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Nonadiabatic response to short intense laser pulses in dissociation dynamics
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Molecular nonadiabatic response to the sudden switching¢rise times of few femtosecondsf intense
(tens of TW/cnf) laser pulses may lead to some unexpected enhancements of dissociation rates. These effects
are accounted for by the spreading of the molecule-plus-field wave packet over several res@nsteeasof
a single one predicted when the laser is adiabatically switchg¢dnterfering during the excitation process.
Typical time-resolved signatures of such highly nonlinear responses are thoroughly investigated in terms of the
evolution of vibrational survival probabilities and fragment kinetic energy spectrg dfriblecular ion taken
as an illustrative example. A plausible 532-nm wavelength single-photon dissociation scenario bringing into
the system less energy than the minimum required for the fragmentation to occur is examined. The suggested
mechanism, which may be termed below-threshold dissociation, as opposed to above-threshold dissociation,
refers to a very sharp rise of the laser pulse resulting into temporal excitation of some resonances lying above
the single-photon dissociation energy, with efficient decay ra&E50-29477)09907-1

PACS numbgs): 42.50.Hz, 33.80.Gj, 33.80.Wz

I. INTRODUCTION molecule-plus-field system, carrying information on the cu-
mulative history of the overall dynamics. Unexpected abun-
Recent advances in laser technology have drawn renewethnces of photofragments with low kinetic energy or even
interest in the study of multiphoton phenomena in atomicthe suppression of the dissociation in very strong fields are
and molecular physics. Especially in the range of very in-among the possible issues of nonlinear multiphoton dynam-
tense and sharp fields, nonperturbative mechanisms have its. The so-called bond softening or hardening mechanisms
be considered for the theoretical description of the fragmenf8—12], according to which the laser may alter the molecule-
tation proces$1,2]. plus-laser system external force fields either by lowering
In order to dissociate, a stable molecule has to absorb some potential barriers or by creating quasi-stable structures,
certain amount of energy. The initiakcitationstep proceeds are invoked to interpret the observations. Molecular align-
along different pathways depending on the energy depositnent involving rotational enegy redistributidri3], high-
from a single but energetic photon to an accumulation of arder harmonic generatiori4], and even Coulomb explo-
high number of photons each carrying a tiny dose of colli-sion [15] resulting from the interplay of ionization and
sional energy. In the visible or UV wavelength domain, in dissociation, are other reaction pathways in competition.
general, a single photon brings enough energy to excite a In this work the ATD dynamics of the simplest molecular
valence electron leading to dissociation, as opposed to the IRn H,*, on which there is already considerable literature
wavelength domain where several photons may be necessdidf], is reconsidered by emphasizing the nonadiabatic re-
for the breaking of the chemical bond. In intense fields, arsponse, in thexcitationstep, to a very rapid rate of change
interesting theoretical predictidi] that has experimentally of the laser pulse. The nonlinear processes arising from an
been confirmedl4] is the possibility for the molecule to con- intensity increase of the field, within the framework of the
tinue on absorbing photons even when a single-photon excadiabatic theorentadiabatic switching on of the lagehave
tation (on purely energetic groungss enough for the frag- already been thoroughly interpreted in terms of partial fluxes
mentation to occur. This phenomenon, in connection witi17] or wave-packet populationg] of the fragmentation
similar behaviors in atomf.e., above-threshold ionization step. Actually, our purpose is to go beyond the adiabatic
(ATI)] [5], has been termed above threshold dissociatiofirame to examine the effect of very sharp laser pulses on
(ATD) [3,4]. The experimental fingerprints of ATD consist photofragment kinetic energy distributions, and to address
in equally spacedby the photon frequengymultiple peaks the question of controlling the outcome of the fragmentation
in absorption spectrgd]. The very high intensity of the field process by pulse shaping. This paper is organized as follows.
is one of the relevant parameters governing such energy aSection Il gives a theoretical overview of the wave-packet
cumulation in the excitation step. But still another parametepropagation method to calculate photofragment kinetic en-
is the steepness of the rise and fall of the laser pulse rathargy distributions. Moreover, a simple two-level system
than its magnitude. Referring to sharp laser pulses, the corcoupled to a continuum is worked out using either a smooth
ditions for the validity of the adiabatic theorem are no longeror a sudden switching on of the laser pulse, leading to an
fulfilled [6,7]; an initial state is distributed over quasi- interpretation of the excitation step in terms of the prepara-
stationary resonance states, continuously connected to high&éon of one or more laser induced resonances. Typical signa-
excited states of the static system, which then decay inttures of nonadiabaticity on the time-dependent behaviors of
ATD channels producing highly energetic photofragments. survival probabilities are depicted. Section Il is devoted
The subsequerftagmentationstep displays the different to a detailed analysis of calculations performed on
energy redistribution scenarios between the modes of thel,", by referring to the two-resonance model as an interpre-
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tative tool. Excitation wavelengths are taken in the rangeslectric field amplitudeS(t) is given as the product of a
A =80-160 nm corresponding to the maximum of the singleshape functiorf(t) by a cosine form with peak frequency
photon absorption band, resulting either in bond softening,:

(N in the red wing or vibrational trapping X in the blue

wing). In both cases the predictive ability of the simple E(t)=f(t)coswt, (43
model is tested on survival probabilities by adequately ad-

justing the laser pulse sharpness so as to go from a smooth &%ere

a sudden switching on of the field with, as a consequence,

the nonadiabatic temporal excitation of several resonances

i+ \2;2
mediating the dissociation dynamics. The basic motivation foe™ 0T for t<ty
remains, however, the understanding and prediction of nona- fo for to<t<T
: . e f(t)y=4 '0 0 (4b)
diabatic pulse shape effects on protons kinetic energy spec- Ctg-TYHR2
tra. Here the laser parameters are taken close to those used foe 00 for t>T.

for the experimental ATD spectiig] (532-nm wavelength
and 50—100 TW/crh intensity. In addition to the interpre-
tation of satellite vibrational ATD peaks they provide, the
calculations also predict a somewhat unexpected molecul
fragmentation process with a single photon bringiaden

Finally, the initial field-free state is the ground rovibrational
a(P:O"]:O) level of theg potential.
The persistance of the molecule-field coupling, a conse-

considered alondess energy than the dissociation threshold 4u€Nce of the divergence of the transition moment at infinity

This new phenomenon resulting from nonadiabacity, whict*> R/2, avoids a proper scattering-type re_:presentation of un-
we call below-threshold dissociatidBTD), is evidenced by coupled fragments. Gauge transformations are a possible

a verv sharp laser pulse. way to overcome this_ difficulty, which is particularly rel-

y P P evant when using continuous wave lagdi8]. In the case of
short pulses the asymptotic channels are obviously un-
Il. THEORY coupled after the pulse falls off. However, to avoid large

Molecular dynamics using superintense lasers cannot b\é/ave—packet spreadings in the asymptotic redibefined by

treated within the frame of perturbative methods, especiall ?pstant pot(;,\.ntlatl)s, agtuall\); z”:aro fctJrthé):é]wehuse an atrrl]a-
when the electric field strength becomes comparable to inte pytic propagation based on volkov stajgs], whereas in e

nal force fields associated with the Coulomb interactions be!l"€" reglqn[where the potent|alvg(R) and\(u(R) are sl
arying with R] a standard three-point split-operator tech-

tween the particles of the system. In the same way, wheff > ot .
referring to sudden changes of laser pulse shapes, the cofque 1S adopte@20]. Protons kinetic energy spectra is then

struction of the so-called Floquet states, although useful fopl_)tamed as the probat_)llltyp to detect the photofragments
some interpretations, may not be appropriate. The methoWIth a momentum ranging betweénandk+dk:

that is actually retained is solving the Schimger equation

as an initial value problem. The time evolution of an initial P(k)dk= |
wave packet describing thev(J) rovibrational state of t
H,", on the two electronic states $&4,v,J)’S, and

(2po)?%,, which, in the Born-Oppenheimer approxima- {_ = being the Fourier transforms of the corresponding
tion account for the dissociation process .

im[ W y(k;t)|2+ ¥y (kt)]2], (5)

—

g,u-
H," (1sog) +nhw—H, (2poy)—H +H(1s), (1) R 1 (= _
v u(kit)= Zf dRe ® Ry (R;t). (6)
is governed by 0
. . We emphasize that the long time limit involved in E§)
ih i( WQ(R’t)) = (\Pg(R’t)) , (2)  means not only that the laser is switched off but also that all
dt\ W, (R;t) Yy (R;t) dissociating wave-packet componefits., on the continuum

state$ have already proceeded to the far asymptotic region.
where¥, and ¥, are the wave-packet components on the In order to provide an elementary understanding and in-
groundg and excitedu states, respectivelfR designates the terpretation of the adiabatic or sudden responses to the laser

nuclear coordinate. The Hamiltonian is written as field, we now consider an oversimplified two-level system
|xo) and|x,) coupled to a continuum of statégé:) by a
a2 d? time-dependent interactidr{t). To be more specific, we as-
T WJFVQ(R) —r(R)E) sume thatl (t) mimics the laser pulse shap#t) and con-
H(t)= s o ) sid_er flat top pulses with wgll-se_pgrated switch—oh and
— w(R)Et) B ﬁ_ d +Vy(R) switch-off periodd Eq. (4b)]. As time is increased, the field-
2mdRZ Y free discrete level$y,) and|y,) move into field-induced

(3)  resonancefsp,)(1)) depending on the interactidntaken as
a functional of time and labeled by the index=0,1. In a
m is the reduced mas¥y(R) andV,(R) the potential ener- configuration-interaction picture their expansion can be writ-
gies, andu(R) the electronic transition dipole moment. The ten as[21]
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|¢<v)(|)>:a<u)o(|)|Xo)+a(u>1(|)|X1> rienced by_ the interaction over the same duration. The con-
sequence is that the wave packet can no longer be described
in terms of the evolution of a single resonance, but rather has
to be expanded on the two resonances of the model, at the

iy . , . ) end of the switch on timéy:
In addition to thisl-parametrized stationary picture we

assume that the initialt&0) wave packet is nothing but

1
Ixo); i.e., |mmb§;&M%mmm. (14)
| (t=0))=|x0)- ®

Finally, dynamical survival probabilitieB,(t) andP,(t) are

+de,b(v)E’(|)|¢E’>- (7)

The subsequent evolutiont>ty) is, for simplicity, as-
sumed to be adiabatic:

defined as the components of the wave packefxegh and 1
[xa): (D)= 2 e,(O] (D) (159
P, (1) =[(x, [ w(t) . ©
with
The steepness of the interactibft) controlling the time —
Zvolutu_)n o_f the_ wave packet may be analyzed within two c,(H)=c,(to)exd — _f E(U)(I(t’))dt’ . (15b)
pproximations: i)y,

(i) Adiabatic approximationin the case where the rate of
change of the interaction is very slow, the solution of the The survival probabilities(again neglecting the con-
Schradinger equation may be approximated by means of afinuum contribution display a much more complex behav-
eigenfunction of the instantaneous Hamiltonian. In ouriOr, involving, in addition to the sum of the squares of the
model, the wave packé(t)) adiabatically follows a single €xpansion coefficients on each resonance, an interference
resonancéd (1)), which, in field-free conditions, is noth- term:
ing but the initial statéx). The time evolution has a simple 1
expressmn.mvolvmg the resonance eigenendigy param-  p_(t>t))=>" |c,(t)ag,, (1)
etrized byl: i=0

+2Re[co(t)c (Dag),(1)af, (1] (16)

given by the real partRe) of the last product of the right-
hand side. Using Eq. 15), the interference term is shown to
oscillate with a frequencyvg related to the energy differ-
ences of the two resonances, more precisely, as

it
|'J/(t)>=eXF{_;L_LE(O)(NV))dt' | (1)). (10

Neglecting the continuum contribution of &), the sur-
vival probabilities are obtained as

P,()=lap,(D* (v=0,1). 11

1 [t
The dynamical picture that arises, as the field is switched COSVRE COS( hﬁo{E(o)(l(t )) E(D(I(t ))}dt ’

on, is a continuous merging of the initial stdg) into the (17)
resonance|¢(0)>, which displays a nonzero component
(a(0)1#0) on|x1). The consequence is an increaseraf
(intially 0) and a proportional decrease Bf, (initially 1)
during the pulse rise. At the end of the pulse, with the falloff
also being adiabati¢slow), the resonancés ) merges
back into|xo) and P, decreases to zero:

The signatures, in terms of survival probabilities, of the
nonadiabatic regime are quite different from those of the
aforementioned adiabatic one. As the pulse rises, the two
resonances are simultaneously exciteg,increases ané,
decreases proportionally. During the plateau regime of the
pulseP, and P, display in-phase oscillations following Eq.

P.(t—o0)= 1=0))2= 2-0. (12 (17). At the end of the pulse, part of the population of
1l 1=lxaldo NF=10alxo) (12 | (1)) remains or|x1), such that?; does not return back to

As for Po(t— ), the initial value cannot be reached due its initial zero value:

to dissociation:

1 2
Po(t—o)<1. (13 Pl(t_’w):‘<)(l|v20 C,(t—2) (I :0)>
Such are the typical signatures of the adiabatic regime. —|cy(t—x)|2. (18)

We note that the only difference from the well-known adia-
batic theorem[6] is the presence of a leakage towards aP,, as previously, can no longer recover its initial value, part

dissociative continuum, as indicated by E#3). of the population being transferred to the dissociation con-
(i) Sudden approximatiarin the opposite case, an almost tinuum.
unchanged wave packet over a very short time inteffvain In summary, completely different dynamics hold in adia-

0 up totg) displays quite different expansions in eigenfunc-batic or sudden regimes as the dissociation proceeds through
tions of the initial and final Hamiltonians, when consideringone or several resonances. The evolution of survival prob-
the sudden changérom one steady form to anotheexpe-  abilities we have so far analyzed give time-resolved informa-
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A=83 nm
0.0 - 14 2
I=5x10 W/cm
T
§ 100000 FIG. 1. Diabatic (solid line) and adiabatic
(dotted ling potential energy curves of H
&% ground and first excited states dressed by a pho-
r.% ton of A =83 nm wavelength and a laser intensity
200000 | of 1 =5x 10" W/cm?,
-30000.0
0.0

R(A)

tion on the excitation step. The observables that contain thparameter showing the progressive modifications from the

cumulative information of the dissociation process as aadiabatic to the nonadiabatic responses of the molecule to the
whole are the kinetic energy spectra of the photofragmentiaser. Besides this, typical nonadiabatic behaviors, with re-

[Eg. (5)]. Their modification when passing from one regime spect to in-phase oscillation periods and amplitudes of sur-

to the other and the way in which fragments kinetic energies,iva| probab”ities, depend upon the variations of thave-

can be controlled by the laser pulse shape are the topics @ngthor theintensityof the laser for a given pulse shape.

the following part of the paper. A first series of calculations concern a trapping mecha-
nism resulting from the excitation of H initially in its
. RESULTS ground vibrational leved =0 by a pulsed laser 0f=83 nm

wavelength and peak intensity of=5x10'* W/cm?. The

; +

The results of quantum calculations performed off H ey gressed molecular potentials are displayed in Fig. 1, in
that are presented hereaftgr and interpreted in terms of g, 1o giahatic and adiabatic framghe latter being ob-
simple two-level-one-continuum model, concern two ob-

. : X . tained by diagonalizing the radiative couplindhe vibra-
servabl'e.s_, hamely) the dY”am.'C?" behaviors of surV|_vaI tional levels are denoted=0,1 for the diabatic and
probabilities and the total dissociation rates when referring to + _ 1 ¢01 the adiabatic potentials corresponding to the
vibrational trapping or bond softening mechanisms by appro-__ .~ - : : .
priately changi%ggthe nonresonantgATD laser Wav)éIelr31lg?4th!~na-xlmum.0]c the _radlatlve coupllqg apd their energies are
{ii) the protons kinetic energy distributions for the 532_nmlndlcated in the figure. The stabilization mechanism is in

; . ._relation with the possibility for an initial wave packgt -
Vr;/g\éﬂ;?g:l corresponding to a multiphoton bond softenlnqo be trapped by the upper close adiabatic channel, which for

intense fields is only weakly coupldéthrough kinetic terms

to the lower continuum. In other words, the dissociation dy-

namics is mediated by laser-induced resonances, that are
In this paragraph, three types of effects are sketched, resery close(at least in the inner regiorto the vibrational

sulting from the variation of the following laser characteris- eigenfunctionsy, (v"=0,1, .. .) of the upper adiabatic po-

tics: pulse rise time, wavelength, and intensity. The pulsdential. It is precisely this observation that is taken into ac-

rise timefor a given intensity and wavelength is the leadingcount when representing the survival probabilities of Figs. 2

A. Total dissociation rates and survival probabilities

1.0 1.0

Z o8t 0.8

‘_§ FIG. 2. Survival probabilities
S 06t 0.6 (solid lineg of diabatic (a) and

A adiabatic(b) vibrational levels for
T; 0.4 0.4 a laser pulse (arbitrary units,

5 dashed lines corresponding to a
& 02r L . | 0.2 L . rise time of 40 fs. The initial field-

E é free state is K" (v=0).
0.0 —c T : S 0.0 - e e
0.0 50.0 100.0 150.0 200.0 0.0 §0.0 100.0 150.0 200.0

Time (fs) Time (fs)
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and 3, in terms of the projections of the time-dependent waveliabatic frame, nonzer®; , P, values during the pulse
packet either on the diabatic vibrational stajgs[as in EqQ. maximum for the adiabatic frame. This is clearly an indica-
(9)] appropriate to the field-free situation, or on the adiabaticdion that more than two resonances are involved in the dis-
vibrational statesj(u+ , Which better describe the strong radia- sociation process. Incidentally, we also note that the trapping
tive coupling regime. Survival probabilities that are dis- mechanism has an increasing efficiency as the pulse is
played areP,, P, and Pt=Py+ P, [together with their sharper: higher nonadiabaticity has as a consequence the ex-
“adiabatic” analogues,” = |(x."| #(t))|?] for three selected citation of more energetic resonances, which are better
pulse rise times ranging from 40 fecharacterizing a typi- trapped in the upper closed adiabatic potentfasterms of

cal adiabatic responséo 10 fs and 5 fdinducing nonadia-  high-lying x, 's). The final total survival probability in-
batic respons@sWhen the field is slowly switched d@s in  ¢reases fromPy(t..)=0.2 for 7=40 fs to P(t..)=0.6 for
Figs. 2a) and 2b)], the initial field free statgyo) adiabati- ;=10 fs to reachPr(t,,) =0.9 for 7=5 fs. It is worthwhile
cally moves into the¢o)(1)) resonance, which, during the nqinting out that the excitation of several resonances during
plateau regime of the pulse, is temporarily trapped in thgpe prenaration step is actually not in relation with the band-
upper adiabatic channel and actually is accurately repregiqih of the laser, as one could imagine when referring to
sented by thﬁ)@) level. This is c|+early+eV|d_enced on Fig. short pulses. Although this spreading has to be taken into
2(b) whereP is almost zero an®y =P, during the pulse  5ccount in some cases, it is rather a dynamical nonadiabatic
maximum. In the diabatic framgFig. 2@)], Py is tMPO-  response in relation with the sharpness of the pulse that is the
rarily populated due to the fact thédo)(Imad)=Ix0) de-  |eading mechanism. The argument is that two flat-topped
velops a nonzero component by ). After the pulse is over, pyises with the same plateau duratiof) ( having thus the

the resonanceso)(1)) returns back to the field-free state same bandwidthbasically controlled byT), but different

| X0}, andPy recovers its initial null value, as expected when sharpnessegifferent rise timesr), lead to completely dif-
dynamics proceeds through single resonance excitation. Thgrent behaviors in terms of survival probabilities. Figure
adiabatic frame, without physical significance in this situa-4(a) displays two such pulses, with=83 nm, | =5x 10"

tion, indicates only that théy,) state can always be ex- W/cm?2, andT=300 fs, differing by their rise times; =40
panded on the basis set bf, ) adiabatic stateso("=0,1 s and r,=10 fs. Their almost equal frequency spreadings
bearing the major contributioeading to nonzero values of (apout 100 cm?) depicted on the Fourier transforms of the
Ps and P ; their oscillations are merely related to phasepulse shapedFig. 4(b)], are far from the energy separation of
accumulation during the pulse plateau. The results for ahe laser-induced resonancésbout 2000 cm?t). In Fig.
shorter pulse rise timer10 fs) leading to nonadiabatic 4(c) one observes the corresponding survival probabilities:
behaviors are depicted in Figs(aB and 3b), namely, in- the slow rise time leads to the single resonance adiabatic
phase oscillations oP, and P, during the pulse maximum signature, whereas the sharp pulse gives the typical in-phase
and population, which remains dt, after the pulse is over. oscillations due to the excitation of higher resonances.

In the adiabatic frame, one observes small differences be- A second series of calculations shows the predictive abil-
tweenP; andP; and a rise o (although not very read- ity of our simple model when analyzing in more detail the
able at that scaje These are the expected signatures of two-wavelength and intensity dependence of the nonadiabatic re-
resonance dynamics. Much sharper pulses§ fs) lead to  sponse. The wavelength variati¢ior the same initial level
even more complicated nonadiabatic effects such as those=0, laser peak intensity=5x 10 W/cm?, and sudden
illustrated in Figs. &) and 3d), namely, irregular oscilla- pulse rise timer=10 fg) from A=83 nm toA=105 nm
tions onP, andP; and non-negligible populatioR, for the  induces drastic variations in the dissociation cross section:

I~

"40.0 60.0 80.0 100.0 120.0 140.0 40.0 60.0 80.0 100.0 1200 140.0

0 FIG. 3. Same as for Fig. 2 but with pulse rise

" U ' (<) P, W ‘ ‘ @] times of 10 fs(a) and (b) and 5 fs(c) and (d).
0.8 CPr 2 g - 408

- Lol dos

s j[\s—o.4

N o2

Survival Probability

0.6

0.4

0.2

0.0 LT

. 1 / 1 1 I 1 0‘0
40.0 60.0 120.0 1400 40.0 60.0 80.0 100.0 1200 140.0

Time (fs) Time (fs)
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1.00 | 1) (I man)) < €l x0) + 1| x1) + €[ x2), (19b)

where 1¢,e? are just some ordering factors. In the case

wherex =105 nm, the curvature of the upper adiabatic curve
is much different from the diabatic one, with, as a conse-
quence, the lowest adiabatic levgly ) lying between|xo)
and|y,) and the seconfly; ) close to|y.), such that

0 100 200 300 400 500

Time (fs) |0 (Imad Y L] x0) + L x1) + €l x2), (203

Ao=110 cm™ ®) | | 1) (I maxd) = €l xo) + € x1) + 1 x2)- (200

. Using Eq.(16) one finally gets foix=83 nm

Electric Field Amplitude (arb.units)
s

Po(t)x1|co|2+ €2|cq|2+ 2ecoc cosvgt, (218

e e

0.00 =
120000 120500 121000

Frequency (cm ™)) Pi(t)x€?|co|?+1|cq|2+ 2ecoc cosvgt,  (21b)

1.00 , ‘ : P,(t)x e¥co|?+ €*cq|?+ 2€*coc covpt, (210

z L © |

;; o7 ' showing thatP, and P, are oscillating with comparable am-

E 050 - VWWMWWWVWNNN plitudes ) whereasP, is negligible *). As for A=105

=R | nm one has

£ e ; 2 2|2

= L . . .

3 0005 o = = = = Po(t)cd|co|“+ €°|cq|“+ 2€cyCiCOMWRL, (229
Time (fs)

Pi(t)x1|co|2+ €*cq|2+ 2€?coc coavgt,  (22b)

FIG. 4. Electric field amplitudes as a function of tirf@ and as
a function of frequency(b), and (c) the corresponding survival
probabilities for two different flat-topped laser pulses with-83 ) ) o )
nm wavelength,T=300 fs plateau duration, ank=5x10% w/  With Pg and P, with comparable oscillation amplitudes)(
cm? maximum intensity. The thick solid line is for a slow rise time WhereasP, is almost flat €.
(40 f9). The thin solid line is for a fast rise tim@o fs). Longer wavelengths lead to right crossing situations
where the bond softening mechanism is responsible for dis-
from the previously analyzed stabilization situation wheresociation. The calculations that are illustrated in Fig. 6 con-
the total dissociation probability is 0.4 to a nearly completecern one of these wavelengths= 154 nm and put the em-
dissociation with probability 0.92. The dressed molecular pophasis on the oscillation periods of the nonadiabatic survival
tentials for these two wavelengths are depicted in Fig).5 probabilities by varying the laser peak intensity for the same
The leading dissociation mechanism changes from theulse rise time =5 fs), with the initial molecular state
above-mentioned vibrational trapping for the left curvebeing, as previously, the ground vibrational levet0. The
crossing aih =83 nm to the so-called bond softening for the field dressed potentials displayed in Figa)have ac* type
near maximum absorption at=105 nm. Figures @) and  of crossing point between the right turning points of the
5(c) compare the time-dependent behaviors of survival probv =0 andv=1 vibrational levels, such that an increase of
abilities for the two wavelengths. Although in completely the radiative coupling strength results in an increase of the
different scales(resulting from different total dissociation energy separation between the corresponding resonances;
cross sections the typical in-phase oscillations during the E o being pushed down anfl;y pushed up. The nonadia-
pulse plateau of basically two survival probabilities are thebatic response as a function of the laser intensity is shown in
common fingerprints of these trapping and softening mechaFigs. b) and Ge), in terms of the oscillation periods of the
nisms, where the nonadiabatic response involves a twasurvival probability P,(t) following the prediction of Eg.
resonance dynamics. The main difference is thatNfer83  (17). Namely, an increase of the peak intensity frdm
nm P, and P, oscillates in phase, whereas for=105 nm, =102 W/cm? to | =2X 10" W/cm? results in a decrease of
P, is almost constant and it i®, and P, that show the the oscillation period from 14.89 to 12.56 fs. This is in
typical oscillations. An interpretation can be provided byagreement, within 5% accuracy, with E@L7) where the
projecting the two resonancew(o)(lmax))zug) and resonance energieE,)(Ima) are computed using time-
|¢(1)(|max)>2|)(1+> on the diabatic vibrational levelky,) independent techniques. We also note that there is also a fine
(v=0,1,2) of the ground electronic state. In the left crossingstructure in the time-dependent behavior of the survival
situation (=83 nm), |x¢) and|x;) lie close to|yo) and probabilities that is evidenced in Fig(f§[i.e., a closeup of
|x1), respectively, such that Fig. 6(b)]. The oscillation period0.25 f3 is twice the field
carrier wave frequency as expected from the Floquet Hamil-

| b(0)(Imax) ) 1] xo) + €] x1) + €% x2), (199 tonian.

P,(t)x €?|co|?+ 1|cq|?+2€ecoc cOsWRt, (220
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900000 v=1 1 FIG. 5. (a) Vibrational energy
v=0 levels and diabatic potential-
energy curves of k" ground and
A=105 nm first excited states dressed by a
photon of A=83 nm and\ =105
A=83 nm nm wavelength. (b),(c) Corre-
sponding survival probabilities as
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We now analyze the nonadiabatic response of kb a populated with aﬂ_at behavic_Jr re.turning back tq zero after the
short intense laser pulse by considering its photofragmeriRulse falls off, as IS shown in Fig.(8)], _results.m a narrow
kinetic energy spectra. The molecule taken in an excited vitwo-photon peaKFig. 8(b)]. A closer inspection shows a
brational levelv=2 is supposed to be irradiated by the very small shoulder in the high-energy wing of this peak due
532-nm harmonic of an Nd-YAG laser delivering a peakto dissociation from the temporarily populatee- 3 level. A
intensity of 5<10 W/cm? as in Ref.[3]. The photon sharper pulse =20 fs) characterizes a nonadiabatic re-
dressed molecular potentials of the two main Floquet blocksponse with the typical in-phase oscillations betwPgrand
are indicated in Fig. 7. For this very nonresonant photorP; (with also a small amount d?;) during the pulse maxi-
wavelength, although strictly speaking the 2 level shifted mum [Fig. 8c)]. The kinetic energy spectrufFig. 8(d)]
by the photon energy is slightly above the dissociationdisplays a broader two-photon peak with satellite structures
threshold, due to large potential barrier, the single-photordisplaying an energy spacing corresponding to the vibration-
dissociation is prohibited. The dynamics proceeds via an ininal frequencies of =0,1,2,3 levels. Actually, the interpreta-
tial absorption of 3 photongdue to favorable Franck- tion is that, during a sudden excitation, several resonances
Condon overlap between the=2 eigenfunction of the and hence several vibrational levels are simultaneously and
ground electronic statg and the continuum eigenfunction of temporarily populated, and may decay into the two-photon
the three-photon dressed excited electronic staté stimu-  channel producing fragments with specific velocities. Very
lated emission takes place Bt=2.2 A corresponding to a sharp pulses induce very strong nonadiabatic behaviors. Us-
curve-crossing between the 3-photorand the 2-photomy ing rise times ofr=10 fs[Figs. 9a) and 9b)] or even ofr =
states; the overall mechanism is a two-photon absorption & fs [Figs. 9¢) and 9d)] leads to the enhancement of the
indicated on the proton’s kinetic energy spectra of Figb) 8 relative amplitudes of the satellite structures of the two-
and &d). An adiabatically switched pulse with a rise time of photon peak. But even more surprising is the rise of a one-
=80 fs, providing the expected typical signature of an adiaphoton peak, having in mind that a single-photon dissocia-
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tion starting fromv =2 is a very inefficient mechanism for origin of this new phenomenon producing low-energy frag-
this off-resonance wavelength. A standard bond softeningnents and that we may term BTD as opposed to ATD. It is
mechanism by potential energy barrier lowering would neto be emphasized that the dynamics of this process is not
cessitate a laser field more than one order of magnitudemerely related with a single resonance shifted in energy or
stronger. acquiring a width large enough to be located, during the
This last observation suggests a somewhat unexpectqulilse, above the one-photon dissociation threshold, but is
nonadiabatic excitation scenario for dissociating a moleculdasically mediated by, at least, two laser-induced resonances.
with single-photon absorption, even when the energy of thidMloreover, the excitation of higher resonances responsible for
photon is below the fragmentation threshold. Due to the sudBTD is not a consequence of the bandwidth of the laser pulse
den switching on of a strong field, two or more resonance$ut, as has been shown previougdge Fig. 4, for instange
with energies above the single-photon dissociation limit mayesults from the sharpness of the laser pulse. In other words,
be temporarily populated. It is the subsequent decay of sucthe specificity of BTD is that its dynamics proceeds through
resonances in the one-photon channel that could be at trsome higher laser-induced resonances that do not correlate
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with the field-free initial state after the pulse is over. Thiswave-packet calculations on,H. The detailed understand-

prediction has been checked against the case,0f #isso-  ing of these processes by changing laser characteristics
ciation starting from the =1 vibrational level for which the (pulse rise time, intensity, and wavelengtencompassing

single A=532 nm photon dissociation channel is strictly the vibrational trapping and bond softening mechanisms,
closed. Making use of a very sudden and intense laser pulggyens the possibility not only to control some aspects of
(rise time of 2.5 fs from 0 to T8 W/cm?) produces notice- photofragments spectra but also to evidence some single-
able population transfer on resonances correlating Witthnhoton dissociation mechanisms, initiated by a photon carry-

v=23, ... levels carrying enough energy to decay into thgng |ess energywhen considered aloh¢han the minimum
one-photon channel. Figure 10 illustrates this situation W'“Tequired for the fragmentation to occur.

the rise of the one-photon peak.

In' conclusion, the predictions of a smglle two—level—pne— ACKNOWLEDGMENTS
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