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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 moleculaj ioratiix elements of these
transitions are calculated numerically and the arising equations for probability amplitudes to find a molecule at
ground-state vibrational levels are solv@lin stationary andb) in the initial-value-problem formulations. In
the stationary formulation, complex quasienergies and quasienergy zones are found. Specific values of the light
frequencyw 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.
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[. INTRODUCTION theoretically or observed experimentally. But its consider-
ation is not the goal of this paper either. Here we will discuss
As it is well known [1,2], interference stabilization of a possibility of a related but different phenomenon. The idea
Rydberg atoms, photoionized by a strong light field, arisess to look for a possibility of interference stabilization at
owing to Raman-typdor A-type) transitions between Ryd- vibrational levels of a molecule with respect to its photodis-
berg levels. These transitions provide coherent repopulatiogsociation rather than photoionization. The physics of such a
of Rydberg levels, subsequent transitions from which to theoghenomenon can be close to that described above. It is as-
continuum can interfere with each other and suppress photsumed again that in the process of strong-field photodisso-
ionization. The effect was rather widely investigated theo-ciation vibrational levels of the molecular ground electronic
retically, and some of existing experiments on the strongstate can be efficiently repopulated via Raman-Actype
field stabilization of atomg3] can be considered as a transitions(Fig. 1) and subsequent transitions from these lev-
confirmation of the model of interference stabilization. els to an excited unstable electronic state can interfere with
In a theoretical study, many interesting features of theand partially cancel each other giving rise to stabilization of
phenomenon were discovered. One of them concerns struae-molecule with respect to its photodissociation.
ture of quasienergy levels in dependence on the light inten- Though the formulated analogy between atomic Rydberg
sity 1. In the range of intensitieb<I .~ '%® (Wherew is  levels and molecular vibrational levels looks quite natural
the light frequency and boty and| are in atomic units  and straightforward, realizability of the described stabiliza-
Rydberg levels broaden owing to ionization but broadeningion effect in molecules is far from being evident. The reason
remains smaller than spacing between levels, and there is ri® in a great difference in structures of the continua in atoms
stabilization. Atl~1., broadened levels overlap with each and molecules and in the resulting difference in dipole ma-
other and form a kind of a quasicontinuum. In the range oftrix elements of bound-free atomic and molecular transitions.
higher intensities > 1., quasienergy levels appear to be nar-Because of these differences many approximations often
rowing with growing I, and narrowing quasienerggor  used and rather well justified in the case of atoms, appear to
dressed-atojnlevels appear to be located exactly betweenbe absolutely invalid in the case of molecular transitions.
neighboring field-free Rydberg levels. Narrowing of quesien-Some approximations of this kind discussed below are the
ergy levels in the strong-field limit is connected directly with flat-continuum approximation, a procedure of adiabatic
the effect of interference stabilization. elimination of the continuum, approximation of almost iden-
In principle, probably, a similar phenomendstabiliza- tical values of all the components of the ionization-width
tion with respect to photoionizatiprtan occur in molecules tensor in the case of Rydberg atoms, etc. All of these ap-
excited initially to high(Rydberg electronic states. As far as proximations or their analogs do not work in the case of
we know, such an effect has never been either discussedolecules. For this reason, the molecular problem is much
more complicated than the atomic one and hardly can be
solved analytically, even approximately. In this paper, for a
*Electronic address: maxtheor@fo.gpi.ru molecular ion H , we calculate numerically all the arising
TElectronic address: fedorov@gon.ran.gpi.ru matrix elements: dipole bound-free matrix elements and
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E 0.15 FIG. 1. A scheme of potential curvésy(R)
= and U,(R) for the hydrogen molecular ion H
5 o (inse) and scheme of RamanA(-) type transi-

tions between vibrational levels, .

complex matrix elements of Raman-type transitions betweenther electronic states be out of resonances and transitions to
vibrational levels of the ground electronic state. The result@and via them be ignored. At last, let us use the approximation
of such calculations are used to justify the procedure obf frozen angular variables of a molecule, which is quite
semiadiabatic elimination of the continuum introduced be+easonable in the case of short laser pul¢ess femtosec-
low. We solve numerically equations for the probability am-ondg to be considered below. Under these assumptions an
plitudes to find a molecule at vibrational levels of the groundexpansion of the field-driven molecular wave function in a
electronic state. As a result, we find complex quasienergieseries of the field-free eigenfunctions can be written in the
of a molecule and solutions of the initial-value problem. Theform
results are used to find conditions under which interference
stabilization at molecular vibrational levels can occur and to .
analyze the physics of stabilization. V= lﬁo; Co(D) exp—iE,Dey(R)

It should be noted that strong-field stabilization of mol-
ecules with respect to their photoionization has been dis- .
cussed earlie{4p—7]. The metrr)mds of theoretical analysis +¢1J’ dEexp(—IE)Ce(t)¢e(R), @9
were based either on a direct numerical solution of the
Schralinger equation or on the effect known as the field-where g are the electronic wave functions of the ground
induced avoided crossifg]. This method and that based on and first excited electronic states of a molecuig(R) are
taking into account multiple Raman-type transitignsed in ~ the vibrational wave functions of the ground electronic state,
this paper are compared briefly below in Sec. V. Our methodand ¢e(R) are the nuclear wave functions of the unstable
is applied to molecules, we do believe, it gives an interestinglectronic state. Equations for the time-dependent probability
insight into the physics of stabilization in molecules. Be-amplitudesC, g(t), following from the Schrdinger equa-
sides, in our calculations we consider the case of frequenciefion, in the rotating-wave approximation are given by
sufficiently high to provide one-photon transitions from low-
energy vibrational states of the ground electronic states to the iC,(t)=— SO(t)J dEexdi(E, + w—E)t]d,cCe(t)
continuum of the first unstable electronic state. As far as we v 2 v T vEREL
know, such a case has never been considered in earlier
works. It is interesting enough that interference stabilizatiornd
is shown to exist even at low-vibrational levels where anal-

ogy with atomic Rydberg levels is minimal. iCe(t)=— eo(t) Z de, exd —i(E, + o—E)t]C,(1)
2 m U v v 1

2.2)
Il. EQUATIONS

whereeg(t) is the pulse field-strength envelope ahg and

Let us consider two lowest-energy boundq) and un- de, are the dipole matrix elements

stable (J;) molecular electronic stategespectively, by
and lo, states in the Bl molecule, Fig. 1 Let the light d,e=(@,|do1(R)| 0g)=(dg,)* (2.3
frequencyw be more or less close to the energy of a transi-

tion between these two electronic states at the equilibriunwith dg;(R) = (io|d|#1).

distance between nucl&=R.~2 (if not indicated differ- Equations(2.2) are written for molecules aligned along
ently, atomic units are used throughout the papeet any the field polarization(in the approximation of frozen rota-
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tions). This is the case under consideration in this paper. Fo(2.6) were used to solve the initial-value problem and to find
an ensemble of molecules randomly distributed a%er, in ~ the time-dependent probability amplitud€s(t). The time-
Eqg. (2.2 must be substituted by,cosé, where # is the  dependent probability of dissociatian,(t) was determined
angle between the molecular axis and polarization, and thas
results of calculationge.g., probability of dissociatiormust
be averaged ovef. 4 2

The second of Eq92.2) can be formally integrated and Wo()=1 ; ICu (O 28
substituted to the first ones to reduce the latter to the form of
a set of integrodifferential equations for the functiabg't) For Gaussian-like pulses the total probability of dissociation

only per pulse is given byp oi=Wp(%°). For pulses ending at
) finite time 7,Wp 1o =Wp(7). Below, wp(t) (2.8 andwp (o
... ey o , , are compared with the probability of dissociation determined
C=-—3 J_wdt so(t+t )g Cor (1) by the first-order Fermi-Golden-RuléGR) formula, inte-

_ grated over time and raised to the exponent
Xexdi(E,—E,)t]IR, ,(t")

xexd —i(E, +w)t'], (2.4 ngR(t)=1—eXp<—g|dvE|2

t
f g2(t')dt’
E=E,tw” ~~

where the kernel functionB, ,.(7) are given by (2.9
2.5 andw5GR =wEeR(7) (for pulses ending at finite time=17).
It should be emphasized that, though expresgi®®9) is
more general than the first-order perturbation-theory for-
The above-mentioned flat-continuum approximation andmula, it corresponds to the approximation of bound-free tran-
adiabatic elimination procedure correspond, respectively, tgitions from a single isolated vibrational levé, with
very slow dependence of the dipole matrix elemehfson  Raman-type transitionsE,— continuum—E,, completely

the energy in the continuur@ and to the approximation of jgnored. Coincidence or difference wEGR(t) and WEGtEt

the kernel functionsR, ,/(7) by the & function, R, ,/(7)  with wp(t) andwp ., indicate applicability or inapplicabil-
x§(7). As it follows from our direct calculationtsee Sec. ity of this approximation.

IV below) none of these approximations is valid in the case = A substitutionC,(t) = a, (t)exp(E,t) reduces Eqg2.6) to
of molecules: the dependencedyf onE is not slow and the  the form
functions R, ,.(7) are not narrow enough to be approx-

Rv,v’(t,):f dE dUEdEvreX[xiEtl).
0

imated by thes function. Nevertheless, as is shown below, a : _ e5(t)
kind of a semiadiabatic elimination procedure can be formu- a,()+iE, a,()=—— 2 Quvr(@)ay,(1).
lated and used. The functiof, ,.(7) will be shown to be v (2.10

localized nearr=0 in a region which is small compared to

typical variation scales o€, (t+7) and eo(t+7) but not  |n the limit of a very smooth pulse envelopg(t)~const.
compared to k. This means that the functiorS,(t+7) =g, the coefficients of Eqs(2.10 do not depend on time,

and eo(t+7) can be substituted bf,(t) and eo(t) and  and such equations have stationary, or quasienergy, solutions
taken out of the integral on the right-hand side of E@s4) g (t)=b, exp(~it), whereb,=const. andy denotes com-

to reduce Eqs(2.4) to simple first-order differential equa- plex quasienergies. Complex quasienergies are determined as

tions solutions of the equation
2
Co()=- 4= Cpr() Qu () exdl (E,~ E, ], dew{ (y—Ev)5U'v,+i?QUYU, 0. (211
(2.6
whereQ, , (w) are the Raman-type matrix elements IIl. MATHEMATICAL DETAILS

0 . To find numerically field-free nuclear eigenfunctions of a
Qu (@)= f_deRv'v’(T) exf —i(o+E,)7]. molecule¢,(R) for the ground electronic statdy(R), we
(2.7 have solved the relevant Sturm-Liouville problem and nor-
malized the arising wave functions by one
For H, the known data about potential curugg 4(R) [9]
and electronic functiongy ; [10] were used to calculate nu- f*
merically field-free nuclear eigenfunctiong,(R) and 0
¢e(R), the R-dependent electronic-transition dipole moment
doi(R), its matrix elementsd,g (2.3), kernel functions In our further calculations, we have used the first 15 oscilla-
R, ,/(7) (2.5 of the integrodifferential Egqs(2.4), and tory wave functions¢, of the ground electronic state
Raman-type matrix element®, ,.(») (2.7). Then, Egs. Uy(R),0sv<14.

¢,(R)e, (R)AR=6, /. (R
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FIG. 2. The product of dipole matrix elements
d, gXdg,, vs energy in the continuurg : solid
line, v=2,0"=0; dashed line,v=2,0"'=1;
dash-dotted liney=2,v'=2; dotted line, v
=2,0'=3.
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To evaluate field-free nuclear wave functiops(R) of

0.7

As for the second boundary condition in E3.3),

the first excited electronic staté;(R), we have solved the ¢g(Rp)=0, rigorously, this is the condition to be formulated
boundary problem determined by the nuclear-motion Schroat R=0 rather thanR,. However, as mentioned above, at

dinger equation

dzﬁDE(R)

o~ 20U (R)-E)ge(R)

(3.2

and boundary conditions at sm&| which were taken in the
form

dee(R)
dRrR

=p and ¢g(Ry) =0,
R=R,

(3.3

where u is the reduced mass of nuclé&y=0.2 is the mini-
mal internuclear distance at which the potential cudyé¢R)
is tabulated 9], Ry<R., Re~2 is the equilibrium internu-
clear distance for the ground electronic state, ghds a
constant, determined by boundary conditions at l&Rggve
have normalized solutions of E¢3.2) by the delta-function

f dRee(R) e/ (R)=S(E-E'). (3.4

R<R, the potential curvel(R) is not tabulated and, be-
sides,Ry<R.. As at not too high energies the functions
¢e(R) at R<R, are very small, a small shift of a position
where ¢g(R)=0 from R=0 to R=R, almost does not
change any physical characteristics of a molecule, such as,
e.g., dipole matrix elemenis,z . We have checked this di-
rectly by repeating calculations with the same boundary con-
ditions (3.3) but with twice largelR,,Ry= 0.4, and we found
that, practically, the results do not change. This proves that
the boundary conditions taken in the fort8.3 are suffi-
ciently correct.

The functionseg(R) were calculated numerically in the
energy intervaE e[ 10 4,1] with a stepdE=3.3x10 3.

Solutions of the initial-value probleni2.6) with initial
conditions C,(0)=4, ,, were obtained by the Adams-

Moulton method with maximum order 12. The pulse enve-
lope was taken in the form

So(t)ZSOSinZ(W?t) (36)

and, as arule, the total pulse duratiowas taken to be equal

Such a singular normalization is provided by contribution oft0 70 fs.

a largeR region R>R,), wheregg(R) must have the form

CE R —4\ ’ ——C09g kR 5
( ) UZE )

(3.9

IV. RESULTS OF CALCULATIONS

Not dwelling upon further details, let us describe here the
main results of calculations carried out in accordance with
the outlined program. As a first step we have calculated field-
free nuclear eigenfunctiong,(R) and ¢g(R), dipole mo-

with k=y2uE and § being an asymptotic phase . Such anmentdgy,(R), and its matrix elements, g (2.3). The products
oscillatory dependence ddwas found to occur in numerical of dipole matrix elementsd, gxdg,,for v=2 andv’

solutions of EqQ.(3.2) at R>R,. In accordance with Eg.

=0,1,2,3 areplotted in their dependence on the final-state

(3.5), the amplitude of these oscillations must be equal teenergyE in Fig. 2. These functions are seen to oscillate, and
/211 7°E, and this condition was used to determine the conthese oscillations reflect mainly a structure of the ground

stantgB in Eq. (3.3).

electronic state vibrational wave functiops(R). This struc-
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ture manifests itself in the dependenciesigf on E because ~ varies much slower thaR, ,(7) and can be approximated
the molecular nuclear-motion continuum is not flat: it has aPy €o(t) and taken out of the integral over The same is
rather sharp border &=U,(R). In accordance with the true for probability amplitude€, (t+ 7) in Eq.(2.4), if only
Franck-Condon principle, bound-continuum nuclear transioscillation periods of the function§,(t) are much longer
tions are most efficient when a value of the internuclear disthan 1.5 fs(and this must be checkea posterior). The
tanceR found from the equatiok=U,(R) is close to those, described features of the kernel functioRg , (7) justify
at which the bound-electronic state nuclear wave functionsgransition from the integrodifferential Eq&2.4) to the differ-
¢,(R) have their peaks, and this explains the oscillating deential oneg2.6) or the semiadiabatic elimination of the con-
pendencies ofl,g on E. tinuum. In this approximation, interaction between the
The next step consists of calculating the kernel functionground and excitedunstable electronic statesJ,(R) and
R, . (7) (2.5 of the integro-differential Eqg2.4). Real and  U4(R) is characterized only and completely by the Raman-
imaginary parts of four functionR, ,(7) withv=0,1,2, and type two-photon dipole matrix elemen®@, ,.(») (2.7) on
3 are plotted in Fig. 3. The functior®®, ,.(7) are seen to be the right-hand side of Eq$2.6). These matrix elements were
localized in an interval 7~ 1.5 fs aroundr=0. For pulses calculated numerically. For some values of the vibrational
much longer than 1.5 fs their envelopg(t+ 7) in Eq.(2.4) quantum numbers andv’(v=2 andv’'=0, 1,2, and Bthe

Re(@,,, (@) [au]

FIG. 4. Real(@ and imaginary
(b) parts of Raman-type two-
photon matrix element®,, ,/(w):
solid line, Q,n dashed line,
-Q,,;; dash-dotted lineQ, ,; dot-
ted line, Q3.

ImQ,, @)laul
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results of calculations are shown in Fig. 4. trix elementsQ, ,.(w) we can solve both the eigenvalue and

As it is seen from these results, the Raman-type matrixnitial-value problemgEgs. (2.11) and (2.6), respectively.
elementsQ, ,/(w) are characterized by a rather strong fre- Equation(2.11) determines complex quasienergies of a field-
guency dependence: they oscillate and, as a whole, they adeiven molecule. A typical example of calculations is shown
localized in a rather limited range of frequenciesoutside in Fig. 5. The upper and lower borders of the quasienergy
of which they are small. This last feature indicates a rathezones are determined as Rg]+3|Im(y,)| and Re,)
well-pronounced resonance character of laser-molecule inter- 3|Im(y,)|, andvy, are the solutions of Eq2.11) (complex
action even in the case of interaction between discrete vibraguasienergies Complex quasienergies and quasienergy
tional levelsk, and the continuous spectrum of the unstablezones are calculated in their dependence on the light inten-
electronic stateU,(R). Also, the Raman-type matrix ele- sity | at a given frequency. The results of Fig. %as well as
mentsQ, ,, depend strongly on andv’ and they cannot be of Figs. 5-7 and 10-13 belgworrespond taw=0.338. The
assumed to be andv’ independent, even approximately. reason for choosing this specific frequency is explained be-
Finally, real and imaginary parts @, ,. are found to be, low. As itis seen from Fig. 5, most of the quasienergy levels
typically, of the same order of magnitude. All of these fea-(zoneg broaden monotonously with a growing light inten-
tures ofQ, , differ from the molecular Raman-type matrix sity, and this corresponds to faster and faster decay of the
elements from those of Rydberg atoms, which can be apeorresponding quasienergy states. However, some quasien-
proximated often by some constants, almost independent &gy zones in some ranges of intensity demonstrate a rather
frequency and quantum numbég. unusual behavior. In the case of Fig. 5, the quasienergy zones

As mentioned above, having found the Raman-type mawith v =2 andv =3 at first broaden, then overlap with each

FIG. 6. Exact(2.8 and Fermi-Golden-Rule
(2.9 probability of dissociation per pulsesolid
and dashed lingsvs the peak light intensity
l; w=0.338,7=70 fs, andvy=2.

3
1[10™ wiem?)
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FIG. 7. Total probability of dissociation per
pulsewp ;o Vs the peak light intensity at differ-
ent values of the pulse duration solid line,
=40 fs; dashed liner=50 fs; dash-dotted line,
7=60 fs; dotted line7=70 fs.

Wo il

1 [10™ W/em?)

other, and at higher intensity=(2.5x 10" W/cn?) form a  possibility of stabilization of a molecule: population at
very specific structure of a narrow zone at the background ofarrow-width quasienergy levels remains bound for longer
a broad one. The narrow zone itself, at first, slightly broaden§mes than expected from predictions of the generalized
and then becomes further narrowing with a growing lightFermi-Golden-Rule formula2.9). To see the effect of stabi-
intensity. At  slightly  higher intensities =3.3 lization explicitly, we have to turn to the initial-value prob-
X 10 W/cm?) similar effects occur for a couple of em and its solutions.
quasienergy zones=4 andv=>5. The described behavior The first result of such a solution shown in Fig. 6 is the
of quasienergy zones is very similar to that occurring in adependence of the total probability of dissociation per pulse
two-level model of interference stabilization of Rydberg at-On the peak light intensity (calculated forvo=2 and atr
oms [2]. However, in the case of molecules, such a two-=70 fs). The functionwp (o((l) is plotted together with
level-like behavior of quasienergy zones is determined byVpin(1) (2.9). The curvewp (1) is seen to have a well-
interaction of many vibrational levels. The picture waspronounced knee structure, which differs rather strongly
checked to change drastically when only two terfesy., Wp (1) from wiSR(1). This difference indicates an impor-
with v =2 andv = 3) where retained in the sum ovenfthe tance of the Raman-type transitiois— continuum-E,,
expansion2.1). and can be interpreted as a partial stabilization of a molecule
Formation of narrow quasienergy zones and their furtheby a strong light field. The difference between, ;,(1) and
narrowing with a growing light intesity indicate clearly a wiSR (1) and stabilization effect are maximal at

()

FGR,
D tot’

FIG. 8. (a) Exact(dashed ling
and Fermi-Golden-Rule (2.9
(solid line) probabilities of disso-
ciation per pulse vs the field fre-
quencyw at =70 fs andl=2
x 10 W/cm?. (b) The function
X(l,w)=X(w) (4.1 at different
values of the peak light intensity
solid line, 1=8x10" W/cn?;
dashed line,l =9x 10 W/cn?;
dotted line, 1=10" W/cn?;
dash-dotted line)=2x 10" W/
cm?; vo=2.

w, m((x)), W,
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t=701s, I = 10" Wiem?
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0.1 0;2 0;3 0;4 0;5 0;6 0.1 0.2 0.3 0:4 05 0.6 FIG. 9. The functionX(I w)
ola.u] olau] ’

=X(w) (4.1 at =10"* W/cn?

andvy,=0(a), 1(b), 2(c), 3(d).

0.1 0.2 0.3 04 0.5 0.6 0.1 0.2 03 0.4 0.5 0.6
ofau) wfau]

~10" W/cn?. A series of curvesvp (1) in Fig. 7 corre-  regions of saturationwp, o;=1) are seen to be alternating
spond to the same conditions as in Fig. 6 but with varyingwith regions of rather weak dissociatiowg ,;<1). But the
pulse durationr. The effect of stabilization and knee struc- curve wp () itself does not give any direct information
ture are seen to be the more pronounced the shorter is ti@dout stabilization effect and conditions of its realization.
pulse. It should be emphasized that an origin of the kne&uch information can be obtained in the most clear and di-
structure at the curvesp (1) in Figs. 6 and 7 is absolutely rect way from the analysis of a difference betwegito,()
different from that of the well-known knee structure of the andwp ;o @)
strong-field atomic ionization probability; (1) (see, for ex-
ample,[12)). X(@)=Wp o1, @) =Wp (1, ®). (4.1)

A typical example of the frequency dependence of the
dissociation probabilitywp (1 =const.w) is shown by a In Fig. 8b) the functionX(w) is plotted for several different
dashed curve in Fig. (8 (calculated at 1=2 values of intensityl and for =70 fs andvy=2. The re-
x10% Wicn?, =70 fs, andvy=2). The solid curve is the gionsX(w)>0 correspond to stabilization ant{w)<0 —
Fermi-Golden-Rule dissociation probability per pulseto destabilization of a molecule. In these regions, corre-
WEGtSt(w) (2.9 calculated at the same valueslof, andv,. spondingly, a strong field decreases or increases the degree

Both dependencies are seen to be nonmonotonous, and the dissociation per pulse compared wSy,. Mathemati-

FIG. 10. Time-dependent probabilities to find
a molecule at the field-free vibrational levels
E,.|C,(1)|? for I=5x10" W/cn?,
=0.338,7=70 fs, andvy=0 (solid ling), v=1
(thick-dashed ling v =2 ( thin-dashed ling and
v =23 (dotted ling.

cof
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w=0338a.u.

FIG. 13. Field-induced avoided crossing and
“adiabatic” potentials curved) . (R) for H; cal-

%0.2 ................................................ culated for |=10" W/cn? (dashed lines 2
£ X 10" W/cn? (dash-dotted lines and 4

x 10 Wicn? (dotted lines; solid lines are the
unperturbed molecular potential curves.

02 ; ; ; i i
1 1.5 2 25 3 35 4
Rla.u)

the number of peaks of the functign, . The larger iwo, the  from the solution of Egs(2.6), are shown in Fig. 1Gfor |
more peaks occur at the curwg ;,,(»). The role of a strong =5x10" W/cn?, w=0.338,r=70 fs, and vy=2). The
field consists of broadening the curwg (@) and shifting  results show that in the process of photodissociation a well-
its dips to the right(to highere regiong. For this reason pronounced repopulation of levels; and E; takes place.
destabilization and stabilization of a molecules/ip,o;  Repopulation of other vibrational level$Qy(t)|? shown in
>WhGh; andwp o <WH G, correspondingly, occur at falling  Fig. 10, as well agC,(t)|? with v=4,5, etc.) is much less
and rising slopes of dips of the curwg, (o;(w). Anumber of  efficient. Time evolution of the probabilities to find a mol-
zones where such following each other’s destabilization anécule at the most efficiently repopulated levels
stabilization regions can exist coincides with the number of g, E,, and E,) is seen to be rather slow compared to the
nodes of the initial-state vibrational wave functipp . This  characteristic localization time-1,5 fs of the kernel func-
conclusion is confirmed directly by the results of calculationstions R, ,» (2.5 shown in Fig. 3. This justifies the approxi-
shown in Fig. 9 where the functioK(w) is plotted for a mation of semiadiabatic elimination of the continuum used
given intensity (=10 W/cn?) but for varying values of in the transition from Eqs(2.4) to (2.6).
Vo. Time evolution of the exact and Fermi-Golden-Rule rates
Very interesting and important information about physicsof photodissociationdwp /dt and dWEGR/dt, is shown in
of stabilization arises from the analysis of dynamics of pho-Fig. 11. In both cases an increase of light intensity makes the
todissociation. The time-dependent probabiliti€g(t)|? to  peaks of these curves move towards the front wing of the
find a molecule in the field-free vibrational states, found  pulse. This shift is explained by saturation: the functions

-0.14 T T T T T
-0.16

-0.18

FIG. 14. The functions Re(,)(l)+ », and
ES (1) at w=0.338 foru=0 (solid liney, v=1
(dashed lines v=2 (dash-dotted lines and v

-0.24}=; =3 (dotted lines.

: " Re(y)+o
—0.28F e N -
. ; i i i i
0% 1 2 3 4 5 6
1110™ Wiem?)
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wp(t) and wi®R(t) approach unity at the lower times, the Uo(R)+w+U4(R) )
= + —
higher the peak pulse intensity Stabilization effect mani- U-(R) 2 | (Uo(R)+ = U4(R))

fests itself in a specific structure of the cundbsp /dt, aris-

L . o FGR) s d2,(R)e2]Y2
ing in a strong field and missing in the casedaf;”"/dt: a 4ot 0 (5.1)
double twist at the front wing and later position of maxima 4 '

of the curvesdwp(t)/dt compared tadwEC(t)/dt at high . . o
intensity . For molecular ion H these potential curves are described in

The calculated time-dependent probability amplitudes9- 13 for several values of the light intensityThe upper
C,(t) were used to investigate evolution of the vibrational curves,U . (R), have minima and, hence, this “adiabatic
wave packet, arising in the process of strong-field photodis-e,lecnon'c state gives rise to a strong-field series of vibra-

_ ; +
sociation via repopulation of vibrational levels owing to tlonall Ievzls_. quv—O,_l,g,S endergles of tEeslg LeyeEv »
Raman-type transitions are plotted in Fig. 14 in dependence on the light intenkity

together with the above-described solutions of the stationary
problem for quasienergie?.11), Re(y,) + w, found by the
method of Raman-type transitions. Comparison of these two
Ppound R =2 C,(1)e,(R). (4.2  series of curves shows that the enerdigs differ qualita-
v tively from Re(y,)+ «:E, (1) grow proportionally toe,
~ /I, whereas Rey,(1)]+ » change not too regularly and

i i ) do not experience any systematic growth. In our opinion, this
The structure and dynamics of evolution of this wave packetjifference indicates a weakness of the field-induced avoided-
are described in Fig. 1€at the same conditions as aboVe, crossing method. This method exaggerates the role of the
=5X10" W/cn?, ©=0.338,7=70 fs, andvo=2). For two-level Rabi spliting of levels. In the avoided-crossing
convenience, the wave pack@t?2) is normalized bywp(t)  model, this two-level shiftlinear ine,) is enforced to all set
= [5dR|®poundR,1)|2. The structure of the wave packet is or strong-field quasienergy vibrational levels. In reality,
rather unusual. First, its “center of mass” is shifted towardswhen a group of levels interacts with a continuum, or with an
largerR compared to the field-free case. Second, though sevsolated resonance level, it never shifts altogether, because
eral vibrational states, with different energiesE, give  nheighboring levels of the group prevent other levels from a
comparable contribution tabyo,,{R,t), the wave packet large shift[2]. So, we assume that the quasienergy vibra-
almost does not oscillate during the action of a strong fieldtional spectrum of a molecule in a strong field found by the
Oscillations are suppressed owing to the action of the strongf’thOd of Raman-type transitions is closer to reality than
field, which supports the described structure of the wave at found_by_the methqd of the field-induced avoided cross-
packet. Only when the field turns off, oscillations arise, be["9S: In principle, the difference between two types of spec-

cause the field becomes too weak to suppress oscillations afg shown in F|g. 14 can .be seen expenmenta!ly by measur-
support a stable structure of the wave packet ing the absorption coefficient of a weak probe field. It should

be noted, however, that the functions[Rg(l)]+ » deter-
mine only positions of “centers of mass” of quasienergy
zones, which experience in reality rather strong broadening,
V. RAMAN-TYPE TRANSITIONS AND THE FIELD- sometimes substituted by narrowing, as it is shown in Fig. 5.
INDUCED AVOIDED CROSSINGS It can be rather difficult to get a similar picture by the

The method of calculations used above takes into accourif€thod of the field-induced avoided crossings with shifts
multiple Raman- orA-type transitionE,—E—E,, . This and broadening/narrowing combined together.

method looks significantly different from that based on the It. IS also.reasonable and interesting to compare pho.t(_)dls—
idea of the field-induced avoided crossings though, on thf§OCIatlon yields calculated by the Raman-type-transitions

other hand, both methods are aimed to take into account a@d avoided-crossing methods. But this is not done yet: for

completely as possible strong-field-induced interaction begomputatlonal prok_JI_ems the calcula_ltlons by the _me_t_hod of
aman-type transitions were carried out at significantly

tween levels of bound and unstable electronic states of g

molecule. The question is whether these two methods giv |gh(te)r freql,![ﬁnme;) andIIO\;vet_r |n|t|?al wb(;anona;lhquantq(;nd
close or identical results? numbersv than the calculations based on the avoided-

The idea of the field-induced avoided crossings in mol—CrOSSing approach. We hope to perform such a comparison in

ecules was formulated for the first time in RE3] and later future and to return to this problem elsewhere.

it was used widely in the works on theory of molecule-light

interactions and in interpretation of experiments. Briefly, the VI. COMPETITION BETWEEN DISSOCIATION AND

idea is based on the solution in the two-level approximation MULTIPHOTON IONIZATION

of the purely electronic Schdinger equation with internu-

clear distance frozen and nuclear kinetic energy dropped The effects described above are observainlgrinciple)
from the Hamiltonian. As a result one geRdependent only if multiphoton ionization does not destroy a molecule in
field-perturbed electronic energies, which play the role ofa time shorter than the pulse duration. To specify this condi-
strong-field “adiabatic” potential curves tion, we use cross sections of multiphoton ionization calcu-

033419-11
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lated in[13]. The binding energy of an electron injHis lations of the ionization rate in a stretched moleculg fdr
equal to 1.1 a.u&=30 eV. At the light frequencyw=0.338 ®=0.338 or similarly high frequencies. For this reason, the
the minimal number of photons necessary for ionizationcalculations of Ref[13] remain the only available source of
equals four. The cross sectian of four-photon ionization information for a more or less reasonable conclusion on
at this frequency is equal approximately to 3 iqnizatio.n-dis.,sociation competition under the conditions con-
X108 cmP W3 (Fig. 3 of Ref[13]). This corresponds to Sidered in this paper.
the rate of ionizatiodEq. (40) of Ref.[13]) VIl CONCLUSION
_ ol[W/cn?] _ ot N To summarize, an approach to a description of strong la-
T held)] ~2x1 104 6.D  ser field-molecule interactions is suggested. In this approach
multiple Raman-type transitions between vibrational levels
From this estimate we find that at half-height pulse widthof the ground electronic state are taken into account. For a
mn=40 fs the probability of ionization per pulsg;~T'r  hydrogen molecular ion 5 complex vibrational quasiener-
<1 as long a$<I;,~3.3x10'* W/cn?. At intensities not  gies and solutions of the initial-value problem are found. The
exceedingl,;,, multiphoton ionization does not destroy a effect of interference stabilization at vibrational levels is
molecule and does not prevent stabilization effects from obfound to occur. The conditions under which the stabilization
servation. At shorter pulse duratiomg,, becomes higher. effect exists are found. Interpretation of the effect is based on
Besides, inhomogeneity of the field distribution in the focalthe observation of significant coherent repopulation of vibra-
spot can decrease significantly and, hence, increadg,,.  tional levels via Raman-type transitions in the process of
Altogether, this makes us think that at=0.338 ionization photodissociation. Under proper conditions, transitions to the
does not destroy a molecule up to intensity about 5/@/nNstable electronic state from these levels interfere with each
<104 W/cn?. other and suppress photodissociation. This interpretation is
In principle, given estimates can change a little bit be-completed by the described effect of narrowing of quasien-
cause the calculations of R§L3] were carried out for equi- €'9Y Zones in a strong light field. Many manifestations of the
librium internuclear distance of a molecule2+ HR=R,, stabilization gffec_t are described. In particular, very unusual
whereas in a strong field a molecule can get stret¢hsit is features of vibrational wave packets created and supported

seen, e.g., from the picture of Fig.)12n a stretched mol- by a strong light field are found to occur.
ecule cross sections of multiphoton ionization can differ
from those of Ref[13]. At some frquencies and for some
initial vibrational states this effect results in a faster ioniza- The work is carried out under partial support of INTAS
tion [14]. However, this conclusion can strongly depend on aGrant No. 99-01495 CRDF (Grant No. RP1-2259 and
light frequencyw. As far as we know, there were no calcu- RFBR (Grant Nos. 99-02-18034 and 00-02-16400
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