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Explosive ionization of molecules in intense laser fields
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We discuss the mechanisms of multielectron dissociative ionization of diatomic molecules in intense laser
fields. We show that during dissociation of molecular ions the nuclei pass through a critical range of internu-
clear distances where ionization is enhanced by several orders of magnitusievéral successive charge
states of the molecul&@he critical range of internuclear distances depends only weakly on the laser frequency,
laser intensity, and the charge state. Both numerical and analytical models are developed, and the effect of
enhanced ionization on the kinetic energy and angular distributions of charged fragments is discussed.
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PACS numbsd(s): 33.80.Rv, 82.50.Fv

I. INTRODUCTION threshold intensities, and ionization is sequertidl

We describe a quantitative model of molecular ionization The search for S|mult§neous |on|;at!on .Of many elec.trons
in intense laser fields. We show that the multiple-well naturgotivated seminal experimen(tg] on ionization of diatomic
of the potential for electron motion in a molecular ion intro- Molecules. The idea behind the experimgntwas simple
duces new ionization mechanisms which are not present ighd elegant: If simultaneous ionization were possible, e.g.,
an atom. Under certain conditions the ionization potential ofor a Xe atom, it would lead to an easily observable effect
a molecule is neither the only nor the most important paramfor an isoelectronic HI diatomic molecule. Shell explosion of
eter in determining its ionization dynamics. As a result, sys-HI will produce highly charged molecular ions, e.g.?Hlat
tems with high ionization potentials can ionize more effi-the equilibrium distance of a neutral molecyR=1.61 A
ciently than systems with much lower ionization potentials. for HI). Further dissociation of the molecular ion due to the

We show that the ionization rate of several successive&€oulomb repulsion of its highly charged nuclei would yield
charge states of a diatomic molecule is highly sensitive to théragmentsH™ and P*) with total kinetic energy of about 45
internuclear separatioR and has a pronounced peak in aeV. The experimentally detected energy was much Id&ér
certain critical region oR. For fixed intensity the peak po- eV). The same was found in a similar experiment for an N
sition is almost independent of the charge state and wavewolecule[8].
length. Based on this result, we suggest a scenario of multi- Although disappointing from the point of view of collec-
electron dissociative ionization of diatomic molecules intive processes, the experimefits8| revealed a different sur-
intense laser fields. The basic mechanism behind enhancedising effect: The highly complex process of multielectron
ionization of molecular ions has very broad implications,dissociative ionization of molecules yielded a remarkably
ranging from optical breakdown in ultrashort pulses to clus-simple spectrum of the kinetic energies of fragments.
ter ionization. Namely, the kinetic energy released in all fragmentation

The advent of short pulse lasers capable of producing inehannels gave very well resolved lines, rather than smooth
tensities of 18°~10° W/cn? about a decade ago raised ini- energy distribution.
tial hopes of exciting collective multielectron dynamics in A qualitative model of multiple dissociative ionization
atoms. A series of experimenf$—4] demonstrated that an proposed inf9] to explain the experimentally observed line
atom can be stripped of its outer electronic shell at intensitiestructure in the kinetic energy of the fragments suggested
still below 10" Wi/cn?. Motivated by these experiments, a that each charged state of a diatomic molecular ion is pro-
“shell explosion” model [5] suggested that very intense duced at its own well defined value of the internuclear sepa-
fields excite a collective motion of outer-shell electrons,ration, which depends on the laser intensity and the charge
which then scatter from the parent ion core, resulting in sistate. Since in this model the optimum valuesPfwere
multaneous ejection of the whole valence shell. Howeverdifferent for different charge states, the nuclei were expected
the smooth nature of a laser pulse presents a serious obstatdetravel along the repulsive Coulomb potential surfaces be-
for simultaneous multielectron ionizatid®]. In all experi- tween successive ionization stages. Nonetheless, it was sug-
ments the field passes the region of lower intensities beforgested by several experiments and conclusively demon-
reaching the high intensities at which collective excitationsstrated in[10], that the atomic fragments possess kinetic
might occur. Electrons are stripped one by one, at well deenergies which constitute a constant fraction of the Coulomb
fined repulsion experienced by the molecular ion at the equilib-
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rium distance. This observation holds for all studied simplemerical simulations. In Sec. lll A we investigate the possi-
molecules,ndependent of the charge state, pulse durationbility of field-induced stabilization against dissociation. In
frequency and intensity of the laser pul4€]. The “magic” Sec. Il B we show that ionization is strongly peaked in a
ratio of the measured kinetic energy to the energy of thecertain window of internuclear distances, for several succes-
Coulomb repulsion at the equilibrium distance depends onlypive charge states of a diatomic ion, with the peak ionization

on the molecule, in contrast with the model predictions offate for highly charged states either above or comparable to
[9]. that for a singly charged state near equilibrium. In Sec. IV

e give the qualitative interpretation of our results, showing
hat the effect of enhanced ionization is a consequence of
another strong-field effect: nonadiabatic electron localization
in the molecular ion, which has no analogy in the atomic
case. We then develop an analytical model, which is based
an our interpretation of the numerical results and is appli-
cable at both large and small internuclear separations. Based
on our results, in the concluding section we suggest a sce-
nario of multiple dissociative ionization of diatomic mol-
ecules, which qualitatively explains the experimental puzzle

Referenceg10] suggested that, owing to collective elec- raised ‘F‘[lo]- We discus; implications of our ionizatiop
tron motion in intense laser fields, even highly charged ioné“e(.:han'sm to _other physical problems, such as cluster ion-
(e.g., CE"), were stabilized against dissociation at sdRae ization and optical breakdown in ultrashort pulses.

It was pointed ouf10], however, that this interpretation is
hard to reconcile with the independence of the “constant Il. MODEL
energy ratio” on the intensity.

We suggest that the long-standing experimental puzzI(Eii
can be accommodated within a more general molecular ionT.

ization model described below. We show that intense ﬁelddependent Schdinger equation for a model diatomic ion
molecular ionization differgualitativelyfrom atomic ioniza- with electron motion confined to one dimension. The analyti-

tion: It depends sensitively on the molecular conflguratloncal model described in detail in Sec. IV is based on modifi-

a_md hence provides a probe of molepular structure and Mation of a well-known 3D atomic intense field-ionization
tlong. Although we concentrate on diatomic molecules, Ou'iheory [23] and the Landau-Zener theory of nonadiabatic
qualitative conclusions extend to larger syste(see[13]). transitions. The numerical model is limited to odd-charged

The sensitivity of the ionization rate to the internuclear sepa; ic states of the molecule. while the analytical model is
rations provides an additional mechanism for time'resowmgapplicable to both even and bdd charge states

dissociative dynamics_ using. intense Ia_sgr fields_. As will be- Numerically, we consider a generic diatomic idg™*
come C'.eaf fro.m the discussion below, itis also important foraligned along the electric-field vector of the linearly polar-
cluster |on|zat|qr[l4],_plasma format_lor1[15], charge trans- ized light E(t) = E f(t) coswt [f(t) is the envelop The ion-
fer [16], and dielectric breakdown in femtosecond EXPerl-ization dynamics is studied in a single active electron ap-

ments[;?]. . . . .. proximation, for a one-dimensional potential
In this paper we give a detailed description of our “ex-

plosive ionization” model, which was briefly described in
our previous papergl8]. In particular, we discuss in detail V(X|R)= — Q — Q _
various tunneling ionization mechanisms proposed 1] Jx—=R/2)°+a?> (x+R/2)%+a?
and confirm them with numerical results. We study numeri-
cally the possibility of laser-induced suppression of the dis-The Coulomb repulsion between the nuclei ¥&(R)
sociation proposed ifil0]. We also develop a quantitative =Q?/\R?+a?. (Atomic units are used throughout the pa-
analytical model of enhanced ionization. The model is baseger)
on the theory of laser-enhanced electron localizati®-22 The time-dependent Hamiltonian for the electron motion
and tunneling ionizatiori23]. Unlike the analytical model in our model system is
described in our previous paper, it is applicable at all inter-
nuclear distanceR. H(t)=—3V2+V(x|R)—xE(t). 2)

One feature of our model, which has been recognized
earlier in[9] and recently extended {f24] is the role played Molecular alignment assumed in our model is believed to be
by the inner barrier, between the two nuclei, in moleculartypical in strong-field molecular ionization experiments
ionization. The key additional features of our model are thd26,27. In addition, typically only laser-aligned ionic frag-
role of laser-enhanced electron localization and of resonarients are detectdd0—12. Confining the electron motion to
tunneling(see Sec. 1Y, as well as the quantitative analytical one dimension proved to capture the essential features in
and numerical description. More recent three-dimensiona$tudying intense-field atomic ionizatid@8], and we expect
(3D) numerical simulations of K [25] confirm our predic- it to be particularly reliable in the aligned diatomic case. In
tions. Eq. (1) Q is the nuclear charge aralis a smoothing param-

The paper is organized as follows: Sec. Il describes oueter, routinely employed in strong-field atomic ionization
numerical model, and Sec. Ill describes the results of nutheories[28].

Much effort has been devoted in recent years to resolvin
the puzzle raised by experimen®-11. Referencé¢12] sug-
gested using ultrashort pulsé0 fs) and a heavy molecule,
freezing the nuclei during the laser pulse. It was subse
quently demonstratefil0], however, that even for,Ithe
fragment kinetic energies are essentially independent of th
pulse duration in a wide range-80 fs—10 p§ showing that
even in very short pulses the molecule tended to ioniz
around the same critical distan&®, larger than the initial
equilibrium value:R >R,

The quantitative description of strong-field ionization of a
atomic ion is performed both numerically and analytically.
he numerical approach is based on solving the time-
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The time-dependent Schiimger equation for an electron 0.15
motion is solved at each value & by exact wave-packet
propagation, using the split-operator fast-Fourier-transform
method. The initial state is taken to be the ground eigenstate
of the field-free molecular ion. We assume slow turn on of -0.25
the electric fieldf(t)=1—exp(—t/7) in Eq. (2) with 7 suf- 5
ficiently large with respect to both field period and the period S,
of electron motion. The ionization rate is computed by fol- D
lowing the time decay of the norm -0.35

2> , @3) ?
-0.45 —
2

where the outer bracket denotes the time average over the R [a.u.]
field period. Particular care is taken to ensure that the decay
is single exponential by turning the laser field smoothly
enough and by propagating the wave packet to sufficiently
long times.
A complementary picture of the ionization dynamics is IIl. RESULTS
obtained by calculating the total ionization probability fol- A. Potential surfaces of a dressed molecule
lowing a short pulse, with pulse envelopd(t) =E sin(mt/ ) , . i
T), whereT is the pulse duration. The two measures, the Befo_re dlscuss_lng the potential surfaces and strong field
ionization rate and the total ionization probability after adynamics of a field-dressed molecule, we consider our
short pulse, correspond to two limiting situations, the formerSimple one-dimensional model in the field-free case, with the
being independent of the experimental details and the lattegole purpose of illustrating the structure of field-free poten-
being independent of a specific decay law. tial surfaces. The one-dimensional approximation is well jus-
The time-dependent electronic wave functibiix,t|R) is tified in intense linearly polarized fields, where the electron
used also to obtain the Born-Oppenheimer quasienergy panotion is predominantly one dimensional.
tential surfaces of aressed moleculeThis is done for the Figure 1 shows the Born-Oppenheimer potential surfaces
particular case oA,3" [i.e.,, Q=2 in Eq.(1)]. Analysis of for a model one-dimensional,” molecular ion[Q=1 in
dressed potential surfaces for this relatively low charge statgq. (1)]. Changing the smoothing parametem Eg. (1) we
is given to explore the hypothesis formulated in Rd0],  can vary the equilibrium distance, ionization potential, and
namely, that intense laser fields induce electron motionjissociation energy of the model molecule. Although this
which can suppress dissociation of highly charged diatomigyork is intended to explore a general effect, rather than to
Ions. _ o model a specific experiment, in order to make the discussion
_ According to the Floquet t_heo_rem, for slow |on|_zat|on the concrete we adjust the parameters of EQ.to correspond
time dependence oF (x,t|R) is given by the following for- o ghiy to the intensities, wavelengths, and molecular sys-
mula: tems probed in experimentsee, e.g.[10—12). In our cal-
culations we always use=2 and varyQ approximating the
\If(x,t|R)=E e len(Rip (x,t|R), (4) ionizatiop poteqtial(apd_ equilibrium distance for a singly
n charged iop of diatomic ions such as'l* (n=2Q—1). Our
conclusions are sensitive to neither the valueaofior the
where® (x,t|R) are periodic functions of timéuasienergy precise choice of the field parameters, discussed below.
eigenstates of a time-dependent Hamiltopiand €,(R) are We next examine the possibility of field-induced stabili-
R-dependent(comple® quasienergies which represent the zation of otherwise unstable molecular iof]. Specifi-
Born-Oppenheimer potential surfaces of a dressed diatomically, we consider a triply charged model molecular ion
molecule. These surfaces can easily be found, e.g., b#,%". This case corresponds@-=2 in the potential Eq(1).
Fourier-transforming¥ (x,t|R) at somex. The quasienergy In the absence of a laser field all potential surfaces of this ion
spectrume,(R) thus obtained is, of course, independentof are unstable. The question is whether at least one of them
[Nevertheless, the Fourier transformation &f(x,t|R) may become stable when the molecule is dressed by the laser
should be done at several valuesxpfsince some quasien- field.
ergy wave functionsb,(x,t|R) can accidentally be small at Classically, the way to stabilize this system is to force the
a given value of.] electron to spend most of its time halfway between the two
The number of dressed potential surfaces obtained thipositively charged nuclei, where a single negative charge can
way depends on the initial conditions and the pulse turn-oncompensate for the Coulomb repulsion between the nuclei.
Very slow turn-on leads to a predominant population of onlyQuantum mechanically, it means that the electron wave func-
one (ground dressed potential surface, while a fast turn-ontion should be compressed by the laser field to a narrow
gives a richer spectrum. In our calculations of the dressewave packet aroungd=0; the field-free wave function is too
potential surfaces foA,®* we used various pulse shapes asbroad and does not have enough degree of localization near
well as various initial conditions. x=0.

¥ (x,t|R)

d
V(R):—<& In

FIG. 1. Field-free potential surfaces Af™".
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Such effects may indeed occur in very high-frequencymaximum (FWHM)=15 fs], in which case many Floquet
fields, o>1,(R) [29]. At high frequencies we can use the states are populated. Figure&)2 2(b), and Zc) show, re-
Kramers-Henneberger transformation to change to a refespectively, the ionization rates and ionization probabilities,
ence frame oscillating with the free electron, with amplitudefor several charge states of the model molecule.
a=E/w?. In the new reference frame the interaction with the  There are several important features in the results of our
field is transformed to a time-dependent oscillating fié{ck  calculations(Fig. 2,) First, all charge states show strongly
+ a cowt|R), with V(x|R) given by Eq.(1). enhanced ionization in the same region of internuclear sepa-

We can expand/(x+ a coswt|R) in the Fourier series rations. One can speak of a critical window of internuclear
and, if the laser frequency is large enough, keep only thelistances aroun®R=8-11 a.u., where several successive
dominant  zero-order term, Vy(x,a|R)=[3"dy V[x ionization stages of the model molecule have a very high
+ a cosfy)|R]/(2). Each well of the field-free double-well ionization rate.
potential(1) is now split into two, with distance®between Second, the general envelope of the ionization rate is in-
them, similar to the well-known atomic cagsee, e.g., the sensitive to the laser frequency in the range we have studied
collection of papers if30]). If the internuclear distande is (0.8 eV<w=<1.6 eV), especially at larg®, although the su-
equal to 2, two of these four wells merge into one, creating perimposed resonance structure is sensitive {&ig. 2(b)].

a triple-well potential with a deeper well exactly in the  Third, although the region dR where the ionization rate
middle. As a result, the unstable molecule can be stabilizet maximum shrinks with increasing charge, the peak value
by the field neaRy~2a. of the ionization rate remains amazingly high while the ion-

Although a similar mechanism is very unlikely to occur ization potential varies from about 25-30 eW£) to
for low-frequency fields, we studied the Floguet potentialabout 60—70 eVA,""). For the triply charged ion, the ion-
surfaces ofA,3* for various field strength§E=0.02-0.06 ization rate is almost three orders of magnitude greater near
a.u., i.e,l=13x10"-1.3x10" W/cn¥) and frequencies It peak than aR—co. For higher charge states the enhance-
(@=0.03-0.06 a.u), which are the typical experimental pa- Ment is even greater. At~9x10'> W/cn? the ionization
rameters. We were unable to find any value€od in this  rate ofA,** near equilibrium is almost an order of magni-
range for which at least one potentiai surface of the dresse@ide less than that oA,** near the peak. Only a slight
model molecule is bound. In fact, we found an opposite efincrease in intensity td~1.3x 10 W/cn? is required to
fect: intense low-frequency fields tend to suppress the devigachieve an ionization rate @,°* andA,’" comparable to
tions of the repulsive potential surfaces from the simple Couthat of A;'* near equilibrium. It would require approxi-
lomb law. This is exactly what one would expect as a resulfnately one order of magnitude greater intensity to achieve
of field-enhanced electron localizatigisee [18] and Sec. the same ionization rate for an atomic isd"*.

IV). As a result, at intensities close lte- 10 W/cn? and for At higher intensities(| ~10'> W/cn?) the R dependence
frequenciesw=1.0-1.6 eV the nuclear dynamics of the Of the ionization probability for highly charged ions remains
dressed molecul®,®* is much closer to a simple Coulomb qualitatively the same, with a well pronounced peak at
repulsion, than in the field-free case. R~8-11 a.u. The width of the peak increases and the con-

Thus our calculations do not support the hypothesis Sugtra.st with the ionization rate at infinife decreases, reSUlting
gested in Ref[10]. Since our model includes only one elec- In & curve very similar to that faA;** at1~10" w/en?.
tron, we cannot completely rule out the possibility of mo-
lecular stabilization due to some collective multielectron IV. QUALITATIVE PHYSICS
dynamics. However, such collective dynamics can only sta- AND ANALYTICAL THEORY
bilize highly charged statege.g., Ck3") if the electrons
move coherently, as one particle with a high charge, spenq-h
ing most of the time between the nuclei. If that were the caseI
one would expect a one-electron model to predict at leas
some degree of stabilization, but our calculations show th
opposite effect.

In this section we present a qualitative interpretation of
e results of our numerical calculations and propose an ana-
ytical theory applicable for all internuclear distances. Our

nalytical model is based on the qualitative physical interpre-
ation suggested below. Its agreement with the numerical
data confirms the validity of our qualitative picture.

As noted in Sec. lll, the general behavior of tRelepen-
dence of the ionization rate is almost independent of laser
We now look at the ionization rates for several chargefrequency in the range we studieg=0.8—1.6 eV. In atoms

states of our model molecule, as a functiorRofWithin the  this is typical for tunnel ionization, which is understood in

Floguet formalism these are given by the width of theterms of aguasistaticpicture. In this picture the phase of the
dressed potential surfacéde widths of the Floquet compo- oscillating electric fielde coswt is treated as a parameter and
nents in the molecular spectrum at edth the ionization rate is calculated at each phase of the slowly

As described in Sec. I, we performed two complementaryarying electric field. A similar quasistatic approach is used
calculations. In both cases we started with the ground elediere. However, the double-well nature of the potential for the
tronic state of the molecule. To determine ionization rates weelectron motion in a molecular ion leads to an important
turned the laser field on slowhEf(t)=E[1—exp(—t/7)]  difference compared to the atomic case. We will see that the
with 7=~20 fs, ensuring that only the Floquet state corre-electron motion between the nuclei is the crucial element in
sponding to the field-free ground state was populated. Tehe ionization dynamics. Unlike transitions to the continuum,
determine ionization probabilities, we used a very shorthe electron motion between the discrete states of the double-
pulse,Ef(t) =E sin(#t/T) with T=30 fs[full width at half ~ well molecular potential is nonadiabatic. That is,

B. lonization dynamics
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FIG. 2. lonization of different charge states of a model mol-
ecule. (@) lonization rates ofA,%" and A,”* at |=8.75x10'3
W/cn? andl = 1.26x 10t W/cn?, respectively. The laser frequency
is @=0.04 a.u(b) lonization rates of\,>" for three different laser
frequenciesw=0.03 a.u.(dotted ling, ®=0.04 a.u.(dashed ling
»=0.05 a.u(solid line); intensity 1.06<10* W/cn?. (c) lonization
probability after the end of the short puldét)=1 sir?(wt/T),
T=30 fs, for laser frequencyw=0.05 a.u. full squaresA,* at
I =8.75x 103 W/cn?; full circles: A,%* at 1 =8.75x 10*° W/cn?;
full triangles: A,>* at | =8.75x 10" W/cn?; full diamonds:A,>*

at1=1.26x 10" Wicn?.
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as the phase of the electric fidldcoswt changes during the
laser cycle, the electron does not necessarily stay in the state
which adiabatically follows the evolution of the electric-field
phase. Nevertheless, in the limit of strong interaction, the
adiabatic basis is very convenient and, once nonadiabatic
transitions are included in the formalism, allows one to de-
scribe the electron dynamics in a very physical walhe
convenience of such an approach in the intense-field limit
was realized some fifteen years ago; $&8,20. For ex-
ample, Ref[20] shows in detail how Floquet states and mul-
tiphoton resonances, which refer to dynamics during many
laser cycles, can be rigorously and conveniently described
using quasistati¢adiabati¢ basis, which follows the system
dynamics within each laser cycle.

A. Low-charge states

Figure 3 shows the Coulomb potential experienced by a
valence electron of a diatomic igk,??"V* (Q=1,2,...) in
the absence of a fielfFig. 3(@] and in the presence of a
constant electric fieldFig. 3(b)]. At small internuclear dis-
tances(dashed curvesthe energy of the local maximum is
much lower than the energy of the ground electronic state
and ionization is similar to that of an atomic ion, the only
difference being the polarizability of molecular ions. At large
internuclear distance&lot-dashed curvéshe inner barrier
between the two wells is broad and ionization is again atomi-
clike.

By contrast, at intermediate internuclear separatisabd
curveg, the double-well nature of the molecular potential
leads to agualitative difference in the ionization dynamics
compared with the atomic case. Figur@)3suggests that in
this region ionization of diatomic ions would be dramatically
enhanced compared to atomic ionization since the electron
can tunnel through the narrowternal barrier directly to the
continuum. A similar figure to Fig. (&) was included in an
early molecular ionization papd9]. However, Thomas-
Fermi calculations of molecular ionizatid®1], which fol-
lowed Ref.[9], were performed in thediabatic limit and
showed only very modest enhancement in the ionization rate
with internuclear separation. In the adiabatic approximation
the electronic wave function adjusts as the potential changes
during the laser cycle, fully localizing in the lower well in
Fig. 3(c), making ionization much more difficult.

Nonadiabatic localization of (a part of the electronic
wave function in the rising well of the potential is a crucial
element of our theory. If, during the laser half-cycle, substan-
tial population is left in the rising well of the double-well
potential, a new ionization mechanism is introduced—
tunneling of this population to theontinuumthrough the
internal barriefFig. 3(c)], near the peak of the instantaneous
electric fieldE sinwt.

Electron localization in one of the wells of the double-
well potential is known to occur in double-well quantum
structures[21]. Note that complete electron localization is
not required in our case. We only require that during the
laserhalf cyclethere is a substantial probability for the elec-
tron to stay in the rising well, rather than to make an adia-
batic transition to the descending well. In sufficiently strong
laser fields(or for sufficiently largeR), whenRE> w,4(R),
where w,4(R) is the splitting between the grouriderade
state and its ungerade partner, this transition is only possible
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FIG. 3. Pictorial scheme of the electronic potential at severa

internuclear separations: dotted liRe=4 a.u., solid lineR=8 a.u.,
dot-dashed lindR= 16 a.u.(a) without electric field,(b) with elec-
tric field, (c) tunneling ionization through internal barrier.

during a short fraction of the laser half cycle near tleeoof
the instantaneous field, wh&Esinot< w,4(R). Therefore,
tunneling to the continuunibound-free transition which
occurs near thpeakof the instantaneous field, s&eparated

ground geraddg) and excited ungeradgpi) states. If the
electron wave function is a symmetric superposition of these
two stateg ¢ (t=0))=(Ju)+|g))/v2, it is localized near the
left nucleus. Let free, in a tim& 4= 7/w,q it will evolve

into [¢(t=7/w,q))=(lu)y—|g))/v2, a state localized near
the right nucleus. The timé = 7/ w4 is the time of elec-
tron motion between the nuclei. In the presence of a strong
laser field RE>w4(R) the field-free splittingw4(R) is
changed td22]

wug(RE) = 0yg( R I(RE/w). ®)

Equation() is applicable whem> w,4(R) or, for small
laser frequencie® < w4(R), whenREw> 59(R). As one
can see from Eq5), in strong fields, when

RE>wyo(R), 0§ (R)/REn<1 (6)

the frequency of electron motion between the nuclei de-
creasegthe timeT4(R,E)= 7/ w ¢(R,E) increasef Com-
plete suppression of electron motion between the nuclei oc-
curs when the Bessel function in E@) is equal to zero. In
general, however, it is required that the transition frequency
in the field o 4(R,E)=w,4(R)Jo(RE/w) be smaller than
the laser frequencw. When this condition is fulfilled, trap-
ping of the electron in the rising well of the potential is
efficient and tunneling through the inner barrier directly to
the continuum[Fig. 3(c)] may occur. At largeR, when

0> w,4(R), the conditionw>w4(R,E) is satisfied for all
values ofE. At intermediateR, when o <w4(R), the re-
quiremento> w,4(R,E) is met when the conditions E¢6)

are satisfied. It is easy to verify that, for our model molecule,
the conditionw> w4(R,E) is satisfied near the peak of the
ionization rate curvgR~8-10 a.u), for laser frequencies
and intensities used in the calculations. For example, in the
case of A,%", for E=0.05 a.u.(1=8.75<10" Wicn?),
»=0.05 a.u., we obtaim,,(R)/w=0.056 forR=8 a.u.

B. High-charge states

The ionization mechanism becomes more complex as one
moves to higher charge statés.g., A,°>", A,’"), keeping
the laser intensity constant. For lar@ein Eq. (1) the ground
state in each of the wells of the double-well potential is very
deeply bound. At the intensities shown in FigbRthe ex-
ternal barrier is not suppressed to below the ground state of
the raised wel[Fig. 4a)] until very largeR. However, for
farge Q each well supports more than one localized state
even at modesR. These high-lying excited statfstate|4) in
Figs. 4a), 4(b)] have sufficient energy to tunnel to the con-
tinuum at the intensities considered.

The excitation mechanism of these states can be qualita-
tively understood as resonant tunnelirepe Figs. @) and
4(b)], and can be described within the Landau-Zener formal-
ism. This excitation mechanism is known to occur in quan-
tum well deviced32]. During the laser half cycle the local-

in time from possible adiabatic transition between the twoized ground state of the rising weltate|2) in the left well

wells (bound-bound resonance tunnelinghich occurs near

the zeroof the instantaneous field.

in Fig. 4@)] passes through resonance with excited states of
the descending welistate|3) in the right well in Fig. 4a)].

Quantitatively, the effect of electron localization and trap-This leads to an avoided crossing in Figh@ After the
ping of population in the rising well can be described byavoided crossing, a fraction of the population is transferred
solving the Schrdinger equation for a two-level system of to the excited state of the descending well wdiabatic
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06 transferred from the stat@glo) to the Stark states. As the
(@) field in the half-cycle pulse decreasds, is passed again,
and this time diabatic transition is needed to keep the popu-
-t lation in the statesnl) [34].

Returning to molecules, if the laser intensity is increased
2v 4 to 1~10" W/cn?, then the resonant tunneling ionization

mechanism is replaced by a simpler one-step tunneling
through the inner barrier at higher intensities. The ionization
| probability increases and itR dependence becomes very

-1.8 —/ 1 similar to that forA,3* at |~ 10" W/cn?.

E [a.u]
.

C. Analytical model

We now describe a 3D analytical model valid in the low-
frequency—high-intensity limit. The model is applicable at
all internuclear distances. It is based on the qualitative inter-
pretation of our numerical results and consists of two steps.
First, we find the population of ground and excited adiabatic
states near the peak of the instantaneous electric field. For
odd-charge states this is done in a two-level approximation.
That is, we only consider the grour(derade state of the
double-well potential and its charge-resondoingeradg
partner. For even-charge states at small and intermeRiate
the two levels are the ground state and its charge-transfer
partner of the opposite symmetry. At larBeboth symmetric
|s) and asymmetri¢a) charge-transfer states have to be in-
cluded. However, at this stage the dynamics can again be
- * ‘ * * * reduced to a two-level model by using sum and difference

-90 60 -30 0 30 60 90 statega)+|s), which are decoupled from each other, degen-
8 [deg] erate, and have equal couplings to the ground state. Second,

we calculate the probability of tunnel ionization from both
states near the peak of the field. This approach is valid be-
cause, as explained above, nonadiabatic transition between
the adiabatic states and tunneling to the continuum occur at
levels; (b) adiabatic levels vs the phagle= wt of the electric field d_lfferent parts of the laser half-cycle: tra_nsmon to the con-
E sinwt. Avoided crossings are the points of nonadiabatic or adiallNUum occurs near the peaks of the instantaneous field,
batic (resonant tunnelingtransitions. while transition between the adiabatic states occur near the
crests.

Landau-Zener-type transition. This transition corresponds to Below we will concentrate on the simpler case of odd-
tunneling through the internal barrier during the resonanceharge ionic states. The results at laRjean be extended to
between stateR) and|3). On the way back, when the right even-charge states without any modification.
well rises and the left well descends,d#&abatic Landau- lonization from the upper stat&Ve begin the description
Zener-type transitiofiFig. 4(b)] is needed to keep the popu- of the model with its second step—tunneling ionization from
lation in the excited state of the rising well. Thus excitationthe excited adiabatic state near the peak of the instantaneous
results from resonant tunneling and requires one adiabatiiield.
and one diabatic transition. The peak position of the ioniza- (1) At large internuclear distances the external barrier is
tion curve is determined by the competition between excitairrelevant near the peak of the instantaneous electric field:
tion and tunneling to the continuum, as well as by an opti-ionization can be envisioned as tunneling through the inter-
mum in excitation. nal barrier, suppressed by thbembinedelectric fields of the

We note that similar physics is found in microwave exci-laser and the adjacent iof,,,=E sinwt+E,,,. (Note that for
tation and ionization of alkaline Rydberg atofi®8,34. Re-  the upper adiabatic state both fields are acting in the same
cent experiments on excitation of alkaline Rydberg atomglirection during the whole laser cycle, yielding
with “microwave” half-cycle pulseg§34] gave a convincing E,=E|sinwt|+|E;y,.) This hints at modifying the standard
demonstration of the same physical mechanism of sequenti@8D atomic tunneling ionization theofADK) [23] by replac-
diabatic and adiabatic Landau-Zener-type transitions. Ining the laser fielcE sinwt with E,;. The main difficulty of
creasing amplitude in the half-cycle pulse produces the usudhis approximation is that the field of the adjacent ion is not
Stark manifold of Rydbergnl) states with a negligible constant, but depends on the distance from the ion. However,
qguantum defectl(>2). At some valuée,, of the electric field  tunneling is efficient only when the barrier is sufficiently low
this manifold mixes with the initially populated lower-lying and thin, so that the field of the adjacent ion is approximately
state|nglo) with smalll, and large quantum defect. As the constant across the barrier. We therefore find the maximum
field E passes the valug,, population can be adiabatically of the potential barrier for the exact potenti®(x|R)

E 8) [a.u]

FIG. 4. Pictorial scheme of resonant tunneling ionization
mechanism forR=9 a.u. andA,>" at | =1.06x 10 W/cn?. (a)
Double-well potential at the peak of the electric field with adiabatic
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—xEsinwt and then replace the inhomogeneous field of themolecular iond;»~R/2 and g~ER/w5(R). In Eg. (11
adjacent ion by the homogeneous field calculated at th®(x) is the elliptic integral of the third kind
maximum of the potential barrier: E,,=E|sinwt|

+Q,/(R—Ry)?, where Q, is the charge of the adjacent /2 Sirte g
= i D(x)= —dé. 12
nucleus andR,= R,(E sinwt,Q;,Q,) accounts for the offset (X) o I-xsito (12

of the barrier maximum from the nucleus with cha@e, at
which the upper adiabatic state is localized.

(2) At small internuclear distances the external barrier we ;ro;%I;ﬁ;“zhzt;reojzmgfnC?)L;{g: ifr(#mjjﬁzztgtfo ?[E;O t;[)r'gzl
becomes important. We therefore have to include the corre-gpulatlon left in the two-level system. That is, it gives a
sponding tunneling probability. Now the upper-state wave P Y 9

function is distributed along the whole double-well potentlallcraCtlon of the total population, which is residing in the up-
and it is natural to use the standard ADK thep2g] modi- per adiabatic state. Such normalization is required since the

fied to include the Stark shift of the upper state and the decay rate is also always normalized to the total population

f the system.
IR d((;p)endent field-free ionization potential of the upper state In the limit q> 1, that is,RE> w,(R), the expression Eq.
2
In general, one has to include tunneling through both bar(lo) becomes
riers, although for most internuclear distances one of the two
barriers is suppressed below the upper adiabatic state and the
corresponding transmission coefficient is equal to one. A%

(W wEd)?=0.5 exi — mwiR)/2REw). (13)

approximate formula which describes this general situation i n the limit o,(R)/2REw<1 this expression has to
e corrected to include coherent effects in the destruction

Wyppek 1) =W (1) Wo(t)/[ Wy (1) +wy(t)], (7) of tunne_ling, caused by interference _of trgnsitions during
successive laser half cyclel20]. Taking into account
wherew,(t) is the tunneling rate through the inner barrier that in this limit w,A(R,E)=wAR) 2w/ 7REsiNREw
andw,(t) is the tunneling rate through the external barrier. +m/4), the correct expression is|(W (|w @ 2
When one of the two rates is much smaller than the other=0.5 exd— 7w?(R)sir/(RE/ w+ 7/4)/IREw]}.
this smaller rate determines the rate of the whole process. Hence the contribution of the upper adiabatic state to the
According to the above discussion, the ratg(t) can be ionization rate of the diatomic ion prepared in its ground

written as Floquet state is
W1 (t) =Wapk[lp(R—%);Eior; Q1] 8 W1 (D)wa(t)
t)=0. , 14
while the ratew,(t) is hu®= S JLrz) W) Fwy(t) (19
Wa(t) =Wapk[1p2(R) — A(E sinwt,R); E sinwt; Q1 + Q2. where the ratesv,(t) andw,(t) are given by Egs(8),(9).
© lonization from the lower stat€The ionization rate from

the lower adiabatic state is again obtained by using the ADK
theory. Tunneling from this state contributes to the total ion-
ization rate in two cases. First, its contribution is significant
at very small internuclear distances, where no electron local-
ization takes place and population of the upper state is neg-

tial I, electric fieldE, and nuclear charg®. !lgt|ble. Slecor:jq,tlts contrlk;]utlontrzs ;lgtn|f|c?nt z(ijt t\;]ery Ia}rge |
We now have to include the relative population of the INt€rnuciear distances, wnere the internal an e externa

upper adiabatic state. For slow turn-on of the laser field thfarrlgrs ?riha"?olsé |<1endt|cal an the enh?n%?mir;t Otf loniza-
system initially prepared in the ground state goes into th ion due to the field of adjacent ion is negligible. At interme-

ground Floquet state¥ gF)_ To find the decay rate of the diate distances shown in Figs. 2 and 5 the contribution of the

system via the upper adiabatic state, the wave function of thtpwer state is negligible.

ground Floquet state has to be projected onto the upper adia- '?S shotwn 'n[if’] atdsrtr)lall mternuclg?r d{stancefst:]he '?n'
batic state*\lfff‘,[,‘”er Averaged over resonances, in a two-level Ization rate is obtained by minor modifications of the stan-

approximation this yields the following resytt9]: dard ADK tunneling theory: usindgr-dependent field-free
ionization potential and including molecular polarizability.

At large internuclear distances the ionization rate is given by

Herel, (R) is the field-free ionization potential of the ex-
cited state, A(Esinwt,R) is the Stark shift of the excited
state in the adiabatic approximatio@;+Q, is the total

charge of the two nuclei, and/pi(l,;E;Q) denotes the
standard ADK ionization ratg23] for the ionization poten-

(100  the ADK theory modified similar to E¢8), but now the total
field E,, is given by thedifferencebetween the laser field
and that of the adjacent iof,,;=E|sinwt| — E,,,. The frac-

where tion of the population residing in the lower adiabatic state,

normalized to the total population left in the system, is

. p( 201, D[1/(1+0?)]

7 ex K P10 henl=1- KW O] W o)l
w V1492

ST uppert
The total ionization probability is
and g=2Ed;»(R)/w,R), d;, being the transition matrix
element in the two-level system. For odd-charge states of the

(WG e 2=

11

Wion=1—exr<—f [Tu(t)+T(t)]dt]. (15
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electrons are stripped until the first repulsive charge state
(A,%" or A,3") is reached. The molecule starts to dissociate
and enters a critical regidR~R,,, where the ionization rate

is strongly peaked for several successive ionization stages. A
simple estimate assuming Coulomb repulsion shows that
even as heavy a molecule g$™ starting to dissociate with
zero initial kinetic energy aR.,~5 a.u. will reach the critical
region(R~9 a.u) in about 110 fs. As seen, e.g., in FigcP

the intensity needed to reach the repulsive staf&" near
equilibrium is sufficient to rapidly ionize several more elec-
trons in the critical region, producing a series of highly
charged states. The series is terminated at a state for which

10°F

o

> 4 6 8 1'0 12 1'4 16 the time required for the nuclei to pass the critical region is

too short to permit further ionization. Thus, the fragments
from all charge states of the molecule have kinetic energies
that correspond to Coulomb repulsion at approximately the

FIG. 5. Comparison of numerical and analytical calculations ofsame internuclear distan¢®,,. These energies constitute a
ionization probability for A,%* at the end of short pulse constant fractiorRe/R,, of the Coulomb energy at the equi-
I(t)=1sir’(=t/T), T=30 fs, for laser frequency=0.05 a.u. Full  |ibrium distance, independent of the charge state and pulse
circles—1D numerical simulations &t=8.75x 10 W/en, open  dyration. This gives a qualitative answer to the experimental
squares—3D analytical resultslat 1.35x 10" W/cn?. Intensity in puzzle discussed in RefL0].
analytical calculations is chosen to match ionization ratR-atl6 One can roughly estimate,, by approximately calculat-
a.u. ing the distance where the internal barrier penetrates the
ground state and the interplay between the two barriers starts
to dominate ionization dynamicsee alsq18,24)). Using
the approximation that the ionization potential of an atomic
ion with charge Q—1) is Ql,, wherel ; is the atomic ion-
ization potential, we find that localization occurs at
R~3/1,, independent of. One obtainR,=2.87 (2.34),
3.1(2.62, 3.1(2.79, 3.3(2.8), and 3.9(3.6) A for N,, O,,

H,, Cl,, and b, respectively. The distances shown in brack-

ets are suggested by experimental explosion energies

t[10,24]. If one includes extra kinetic energy acquired during

dissociation betweeR,,andR,,, the agreement between the

rough estimate given above and the experimental data will
ecome even better.

Another important consequence of enhanced ionization is
gts effect on angular distribution of the multiply charged
ionic fragments. The ionization rate in the critical region is
highly dependent on the molecular orientation to the field.
The molecules aligned parallel to the field are much more
merical 1D calculation confirms our qualitative interpretation“ke_Iy to re_ac_h high lonization stages, and_ the a”QU'aF distri-

bution of ionic fragments will be peaked in the direction of

of the results. Most important is that for sufficiently large field it th field-induced molecular ali
internuclear distances, when the electron motion between tHg€ field even if there were no field-induced molecular align-

nuclei on the time scale of a laser cycle is negligible, we carnent. : N
look at ionization of a molecular ion as at the ionization of QU results have important implications also for several
an atomic ion in the combined electric field of the laser anuOther fields. An lon in _close pro?qmlty to an atom, a mql-

the adjacent ion. This shows that at sufficiently laRyeur ~ culé, or another ion is found in many areas of physics.

analytical theory is not restricted to odd-charged molecula;rhese. incIude cluster ionizatiga4], pIa;ma formatior15],
y Y 9 and dielectric breakdowf17], to mention but a few. En-

ions, but can also be used to describe ionization of evenh nced ionization which i nsitive to the nuclear i
charged ions&zz’”. Hence our general conclusions can be anced lonizatio ch 1S sensitive 1o the nuclear coordi-
nates is likely to play a role in all these situations.

immediately extended to even-charged molecular ions. ; _
We note that for H", the characteristi® dependence of Recently_, we '?‘amed about the experiments on explosive
the ionization rate is implicit in three valuéR=7 a.u., 10 (enhancey ionization pe.rformed by three. d|ffe_rent groups
a.u., ando) of the rate obtained by 3D numerical simulations [37-39. A.” three experiments C'a'“? to give Q|rect expert-.
[36]. mental evidence pf the gffect descrl_bed in thl§ pap.er.and in
[18,24,29. In particular, in the experimef87] dissociative
ionization of an } molecule up to J'°* charged state was
observed at intensitiels~ 10** W/cn?, yielding atomic ions
Our results suggest that the following scenario takes plac€™, while ionization of iodine atoms yielded ion&"lonly.
in long-pulse dissociative molecular ionization: First, severaln the pump-probe experimef89] the ionization rate of

R [a.u]

We have applied this analytical model to our model triply
charged molecular ioA," (Fig. 5. The open squares and
the full circles in Fig. 5 compare the analytical and the nu-
merical ionization probabilities foh,®* after the end of the
laser pulseEf(t) =E sin(wt/T)sinwt. The pulse parameters
are the same as in Fig(@. Since tunneling in 3D is less
efficient than in 1D, we had to increase intensity in the ana
lytical calculations to approximately match numerical calcu-
lations at largeR=14-16 a.u. The very simple 3D quasis-
tatic analytical model agrees quite well with the exac
solution of the 1D time-dependent ScHioger equation. In
the critical region oR the ionization rate is overestimated by
the analytical formula. The reason is the extreme sensitivit
of the I',,,, to laser intensity in the critical region and higher
intensity used in the analytical calculations. Small deviation
in the ionization probability at smaR result from a break-
down of the tunneling approximation.

Agreement between the analytical 3D model and the nu

V. CONCLUSION
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1,"—1+1"* was measured as a function of the time delay ACKNOWLEDGMENTS
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