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Molecules in intense laser fields: Enhanced ionization in one- and two-electron linear
triatomic molecules
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Numerical solutions of the time-dependent Schinger equation are presented to study the behavior of one
and two electrons in symmetric and nonsymmetric linear moleculgs tnd Hy;*. Enhanced ionization, as
discovered earlier in diatomic molecules Hand H, 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 resonanc€CR) transitions. Two-electron effects manifest themselves through their influence on CR
transition moments and electron collisions at large intensit&5050-294®7)02407-4

PACS numbeps): 42.50.Hz

[. INTRODUCTION rier effects dominate ionization of highly charged one-
electron triatomic molecule§21]. As in our previous
The interaction of intense laser fields with atoms has leagimulations in H [17], we shall compare one- and two-
to many unexpected nonlinear multiphoton optical phenom€&lectron systems in a linear triatomic array of three protons.
ena of a nonperturbative nature such as above-threshold iofl€ Spectroscopy of the two-electron systerg"Hs now
ization (ATI) and laser-induced stabilizatidd]. Molecules ng?gﬁ:ﬂﬁgtiﬁii gggrg;?rli/ngxsi‘;?;ea:ts flo;J?det\c/) ggc:cgnt_he
;Efee:rb?hlggpg]s\/;gi{;i%jtgg r’?]zrr:aer;tcl)):nlpnle?(mk])lclairafl?c?rhlgﬂeatso ttr;]eeyground state. We shall explore nonlinear effects for the linear

ddit ld f freed ising f h | geometry as an attempt to understand one- and two-electron
additional degrees of freedom arising from the nuclear Mogtra s in extended systems in intense laser field. We have
tion. Thus the analog of ATI for nuclear motion, above

; e ' OVE already shown previously that the one-electron lineaf H
thresheld dissociatioATD), is now well documented in 5 pe stabilized at high intensities and frequencies due to
terms of a dressed state representation of field-electronic M@jigh nonlinear electron-field interactiofi29d]. We shall ex-
lecular surfaces on which nuclei propagpe-4]. amine in the present paper the nonlinear electronic properties
Electronic ionization and the Coulomb explosion of mol- of this system in the region of current experimental condi-
ecules have only recently been addressed experimentally afi@ns, | =10'* W/cm? and\= 1064 nm, by solving the ap-
theoretically[4-27]. A fundamental difference between at- propriate time-dependent Scklinger equatiof TDSE).
oms and molecules has been the prediction of the phenom-
enon of charge resonance enhanced ionizai@REI) from Il. NUMERICAL METHOD
numerical similationd11-22 and its recent experimental The main numerical method for solving the TDSE have
confirmation[8—10,23. Both laser-induced barrier tunneling been given in our previous paper on the 3Q%H [18] and
models[5-7,12,20,2) and laser-induced charge localization 1D H, [17]. For the 1D, three-proton, two-electron problem
models[11,13,1§ show that such enhanced ionization ratesye \yrite
occur in diatomic molecules in the presence of intense laser
fields at large critical internuclear distances, exceeding the
rates of the dissociation fragments by one or two orders of
magnitude. The kinetic energies of the Coulomb explosion
fragments are hence predicted and found experimentally to T Vext(X1, %2, ) J¥ (X1, X2,1), (1)
be much less than those obtained from direct Franck-Condon

. whereH,=T+V,; an
ionizations from the initial ground state as these explosions ereri e and

. d
IE\I,(X]_1X2!t):[Hk(X11X2!t)

occur at the large critical distances mentioned above R\2]-12 R\2]-12
[5—10,22. Exact numerical simulations of Coulomb explo- Ve=—|1+| X1~ 5) } |1 xat s }
sions in H,* confirm the theoretical predictions and the ex-
perimental observation of low-kinetic-energy fragments R\2]"? R\2]"?
[15,16 as due to CREI at large distances. We address in the —| 14| X2 E) } |1t Xt 5 }
present paper the laser-enhanced ionization phenomenon in
linear triatomic molecules such as the one-electrgA™Hand —[1+(x9)%] Y2=[1+(xp)?] "2
f .
the two-electron H™ molecules for both symmetric and L4 (xg—x)?] 12 @

nonsymmetric dissociation. Previous three-dimensi¢8a)
5|mulat|o_ns on this one-electron triatomic system have found Vo= (X4 X)E(1),

that the field induced over the barrier ionization models can

explain qualitatively CREI and its phase control in such syswhere T is the kinetic-energy operatog; and x, are the
tem[18], whereas 1D simulations have shown that field bar-coordinates of the two electrons, aRtis the internuclear
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distance between the two outer hydrogen atoms in the sym- H?* R=10 (a.u.).X state
metric H;™ case. In the nonsymmetric case that we label as
H32*(n) and Hy*(n), andR is the distance between the
external proton and the adjacent proton in*Hor H,, which

are fixed atR.,=2.0 a.u.

In this work, the nuclei of the triatomic molecule are con-
sidered as fixed, with the bond oriented alongxteis. The
size of the grid used for the numerical calculations is taken to
be 256 a.u. with 1024 grid points in boti andx, coordi-
dates. The linearly polarized external laser fiElg(t) is set
parallel to thex axis, with a five-cycle ramp time, after
which it is kept constant during the simulation.

An absorbing potential along eagh andx, electron di-
rection is used during all propagation to prevent reflection of
wave functions at the box edge. This absorbing potential
Vaps is of the form Vo {x)=coq[(x—x1)/Xa(/2)]} 8,
where x; is the range with the potential equal to 0 and
Xa=32 a.u. the range in which the absorbing potential is
used. In three dimensions, the absorbing potential along the
z direction is the same as that in one dimension. The same
absorbing potential is used for the other,pordirection, but
with the range equal to 8 a.u.
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A. Energies and transition moments in one dimension

The linear two-electron triatomic moleculesH has dif-
ferent symmetries in various states: The ground state is a
singletX'S, and the first excited state with ungerade sym-
metry is also a singleB!3 , as in H, [17]. The second
excited state that can interact with the above two states is
ElE;’. All spatial symmetric functions satisfy the relation
P(X1,X2) = h(X5,X4) initially (t=0). The initial wave func-
tion of the states is generated by propagating the field-free
TDSE (see Ref[17]) in imaginary time until convergence.
The three-dimensional contour map of the wave functions
for the ground stateX' ; of H;" at the total internuclear () -107-10
distance between the two outer hydrogen at&wsl0 a.u. is N ) )
given in Fig. 1a) and that of the nonsymmetric case FI_G. 1.+In|t|lal +electron pair functiong/(x4,x,) for (a) the sym-
Hs*(n) is given in Fig. 1b) for later discussion. The eigen- Melic Hs™, X, state,R; =R,=R/2=5 a.u,, and(b) the non-
values of these field-free states can be calculated from theY™metric F7(n), XX state,R; =2 a.u.R,=R=5 a.u.
wave functions using two methods. The first method pro- i
ceeds by calculating the correlation function after propagati2r9e R (>27 i a.u, th‘i first three states becgmg degenerate
ing forward in time(without the laser fieldand then using a for both Hs . and H;" and from Fig. 28) H3™ dissociates
Fourier transform with a window functiof80]. The second 0 2H + H™ since the '0”'2‘{"0” potential of 1+D H with
method is to calculate directly the energy from the time-c=1 1S 0.67 a.u., Whereasﬁ goes to H+ 2H". How-
independent Schdinger equatonHW=EW from the €Ver for the nonsymmetric case, these: states separate
propagated initial wave function. The two methods give@l larger internuclear distance, as shown in Fign).2The
comparable results up to three decimal points. The energied€rgy of the ground state forf4"(n) asymptotically goes
of these states for internuclear distaftéom 2.0 to 20 a.u.  t0 that of H," +H, whereas for H* () it approaches that of
are given in Figs. @) and 2b). It can be seen from Figs. H2TH" and H+ H," at largeR.

2(a) and 2b) that the 1D linear triatomic moleculesafi and The first electronic transition momengs for the two-
Hs*(n) (n means nonsymmetric, in which the short bond is€léctron symmetric " and nonsymmetric hi*(n) mol-
fixed at 2.0 a.y).are stable, with an equilibrium ®,~2.5 ecules are defined ag=(W;(x1,Xz)[X1+Xo|¥j(X1,Xp))

a.u. Three-dimensionab initio calculations give an equilib- and are shown in Fig. (B). For Hs", the first transition
fium Re= 1.5112 a.u. for linear geometry. Our longer bond Momentz;, (a), corresponding to th¥'S y— B3 tran-
lengths are due to the softened Coulomb potential witHition, varies nearly linearly witR for large distances. The
c=1 in Eq.(1). Using smallc would reduceR,, but would ~ second transitionu,3(R) (b), corresponding tB'S; —

lead to very high ionization rates. Thus a compromise haElEg, shows similar linear behavior asymptotically. We
been made to use=1 to be closer to the 3D ionization show for comparisoric) the H,* transition moment, which
rates. The one-electron #A" potentials are similar to the behaves aR/2 and is typical of charge resonan@R) tran-
two-electron H* system and are therefore not reported. Atsitions[1,2,12,13,32 Thus, in H,*, suchR/2 behavior for

Yixy ,Xz)
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3 : 3 (n).

the transition moment comes from the asymptotic form ofatomic behavior for the seconds] — 2o transition,

the 1o, and 1o, molecular orbitals, (N2)[(ls,)  Whereas the firstdy — 1o, transition decreases slowly to
i(lSz)]g Where,u12=(10'g|x|1a'u>. In Hs2" and H,*, the 280 asymptotically. Thus, in the two-electron,H case,

" electron correlation maintains the CR effect for both transi-
égﬁa;; ;;b%g%gi?ﬁgf%n Ocr;gg;lga;rebgssrrfvzgﬁfo tions, whereas in the kf* case, this effect diminishes as-
: 9 ymp ymptotically in the first transition. This reflects the different

C‘,”‘”y_(ll\/i)((lsZ)i{(ll‘/i)[(lsl)ﬂls?')],}) and they O dissociation products of both molecules: ;H
bital is (1/\/5)[(15_1)_(153_)]' where (1) is the Isatomic  _ p+ 4 i y+ ‘whereas H* —H-+H*+H. Clearly in the
orbitals or protoni [33]. Figure 3a) shows clearly the CR |atter the CR transfer occurs over the whole length of the
character of both the firsta and secondlf) transitions in  molecule at all times.

H", i.e., the electron is being transferred from one end of For the nonsymmetric ki (n) system, the near degen-
the molecule to the other by the laser field, with a momenteracy of the dissociation products,tH* and H+H,* cre-
close to the theoretical (Rdvalue. As shown previously for ates a CR-like first transition momerd)(with R/2 behavior
H,", it is the CR effect that creates divergent transition mo{Fig. 3(b)]. Both first (a) and secondk) transition moments
ments and hence large nonperturbative couplings with radiaindergo a sharp decrease arolhd5 a.u. A similar behav-
tion fields with unusual effects such as laser-induced localior is found in Hz?" (n), the one-electron nonsymmetric case
ization and large even-order harmonic generafity13. In  where the first transition momeni,, is constant, that of
the case of the one electrongH, a transition occurs around H,*, in view of the dissociation product 4 +H*. The
R=4.5 a.u. from the OR triatomic behavior to th&/2 di- second transition moment,s(R) behaves initially as a CT
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FIG. 4. Total static potentialV, [Eq. (2)] +Vey [EQ. (1)]) at
R=10 a.u. for 1D H*; Eq=2.5x10f V/cm andx; and x, are 120 4 H," 1D
electronic coordinates. 1 =8x10"*Wicm?
A =1064 nm
. . . . 100 -
R/2-like moment with a maximum &=6 a.u. We interpret
this abrupt change of moment arouRe-5-6 a.u. as a tran- —
sition from delocalized(molecular orbitals electrons at g‘c’: 80
small R to a more localized region at large in both one- <
electron H2*(n) and two-electron H"(n) systems. A T 40
similar behavior is found in thx's; —B'X ] transition of §
H, [17]. 8
2 [17] § .l
B. lonization rates
N . : 20
The initial two-electron wave function for the symmetric
H3" and nonsymmetric K" (n) are illustrated in Figs. (&)
and Xb), respectively. In the symmetric ca$Eig. 1(a@)], 0 - . ]
one sees six peaks corresponding to the large resonance 4 8 12 16 20 24
H-H*—H at electron position X;,X,)=(5,—5) and (b) R@u)
(—5,5), the resonance +HH—H™ at (—5,0) and (0 5), FIG. 5. El o “1y at ] —8x 101 W/em?
and the resonance H-H—H at (0,5 and (5,0). The non- - 5. Electronic ionization rates™ ") at | = cm

— 2+ 2+
symmetric case K" (n) [Fig. 1(b)] shows two major peaks and\ = 1064 nm for(a) 3D H,™" and (b) 1D Hy™".

at (—5,2) and (25-5) corresponding to the charge reso- o _ ) o
nance H-H*«H whereR=5 a.u. is the largest neighbor With the initial wave functions illustrated in Fig. 1. The total

proton-proton distance and, = 2 a.u. is the equilibrium ratesl” (s~ 1) are c_:alculated from the logarithmic decrease of

H,* distance. The smaller peaks occuring@@) and (2,00  the total probability or nornN(t),

correspond to the B+ H, resonance. An instantaneous elec-

tric field will tilt the Coulomb potentiaV; [Eq. (2)] in the InN(t)=—Tt, N(t):f |\P(x1,x2,t)|2dxldxz. 3

field direction. This is illustrated for the symmetric case,

Hs' in Fig. 4, at a field intensityl =8x 10 W/cm? or,

equivalently,Eo=2.5x 1¢® V/cm. The ridge along the diag- Several examples of calculated ionization rates are illus-

onal x;=Xx, represents the electron repulsion barrier,trated in Figs. 5 and 6. Thus, in Figgaband §b) we com-

whereas the triple wells are the one-electron—proton bindingare an exact 3D calculation for " vs the 1D result for

potentials. Figure () shows clearly the three charge reso-H 32" with the softenedd¢=1) Coulomb potential in Eq(1).

nances for the pair of electrons bound in each well and sepahe general forms of the ionization rate VR for

rated by the repulsive ridge in the initial field-free ground | =8x 10' W/cm?, A =1064 nm, and the same pulse enve-

state. In the presence of the instantaneous figJdFig. 4  lope (five-cycle ramp are similar in the exact 3D and model

each electron can tunnel out from the higtegativex) po- 1D cases. The principle feature to be underlined is the clear

tential region to the lowpositive x) region. ionization enhancement that appears between 8 and 14 a.u. in
The ionization rates in the presence of the time-dependeriioth cases. A 20-fold increase of ionization occur for the 3D

field Eq(t)cos(wt) is obtained by propagating in real time, H32" case at the maximumR=10.5 a.u) when compared

the exact TDSKE1), using split-operator method81,32, to the asymptotic value corresponding to the H atom. In the
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FIG. 6. Electronic ionization rates™ 1) at | = 10" W/cm? and
= 1064 nm for(a) 1D H;™: (i) exact and(ii) static(dc) poten-

tials; (b) 1D Hs*(n); and(c) 1D H52*(n).

1D case the increase is about 100-fold, i.e., the 1D model
enhances the effect even further due to the lower dimension-
ality of electron trajectories.

This same enhancement of ionization is obtained for both
the symmetric H* [Fig. 6(@)], and nonsymmetric ki (n)
[Fig. 6b)] 1D electron systemqWe add in Fig. €c) the
one-electron H?"(n) nonsymmetric case for comparison
with the two-electron casfFig. 6(c)]. In the two-electron
case, the enhanced ionization now occurs over a broader
largerR range, i.e., & R<20 when compared with the one-
electron casgFigs. 5b) and Gc¢)]. We turn next to the physi-
cal interpretation of these enhanced ionization results.

Ill. ONE-ELECTRON IONIZATION

The lower-frequency region such as=0.0428 a.u. or,
equivalently,A =1064 nm shows signatures of CREI in di-
atomic ions via laser-induced localizatiph2,13 and field-
induced barrier suppressid®—7,13-16,20,2)L The latter
quasistatic picture has been very useful in explaining high-
intensity low-frequency atomic ionization as a field-induced
tunneling phenomenof34]. In the triatomic one-electron
molecular ion case, the correlation of enhanced ionizations
with a similar field-induced barrier tunneling model has been
successful for the 3D nonsymmetric;H molecule[18] and
highly charged one-electron 1D triatomic molecul&2].
We examine below in detail the TDSE ionization results for
the 3D symmetric case 44" as shown in Fig. &). As seen
in Fig. 4, in the presence of an instantaneous static field
E,, the total electron-proton potentials are tilted down at
large electron nuclear position Along each coordinatg;
or X», three barriers are prominent, which an ionizing elec-
tron encounters on its way out to large

As an example we show in Fig(& for the one-electron
3D symmetric H2* such a field distorted potential profile
along the internuclear axis. We labé|,V,,V; as the barrier
maxima that develop at 474, and—12 a.u., at intensity
8% 10" Wicm? (Eo,=2.5x 10° V/cm) for the total internu-
clear distanceR=14 a.u.(or 7 a.u. between each projon
We give also the corresponding position of the first three
static field levelsE,,E,,E; as a functionR. The latter are
obtained as static field resonances in a TDSE calculation
with constant static fielddc field) [12]. Crossing of the lev-
elsE; with V,’s implies field-induced trapping of these levels
with concomitant ionization suppression. Figuig)7shows
that belowR=7 a.u., all levelsE;, which at zero field are
logy, 1oy, and 24 levels, are abov¥, andV;. All levels
E; are belowV,, the left outer barrier beloiR=7 a.u., in
agreement with the rapid decline of ionization rates below
this internuclear distance as illustrated in Figg)5Enhanced
ionization begins to occur abov@=7 a.u. up toR=12,
where after a new sharp decline in ionization occurs. This
can be rationalized from Fig.(B) as due to the complete
trapping of levelskE, and E; aroundR=12 by V; andV,,
respectively. Thus, as shown in Figay, levelsE, andE;
are trapped by barrierd, andV; at R=14 a.u. and level
E, will be subsequently trapped again beydRe 14 a.u. by
V,. Figure Ta) thus provides a strong correlation between
the enhanced ionization windows/R< 14 a.u. and the static
above-barrier ionization model. A sharp maxima occurs
around 10 and 11 a.u. d5, begins to tunnel appreciably
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FIG. 8. Electronic ionization rategs™') for 3D H32" at
| =5X 10" W/cm? and\ = 1064 nm.
the protons by the laser field sindev=0 [12,13. The field
therefore induces tunneling ionization across the static bar-
- rier V; and simultaneously suppresses tunneling between the
3 Coulomb potential wells that competes with the ionization
g e [13].
2 . The quasistatic field tunneling ionization interpretation
5 464 Vo'm becomes more valid for low laser frequencies and/or higher
a intensities. The latter is corroborated by Fig. 8, where we
present the ionization rates for 3D;H" for the higher in-
. tensity 5<10* W/cm? and the wavelengtin=1064 nm.
"ia 3'313W/ ) Again there is a sharp rise in ionization rate arouRvd 8
E;é;%amcm a.u., which approaches asymptotically the 3D H atom value.
Eigen(E) Thus again H?", where one electron is bound by three pro-
T

(b)

13

T T T T
6 7 8 9 10 11
R (a.u.)

12 14

FIG. 7. Total static potentiaV.+V,; along the internuclear
axis for linear 3D H2* atl=8x 10" W/cm? (E=2.5x 1% V/cm,
for (@ R=14 a.u., withV,,V,,V3 the barrier maximak, ,E,,E;
the static field levels, and their population after 20 cycles; @md
V1,V,,V3,Eq,E; ,E3 as functions oR.

tons, has ionization rates comparable to and above that of the
H atom for the same excitation conditions. The sharp peak at
R=8 a.u. correlates strongly with the liberation of the lowest
level (10 at zero field at that distance in the presence of an
equivalent static fieldFig. 9a)]. The subsequent fall in ion-
ization rate alR=9 a.u. seems to be due to the crossing of
V; andV, at R=8 [Fig. 9Ab)] such that aR=9 a.u.E; is
trapped by the middle barrie¥,. Above R=9 it is theE,
andE; levels that contribute freabove-barrierionization,

across the decreasing, barrier. This sudden enhancement whereask, ionizes through tunnelingsaa H atom.

can be also correlated to CRE12,13 as a laser-induced

We conclude from the TDSE calculation for symmetric

electron ionization. For a two-level system, the energy sepa ;?* that the enhanced ionization windowsR<14 a.u.
ration wJ,= w,— w, is renormalized by the time-dependent obtained in the exact 3D simulati¢Rig. 5] and the model
field such tha{13,35,34.

012= 03, Jo(2Qr/w),

(4)

1D case[Fig. 5b)] can be correlated with a field-induced
quasistatic above-barrier ionization, whereas the sharp peak
at R=10-11 a.u. can be rationalized in terms of field-
induced localization and possibly also frequency resonance

wherew?, is the field free-energy separation due to electrorgffects.
tunneling between the proton afdy the Rabi frequency
[=eEu(R)].

In the present case, ther} — 1o, transition moment is
clearly approximated by.=R/2.2 [see Fig. &)] as dis-

IV. TWO-ELECTRON IONIZATION

Previous time-dependent 1D calculations for two-electron

cussed in Sec. Il A. Zeros afy(2Qr/w) occur at 5.5 and atomic system$32—-3§ have examined the role of correla-
8.65 or, alternatively, aR=7 and 10.7 a.u. At such zeros, tion and provided insight into atomic one-electron versus
one expects tunneling suppression of the electron betwedwo-electron photoionization. A previous 1D model of, H
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H*+H"+H. The second momentc] is the CR moment
0.2 - with asymptotic valueR/2 for H,". Thus, in the two-
electron case, two equal CR transitions dominate the photo-
-04 1 physics as opposed to only one CR transition in the one-
06 4 000 (&) electron case. Further support for this hypothesis is obtained
by examining the static field ionization rae) illustrated in
-0.8 1 (V) Fig. 6(a). Curve (i) is obtained by ramping the field under
1.0 000 (E) A the same condition as(i), but with a static field

\ J Eo=(8wly/c)Y2 wherel, is the peak intensity in the full
(E) (V)

1.2 7 time-dependent calculatiof). Thus, in the static field case,

enhanced ionization occurs at lar§e=12—20 a.u., in the

Dc energies (a.u.)

0.14

vy region where one-barrier ionization of leveé, begins(see
167 H,"™ 3D Fig. 7). Hence the shoulder arouri®@=14 a.u. can be as-

18 - ;f;LO:W/cmz cribed to the population of levelt, for which a large CR

transition moment occurs. Static field rate calculations for
the one-electron case A" show this shoulder to be negli-
gible, in agreement with its absence in Figh)sand the fact
that the transition momenk,, is weak in the one-electron
case, but is a large CR moment for the second transition. Our
conlusion is that electron correlation that keeps electrons
apart enhances CR transition moments in the two-electron
case, thus enhancing population of upper states more easily
than in the one-electron case. The sharp onset of ionization
in the one- and two-electron cases arole 8 a.u. corre-
lates well with the above-barrier ionization of level,
which begins forR= 7 a.u. in Fig. Tb) due to the efficient
population through the large CR momept;: R/2 and
R/2\/2 for the one- and two-electron cases, respectively.
The nonsymmetric case, two-electron systerg™Fh),
which dissociates into the two product channelstH™ or
H," 3D H,"+H [see Fig. 2)], manifests two sharp peaks in the
1=5x10"™Wiem? ionization rate as a function dR [Fig. 6b)], the distance
Egggggm between the outer and inner proto(tee H, distance re-
mains fixed atR=2 a.u). The same two peaks, albeit
4 6 8 o M 1 sharper, occur in the one-electron casg Hn) [Fig. 6c)].
(b) R (a.u.) Thus enhanced ionization is expected to be prominent, for
4=<R=10 a.u. in the H +H, collision and 4<R<7 in the
FIG. 9. Energy level€ and static potentials along the internu- H " +H," collision, with maxima aR=5 a.u. and then 7 or
clear axis for 3D H2* at|=5x 10" W/cm? for () R=8 a.u.and 6 a.u. The first maximum @&=5 a.u. would seem to corre-
their population after 20 cycles arftl) as a function oR. late with maxima in the transition moment, and w3 [Fig.
3(b)], indicating a transition from delocalized electrons for
examined the high-frequency and high-intensity behavior osmall R to localized electrons at largR. In fact, u,,~R/2
this molecule in the space transition representaf@®] in  up toR=5 a.u., typical of the CR transition between,H
which we already showed stabilization of the one-electrorand H or H, and H". The single-electron casesA"(n) has
H,2* [28,29. We examine here the symmetricsH and  a first transition momeniu;,(R) equal to that of H™,
nonsymmetric H*(n) two-electron 1D systems using the whereas the second transition momgnt(R) behaves as a
same methods as we used previously fos &t intensities CR transition H*+H"—H,?"+H up to R=7 a.u. Static
|=10" W/cm? and A= 1064 nm[17]. field calculations for the latter 3D problefd7] show that
The ionization rates for the symmetric and nonsymmetricR=>5 a.u. also corresponds to the onset of above-barrier ion-
linear molecule H* are illustrated in Fig. 6. Comparing ization of the first leveE,. Thus the decline of ionization for
with the single-electron casef4" [Figs. 3b) and 5c)], one  largeR is to be interpreted as a rise of the external barrier
observes now a broader window for enhanced ionization Fig. 7(a)] as transition moments decrease with laRje
One main difference between the one-electron and two- Two-electron effects have been shown earlier for td
electron molecular system can be deduced from the transinfluence electron ionization distributions at high intensities
tion moments. Thus, in Fig.(8), we observe that the two [17]. In the present triatomic case, Fig. 4 gives an indication
successive momentga5(R) (a) and w,3(R) (b) behave of how electrons would ionize in a quasistatic model, for
asymptotically as two equal CR transitions with momentinstance, at the peak intensity. Each electron will tunnel
near 0.R, the molecular orbital prediction discussed in along its own coordinate, ,) from one well to the other and
Sec. Il A. For the one-electron 4", the first moment through the low external barrie¥, [Fig. 7(@)]. This is the
n1(R) decreases for large as the molecule dissociates to preferred scenario for the one-electron systeg?™H In the

Dc energies (a.u.)
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FIG. 10. Propagating electron pair wave pack€x,,x,,t) for
1D Hp* at 1=8x10" \=1064 nm,R=10 a.u. andt=20.75
cycles(74 f9 at largex; and smalix,.

in six wells [see Fig. 18] with major peaks at positions |e|<256 a.u.

(X1,X2)=(5,—5) or (—5,5), corresponding to the least re-
pulsive electron resonanceHH" —H. Thus either electron
independently will ionize by following the Coulomb poten-

Probability
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FIG. 11. Electron pair probabilites and ionization rates
) o ) T (s} for 1D Hy* at 1=10" W/cm?, A\=1064 nm, andR=8
two-electron case, the electron pair function is quasilocalizeq, ., for various regiona,b,c,d,e: |a|<16 a.u.|d|<32 a.u., and

the ratesl'y in the largerd box (=32 a.u). In both low
intensity(Fig. 11) | =10 W/cm? and\ = 1064 nm and high

tial canal atR==*5 created by the second eleCtron'pmtonintensity(Fig 12) 1 =10 W/cm? and\ =532 nm, one ob-

attraction. This is clearly evident in Fig. 10, where we illus-
trate the electron pair functio(x,,x,) for largex; along
thex, canal alR= £5, after having propagated 20.75 cycles
at 1=10"* W/cm?, A=1064 nm, andR=10 a.u. We see
clearly propagation of electron 1 to large distances as it ion
izes, whereas sharp peaks remaixat =5, corresponding

note that the peaks are largestRat +5, corresponding to
trapping of electron 2 in the right-hand lower well. We note
the same numerical trapping of electron 2 R&0, the
middle well. Thus the quasistatic picturgsigs. 4 and 7]

show clearly that the electron wave packet is indeed shaped

by the static field induced barrier during the ionization pro-
cess.

As in our H, work, we further explore the two-electron
dynamics by partitioning the potential spafig. 4) into
separate regiors,b,c,e as illustrated in the right-hand inset
of Fig. 11(a). a is a box*=16 a.u., containing the initial H
5 [Fig. 1(a)]. We shall also compare it to a larger bdx
with dimension+32 a.u. The total boxe has dimension
+128 a.u. The four regionb correspond to the outgoing
canals aroundR= =5 a.u., each with width 32 a.u. The out-
going flux in this region should correspond mainly to inde-
pendent one-electron ionization as illustrated by Fig. 10. Fi-
nally, region c corresponds to the diagonals. The region
X1=Xs is clearly forbidden by electron repulsion correspond-
ing to the high ridge in Fig. 4, where the regian= —x,
should be populated by two-electron effects.

Figures 11 and 12 illustrate the probabilities for each
region as measured by the norm in each as a function of
time. The decaying slopes for larger time give an estimate

of the method is verified by comparing ratés in the
smallera box (+16 a.u) around the initial molecule with

Probability

serves identical', andI"y. We note thal',, I'y, andl', at

| =10 W/cm?, approach 0.5 probability at large tin{&0
cycles=36 f9), indicating that one electron remains. This can
also be seen in Fig. 10, where the sharp peaks show trapping
of the electrons. The ionizing electron is mainly in region

b as the probability in regiof quickly rises to 0.4 in 3 fs
€and then decays as the electron leaves the box. Figure 11
illustrates therefore single-electron ionization as being domi-
nant at 1&* W/cm?2. Very little electron density appears in
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FIG. 12. Electron pair probabilities and ionization rates
of these ionization rates in each region. The consistency (s™') for 1D H,™ at | =10 W/cm? A=532 nm, andR=8

a.u., for various regiona,b,c,d,e: |a|]<16 a.u.,|d|<32 a.u., and
|e|<256 a.u.
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the two-electron region, region (<10%). Increasing the in regionc they do so under the influence of electron repul-
frequency § =532 nm,w=0.0856 a.y.and increasing the sion and thus ionize in different directions. Electron repul-
intensity to 16° W/cm? produces quite different results as sion or correlation is thus seen to operate at later times, three
illustrated in Fig. 12. The total ionization rakg has gone up cycles, whereas independent electron ionization occurs at
by about one order of magnitude. The probability in the two-earlier times, two cycles.

electron regiorc increases to about 75% in three cyc(és

fs), whereas the probability in the one-electron region in-

creases to 55% in about two cyclés5 9. The decay rates ACKNOWLEDGMENTS
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