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It is shown that electronic resonances, at internuclear distances that differ from the equilibrium value, 
may play an important role in multi photon transitions in molecules. In particular, such resonances lead to 
a delay of the multiphoton dissociation process and to a substantial change in the angular distribution of 
the spreading fragments. 

PACS numbers: 32.20.Sf 

The behavior of molecules in an intense electromag­
netic field has been investigated in less detail than the 
behavior of atoms. In particular, the specific role 
which electronic resonances may play in connection 
with multiphoton transitions in molecules has still not 
been analyzed. The point is that, in addition to reso­
nances in intermediate electronic states similar to 
those which occur in atoms, resonances associated 
with different values of the internuclear distance R, 
differing from the equilibrium value R., are also pos­
sible in the system of a molecule's electronic terms. 
Certain effects associated with multiphoton transitions 
in molecules, which may be caused by resonances of a 
similar type, are discussed in the present article. 

For the sake of definiteness let us consider the non­
resonant n-photon dissociation of a diatomic molecule 
under the influence of an intense field of optical fre­
quency w. The terms of the initial Ul and final Uz elec­
tronic states for this case are shown schematically in 
the figure. After a transition to the repulsive term Uz, 
dissociation of the molecule usually occurs in a time of 
the order of 10-13 to 10-14 sec; however, this process 
may be significantly retarded if one-photon optical tran­
sitions between terms 1 and 2 are forbidden. For a 
sufficiently high intensity of radiation, the one-photon 
resonance 1iw = Uz(R) - Ul(R), appearing in the region 
Rl > R., leads to a strong interaction between te rms 1 
and 2, as a result of which a radical rearrangement of 
the nuclear motion occurs. It is now necessary to de-
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termine the motion of the nuclei on the basis of the elec­
tronic Hamiltonian, which includes the resonance in­
teraction with the radiation field. [1] 

The procedure for separating the electronic and nu­
clear motion in a molecule located in a strong field is 
actually equivalent to the use of the Born-Oppenheimer 
approximation in the representation of "rotating" elec­
tronic states, where the resonance interaction of the 
molecule with the external field E = Eo coswt becomes 
time independent, and the potential energy for the nu­
clear motion in terms 1 and 2 takes the following ma­
trix form: 

i" _ (u,-nwl2 Vo ) 
- V" C+liw/2' 

(1 ) 

The presence of the nondiagonal elements Vo=dlz 
. Eo/.! in Eq. (1) indicates that is is impossible to re­
gard the motion of the nuclei with respect to the terms 
1 and 2 as independent in the region R ~ R l • Upon ful-

u 
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fillment of the condition (n -l)/iw <D. after an n-photon 
transition from the ground state to term 2, with respect 
to its nuclear motion the molecule is found in the adi­
abatic potential well U = (1/2){U1 + Uz + [(uz - U1 -/iw 'f 
+4V~P/Z}, which is formed as a result of the quasi-in­
tersection of terms 1 and 2, which are bound to each 
other by the interaction Vo. 

One can estimate the parameters of the vibrational 
spectrum in this well for a fixed orientation of the mole­
cule, assuming for simplicity constancy of Vo and of 
the slopes F j = W/ aR of the terms in the region of the 
quasi-intersection: 

£,=Uo+ (2k+l)hW2- (2k+ J )'tzQx.l4. 

Q=Fdi (j+l)JlfY,I2j-''. 
(2) 

where y = ! F z/ F 1 !, M is the molecule's reduced mass, 
and the parameters b j = Uj(R 1 ) - FjR j may include a 
term quadratic in Eo and due to the nonresonant part of 
the polarizability 0 In the range R of interest to us, Y 
is usually less than unity, but the quantity Fl varies 
over wide limits for different molecules. Not overly 
steepslopes, F1 :::. 10-4 cgs esu are favorable for the 
situation under consideration; such slopes exist in 
many molecules (for example, the alkali-metal halides) 
for !U1(R 1 )1 ",,1 eV. If Fl "" 10-4 cgs esu, y""0.2, M 
"" 30M p, and Vo <::; 0.1 eV, then n"" 1013 sec and x."" 0.03. 

For a fixed orientation of the molecule, the width of 
the level in the formed well is determined by nonadi­
abatic transitions in the region of quasi-intersection of 
the terms, and in the case of strong coupling may be 
estimated from the Landau-Zener formula[2.3] 

(3 ) 

where v_=[2(€ __ Uo)/M]1/Z is the quasiclassical velocity 
of motion of the nuclei in the quasi-intersection region. 
Taking account of the estimates cited above, we obtain 
6""16 fore_-Uo""O.l eV, Le., the molecule's life­
time in the adiabatic well may be rather large. In 
fact, however, the lifetime of such a predissociated 
molecule will be determined by other factors, fore­
most among which is rotation of the molecule. A vari­
ation of the angle e between the molecule's axis and the 
direction of Eo leads to a change in the value of Vo, and 
for a definite value of e, when 6 decreases to 6"" 1, the 
molecule will no longer be contained in the adiabatic 
potential well. Hence it follows that in the region Rl 
the one-photon resonance may playa decisive role in 
the formation of the angular distribution of the dissoci­
ation products, which turns out to be dependent on the 
radiation intensity. 

The delay induced by the field of the dissociation pro­
cess already begins to significantly influence the angu­
lar distribution of the spreading fragments for 6max 

= 61 "" 1, when the maximum lifetime of the predissoci­
ated molecule becomes comparable with the period of 
its rotation. For d 12 "" 10-18 cgs esu and the estimates 
utilized above, this corresponds to an intenSity I"" 1012 
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W / cma• With increasing intenSity of the radiation, the 
number of molecules which dissociate at an axis orien­
tation corresponding to the maximal value 6_» 61 

will decrease rapidly, and a deep dip appears in the 
angular distribution for e = 0, 1f or e = 1f/2 respectively 
for "parallel" (V~ - cosz e) and "perpendicular" (V~ 
- sinZO) transitions. The width of this dip is determined 
by the condition 6;;, 610 i. e. , for parallel resonance 
transitions the dissociation products will be primarily 
emitted in a plane which is perpendicular to Eo in the 
angular band 1:l.0= 1f/2 ± cos-1 (6J 6max ), and for perpen­
dicular transitions-around the direction Eo in the band 
1:l.0=sin-l {61/6max)1/2. 

In the angular range corresponding to the condition 
15 < 61 , dissociation of the molecule takes place prac­
tically without delay; in this region the angular distri­
bution is primarily determined by the initial multi­
photon transition, as a result of which the molecule 
falls on the repulsive term. In the absence of a buildup 
of molecules in the predissociated state, the emergence 
of a dip in the angular distribution should obviously lead 
to an increase in the number of molecules, which are 
dissociating in the region separating the band of the 
dip and the unperturbed distribution, i. e. , it should 
lead to the appearance of additional maxima. Such a 
rearrangement of the angular distribution may be ob­
served not only in multiphoton processes, but also for 
the one-photon association of molecules by ultraviolet 
radiation, if a strong field of smaller frequency acts 
on them simultaneously. In this case the change of the 
angular distribution may be unusually sharp, since for 
identical polarizations of the two fields the dip falls 
exactly on the position of the maximum of the unper­
turbed distribution. 

The influence of a finite lifetime of the predissociated 
molecule on the angular distribution of the products of 
the one-photon dissociation has been previously inves­
tigated in several articles (see, for example,[4.sJ). 

The results obtained there, however, cannot be directly 
utilized for a description of the characteristic features 
mentioned here of the angular distribution because, 
first of all, in the present case the delay time of the 
dissociation turns out to be substantially anisotropic 
and, furthermore, it is, generally speaking, already 
impossible to regard the molecular rotation in a strong 
radiation field as free. 

Within the framework of a classical description of 
molecular rotation, the influence of the field-induced 
delay of the dissociation on the angular distribution may 
be taken into consideration in the following way. If 
w(cos 0) is the probability of dissociation per unit time 
for an excited molecule with a given orientation, then 
for a sufficiently slow (in comparison with the vibra­
tional frequency) variation O{t) the probability of dis­
sociation of the molecule into the angular interval sinet 

xd 01 for an initialorientation 00 and an initial velocity 
80 = Wo cosYo will be determined by the expression 
PsinOl dOl' where 

P(O,.O".8,,)= SO(COS8,-cos8)exp [ - SW(t')dt']Wdt. (4) 
" , 
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In virtue of the axial symmetry of the problem, the 
quantity P does not depend on the azimuthal angle. The 
final result is obtained after averaging the distribution 
(4) over the initial values 80 and 60, which are deter­
mined by the multiphoton transition of the molecule in­
to term 2 in the presence of a strong radiation field. 
The calculation of the initial distribution is an indepen­
dent problem and falls outside the limits of the present 
work. At the same time those characteristic features 
of the angular distribution, which were considered 
above, are already evident from Eq. (4). If W/wo 
« 1, then P turns out to be a small quantity, which 
corresponds to the region of the dip in the angular dis­
tribution. For wolw« 1 the values of P turn out to be 
localized near 80 , that is, P- 6(cos 81 - cos80), and the ini­
tial angular distribution remains practically unchanged. 

If it is assumed that the molecule's rotation is free, 
i.e. , 

cos a=eos ao ellS wot+sin ao sin wot cos Yo, (5) 

and the ratio of the rotational frequency Wo to W is 
small over the entire range of angles (the case of a 
relatively weak field), then after averaging over 'Yo the 
following value is obtained from Eq. (4) for the correc­
tion Af to the initial angular distribution f(cos 80): 

where the primes denote differentiation with respect 
to y = cos 80, We note that for W(y) t- const the quantity 
Af does not, generally speaking, vanish identically 
even for an isotropic initial distribution. 

It was already mentioned above that the molecule's 
rotation in a strong field differs from free rotation. 
As is evident from Eqs. (2), the resonance interaction 
leads to the appearance of a pushing torque resonance 
that rotates the axis of the molecule in the direction of 
decreasing Vo. It is interesting to note that, upon al­
lowance for the nonresonant part of the polarizability, 
stabilization of the position of the mole cule' s axis with 
respect to Eo may be approached if the longitudinal and 
transverse polarizabilities differ noticeably, I XII - XJ.I 
e;, 1 }..3. The intensities Ie;, 1013 W/cm2 required for 
this do not exceed by far those values which are neces­
sary to achieve the condition 6» 1 and which are usu­
ally utilized for an experimental investigation of multi­
photon transitions. Stabilization of the molecule's axis 
may increase the molecule's lifetime in the adiabatic 
potential well and may lead to an increase in the rela­
tive role of other competing processes, for example, 
ionization or spontaneous radiative transition. 

Thus, the resonances investigated here are able to 
Significantly influence the nature of the multiphoton 
transitions in molecules. The conditions of their for­
mation are less stringent than for resonances into in­
termediate electronic states for R ~ R.. The rearrange­
ment of the nuclear motion which occurs in this connec­
tion differs qualitatively from the effects considered 
earlier, [6,7] which may be observed in connection with 
the collision of atoms in a radiation field of smaller 
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intensity and at such interatomic distances when reso­
nant modification of the terms of the quasimolecules 
does not lead to the formation of a discrete spectrum 
instead of a continuum. 

The value I~ 1012 W/cm2 , necessary for the manifes­
tation of this specific role of the electronic resonances, 
at the same time does not exceed those values, when 
perturbation theory becomes inapplicable for nonreso­
nant processes. For example, in order for one-photon 
dissociation from the adiabatic well to have9 Significant 
influence on the general picture of n-photon dissociation 
(this would imply an increase in the relative role of the 
(n+ l)st order process), in the present case it is neces­
sary that the cross section for one-photon dissociation 
exceeds the value a = wo(flw/I) ~ 10-19 cm2 , whereas the 
cross section for such processes is usually consider­
ably smaller, owing to nonobservance of the Franck­
Condon prinCiple. If the influence of such a transition 
nevertheless becomes appreciable (in connection with 
a further increase of the intensity or in the presence 
of a close, repulsive term U3 ), then fragments having 
different energies with respect to the motion or existing 
in different electronic states appear among the dissoci­
ation products. This example is obviously one more 
illustration of the effect considered in the present work, 
which consists of an increase in the relative role of 
processes which compete with n-photon dissociation 
through term 2, when the latte r turns out to be sup­
pressed by the anisotropiC adiabatic barrier which 
arises as a consequence of the strong resonant inter­
action between terms 1 and 2. Resonances of this type 
can modify the nuclear motion not only in the initial and 
final states, but also in any other electronic states be­
tween which a resonant interaction arises. This cir­
cumstance leads, in particular, to additional restric­
tions on the validity of the usual Born-Oppenheimer 
approximation, and these additional restrictions must 
be taken into account upon consideration of multiphoton 
transitions in molecules which are located in an intense 
light field. 

The authors express their gratitude to V. P. Maka­
rov, A. M. Prokhorov, I. I. Sobel' man, and M. V. 
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