity is nonzero, i.e.Z(0)=v,#0, one can in

principle obtain harmonics beyond th&J§ law [20,21]. where
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1
Ho(pZRO==3 255

R 21-1/2
Z‘§> } )

—[p2+Z2]7 12, (20

Vo=—|p?+ p2+

Vext= —EpZ coq wt).

V, is the total electron-nucleus Coulomb attraction potential,
Ris the internuclear distance and laser polarization axis, and
w and&; are the laser frequency and amplitude, respectively.
p=(x2+y?)? is the electron cylindrical coordinate since
we assume that the field is parallel to théelectron andR
(moleculay axis. Thus, in cylindral coordinates, the elec-
tronic problem is reduced to two dimensions for fixed nuclei,
whereas for moving nuclei, it is a real 3D probléf0]. Z

=0 is the center of the molecule. The wave function
¥(p,Z,R,t) in Eq. (19 is advanced in a time steft by an
exponential method

V(p,Z,R )= —exp( - 'E&Ho)exp{—iat(vnwexo]

+0(8t3). (21)

i

X ex;{ -3 OtHq
Singularities in the Coulomb potentid,, and the kinetic-
energy HamiltoniarH, are removed either by expanding in
Bessel functions and propagating then with a high-level
split-operator method35] or by using a Crank-Nicholson
schemg27]. The corresponding linear 1D Hamiltonian for
Hs* can be found in our recent wofld 1]. Calculations are
performed for various fixed proton distandeswith the laser
field parallel to the molecular ion axis. The grid size for such
calculations is governed by the dimension of the ponderomo-
tive radius ay=E&,/w?, so that in generaZ=+630 a.u.
(2520 grid points and p=32 a.u. (128 grid points. The
step sizes irZ andt are determined by the limits imposed by
the uncertainty principle 6Z6p=J8Eét=1 [e.g., for
E(max)=5 a.u., p(max)=y10 a.u., 8x<0.3 a.u., andét
=<0.2 a.u.]. An absorbing potential is used at bg@tand p
boundaries. The ionization rafe (s 1) is then obtained as
the time decrease of the normdN/dt=-TN, N
=[|¥|%dv.

HG spectra are obtained from the power spectrum of the
laser-molecule system in conformity with the classical model
of a radiating dipole[34]. Thus one calculates the field-
induced dipole moment in the length gauge

Z(t)=(¥(p.Z,R1)|Z|¥(p,Z,R,)) (22

or the equivalent accelerati@i{t) expressio36,37), which

is then Fourier transformed to giv w). The power or HG
spectrum is reported here B w)|?, which agrees with the
acceleration results except for a larger background due to the
permanent field-induced moment86]. These are single-

log, {power spectra}

log,,{power spectra}

(b)

log,q{power spectra}
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FIG. 2. Harmonic generation spectra bt 10 Wicn?. \

particle spectra that neglect the interparticle coherences cre=1064 nm, R=R,+Ry;=58 a.u=2a, for () Hz2" (three di-
ated by an intense nonperturbative fig38]. All HG spectra  mensions (b) Hz** (three dimensions and(c) Hz* (one dimen-

reported here have been calculated under the same pulse csien.
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FIG. 3. Harmonic generation spectra bt 10 W/cn?. A=1064 nm for (@) Hy?>" (three dimensions R=R;,+R,=92 a.u.
=1ag; (b) Hy?* (one dimensiop) R=mag; (c) Hy?* (one dimensionand H2* (three dimensions R=m7ay; (d) HT-H(1s)-H™, R
=92 a.u.; (e Hy" (one dimensio)) R=92 a.u.; (f) Hy(Re=2 a.u.)-H, R=46 au=way/2; and (g) Hy(R.=2 a.u)-H, R

=92 a.u=mwag.

ditions: a 5-cycle linear rise to the field amplituflg, which
is then maintained constant for 20 cycles.

IV. H32* AND H3;* HARMONIC GENERATION SPECTRA

for comparison. Thus, in the case of#H at short distance
the (@ loy—1lo, and (b) loy,—204 moments behave as
R/24/2, corresponding to transitions between highly delocal-
ized orbitals: (14/2)[ 1s,+ (1/1/2)(1s;+1s5)] for the g or-
bitals and (14/2)(1s;,— 1s5) for the u orbital where &, is

As pointed out in Sec. Il, HG is expected to have plateaushe 1s atomic orbital on protom [39]. At large distances, the

that exceed thel(+3.1J,)/w maximum harmonic order
N, [Eq. (15] at large internuclear distancé®s where the
lowest electronic energy separatio 2 much less than the
laser frequency»s and the Rabi frequenc§. Thus for sym-
metric systems such as,H, Hy2* and H™, the first two
(H,") and three (K?* and H™) electronic states are the

ground 1oy molecular orbital correlates to the central atomic
1s, orbital as the molecular ion dissociates t6 H-H*.
The lo, and 25, orbitals then become essentially
(1/\/2)[1s,*1s;] with the corresponding transition mo-
ment R/2 as for H*. This asymptotic behavior is clearly
evident in Fig. 1a).

doorway or essential states for the nonperturbative nonlinear The behavior of these transition moments foy"HFig.
optical properties of these systems as they are highly popuk(b)], illustrates the effect of the electron correlation on the

lated by the intense field according to ). To illustrate

dissociation of the latter. Thus, whereas?H dissociates

therefore the difference between the one- and two-electroimto H*H(1s)H", H;* decomposes into HEH H(1s)

doorway state systems, we report in Figa)lthe first two
electronic transition moments of 4" and in Fig. 1b) the
corresponding transition moments iy Hwith that of H,™

with the electrons well separated at all times. This electron
repulsion effect can also be seen clearly in the electron den-
sity for H; " illustrated in Fig. 1 of Ref[11]. Thus, accord-
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FIG. 3. (Continued.

ing to the present Fig.(l), the two first transition moments distance R=R;,+R;3=58 a.u=2a,. This distance was
in Hy™ behave a®/22 (curvesi andii) as compared t&/2  chosen in order to make the ponderomotive turning points
in Hy* (curveiii ). The symmetry of the two-electron wave = a of an ionized electron to coincide with the fixed proton
function in addition to the Coulomb repulsion maintains de-positions R;,=R,3=R/2= . At such turning points, the
localization of the two electrons at both ends of the moleculeelectron velocity would be zero with therefore little kinetic
in H3" in all three electronic states, whereas ig?H the  energy. Figure @) shows clearly the extension of the
single electron becomes localized in the ground, btate  +3.17U,, plateau beyond8,. Of note is the triple structure
and because of orthogonality is delocalized at both ends ajf each harmonic. Such a triplet structure is predicted for a
the molecule only in the two excited states, land 2o . two-level systeni3,27,40—42 under the influence of an in-
For the laser conditions |=10 W/cn?=2.85 tense laser field when the energy separaticRw, as dis-
%1073 a.u., A\=1064 nm, andw=0.0428 a.u., one ob- cussed in Sec. Il A, Eq6). In the case of K", the strongest
tains the following laser electron parameters employed inradiative coupling occurs between the two excited statgs 1
Sec. lI: the ponderomotive radius,=29 a.u., mapg/2  and 27 that have arR/2 divergent transition momefFig.
=46 a.u., andmap=92 a.u. The ponderomotive energy 1(b)]. Thus the HG spectrurfFig. 2(a)] confirms that H**
U,=0.388 a.u=9w. At large distances|, for H;" and at large distances behaves as a two-level system, but, con-
Hg?" s essentially I ,(H)=0.5 a.u=120. One expects trary to H,* [3], the essential states are the first and second
therefore a HG cutoff at the maximum harmomic,=(l,  excited states. In Fig.(B) we have amplified the triplet
+3.1Mp)/w = 41. The (,+6U,)/w law would giveN, structure. It is to be noted that after thgt+6U, cutoff at
=67 and (,+87U,)/» would correspond tiN,=85. N,,=65—67, the triplet structure reduces to a doublet struc-
In Fig. 2 we illustrate the HG spectrum forgH [Figs.  ture. Since the triplet HG spectrum is indicative of persistent
2(a) and 2b)] and K™ [Fig. 2(c)] at the total internuclear molecular structure, the vanishing of the molecular influence
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on the HG spectrum in the region of the cutoff seems to
correlate with the free-electron nature of the highly nonlinear
photophysical processes in the cutoff energy region. At the
moment there is no adequate theoretical explanation for this
phenomenon.

Figure Zc) illustrates the HG spectrum of the two-
electron H* under the same conditions as the one-electron
Hs2* [Figs. 2a) and 2b)]. We note first the absence of any
triplet structure. This is consistent with the transition mo-
ments of H* [Fig. 1(b)], which show that due to electron
repulsion, electron delocalization in all three essential states
log, loy, and 2y results in nearly equal transition mo-

ments, so that now three essential states need to be consid-

ered and the triplet splitting characteristic of two-level sys-
tems is no longer operative. Second thd 8cutoff is now
much more pronounced than in the single-electron casé H
[Fig. 2@]. The net result of electron repulsion is a slight
extension of the HG spectrum by about 10-15% Rr
=2ay.

We next illustrate the HG spectrum at the total internu-
clear distanc®=R;,+ R,3=92 a.u= ma/2 for Hy2* [Fig.
34@)] in three dimensions, Figs(l® and 3c) in one dimen-
sion, H"-H(1s)-H" in three dimensionfFig. 3(d)] and H™*
in one dimensiorFig. 3(e)]. Figures 3a), 3(b), and 3e)
correspond to exact, completadglocalizednitial states ob-
tained by propagating the middlesll H atom in imaginary
time [11]. Figure 3d) corresponds to an initials, H or-
bital, i.e., a completelylocalized initial state. The exact
single-electron K+ case[Fig. 3(a)] shows a less well sepa-
rated triplet structure than in Fig(& and a longer HG spec-
trum than in Fig. &), the initial localized atomic state case.
Figure 3b) shows the same calculation as in Figa)3the
3D case aR= mag, but now in one dimension. A strong dip
is observed at 8, energy for the 1D case. Thig,+6U,
maximum seems to be the same in both one and three dimen-
sions, thus lending confidence to the results of Sec. V for
large systems. Figurg® shows the detailed structure of the
1D and 3D HG system of 4" between orders 70 and 100.
In the both cases, triplet Rabi splittings occur below energies
I ,+6U,, which then become doublets for harmonics above
that energy. This phenomenon was also observedR at
=2aq (Fig. 2 and is an intriguing new property of HG
spectra in delocalized systems.

The 68U, maximum or cutoff appears clearly in Figs.
3(a)—3(c), in agreement with the prediction in Sec. II B that
an electron encounters a proton at=Rwmay/2 with maxi-
mum kinetic energy of 8,. The 6J, maximum also ap-
pears in the initially localized electron cafeig. 3(d)], but
with a lower efficiency of about one order of magnitude.The
latter shows no splitting of the harmonics. Figuréa) &nd
3(d) show clearly the reduction in the HG spectrum length
and efficiency whenever the initial electron is localized
rather than delocalized. Figurde3 shows the two-electron
H;* system under the same excitation conditions. One sees
now a dramatic change, a nadoublingof the HG spectrum
as compared to the single-electron case. Again there is no
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splitting of harmonics in the two-electron case. There is an FIG. 4. Harmonic generation spectra bt 10" W/cm?.

apparent cutoff at 12,. We add for comparison a nonsym- =1064 nm for(a) equal bond F** (one dimensiof) R=3Ryy
metric case BFH™', where the two electrons are now initially =90 a.u=mag; (b) H,2" (one dimension R=3R.,=90 a.u.

localized in an equilibrium K molecule R,=2 a.u.) and

=1mag; and(c) H,2" (one dimensiohinitial electron wave func-

are accelerated by the laser field towards a proton at distantien with electronic coordinateg, ,Z,.
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=1ag; (b) Hs®" (one dimensio) R=4R,4,=92 a.u. (c) H"-H;"-H™ (one dimensio) R=42+6+42=90 a.u.; andd) a two-electron
wave function for equidistant 4" (one dimensioh Z,,Z, are electron coordinates.

R=may/2 [Fig. 3f)] andwaq [Fig. 3g)]. Thus, as in B2+,  region. In doing so each electron will collide initially with
the maximum cutoff appears aroundJg, which corre- the central proton aR;y(Rpg) = mao/2 and finally with the
sponds tdN,,= 70 for H-H™ due to the largef, of H, (0.81 external proton situated &= w«aq. Both collisions should
vs 0.5 a.u. Following the classical electron model Sec. |1 B, release energies,+6U, and I,+8U, according to the
electrons situated at distancesay/2 from a neighboring independent-electron modgkgs.(9) and (10) and also Fig.
proton will collide with this neighbor with kinetic energy 3(e)]. The extension of the HG spectrum uplp- 12U, in
around 8J,. This is consistent with the HG spectra of ¥ H;*, beyond thel ,+8U, single-electron law could be as-
[Figs. 3a)—-3(d)] and H,-H™ [Fig. 3(f)]. In the first case, the cribed to a coherent two-electron correlation effect. We em-
electron is initially concentrated on the middle proton andphasize that two initially localized electrons as ip HFig.
thus collides with the outer protons at a distaiRg=R,;  3(g)] give only al,+8U, cutoff, whereas two electrons
=magl2, thus generating harmonics up to ordef=I,  completely delocalized in the symmetrig H[Fig. 3(e)] give
+6U,. In the nonsymmetric HH™ initial case[Fig. 3(f)] harmonics of order up tdl,= (I ,+ 12U )/ w. This suggests
both electrons are now initially at a distarRe= way/2 from  that in the middle of the molecule, i.e., Rt=may/2, one
the external proton, with therefore the same plateau as in thelectron exchangesl§, of kinetic energy by a collision with
H,2* case, except for the appearance of even harmonics ithe other, thus giving a maximum of W2 as observed in the
the nonsymmetric initial state. The highly symmetrig'H H;™ system[Fig. 3(e)]. Previous simulations in the two-
case corresponds basically to two electrons separated at eaglectron H molecule shows frequent electron-electron colli-
end of the molecule by electron repulsion at a distaRce sions in the center of the moleculsee Fig. 8 of Ref.
=ma,. Under the influence of the intense laser field, both[11(a)]]. Since we are dealing with fixed nuclei, the present
electrons can move in phase, in and out of the moleculalong plateau suggests an electron collision mechanism.
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V. H % H 2 Hg**, AND Hg®* electron and hence proton energies td pe 6U,,. We con-

In th ¢ i . 1D “ i ., clude from these results that incomplete electron delocaliza-
n the present section we examine a quantum WIré€" i, in H,2+ and H3* over the whole length of the quantum

made up of four and f've. protons. Recent studl_es on cluster ire decreases the length of the HG plateau expected.
show that the average distance between nuclei varies from

to 8 a.u.[43], which also corresponds to the critical distance VI. CONCLUSION
R. for enhanced ionization in J4", Hy* [11], H,2*, and
H42+ System5[44]_ In the present section we examine the We have examined in the present work the effect of the
nature of high-order HG for an extended quantum wire, i.e.€lectron correlation in extended delocalized systems, in
at large internuclear distances where electron collisions withvhich laser-induced collisions of electrons with neighboring
neighboring ions is a predominant mechanism. All calculaions are expected to produce longer HG plateaus than in
tions are 1D. single atomic systems. In the one-electron systems
In Figs. 4a) and 4b) we show the HG spectra of the Hs*", H,*", and H*", HG cutoffs around ,+6U, are
one-electron 'ZP+ and two-electron LTF+ equidistant proton found to occur with efficiencies 1@, that of the atomic and
systems, respectivelyR= 3Ry,;). We have chosen the wire short molecule HG cutoffs df,+3U,. Two-electron effects
length to beR=90 a.u=ma, as in Fig. 3 for the ™ and  increase these cutoffs 1g+12U, (see Fig. )] for elec-
Hs* systems. The one-electron systen'gJH[Fig_ 3@J]and trons localized at the distané®.=(7/2)aq. An unusual ob-
H,3" [Fig. 4@] show similar behavior splitting of the har- Servation is that one-electron HG spectra show Rabi triplet
monics due to Rabi effects and cutoffs in the HG spectrun$plittings for energies below,+6U, and only doublet split-
around|,+8U,, as expected for a system of dimensiontings above .that energy. Furthermore, there splittings vanish
mag [Egs.(17) and(18)]. A comparison of the two-electron completely in the two-electron HG system. We currently
systems, H* [Fig. 3€)] and H,2* [Fig. 4b)] shows a fun- have no explanation for this phenemenon.
damental difference. The A" system shows a cutoff at  Delocalized electron states are shown to always produce
aroundl ,+8U , instead ofl ,+12U,,. This can be shown to longer plateaus. Since delocalization is enhanced by electron
be due to the difference in the initial two-electron wave func-correlation, e.g., bi* vs Hy®", one can therefore attribute
tions. Whereas in k" both electrons are preferentially local- longer plateaus to the correlation and electron energy trans-
ized at the ends of the molecule, BR/2= 7a,/2 (see[11]),  fer. This makes larger molecular ions and clusters attractive
in H,2" [see Fig. 4c)], both electrons tend to localize on the candidates to observe long HG plateaus. Current experiments
inner two protons with a separatid®,=30 a.u. Thus, be- show that it is now _possmle _to create ion c!usters or “crys-
cause of the restricted delocalization of the initial state in thidals,” comprised of ions confined at large distanf4s,46.
case, the HG plateau is restricted to maximum electron anguch systems where interion distances aré2f«, should
hence photon energies bf+8U,, only. We note again that Créate plateaus from,+6U, to |,+12U,,, the first where
the line splittings[Fig. 4@@)] disappear in the two-electron there is no electron correlation, the latter where electron cor-
case[Fig. 4b)]. We next show in Fig. 5 the five equidistant "elation is strong and therefore results in enhanced electron
proton (R=4R.;) quantum wire HG spectra. In Fig(&  ©nergy transfer. The present results were obtalne_d_wnh fixed
the one-electron k* spectra show a cutoff at energies nuclt_a|, thus emph.asmng electron-electron collision as a
+6U,, somewhat shorter than the corresponding Hpla- domlr)ant mechanism for momentum transfer. E!ectron-
teau[Fig. 3@]. The two-electron system " [Fig. 5b)] nuclei momentum 'gransfer can lonly be addressed in a full
remains essentially the same as the one-electrgdi ldase non-Born-OppEnhelmer calculation, as recently _done for the
[Fig. 5@)]. We also show for comparison the FHs*-H* one—electrqn bl _case[10,4ﬂ, and therefore remains a prob-
nonequidistant proton system with thesH length R €M t0 be investigated.
=6 a.u,[Fig. 5(c)]. The length of the plateaus are similar in
all three cases §4", Hs**, and H™-H;*-H". An analysis
of the two-electron wave functions for the equidistant pro- We thank the Natural Sciences and Engineering Research
tons, withRyy,=23 a.u[Fig. 5(d)], shows that " hasthe Council of CanaddNSERQ for their support of the present
behaviors of a K system with total lengthR=2R,, research and the Center d’Application de Calcul Padglle
=46 a.u= wagl2, for which one would expect maximum (CACPUS for access to an IBM-SP2 supercomputer.
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