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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 magnitude forseveral successive charge
states of the molecule. The 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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I. INTRODUCTION

We describe a quantitative model of molecular ionizat
in intense laser fields. We show that the multiple-well nat
of the potential for electron motion in a molecular ion intr
duces new ionization mechanisms which are not presen
an atom. Under certain conditions the ionization potentia
a molecule is neither the only nor the most important para
eter in determining its ionization dynamics. As a result, s
tems with high ionization potentials can ionize more e
ciently than systems with much lower ionization potentia

We show that the ionization rate of several success
charge states of a diatomic molecule is highly sensitive to
internuclear separationR and has a pronounced peak in
certain critical region ofR. For fixed intensity the peak po
sition is almost independent of the charge state and wa
length. Based on this result, we suggest a scenario of m
electron dissociative ionization of diatomic molecules
intense laser fields. The basic mechanism behind enha
ionization of molecular ions has very broad implication
ranging from optical breakdown in ultrashort pulses to cl
ter ionization.

The advent of short pulse lasers capable of producing
tensities of 1015–1016 W/cm2 about a decade ago raised in
tial hopes of exciting collective multielectron dynamics
atoms. A series of experiments@1–4# demonstrated that a
atom can be stripped of its outer electronic shell at intensi
still below 1016 W/cm2. Motivated by these experiments,
‘‘shell explosion’’ model @5# suggested that very intens
fields excite a collective motion of outer-shell electron
which then scatter from the parent ion core, resulting in
multaneous ejection of the whole valence shell. Howev
the smooth nature of a laser pulse presents a serious obs
for simultaneous multielectron ionization@6#. In all experi-
ments the field passes the region of lower intensities be
reaching the high intensities at which collective excitatio
might occur. Electrons are stripped one by one, at well
fined
541050-2947/96/54~2!/1541~10!/$10.00
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threshold intensities, and ionization is sequential@6#.
The search for simultaneous ionization of many electro

motivated seminal experiments@7# on ionization of diatomic
molecules. The idea behind the experiment@7# was simple
and elegant: If simultaneous ionization were possible, e
for a Xe atom, it would lead to an easily observable effe
for an isoelectronic HI diatomic molecule. Shell explosion
HI will produce highly charged molecular ions, e.g., HI61, at
the equilibrium distance of a neutral molecule~R51.61 Å
for HI!. Further dissociation of the molecular ion due to t
Coulomb repulsion of its highly charged nuclei would yie
fragments~H1 and I51! with total kinetic energy of about 45
eV. The experimentally detected energy was much lower~21
eV!. The same was found in a similar experiment for an2
molecule@8#.

Although disappointing from the point of view of collec
tive processes, the experiments@7,8# revealed a different sur
prising effect: The highly complex process of multielectr
dissociative ionization of molecules yielded a remarka
simple spectrum of the kinetic energies of fragmen
Namely, the kinetic energy released in all fragmentat
channels gave very well resolved lines, rather than smo
energy distribution.

A qualitative model of multiple dissociative ionizatio
proposed in@9# to explain the experimentally observed lin
structure in the kinetic energy of the fragments sugges
that each charged state of a diatomic molecular ion is p
duced at its own well defined value of the internuclear se
ration, which depends on the laser intensity and the cha
state. Since in this model the optimum values ofR were
different for different charge states, the nuclei were expec
to travel along the repulsive Coulomb potential surfaces
tween successive ionization stages. Nonetheless, it was
gested by several experiments and conclusively dem
strated in @10#, that the atomic fragments possess kine
energies which constitute a constant fraction of the Coulo
repulsion experienced by the molecular ion at the equi
1541 © 1996 The American Physical Society
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1542 54IVANOV, SEIDEMAN, CORKUM, ILKOV, AND DIETRICH
rium distance. This observation holds for all studied sim
molecules,independent of the charge state, pulse durati
frequency and intensity of the laser pulse@10#. The ‘‘magic’’
ratio of the measured kinetic energy to the energy of
Coulomb repulsion at the equilibrium distance depends o
on the molecule, in contrast with the model predictions
@9#.

Much effort has been devoted in recent years to resolv
the puzzle raised by experiments@7–11#. Reference@12# sug-
gested using ultrashort pulses~80 fs! and a heavy molecule
freezing the nuclei during the laser pulse. It was sub
quently demonstrated@10#, however, that even for I2 the
fragment kinetic energies are essentially independent of
pulse duration in a wide range~;80 fs–10 ps!, showing that
even in very short pulses the molecule tended to ion
around the same critical distanceRcr larger than the initial
equilibrium value:Rcr.Req.

Reference@10# suggested that, owing to collective ele
tron motion in intense laser fields, even highly charged io
~e.g., Cl2

81!, were stabilized against dissociation at someRcr .
It was pointed out@10#, however, that this interpretation i
hard to reconcile with the independence of the ‘‘const
energy ratio’’ on the intensity.

We suggest that the long-standing experimental puz
can be accommodated within a more general molecular
ization model described below. We show that intense fi
molecular ionization differsqualitativelyfrom atomic ioniza-
tion: It depends sensitively on the molecular configurat
and hence provides a probe of molecular structure and
tions. Although we concentrate on diatomic molecules,
qualitative conclusions extend to larger systems~see@13#!.
The sensitivity of the ionization rate to the internuclear se
rations provides an additional mechanism for time-resolv
dissociative dynamics using intense laser fields. As will
come clear from the discussion below, it is also important
cluster ionization@14#, plasma formation@15#, charge trans-
fer @16#, and dielectric breakdown in femtosecond expe
ments@17#.

In this paper we give a detailed description of our ‘‘e
plosive ionization’’ model, which was briefly described
our previous papers@18#. In particular, we discuss in deta
various tunneling ionization mechanisms proposed in@18#
and confirm them with numerical results. We study nume
cally the possibility of laser-induced suppression of the d
sociation proposed in@10#. We also develop a quantitativ
analytical model of enhanced ionization. The model is ba
on the theory of laser-enhanced electron localization@19–22#
and tunneling ionization@23#. Unlike the analytical mode
described in our previous paper, it is applicable at all int
nuclear distancesR.

One feature of our model, which has been recogni
earlier in@9# and recently extended in@24# is the role played
by the inner barrier, between the two nuclei, in molecu
ionization. The key additional features of our model are
role of laser-enhanced electron localization and of reson
tunneling~see Sec. IV!, as well as the quantitative analytic
and numerical description. More recent three-dimensio
~3D! numerical simulations of H2

1 @25# confirm our predic-
tions.

The paper is organized as follows: Sec. II describes
numerical model, and Sec. III describes the results of
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merical simulations. In Sec. III A we investigate the pos
bility of field-induced stabilization against dissociation.
Sec. III B we show that ionization is strongly peaked in
certain window of internuclear distances, for several succ
sive charge states of a diatomic ion, with the peak ionizat
rate for highly charged states either above or comparabl
that for a singly charged state near equilibrium. In Sec.
we give the qualitative interpretation of our results, showi
that the effect of enhanced ionization is a consequence
another strong-field effect: nonadiabatic electron localizat
in the molecular ion, which has no analogy in the atom
case. We then develop an analytical model, which is ba
on our interpretation of the numerical results and is ap
cable at both large and small internuclear separations. Ba
on our results, in the concluding section we suggest a s
nario of multiple dissociative ionization of diatomic mo
ecules, which qualitatively explains the experimental puz
raised in @10#. We discuss implications of our ionizatio
mechanism to other physical problems, such as cluster
ization and optical breakdown in ultrashort pulses.

II. MODEL

The quantitative description of strong-field ionization of
diatomic ion is performed both numerically and analytical
The numerical approach is based on solving the tim
dependent Schro¨dinger equation for a model diatomic io
with electron motion confined to one dimension. The analy
cal model described in detail in Sec. IV is based on mod
cation of a well-known 3D atomic intense field-ionizatio
theory @23# and the Landau-Zener theory of nonadiaba
transitions. The numerical model is limited to odd-charg
ionic states of the molecule, while the analytical model
applicable to both even and odd charge states.

Numerically, we consider a generic diatomic ionA2
n1

aligned along the electric-field vector of the linearly pola
ized lightE(t)5E f(t)cosvt @f (t) is the envelope#. The ion-
ization dynamics is studied in a single active electron
proximation, for a one-dimensional potential

V~xuR!52
Q

A~x2R/2!21a2
2

Q

A~x1R/2!21a2
. ~1!

The Coulomb repulsion between the nuclei isVc(R)
5Q2/AR21a2. ~Atomic units are used throughout the p
per.!

The time-dependent Hamiltonian for the electron moti
in our model system is

H~ t !52 1
2 ¹21V~xuR!2xE~ t !. ~2!

Molecular alignment assumed in our model is believed to
typical in strong-field molecular ionization experimen
@26,27#. In addition, typically only laser-aligned ionic frag
ments are detected@10–12#. Confining the electron motion to
one dimension proved to capture the essential feature
studying intense-field atomic ionization@28#, and we expect
it to be particularly reliable in the aligned diatomic case.
Eq. ~1! Q is the nuclear charge anda is a smoothing param
eter, routinely employed in strong-field atomic ionizatio
theories@28#.
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54 1543EXPLOSIVE IONIZATION OF MOLECULES IN . . .
The time-dependent Schro¨dinger equation for an electro
motion is solved at each value ofR by exact wave-packe
propagation, using the split-operator fast-Fourier-transfo
method. The initial state is taken to be the ground eigens
of the field-free molecular ion. We assume slow turn on
the electric field,f (t)512exp(2t/t) in Eq. ~2! with t suf-
ficiently large with respect to both field period and the per
of electron motion. The ionization rate is computed by f
lowing the time decay of the norm

g~R!52 K d

dt
ln UC~x,tuR!U2L , ~3!

where the outer bracket denotes the time average over
field period. Particular care is taken to ensure that the de
is single exponential by turning the laser field smooth
enough and by propagating the wave packet to sufficie
long times.

A complementary picture of the ionization dynamics
obtained by calculating the total ionization probability fo
lowing a short pulse, with pulse envelopeE f(t)5E sin(pt/
T), whereT is the pulse duration. The two measures,
ionization rate and the total ionization probability after
short pulse, correspond to two limiting situations, the form
being independent of the experimental details and the la
being independent of a specific decay law.

The time-dependent electronic wave functionC(x,tuR) is
used also to obtain the Born-Oppenheimer quasienergy
tential surfaces of adressed molecule. This is done for the
particular case ofA2

31 @i.e., Q52 in Eq. ~1!#. Analysis of
dressed potential surfaces for this relatively low charge s
is given to explore the hypothesis formulated in Ref.@10#,
namely, that intense laser fields induce electron mot
which can suppress dissociation of highly charged diato
ions.

According to the Floquet theorem, for slow ionization t
time dependence ofC(x,tuR) is given by the following for-
mula:

C~x,tuR!5(
n

e2 i«n~R!tFn~x,tuR!, ~4!

whereFn(x,tuR) are periodic functions of time~quasienergy
eigenstates of a time-dependent Hamiltonian! anden(R) are
R-dependent~complex! quasienergies which represent t
Born-Oppenheimer potential surfaces of a dressed diato
molecule. These surfaces can easily be found, e.g.,
Fourier-transformingC(x,tuR) at somex. The quasienergy
spectrumen(R) thus obtained is, of course, independent ofx.
@Nevertheless, the Fourier transformation ofC(x,tuR)
should be done at several values ofx, since some quasien
ergy wave functionsFn(x,tuR) can accidentally be small a
a given value ofx.#

The number of dressed potential surfaces obtained
way depends on the initial conditions and the pulse turn-
Very slow turn-on leads to a predominant population of o
one ~ground! dressed potential surface, while a fast turn-
gives a richer spectrum. In our calculations of the dres
potential surfaces forA2

31 we used various pulse shapes
well as various initial conditions.
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III. RESULTS

A. Potential surfaces of a dressed molecule

Before discussing the potential surfaces and strong fi
dynamics of a field-dressed molecule, we consider
simple one-dimensional model in the field-free case, with
sole purpose of illustrating the structure of field-free pote
tial surfaces. The one-dimensional approximation is well j
tified in intense linearly polarized fields, where the electr
motion is predominantly one dimensional.

Figure 1 shows the Born-Oppenheimer potential surfa
for a model one-dimensionalA2

1 molecular ion@Q51 in
Eq. ~1!#. Changing the smoothing parametera in Eq. ~1! we
can vary the equilibrium distance, ionization potential, a
dissociation energy of the model molecule. Although th
work is intended to explore a general effect, rather than
model a specific experiment, in order to make the discuss
concrete we adjust the parameters of Eq.~1! to correspond
roughly to the intensities, wavelengths, and molecular s
tems probed in experiments~see, e.g.,@10–12#!. In our cal-
culations we always usea52 and varyQ approximating the
ionization potential~and equilibrium distance for a singl
charged ion! of diatomic ions such as I2

n1 (n52Q21). Our
conclusions are sensitive to neither the value ofa nor the
precise choice of the field parameters, discussed below.

We next examine the possibility of field-induced stabi
zation of otherwise unstable molecular ions@10#. Specifi-
cally, we consider a triply charged model molecular i
A2

31. This case corresponds toQ52 in the potential Eq.~1!.
In the absence of a laser field all potential surfaces of this
are unstable. The question is whether at least one of th
may become stable when the molecule is dressed by the
field.

Classically, the way to stabilize this system is to force t
electron to spend most of its time halfway between the t
positively charged nuclei, where a single negative charge
compensate for the Coulomb repulsion between the nuc
Quantum mechanically, it means that the electron wave fu
tion should be compressed by the laser field to a nar
wave packet aroundx50; the field-free wave function is too
broad and does not have enough degree of localization
x50.

FIG. 1. Field-free potential surfaces ofA2
1.
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1544 54IVANOV, SEIDEMAN, CORKUM, ILKOV, AND DIETRICH
Such effects may indeed occur in very high-frequen
fields, v@I p(R) @29#. At high frequencies we can use th
Kramers-Henneberger transformation to change to a re
ence frame oscillating with the free electron, with amplitu
a5E/v2. In the new reference frame the interaction with t
field is transformed to a time-dependent oscillating fieldV(x
1a cosvtuR), with V(xuR) given by Eq.~1!.

We can expandV(x1a cosvtuR) in the Fourier series
and, if the laser frequency is large enough, keep only
dominant zero-order term, V0(x,auR)5* 0

2pdy V[x
1a cos(y)uR]/(2p). Each well of the field-free double-we
potential~1! is now split into two, with distance 2a between
them, similar to the well-known atomic case~see, e.g., the
collection of papers in@30#!. If the internuclear distanceR is
equal to 2a, two of these four wells merge into one, creati
a triple-well potential with a deeper well exactly in th
middle. As a result, the unstable molecule can be stabili
by the field nearReq'2a.

Although a similar mechanism is very unlikely to occ
for low-frequency fields, we studied the Floquet potent
surfaces ofA2

31 for various field strengths~E50.0220.06
a.u., i.e., I 51.331013– 1.331014 W/cm2! and frequencies
~v50.0320.06 a.u.!, which are the typical experimental pa
rameters. We were unable to find any values ofE,v in this
range for which at least one potential surface of the dres
model molecule is bound. In fact, we found an opposite
fect: intense low-frequency fields tend to suppress the de
tions of the repulsive potential surfaces from the simple C
lomb law. This is exactly what one would expect as a res
of field-enhanced electron localization~see @18# and Sec.
IV !. As a result, at intensities close toI 51014 W/cm2 and for
frequenciesv51.0–1.6 eV the nuclear dynamics of th
dressed moleculeA2

31 is much closer to a simple Coulom
repulsion, than in the field-free case.

Thus our calculations do not support the hypothesis s
gested in Ref.@10#. Since our model includes only one ele
tron, we cannot completely rule out the possibility of m
lecular stabilization due to some collective multielectr
dynamics. However, such collective dynamics can only s
bilize highly charged states~e.g., Cl2

81! if the electrons
move coherently, as one particle with a high charge, spe
ing most of the time between the nuclei. If that were the ca
one would expect a one-electron model to predict at le
some degree of stabilization, but our calculations show
opposite effect.

B. Ionization dynamics

We now look at the ionization rates for several char
states of our model molecule, as a function ofR. Within the
Floquet formalism these are given by the width of t
dressed potential surfaces~the widths of the Floquet compo
nents in the molecular spectrum at eachR!.

As described in Sec. II, we performed two complement
calculations. In both cases we started with the ground e
tronic state of the molecule. To determine ionization rates
turned the laser field on slowly,E f(t)5E@12exp(2t/t)#
with t'20 fs, ensuring that only the Floquet state cor
sponding to the field-free ground state was populated.
determine ionization probabilities, we used a very sh
pulse,E f(t)5E sin(pt/T) with T530 fs @full width at half
y
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maximum ~FWHM!515 fs#, in which case many Floque
states are populated. Figures 2~a!, 2~b!, and 2~c! show, re-
spectively, the ionization rates and ionization probabiliti
for several charge states of the model molecule.

There are several important features in the results of
calculations~Fig. 2.! First, all charge states show strong
enhanced ionization in the same region of internuclear se
rations. One can speak of a critical window of internucle
distances aroundR58 – 11 a.u., where several successi
ionization stages of the model molecule have a very h
ionization rate.

Second, the general envelope of the ionization rate is
sensitive to the laser frequency in the range we have stu
~0.8 eV<v<1.6 eV!, especially at largeR, although the su-
perimposed resonance structure is sensitive tov @Fig. 2~b!#.

Third, although the region ofR where the ionization rate
is maximum shrinks with increasing charge, the peak va
of the ionization rate remains amazingly high while the io
ization potential varies from about 25–30 eV (A2

31! to
about 60–70 eV (A2

71!. For the triply charged ion, the ion
ization rate is almost three orders of magnitude greater n
its peak than atR→`. For higher charge states the enhanc
ment is even greater. AtI'931013 W/cm2 the ionization
rate of A2

11 near equilibrium is almost an order of magn
tude less than that ofA2

31 near the peak. Only a sligh
increase in intensity toI'1.331014 W/cm2 is required to
achieve an ionization rate ofA2

51 andA2
71 comparable to

that of A2
11 near equilibrium. It would require approxi

mately one order of magnitude greater intensity to achi
the same ionization rate for an atomic ionA31.

At higher intensities~I;1015 W/cm2! the R dependence
of the ionization probability for highly charged ions remai
qualitatively the same, with a well pronounced peak
R'8 – 11 a.u. The width of the peak increases and the c
trast with the ionization rate at infiniteR decreases, resulting
in a curve very similar to that forA2

31 at I;1014 W/cm2.

IV. QUALITATIVE PHYSICS
AND ANALYTICAL THEORY

In this section we present a qualitative interpretation
the results of our numerical calculations and propose an a
lytical theory applicable for all internuclear distances. O
analytical model is based on the qualitative physical interp
tation suggested below. Its agreement with the numer
data confirms the validity of our qualitative picture.

As noted in Sec. III, the general behavior of theR depen-
dence of the ionization rate is almost independent of la
frequency in the range we studiedv50.8–1.6 eV. In atoms
this is typical for tunnel ionization, which is understood
terms of aquasistaticpicture. In this picture the phase of th
oscillating electric fieldE cosvt is treated as a parameter an
the ionization rate is calculated at each phase of the slo
varying electric field. A similar quasistatic approach is us
here. However, the double-well nature of the potential for
electron motion in a molecular ion leads to an importa
difference compared to the atomic case. We will see that
electron motion between the nuclei is the crucial elemen
the ionization dynamics. Unlike transitions to the continuu
the electron motion between the discrete states of the dou
well molecular potential is nonadiabatic. That i
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54 1545EXPLOSIVE IONIZATION OF MOLECULES IN . . .
FIG. 2. Ionization of different charge states of a model m
ecule. ~a! Ionization rates ofA2

31 and A2
71 at I 58.7531013

W/cm2 andI 51.2631014 W/cm2, respectively. The laser frequenc
is v50.04 a.u.~b! Ionization rates ofA2

51 for three different laser
frequencies:v50.03 a.u.~dotted line!, v50.04 a.u.~dashed line!,
v50.05 a.u.~solid line!; intensity 1.0631014 W/cm2. ~c! Ionization
probability after the end of the short pulseI (t)5I sin2(pt/T),
T530 fs, for laser frequencyv50.05 a.u. full squares:A2

1 at
I 58.7531013 W/cm2; full circles: A2

31 at I 58.7531013 W/cm2;
full triangles:A2

51 at I 58.7531013 W/cm2; full diamonds:A2
51

at I 51.2631014 W/cm2.
as the phase of the electric fieldE cosvt changes during the
laser cycle, the electron does not necessarily stay in the s
which adiabatically follows the evolution of the electric-fie
phase. Nevertheless, in the limit of strong interaction,
adiabatic basis is very convenient and, once nonadiab
transitions are included in the formalism, allows one to d
scribe the electron dynamics in a very physical way.~The
convenience of such an approach in the intense-field li
was realized some fifteen years ago; see@19,20#. For ex-
ample, Ref.@20# shows in detail how Floquet states and mu
tiphoton resonances, which refer to dynamics during ma
laser cycles, can be rigorously and conveniently descri
using quasistatic~adiabatic! basis, which follows the system
dynamics within each laser cycle.!

A. Low-charge states

Figure 3 shows the Coulomb potential experienced b
valence electron of a diatomic ionA2

(2Q21)1 (Q51,2,...) in
the absence of a field@Fig. 3~a!# and in the presence of
constant electric field@Fig. 3~b!#. At small internuclear dis-
tances~dashed curves! the energy of the local maximum i
much lower than the energy of the ground electronic st
and ionization is similar to that of an atomic ion, the on
difference being the polarizability of molecular ions. At larg
internuclear distances~dot-dashed curves! the inner barrier
between the two wells is broad and ionization is again ato
clike.

By contrast, at intermediate internuclear separations~solid
curves!, the double-well nature of the molecular potent
leads to aqualitative difference in the ionization dynamic
compared with the atomic case. Figure 3~c! suggests that in
this region ionization of diatomic ions would be dramatica
enhanced compared to atomic ionization since the elec
can tunnel through the narrowinternal barrier directly to the
continuum. A similar figure to Fig. 3~c! was included in an
early molecular ionization paper@9#. However, Thomas-
Fermi calculations of molecular ionization@31#, which fol-
lowed Ref. @9#, were performed in theadiabatic limit and
showed only very modest enhancement in the ionization
with internuclear separation. In the adiabatic approximat
the electronic wave function adjusts as the potential chan
during the laser cycle, fully localizing in the lower well i
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 cruci
element of our theory. If, during the laser half-cycle, subst
tial population is left in the rising well of the double-we
potential, a new ionization mechanism is introduced
tunneling of this population to thecontinuumthrough the
internal barrier@Fig. 3~c!#, near the peak of the instantaneo
electric fieldE sinvt.

Electron localization in one of the wells of the doubl
well potential is known to occur in double-well quantu
structures@21#. Note that complete electron localization
not required in our case. We only require that during t
laserhalf cyclethere is a substantial probability for the ele
tron to stay in the rising well, rather than to make an ad
batic transition to the descending well. In sufficiently stro
laser fields~or for sufficiently largeR!, whenRE@vug(R),
wherevug(R) is the splitting between the ground~gerade!
state and its ungerade partner, this transition is only poss

-
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during a short fraction of the laser half cycle near thezeroof
the instantaneous field, whenREsinvt<vug(R). Therefore,
tunneling to the continuum~bound-free transition!, which
occurs near thepeakof the instantaneous field, isseparated
in time from possible adiabatic transition between the t
wells ~bound-bound resonance tunneling!, which occurs near
the zeroof the instantaneous field.

Quantitatively, the effect of electron localization and tra
ping of population in the rising well can be described
solving the Schro¨dinger equation for a two-level system o

FIG. 3. Pictorial scheme of the electronic potential at seve
internuclear separations: dotted lineR54 a.u., solid lineR58 a.u.,
dot-dashed lineR516 a.u.~a! without electric field,~b! with elec-
tric field, ~c! tunneling ionization through internal barrier.
-

ground geradeug& and excited ungeradeuu& states. If the
electron wave function is a symmetric superposition of th
two statesuf(t50)&5(uu&1ug&)/&, it is localized near the
left nucleus. Let free, in a timeTug5p/vug it will evolve
into uf(t5p/vug)&5(uu&2ug&)/&, a state localized nea
the right nucleus. The timeTug5p/vug is the time of elec-
tron motion between the nuclei. In the presence of a str
laser field RE@vug(R) the field-free splittingvug(R) is
changed to@22#

vug~R,E!5vug~R!J0~RE/v!. ~5!

Equation~5! is applicable whenv.vug(R) or, for small
laser frequenciesv,vug(R), whenREv.v ug

2 (R). As one
can see from Eq.~5!, in strong fields, when

RE@vug~R!, vgu
2 ~R!/REv,1 ~6!

the frequency of electron motion between the nuclei
creases@the timeTug(R,E)5p/vug(R,E) increases#. Com-
plete suppression of electron motion between the nuclei
curs when the Bessel function in Eq.~5! is equal to zero. In
general, however, it is required that the transition freque
in the field vug(R,E)5vug(R)J0(RE/v) be smaller than
the laser frequencyv. When this condition is fulfilled, trap-
ping of the electron in the rising well of the potential
efficient and tunneling through the inner barrier directly
the continuum@Fig. 3~c!# may occur. At largeR, when
v.vug(R), the conditionv.vug(R,E) is satisfied for all
values ofE. At intermediateR, when v,vug(R), the re-
quirementv.vug(R,E) is met when the conditions Eq.~6!
are satisfied. It is easy to verify that, for our model molecu
the conditionv.vug(R,E) is satisfied near the peak of th
ionization rate curve~R;8 – 10 a.u.!, for laser frequencies
and intensities used in the calculations. For example, in
case of A2

31, for E50.05 a.u. ~I 58.7531013 W/cm2!,
v50.05 a.u., we obtainvgu(R)/v50.056 forR58 a.u.

B. High-charge states

The ionization mechanism becomes more complex as
moves to higher charge states~e.g., A2

51, A2
71!, keeping

the laser intensity constant. For largeQ in Eq. ~1! the ground
state in each of the wells of the double-well potential is ve
deeply bound. At the intensities shown in Fig. 2~b! the ex-
ternal barrier is not suppressed to below the ground stat
the raised well@Fig. 4~a!# until very largeR. However, for
large Q each well supports more than one localized st
even at modestR. These high-lying excited states@stateu4& in
Figs. 4~a!, 4~b!# have sufficient energy to tunnel to the co
tinuum at the intensities considered.

The excitation mechanism of these states can be qua
tively understood as resonant tunneling@see Figs. 4~a! and
4~b!#, and can be described within the Landau-Zener form
ism. This excitation mechanism is known to occur in qua
tum well devices@32#. During the laser half cycle the local
ized ground state of the rising well@stateu2& in the left well
in Fig. 4~a!# passes through resonance with excited state
the descending well@stateu3& in the right well in Fig. 4~a!#.
This leads to an avoided crossing in Fig. 4~b!. After the
avoided crossing, a fraction of the population is transfer
to the excited state of the descending well viaadiabatic

l
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Landau-Zener-type transition. This transition correspond
tunneling through the internal barrier during the resona
between statesu2& and u3&. On the way back, when the righ
well rises and the left well descends, adiabatic Landau-
Zener-type transition@Fig. 4~b!# is needed to keep the popu
lation in the excited state of the rising well. Thus excitati
results from resonant tunneling and requires one adiab
and one diabatic transition. The peak position of the ioni
tion curve is determined by the competition between exc
tion and tunneling to the continuum, as well as by an op
mum in excitation.

We note that similar physics is found in microwave ex
tation and ionization of alkaline Rydberg atoms@33,34#. Re-
cent experiments on excitation of alkaline Rydberg ato
with ‘‘microwave’’ half-cycle pulses@34# gave a convincing
demonstration of the same physical mechanism of seque
diabatic and adiabatic Landau-Zener-type transitions.
creasing amplitude in the half-cycle pulse produces the u
Stark manifold of Rydbergunl& states with a negligible
quantum defect (l .2). At some valueEc of the electric field
this manifold mixes with the initially populated lower-lyin
stateun0l 0& with small l 0 and large quantum defect. As th
field E passes the valueEc , population can be adiabaticall

FIG. 4. Pictorial scheme of resonant tunneling ionizati
mechanism forR59 a.u. andA2

51 at I 51.0631014 W/cm2. ~a!
Double-well potential at the peak of the electric field with adiaba
levels; ~b! adiabatic levels vs the phasef5vt of the electric field
E sinvt. Avoided crossings are the points of nonadiabatic or ad
batic ~resonant tunneling! transitions.
to
e

tic
-
-

i-

s

ial
-
al

transferred from the stateun0l 0& to the Stark states. As th
field in the half-cycle pulse decreases,Ec is passed again
and this time diabatic transition is needed to keep the po
lation in the statesunl& @34#.

Returning to molecules, if the laser intensity is increas
to I;1015 W/cm2, then the resonant tunneling ionizatio
mechanism is replaced by a simpler one-step tunne
through the inner barrier at higher intensities. The ionizat
probability increases and itsR dependence becomes ve
similar to that forA2

31 at I'1014 W/cm2.

C. Analytical model

We now describe a 3D analytical model valid in the low
frequency–high-intensity limit. The model is applicable
all internuclear distances. It is based on the qualitative in
pretation of our numerical results and consists of two ste
First, we find the population of ground and excited adiaba
states near the peak of the instantaneous electric field.
odd-charge states this is done in a two-level approximat
That is, we only consider the ground~gerade! state of the
double-well potential and its charge-resonant~ungerade!
partner. For even-charge states at small and intermediaR
the two levels are the ground state and its charge-tran
partner of the opposite symmetry. At largeR both symmetric
us& and asymmetricua& charge-transfer states have to be
cluded. However, at this stage the dynamics can again
reduced to a two-level model by using sum and differen
statesua&6us&, which are decoupled from each other, dege
erate, and have equal couplings to the ground state. Sec
we calculate the probability of tunnel ionization from bo
states near the peak of the field. This approach is valid
cause, as explained above, nonadiabatic transition betw
the adiabatic states and tunneling to the continuum occu
different parts of the laser half-cycle: transition to the co
tinuum occurs near the peaks of the instantaneous fi
while transition between the adiabatic states occur near
crests.

Below we will concentrate on the simpler case of od
charge ionic states. The results at largeR can be extended to
even-charge states without any modification.

Ionization from the upper state. We begin the description
of the model with its second step—tunneling ionization fro
the excited adiabatic state near the peak of the instantan
field.

~1! At large internuclear distances the external barrier
irrelevant near the peak of the instantaneous electric fi
ionization can be envisioned as tunneling through the in
nal barrier, suppressed by thecombinedelectric fields of the
laser and the adjacent ion,Etot5E sinvt1Eion . ~Note that for
the upper adiabatic state both fields are acting in the sa
direction during the whole laser cycle, yieldin
Etot5Eusinvt u1uEionu.! This hints at modifying the standar
3D atomic tunneling ionization theory~ADK ! @23# by replac-
ing the laser fieldE sinvt with Etot . The main difficulty of
this approximation is that the field of the adjacent ion is n
constant, but depends on the distance from the ion. Howe
tunneling is efficient only when the barrier is sufficiently lo
and thin, so that the field of the adjacent ion is approximat
constant across the barrier. We therefore find the maxim
of the potential barrier for the exact potentialV(xuR)
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2xEsinvt and then replace the inhomogeneous field of
adjacent ion by the homogeneous field calculated at
maximum of the potential barrier: Etot5Eusinvtu
1Q2/(R2R0)2, where Q2 is the charge of the adjacen
nucleus andR05R0(E sinvt,Q1 ,Q2) accounts for the offse
of the barrier maximum from the nucleus with chargeQ1 , at
which the upper adiabatic state is localized.

~2! At small internuclear distances the external barr
becomes important. We therefore have to include the co
sponding tunneling probability. Now the upper-state wa
function is distributed along the whole double-well potent
and it is natural to use the standard ADK theory@23# modi-
fied to include the Stark shift of the upper state and
R-dependent field-free ionization potential of the upper st
I p,2(R).

In general, one has to include tunneling through both b
riers, although for most internuclear distances one of the
barriers is suppressed below the upper adiabatic state an
corresponding transmission coefficient is equal to one.
approximate formula which describes this general situatio

wupper~ t !5w1~ t !w2~ t !/@w1~ t !1w2~ t !#, ~7!

wherew1(t) is the tunneling rate through the inner barri
andw2(t) is the tunneling rate through the external barri
When one of the two rates is much smaller than the oth
this smaller rate determines the rate of the whole proc
According to the above discussion, the ratew1(t) can be
written as

w1~ t !5wADK@ I p~R→`!;Etot ;Q1#, ~8!

while the ratew2(t) is

w2~ t !5wADK@ I p,2~R!2D~E sinvt,R!;E sinvt;Q11Q2#.
~9!

Here I p,2(R) is the field-free ionization potential of the ex
cited state,D(E sinvt,R) is the Stark shift of the excited
state in the adiabatic approximation.Q11Q2 is the total
charge of the two nuclei, andwADK(I p ;E;Q) denotes the
standard ADK ionization rate@23# for the ionization poten-
tial I p , electric fieldE, and nuclear chargeQ.

We now have to include the relative population of t
upper adiabatic state. For slow turn-on of the laser field
system initially prepared in the ground state goes into
ground Floquet stateC g

(F). To find the decay rate of the
system via the upper adiabatic state, the wave function of
ground Floquet state has to be projected onto the upper a
batic stateCupper

~ad! . Averaged over resonances, in a two-lev
approximation this yields the following result@19#:

u^Cg
~F !uCupper

~ad! &u250.5S 12
A12Z

A11Z
D , ~10!

where

Z5expS 2
2v12

v

D@1/~11q2!#

A11q2 D ~11!

and q52Ed12(R)/v12(R), d12 being the transition matrix
element in the two-level system. For odd-charge states of
e
e

r
e-
e
l

e
e

r-
o
the
n
is

.
r,
s.

e
e

e
ia-
l

he

molecular ion d12'R/2 and q'ER/v12(R). In Eq. ~11!
D(x) is the elliptic integral of the third kind

D~x!5E
0

p/2 sin2u

A12x sin2u
du. ~12!

We note that the projection of the Floquet state onto
upper adiabatic state is, of course, normalized to the t
population left in the two-level system. That is, it gives
fraction of the total population, which is residing in the up
per adiabatic state. Such normalization is required since
decay rate is also always normalized to the total popula
of the system.

In the limit q@1, that is,RE@v12(R), the expression Eq
~10! becomes

u^Cg
~F !uCupper

~ad! &u250.5 exp~2pv12
2 ~R!/2REv!. ~13!

In the limit v 12
2 (R)/2REv!1 this expression has to

be corrected to include coherent effects in the destruc
of tunneling, caused by interference of transitions dur
successive laser half cycles@20#. Taking into account
that in this limit v12(R,E)5v12(R)A2v/pREsin(RE/v
1p/4), the correct expression is u^C g

(F)uC upper
~ad! &u2

50.5 exp$2pv12
2 @~R!sin2(RE/v1p/4)/REv#%.

Hence the contribution of the upper adiabatic state to
ionization rate of the diatomic ion prepared in its grou
Floquet state is

Gu~ t !50.5S 12
A12Z

A11Z
D w1~ t !w2~ t !

w1~ t !1w2~ t !
, ~14!

where the ratesw1(t) andw2(t) are given by Eqs.~8!,~9!.
Ionization from the lower state. The ionization rate from

the lower adiabatic state is again obtained by using the A
theory. Tunneling from this state contributes to the total io
ization rate in two cases. First, its contribution is significa
at very small internuclear distances, where no electron lo
ization takes place and population of the upper state is n
ligible. Second, its contribution is significant at very larg
internuclear distances, where the internal and the exte
barriers are almost identical and the enhancement of ion
tion due to the field of adjacent ion is negligible. At interm
diate distances shown in Figs. 2 and 5 the contribution of
lower state is negligible.

As shown in@35#, at small internuclear distances the io
ization rate is obtained by minor modifications of the sta
dard ADK tunneling theory: usingR-dependent field-free
ionization potential and including molecular polarizabilit
At large internuclear distances the ionization rate is given
the ADK theory modified similar to Eq.~8!, but now the total
field Etot is given by thedifferencebetween the laser field
and that of the adjacent ion:Etot5Eusinvtu2Eion . The frac-
tion of the population residing in the lower adiabatic sta
normalized to the total population left in the system,
z^C g

(F)uC lower
~ad! &z2512z^C g

(F)uC upper
~ad! &z2.

The total ionization probability is

Wion512expS 2E @Gu~ t !1G l~ t !#dtD . ~15!
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We have applied this analytical model to our model trip
charged molecular ionA2

31 ~Fig. 5!. The open squares an
the full circles in Fig. 5 compare the analytical and the n
merical ionization probabilities forA2

31 after the end of the
laser pulseE f(t)5E sin(pt/T)sinvt. The pulse parameter
are the same as in Fig. 2~c!. Since tunneling in 3D is less
efficient than in 1D, we had to increase intensity in the a
lytical calculations to approximately match numerical calc
lations at largeR514– 16 a.u. The very simple 3D quasi
tatic analytical model agrees quite well with the exa
solution of the 1D time-dependent Schro¨dinger equation. In
the critical region ofR the ionization rate is overestimated b
the analytical formula. The reason is the extreme sensiti
of the Gion to laser intensity in the critical region and high
intensity used in the analytical calculations. Small deviatio
in the ionization probability at smallR result from a break-
down of the tunneling approximation.

Agreement between the analytical 3D model and the
merical 1D calculation confirms our qualitative interpretati
of the results. Most important is that for sufficiently larg
internuclear distances, when the electron motion between
nuclei on the time scale of a laser cycle is negligible, we c
look at ionization of a molecular ion as at the ionization
an atomic ion in the combined electric field of the laser a
the adjacent ion. This shows that at sufficiently largeR our
analytical theory is not restricted to odd-charged molecu
ions, but can also be used to describe ionization of ev
charged ionsA2

2n1. Hence our general conclusions can
immediately extended to even-charged molecular ions.

We note that for H2
1 , the characteristicR dependence o

the ionization rate is implicit in three values~R57 a.u., 10
a.u., and̀ ! of the rate obtained by 3D numerical simulatio
@36#.

V. CONCLUSION

Our results suggest that the following scenario takes p
in long-pulse dissociative molecular ionization: First, seve

FIG. 5. Comparison of numerical and analytical calculations
ionization probability for A2

31 at the end of short pulse
I (t)5I sin2(pt/T), T530 fs, for laser frequencyv50.05 a.u. Full
circles—1D numerical simulations atI 58.7531013 W/cm2, open
squares—3D analytical results atI 51.3531014 W/cm2. Intensity in
analytical calculations is chosen to match ionization rate atR516
a.u.
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electrons are stripped until the first repulsive charge s
~A2

21 or A2
31! is reached. The molecule starts to dissoci

and enters a critical regionR'Rcr , where the ionization rate
is strongly peaked for several successive ionization stage
simple estimate assuming Coulomb repulsion shows
even as heavy a molecule as I2

31 starting to dissociate with
zero initial kinetic energy atReq'5 a.u. will reach the critical
region~R'9 a.u.! in about 110 fs. As seen, e.g., in Fig. 2~c!,
the intensity needed to reach the repulsive stateA2

21 near
equilibrium is sufficient to rapidly ionize several more ele
trons in the critical region, producing a series of high
charged states. The series is terminated at a state for w
the time required for the nuclei to pass the critical region
too short to permit further ionization. Thus, the fragmen
from all charge states of the molecule have kinetic energ
that correspond to Coulomb repulsion at approximately
same internuclear distanceRcr . These energies constitute
constant fractionReq/Rcr of the Coulomb energy at the equ
librium distance, independent of the charge state and p
duration. This gives a qualitative answer to the experimen
puzzle discussed in Ref.@10#.

One can roughly estimateRcr by approximately calculat-
ing the distance where the internal barrier penetrates
ground state and the interplay between the two barriers s
to dominate ionization dynamics~see also@18,24#!. Using
the approximation that the ionization potential of an atom
ion with charge (Q21) is QIp , whereI p is the atomic ion-
ization potential, we find that localization occurs
Rcr;3/I p , independent ofQ. One obtainsRcr52.87 ~2.34!,
3.1 ~2.62!, 3.1 ~2.75!, 3.3 ~2.8!, and 3.9~3.6! Å for N2, O2,
H2, Cl2, and I2, respectively. The distances shown in brac
ets are suggested by experimental explosion ener
@10,24#. If one includes extra kinetic energy acquired duri
dissociation betweenReq andRcr , the agreement between th
rough estimate given above and the experimental data
become even better.

Another important consequence of enhanced ionizatio
its effect on angular distribution of the multiply charge
ionic fragments. The ionization rate in the critical region
highly dependent on the molecular orientation to the fie
The molecules aligned parallel to the field are much m
likely to reach high ionization stages, and the angular dis
bution of ionic fragments will be peaked in the direction
the field even if there were no field-induced molecular alig
ment.

Our results have important implications also for seve
other fields. An ion in close proximity to an atom, a mo
ecule, or another ion is found in many areas of phys
These include cluster ionization@14#, plasma formation@15#,
and dielectric breakdown@17#, to mention but a few. En-
hanced ionization which is sensitive to the nuclear coor
nates is likely to play a role in all these situations.

Recently, we learned about the experiments on explos
~enhanced! ionization performed by three different group
@37–39#. All three experiments claim to give direct exper
mental evidence of the effect described in this paper an
@18,24,25#. In particular, in the experiment@37# dissociative
ionization of an I2 molecule up to I2

101 charged state was
observed at intensitiesI;1014 W/cm2, yielding atomic ions
I51, while ionization of iodine atoms yielded ions I21 only.
In the pump-probe experiment@39# the ionization rate of

f



la

es

th

o

g
dt,
n-
i,
p-

1550 54IVANOV, SEIDEMAN, CORKUM, ILKOV, AND DIETRICH
I2
21→I 1I 11 was measured as a function of the time de

between the pump pulse producingI 2
11 and the probe pulse

ionizing I 2
11→I 1I 11, with the distinct peak around

R;4 – 5 Å. Similar results are found for other charge stat
In the experiment@38# above-threshold dissociation ofD2

1

was observed, yielding a distinct double-peak structure in
kinetic energy of the fragments, with the second~high-
energy! peak corresponding to the Coulomb explosion
D2

11 at R'3.6 Å.
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