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Theoretical study of multielectron dissociative ionization of diatomic molecules and clusters
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The analysis of electron potentials in multicharged molecules and small clusters allows one to determine
which of these systems may be ionized in a strong laser field by the quasiresonance mechanism. The presence
of moderately transparent interionic potential barrigos electron tunnelingis necessary for the quasireso-
nance electron energy enhancement and, consequently, for ionigztiorand Bandrauk, Phys. Rev. 22,
R2511(1995]. In multicharged systems, which spatially expand by Coulomb explosion, the interionic barriers
increase with time. The simulation of electron motion in such systems demonstrates the presence of a different
kind of charge resonance enhanced ionization mechanism whose efficiency depends on the dynamics of the
increase of the interionic barriers. This dynamic charge resonance enhanced ionization mechanism is of clas-
sical origin and its efficiency is higher than that of the stéfiozen geometrymechanism.
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I. INTRODUCTION tion, are 5—15 and 15-25 eV, respectivEld]. In clusters
the multielectron ionization in a strong laser field usually
The effect of ionization on the stability of molecules and leads to the ionization of all cluster_atoms and consequently
clusters strongly depends on the ionic charge. When a syd0 @ very strong Coulomb explosion whose products are
tem loses only a single electron then the interaction energie&Mic ions[23—28. The kinetic energy of these product

L : ns is much higher than in diatomic molecules due to the
between the ionized atom and the surrounding atoms aIJI§1rge number of interacting charged particles. Thus MEDI of

changed by not more than several eV. In single charged vag ol HIAr, (n<8) clusters produces Af ions with a ki-

der Waals(vdW) clusters an excess energy of about 1 eV iSyatic energy of 204 e\[23], which is about one order of
released due to the formation of a valence bound ionic COr&nagnitude higher than the kinetic energy of thé"Non
This excess energy usually causes evaporation of neutral giroduced by the MEDI of a highly charged-4 or +6)
oms, which decreases the cluster gize3]. The situation is  nitrogen molecule. The kinetic energy of the MEDI product
different in doubly charged systems where the charge is loions is expected to increase with the cluster $2&. When
cated on two different ions, so that the Coulomb repulsionarge clusters, containing 1000 or more atoms, are subjected
becomes the main cause of instabilf—6]. In molecules to the MEDI process, the kinetic energy of multicharged
and in small and intermediate size clusters the Coulomb reProduct ions is in the range of hundreds of keV or even about
pulsion induces Coulomb explosion. The Coulomb explosiorfL MeV [26-28. ) N

of clusters is realized as a fission into two singly charged Since the multielectron ionization of molecules or clusters

. . in a strong laser field involves tens or even hundreds of pho-
cIus;er(sj[?—lll]. The _t'm? sr(]:ale gf thefCoqug}b explosion of tons, the quantum nature of the light absorption is practically
such vdW clusters is of the order of sevefai tens of pS  |ogt and a classical treatment of the light field becomes ap-

[12], whereas in valence clusters this process can be |°”g%rropriate[30]. Accordingly, one may try to treat the ioniza-
by several orders of magnitud@]. The Coulomb explosion tjon in a strong laser field in the same way as in an electro-
process of triply charged clusters is similar to that of doublystatic field, at least in the case where the light frequency is
charged clusters, with the obvious difference in the numbetonsiderably lower than the characteristic frequency of elec-
of the product of singly charged clust¢ts3,14. The doubly  tron motion. In an electrostatic field, bound states are sepa-
and triply charged clusters, as well as some ionic clustergated from the unboundionized states by an electrostatic
with larger charge, e.g.,ZQ? [15], are produced by the usual barrier. In a neutral atom subjected to a relatively weak field
techniques of electron impact or x-ray ionization. the excited electrons can tunnel over this electrostatic barrier

Much higher levels of multielectron ionization can be [31]. However, in the case of ground-state multicharged
achieved by photoionization in a strong laser figlé—28. atomic ions the electrostatic mechanism is of minor impor-
Multielectron ionization of diatomic molecules in a strong tance since the barrier is high and wide and the tunneling
laser field leads to Coulomb explosion and to the productiomprobability is negligibly small. Only in extremely strong
of atomic ions, as in the case of doubly ionized moleculesfields, when the outer field is comparable with the atomic
with the difference in the product ions chaid8—21. Such  one, the electrostatic barrier disappears and the ground-state
a process of the atomic ion production is called multielectrorionization can be realized by direct electron removal. In a
dissociative ionizatiofMEDI). The kinetic energy of atomic single charged ion such a kind of ionization is characterized
ions produced by MEDI increases with increasing ionby an outer fieldF with the forceeF of a few eV/A, but in
charge. For example, the kinetic energies of tké Bnd N*  order to remove an electron from a multicharged atomic ion
ions, which are the products of the,N and N.°* dissocia-  one needs an outer field of tens or hundreds of eV/A.
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In a multicharged polyatomic system ions can be deprivec 0 T . | T T . T
of some of their electrons not only by the outer field but also
by the inner Coulomb field, giving rise to ionization via the
ignition model[25,32. The electrons removed from the ions
are usually kept inside the multicharged polyatomic systernr
because of its large total positive charge. These electrons c¢
be removed from the system only in the case when theil
energy is significantly enhanced. It follows that in order to
explain the subsequent ionization steps in the alread
charged polyatomic system one needs to find a mechanism
electron energy enhancement. ,

Some of the features of MEDI of diatomic molecules are
explained, at least qualitatively, by a model of molecule sta-
bilization in a strong laser fiel@i33]. Such stabilization is -80
known to be expected in neutral molecules due to a coupling -
between the ground state and an excited molecular state th..

IS In resonance W'th. the Iaser_ﬂe[dé_l]. The potential well FIG. 1. Electron potential in the absence of an outer fiéld (
for this stabilization in strong fields is of the order of a few _ nd in the fieldeF=1.94 eV/A for F*Ar* +e with Ry
eV. In multicharged molecules, however, the stabilization_ 4 og A

effect is most probably weaker due to a weaker coupling
between molecular states. At the same time the CoulomBieciron can go to infinity by overcoming the electrostatic
repulsive potential between, for example, fourfold 'On'zedbarrierUE,e) (Fig. 1). The height of this barrier depends on

lons is of the order of 50-100 eV. Such strong repUISIorlthe initial locationx, of the electron, as the one-dimensional
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bly, for the case of singly charged molecu[88]. field is

A description of the MEDI in diatomic molecules rests on
models that take into account that the electron motion be- Ve(X) = V(X) — e F(X—Xo), 1)
tween two ions can be slowed down by an inner potential
barrier[36—39. This barrier rises with the interionic distance whereV(x) is the inner potential of the electron interaction
so that at some distances the characteristic frequency of thgin, ionic cores. If the electron can move freely inside the
e_Ieptron motipn becomes close to the light frequency, P'omolecule, then the longest electron free phind, conse-
viding a quasiresonance enhancement of the electron energyently, the lowest electrostatic barrier will be provided by
Such a mechanism of the electron energy enhancement Wag glectron located initially at the molecule end that is oppo-
first proposed by Zuo, Chelkowski, and Bandrauk for thesite to the field directiorfat x,=0 in Fig. 1. In this casd
simplest ionic molecule b [36]. When the electron energy ey ceeds the interatomic distance, whereas in atdmef the
enhancement results in ionization the process is referred to @$qer of the electron orbit diameter. Due to a longer free path
a charge resonance enhanced ionizatOREI) [37,38. The  f electron motion, molecules can exhibit lower electrostatic
qyanut_atlve treatment of the MEDI process in multlchargedb‘.jwiers than atom@41]. However, in moderately strong la-
diatomic molecules was recently advanced by Seidemage fie|ds the electrostatic barrier in multicharged molecules
et al.[39] and by Chelkowski and Bandra{iR8]. Both treat- s il not sufficiently low to make the ionization feasible.
ments[38,39 rest on the frozen nuclear geometry approxi-\jych more efficient is the CREI mechanism, which takes
mation. The aim of the present work is dual. First, we will 1o account the alternating character of the laser field
consider the effect of the electron .potenpal features on th 7,39. When the characteristic frequency of the electron
CREI process, attempting to predict which molecules andyqion ,, between ions is of the order of the light frequency
vdW clusters are expected to be subjected to MEDI by the, 5 qasiresonance process can lead to the enhancement of
CREI mechanism. Second, we will treat the CREI process ifhe glectron energy up to the level that allows the electron to
Coulomb exploding multicharged systems, discarding theyyercome the electrostatic barrier and to leave the molecule.
frozen geometry approximatidr0]. We advance a different e quasiresonance condition is not satisfied at small interi-
kind of CREI mechanism in these systems that will be re-ypic gistances when an electron is moving freely inside a
ferred to as dynamic CREI. The dynamic CREI mechanismy,qecyle, since the characteristic frequengyof a freely
is of cl_a_ssmal origin and. its efficiency is mostly higher than moving electron is much higher than the light frequency
the efficiency of the s’gaﬂc_froz_en geometry moo[es,if,@]. . (ve>wvg). When the interionic distandR increases, the elec-

The CREI. mechanism in diatomics wil b(_e described "MNtron potential in the region between the ions becomes higher
the next section. The CREI of vdW clusters W|I[ be treated ing 4 4t some interionic distan&, a barrier appears that can
Sec. .“l' In Sec. IV we W!” present the dy”?m'c CREI pro- be overcome by tunneling only. This inner barrier decreases
cess in Coulomb expandln.g systems. The final results of th|ﬁ1e electron motion frequency, so that at some distance
study will be summarized in Sec. V. ~R,s, whenv,~ v, the quasiresonance conditions are met
and the efficiency of ionization drastically increases. At in-
terionic distance® that are larger thaR, the barrier trans-

Let us consider a diatomic molecule oriented along theparency becomes very low, preventing any enhancement of
outer field. In the presence of an outer static fi€ldhe the electron energy. Consequently, the ionization efficiency

Il. THE CRElI MECHANISM IN DIATOMIC MOLECULES
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TABLE |. The distancegin angstromy of zero barrierR,, and nontransparent barri&; (see text for
CIo*CI9* at different laser fields. In the presence of an outer field &ylyalues are shown. For the outer
field both laser powes and field strengtle F=eF,/v2 are presented. Dashes indicate wHeféhas not been
found (Ry>10 A). The atomic IP are also presented in the table.

S eF q 1 2 3 4 5 6
(W/cmz) (eV/A) 1P (eV) 12.97 23.81 39.61 53.47 67.80 97.03
0 0 R, 3.32 3.62 3.27 3.23 3.18 2.68
Ry 4.46 4.46 3.93 3.80 3.69 3.04
1013 0.614 Ry 5.26 4.88 410 3.92 3.78 3.13
101 1.94 Ry — 6.6 4.62 425 4.41 3.24
10% 6.14 Ry — — — 6.9° 532 3.67

2There is no electrostatic barrier.
dependence on the interionic distariReexhibits a(usually V(ﬁ”= —4Bg/R. (5)

wide) maximum around the interionic distané®s. Such

behavior of the ionization efficiency was well demonstratedwhen the electron energy | (@ is lower thanvg), the po-
[38,39, with the ionization process being characterized bytential (3) forms a barrier that separates the two potential
one-dimensional wave-packet propagation for frozen molye|is of the ionic moleculeA?f)A?;). The height of this

ecule geometry. i iaryy M i i (i)
. . . inner barrierUy’ and its widthdy’ at the electron ener
The CREI process cannot be realized if the quasireso- b b 9y

nance conditions are met at interionic distanBgssmaller 1 are _ _

than the equilibrium distanc®, of the neutral molecule. In Up'=V{+1@=—3Bg/R+1{" (6)

the case wher®, >R, the neutral molecule may become

singly or doubly ionized in the beginning of irradiatioR ( and

=R,) due to the electrostatic barrier suppression and a direct (iy_ Dm0

electron removal. After such initial ionization takes place, dp’=R(Up /1) ™% Uy >0. @

the distanceR between ions begins to increase. Wheap- ) . 0 . . o

proaches the interval of the quasiresonance energy enhance- | N€ inner barrier {;;">0) exists at interionic distances

ment, more electrons are removed and the molecule becomBs>4Bd/1(¥. At these distances the electron is classically

multicharged[38,39. Due to the CREI mechanism, mol- Iocaliz_ed on one of the ions and c_)nly the quantum effect of

ecules exhibit a higher efficiency of multielectron ionization tunneling can lead to electron motion between the ions. Tak-

than atoms. ing into account the IP dependenceRrEq. (4), one obtains
Because of the importance of the inner potential barrie@ Simple expression for the distan®g of the barrier emer-

for CREI, let us consider the electron potentiain a mul-  gence U{’=0) [38,39

ticharged diatomic molecule. In the absence of the outer field

the potentialU is determined by electron interaction with Ro=3Bq/I{". 8

two ions. We will describe this interaction by the Coulomb

potential ignoring the potential behavior inside the ion coresEquation (8) refers to the absence of the outer field. As

Such a presentation of the electron potential is usually welhown in Ref.[38], the presence of an optimal outer field

justified in the middle of a multicharged molecule where themodifies thisRy, to ~4Ba/I{ .

inner barrier is located. The simple expressiof8) rests on the Coulomb potential
In the case of the ionization process in a homonucleafpproximation, which is well satisfied in multicharged mol-
molecule ecules. It is also important to note that this expression in-
cludes one atomic parameter only, ik . The distancdR,,
ATVTAL —ATTAY +e (2)  indicates the onset of the sharp decrease of the electron mo-

tion frequencyr,, which leads to the quasiresonance condi-
the Coulomb potentiaV(x) along the molecular axis[with  tion v.~v¢. The ionization is precluded at distances where
V()=0 and withx=0 taken at the molecule centés the barrier is nontransparent. Denoting By the distance
where the inner barrier becomes nontransparent, one can put
V(x)=—4BqR/(R?~4x%), B=14.385 eV/A. (3) the distanceR, of a high ionization efficiency inside the
limits R,<R,;s<Ry. As the measure of the barrier transpar-
In the Coulomb potential approximation the ionization po-ency we will use the paramet&r which determines the tun-

tential (IP) of the multicharged molecule is neling probability through a square barrier as proportional to
@ exp(—=T) [42]. When the barrier is not exactly of the square
D=1V +Ba/R, (4)  shape, as in our cad€ig. 1), the parametell can be ex-

pressed by an integral
wherel §? stands for the atomic IP of the oy " . The
potential (3) has a maximum at=0 that will be called an

- (@)71/2. (@)
inner maximurm T=1.024] dX[Ve(X)+ 1Y Ve(x)+1'9>0. (9)
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In Eq. (9) the energy values are in eV and the distance is in TABLE Il. Tunneling parameterd for vdW diatomics ArAr,

A. In the case of Coulomb potentiaF & 0) the integral@)  XeXe, and IAr at equilibrium geometriR.=3.76, 4.37, 4.06 A,

is well fitted by an analytical expression respectively for different outer fieldeF (in eV/A). The ionization
process is shown by Eq12). The atomic IP(in eV) are also pre-

(10) sented in the table. The absence of both inner and electrostatic

barriers is denoted by ellipses. The absence of an inner barrier in

the presence of an electrostatic barrier is denoted by no entry.

T=08R[I{¥-3Bg/R][I¥+Bg/R] "2

The tunneling probability is close to 1 far<1 and small for
T>1. We suggest considering a barrier to be of low trans:

parency wherT >3, i.e., exp(T)<0.05. eF q 2 3 4 5 6 7
The R, distance is presented in Table | for the muilti- ArAr

charged Gl molecule. In the range<g=<5 the distancd&,, P 276 40.7 50.8 75.0 91.0 124

depends weakly om due to the almost linear{® depen- 508 470 667 112 178 125

dence o for the ionization ofp electrons. When the first 1.94 190 220 474 S43 627 113

electron is removedq=6) the distancé,, decreases signifi-

) 6.14 0.25 1.54 2.84 8.60

cantly. But for allg values presented in Table R, values XeXe
are larger than the equilibrium interatomic distanBg P 212 321 467 597 718 921
=1.998 A of a neutral molecule. In other valence bognd 0 384 351 513 583 587 908
molecules, at least for outer-shell electrons, the conditior

. . . 1.94 v 3.16 3.45 7.06
Rp> R, is fulfilled as well. For example, in the imolecule 6.14 2.46
Ry, is about 4 A, being a much larger value than the equilib- IAr )
rium dlsya_n_ceRe= 2_._66_7 A. [_)ue to the absence of inner bar- P 190 330 440 553 758  87.5
riers at initial (equilibrium) distancesR, valence molecules 0 139 262 236 234 54 537
are expected to exhibit the CREI mechanism, in accordanc 194 : ) ) 3'38 3'49
with the original conclusion§38,39. 6‘14 : :

We will now take into account the outer fieldeffect on
the electron potentiaV/(x), Eqg. (1). In order to get the
strongest effect on the potential we will put the initial elec-
tron position at the classically available extreme left point
determined a®/(xy)= — 1@ (x,=0 in Fig. 1). As the field
strength we will take a valu€ to be smaller than the field
amplitude Fy, namely, F=F,/v2. The field amplitude is
connected with the average energy flady the equation

where the numbers in parentheses stand for atomic indexes.
'According to the results in Table Il, in the absence of the
outer field =0) the inner barriers of pure rare-gas diatom-
ics are not transparentT & 3) preventing any electron mo-
tion between the ions. The inner barriers of, Are mostly
nontransparent also in a relatively moderate field edf
=1.94eV/A (S~10"W/cnm?), and only in a very strong
field of eF=6.14 eV/A (S~10' W/cn?) the inner barriers

are significantly suppressed. Because of the presence of the
inner barriers the multielectron ionization of Arat least by

the CREI mechanism, is probably impossible. The situation

eFy,=2.745< 10" 'S'2. (11

whereSis expressed in W/cfandeF, in eV/A. The laser
field dependence of thB; distances of Glis presented in
Table I. In the case ofj=3 and S=10" W/cn? we have SSible
Ry=3.3 A andR;=4.6 A, whereas Ref38] provides ion- is more favorable for the QREI mechgnlsm inand IAr
ization efficiency maxima aR=3.8-5.0 A. This example (for the electron potgnual in 1Ar see F.lg).JHowe'ver, even
confirms that theR, and Ry distances may provide useful N the case of a relatively transparent inner barrieRatthe
information about the location of the high efficiency ioniza- possibility of multlelectr_on ionization looks doubtful, at Ie_ast
tion region. In the case of a very strong field &f fpr Ia_rggr values of, since a.fter. a moleculg becqmes ini-
=10 W/cn? the potential is so strongly depressed, at leastially ionized atR, the interionic distance begins to increase,

for <4, that at small interionic distances both inner andNich leads to the increase of the inner barrier, which pre-
gnts the electron motion between ions. In very strong fields

electrostatic barriers are absent and electrons can be remov‘é1 lecul bablv ionized by di |
directly by the field, without any quasiresonance energy ent'€ Molecules are probably lonized by direct electron re-
oval as in these fields both the inner and the electrostatic

hancement. Consequently the ionization is expected to ta |
place alR~ R, (vertical ionization, as supported experimen- P&rTers are suppressedable .
tally [18].

In contrast to the valence molecules, the vdW rare-gaslil. ELECTRON POTENTIAL IN MULTICHARGED vdW
and rare-gas—halogen diatomic molecules have inner barriers CLUSTERS
at equilibrium distanceR, in any charged state. This feature
of these vdW diatomics originates from much larger equilib-  One distinction between the multicharged clusters and di-
rium distanceRR, but is not due to smaller zero barrier dis- atomic molecules is quite obvious, being due to the differ-
tancesR,. The transparency parametdrof the inner bar- ence in the number of ions and, consequently, in the total
riers of An, Xe, and IAr diatomics at the equilibrium charge of the system. Because of their larger total charge the
geometry are presented in Table 1l for the ionization proces$Ps are higher in the charged clusters than in diatomics. In a
of the g-charged ion production: multicharged cluster the IP of an iqdenoted by index) is
equal to the atomic IP{Y minus the potential/; generated

—1)+ A(q—1)+ +A(g-1)+ ‘
AGTVTAGT Y S ATAGT Y e, (12 by the other ions:
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|_(q):|g4)_vi . V;<0. (13) TABLE llI. lonization potentials (¥ (in eV) and inner barriers
! Uy, (in eV) in vdW clusters at equilibrium configurations. The inter-

In the charge point approximation and in the case of unifonic distanceR;, are given in A. The ionization process is shown

formly charged cluster the potentis| is by Eq. (21).
> 1 Ry, q 2 3 5 7
V,=-B —. 14

' qthi Rij (14 Ars
. ) ] o 41.6 68.7 130.9 208.1
Let us consider now a symmetrical and uniformly chargec6-07 U, +95 +78 +12.5 +322

cluster in the presence of the outer field. The extetoat- Arg
side the clustgrelectron potential is 526 1@ 458 771 147.8 233.5
Bgn ) U, +8.7 +7.0 +11.9 +31.9

VF(X) - — T_eF(X_Xo), (15) Al'13
372 1@ 63.3 112.1 217.7 3383
wheren is the number of atoms is the distance from the Up +L1 —46 —72 +44

cluster center, and, is the initial location of the electron. @ Xeg
When the electron is initially located at the cluster centerg g 14 370 63.6 122.7 186.6
(Xo=0) the maximum of the potenti&l5) is Uy +4.8 +2.9 +5.1 +12.2

1Ar;
Vie'=—2(BqnleF|)*2 19, 1o 29.8 543 97.8 156.1
: U, +0.4 +1.8 —0.5 +12.1

It is located at IAr,
@ 320 58.7 106.7 169.3

(e)— 1/2

Ry =(Ban/|eF)™. an 406 -04 +02 ~3.4 +76
Using Egs.(13), (14), and(16) one obtains the electrostatic 6.4 Us +0.5 IAr—l'3 —102 —43

) Jr Ny SR A s
barrier for theith ion ionization 1o 1@ 353 6.4 1220 192.4
1 : U, -0.2 +0.6 -3.0 +83
(UE)i =V +1{9 =150 + qu =~ 2(BanjeF|)™ 572 U, ~03 —2.1 -938 ~2.1

iFi )
(18)

For realistic fields and fog>2 the electrostatic barrier, Eq. V(x)=—4B[R/(R?>-4x?) + 2/(R?+ 4x*)Y?].  (20)

(18), usually increases with the cluster size and exceeds the
electrostatic barrier of diatomic molecules.

Another distinction between multicharged clusters and di
atomic molecules originates from the effect of the surround
ing ions on the electron potenti®(x). This effect will be
considered here for both adjacent and for nonadjacent pai . . ) (i)
in small rare-gas clustef®, . Let us first consider two uni- much lower than in a d|atom+|c moleculéwhere Vi
formly charged rare-gas cluster®{*)s and (R%*)g in the = —4Bg/R). In Igrger cl.ustersR 9., n>6, the potential
geometry of the neutral clusters. It is important to note thaP€tween nonadjacent ions demonstrates mostly two low
because of a weak, ri/ dependence of the Coulomb poten- MaXima, as in theR"")s cluster, o
tial on the electron-ion distance, the electron potential is not '€ important pgrar(r?)eter of the CREI mechanism is the
very sensitive to the system geometry. In the#(¢)s cluster !nner potential .barne_Ub [see Eq.(6)_]. Since surrounding
there is one pair of nonadjacent atofirslexesi =1,2) sepa-  0Ns decreasv%" but increase(?, their effect on the poten-
rated by a distanc®;,=1.63R, R being the interatomic tial barrier should be numerically analyzed. The potential

distance between adjacent atoms. The electron potenti@rriers for some pure argon and xenon clusters and argon
along thex axis connecting atoms 1 and (=0 as the clusters with one iodine atom are presented in Table Ill. The

The potential(20) has a flat maximum arournd=0, where
both the first and the second derivatives are zero. The poten-
tial at the center isv{’=—12Bg/R. Due to the effect of
Is,surrounding ions the maxima of potentidls) and (20) are

cluster centeris multicharged clusters under consideration are taken in the
geometry of neutral rare-gas clusters. The accepted inter-
V(x):—Bq[z\/éR/(ZRZ—3x2)+3\/§/(R2+3x2)1’2]. atomic distances between adjacent atoms are as follows:

(199 Raa=3.72A, Ryexe=4.3A, R.A=4.06A. Table Il

o _ _ presents the ionization potentials and inner barriers for the
In contrast to the electron potential in a diatomic moleculejonization process

Eq. (3), which reveals a maximum at=0, the potentia(19)
exhibits a minimum atx=0 and two maxima atx=

. Q=1+ p(g=1)+ ¢ p(@—1)+
+0.2R. In the (R%")¢ cluster there are three pairs of non- Al A (A T m
adjacent atpms with thg mteratomlc_: dlstam@R. The eIep- _)A((ql-gAEcz])—l)+(AEE)—l)+)m+e, k=3, ...n,
tron potential along a line connecting a pair of nonadjacent
atoms in R9%); is (21)
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where(1), (2), and(k) stand for atomic indexes. The atomic mechanism of electron energy enhancement that will be of
I 1P data were taken from Re43]. pure classical origin. Let us consider the situation where in

According to the results of Table Ill the small Aclus- the absence of an outer field there is an inner barrier that
ters,n<6, demonstrate relatively big inner barriers betweenprevents the classical electron motion between iod§’ (
nonadjacent ions. The inner barriers between adjacent ions0), so that the electron is located in one of the potential
(not shown in the Table IJlare even bigger. These barriers wells, e.g., the left on€Fig. 1). In the presence of an outer
are completely nontransparent and presumably prevent tHeeld whose frequency is considerably lower than the charac-
ionization of small A clusters. If we take, for example, a teristic frequency of electron motiorvf<wv,), the electron
not so big barrier of 7.0 eVArg, q=2), its tunneling param- energy varies roughly in the range AE=*eFyl, wherel
eter is as large a¥=6.4. The presence of nontransparentis the path of electron motion inside the ionic well. Taking a
barriers at equilibrium configuration can explain why Castle-realistic value ofeFy=2.74 eV/A (S=10"* W/cn?) and |
manet al. did not observe the MEDI of small argon clusters =3 A one estimate$AE|~8 eV. When the forceF is di-
[23]. The Ar, inner barriers decrease with cluster size. In therected to the right the electron can gain energy larger
Arq; cluster they vanish between adjacent atoms, in contrashan Ug), overcome the inner barrier, and transfer to the
to smaller clusters. On the basis of this analysis we suggesightsided ion. After reaching the turning point the electron
that Ar;; and larger Ar clusters will demonstrate MEDI. goes back to the left, i.e., against the forfe losing some

In the Xe clusters there are inner barriers but they areportion of its energy. If the inner barrier is fixga frozen
low and their tunneling parametdr is considerably lower nuclear geometpythe electron comes back to the left poten-
than the parametelr of small argon clusters, in the range of tial well without any significant gain or loss of energy. The
T~3.5-5.3 forg<<6. Such barriers do not prevent MEDI of situation is quite different when the inner barrier is not fixed
the Xe clusters in strong laser fields which depress the innebut is rising in time. In this case the electron can be trapped
barriers. The MEDI of the xenon clusters has been experiin the right well by the rising inner barrier. Only when the
mentally detectedi25]. field direction is reversed, the electron can again overcome

In 19% (Ar@=D+) | clusters(Table Ill) the inner barriers  the inner barrier and go to the left well, once more increasing
Ug) are considerably lower than in the pure argon and xenoits energy. Such a jump over the rising barrier can be re-
clusters, due to lower atomic IP of the iodine ion. As in thepeated several times, causing an important enhancement of
pure argon clusters, thef)') values ofl 9" (Ar(@=1*) _, de-  the electron energy. This sequence of events is repeateg until
crease with the cluster size. The inner barriers are prese#fi€ electron energy becomes higher than the electrostatic bar-
(Ug)>0) in the diatomid (+1D* Ard* (Table 1)) and in the  'i€r an_d the electron leaves the system. This process of the
19°(Ar@=D*) . cluster, but in larger clusters, |on|;at|0r} of a multicharged system with the rising inner
19 (Ar@=D+), and 19 (Ar@=D¥).  they mostly vanish barrier V_V|II be referred to as dynam!c (_3REI._ _

The time-dependent inner potential is realized in the mul-
ticharged molecules and clusters due to the Coulomb explo-
: PR sion, which leads to the increase of the interionic distafites
cluster the nonadjaceqt pa((?)stenomc d|star.1ceR.=5.72 A [see Egs(3), (19), and(20)]. The increase of the interionic
do not have any barriery;’<0) in the wide interval of  gistances in the course of the Coulomb explosion will induce
charges ¥ q<6. The absence of inner barrlers in reI'at|.ver ionization by a purely classical mechanism of the dynamic
large 19" (Ar(9=1"),_; (n>4) clusters raises the distinct cREJ. In order to study this new mechanism we performed
possibility that these clusters are subjected to MEP],  {rajectory calculations of electrons in multicharged systems
thus explaining the high energy of product atomic ions in thgradiated by a laser field. The calculations were performed
experiments of Castlemaet al. on these systen|23]. in a one-dimensional and one-electron approximation, as in

Due to the suppression of inner barriers in a charged clushe works of Seidemaet al. [39] and Chelkowski and Ban-
ter individual ions lose a few electrons, which become delodrauk[gg]. The one-electron approach is based on the as-
calized inside the cluster. Such a process can be called aymption of a sequential mechanism of the multielectron
inner ionization. The energy of the delpcallzed electrons ISonization, which ignores the possibility of a collective re-
enhanced by the outer field in an effective way as was demyoyal of more than one electron at the same time. For the

onstrated recently by the trajectory calculation of electrongjectron-ions potential we used a one-dimensional Coulomb
dynamics in multicharged cluste44]. The inner ionization potential[38,39 along thex coordinate

is realized, however, only in already charged clusters, which

raises the problem of the initial ionization or ignitation pro- of
cess[32,44. V(x)=— BZi R (22
|

(U <0). The valuet){") are particularly low for nonadja-
cent pairs of these clusters. Thus, in tHe (Ar(a-D*),

where g; are the ion charges and; are the electron-ion
distances. Considering the electron motion between two ions
(i=1,2, for examplg we shift these atoms from the trajec-
As stated in Sec. Il the quasiresonance conditions fotory coordinatex by some distancé (a smoothing param-
electron energy enhancement can be satisfied in the presenet) [38,39. We used a relatively low value df=0.3 A,
of an inner barrier that increases the time for the electromwhereas in Refd.38] and[39] the value of aboul A was
motion between ions. In the case of a frozen nuclear geonmtaken. However, we found that the electron motion is not
etry the energy enhancement process was supposed to gensitive to the smoothing parameter value. In order to take
connected with tunneling39]. We will now try to find a into account, at least indirectly, the real potential in the vi-

IV. DYNAMIC ENHANCEMENT OF THE ELECTRON
ENERGY
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cinity of nuclei and the strong quantum character of the elec- TABLE IV. Dynamic CREI of the f"(Ar*")s—1>"(Ar**)s ion-
tron motion there, the initial electron energy in the absencézation process. The dependence of ionizatigpn and ionization-
of an outer field is determined by the experimental[$Be  excitation Pj, ¢ probabilities(in %), the average time of electron

Egs.(4) and(13)]. The equation of motion is removalt;, (in fs), and the average interionic distance of electron
removalR;, (in A) on the dissociation dynamics paramegér(see

d?x text) and on the light frequencyg (in fs™%) are presented. The

X—X;

e =C| — BE ?'vLeFOCOS(ZTer-f— ©o) |; initial (equilibrium) 1-Ar distance isR,=5.72 A. The light intensity

i is S= 10" Wicn?.
— =2 -1
C=17.604 A fs?ev 23 g Ve P, Pinex t, Ri,

wherex andR are in A tis in fs, andeF, is in eV/A. The 1 0.5 52.5 33 84.9 8.6
initial conditions are determined by the initial electron loca-2 0.5 53.3 3.3 45.1 8.9
tion xq, velocity vy, and phasepy. The initial coordinates 4 0.5 42,5 5.8 24.2 9.2
Xo and velocities o of the electron trajectories are chosen by 4 0.25 56.5 0.9 31.4 10.8
considering the electron motion at the initial nuclear geom+4 1.0 38.0 26.8 19.4 8.2

etry in the absence of the outer field and dividing the motion
period on equidistant time steps. The initial phagg®of the
outer field are equidistantly separated. Our classical treafinal charge but by some higher charge that these ions had
ment of the ionization process is restricted here to one-coloduring the early stage of the Coulomb explosion. Since it is
excitation. It would be of interest to extend our treatment todifficult to specify the final states of electrons that are found
consider the case of two-color excitation in order to study theoutside the ionic system and that have a negafiwestly
high-energy enhancement process proposed recently by Basmal) energy at the end of the laser pulse, we will put them

drauket al. [45]. in one group that will be denoted by in-dionization or
Before treating the dynamic CREI we performed classicakxcitation.
trajectory calculations for the frozen geometry, @ns in In the trajectory calculations of the dynamic CREI we use

order to compare the classical results with the quantum rethe equilibrium nuclear neutral state configuration as the
sults of Refs[38] and[39]. The classical calculations were starting point of the Coulomb explosion. The dynamics of
performed for a moderately strong laser intensity ®f ion expansion is determined by the ion charges, and the dy-
=10" W/cn? and a frequency=0.38 fs'L. In these clas- namics of Coulomb explosion was simulated using our pre-
sical calculations we did not find any TCI**—CP*CI®*  vious formalism[29]. Ignoring the increase of the ionic
(g=3) ionization in the wide interval of interionic distances charges in the course of the Coulomb explosion, we assume
and estimated the upper limit for the ionization rate as 5the expansion dynamics of fixed ion charges togbe Ac-
x10"° fs1. Since the quantum calculation provides a muchcording to our calculation of diatomic &€lthe ionization
larger ionization rate of 2810 2 fs™ at maximum(38], in  probability dependence on’, and consequently on the ion
accord with the estimates of Table |, we conclude that forexpansion velocity, is within a numerical factor of 2. For
q=3, and surely forg>3, the CREI is of pure quantum e€xample, in the case of the ionization process
origin.  The results are quite different for
CI**CI#* =CI2*CI?* (q=2) ionization. In this case the clas- Cl*CP*—CcP*CcP* (24)
sical calculation provides ionization rates that are close to the
quantum results of Ref39]. For example, both our classical at S=10 W/cn?, the ionic charges of’=3 provide the
treatment forS= 10'* W/cn? and the quantum calculation of ionization probability of 13.3%, whereas in the caseqdf
Ref. [39] for S=0.9x10" W/cn? provide maximal ioniza- =1 the corresponding number is 24.2%. In the case of the
tion rates of about 3%. It follows that for smaj) when the  1Arg cluster theq’ effect is much weakefTable V).
electrostatic barrier is relatively low, the ionization is mostly ~ The dynamic ionization probability;, dependence on the
of classical origin and it is not connected with the process ofight powerSis presented in Fig. 2 for the ionization process
the quasiresonance energy enhancement. (24) and for the cluster expansion paramegér 1. In Fig. 2

In systems with a fixed ion geometry the ionization pro-we also present results for the ionization probability in the
cess is realized provided that the electron energy is positivetatic geometry estimated using the time-dependent ioniza-
after the end of the laser pulse. Treating the dynamic CRElion probabilities of Chelkowski and Bandra{&8] together
of a Coulomb exploding system we cannot be restricted byvith the passage time through the region of high ionization
this simple criterion of ionization since the electron energy isefficiency inferred from their simulation. According to the
steadily increasing in the absence of an outer field, i.e., aftetresults presented in Fig. 2 the dynamic CREI is considerably
the end of the laser pulse. At fin@hfinite) interionic dis- more efficient than the frozen geometry CREI. The ioniza-
tances this electron may be either weakly bound to one of théon probability increases with increasing the laser intensity
ions (E<0) or in the unboundionization state €>0). in the studied rang&=2x 10~ 10" W/cn?. A most strik-
The weakly bound electron is expected to occupy a highing result of the dynamic CREI calculation is a moderately
Rydberg state. The presence of Rydberg excited i@mms slow decrease of the ionization probability with the decrease
neutral atomsamong the products of the Coulomb explosionof the laser intensity. When the intensity is relatively low,
affects the energetics of the Coulomb explosion as these ioresg., S=2x 10 W/cn? (eF,=1.228 eVA), the ioniza-
capture(or recapturgelectrons at large interionic distances. tion probability is still not negligibly small, being about
Accordingly, their kinetic energy is determined not by the0.3%. When the laser field intensity increases to
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1.0 . . 16 , :

¢ frozen geometry Cl,
< dynamic Clz
= dynamic 1Arg

o

1
IONIZATION DISTANCE (A)
o)
T

IS
T

(9]
T

o2k = Re(I-Ar)

a4k 4

IONIZATION PROBABILITY

2—Rg(CI-Cl) =

-3 " [ 0 1 1
1012 013 104 1015 10'2 [ 10" 10'5
S(W/cm?) S(W/cm?2)
he simulated d ) data f hd hi FIG. 3. The simulated dynamic CREI ionization distariRg
FIG. 2. The simulated dynamic CREI data fo,p@hd IAr; (this dependence on the light intensi§y (in W/cn?). For details, see
work) and the frozen geometry CREI data for,Qinferred from Fig. 2

Ref. [38], see text showing the ionization probabilitp;, depen-
dence on light intensit (in W/cn?) for CPHCIRT—CP*CI* (g’

=1, v.=0.381fs?) and for F(Ar*")s—I15"(Ar*h)s (9'=2, v

=0.5fs 1) ionization processes.

The ionization probability dependence on the atomic
charge q for the ionization process ri*cla*
—CI9*Cl9* (g’ =1, S=10" W/cnP) is presented in Fig. 5.
S=6x 10" W/cn? the ionization probability becomeB,, ~ The ionization probability steeply decreases wittfor g
~10%, being by one order of magnitude higher than the>3 and becomes less than 0.1% épr 6, when the 8 elec-
frozen geometry value. The moderately strong intensity offons are removed. o
10" W/cn? (eF,=2.744 eV/IA) provides an ionization The dynamic CREI mechanism in vqw clusters has been
probability of P,,~24%. In the very strong field of Studied for the case of the lAcluster(Figs. 2—3. In these
10" W/cn? only a small part of the molecules, about 20%, calculations the electron trajectory is located at the distance
remains unionized. The probability of the in-ex process inof 0.3 A (the smoothing parameté from the IAr line of a
the Ch, molecule was found to be several times smaller tharflonadjacent pair. The initialequilibrium) IAr distance is
Pi. _Rez 572 A. The ionization probablllth dgpe_ndence o8B

When the ionization probabilitP;, is high some 25%— S SQSW” Jn Fig. 2 for the lonization - process
40% of the ions lose the electrons at the very beginning of  (Ar" )s—=1>"(Ar'")s (q'=2, »e=0.5fs""). The ioniza-
the laser pulse &~ R, (vertical ionization by a direct outer  tion efficiency in the vdW cluster 14sis much higher than in
field force. The rest of the removed electrons undergo a shoff'® valence Gl molecule. Thus, in the relatively low field
process of quasiresonance energy enhancement and abandidgnsity of 10° Wicn? the ionization probability in the
the molecules aR>R,, mostly at interionic distance®,,  cluster is about 6% whereas in GQkith lower charges it is
~3.0-3.5 A (nonvertical ionizatioh WhenP;, is not high ~ Smaller than 0.1%. At mode_rf'ite and strong intensitie$ of
the distance of electron removR, is scatteredby about =2 10" W/en? the probability Riy.e, is smaller thanP;,
20% around its average value. Such behavior indicates thBut at relatively low intensities o8=4x 10'*~10* W/cnt
presence of some relatively narroR intervals where the Pinex DeCOmMes larger, mostly about twice, thep, which
electron energy enhancement is efficient. The occurrence of

a narrowR domain for ionization is in accordance with the 100 T T
experimental finding$46]. The dependence of the average
Ri, on the light intensityS for the ionization procesg4) is
Y . 80

presented in Fig. 3. Thig;, distance decreases monotonously
with increasingS. At relatively weak intensitie®;, is more 5 o
than three times larger than the equilibrium distaRge In = 60 , ﬂf
the strong field ofS=10" W/cn?, R;, exceedsR, by only ~ + 5
30%. g

The temporal dynamics of the ionization process is re-E 40
flected in the ionization timeg,,. The ionization efficiency =
is practically independent on the pulse lengthf 7 notice- e a0l
ably exceeds the average ionization titpe The average,
dependence o8B is presented in Fig. 4. The ionization time b
t;, decreases monotonously wifh like the ionization dis- 0 L .

|ol2 103 014 |ol5

tanceR;,. In the strong field ofS= 10" W/cn? the ioniza-

tion process takes 23 fs or about 9 of the electromagnetic
field oscillations. In the interval  10°-4x 10" W/cn? t;, FIG. 4. The simulated dynamic CREI ionization tifjedepen-
depends nearly linearly on log dence on the light intensit® (in W/cn¥). For details, see Fig. 2.

S(W/cm?)
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10 T T T T T T (CREIl mechanism: The CREI mechani$B8¥,38 cannot be
realized in a multicharged system if at equilibriumeutral
08 $=10" w/em? statg geometry there are large inner potential barriers that

prevent electron motion between ions. The CREI mechanism
can only be effective when the system initially has some
ionic pairs without any inner barrier or with relatively trans-
parent inner barriers. According to this criterion the CREI
mechanism is expected to be efficient in valence diatomics,
e.g., C} and b, and vdW heteroclusters, e.g., |Arbut not

in most homonuclear rare-gas diatomics and in small neat
rare-gas clusters.

(2) Interionic distances for CREI: In those systems where
an effective CREI mechanism prevails, such as for valence
molecules CJ and |, and the IAy, cluster, multielectron ion-
ization takes place at distancBswhich are larger than the

CHARGE q equilibrium distanceR, (nonvertical ionization and lie in
. . L . the interval R,<R<Ry. In this interval the inner barrier

FIG. 5. The simulated dynamic CRE lonization progfb"ﬁtﬁ exists R>R,>R,) and this barrier is transparentR(
de,p_endence (inotggef'f’?'c Chargefor fCl Fq§2)+H€L,§1 <Ry). At the beginning of laser irradiation, when the system
(qlq—+1, (q,”ﬁ: : _S ) _an 1 o ° (Ar )s is in the equilibrium geometry, the electrostatic barrier sup-
— 197 (Ar )s (Q'=2, vg=0.5fs ") ionization processes. The . . . . .
light intensity isS= 10 W/cr. pression mechanisi#7] is responS|b_Ie for the preliminary

ionization of the system atoms, which, most probably, be-
ome singly ionized. The preliminary ionization is followed
y the Coulomb expansion up to the interionic distaRge
where the system begins to lose more electrons due to the

o
o

IONIZATION PROBABILITY
o
S

o
N

00

implies that a large number of Rydberg excited ions may b
detected.

In a very strong field of 1¥ W/cn? most of the removed .
electrons, about 60%, abandon the systerR-aR,, which CREI mechanism.

supports the assumption previously accepted by us of a ver- (33' gffglgf\,\,\;e% s:[trr]ong Iaser fields: I_n thesehflel_ds,
tical ionization in these clustef&9]. The average ionization mMostly 5= ch, the barrier suppression mechanism

distance in so strong a field B,= 6.1 A, which is only 0.3 may be responsible not only for preliminary but also for

A larger than the equilibrium distand®, (Fig. 3). In weaker multielectron vertical ionization. ) .
fields the distance®;, of electron removal from the vdwW 'Or(l4)0fc lgﬁ;&g@f:ﬁﬁg? n;g:n aEf;foCthnonmglellj'lg heec?:;nelftlra-
clusters are scattered in a roughly symmetrical way arounH 9 y

iAni i 1)+ ~a+ q+ gt
an average valu®;,>R. (nonvertical ionizatiop although isnh(t)r\:\é S égﬁ; g;elg)f\'ﬁ?g% izr%?esigl ljcznt:n((t-:llnng:in
with a bigger dispersion than in £IThe ionization times;, purely g 9

roughly fall into the same time range as in, CFig. 4). effec) origin_forq>_3_, whereas fog=2 the ionization is of
The effect of the ion expansion velocitdetermined by mo(sst;yDCIr?Zi(i::lc(gE;h'smce due to the Coulomb explosion

the chargeq’) on the ionization probability is very weak ) DY . ’ : P !

(Table IV). We also checked the CREI efficiency depen_multlcharged molecules and clusters are spatially expanding

dence on the light frequency: . The ionization probability systgms, their inner barriers rise in tlr_ne. It has been shown
L . X that in the presence of a strong laser field the electron energy
P, decreases significantly withx but at the same time the

oI can be increasing at, roughly, the same rate as the level of the

\Tlg;ﬁl pr(;)eba:r'llgg Ag}crea_?ﬁ:’ioi?zgzga thr(ca)bzltj)lial?i]thr-Piggi barrier top. Such a dynamic mechanism of the electron en-

y dep R ; P ilityPin ergy enhancement is classically feasible. The simulation
pendence on the iodine charges presented in Fig. 5 for

S=10" Wicn?. The interesting finding of our calculation is study of the electron motion in the multicharged &hd I1Ar

the hiah efficien f the formation of hiahlv charaed ion demonstrates high efficiency of the multielectron ionization
€ Nigh efmciency ot the formation of highly charged 10 sby this mechanism, which is considerably more efficient than
with g=7. The ionization probability drops, however, to

the static CREI. The ionization probabilities provided by the
. 0, = -
zero(or, more exactly, tchy,<0.1%) at g=8 (4d-electron dynamic mechanism increase with the field power increase

ionization. The 4d-electron ionization is also absent in a in the rangeS= 101-10 Wicr. The field power depen
. _ 5 — - . -
stronger' f|elq 0fS=10' W/cn?, ._dence of the dynamic mechanism is much weaker than the
The field-induced electron energy enhancement resu'“”ﬂozen nuclear geometry calculations of Seideman, Ivanov
from the increase of inner potential barriers may be of im'Corkum[39] and Chelkowski and Bandraugs] ' ’
portance not only in the MEDI process. Such energy en- (6) Dynamic quasiresonance energy enhancement: The

hancement may be realized in any system where the eIeCtr(?Qser—field—induced energy enhancement of any charged par-
potential has the shape of potential wells separated by potedye may be realized in any system where the particle can

tial barriers that rise in time. move between two potential wells separated by a potential

barrier that rises during the laser pulse irradiation.
V. CONCLUSIONS

. . . o ACKNOWLEDGMENT
From the analysis of multielectron dissociative ionization

of diatomics and clusters the following conclusions emerge This research was supported by the Binational German-
(1) Features of the charge resonance enhanced ionizatidsraeli James Franck program on Laser Matter Interaction.



PRA 58 THEORETICAL STUDY OF MULTIELECTRON . .. 3835

[1] A. J. Stace, inThe Chemical Physics of Atomic and Molecular [25] E. M. Snyder, S. A. Buzza, and A. W. Castleman, Jr., Phys.

Clusters edited by G. ScoleéElsevier, Amsterdam, 1990 Rev. Lett.77, 3347(1996.

[2] F. A. Gianturco and M. P. de Lara-Castells, Chem. Pag§, ~ [26] T. Ditmire, T. Donnelly, A. M. Rubenchik, R. W. Falcone, and
25 (1996. M. D. Perry, Phys. Rev. /&3, 3379(1996.

[3] R. Casero and J. M. Soler, J. Chem. P185.2927(199)). [27] T. Ditmire, J. W. G. Tisch, E. Springate, M. B. Mason, N.

Hay, J. P. Marangos, and M. H. R. Hutchinson, Phys. Rev.
Lett. 78, 2732(1997).

'[28] T. Ditmire, J. W. G. Tisch, E. Springate, M. B. Mason, N.
Hay, R. A. Smith, J. Marangos, and M. H. R. Hutchinson,

[4] J. G. Gay and B. J. Berne, Phys. Rev. Lé8, 194 (1982.
[5] E. Ruhl, C. Schmale, H. C. Schmelz, and H. Baumgartel
Chem. Phys. Lett191, 430(1992.

[6] I. Last and T. F. George, Chem. Phys. L6 599 (1993. Nature(London 386, 54 (1997).
[7] K. Sattler, J. Muhlbach, O. Echt, P. Pfau, and E. Recknagel[29] |. Last, I. Schek, and J. Jortner, J. Chem. PHy&7, 6685
Phys. Rev. Lett47, 160(1981). (1997.
[8] C. Brechignac, Ph. Cahuzac, F. Carlier, and M. de Frutos[30] L. V. Keldysh, Sov. Phys. JETPO, 1307 (1965.
Phys. Rev. B49, 2825(1994). [31] H. A. Bethe and E. E. SalpeteQuantum Mechanics of One-
[9] C. Brechignac, Ph. Cahuzac, F. Carlier, M. de Frutos, J. and Two-Electron AtoméSpringer-Verlag, Berlin, 1957
Leygnier, and J. Ph. Roux, J. Chem. Phy82, 763 (1995. [32] C. Rose-Petruck, K. J. Schafer, and C. P. J. Barty, Proc. SPIE
[10] M. Lezius and T. D. Mek, Chem. Phys. Lettl55, 496(1989. Int. Soc. Opt. Eng2523 272(1995.

[11] A. J. Stace, P. G. Lethbridge, and J. E. Upham, J. Phys. Chenl;fg?’] g/losic(qrggj; D. Normand, and C. Cornaggia, Phys. ReB0A

93 333(1989. [34] M. Yuan and T. F. George, J. Chem. Phg8, 3040(1978.
[12] A. Goldberg, I. Last, and T. F. George, J. Chem. P30, 35 p. Schwender, F. Seul, and R. Schinke, Chem. P24.233

8277(1994. (1997).
[13] D. Kreisle, O. Echt, M. Knapp, E. Recknagel, K. Leiter, T. D. [36] T. Zuo, S. Chelkowski, and A. D. Bandrauk, Phys. Rev4&\

Mark, J. J. Saenz, and J. M. Soler, Phys. Rev. L&8}.1551 3837(1993.

(1986. [37] T. Zuo and A. D. Bandrauk, Phys. Rev.32, R2511(1995.
[14] M. Lezius, P. Scheier, A. Stamatovic, and T.Mdal. Chem. [38] S. Chelkowski and A. D. Bandrauk, J. Phys. 28, L723

Phys.91, 3240(1989. (1995.
[15] P. Scheier and T. D. M, Phys. Rev. Lett73, 54 (1994). [39] T. Seideman, M. Yu. lvanov, and P. B. Corkum, Phys. Rev.
[16] A. I'Huiller, L. A. Lompre, G. Mainfray, and C. Manus, Phys. Lett. 75, 2819(1995.

Rev. A 27, 2503(1983. [40] S. Chelkowski, A. Conjusteau, T. Zuo, and A. D. Bandrauk,
[17] T. S. Luk, U. Johann, H. Egger, H. Pummer, and C. K. Phys. Rev. A54, 3235(1996.

Rhodes, Phys. Rev. B2, 214 (1985. [41] K. Colding, L. J. Frasinski, and P. A. Hatherly, J. Phys2B®
[18] K. Boyer, T. S. Luk, J. C. Solem, and C. K. Rhodes, Phys. L321 (1989.

Rev. A 39, 1186(1989. [42] L. I. Schiff, Quantum MechanicéMcGraw-Hill, New York,
[19] C. Cornaggia, J. Lavancier, D. Normand, J. Morellec, and H. 1955.

X. Liu, Phys. Rev. A42, 5464(1990. [43] R. D. Cowan,The Theory of Atomic Structure and Spectra
[20] J. Lavancier, D. Normand, C. Cornaggia, J. Morellec, and H. (University of California Press, Berkeley, 1981

X. Liu, Phys. Rev. A43, 1461(1991. [44] C. Rose-Petruck, K. J. Schafer, K. R. Wilson, and C. P. J.
[21] K. Codling, L. J. Frasinski, P. Hatherly, and J. R. M. Barr, J. Barty, Phys. Rev. A5, 1182(1997.

Phys. B20, L525 (1987. [45] A. D. Bandrauk, S. Chelkowski, H. Yu, and E. Constant, Phys.
[22] D. P. Armstrong, D. A. Harkins, R. N. Compton, and D. Ding, Rev. A56, R2537(1997.

J. Chem. Phys100, 28 (1994). [46] C. Cornaggia, J. Lavancier, D. Normand, J. Morellec, P. Ago-
[23] J. Purnell, E. M. Snyder, S. Wei, and A. W. Castleman, Jr., stiny, J. P. Chambaret, and A. Antonetti, Phys. Rev44

Chem. Phys. Lett229 333(1994. 4499(199)).

[24] E. M. Snyder, S. Wei, J. Purnell, S. A. Buzza, A. W. Castle-[47] S. Augst, D. Strickland, D. Meyerhofer, S. L. Chin, and J. H.
man, Jr., Chem. Phys. Le248 1 (1996. Eberly, Phys. Rev. Let63, 2212(1989.



