
Study of the electronictovibrational energy transfer in the quenching
process of Na(32P) with N2(1Σ+g,v=0). A quantal close coupling
calculation
J. CamposMartinez, O. Roncero, S. MiretArtés, P. Villarreal, and G. DelgadoBarrio 
 
Citation: J. Chem. Phys. 91, 155 (1989); doi: 10.1063/1.457494 
View online: http://dx.doi.org/10.1063/1.457494 
View Table of Contents: http://jcp.aip.org/resource/1/JCPSA6/v91/i1 
Published by the American Institute of Physics. 
 
Additional information on J. Chem. Phys.
Journal Homepage: http://jcp.aip.org/ 
Journal Information: http://jcp.aip.org/about/about_the_journal 
Top downloads: http://jcp.aip.org/features/most_downloaded 
Information for Authors: http://jcp.aip.org/authors 

Downloaded 20 Mar 2013 to 161.111.22.69. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions

http://jcp.aip.org/?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/384145748/x01/AIP-PT/Hiden_JCPCoverPg_031313/1640x440_-_23874-BANNER-AD-1640-x-440px_-_USA.jpg/6c527a6a7131454a5049734141754f37?x
http://jcp.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=J. CamposMartinez&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jcp.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=O. Roncero&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jcp.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=S. MiretArt�s&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jcp.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=P. Villarreal&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jcp.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=G. DelgadoBarrio&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jcp.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.457494?ver=pdfcov
http://jcp.aip.org/resource/1/JCPSA6/v91/i1?ver=pdfcov
http://www.aip.org/?ver=pdfcov
http://jcp.aip.org/?ver=pdfcov
http://jcp.aip.org/about/about_the_journal?ver=pdfcov
http://jcp.aip.org/features/most_downloaded?ver=pdfcov
http://jcp.aip.org/authors?ver=pdfcov


Study of the electronic-to-vibrational energy transfer in the quenching 
process of Na*{3 2P) with N2(1 ~t ,v= 0). A quantal close coupling calculationa) 

J. Campos-Martinez, O. Roncero, S. Miret-Artes, P. Villarreal, and G. Delgado-Barrio 
Instituto de Estructura de fa Materia, C/Serrano, 12328006 Madrid, Spain 

(Received 28 September 1988; accepted 9 March 1989) 

Electronic-to-vibrational energy transfer has been studied by solving numerically the close
coupling equations, in the T-shape configuration, on the two lowest electronic states of the Na
N2 system. The diabatic potential surfaces were taken from Archirel and Habitz while the 
interelectronic coupling was modeled by different Gaussian-type functions. Different sets of 
parameters for the coupling were used in order to study the final vibrational distributions of 
N2. Finally, partial quenching probabilities are presented and compared with previous 
theoretical and experimental works. 

J. INTRODUCTION 

Intermolecular energy transfer is one of the elementary 
processes more carefully studied in the nonadiabatic molec
ular collision. In the low-energy regime, where the kinetic 
energy associated with nuclear motion is less than -20 eV, 
an important number of phenomena of this type is found in 
the astrophysics field, chemical reaction dynamics and gas 
lasers. In this context, during these last decades, an increas
ing interest is being addressed to the study of the quenching 
process of alkali atoms by diatomic molecules or different 
polyatomic partners. The most refined experimental tech
niquesl such as crossed atomic, molecular, and laser beams 
are being applied in order to improve our understanding of 
the different mechanisms of energy redistribution. A great 
deal of experimental data are now available and the interpre
tation and prediction of these observable is not yet an easy 
task. 

Since the earliest works of Bjerre and Nikitin2 and 
Bauer, Fisher, and Gilmore3 an increasing theoretical effort 
is being done not only in the obtention of accurate potential 
energy surfaces (PES's) and reasonable interelectronic cou
plings4-S but also in the application of classical or semiclassi
cal dynamical treatments. In this kind offormalism the sur
face hopping trajectory (SHT) method6,S-lo has been one of 
the most widely used until now. On the other hand, quantal 
treatments are very infrequent ll-

IS and as far as we know no 
comparison between classical and quantal results has been 
done. 

We are interested here in the collisional quenching 

Na*(3 2p) + N2e~g+,V = OJ) -Na(3 2S) 

+ N2e~t ,vii) (1) 

for which a lot of experimental data IS-20 as well as theoretical 
results from classical calculations6

•
s are now available. This 

quenching process may be conceptually divided in two 
steps21: (1) Evolution of the system on the upper attractive 
surface, where vibrational excitation of the diatomic partner 
may take place, and (2) electronic relaxation of the atom 

.) This work was supported by the C.I.C.Y.T. under Grant No. P80272. 

leading the system to the lower repulsive potential, whose 
strong anisotropy may induce a high diatomic rotational ex
citation. Three sets of accurate potential energy surfaces6-S 
for this system are available. Those of Archirel and Habitz6 

show the above features since the excited surface includes 
terms depending simultaneously on three variables, r (di
atomic bond length), 0 (relative atom-diatom orientation), 
and R (atom-diatomic center of mass distance), while in the 
lower one only mixed (R,O) terms do appear. A similar be
havior can be seen by examining the more recent surfaces of 
Poppe et al. S As regards to the surfaces of Persico, ' they were 
calculated at a fixed r value, therefore they do not allow 
accounting for vibrational excitation of the exiting N2 mole
cule. 

However, a very important point has been established in 
that work,' that is, the occurrence of the strongest interelec
tronic couplings in the neighborhood of 0 = 0 and 0 = 'IT /2 
configurations. Moreover, the region of crossing (or avoided 
crossing) between both electronic surfaces is located at high
er and higher inaccessible energies as we go from the perpen
dicular to collinear configuration. Thus, it is widely accepted 
that the atom-diatom orientations around the perpendicular 
one provide the main contribution to the quenching process. 

In this context, a quantal treatment near the 0 = 'IT/2 
configuration may contribute to shed light about the mecha
nism of electronic to vibrational energy transfer yielding in
version of vibrational diatomic populations through this 
collisional quenching. In addition, as it has already been 
pointed out above, the lower electronic surface of Archirel et 
al. no longer depends at the same time on (r, 0) variables 
and, therefore, vibrational populations of the exiting diatom 
cannot be modified by its anisotropy. In this way, the final 
rotational diatomic excitations are being produced by pure 
translational to rotational energy transfer without change in 
the exiting vibrational diatomic state. 

In this work, we study reaction (1), restricted to a re
gion close to the C2v symmetry, using a close-coupling for
malism within the diabatic frame for a zero total angular 
momentum. This allows us to estimate final vibrational di
atomic distributions together with the efficiency of the 
quenching process, but the rotational excitation of the N2 
fragment6

•
s or the quenching cross sections6

•
s are not ac

counted for in this treatment. The potential surfaces of Ar-
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chirel and Habitz,6 as well as those of Poppe et al., 8 can be 
used for this purpose. In both cases, the splitting between the 
two lowest adiabatic surfaces at the avoided crossing seam, 
determining the interelectronic diabatic coupling, is only a 
function of R and e. However, following the ideas of the 
"bond-stretch attraction model" proposed by Hertel, I that 
coupling is expected to be strongly dependent on r. Hence, 
after having taken the diabatic surfaces of Ref. 6 at e = 1T12, 

we have used a Gaussian coupling model and examined the 
role played by its dependence, or not, on the interdiatomic 
distance. Weare aware that the interelectronic diabatic cou
pling vanishes at exactly e = 1T12, since the 2A I and 2B2 adia
batic states undergo a crossing in the C2v configuration. 
Nevertheless, very close to this configuration, 
e = 1T12 ± 0(0) 0), this crossing is avoided. Then, non
zero potential couplings arise showing presumably a quasi
Gaussian look with a maximum at the crossing seam. From 
this point of view, we assumed that the calculated PES's 
adequately describe the diabatic surfaces near e = 1T12,12 

and our calculations may be considered like a simulation of 
the collisional quenching within a narrow region around the 
C2v symmetry. Therefore, this interelectronic coupling mod
el, in a sense, would account for some angular average, in 
this (J region, through the preexponential parameter. Expli
citly, this would imply a factorization of the angular depen
dence of this coupling, as it is usually assumed in other 
workslO(a). 

The paper is organized as follows: In Sec. II, a brief 
theoretical description of the close-coupling formalism is 
presented. As will be seen later, this collision requires a high 
number of closed vibrational channels in the upper elec
tronic state, suggesting an important resonant behavior. Fin
ally, in Sec. III, two different coupling models are consid
ered and the corresponding results are presented and 
discussed. 

II. THEORY 

A. Close-coupling equations 

Assuming a zero total angular momentum and a fixed 
relative angular orientation, the Hamiltonian for a X + Be 
triatomic system may be written 

f?- a2 f?- a2 

H = - -- - --+ Hel({q.} R r) (2) 
2# aR 2 2m ar I , , , 

where # = mX(mB + me)/(mx + m B + me) and 
m = mBme/(mB + me) are reduced masses, R is the dis
tance between X and the center of mass of Be, and r is the 
Be bond length, while Jrl denotes the electronic Hamilto
nian depending on the electronic coordinates {q;} as well as 
on Rand r. In the diabatic representation,22 the set of ortho
normal electronic functions Sa' ({qJ) permits us to expand 
the total wave function as 

t/I({qJ,R,r) = L ({ia' (R,r)Sa' ({qJ). (3) 
a' 

By substituting this expression in the usual Schrodinger 
equation Ht/I = Et/I, premultiplying by S ~, and integrating 
over the electronic variables, the following system of coupled 
equations is reached: 

[ 
,,2 a2 ,,2 a2 ] 

------+ V (R r) -E m (R r) 
2# aR 2 2m ar aa' Ta' 

= - L Vaa, (R,r)({ia' (R,r), (4) 
a'>,a 

where Vaa, (R,r) = (Sa IHellsa' ){q,}' Thediagonalelements 
Vaa represent effective potential surfaces in the a electronic 
state for nuclear motion. At R long distances, they correlate 
with the energy of the X atom in a given electronic state plus 
a precise r-dependent electronic curve of the diatom Be. On 
the other hand, the nondiagonal elements, Vaa, , a i= a', are 
responsible for electronic transitions. In the particular case 
under consideration, we assume a two-state electronic prob
lem, a = 1,2, involving only the two lowest electronic states 
in the region around the C2v symmetry. 

By expanding again the diabatic nuclear functions 
({ia (R,r) in terms of vibrational diatomic eigenfunctions cor
responding to the ground electronic state Xv (r), 

tpa (R,r) = I <Pav' (R)xv' (r) (5) 
v' 

and carrying them to the system of Eq. ( 4 ), we obtain, after 
doing a scalar product by X v' the R -dependent coupled equa
tions 

[ ,,2 d2 ] 
- 2# dR 2 + Vav,av (R) + Ev - E <Pav (R) 

I Vav,a'v' (R)<Pa'v' (R), a,a' = 1,2, (6) 
(a'v') >' (av) 

where Ev is the diatomic eigenvalue corresponding to a vibra
tional quantum number v in the ground electronic state 
while the V functions are 

(7) 

The solution of the set ofEq. (16) with the usual bound
ary conditions, at a given energy E, provides us the desired 
partial quenching probabilities 

P (E) = IS (E) 1
2

, 
a = l,u = O_a' = 2,u' I,O-2,u' 

(8) 

where a = 1 represents the initial excited electronic state 
and a = 2 does the final ground electronic state, 

Assuming a Boltzmann distribution in initial kinetic en
ergies E ~N I,v = 0) = E - €l) - Eo,EO) being the atomic ener
gy in the entrance channel, the mean quenching probabilities 
at a given temperature T may be calculated as 

(PI,0-2,v') T 

= (KT)-I r" dEi!.liJ exp(Ei!./iJIKT)P (E), (9) Jo 1,0-2,u' 

where K is the Boltzmann constant. Finally, the total mean 
quenching probability at T temperature becomes 

Po( T) = I (PI •0 - 2,u') T' ( 10) 
u' 

III. RESULTS AND DISCUSSIONS 

A. Potentials and couplings 

The potential surfaces used in our calculations have 
been taken, as it has been said above, from Archirel and 
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Habitz.6 They fitted with analytical expressions the points 
obtained by a modified Hartree-Fock calculation. These ex
pressions for the ground (g) state as well as for the excited 
(e) one contain a diatomic part plus an atom-diatom inter
action. 

In atomic units these potentials for the C2v configura
tion are, representing by Ue and Ug the two first PES's 
Vaa (R,r) in Eq. (4), 

Ue(r,R) =F(r,R) +f1(R) +J;(R) + UN,(r), (11) 

Ug (r,R) = j;(R) + J;(R) + UN, (r), (12) 

where 

F( r,R) = - 0.1105 - 1.05e - 093R 

_ 0.24e - O.14(R - 3l'(r - 2.07), 

f1(R) = - 0.006e- O.3(R-4.5l', 

j;(R) = - 0.1881 + 0.4e- O.75R, 

J;(R) = 111.0e- 2
.
14R, 

and for N2 we have used a harmonic and anharmonic oscilla
tor with the parameters that appear in Ref. 23. 

On the other hand, the evaluation of interelectronic cou
pling elements and interpolation present some peculiar diffi
culties and assume a critical importance in the case of avoid
ed crossing.7 Thus, there is a lack of information about 
convenient interelectronic couplings that appear in the cou
pled equations (6). So that, usually, the interelectronic cou
pling has been modeled by different kind of functions as in 
quantal treatments mentioned above. In collision ionization 
processes an exponential form has been used24 by fitting their 
parameters to previously available data. However, in a case 
similar to the one studied here, McGuire et al. 12 have em
ployed a Gaussian function for modeling the nonadiabatic 
electronic coupling in a diabatic representation. In the 
Na-N2 case, although we do not have a complete grid of 
calculated coupling points, Persic07 has performed an ab 
initio calculation, and also he has calculated the interaction 
matrix elements between diabatic states. Unfortunately, po
tentials and couplings were computed at a fixed value of r 
(diatomic bond length) but they are a good guide for under
standing both the behavior and shape of the interelectronic 
couplings in Na-N2. Persico found out that the value of the 
interelectronic coupling increases in going from very large to 
moderate R values, as the local symmetry of the Na atom is 
more and more perturbed by the presence ofN2. He explains 
the inversion of this trend around a given R value as prob-

ably due to the increasingly ionic character of the diabatic 
basis. In fact, when the unpaired electron is localized, re
spectively, on Nain the lSI) diabaticstate, and on N2 in IS2), 
the <SI IHe\ls2) interaction should be weak. Then the shape 
and behavior of the interelectronic coupling could be well 
represented by a Gaussian function (see Fig. 4 in Persico 7 ). 

Moreover, due to the place where the crossing seam between 
PES's is located, the wave functions will vanish on the left 
near the crossing, and therefore an exponential or a Gaus
sian model for the coupling would lead to similar results. 

Thus, we here modeled this coupling by a Gaussian-type 
function, i.e .. 

Vaa' (r,R) = B exp[ - {3(R - Re )2]. 

That implies 

Vav.a·v· (R) = <Xv (r) IVaa' (r,R) IXv' (r» 

= 0vv.Bexp[ -{3(R - Re)2]. 

( 13) 

(14) 

The preexponential parameter B gives an idea of the 
"strength" of the coupling, {3 determines its "width", and Re 
is the point where the Gaussian function is centered. The 
values taken for Band {3 have been reasonably chosen in 
order to reproduce the experimental data and after different 
tests, we took the following values B = 0.001 a.u. and {3 = 8 
a. u. - I Varying the coupling-width parameter in Eq. (13) we 
can shift slightly the distribution of probabilities and change 
the magnitude of the distributions of probabilities. The last 
effect is amplified also varying the B parameter but the rela
tive inelastic probabilities are conserved here. 

A parameter that must be treated with special attention 
is Re. In Table I we present the final partial quenching 
probabilities at different kinetic energies by using two Re 
values. The first one, Re = 3.437 a.u., is the crossing point of 
minimum energy in the crossing seam between both ground 
and excited electronic surfaces (similar to the McGuire and 
Bellum choice 12 ). It can be seen that the inversion of popula
tion obtained depends on the kinetic energy range studied, 
mainly for the case where Re = 3.437 a.u. This point is situ
ated far on the left from the return classic points at these 
energies. Therefore, the coupling between the continuum 
wave functions is smaller than for the case where the Gaus
sian function is centered at Re = 4.12 a. u. Furthermore, this 
point is near to crossing between the entry v = 0 channel and 
the exit v' = 2 channel while Re = 3.437 a.u. is the crossing 
point between the v = 0 and v' = 0 channel. Thus, the shape 
of these vibrational distributions can be monitored by using 

TABLE I. Transition probabilities from the v = 0 channel of the excited electronic state to the v' = n channel of the ground electronic state, as a function of 
the initial relative kinetic energy, Ek (incm- I

). The parameters used in the calculations wereB = 0.001 a.u. andp = 8 a.u. -I for the coupling ofEq. (14). 

The superindex denotes the crossing point in a.u. 

(3.437) (3.437) (3.437) (4.12) (4.12) ( 4.12) (4.12) 
Ek PD._a' Po_I' po- 2' Po-a' Po_I' Po- 2' Po_3' 

110 1.752 (- 5) 2.355 ( - 4) 1.072 ( - 6) 3.815 ( - 4) 1.316 ( - 2) 5.526 (- 2) 4.956 ( - 3) 
210 1.076 ( - 4) 1.204 (-4) 2.348 (- 6) 1.539 ( - 4) 1.806 ( - 2) 5.162 (- 2) 4.661 ( - 3) 
310 3.735 ( - 4) 6.510 (- 5) 5.333 ( - 6) 3.010 ( - 5) 2.422 ( - 2) 4.479 ( - 2) 5.113(-3) 
410 6.139 ( - 4) 1.278 ( - 5) 7.543 ( - 6) 2.620 ( - 6) 2.978 ( - 2) 4.042 (- 2) 4.802 ( - 3) 
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FIG. I. A fitting of the crossing seam Rc(r) to a straight line around the 
equilibrium position of the N2 oscillator (r = 2.07 a.u.). All magnitudes are 
in atomic units. 
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TABLE II. Values for Rc (r) at several angles near (J = rr/2. The value 
r = 2.07 is fixed to the equilibrium position of the N2 molecule. 

(J (') 85 86 87 88 89 90 

1.399 1.899 2.381 2.860 3.265 3.437 

simple interelectronic coupling centered in some adequate 
point. 

With all this in mind, and taking into account the "bond 
stretch model" proposed by Hertel I for the electronic energy 
transfer, we used as coupling the following expression: 

( I -P[R-Rc<r)'ll ) 
Vav.a·v·(R) =B Xv(r) e Xv·(r) , (15) 

where, in this formula, Rc (r) is the crossing seam of the two 
electronic surfaces involved in the process. So we introduce 
the dependence on r in the interelectronic coupling, because 
the vibration ofN2 is important for it, as was pointed out by 
several authors. Therefore, this coupling contains informa
tion arising from the PES's. Thus the proper distribution is 
produced by the PES's themselves. 

In Fig. 1 we plot Rc (r) vs r. This curve can be fitted by a 
straight line, around the equilibrium position of the N2 oscil
lator. This fitting is feasible not only for the C2v configura
tion but also for other angles between rand R. In Table II we 
present for different angles and r = 2.07 a.u., the corre
sponding Rc (r) values. It is interesting to note that Rc (r) 
decreases rapidly as () goes away from the C,v configuration 
and in consequence the crossing between both lower PES's is 
located at higher energies. This fact, as was said above, sup-

4.00 4.40 4.80 5.20 5.60 

R 

FIG. 2. Interelectronic couplings represented by Eq. ( 15). All magnitudes are in atomic units. 
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TABLE III. Transition probabilities from the v = 0 channel of the excited electronic state to the v' = n channel of the ground electronic state as well as elastic 
probabilities ofthe quenching process as a function of the initial relative kinetic energy, Ek (in em-I). Again, the parameters used are B = 0.001 a.u. and 
p = 8 a.u. -I for the coupling ofEq. (15). N2 is a harmonic oscillator. 

Elastic 
Ek Po_o' Po-I' Po- r Po- 3' 

Po_
4

' probability 

10 0.335 ( - 3) 0.643 (- 2) 0.556 (-1) 0.158 ( - 1) 0.163 ( - 3) 0.9212 
210 0.177 (- 2) 0.144 (-1) 0.494 (-1) 0.156 (- 1) 0.219 ( - 3) 0.9186 
410 0.416 ( - 2) 0.240 (- 1) 0.399 (-1) 0.128 (- 1) 0.438 ( - 3) 0.9187 
610 0.727 (- 2) 0.341 (-1) 0.294 (-1) 0.960 (- 2) 0.727 ( - 3) 0.9189 
810 0.109 ( - 1) 0.435 ( - 1) 0.161 ( -1) 0.518 (- 2) 0.149 ( - 2) 0.9217 

1010 0.168(-1) 0.493 ( - 1) 0.124 ( - 1) 0.458 ( - 2) 0.973 ( - 3) 0.9159 
1210 0.189 ( - 1) 0.578 ( - 1) 0.535 (- 2) 0.207 (- 2) 0.121 ( - 2) 0.9148 
1410 0.221 ( - 1) 0.620 (-1) 0.132 (- 2) 0.658 ( - 3) 0.128 ( - 2) 0.9127 
1610 0.261 ( - 1) 0.632 ( - 1) 0.604 ( - 4) 0.311 ( - 3) 0.124 ( - 2) 0.9091 
1810 0.277 ( - 1) 0.625 ( -1) 0.140 ( - 2) 0.112 (- 3) 0.107 ( - 2) 0.9073 

port strongly our idea of studying the quenching around the 
T -shape configuration, because for the other angles the 
quenching probabilities are negligible. In Fig. 2 we plot some 
averaged couplings with Eq. ( 15), they look like those calcu
lated in Ref. 25. This coupling will be employed in the next 
section and it is the coupling model proposed in this work for 
studying the quenching process. 

B_ Final vibrational distributions 

In Table III, we present the quenching probabilities 
PO- n , where v = 0 and Vi = n are the entry and exit vibra
tional channels, together with the elastic probabilities at dif
ferent kinetic energies, Ek (cm- I

), and for B = 0.001 a.u. 
and f3 = 8 a. u. - I We can observe that the inversion of the 
final vibrational popUlation depends on the kinetic energy. 
This fact is also seen when we use an anharmonic potential 
for describing the diatomic molecule as is shown in Table IV. 

The maxima obtained for the population were for Vi = 2 
at low kinetic energies and Vi = 1 for higher ones, in the 
harmonic case, and remain Vi = 2 in the same range for the 
anharmonic description. The only difference between both 
calculations is the potential describing the diatomic (har
monic or anharmonic). This potential influences in the sepa
ration among vibrational channels and also in the coupling. 
With an anharmonic potential the vibrational channels are 

more and more close while this separation is kept constant in 
the harmonic case. With respect to the couplings, their val
ues are similar but in the anharmonic case all vibrational 
channels are connected by means of the (r - 2.07) term that 
appears in Eq. (11) (upper electronic state) while only con
secutive channels are coupled in a harmonic description. 

In Table V we compare some theoretical results for final 
vibrational population at E k = 0.17 e V with our results. The 
two first columns have been obtained with a SHT method 
but using different dynamical models, PES's, and couplings. 
Only the second column represents a three-dimensional cal
culation and the PES's for the perpendicular configuration 
are the same than those used in this work. A peak in v' = 2 is 
obtained for all the four distributions but the population in 
each exit channel is different. However, a good qualitative 
agreement is found when we compare the three-dimensional 
classical calculation with the T -shape quantal model. This 
result is not surprising because, after quenching, the cou
pling term appearing in the ground state among R, r, () is 
very small. Thus, the final vibrational popUlation is not 
modified on this state. Moreover, the quenching process, as 
it was said above, only is effective for angles around rr/2 [i.e., 
if Rc (r) is not very small]. In general, theoretical calcula
tions show similar results, with a maximum for the v' = 2 
vibrational level [see, for instance, Refs. 1 and lO(a) for a 

TABLE IV. Transition probabilities from the v = 0 channel of the excited electronic state to the v' = n channel of the ground electronic state together with 
elastic probabilities. Ek is the relative kinetic energy in cm - I, and B, P are the same as used in Table III. Here, N2 is considered as an anharmonic oscillator. 

Elastic 
Ek Po_o' Po_I' Po_2' Po_3' PO- 4 ' probability 

10 0.385 ( - 2) 0.297 (- 1) 0.315 (- 1) 0.289 ( - 1) 0.348 ( - 4) 0.906 
210 0.498 ( - 2) 0.245 (-1) 0.403 (- 1) 0.333 ( - 1) 0.584 ( - 4) 0.897 
410 0.520 (- 2) 0.206 (-1) 0.476 (-1) 0.340 ( - 1) 0.425 ( - 3) 0.892 
610 0.583 ( - 2) 0.156 ( - 1) 0.522 (- 1) 0.340 (-1) 0.987 ( - 3) 0.891 
810 0.615 ( - 2) 0.115 ( - 1) 0.403 (- 1) 0.334 ( -1) 0.271 (- 2) 0.901 

1010 0.622 (- 2) 0.681 ( - 2) 0.538 ( - 1) 0.287 (- 1) 0.286 (- 2) 0.901 
1210 0.465 (- 2) 0.227 (- 2) 0.460 (- 1) 0.240 (-1) 0.196 (- 2) 0.921 
1410 0.467 ( - 2) 0.916 ( - 3) 0.443 (- 1) 0.181 ( - 1) 0.397 ( - 2) 0.927 
1610 0.510 ( - 2) 0.985 ( - 4) 0.394 (- 1) 0.151(-1) 0.593 (- 2) 0.934 
1810 0.435 (- 2) 0.195 ( - 3) 0.314 ( - 1) 0.111 (-1) 0.537 ( - 2) 0.947 
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~ ABLE V. Comparison of experimental and theoretical vibrational popula
tlons for the process: Na* + N 2 (v = 0) ~Na + N 2 (v').p. 'saretherelative 
quenching probabilities, po_ •. 

This work 

Ref.lO(a) Ref.6(b) Harmonic Anharmonic 

Po 0.085 0.030 0.104 0.049 
PI 0.185 0.100 0.380 0.165 
P2 0.221 0.387 0.385 0.461 
P3 0.196 0.252 0.118 0.302 
p. 0.143 0.156 0.009 0.014 
Ps 0.091 0.061 0.001 0.004 
P6 0.052 0.009 0.5( - 3) 0.002 
P7 0.026 0.004 0.5( - 3) 1.0( - 4) 

comparison and discussion with earlier theoretical works]. 
Experimentally, however, the final vibrational populations 
are peaked at v' = 3,4 depending on experiment. 16.17 In the 
work of Gislason et al. lO(a) is commented that previous semi
classical approaches did not treat the vibrational motion 
properly and, consequently, the theoretical distributions 
were not in satisfactory agreement with experiment. They 
recognized that for obtaining final vibrational populations, it 
is necessary to use a quantum mechanical theory for describ
ing the vibrational motion. Then, they considered this mo
tion in a quantum way, but no ab initio PES's were used and 
also a vibrational decoupling from the translational motion 
was assumed. With the "bond-stretch model" in mind, this 
decoupling seems to be unappropriated, although the use of 
the new ab initio PES's should probably allow the improve
ment of their results. On the other hand, in the work of Ar
chirel et al.,6 ab initio PES's were used but again the vibra
tional motion was treated classically, nevertheless, no 
further dynamical approximations were made. This is the 
main advantage of using classical mechanics for the quench
ing process as compared with three-dimensional quantal cal
culations. These are feasible but they are very expensive and, 
therefore, additional assumptions in order to make the cal
culations tractable are required. In spite of this, quantal ap
proaches (such as the work presented here), allow a great 
physical insight into the mechanism of the quenching pro
cess. 
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FIG. 3. Behavior of the quenching probabilities as a function of the tem
perature (K), when N2 is described as a harmonic oscillator. 
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FIG. 4. Behavior of the quenching probabilities as a function of the tem
perature (K), when an anharmonic oscillator is taken for describing the N 2 
molecule. 

In Fig. 3 we present the averaged transition probabilities 
using a Maxwell-Boltzmann distribution with a harmonic 
potential for N2 and in Fig. 4 the same for the anharmonic 
case. In the anharmonic case, the inversion of population 

. remains when the temperature is going up, while in the har
monic case, it decreases with temperature. An experimental 
study would be very interesting in order to analyze the evolu
tion of these vibrational populations with kinetic energy (or 
temperature). The stability of these distributions would in
dicate, if experimentally found, the importance of anhar
monicity in the process. 

At 1200 K, the energy transferred to the vibrational mo
tion ofN2, when the Na has been quenched, is about 20% in 
harmonic and the 26% in the anharmonic oscillator. The 
experimental results of Silver et al. 16 give between 30% and 
40% while Reiland et al. 17 have obtained about 50%. The 
discrepancy between the experimental and theoretical re
sults is due to the different final vibrational populations. The 
experimental ones are peaked at one or two vibrational quan
tum numbers greater than that found in the theoretical stud
ies. However, following Kompa et al. 26 only a limited knowl
edge of these distributions can be obtained in this kind of 
experiment, but direct measurements of the population dis
tribution of the quencher are not easy. A useful technique 

TABLE VI. Partial quenching probabilities at some different relative kinet
ic energies (E k' in em -I ). On the left side, all channels are open while on the 
right one, closed channels have been used until numerical convergence was 
reached, N2 being a harmonic oscillator. 

Ek 

110 
1010 

All channels open 

Po_o' PO_I' PO_
2

' PO-3' 

2.819 ( - 4) 5.404 (- 3) 2.559 ( - 3) 1.870 ( - 4) 
1.585 ( - 3) 1.437 ( - 2) 4.840 ( - 4) 1.139(-4) 

Ten closed channels 

8.871 ( - 4) 1.039 ( - 2) 5.300 ( - 2) 1.638 ( - 2) 
1.677 ( - 2) 4.931 ( - 2) 1.243 ( - 2) 4.582 ( - 3) 
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seems to be the coherent anti-Stokes-Raman spectroscopy 
(CARS) to measure directly the internal energy distribution 
of the diatomic. 

All the calculations were performed with nine channels 
in the ground electronic state and ten in the first excited 
state. The number of closed channels necessary for the nu
merical convergency was ten (nine in the excited state). In 
Table VI, we present at some kinetic energies the different 
probabilities in the exit channels obtained with and without 
closed channels in the harmonic case. As it can be seen, the 
total quenching probability is greater by a factor - 5 when 
we introduce into the calculation the closed channels. More
over, the vibrational excitation is greater with than without 
closed channels. The importance of the closed channels was 
already pointed out by Hertel l and this fact shows that the 
quenching process is not a direct one. The resonances could 
play an important role. For the anharmonic case, the results 
obtained in the same way are very similar to those presented 
in this table. 

In order to test the possible resonances that exist in the 
quenching process, it would be important to study the pres
ence of metastable levels. In this sense, the application of a 
diabatic (D) and a diabatic--configuration interaction (D

CI)27 model would be useful in the calculation of the quasi
bound levels and the corresponding lifetime. Works in this 
direction are now in progress. 28 

IV. CONCLUSIONS 

We have carried out the first quantal close-coupling cal
culation of the Na-N2 system. Although restricted to C2v 

configuration, we have seen that only in (or around) 
(J = 1T12, quenching probabilities are not negligible. In any 
case, the stretching of diatomic bond, included in our cou
pling model, is important in order to explain this process. 
The main features of this system can be studied with the 
coupling model proposed here, together with the ab initio 
PES's. 
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