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Light-Induced Molecular Potentials
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We investigate the dissociation dynamics of molecules exposed to intense laser fields that induce
electronic Rabi frequencies comparable to the frequency of nuclear vibration. A fast, mass selected
beam of the simply structured model molecule Awas prepared in low vibrational levels and crossed
with a dye laser beam (532 nns5 X 102 W/cn?). The absolute number of photofragments has been
measured as a function of intensity. A clear experimental signature of light-induced potential curves is
observed: enhanced dissociation by tunneling through a light-induced potential barrier. This is deduced
from a quantitative comparison with theoretical predictions. [S0031-9007(97)02785-3]

PACS numbers: 33.80.Gj, 42.50.Hz, 82.50.Fv

With the advent of intense, short pulse lasers nu- For the experimental study presented in this Letter we
merous experimental and theoretical investigations haveave chosen Art that can be adequately described, like
explored a new regime of light-matter interactions. Ex-H,", using only two electronic states {B; and DZEQ)
posing atoms to intense laser light led to the discoverat the intensities used in this experiment. These two states
of fascinating new phenomena, of which above thresholdre coupled in a light field by an electric dipole moment
ionization and high harmonic generation are two well-d = r/2 (in atomic units,r being the internuclear sepa-
known examples [1]. Additional nuclear degrees of freeration). The strong, nonperturbative coupling induces
dom in molecules promise a wealth of new phenomena tfarge electronic Rabi frequenciesgy = d - Eo)/h and
be explored and studies of the dissociation and ionizatiothus leads to nonlinear light-molecule interactian, (s
dynamics of neutral molecules have revealed interestinghe electric field). This transition moment dominates the
effects particular to molecules [2]. dynamics in a light field, as has been recognized in a

When describing the molecule-light interaction in atheoretical study by Bandrauk and Sink who investigated
dressed state model, i.e., when the light field is explicthe photodissociation of At in intense laser fields [8].
itly included into the Hamiltonian, the change of nuclear|_ater, the behavior of this molecule in a strong radi-
dynamics due to the light field can be conveniently vi-ation field has been treated by Pegarkov and Rapoport [9].
sualized as arising from light-induced molecular potenRecently, time-dependent calculations on Ahelped to
tial curves (LIP) [4]. The shape of these light-inducedshed more light on the dynamics in intense fields [10].
potentials can be controlled by varying the parameter seor H,* numerous theoretical studies have explored its
tings (intensity, frequency) of the laser field. Detailed the-pehavior in strong fields [5].
oretical investigations have been inspired by this intuitive The simple structure of AF together with well con-
physical model making intriguing predictions regardingtrolled experimental conditions employing a mass selected
the dynamics of molecules exposed to laser fields [4,5]molecular beam allows for an unambiguous interpretation
For example, stabilization against dissociation and enof the present photofragmentation study. New effective
hanced dissociation by tunneling through a light-inducechotential curves formed in an intense laser field leave a
potential barrier are two sides of the same coin when makelear fingerprint on the dissociation probability. In par-
ing use of this model. ticular, tunneling through a light-induced potential barrier

In neutral molecules various ionization and dissociatiorcan for the first time be unambiguously identified through
pathways exist when exposed to intense fields. Experia quantitative comparison with theoretical predictions.
mentally, these are not always easily disentangled and In order to illustrate the concept of LIP, we will con-
have impeded the conclusive identification of phenomenaider the model case of the diatomic moleculeAr The
that can be attributed to LIP [2]. It is advantageous totwo reIevant electronic states are characterized by a bond-
use simply structured molecular ions, e.g., the “modeling (A*3) and an ant|bond|ngD22+) potential curve,
molecules” H™ or Ar,™ to isolate these new phenomenarespect|vely Exposing this molecule to laser light of fre-
from other processes. However, if a molecular ion isquencyw; shifts the energy of the lower, bonding poten-
prepared by the same laser pulse that is used to prohgl curve byiw,, if the interaction between molecule and
it, the advantage of using such a simple two-electronicelectromagnetic field is described in a dressed state repre-
state molecule is not evident [2,6]. Various groups trysentation. Thus, the two diabatic potential curves shown
to circumvent the problems arising from preparing andas dashed lines in Fig. 1 cross at the internuclear distance,
probing K" in one and the same laser pulse by ionizingry, where they are coupled resonantly by the light field.
H, in a first pulse and then to probe,Hin an intense After diagonalizing the electronic Hamiltonian,2ax 2
field [7]. matrix with the electronic eigenvalues as a function of
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tential system and dividing by the vibrational periodr,
yields the rate of dissociatio®. As long as the relative
.. ooy dl .

change in intensityl7; /1|, is much smaller than/ 7, the
rate R obtained from LIP is well defined. This is always
the case for the pulses employed in this experiment.

Alternatively, R can be obtained from Fermi’s golden
rule (FGR) for one-photon absorptigA®S.+ B D22;):
Ruvkx = 0uyxl/lio, whereo represents the cross sec-
tion for excitation from a given rovibrational level (rota-
tional quantum numbet) of the ground electronic state
A%3* to the dissociative state’D [3]. The electric
transition dipole moment was obtained from measure-
ments of the absolute cross section for photodissociation
at low laser intensities and was found to be in reasonable
agreement with results from initio calculations [13].
FIG. 1. Light-induced adiabatic potential curves (solid lines) As expected, these two approaches yield the same re-
in Ar,™ at a laser wavelength of 532 nm and intensity of sylts at low laser intensities. Fér= 10!! W/cn?, how-
5% 10" W/cne.  Dashed lines symbolize diabatic potential gyer the predictions of LIP for low lying levels deviate
curves, arising from the ground statéy” and the antibonding strongly from the golden rule result due to an increasing
\[/)ib%agtiosr;[gﬁ.eve[l)soned lines indicate the positions of d'abat'cprobability for tunneling through the diminishing poten-

' tial barrier of E;. At an intensity of=7 X 102 W/cn?

(532 nm), the potential barrier is completely suppressed

. . ) and the probabilityp, for dissociation of thes = 0 level
the internuclear distance on the diagonal places and “@quals 1. The dissociation rat®,, , o, is plotted ver-

dipole interaction (proportional t@/7, I being the laser  ¢q jaser intensity in Fig. 2. Solid lines show the rate
intensity) on the off-diagonal places, one obtains adiabatig 14t is predicted, if one uses LIP in the rotating wave

potential curvest, andE; (solid lines in Fig. 1) [4]. The  55516ximation (one-photon coupling, Fig. 1) and dashed
characteristic features of these new electronic states c es give for comparison the dissociation rate obtained

be changed by varying the frequency and intensity of the.y ., FGR.

laser field. Increasing the frequency, for example, moves The increase in dissociation probability due to tun-
the avoided crossing to a smaller internuclear distagce neling can be diagnosed by measuring the number
The “gap” between the adiabatic curves can be given @¢ photofragments as a function of intensity at fixed

desired size by adjusting the intensity of the light field. 4yelength. The present experimental setup has been
In this configuration, three regions of rovibrational en-yegcriped elsewhere [3,14,15] and will be only briefly
ergy can be distinguished for which LIP predict intriguing 5 tlined in what follows. (OAr*9Ar)* molecules are
phenomena for the net absorption of one photon (see, fQfenerated in a dc discharge with a thermal distribution of
instance, [3,4]). First, for a vibrational level below the ha oyiprational populations [15] and formed into a mass

potential barrier of the lower adiabatic potentill, (6.9.,  selected fast (7.5 keV) beam. After the molecular beam
v = 0 in Fig. 1), the nuclei are still bound. However,

with increasing light intensity the barrier is more and more
suppressed and the probability for tunneling through it be-
comes appreciable. Second, some levels with vibrationa . 12
energy above the avoided crossing exhibit an increasec2 12
dissociation probability due to the presence of the gap be-2 10
tweenk; andk; (e.g.,v = 9, not shown in Fig. 1). And & -
third, diabatic levels far above the avoided crossing may £ s oo 1 s 10
become trapped in the upper of the light-induced elec- i
tronic statesE,, and thus stabilize in an intense field. é 6 .
The rate of dissociatior®, can be determined, for ex- g” v=0 £

ample, by applying the well-known Landau-Zener formula
[11] to this curve crossing problem. However, this for-
mula can be applied only when the vibrational energy lies
above the avoided crossing. Zhu and Nakamura have d&IG. 2. Dissociation rate of AF as a function of laser in-

rived modified expressions of the Landau-Zener formuld€nSity (53|2dnm). lDaS?]ed lines lr_gp{_esent tcalgu:cations ulsing
: ; ; ermi's golden rule, whereas solid lines stand for a calcu-
that are valid over a wide range of coupling strenghts amijation using light-induced adiabatic potentials (both for one-

for all vibrational energies [12]. Calculating the transmis-photon absorption). (a) Vibrational quantum numbes= 0, 1.
sion probability,p, of a particle through the adiabatic po- (b) v = 2,3.
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has been collimated, it intersects at right angles the
diffraction limited focus of a dye laser beam. Even
though the laser pulse length 830 ns, the molecules
experience pulses in the picosecond regiea30 ps)
determined by the time needed to traverse the fo-
cal region. Charged photofragments {Aiions) and
Ar,t molecules are removed from the molecular beam
after the interaction zone by means of electrostatic
deflection plates, and Ar ions are counted using a
secondary electron multiplier whose detection efficiency
is known.

In order to be able to observe the drastically increased
dissociation rate at high intensity due to tunneling through
the well of E; (Fig. 1), vibrational levels of Ar" above
the avoided crossingp = 5) are depopulated before the
interaction with the high intensity dye laser takes place.

This is achieved by applying a properly timed low in-
tensity (4 X 10° W/cn?) Nd:YAG laser pulse at 532 nm Vibrational Quantum Number
to the molecules before they cross the second interacti G.3. Predicted number of photofragments of LIP (solid

zone with the dye laser. The photodissociation cross S€Gars) and FGR (hatched bars) for individual vibrational levels

tion, o, at a fixed wavelength depends strongly on thek = 0) at 532 nm and at a peak intensity ofx 102 W/cn?
vibrational quantum numbers. The wavelength of this (molecular beam radius 0.3 mm) [17]. (a) Thermal population

preparation laser is chosen such that only the populatior§stribution in the Ag™ beam. (b) Preparation laser has been
of low lying levels remain (nearly) undepleted. .US.’tE:’dI told,?p()p“'at? th'gh 'e])’e.'g- t_The lglrapt?s on top depict the
~ initial relative populations of vibrational levels.
Forv = 0, o at 532 nm equalg.6 X 10~2 cn? and

increases monotonically as a functiomofintil it reaches
its maximum of2.1 X 10~!7 cn? for v = 6. For this We will now turn to the discussion of the experimen-
vibrational level the matrix element is largest becausdally determined number of photofragments as a func-
of a favorable Franck-Condon overlap. For even highetion of laser intensity under the conditions illustrated in
v, o does not drop below 0~ '® cn? (except forv =  Figs. 3(a) and 3(b), respectively.
8, 14; only levels withv = 20 are taken into account, Figure 4(a) shows the measured number of* Ar
since the thermal population of higher lying levels isphotofragments as a function of laser intensity at a
negligible.) During the application of the Nd:YAG pulse, laser wavelength of 535 nm with the initial rovibrational
levels with v = 5 are therefore strongly depopulated, population being thermal (no preparation laser) [3]. The
whereas low lying levels are hardly affected, as longsolid line in Fig. 4(a) shows the result of a computational
as I Xt < hw/o for small v, i.e., the dissociation simulation of the experiment. This simulation [3], which
probability is much less than one, with being the relies on LIP, agrees well with the experimental data. It
interaction time. The preparation of Ar molecules does not involve any free parameter. Doing a simulation
along with the experimental setup will be detailed in astarting from FGR gives equally good agreement with
longer publication [16]. the experimental data in this case. It is surprising to
Preparing As* in low levels is essential to obtain a find that, even at high experimental peak intensities
clear experimental signature of tunneling through The (=8 X 10'> W/cn?), the dissociation yield can be
number of photofragments from a given vibrational levelequally well described using the “classical” approach,
generated by the high intensity dye laser is proportional.e., Fermi’s golden rule for one-photon processes [3].
to the product of the dissociation rate and the relativeHowever, for vibrational levels in the vicinity of the
population of this level. In case of a thermal distributionpotential gap and above [17], FGR and LIP predict
of the vibrational populations, this product is largest foressentially equal dissociation yields [Fig. 3(a)]: FGR
levels in the vicinity of the potential gaf3 < v <  predicts a large dissociation cross section because of
7) at a peak intensity of5 X 10'> W/cm? and still a large Franck-Condon factor, and LIP because of the
substantial for higher leveley < 15). For these levels presence of the potential gap betwegnandE;.
LIP and FGR predict essentially the same number of For the data depicted in Fig. 4(b) the additional
photofragments, even at high intensity [Fig. 3(a)] [17].Nd:YAG preparation laser is in use and therefore only
Thus, the larger number of fragments expected from LIRow vibrational levels [Fig. 3(b)] interact with the high
for low levels (tunneling) leads only to a small overall intensity dye laser which is set to 532 nm. In addition,
effect. However, when only low levels are populated, thethe radius of the molecular beam is reduced to 0.3 mm
distinctively larger dissociation rate predicted by LIP is[as compared to 0.7 mm for the data in Fig. 4(a)]. If
clearly discernible [Fig. 3(b)]. one now uses FGR to simulate the experimental signal of
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biguous experimental evidence for a new strong field ef-
03 fect arising from light-induced molecular potentials whose

} properties can be controlled by varying the parameters of
. the laser light (e.g., intensity and frequency).
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