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Molecules in intense laser fields: Enhanced ionization in a one-dimensional model o, H
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A one-dimensional model of His used to examine the nonlinear behavior of a pair of electrons in the
presence of intense laser fields and fixed nuclei. We present ionization ratgsavfifferent frequencies and
intensities of short intense electromagnetic pulses by solving exactly the time-dependédirgenrequation
for the above system as a function of internuclear distance. Anomalously high ionization rates are found at
large critical internuclear separations, akin to similar results found previously in the one-electron molecule
H,". Independent one-electron and simultaneous two-electron ionizations are identified from the numerical
simulations to occur at different intensities and frequencies. Field-induced barrier suppression models are
shown to explain qualitatively the numerical resul81050-294{©6)08310-2

PACS numbes): 42.50.Hz, 32.80.Rm

I. INTRODUCTION mechanism in Coulomb explosion22,23 .
The aim of the present work is to examine CREI in a
The behavior of molecules in intense static electric andne-dimensionallD) model of H,, or equivalently the non-
magnetic fields was considered as early as 1961 by Hiskdiear, nonperturbative behavior of a pair of electrons in the
[1] and subsequently by Hansg®] in 1975. Current avail- presence of an intense external electromagnetic pulse and the
able intense laser sources allow one to reexamine the geneshtic Coulomb field of two nuclei fixed &. Previous time-
problem of molecules in interaction with intense electromag-dependent 1D calculations for two-electron atonfame-
netic fields, well beyond the perturbative limit. Earlier ex- nucleus systems24,25 have provided insight into atomic
perimental investigations of Hin intense laser fields have one-electron versus two-electron photoionization processes.
led to the discovery of the molecular analog of atomic aboveA previous 1D model of K examined the high frequency
threshold ionizationATI) [3—8], above threshold dissocia- behavior of this molecule in the space translation represen-
tion (ATD) [3-6,9, and laser-induced avoided crossingstation [26]. We have also shown previously that 3D linear
[5,6,10—12. Recent experiments have led to the discovery ofH32" , a one-electron system, will bind three protons in high
anomalous Coulomb explosions occurring at large internuintensity and high frequency field27]. In the present paper
clear distances in symmetric diatomjd8—15. This can be we examine a 1D model of jHfor wavelengths of 1064 and
explained from one-electron models of ionization of sym-532 nm and intensities 6<1<10' cm/W? and various
metric molecules by the phenomenon of charge resonandaternuclear distanceR. We find that enhanced ionization
enhanced ionizatiofCRE]) [16,17], which is a combination also occurs at larg® for two-electron molecular systems,
of static field barrier suppressidi8—2Q and dynamic lo- both in the one-electron sequential low intensity=(0"
calization of the electron by the laser fidlth,17. Thus for ~ W/cm?) ionization regime and in the simultaneous two-
odd electron systems, the first electronic transition momentlectron high intensity I 10'° W/cm?) ionization regime.
varies asR/2 [12,21], whereR is the internuclear distance. Recent classical calculations show similar phenomena in
This introduces a very large coupling at lafgéetween the  multiphoton ionization of clusterf28,29. Our calculations
single unpaired electron and the external field, larger than thare therefore a quantum confirmation of enhanced multipho-
first transition energy. This creates instantaneously twaon ionization of molecules at large internuclear distances.
dressed states of the system at the peak of the field intensity
Eo with energy separatioeEgR, the potential energy differ-
ence of the electron between the two nuclei in the presence Il. NUMERICAL METHOD
GEQR 1s equivalently twice the Rabi fiequency for e frst DU 0 e large mass of the nucle in the Holecule,
. . . - . we restrict ourselves to the Born-Oppenheimer approxima-
electronic transition. This has been shown to limit the maxi-

mum number of molecular harmoniks6] generated in such tion. The two nuclei are treated as fixed, the positions of
9 which are considered as parameters in the electronic Hamil-

odd-electron molecular systems and also determines the Critfbnian The time-dependent Sétioger equation(TDSE)
cal internuclear distancd®, where CREI occurs due to both for thé H, molecule i?] one dimen;?c?n ha_gthe form
2

dynamical localization and static field barrier suppression

[19] . Complete electron-nuclear non-Born-Oppenheimer full

dynamical calculations confirm CREI as the predominant
IEW(Xl!XZvt):[H(Xl!X21t)+VeXI(X11X2!t)]q,(Xl!X2vt)i

. 1
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K1A OH2. where the electronic Hamiltonian is
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1 &2 52 property ¢(X1,X,) = #(X,,%;) whereas theb33 ! has the
H(Xy. X2, )=Hy+ Ve, He=— 5(&2_x1 + 7%, (2 symmetry ¢(x;,%) = — #h(x,,%;). For the singletB state
one imposes in addition the antisymmetry
R\ 2|12 R\2]-12 Y(—Xq1,—X5)=—(X2,X1). The exact electronic spatial
Ve=—|Ct| X~ E) } Tt Xty function for each state is generated by propagating the field
free equation(5) in imaginary time[34] by using initial
R\2]-12 R\2]-12 Gaussian functions of the required symmetry. The exact ini-
—|CtH| X2~ 5) } (et Xt } tial wave functions are illustrated in Fig. 1 for each state at

the internuclear distand®=4 a.u. The field free total ener-
+[C+(x;—Xp)%] Y2, €) gies are illustrated in Fig. 2. These were obtained by using
the correlation function method after propagation in positive
V¢ is the Coulomb potential operator withy and X, the  time[31] and then checked by evaluatifig= (¥|H|¥) with
coordinates of the two electrons aRtlis the internuclear  gptained from the imaginary time propagation method. In
distance. The external laser field interactigg, is of the general three decimal digit accuracy was obtained in all
form cases. The 1D adiabatic potentials thus obtained are com-
Vo= 1 () Y3(x,+ X,) cog wt), (4) pared with the corresponding experimental values in F_ig. 2.
The 1D calculated surfaces are in good agreement with the
wherew andl(t) are frequencyatomic uni} and intensity —experimental results, except that the 1D potentials are all
envelope(W/cm?) of the external laser fieldy is a constant  shifted down, due to the fact that with=1 in the softened
with value 0.533 091 78 10" 8 if V. is expressed in atomic Coulomb potentials, the ionization potentiglof the H atom
units. We normally ramp the field so that after five cyclesis 0.67 a.u. instead of 0.5 a.u., which is the 3D value. Choos-
E(t) or I(t)** attains its maximunt,. ing c=1 gives|, of H," near the equilibrium, which is
The wave function is obtained by iterating for the time close to the 3D results. We do note that the true ground state
stept to t+ 6t the exponential operator solution with the time equilibrium distanceR is somewhat less than the 1D results;
ordering operatof, however, the 1D excited states agree generally well with the
experimental values. In particular, the— X transition en-
ergy is about the same in the 1D and 3D molecules for
) R=2 a.u.
The exponential operator is evaluated directly using a Of crucial importance in understanding CREI in,His
split-operator techniquig0] to give a unitary expression by the divergent behavior of theo},— 10, electronic transition

W(Xg,Xp, 1+ 6t) = Te H0a X2 0+ Ved g (x %, 1),

separating the kinetiel, and potentiaV, operators, moment, i.e.R/2[12,21], resulting in efficient coherent cou-
_ _ pling of both states at high laser intensities and laRje
W (Xq,Xp,t+ 6t) =g (12)0tHkg =1Vt Veyd [16,17,22,2% We illustrate therefore in Fig. 3 the

u=(X'2 5|x1+x,|B'X [) electronic transition moment ob-

tained with the 1D initial electronic wave functions obtained
(6) as described above. Comparison with the highly accurate 3D

ab initio calculations of Wolniewic435] shows excellent
The operation eXp- (i V2)H,JW(x1,%,.t) is performed by the agreement between the 1D and 3D systems. Thus in both
spectral method which uses the fast fourier transf@ffT)  cases the K B— X transition moment exhibits an initial
technique[31]. The parametec in V¢, the Coulomb poten- R/2 rise as in B . However, due to electron correlation, the
tial, is taken as 1.0. Such a softened Coulomb potential reB . X transition moment has a maximumRt3 a.u., with
moves the singularity and thus allows for efficient imple- 3 value of 1.6, a minimum arour@=8 a.u., and then the
mentation of the exponential split-operator meth@0].  moment eventually reaches thes-%2p atomic limit of
Similar softened potentials have been used with success 054 a.u. The 1D calculated moment reproduces quite sat-
N-body Coulomb problemg32], in quantum simulations of jsfactorily the 3D results, thus confirming that the 1D model
atoms[24,25, and in classical simulations of clusters in \with c=1 in the Coulomb potential3) can give quite reli-

strong fields[28,29. . able results for the electronic properties of.H
Calculations have been performed for various fixed inter-

nuclear distanceR, with the laser field parallel to the mo-
lecular axis. The size of the grid used for the numerics is 256

x e~ 128Hgr (x, x,,t)+O(5t3).

B. lonization rates

a.u. with 1024 grid points in botk, andx, coordinates. An The initial two-electron wave function corresponding to
absorbing potential is used at the edge of the grid for botiasically the 1] configuration at=0, ¥ (xy,%2,0), is illus-
coordinates as in our original calculations opH22]. trated in Fig. 13). It corresponds to simple individual elec-

trons localized at the deep wells of the total poter(@ali.e.,

X1=—R/2X,=+R/2, or by symmetry x;=+R/2,X,

=—RJ/2 (see Fig. 4. This initial function, obtained from
The ground state of His a singlet stateX '3 , the first  propagating a Gaussian symmetric function sp,x, in

excited state a triplet 32: , and the second singlet state is imaginary time with the zero field Hamiltoniaf®), (3) is

of ungerade symmetryB>! [33]. The initial singlet then propagated in real time with the exact time-dependent

ground state spatial wave function satisfies the symmetridamiltonian(1) as described above. The total ionization rate

A. Energies and transition moments of 1DH,
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Total energies (a.u.)

Internuclear distance (a.u.)

FIG. 2. Comparison of the calculated energies of the ground
potential and the first two excited potentials with experimental
ones: dotted lines — 1D calculations; solid lines — experiment.

I'(s™?) is therefore calculated from the logarithmic decrease
of the total probability or norniN(t) ,

InN(t)=—Tt, N(t):f|\If(x1,x2,t)|2dx1dx2. (7)

We illustrate in Figs. 5 and 6 ionization rates obtained by the
above method fok =1064 and 532 nm as a function of the
internuclear distance and various intensities . For comparison
we include in Fig. %a) the 1D ionization rates of the single-
electron molecular ion K" at A=1064 nm andl =10
W/cm?. Around equilibrium, ionization rates of Hare usu-
ally larger than those of ki" molecular ions, as we obtained
previously using 3D Cartesian finite element meth{i@§).

|
@ % b

Internuclear distance (a.u.)
FIG. 1. Contour maps of 1D Helectronic wave functionda)
15+ ; ;
gg;gmun?h state?t( i‘gt t<b> .tt?]e ex0|tetdBllsEta+1te with symmetry 15 3 1p transition moments between téS s and B
u » (0) the excited state with symmetg’s., . states as a function of internuclear distafte
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FIG. 4. Coulomb potential surfacé.(x;,x»,R) [Eg. (4)] to-
gether with static laser interaction5). x;(X,)=R/2 and 30 "
X5(X1)= —R/2 correspond to the covalent resonance markel; as " A 21064
X;=X,= *R/2 is the ionic resonance HH~ [33]. o5 iR 1=10"

In the 1D case we have the results, e.g.Rat2.0 and 4.0
a.u., ionization rates are 120%2.1x10® and
2.2x101%1.5x 10! s~ for the H, molecule and H* mo-
lecular ion, respectively. However, at larger internuclear dis-
tance, e.g.R=6 a.u., the rates are reversed: 10" s~ !
forH, and 5.3« 10*s™ for H,* . This is again evidence of
CREL i.e., in H,", at largeR, the 1oy— 10, energy sepa-
ration decreases and the transition moment divergd¥/2as
This creates unusual large radiative couplings between these

N
o
I

lonization rate (102 /s)
o
|

two states. This effect is less important i Mhere there is °

no degeneracy and no divergent moméfigs. 2 and Bas

discussed next. The 1D H results compare well with the 0 8 T T I T

more exact 3D calculations published previously for the 2 4 6 8 10 12
same system and same excitation conditidi@s17]. Thus in (b) Internuclear distance (a.u.)

both 1D and 3D H™, extremely high ionization rates, ex- 6

ceeding that of the neutral H atom, are obtained between
R=7 and 10 a.u. This was originally interpreted as due to a
dynamic laser-induced localization thus leading to CREI 5
[16]. Barrier suppression modeJ48—2( also predict such

an enhanced ionization. Perusal of Figs. 5 and 6 shows
maxima in the ionization rates of Hexceeding that of the
separated neutral H atom by at least one order of magnitude.
We turn next to discussion of this enhanced ionization phe-
nomenon in H.

H
1

lonization rate (10's)
w
|

IIl. ENHANCED IONIZATION

Previous experimen{gl] and calculation$9] on the mul-
tiphoton ionization of H have emphasized the importance of
charge resonancéCR) excitations in this two-electron sys-

tem. Such excitations are mediated by divergent transition 0 . 1 . ]

moments which are proportional to the internuclear distance 2 4 6 8 10

R [12,21. In the case of H*, the first transition, (©) Internuclear distance (a.u.)

loy— 10y, hasin fact as stated before a divergent transition

momentu = R/2 which leads to CREI, i.e., dynamic local-  FIG. 5. 1D ionization rates a = 1064 nm as a function of

ization and static field barrier suppression from the laseR; (@ —H," (I1=10"W/cm?), (b) —H, (I=10" W/cm?) (solid
pulse leads to large ionization rates of the single-electrofine —4dynami20,w = 0.0428; dots — statiew = 0), (c) —H,
molecular ion at critical large internuclear distarRg, the (3% 10" Wicm?) .
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FIG. 7. (a) Linewidth T" (s~1) of the ground state of 1D Has
a function of internuclear distand®, in a dc field: 1 =10 W/
cm?, (b) ionization rates for 1D B(q=1/2) as a function of inter-
rates of which are much larger than the atomic fragmentshuclear distanc® A = 1064 nm and =10"* W/cm?.
Perusal of Figs. 5 and 6 shows that the phenomenon of en-
hanced ionization persists in the two-electron systesn H  related to these two CR transitions. At the higher intensities,
The fundamental difference between ldnd H," is that 3% 10 and 2x 10*® W/cm?, Figs. §c) and Gb), only one
the ground state is non-degenerate at dissociation, i.e., peak remains aR=4 a.u.
R=00, in the former whereas in the latter the degeneracy of Itis now accepted that at high intensities and low frequen-
the 104,10, molecular orbitals at largR leads to the diver- cies, the static electric field at the peak of the pulse can lead
gent transition moment. In §j the first transition moment to barrier suppression and rapid ionization of atd®i,38
from X—B (Fig. 3 behaves afk/2 up to R=3 a.u. and and molecule§13,18-2Q. In order to test this idea in Hwe
continues on with the same values into fBe-E,F transi- have also plotted in Fig.(b) the dc (w=0) ionization rate
tion [35]. Thus in Figs. ) and Ga), ionization maxima of H, where one ramps a dc field for the same time as the
occur atR=4 and 6 a.u., which can be correlated with thex=1064 nm pulse up to the constant field value for the in-
maxima of the transiton moments of th¥—B and tensityl =10 W/cm?. One then calculates ionization rates
B—E,F transition.(From Fig. 3, a maximum in thX—B and widthsI' of static field resonances as described previ-
moment at aroundR=6 a.u. implies a change of configura- ously[17]. The static field ionization rate or zero frequency
tion of theB state in that region, with another large moment(w = 0) [square line in Fig. &)] is seen to exhibit two
appearing due to thB—E,F transition[35].) Thus at the maxima, one aR=4 a.u. and the other &=8 a.u. The
lower intensity, 16* W/cm?, and for both wavelengths, 1064 static field resonance width (1 a.u.= 4x10®s 1) of the
and 532 nm, both enhanced ionization peaks seem to be caground state, Fig.(3), are the same as the static ionization

FIG. 6. lonization rates for 1D Kat variousR distances for
N = 532 nm:(a) | =10" W/cm?, (b) 1=2x 10" W/cm?.
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rate, Fig. %b), which shows indeed that static field barrier
suppression effects can produce enhanced ionization peaks at
R=4 a.u. but also a further peak B=8 a.u.(In fact the
calculations show little excitation of thB state in H, as
opposed to H* .) The latter peak does not occur in any of
the frequency-dependent laser excitation \at 1064 nm
(Fig. 5 and 532 nm(Fig. 6). The numerical results exhibited
in Figs. 5—7 suggest therefore that as one goes to higher
intensities| > 10" W/cm?, only a single ionization peak re-
mains important, i.e., aR=4 a.u. This differs from the
single-electron result where two peaks usually occur at
R=7 and 10 a.u. around ¥bW/cm? and merge at high
intensities into one peak followed by a plateau at around
R=5 a.u.[19,23.

One possible difference between dnd H, " is the effect
of electron screening. This is corroborated by our previous
time-dependent Hartree-Fock and frozen corgithization
rates where we found the frozen core results to be more
reliable [36] and hence implying effective screening by the
inner electron. Thus the first ionizing electron is not expected , < 15
to be affected by two charges as in, Hbut rather a B* > ’ 10
core with approximatelyg= +1/2 charge at each nucleus
due to electron screening. The effect of such static screening
is illustrated in Fig. Tb), where we have calculated the ion-
ization rate for the fictitious one-electron molecule
H3(g=1/2), i.e., a neutral one-electron system in the pres-
ence of twoq=+1/2 charge nuclei. This figure clearly

shows two enhanced ionization peaksRat4 and 8 a.u., o -15
akin to the static field case, Figs(bp and 7a). Electron T - 20
screening clearly seems to play a role in the multiphoton 20 15 10 5 0 6§ 10 15
ionization of H, at the shorter distanc&=4 a.u. The ab-

sence of visible enhanced ionizationR#8 a.u. in H, ex- (b) Xy

cludes therefore screening effects at laRgeThis can be
rationalized by the fact that at the largedistances electron ~ FIG. 8. Plot of the total densitiy(xy,x,,t)|* after 20.75 cycles
tunneling between the two nuclei, which creates the chemica¥hereE(t) =E(max) atA =1064 nm,| =10 W/cm?, R=4.25 a.u.
bond, is suppressed by the laser figd6,17. Similarly, elec-  [5e€ Fig. 80)]. The major central peak corresponds toH. (a)
tron correlation also localizes the electrons on each nucleu$ertical view, (b) horizontal view.

at large distancd3]. Excitation probabilities of th& state,
which is expected to act as a doorway s{a&®], have been
found to be under 10% and thus negligible in most of th
cases studied here. This is in contrast tg"Hwhere excita-
tion of the repulsive &, dominates the photophysics of the
system as a result of efficient charge resonance excitatio
due to asymptotic degeneracy with the groun, state and

a divergent transition moment. Such is not the case jnds
explained in Sec. Il A. Hence both laser field and electro
correlation seem to combine to suppress enhanced ionizati
for R>6 a.u. in 1D H.

ternal field (at the maximum of the pul$eThe second im-
eportant feature is the one-electron nuclear Coulomb double
wells for either coordinat&; or x,, which is responsible for
enhanced ionizatiofCREI), in single-electron diatomic ions
uch as H* [17-20. The initial state wave functiofiFig.

(a)] is localized in the two separate deep wells on the anti-
symmetric diagonak,= —Xx,= *R/2, corresponding to the
covalent structure of Kl (these are marked ason Fig. 4.
gﬂwe ionic structure, HH™, is situated on the Coulomb re-
pulsion ridge atk;=Xx,=*R/2 .

In the presence of the field, the simplest ionization path is
for either electron to escape along the canals created by the
bottom of either Coulomb well at R/2 independently of the

Contrary to the high frequency regim26,27, lower fre-  other. This can be seen in Fig. 8, where we show the elec-
quency regimes such a&=0.0428 a.u. X=1064 nm tronic density| ¥(X;,X,,t)|? at R=4.25 a.u., the distance of
should show signatures of electron ionization via barrier supmaximum ionization at\=1064 nm andl =10 W/cm?
pression[17—-20. This is suggested by Fig. 4, where we [see Fig. ®)]. The timet is 20.75 cycles so that the field has
show the total electrostatic potentis,+ V.,;, coming from a maximum positive amplitudeE(V/cm)=5x 10°[ | (W/

V. the Coulomb potential3) and the static external potential cn?)/3.5<10'6Y2 In the present cas&(max)=3x10®

at maximum fieldg, V¢= — E(X1+X5). The dominant fea- V/cm, so that the main electron flux occurs for negatiye
ture is the electron Coulomb repulsion ridgg €x,) onthe  andx,. A major part of the electron density moves out inde-
symmetric diagonal which creates an impenetrable barriependently along both canals of the nuclear Coulomb wells.
However, this ridge is lowered by the static part of the ex-Other notable features are clearly visible from Figr)8The

IV. ONE- AND TWO-ELECTRON IONIZATION
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main wave packet of electron X{ coordinate as electron 2 0 -
propagates out is localized &=0, in the middle of the c| b
double well.(For largeR, e.g., atR=6, the second ioniza- b| a
tion maximum, this feature does not occur, i.e., the second c
electron wave packet is always localized in the right or left e
well). In fact examination of that part of the wavepacket
remaining after the pulse has reversed dige + x; = +X,
guadrant in Fig. )] shows that when the field was nega-
tive, both electrons were localized in the lower well,
X1=X,=+R/2. This reflects vestiges of the 1D static field
barrier suppression effect in single-electron systgtids-20Q. A
We conclude from Figs. 4 and 8 that both electrons can
ionize independently by following the double well canals.
This we can characterize asoae-electronprocess, as this
appears as narrow wave packets of the second electron local-
ized in one of the wells of the distorted remaining
H,*. Figure 8b) shows some wave packet remaining at ' ' l
X1=—X,=*R/2, corresponding to the initial covalent state 10
H,. But considerable density is trapped in the Coulomb ridge Time (cycle)
at X,=x,=—R/2. This is clear evidence daser-induced
electron collision as this corresponds to the ionic structure
H™H™ discussed above. Figure 8 shows this effect to b&°Mer
important, as manifested by the dominant single peak in th@m 1=
middle of the figures.

Figure 8 suggests further a convenient method of separ
ing one- and two-electron effects. At the lower intensity,
| =10 W/cm?, the ionizing electrons are propagating out in
the narrow double canals due to the one-electron nuclea}r_
Coulomb double well, e.gV.(|X1|=%;|X,|<R/2) and vice n . .
versa. This clearly corregpg(n|dsllto inljezl)endel)ﬂt one-electr hich case we used a larger box of dimensjif=256 a.u.

ionization as the second electron remains trapped in one o € norms In regiona (Ix|=< 16 a.u) andd (|X|.$ 32 a.g) .
the remaining H* wells. However, as one goes to high in- are again parallel and these represent essentially the ionizing

tensities one expects the remaining'Helectron to ionize by H [Fig. S(c)]. One notes steps in the norm curve at the end

barrier suppression. This would mean, for example, that th@f each cycle where the field is essentially zero so that one

narrow wave packets localized betweerR/2 for eitherx; :ferrzgig?alzeoreuli:?:ttlr?)?\ oc;(c):u:: :ttic}rr:eogg?rzsa?tfeﬁht?ueﬁilﬁﬁ -g?]ugf
or X, would disperseorthogonalto the direction of the first PP propag

ionizing electron, i.e., orthogonal to the canal directions, 0|IW0 cycles in thep canal regions. Thus just ater two cycles,
equivalently by above barrier ionization in the 1D double

r,=27x10"  H, box=25§
A=1064

I=10™

o |o o,(

rl

Log,.(norm)

FIG. 9. lonization rate§ (s~ 1) for regions defined in upper left
a: |x|<16 a.u.;d: |x|<32 a.u.;e: |x|<128 a.ux=1064
10 W/cm?, R=4.25 a.u.(one cycle is equal to 3.55)s

a{hat the direct two-electron processEs are at least two
orders of magnitude less than the independent one-electron
processe$’, at | =10 W/cm?.

We turn next (Fig. 10 to the higher intensity,

3x 10" W/cm? at A=1064 nm andR=4.25 a.u., for

wells (eitherx, or x,). 1.0 “\g Hy box=512
In order to differentiate the one- and two-electron ioniza- 94 \’; N Tt 730" % -1064
tion process, we have therefore split our numerical grid box \d ’ I=3x10™
into four distinct regionsa, b, c, d (see left corner—Fig.)® 87 NI <5 gxwm"g R=4.25
a is a box of dimension+16 a.u., containing initial H L4 T \E%/”\
which we also compare to a larger bak of dimention % \“/ \“\»‘ N, I,=2x10"
*+32 a.u. The total boe has dimensiont 128 a.u. The four £ 67 I \
canalsb have the width ofa, 32 a.u., and allow us by inte- g 5] ‘ \
gration to measure the total electron population ionizing in- T \
dependently along the electron nuclear Coulomb canals as g 4 ,’\ \
discussed above. The remaining regiorshould correspond 2 l\é
therefore to awo-electronionization process, since simulta- 37 Nb|Fb=2-4x10“‘/' \\ o
neous large; andx, coordinates indicate simultaneous two- 2 N 3.{“c'§v=\tf§1°h h
electron ejection. I W NN
We show in Fig. 9 the various normi(t) of the two- 17 / I NI
electron population for the various regions defined above 0.0 S Y At S,
which are drawn in the left upper corner in Fig. 9. The results 0 1 2 3 4 5 5
are shown for the maximum ionization ratE,=2.7 Time (cycle)

x 10* s~1 occurring atR=4.25 a.u[Fig. 5(b)] for up to 20
cycles(75 fg) of the laser field. We note that the ionization
ratesI" (s~1) obtained from the logarithm of the norfsee
Eq. (7)] are independent of box siZ¢he total norms in re-

gionsa,d and the total boe are parallel. We see further fs).

FIG. 10. NormN(t) in various regions, b, c, d, e defined in
Fig. 9. a: [x|<16 a.u.;d: |x|<32 a.u.;e: |x|<256 a.u\=1064
nm, | =3x 10" W/cm?, R=R.25 a.u.(one cycle is equal to 3.55
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FIG. 11. NormN(t) in various regions, b, c, d, e defined in V. CONCLUSION
Fig. 9.5a: |x|<216 a.u.d: [x|<32 a.u.e: |>.(|s256 a.ux=532 nm, We have used a 1D model of Hin order to calculate
I =10" W/cm? R=4.25 a.u.(one cycle is equal to 1.8)s numerically from the TDSK1) the ionization mechanism

and rates at two wavelengths= 1064 and 532 nm, for the

70% of the electron population is in regitn(N,) with the ~ two-electron molecule K as a function of internuclear dis-
remaining population in the boa (N,) close to H. We tance. The results illustrated in Figs. 5 and 6 show the pro-

reiterate that the canal regidn corresponds essentially to p_ensity for this moleculg o lonize prefe_rentially at critical
<6 a.u. -
H,* +e. We note that the probability of one-electron pro- distances 4&R.<6 a.u. with rates exceeding that of the neu

d Ky is at least der of itud tral H atoms by at least one order of magnitude. Such an
cesses as measured By 1S at least one order of Magnituade oot was shown previously to occur in one-electron sym-

larger than that of two-electron processes as measured by thGayic giatomic ions and was called charge resonance en-
norm in regionc, No. _ hanced ionizatiofi17,19. In the latter one-electron system,
Next we illustrate in Fig. 11 a calculation of Hat ¢ g H,*, the charge resonance transition between molecular
A=532 nm, | =10" W/cm? R=4.25 a.u. In spite of the orhitals which are degenerate upon dissociation and which
two-cycle rise of the pulse, considerable electron populatiorhys result in divergent transition moments, acts as the door-
has now left the smaller box@sandd surrounding the initial  way transition for the photophysics of the one-electron sys-
H»: much of the population is transferred at 2 cycles in thetem. In the case of K the ground and first excited states are
independent electron propagation regitnd.e., H," +e™. no longer degenerat€&ig. 2) so that the corresponding tran-
After three cycles, most of the population is now to be foundsition moment remains finite, Fig. 3, reaching asymptotically
in the two-electron(large x4,X,) regionc. Thus at around the atomic value. As a result the enhanced ionization region
3.5 cycles(6 fs), 75% of the electron population or norm seems to be narrower than in one-electron active systems
N(t) is to be found in the two-electron regianas measured such as H* . At high intensities (=10" W/cm?), only one
by N.(t) and the remaining\, is in the independent one- distanceR;=4-5 a.u. becomes critical for the onset of en-

electron regiorb. Finally for larger times, the normi, of ~ hanced ionization. This same critical value of 5 a.u. at
the function found in the two-electron regianis nearly high intensities has been found for higher charged ions than

+ ;
identical to the total norn, for the total box of dimension 2 @nd for polyatomics such as#1" [19,40. Thus for the.
512 a.u. We infer from Fig. 11 that a=532 nm and one-electron active system the high intensity enhanced ion-

I=1x10° W/cm?, direct two-electron photoionization ization critical distanceR, seems to converge to 5 a.u., in-

dominates after three cycles of the laser pulse. The twogependent .Of charge. _The same IS found for two-electron
AR . . “systems. Since a barrier suppression model adequately ex-
electron nature of the ionization is further confirmed by Fig.

) ) plains this high intensity 10" W/cm?) R, value in the
12, where we plot the _palr_den3|t_3p(xl,x2,t)_|_2 after 3'75 case of one-electron active systefh9,20, Wé infer that the
cycles(7 fs) when the field is maximum positive. Consider- g5 e mechanism, i.e., barrier suppression, applies also to
able density is found in the two quadramts= — X, (note N0 utielectron systems.
density is found in the regiom,=x, due to the Coulomb Recent 1D and 3D classical calculations of two-electron
repulsion, perpendicular to the Coulomb canals and  systems such astand He,2* also show low first ionization
X,=*R/2. We note that the two-electron ionization poten-thresholds occurring &.~ 4 and 6 a.u[28]. These classi-
tial of H, goes from 51 eV at equilibriumR, = 1.5 a.u)  cal results therefore agree with our quantum calculations. We
[39] to 27.2 eV asymptotically. Nevertheless, enhanced ionsuggest in Sec. IV that these are partly due to electron
ization is found to occur also arouriR,=4—5 a.u. for in-  screening during the removal of the first electron, so that
tensitiesl = 10'° W/cm? as a two-electron process. again a barrier suppression model applied to a single active
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electron in the presence of a,H core[Fig. 7(b)] adequately threshold of about- 10'° W/cm? for two-electron ionization
reproduces the full quantum results. in the visible frequency region.

At intensities| =10 W/cm?, for which R,.=4-5 a.u.,
our calculations indicate rapid simultaneous two-electron
ejection. A detailed study of the two-electron wave function, ACKNOWLEDGMENTS
Figs. 8—12, shows that at intensities below*1\0/cm?, es-
pecially around 18 W/cm?, one obtains independent elec- We thank Dr. S. ChelkowskiSherbrookgand Dr. P. B.
tron ionization. Above 18 W/cm?, one finds essentially Corkum(NRC-Ottawa for useful discussions and the Natu-
equal probability of finding both electrons at large distancesfal Sciences and Engineering Research Council of Canada
contrary to the lower intensity case. These results imply dor support of the present research.
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