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Interference stabilization of molecules with respect to photodissociation by a strong laser field
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The ideas of interference stabilization of Rydberg atoms are adapted to photodissociation and stabilization of
molecules by a strong laser field. Multiple strong-field-induced Raman-type transitions between vibrational
levels of the ground electronic state are taken into account. For the molecular ion H2

1 matrix elements of these
transitions are calculated numerically and the arising equations for probability amplitudes to find a molecule at
ground-state vibrational levels are solved~a! in stationary and~b! in the initial-value-problem formulations. In
the stationary formulation, complex quasienergies and quasienergy zones are found. Specific values of the light
frequencyv are found at which some quasienergy zones narrow with growing light intensity. Such an effect
indicates a possibility of stabilization, which is confirmed to occur by a direct solution of the initial-value
problem. The calculated total probability of photodissociation per pulse in the dependence on the light peak
intensity is shown to decrease its growth with growing light intensity. Dynamics of photodissociation in the
stabilization regime and structure of the arising vibrational wave packets are investigated and discussed. The
method of description, in which Raman-type vibrational-vibrational transitions are taken into account is com-
pared with that based on the ideas of the field-induced avoided crossing.

DOI: 10.1103/PhysRevA.65.033419 PACS number~s!: 42.50.Hz, 32.80.Rm
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I. INTRODUCTION

As it is well known @1,2#, interference stabilization o
Rydberg atoms, photoionized by a strong light field, ari
owing to Raman-type~or L-type! transitions between Ryd
berg levels. These transitions provide coherent repopula
of Rydberg levels, subsequent transitions from which to
continuum can interfere with each other and suppress ph
ionization. The effect was rather widely investigated the
retically, and some of existing experiments on the stro
field stabilization of atoms@3# can be considered as
confirmation of the model of interference stabilization.

In a theoretical study, many interesting features of
phenomenon were discovered. One of them concerns s
ture of quasienergy levels in dependence on the light in
sity I. In the range of intensitiesI ,I cr;v10/3 ~wherev is
the light frequency and bothv and I are in atomic units!
Rydberg levels broaden owing to ionization but broaden
remains smaller than spacing between levels, and there
stabilization. At I;I cr broadened levels overlap with eac
other and form a kind of a quasicontinuum. In the range
higher intensitiesI .I cr quasienergy levels appear to be na
rowing with growing I, and narrowing quasienergy~or
dressed-atom! levels appear to be located exactly betwe
neighboring field-free Rydberg levels. Narrowing of quesie
ergy levels in the strong-field limit is connected directly wi
the effect of interference stabilization.

In principle, probably, a similar phenomenon~stabiliza-
tion with respect to photoionization! can occur in molecules
excited initially to high~Rydberg! electronic states. As far a
we know, such an effect has never been either discus
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theoretically or observed experimentally. But its consid
ation is not the goal of this paper either. Here we will discu
a possibility of a related but different phenomenon. The id
is to look for a possibility of interference stabilization
vibrational levels of a molecule with respect to its photod
sociation rather than photoionization. The physics of suc
phenomenon can be close to that described above. It is
sumed again that in the process of strong-field photodis
ciation vibrational levels of the molecular ground electron
state can be efficiently repopulated via Raman- orL-type
transitions~Fig. 1! and subsequent transitions from these le
els to an excited unstable electronic state can interfere w
and partially cancel each other giving rise to stabilization
a molecule with respect to its photodissociation.

Though the formulated analogy between atomic Rydb
levels and molecular vibrational levels looks quite natu
and straightforward, realizability of the described stabiliz
tion effect in molecules is far from being evident. The reas
is in a great difference in structures of the continua in ato
and molecules and in the resulting difference in dipole m
trix elements of bound-free atomic and molecular transitio
Because of these differences many approximations o
used and rather well justified in the case of atoms, appea
be absolutely invalid in the case of molecular transitio
Some approximations of this kind discussed below are
flat-continuum approximation, a procedure of adiaba
elimination of the continuum, approximation of almost ide
tical values of all the components of the ionization-wid
tensor in the case of Rydberg atoms, etc. All of these
proximations or their analogs do not work in the case
molecules. For this reason, the molecular problem is m
more complicated than the atomic one and hardly can
solved analytically, even approximately. In this paper, fo
molecular ion H2

1 , we calculate numerically all the arisin
matrix elements: dipole bound-free matrix elements a
©2002 The American Physical Society19-1
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FIG. 1. A scheme of potential curvesU0(R)
and U1(R) for the hydrogen molecular ion H2

1

~inset! and scheme of Raman- (L2) type transi-
tions between vibrational levelsEv .
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complex matrix elements of Raman-type transitions betw
vibrational levels of the ground electronic state. The res
of such calculations are used to justify the procedure
semiadiabatic elimination of the continuum introduced b
low. We solve numerically equations for the probability am
plitudes to find a molecule at vibrational levels of the grou
electronic state. As a result, we find complex quasiener
of a molecule and solutions of the initial-value problem. T
results are used to find conditions under which interfere
stabilization at molecular vibrational levels can occur and
analyze the physics of stabilization.

It should be noted that strong-field stabilization of mo
ecules with respect to their photoionization has been
cussed earlier@4–7#. The methods of theoretical analys
were based either on a direct numerical solution of
Schrödinger equation or on the effect known as the fie
induced avoided crossing@8#. This method and that based o
taking into account multiple Raman-type transitions~used in
this paper! are compared briefly below in Sec. V. Our meth
is applied to molecules, we do believe, it gives an interes
insight into the physics of stabilization in molecules. B
sides, in our calculations we consider the case of frequen
sufficiently high to provide one-photon transitions from low
energy vibrational states of the ground electronic states to
continuum of the first unstable electronic state. As far as
know, such a case has never been considered in ea
works. It is interesting enough that interference stabilizat
is shown to exist even at low-vibrational levels where an
ogy with atomic Rydberg levels is minimal.

II. EQUATIONS

Let us consider two lowest-energy bound (U0) and un-
stable (U1) molecular electronic states~respectively, 1sg

and 1su states in the H2
1 molecule, Fig. 1!. Let the light

frequencyv be more or less close to the energy of a tran
tion between these two electronic states at the equilibr
distance between nucleiR5Re'2 ~if not indicated differ-
ently, atomic units are used throughout the paper!. Let any
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other electronic states be out of resonances and transitio
and via them be ignored. At last, let us use the approxima
of frozen angular variables of a molecule, which is qu
reasonable in the case of short laser pulses~tens femtosec-
onds! to be considered below. Under these assumptions
expansion of the field-driven molecular wave function in
series of the field-free eigenfunctions can be written in
form

C5c0(
v

Cv~ t ! exp~2 iEvt !wv~R!

1c1E dE exp~2 iEt !CE~ t !wE~R!, ~2.1!

wherec0,1 are the electronic wave functions of the grou
and first excited electronic states of a molecule,wv(R) are
the vibrational wave functions of the ground electronic sta
and wE(R) are the nuclear wave functions of the unstab
electronic state. Equations for the time-dependent probab
amplitudesCv,E(t), following from the Schro¨dinger equa-
tion, in the rotating-wave approximation are given by

iĊv~ t !52
«0~ t !

2 E dE exp@ i ~Ev1v2E!t#dvECE~ t !,

and

iĊE~ t !52
«0~ t !

2 (
v

dEv exp@2 i ~Ev1v2E!t#Cv~ t !,

~2.2!

where«0(t) is the pulse field-strength envelope anddvE and
dEv are the dipole matrix elements

dvE5^wvud01~R!uwE&5~dEv!* ~2.3!

with d01(R)5^c0uduc1&.
Equations~2.2! are written for molecules aligned alon

the field polarization~in the approximation of frozen rota
9-2
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INTERFERENCE STABILIZATION OF MOLECULES . . . PHYSICAL REVIEW A 65 033419
tions!. This is the case under consideration in this paper.
an ensemble of molecules randomly distributed overu,«0 in
Eq. ~2.2! must be substituted by«0 cosu, where u is the
angle between the molecular axis and polarization, and
results of calculations~e.g., probability of dissociation! must
be averaged overu.

The second of Eqs.~2.2! can be formally integrated an
substituted to the first ones to reduce the latter to the form
a set of integrodifferential equations for the functionsCv(t)
only

Ċv~ t !52
«0~ t !

4 E
2`

0

dt8«0~ t1t8! (
v8

Cv8~ t1t8!

3exp@ i ~Ev2Ev8!t#Rv,v8~ t8!

3exp@2 i ~Ev81v!t8#, ~2.4!

where the kernel functionsRv,v8(t) are given by

Rv,v8~ t8!5E
0

`

dE dvEdEv8 exp~ iEt8!. ~2.5!

The above-mentioned flat-continuum approximation a
adiabatic elimination procedure correspond, respectively
very slow dependence of the dipole matrix elementsdvE on
the energy in the continuumE and to the approximation o
the kernel functionsRv,v8(t) by the d function, Rv,v8(t)
}d(t). As it follows from our direct calculations~see Sec.
IV below! none of these approximations is valid in the ca
of molecules: the dependence ofdvE on E is not slow and the
functions Rv,v8(t) are not narrow enough to be appro
imated by thed function. Nevertheless, as is shown below
kind of a semiadiabatic elimination procedure can be form
lated and used. The functionsRv,v8(t) will be shown to be
localized neart50 in a region which is small compared t
typical variation scales ofCv(t1t) and «0(t1t) but not
compared to 1/v. This means that the functionsCv(t1t)
and «0(t1t) can be substituted byCv(t) and «0(t) and
taken out of the integral on the right-hand side of Eqs.~2.4!
to reduce Eqs.~2.4! to simple first-order differential equa
tions

Ċv~ t !52
«0

2~ t !

4 (
v8

Cv8~ t ! Qv,v8~v! exp@~Ev2Ev8!t#,

~2.6!

whereQv,v8(v) are the Raman-type matrix elements

Qv,v8~v!5E
2`

0

dt Rv,v8~t! exp@2 i ~v1Ev8!t#.

~2.7!

For H2
1 the known data about potential curvesU0,1(R) @9#

and electronic functionsc0,1 @10# were used to calculate nu
merically field-free nuclear eigenfunctionswv(R) and
wE(R), theR-dependent electronic-transition dipole mome
d01(R), its matrix elementsdvE ~2.3!, kernel functions
Rv,v8(t) ~2.5! of the integrodifferential Eqs.~2.4!, and
Raman-type matrix elementsQv,v8(v) ~2.7!. Then, Eqs.
03341
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~2.6! were used to solve the initial-value problem and to fi
the time-dependent probability amplitudesCv(t). The time-
dependent probability of dissociationwD(t) was determined
as

wD~ t !512(
v

uCv~ t !u2. ~2.8!

For Gaussian-like pulses the total probability of dissociat
per pulse is given bywD tot5wD(`). For pulses ending a
finite time t,wD tot[wD(t). Below, wD(t) ~2.8! and wD tot
are compared with the probability of dissociation determin
by the first-order Fermi-Golden-Rule~FGR! formula, inte-
grated over time and raised to the exponent

wD
FGR~ t !512expS 2

p

2
udvEu2U

E5Ev1v

E
2`

t

«0
2~ t8!dt8D

~2.9!

andwD tot
FGR 5wD

FGR(t) ~for pulses ending at finite timet5t).
It should be emphasized that, though expression~2.9! is
more general than the first-order perturbation-theory f
mula, it corresponds to the approximation of bound-free tr
sitions from a single isolated vibrational levelEv with
Raman-type transitionsEv→continuum→Ev8 completely
ignored. Coincidence or difference ofwD

FGR(t) and wD tot
FGR

with wD(t) andwD tot indicate applicability or inapplicabil-
ity of this approximation.

A substitutionCv(t)5av(t)exp(iEvt) reduces Eqs.~2.6! to
the form

ȧv~ t !1 iEv av~ t !52
«0

2~ t !

4 (
v8

Qv,v8~v!av8~ t !.

~2.10!

In the limit of a very smooth pulse envelope«0(t)'const.
5«0 the coefficients of Eqs.~2.10! do not depend on time
and such equations have stationary, or quasienergy, solu
av(t)5bv exp(2igt), wherebv5const. andg denotes com-
plex quasienergies. Complex quasienergies are determine
solutions of the equation

detI ~g2Ev!dv,v81 i
«0

2

4
Qv,v8I50. ~2.11!

III. MATHEMATICAL DETAILS

To find numerically field-free nuclear eigenfunctions of
moleculewv(R) for the ground electronic stateU0(R), we
have solved the relevant Sturm-Liouville problem and n
malized the arising wave functions by one

E
0

`

wv~R!wv8~R!dR5dv,v8 . ~3.1!

In our further calculations, we have used the first 15 osci
tory wave functionswv of the ground electronic stat
U0(R),0<v,14.
9-3
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FIG. 2. The product of dipole matrix elemen
dv,E3dE,v8 vs energy in the continuumE : solid
line, v52,v850; dashed line,v52,v851;
dash-dotted line,v52,v852; dotted line, v
52,v853.
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To evaluate field-free nuclear wave functionswE(R) of
the first excited electronic stateU1(R), we have solved the
boundary problem determined by the nuclear-motion Sch¨-
dinger equation

d2wE~R!

dR2
52m~U1~R!2E!wE~R! ~3.2!

and boundary conditions at smallR, which were taken in the
form

dwE~R!

dR U
R5R0

5b and wE~R0!50, ~3.3!

wherem is the reduced mass of nuclei,R050.2 is the mini-
mal internuclear distance at which the potential curveU1(R)
is tabulated@9#, R0!Re , Re'2 is the equilibrium internu-
clear distance for the ground electronic state, andb is a
constant, determined by boundary conditions at largeR. We
have normalized solutions of Eq.~3.2! by the delta-function

E dRwE~R!wE8~R!5d~E2E8!. ~3.4!

Such a singular normalization is provided by contribution
a large-R region (R@Re), wherewE(R) must have the form
@11#

wE~R!.A4 2m

p2E
cos~kR1d! ~3.5!

with k5A2mE and d being an asymptotic phase . Such
oscillatory dependence onR was found to occur in numerica
solutions of Eq.~3.2! at R@Re . In accordance with Eq
~3.5!, the amplitude of these oscillations must be equal
A4 2m/p2E, and this condition was used to determine the c
stantb in Eq. ~3.3!.
03341
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As for the second boundary condition in Eq.~3.3!,
wE(R0)50, rigorously, this is the condition to be formulate
at R50 rather thanR0. However, as mentioned above,
R,R0 the potential curveU1(R) is not tabulated and, be
sides,R0!Re . As at not too high energiesE the functions
wE(R) at R<R0 are very small, a small shift of a positio
where wE(R)50 from R50 to R5R0 almost does not
change any physical characteristics of a molecule, such
e.g., dipole matrix elementsdvE . We have checked this di
rectly by repeating calculations with the same boundary c
ditions ~3.3! but with twice largerR0 ,R050.4, and we found
that, practically, the results do not change. This proves
the boundary conditions taken in the form~3.3! are suffi-
ciently correct.

The functionswE(R) were calculated numerically in th
energy intervalEP@1024,1# with a stepdE53.331023.

Solutions of the initial-value problem~2.6! with initial
conditions Cv(0)5dv,v0

were obtained by the Adams
Moulton method with maximum order 12. The pulse env
lope was taken in the form

«0~ t !5«0sin2S pt

t D ~3.6!

and, as a rule, the total pulse durationt was taken to be equa
to 70 fs.

IV. RESULTS OF CALCULATIONS

Not dwelling upon further details, let us describe here
main results of calculations carried out in accordance w
the outlined program. As a first step we have calculated fie
free nuclear eigenfunctionswv(R) and wE(R), dipole mo-
mentd01(R), and its matrix elementsdvE ~2.3!. The products
of dipole matrix elementsdv,E3dE,v8

for v52 andv8
50,1,2,3 areplotted in their dependence on the final-sta
energyE in Fig. 2. These functions are seen to oscillate, a
these oscillations reflect mainly a structure of the grou
electronic state vibrational wave functionswv(R). This struc-
9-4
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FIG. 3. Real~a! and imaginary
~b! parts of the Kernel functions
R2,v8(t) ~2.4!: solid line, v850;
dashed line,v851; dash-dotted
line, v852; dotted line,v853.
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ture manifests itself in the dependencies ofdvE on E because
the molecular nuclear-motion continuum is not flat: it has
rather sharp border atE5U1(R). In accordance with the
Franck-Condon principle, bound-continuum nuclear tran
tions are most efficient when a value of the internuclear d
tanceR found from the equationE5U1(R) is close to those,
at which the bound-electronic state nuclear wave functi
wv(R) have their peaks, and this explains the oscillating
pendencies ofdvE on E.

The next step consists of calculating the kernel functio
Rv,v8(t) ~2.5! of the integro-differential Eqs.~2.4!. Real and
imaginary parts of four functionsR2,v(t) with v50, 1, 2, and
3 are plotted in Fig. 3. The functionsRv,v8(t) are seen to be
localized in an intervalDt;1.5 fs aroundt50. For pulses
much longer than 1.5 fs their envelope«0(t1t) in Eq. ~2.4!
03341
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varies much slower thanRv,v8(t) and can be approximate
by «0(t) and taken out of the integral overt. The same is
true for probability amplitudesCv8(t1t) in Eq. ~2.4!, if only
oscillation periods of the functionsCv8(t) are much longer
than 1.5 fs~and this must be checkeda posteriori!. The
described features of the kernel functionsRv,v8(t) justify
transition from the integrodifferential Eqs.~2.4! to the differ-
ential ones~2.6! or the semiadiabatic elimination of the con
tinuum. In this approximation, interaction between t
ground and excited~unstable! electronic statesU0(R) and
U1(R) is characterized only and completely by the Rama
type two-photon dipole matrix elementsQv,v8(v) ~2.7! on
the right-hand side of Eqs.~2.6!. These matrix elements wer
calculated numerically. For some values of the vibratio
quantum numbersv andv8(v52 andv850, 1, 2, and 3! the
FIG. 4. Real~a! and imaginary
~b! parts of Raman-type two-
photon matrix elementsQv,v8(v):
solid line, Q2,0; dashed line,
-Q2,1; dash-dotted line,Q2,2; dot-
ted line,Q2,3.
9-5
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FIG. 5. Quasienergy zonesv50•••8 at v
50.338.
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results of calculations are shown in Fig. 4.
As it is seen from these results, the Raman-type ma

elementsQv,v8(v) are characterized by a rather strong fr
quency dependence: they oscillate and, as a whole, they
localized in a rather limited range of frequenciesv, outside
of which they are small. This last feature indicates a rat
well-pronounced resonance character of laser-molecule in
action even in the case of interaction between discrete vi
tional levelsEv and the continuous spectrum of the unsta
electronic stateU1(R). Also, the Raman-type matrix ele
mentsQv,v8 depend strongly onv andv8 and they cannot be
assumed to bev and v8 independent, even approximatel
Finally, real and imaginary parts ofQv,v8 are found to be,
typically, of the same order of magnitude. All of these fe
tures ofQv,v8 differ from the molecular Raman-type matr
elements from those of Rydberg atoms, which can be
proximated often by some constants, almost independen
frequency and quantum numbers@2#.

As mentioned above, having found the Raman-type m
03341
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trix elementsQv,v8(v) we can solve both the eigenvalue an
initial-value problems@Eqs. ~2.11! and ~2.6!, respectively#.
Equation~2.11! determines complex quasienergies of a fie
driven molecule. A typical example of calculations is show
in Fig. 5. The upper and lower borders of the quasiene
zones are determined as Re(gv)1 1

2 uIm(gv)u and Re(gv)
2 1

2 uIm(gv)u, andgv are the solutions of Eq.~2.11! ~complex
quasienergies!. Complex quasienergies and quasiene
zones are calculated in their dependence on the light in
sity I at a given frequencyv. The results of Fig. 5~as well as
of Figs. 5–7 and 10–13 below! correspond tov50.338. The
reason for choosing this specific frequency is explained
low. As it is seen from Fig. 5, most of the quasienergy lev
~zones! broaden monotonously with a growing light inten
sity, and this corresponds to faster and faster decay of
corresponding quasienergy states. However, some qua
ergy zones in some ranges of intensity demonstrate a ra
unusual behavior. In the case of Fig. 5, the quasienergy zo
with v52 andv53 at first broaden, then overlap with eac
FIG. 6. Exact~2.8! and Fermi-Golden-Rule
~2.9! probability of dissociation per pulse~solid
and dashed lines! vs the peak light intensity
I ; v50.338,t570 fs, andv052.
9-6
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FIG. 7. Total probability of dissociation pe
pulsewD tot vs the peak light intensityI at differ-
ent values of the pulse durationt: solid line,
t540 fs; dashed line,t550 fs; dash-dotted line,
t560 fs; dotted line,t570 fs.
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other, and at higher intensity (*2.531014 W/cm2) form a
very specific structure of a narrow zone at the backgroun
a broad one. The narrow zone itself, at first, slightly broad
and then becomes further narrowing with a growing lig
intensity. At slightly higher intensities (*3.3
31014 W/cm2) similar effects occur for a couple o
quasienergy zonesv54 andv55. The described behavio
of quasienergy zones is very similar to that occurring in
two-level model of interference stabilization of Rydberg
oms @2#. However, in the case of molecules, such a tw
level-like behavior of quasienergy zones is determined
interaction of many vibrational levels. The picture w
checked to change drastically when only two terms~e.g.,
with v52 andv53) where retained in the sum overv of the
expansion~2.1!.

Formation of narrow quasienergy zones and their furt
narrowing with a growing light intesity indicate clearly
03341
of
s
t

a
-
-
y

r

possibility of stabilization of a molecule: population
narrow-width quasienergy levels remains bound for lon
times than expected from predictions of the generaliz
Fermi-Golden-Rule formula~2.9!. To see the effect of stabi
lization explicitly, we have to turn to the initial-value prob
lem and its solutions.

The first result of such a solution shown in Fig. 6 is t
dependence of the total probability of dissociation per pu
on the peak light intensityI ~calculated forv052 and att
570 fs). The functionwD tot(I ) is plotted together with
wD tot

FGR (I ) ~2.9!. The curvewD tot(I ) is seen to have a well
pronounced knee structure, which differs rather stron
wD tot(I ) from wD tot

FGR (I ). This difference indicates an impor
tance of the Raman-type transitionsEv→continuum→Ev8
and can be interpreted as a partial stabilization of a molec
by a strong light field. The difference betweenwD tot(I ) and
wD tot

FGR (I ) and stabilization effect are maximal atI
-

FIG. 8. ~a! Exact~dashed line!
and Fermi-Golden-Rule ~2.9!
~solid line! probabilities of disso-
ciation per pulse vs the field fre
quency v at t570 fs and I 52
31014 W/cm2. ~b! The function
X(I ,v)[X(v) ~4.1! at different
values of the peak light intensityI:
solid line, I 5831013 W/cm2;
dashed line,I 5931013 W/cm2;
dotted line, I 51014 W/cm2;
dash-dotted line,I 5231014 W/
cm2; v052.
9-7
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FIG. 9. The functionX(I ,v)
[X(v) ~4.1! at I 51014 W/cm2

andv050(a), 1(b), 2(c), 3(d).
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;1014 W/cm2. A series of curveswD tot(I ) in Fig. 7 corre-
spond to the same conditions as in Fig. 6 but with vary
pulse durationt. The effect of stabilization and knee stru
ture are seen to be the more pronounced the shorter is
pulse. It should be emphasized that an origin of the k
structure at the curveswD tot(I ) in Figs. 6 and 7 is absolutely
different from that of the well-known knee structure of th
strong-field atomic ionization probabilitywi(I ) ~see, for ex-
ample,@12#!.

A typical example of the frequency dependence of
dissociation probabilitywD tot(I 5const.,v) is shown by a
dashed curve in Fig. 8~a! ~calculated at I 52
31014 W/cm2,t570 fs, andv052). The solid curve is the
Fermi-Golden-Rule dissociation probability per pul
wD tot

FGR (v) ~2.9! calculated at the same values ofI ,t, andv0.
Both dependencies are seen to be nonmonotonous, an
03341
g

he
e

e

the

regions of saturation (wD tot51) are seen to be alternatin
with regions of rather weak dissociation (wD tot!1). But the
curve wD tot(v) itself does not give any direct informatio
about stabilization effect and conditions of its realizatio
Such information can be obtained in the most clear and
rect way from the analysis of a difference betweenwD tot

FGR (v)
andwD tot(v)

X~v!5wD tot
FGR ~ I ,v!2wD tot~ I ,v!. ~4.1!

In Fig. 8~b! the functionX(v) is plotted for several differen
values of intensityI and for t570 fs andv052. The re-
gionsX(v).0 correspond to stabilization andX(v),0 —
to destabilization of a molecule. In these regions, cor
spondingly, a strong field decreases or increases the de
of dissociation per pulse compared towD tot

FGR . Mathemati-
d
ls
FIG. 10. Time-dependent probabilities to fin
a molecule at the field-free vibrational leve
Ev ,uCv(t)u2 for I 5531014 W/cm2, v
50.338,t570 fs, andv050 ~solid line!, v51
~thick-dashed line!, v52 ~ thin-dashed line!, and
v53 ~dotted line!.
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FIG. 11. Exact~a! and Fermi-
Golden-Rule ~b! rates of
dissociation dwD /dt and
dwD

FGR/dt vs time t for the
peak light intensityI 51014 ~1!,
231014(2), 331014(3), and 4
31014(4) W/cm2.
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cally, the reason for both effects consists of a shift of
strong-field curve wD tot(v) compared to the curve
wD tot

FGR (v), which is clearly seen in Fig. 8~a!. For v052, the
first peak of the curveX(v) corresponds to the frequenc
v'0.338 used in the most of our calculations. At this fr
quency ~for v052) the effect of interference stabilizatio
and its manifestations are most pronounced.

Actually, the pictures of Figs. 8 and 9 below give ve
clear qualitative understanding where and why stabilizat
or destabilization of a molecule by a strong light field c
occur. A structure of the dependencewD tot(v), an example
of which is shown in Fig. 8~a!, reflects the structure of th
03341
e

-

n

vibrational wave function of the initially populated statewv0
.

In accordance with the Frank-Condon principle, the peaks
wD tot(v) occur around frequencies which provide a dire
(R5const.) energy-conserving transition to the unsta
electronic state at values of the internuclear dista
Rantinode corresponding to positions of antinodes ofwv0

:@v

5U1(Rantinode)2U0(Rantinode)2Ev0
#. Oppositely, at fre-

quencies, which provide direct transitionsU0→U1 at inter-
nuclear distancesRnode corresponding to positions of node
of wv0

@v5U1(Rnode)2U0(Rnode)2Ev0
#, the function

wD tot(v) has dips. The number of peaks ofwD tot(v) equals
s

n

FIG. 12. Evolution in time of
the vibrational molecular wave
packet arising in the proces
of photodissociation owing to
Raman-type transitions betwee
vibrational levels.
9-9
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FIG. 13. Field-induced avoided crossing an
‘‘adiabatic’’ potentials curvesU6(R) for H2

1 cal-
culated for I 51014 W/cm2 ~dashed lines!, 2
31014 W/cm2 ~dash-dotted lines!, and 4
31014 W/cm2 ~dotted lines!; solid lines are the
unperturbed molecular potential curves.
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the number of peaks of the functionwv0
. The larger isv0, the

more peaks occur at the curvewD tot(v). The role of a strong
field consists of broadening the curvewD tot(v) and shifting
its dips to the right~to higher-v regions!. For this reason
destabilization and stabilization of a molecules (wD tot

.wD tot
FGR andwD tot,wD tot

FGR , correspondingly, occur at falling
and rising slopes of dips of the curvewD tot(v). A number of
zones where such following each other’s destabilization
stabilization regions can exist coincides with the number
nodes of the initial-state vibrational wave functionwv0

. This
conclusion is confirmed directly by the results of calculatio
shown in Fig. 9 where the functionX(v) is plotted for a
given intensity (I 51014 W/cm2) but for varying values of
v0.

Very interesting and important information about phys
of stabilization arises from the analysis of dynamics of ph
todissociation. The time-dependent probabilitiesuCv(t)u2 to
find a molecule in the field-free vibrational stateswv , found
03341
d
f

s

-

from the solution of Eqs.~2.6!, are shown in Fig. 10~for I
5531014 W/cm2, v50.338,t570 fs, and v052). The
results show that in the process of photodissociation a w
pronounced repopulation of levelsE1 and E3 takes place.
Repopulation of other vibrational levels (uC0(t)u2 shown in
Fig. 10, as well asuCv(t)u2 with v54, 5, etc.) is much less
efficient. Time evolution of the probabilities to find a mo
ecule at the most efficiently repopulated leve
(E1 ,E2 , and E3) is seen to be rather slow compared to t
characteristic localization time;1, 5 fs of the kernel func-
tions Rv,v8 ~2.5! shown in Fig. 3. This justifies the approx
mation of semiadiabatic elimination of the continuum us
in the transition from Eqs.~2.4! to ~2.6!.

Time evolution of the exact and Fermi-Golden-Rule ra
of photodissociation,dwD /dt and dwD

FGR/dt, is shown in
Fig. 11. In both cases an increase of light intensity makes
peaks of these curves move towards the front wing of
pulse. This shift is explained by saturation: the functio
FIG. 14. The functions Re(gv)(I )1v, and
Ev

1(I ) at v50.338 forv50 ~solid lines!, v51
~dashed lines!, v52 ~dash-dotted lines!, and v
53 ~dotted lines!.
9-10
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wD(t) and wD
FGR(t) approach unity at the lower times, th

higher the peak pulse intensityI. Stabilization effect mani-
fests itself in a specific structure of the curvesdwD /dt, aris-
ing in a strong field and missing in the case ofdwD

FGR/dt: a
double twist at the front wing and later position of maxim
of the curvesdwD(t)/dt compared todwD

FGR(t)/dt at high
intensity I.

The calculated time-dependent probability amplitud
Cv(t) were used to investigate evolution of the vibration
wave packet, arising in the process of strong-field photo
sociation via repopulation of vibrational levels owing
Raman-type transitions

Fbound~R,t !5(
v

Cv~ t !wv~R!. ~4.2!

The structure and dynamics of evolution of this wave pac
are described in Fig. 12~at the same conditions as aboveI
5531014 W/cm2, v50.338,t570 fs, and v052). For
convenience, the wave packet~4.2! is normalized bywD(t)
5*0

`dRuFbound(R,t)u2. The structure of the wave packet
rather unusual. First, its ‘‘center of mass’’ is shifted towar
largerR compared to the field-free case. Second, though s
eral vibrational stateswv with different energiesEv give
comparable contribution toFbound(R,t), the wave packet
almost does not oscillate during the action of a strong fie
Oscillations are suppressed owing to the action of the str
field, which supports the described structure of the wa
packet. Only when the field turns off, oscillations arise, b
cause the field becomes too weak to suppress oscillations
support a stable structure of the wave packet.

V. RAMAN-TYPE TRANSITIONS AND THE FIELD-
INDUCED AVOIDED CROSSINGS

The method of calculations used above takes into acco
multiple Raman- orL-type transitionEv→E→Ev8 . This
method looks significantly different from that based on t
idea of the field-induced avoided crossings though, on
other hand, both methods are aimed to take into accoun
completely as possible strong-field-induced interaction
tween levels of bound and unstable electronic states o
molecule. The question is whether these two methods g
close or identical results?

The idea of the field-induced avoided crossings in m
ecules was formulated for the first time in Ref.@8# and later
it was used widely in the works on theory of molecule-lig
interactions and in interpretation of experiments. Briefly,
idea is based on the solution in the two-level approximat
of the purely electronic Schro¨dinger equation with internu
clear distance frozen and nuclear kinetic energy drop
from the Hamiltonian. As a result one getsR-dependent
field-perturbed electronic energies, which play the role
strong-field ‘‘adiabatic’’ potential curves
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U6~R!5
U0~R!1v1U1~R!

2
6F „U0~R!1v2U1~R!…2

1
d01

2 ~R!«0
2

4 G1/2

. ~5.1!

For molecular ion H2
1 these potential curves are described

Fig. 13 for several values of the light intensityI. The upper
curves,U1(R), have minima and, hence, this ‘‘adiabatic
electronic state gives rise to a strong-field series of vib
tional levels. Forv50, 1, 2, 3 energies of these levels,Ev

1 ,
are plotted in Fig. 14 in dependence on the light intensitI
together with the above-described solutions of the station
problem for quasienergies~2.11!, Re(gv)1v, found by the
method of Raman-type transitions. Comparison of these
series of curves shows that the energiesEv

1 differ qualita-
tively from Re(gv)1v:Ev

1(I ) grow proportionally to«0

;AI , whereas Re@gv(I )#1v change not too regularly an
do not experience any systematic growth. In our opinion, t
difference indicates a weakness of the field-induced avoid
crossing method. This method exaggerates the role of
two-level Rabi splitting of levels. In the avoided-crossin
model, this two-level shift~linear in«0) is enforced to all set
or strong-field quasienergy vibrational levels. In reali
when a group of levels interacts with a continuum, or with
isolated resonance level, it never shifts altogether, beca
neighboring levels of the group prevent other levels from
large shift @2#. So, we assume that the quasienergy vib
tional spectrum of a molecule in a strong field found by t
method of Raman-type transitions is closer to reality th
that found by the method of the field-induced avoided cro
ings. In principle, the difference between two types of sp
tra shown in Fig. 14 can be seen experimentally by mea
ing the absorption coefficient of a weak probe field. It shou
be noted, however, that the functions Re@gv(I )#1v deter-
mine only positions of ‘‘centers of mass’’ of quasienerg
zones, which experience in reality rather strong broaden
sometimes substituted by narrowing, as it is shown in Fig
It can be rather difficult to get a similar picture by th
method of the field-induced avoided crossings with sh
and broadening/narrowing combined together.

It is also reasonable and interesting to compare photo
sociation yields calculated by the Raman-type-transitio
and avoided-crossing methods. But this is not done yet:
computational problems the calculations by the method
Raman-type transitions were carried out at significan
higher frequenciesv and lower initial vibrational quantum
numbers v than the calculations based on the avoide
crossing approach. We hope to perform such a compariso
future and to return to this problem elsewhere.

VI. COMPETITION BETWEEN DISSOCIATION AND
MULTIPHOTON IONIZATION

The effects described above are observable~in principle!
only if multiphoton ionization does not destroy a molecule
a time shorter than the pulse duration. To specify this con
tion, we use cross sections of multiphoton ionization cal
9-11
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lated in @13#. The binding energy of an electron in H2
1 is

equal to 1.1 a.u.'30 eV. At the light frequencyv50.338
the minimal number of photons necessary for ionizat
equals four. The cross sections of four-photon ionization
at this frequency is equal approximately to
310263 cm8 W23 ~Fig. 3 of Ref.@13#!. This corresponds to
the rate of ionization„Eq. ~40! of Ref. @13#…

G5
sI @W/cm2#

\v@J#
'231011S I

1014D 4

. ~6.1!

From this estimate we find that at half-height pulse wid
th-h540 fs the probability of ionization per pulsewi'Gt
,1 as long asI ,I l im'3.331014 W/cm2. At intensities not
exceedingI l im multiphoton ionization does not destroy
molecule and does not prevent stabilization effects from
servation. At shorter pulse durationsI l im becomes higher
Besides, inhomogeneity of the field distribution in the foc
spot can decrease significantlywī and, hence, increaseI l im .
Altogether, this makes us think that atv50.338 ionization
does not destroy a molecule up to intensity about
31014 W/cm2.

In principle, given estimates can change a little bit b
cause the calculations of Ref.@13# were carried out for equi-
librium internuclear distance of a molecule H2

1 , R5Re ,
whereas in a strong field a molecule can get stretched~as it is
seen, e.g., from the picture of Fig. 12!. In a stretched mol-
ecule cross sections of multiphoton ionization can dif
from those of Ref.@13#. At some frquencies and for som
initial vibrational states this effect results in a faster ioniz
tion @14#. However, this conclusion can strongly depend o
light frequencyv. As far as we know, there were no calc
t

y

. A
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lations of the ionization rate in a stretched molecule H2
1 for

v50.338 or similarly high frequencies. For this reason, t
calculations of Ref.@13# remain the only available source o
information for a more or less reasonable conclusion
ionization-dissociation competition under the conditions co
sidered in this paper.

VII. CONCLUSION

To summarize, an approach to a description of strong
ser field-molecule interactions is suggested. In this appro
multiple Raman-type transitions between vibrational lev
of the ground electronic state are taken into account. Fo
hydrogen molecular ion H2

1 complex vibrational quasiener
gies and solutions of the initial-value problem are found. T
effect of interference stabilization at vibrational levels
found to occur. The conditions under which the stabilizati
effect exists are found. Interpretation of the effect is based
the observation of significant coherent repopulation of vib
tional levels via Raman-type transitions in the process
photodissociation. Under proper conditions, transitions to
unstable electronic state from these levels interfere with e
other and suppress photodissociation. This interpretatio
completed by the described effect of narrowing of quasi
ergy zones in a strong light field. Many manifestations of t
stabilization effect are described. In particular, very unus
features of vibrational wave packets created and suppo
by a strong light field are found to occur.
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