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A comprehensive theoretical investigation of vibrational excitation and vibronic charge 
transfer in the H + + 0, collision at EcM = 23 eV is reported. The calculations of differential 
and integral scattering observables are undertaken within both the quanta1 infinite order 
sudden (QIOS) and the vibronic semiclassical (VSC) approximations. They involve 2 X 15 
vibronic expansions associated with the diabatic states determined by Grimbert et al. [ Chem. 
Phys. 124, 187 ( 1988) ] using a so-called effective model potential (EMP) method. A 
quadripartite comparison involving experimental data of No11 and Toennies [J. Chem. Phys. 
85,33 13 ( 1986) 1, results of a QIOS treatment of Gianturco et al. [ Phys. Rev. A 42,3926 
( 1990) ] based on DIM potentials and the present QIOS, and VSC results is presented. From 
the comparison of the theoretical and experimental results we find that the present calculations 
based on the EMP reproduce much better the experimental data than those based on the DIM 
potentials. Though differences are found between the present QIOS and VSC results, the 
experimental data do not help deciding between the two theories. The relative merits of the 
QIOS and VSC approaches are put forward and discussed. By scrutinizing intermediate results 
of lengthy calculations we have been able to bring out elementary models in them. Pure 
vibrational excitation is found to be a prominent process in this system and charge transfer 
substantially affects it. 

I. INTRODUCTION 
A. Conceptual framework 

When an ion gently approaches a neutral molecule in its 
electronic ground state a polarization-type distortion of the 
molecular electronic cloud ensues. This distortion causes the 
vibration constants of the molecule to change during the 
encounter. When these changes occur over time scales com- 
parable to the molecular vibration period they may give rise 
to vibrational excitation. In other words, inasmuch as the 
distortion depends on the molecule bond distance, it mixes 
vibrational states; the resulting wave packet evolves during 
the collision and, when the ion has gone away, there is a finite 
probability of finding the molecule in a different vibrational 
state than the original one. The depicted case ofpure uibra- 
tional excitation corresponds to an “electronically adiaba- 
tic”-“vibrationally nonadiabatic” phenomenon. 

Molecular collisions occurring on typical vibrational 
time scales ( - 10 - I4 s) are at first sight too slow to provoke 
transitions between electronic states separated energetically 
by a few eV. The initial ground electronic molecular state 
undergoes a sort of perturbative mixing with remote excited 
states in response to multipolar type interactions induced by 
the ion charge.’ The distortion of the molecule’s vibration 
constants is a result of both: (i) the dependence of those 
interactions upon the molecule bond distance and (ii) the 
varied shapes of the potential energy curves of the molecular 
states involved in the mentioned mixing. Owing to the as- 

sumed slowness of the encounter and remoteness of the ex- 
cited states the described mixing proceeds adiabatically: The 
system is left in the same electronic state after the encounter. 

Ion-molecule systems specifically own an additional 
type of interaction which arises from the possibility of an 
electron in the neutral molecule to explore the surroundings 
of the ion and thereafter to be viewed as being attached part- 
ly to the impinging ion and partly to its original molecular- 
ion core. This naively depicts charge transfer as well as mo- 
lecular bond formation. Depending on the ionization 
potential (IP) of the neutral and the recombination energy 
(RE) of the ion, the system behaves adiabatically or non- 
adiabatically with respect to this interaction. If the reso- 
nance energy defect (RED = ] IP-REI ) is large enough the 
behavior is adiabatic and charge transfer states come into 
play only as additional sources of distortion of the initial 
electron cloud distribution in the neutral molecule. As a con- 
sequence these distortions contribute to pure vibrational ex- 
citation. On the other hand, if the characteristic electronic 
time - l/RED is, or may become, comparable to the char- 
acteristic collision time, charge transfer comes into play in a 
nonadiabatic fashion. In this case not only does charge trans- 
fer contribute to electronic distortions but there is a finite 
probability of finding an electron actually captured around 
the impinging ion. A hint at the important parameters which 
govern such a process may be obtained from elementary 
models.* Hence, low energy ion-molecule collisions offer 
the possibility of investigating the interplay of those adia- 
batic and nonadiabatic phenomena. 
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B. Background 
Ion-molecule charge transfer is attracting considerable 

experimental and theoretical interests as witnessed by a 
number of recent reviews on the subject.3-5 This paper is 
concerned with theoretical aspects of this problem. 

Only two theoretical methods may presently aspire to a 
quanta1 description of the dynamics of the mentioned vi- 
bronic phenomena, namely, the quanta1 infinite order sud- 
den (QIOS) approximation5’“‘*6~3’9) and the vibronic semi- 
classical (VSC) approach. 7,3*5(b) The central ideas and the 
main lines of these methods are recalled in Sec. III before 
they are both applied to the case of the H + + 0, collision. 
Partial accounts of this work have been presented in Refs. 
8(a)-8(c). 

Most theoretical studies prior to this work were con- 
ducted within a semiclassical framework and specifically fo- 
cused on integral cross sections.’ Though semiclassical 
studies of differential cross sections for low energy ion-mol- 
ecule collisions also existed, they lacked at least one of the 
following aspects: (i) anisotropy of the relevant interac- 
tions’(d) or (ii) dependence of these interactions upon the 
molecule bond distance7’e’ or (iii) direct vibrational excita- 
tion’(b),‘(e) or (iv) charge transfer.“” All of these aspects 
are considered in the present work. To our knowledge, only 
two complete quanta1 studies of both differential and inte- 
gral cross sections for both vibrational excitation and vi- 
bronic charge transfer preceded the present QIOS work, 
namely, those carried out on the ( Ar + H, ) + [ Refs. 6(a) 
and 6(b)] and the H+ + H, [Ref. 6(c)] systems. 

The H + + 0, collisional system is one of the rare sys- 
tems where detailed experimental information exists on the 
dependence upon scattering angle of vibronic processes 
l&e9* 1~4 

H+ +0,(X32,, v)-+H+ +0,(X32,, u’):VE 
(1) 

-+H + 0; (X2&, u”):VCT, 
(2) 

where VE stands altogether for the direct: vibrationally elas- 
tic (u=u’) and vibrational excitation (u#u’) processes 
while VCT stands for vibronic charge transfer. In an early 
stage of the experiments, 9(a) the H + + 0, system was 
found to exhibit an anomalously large amount of vibrational 
excitation as compared to N, , CO, and NO in 10 eV proton 
collisions. This phenomenon was ascribed to the existence of 
an important charge transfer process:9 “e * *in the transition 
to O,+ and back to 0, strong impulsive forces are exerted on 
the molecular bond which lead to a particularly large vibra- 
tional excitation.“9’b’ This constituted a strong incentive to 
undertake a full dynamical treatment of the collision. 

Another interest of this system is that two sets of ap- 
proximate potential energy surfaces and couplings are now 
available to carry out the dynamics. One set, determined by 
Grimbert et al.,” is based on a so-called effective model 
potential (EMP) approach whose main lines and results are 
briefly recalled in Sec. II; the EMP data form the heart of the 
present investigation. The other set of potential and cou- 
plings was obtained by Gianturco et al.” using an adapta- 
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tion of the diatomics-in-molecules (DIM) method. The lat- 
ter set was recently used in a QIOS calculation of the 
H + + 0, dynamics. ‘* As the mentioned EMP and DIM 
potential energy surfaces differ rather significantly, com- 
parison of results of Ref. 12(b) with those of the present 
work should indicate the degree of sensitivity of the dynam- 
ics of the VE and VCT reactions to these differences. 

The outline of the paper is as follows: In Sec. II we recall 
the important characteristics of the presently considered 
electronic potential energy surfaces and couplings as well as 
the basic ideas of the method employed to obtain those data. 
In Sec. III we present the main lines of two approximate 
descriptions of the dynamics: the fixed rotor semiclassical 
approach, labeled VSC, and the infinite order sudden ap- 
proximation, in its quanta1 (QIOS) and semiclassical 
(SCIOS) forms. Section IV describes salient features of the 
vibronic interactions and Sec. V discusses the information 
conveyed by the impact parameter dependence of the vi- 
bronic transition probabilities. Integral and differential 
cross sections are reported in Sets. VI and VII, respectively. 
Conclusions are presented in Sec. VIII. 

II. ELECTRONIC POTENTIAL ENERGY SURFACES AND 
COUPLINGS 

To treat the collision we follow the usual procedure 
which consists of two steps, namely, an electronic step and a 
nuclear one. In the first step one determines, for fixed posi- 
tions of the nuclei, wave functions and energy levels of 
(HO, ) + electronic states correlating with the considered 
electronic states of the reactants and products. The coupling 
that induces the nonadiabatic transition between those states 
is also determined during this step. In the second step one 
treats the dynamics of the nuclei. The latter subject is dealt 
with in Sec. III. Our way of handling the electronic problem 
was described in detail in Ref. 10; only some of the main 
characteristics of this treatment and some salient features of 
the results are recalled below. 

The work of Ref. 10 mainly concentrated on the two 
‘,4 n states of the (HO, ) + triatomic system correlating with 
H + + 0, (X 38; ) and H( l*S) + 0: (X *IIs ). One objec- 
tive of that work was to determine from the outset the re- 
spective electronic (quasi-)diabatic states $f and $$ 
obeying’3’“’ 

w+) -0, 
4, 

(3) 

where q1 is one of the internal nuclear coordinates of the 
system. The set of internal nuclear coordinates used 
throughout is shown in Fig. 1. The construction of @,* pro- 
ceeded as follows. First, a set of (quasi-)diabatic orbitals was 
constructed by properly orthonormalizing isolated O2 and 
H orbitals. Then, valence-bond type configuration state 
functions were built from this orbital set. Such states are 
named projected-valence bond (PVB) states.13 Obviously, 
inasmuch as the considered PVB states are built from diaba- 
tic orbitals they constitute themselves diabatic many-elec- 
tron states. l3 Two subspaces were then generated from those 
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r 

FIG. 1. Set of internal coordinates R,r, and y. 

states in order to be processed by CI (configuration interac- 
tion) : one subspace emphasizes reactantlike character [ Eq. 
( 1) ] whereas the other emphasizes productlike character 
[ Eq. (2) 1. The sought ‘,4 @ diabatic states were subsequently 
obtained by picking the lowest eigenstate of the electronic 
Hamiltonian (H,,) matrix in each subspace. Clearly, the 
two subspaces being mutually diabatic by construction, any 
eigenstate in one subspace is automatically prevented from 
any undue mixing with any eigenstate in the other when the 
nuclear geometry is varied. Hence, the property in Eq. (3) 
ensues automatically. 

In order to easily determine the few thousands of 
H,,, (R,r,y) = ($fIH,,,I@f) (n,m = 1,2) data points need- 
ed in the scattering calculations an effective model potential 
(EMP) method was employed. The method” resorts to 
four approximations which reduce the computation of He, 
matrix elements between the considered PVB states to the 
mere evaluation of matrix elements, between the above-men- 
tioned diabatic orbitals, of an 0, Fock-like operator (9) 
plus the proton-electron attraction term. The operator F is 
split into two terms. One term acts on the subspace spanned 
by both the occupied SCF MO (self-consistent-field molecu- 
lar orbitals) and related bound IV0 (improved virtual orbi- 
tals) of isolated 0,. This term is expressed as an effective 
Hamiltonian: 2, I$i)ei (4i 1; here Xi IQi) (#,I is the projector 
onto the considered MO subspace and e, the binding energy 
of an electron attached to an ad hoc 0: core in orbital $i. 
The other term of 9 acts on the complementary subspace 
and is represented by a two-center screened Coulomb poten- 
tial. To insure the correct energy spacing between the con- 
sidered H + + 0, and H + O,+ levels in the separated 
partner limit (R -+ 0~) ) we required elrrg (and esou for consis- 
tency) to be equal to the exact binding energy for all bond 
distances r where it is known. All other ei’s were obtained 
from the SCF + IV0 computation. Further computational 
details are out of the scope of the present paper but may be 
found in the original work. lo A total of 2700 points of each of 
the H,, (R,r,y) hypersurfaces (1.5 a, <r< 3.00 a,, O<R<30 
a,, and 0~~~90”) have been calculated to serve as inputs to 
the scattering calculations discussed in the next sections. 

The first salient feature of the EMP results is the exis- 
tence of a well in the H,, potential. This feature is of impor- 
tance since it is involved in the rainbow effect appearing in 
VE and VCT differential cross sections. The depth of the H, 1 

well slowly increases when y increases from 0” to 40”; it then 
rapidly decreases as y keeps increasing towards 90”. This 
behavior agrees with what is indicated by available fragmen- 
tary ab initio information though there is a tendency of the 
EMP approach to underestimate the H,, well depth near 
y = 90” (see Ref. 10 for details). It is worth pointing out that 
the results of empirically adjusted DIM (diatomics-in-mole- 
cules) calculations”‘” exhibit a quite different behavior: 
the well depth at y = 0” is smaller than it should correctly be 
and it continuously increases when yincreases from 0” to 90”. 
At y = 90” the DIM potential is unduly too attractive. 

The second salient feature of the EMP results” is the 
existence of a crossing between the H,, and H,, diabatic 
potential energy surfaces. This crossing occurs owing to the 
attractive and repulsive shapes of H, , and Hz2 surfaces, re- 
spectively, and their mutual asymptotic energy disposition 
(H, 1 (R -+ CO ,r,tly) > Hz2 (R -+ CO ,r,Vy). The crossing dis- 
tance R, (r, y) increases monotonously with r for fixed y and 
decreases with y (0~ ~~90”) for fixed r. 

The third salient feature of the EMP results” is the 
behavior of the H,, (R,r, y) coupling. For fixed r and y, H,, 
exhibits at large R (R)3 a, ) an exponential decrease with 
R. For fixed R and r, H,, evolves nearly as a sin 2y function 
when R)3 a,. 

The effects on the nuclear dynamics of the above fea- 
tures together with the substantial adiabatic distortions un- 
dergone by the original 0, potential with the approach of the 
proton (see Introduction) are particular points of interest in 
the present investigation. 

III. TREATMENT OF THE COLLISION DYNAMICS 
A. Preamble 

An abundant literature is available on the basic formal- 
ism and on the approximations which enable one to derive 
the equations of motion presented below.3(c)-3(g)*5 Here we 
will merely recall some leading ideas with the aim of specify- 
ing the different physical contents of the two methods used 
in this work, namely, the so-called vibronic semiclassical 
method and the infinite order sudden method. 

The total wave function Y of an A + BC collisional sys- 
tem depends on: the set of electronic coordinates {p} of the 
whole triatomic complex, the BC bond vector 
r = (r,O,, pr ) and the relative A - (BC) (CM to CM) vec- 
tor R = (R, 0, a) (Figs. 1 and 2). In a full quantum me- 
chanical treatment one would normally expand Y over an 
appropriate basis set of functions describing internal mo- 
tions: electronic and rotation-vibration motions of the di- 
atomic molecule. The unknown coefficients in this expan- 
sion are functions of R and thereby contain the sought 
information on the scattering. Usually these functions are 
further expanded over spherical harmonics Y[,,, (@,a). 
The solution of the scattering problem then amounts to de- 
termining the partial wave functions that describe the rela- 
tive radial motion associated with an i,m, pair and an inter- 
nal rovibronic state of the system. These radial wave 
functions are solutions of systems of coupled second order 
differential equations that actually obtain by projecting the 
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FIG. 2. Definition of the various space-fixed coordinates involved in the 
VSC approach: r = (r, O,, p,) defines the molecule bond vector; R = (R, 
0, a) defines the atom-molecule relative vector; b = (b, qua) defines an 
impact parameter vector characterizing a classical trajectory R(f) 
launched with an initial velocity II,,~~,=, . In the VSC approach O,, p,, and b 
are parameters; accordingly the angle y defined in Fig. 1 is seen to vary 
along the trajectory R(t). 

stationary Schriidinger equation onto the mentioned basis 
states. Typically one will have to solve systems of 
JIT, = (i,,,,, + 1) 2N,i,,,,ic coupled equations, at least I,,, 
times. j,,,,, and l,,, are the largest considered values of the 
angular momenta of the diatomic rotation and of relative 
motion, respectively; ~~~~~~~~~~~ is the number of considered 
vibronic states. For collisions taking place in the 10-100 eV 
energy range and involving several quanta of vibrational ex- 
citation in a molecule like 0, the smallest value ofj,,,,, would 
be something like 40. This indicates the hugeness ofNce. As 
pointed out in Ref. 3 (g ) “such a large number of rotational 
states arises because the corresponding energy differences 
are tiny compared to the collision energy. But this is just the 
condition required to apply the sudden approximation vis-b- 
vis the molecular rotation (i.e., the so-called energy sudden 
approximation).” There are two ways of exploiting this ap- 
proximation as we now proceed to show. 

B. The fixed rotor approximation and the vibronic 
semiclassical (VSC) method 

The sudden approximation for the rotation consists of 
keeping the orientation i = ( B,,pr ) of the BC molecule axis 
fixed in fixed space.3(g)*5(b)77(c) By taking the fixed direction 
P to define the quantization axis the quantum mechanical 
problem then amounts to solve (I,,, - /2) JYvibronic coupled 

second order differential equations for each 
R (;1 = 0,1,2 ,..., I,,,., ) and each pair (0,,~,. ) . Here, prolifera- 
tion of coupled equations arises from the coupling of differ- 
ent relative orbital angular momenta I owing to the anisotro- 
py of the potential. To circumvent this difficulty when I,,, is 
large aa is presently the case (I,,, = 400) one may resort to 
a semiclassical approach where the relative motion is treated 
classically and evolves along a trajectory R(t) whereas the 
internal motions are treated quantally.3~5’b’*7 Obviously, 
since the molecule rotation is frozen the only internal mo- 
tions to be considered are vibronic motions. The correspond- 
ing wave function is then expressed as 

,y({p),r,R(W) 

= C B,,,(W~);k,(rM, ({pkR,r,yL 
“” 

(4) 

x depends on time (f) via the trajectory and P is a fixed 
parameter. $, is an electronic basis function; as usual it de- 
pends parametrically on the internal nuclear coordinates. 
Here, we have selected the set of Jacobi coordinates R,r, and 
y = (R,r)-see Fig. 1. Clearly, in the present framework, y 
varies with time as prescribed by the classical trajectory 
(Fig. 2). In this study the electronic basis has been limited to 
the two diabatic states $, = $;’ and $2 = tcl;’ of Ref. 10 corre- 
lating, respectively, with H+ +O, (X38;) and 
H( 12.S) + O,t (X ‘IIp ) (see Sec. II). The associated vibra- 
tional basis function g,, (r) were taken as the 15 lowest vi- 
brational eigenstates of each of the considered 0, and 0: 
states. 

x is required to be a solution of the time dependent 
Schrodinger equation 

idX=H. at wbromc X 

subjected to the initial condition 

Bn, (R(tinitial );?I = Sln&u* (6) 

I R( finitial) I = Max is large enough to consider that no inter- 
action exists between the atom and the molecule. In Eq. (5) 
we have 

H -12 Hvitxonic = e/ 2m a3 ’ 

where m = m, mc/(me + m,) is the reduced mass of 
atoms B and C. The projection of Eq. (5) onto the basis 
function g,, +,, entails a well-known system of coupled dif- 
ferential equations which is recalled below in order to define 
the notation used in the text and figures. We thus have 

ih,, = 1 V,v”‘(R,y)Bnu, + C Hn”;::(R,y)B,,>L,,, 
u’ + ” d’#tl 

“” 
(8) 

with the following definitions and notations: 

(14,lfLI~4, > = H,, (R,r,y) = u, (r) + V, (R,r,y), 
V,, (R-+ w,Vr,Vy) = 0, (9) 
(IlslHerl~,,~~) =H,,,,(R,r,y) (n#n”), (10) 
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[ - & $ + U” (r) - En, g,,(r) = 0, 1 (11) 

H ;;: (R,y) = k,, IHn,,, (Rr,y) - S,,, un (~1 Ig,.vc >, 
(12) 

V;“(R,y) = H$‘(R,y), (13) 

et0 defines the origin of energies. 
From the probability amplitudes B,, (R ( tena, ) ; ?), 

where ffina, is chosen in such a way that R 
(fcnal 1 = R (tmaial) = Rrnax, one obtains the scattering am- 
plitudesf,,,,, (@,a;?) according to3(g),5(b),7(c) 

fiO,“v (a,*;?) = - J$ JTDb.- db bl=dqb 

Xexp - 2ik,,b sin :[cos(@ - pb)] 

x [ (B,,(R(~a,,, I;?) - hJov], (14) 

with k,,, = [(2pw--E,,.)]“2 and p = mA (ms + mc)/ 
( mA + m, + mc);E is the center-of-mass collision energy 
and p the reduced mass of relative motion. The impact pa- 
rameter vector b = (b,p, ) which appears in Eq. ( 14) lies in 
a plane perpendicular to the incident direction; it character- 
izes the initial conditions specifying a given trajectory R(t) 
(Fig. 2). Hence, the set of parameters 6, pb, and ? define a 
unique classical trajectory. 

Assuming the molecular orientations to be distributed 
randomly we obtain the differential cross sections (DCS) 
a,O,,,. (0) by averaging IfnX, (0, @  = 0;;) I2 over ?. The DCS 
do not depend upon @  because there is no privileged direc- 
tion in space other than the incident direction; thus the prob- 
lem has cylindrical symmetry and the scattering amplitudes 
f,, (a,@;?) need only be determined for a single arbitrary 
value of a. It is worth pointing out that the use of the station- 
ary phase approximation for the inner integral reduces Eq. 
(14) to a simple sum involving Legendre functions 
Py’(cos 0) (with 1+ l/2 = k,,b ).*(‘) 

Inasmuch as the amplitudes B,,, (R( lRna, ); ?) actually 
depend on the difference Ap = ]pb - ~~1 only, and not on 
Q?, and q. individually, orientation dependent integral cross 
section may be defined by 

Q,O,nt, (f?,,Aq) = 2a 
s 

bn”X db b 
0 

XIB,,.(R(h,,, 1; PI - 4,Jot&=n,2. 

(15) 

Its average over orientation (B,, Ap) provides the integral 
cross section Q,,,,,, . Note that the opacityfunction appearing 
in the integrand of Eq. ( 15) differs only by the S,,S,, term 
from the probability function 

P I0.W (W,,Ap) = IB,,,(R(hi,,, 1; Vl;h=,r,2. (16) 
The vibronic semiclassical results obtained by the above 

method will be referred to as VSC. 
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C. The quanta1 infinite order sudden (QIOS) 
approximation 

As observed in Sec. III A, the quantum mechanical for- 
mulation of the fixed rotor approximation is rather cumber- 
some when I,,, is large and an additional approximation is 
needed to put it in a tractable form. Instead of the semiclassi- 
cal approximation made in Sec. III B, one can resort to a 
treatment valid when the relative angular motion is slow 
compared to the relative radial motion. This is the condition 
in which one can apply the so-called centrifugal sudden ap- 
proximation which is the basis of the well-known j,- conserv- 
ing coupled-states (CS) method.14 In the CS method the 
relative angular motion is assumed to be so slow that there is 
virtually no difference between the space-fixed frame and the 
body-fixed frame that accompanies the overall rotation of 
the A-BC triatomic plane.15 Implicit in this view is the as- 
sumption that one may discard Coriolis coupling terms 
which arise from the space-fixed to the body-fixed frame 
transformation.‘4 

When both the energy sudden (fixed rotor) and the cen- 
trifugal sudden (slow relative rotation) approximation are 
made one gets the well-known infinite order sudden (10s) 
approximation. The method was introduced to simplify the 
quanta1 treatment of pure rotational excitationI and was 
later found to be of great help for dealing with electronically 
elastic problems involving vibrational excitation.16 Only 
quite recently has the method been proposed as an effective 
means of treating vibronic phenomena quantally.5’“‘P6 

The 10s method essentially amounts to performing vi- 
bronic close-coupling calculations for central potentials and 
couplings parametrized by the relative angle y, (Fig. 1). The 
actual equations to be solved are5@jv6 

1 d2 --+2.-g 
2~ aR2 

1c1+ 1) + E - H,, (R,r;y) - ~ 
~,LLR 2 I 

Ff, U&w) 

=2 
H,,,. (R,r;y)Fft, (R,r;y) 

for each value of the parameter y. Hnn, is defined in Eqs. (9) 
and (10). 

It is convenient to expand FL (R,r;y) over vibrational 
basis functions. As in Sec. III B one may use the asymptotic 
vibrational basis g,, (r) defined by Eq. ( 11). Alternatively, 
inasmuch as finite basis sets are used, one may allow for 
greater flexibility by using a so-called “local vibrational” ba- 
sis generated as follows. ” One divides the integration do- 
main 0 < R<R,,, into intervals (labeled K) at the center R, 
of which one determines, for each n, the functions G A:’ (r; y) 
obeying 

[ 
$$+ eht)(y) -H,,,,(R,,r;y) GL?(r;y) =O. 

I 
(18) 

In each interval one then writes 

~;,,(R,r;y) = 1 F~J’YR;y)@$(r;Y) 
” 

(19) 
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which yields a well-known set of coupled second order dif- E. Implementations 
ferential equations for F,, ‘(w (R- y) . The equations are solved , 
in each interval and the solutions in adjacent intervals are 
matched in a straightforward manner. Clearly, the asympto- 
tic vibrational basis is a particular case where one uses a 
single interval (K = K,,,,, = 1) with R, + CO. 

The specifics of the considered electronic states Y,,, 
have been recalled in Sec. II. 

The coupled equations are solved subject to usual 
boundary conditions. The scattering amplitudesf,o,,, (0; y) 
are then obtained in terms of the scattering matrix elements 
S Ilo.“” ( y) according to 

fio.,,(@;Y) = - l 2 t21+ 1) 
2i(k,,k,,)“’ I 

x [s:o,nJY) - ~,n~O"]p'(COS 0). (20) 

The vibronic quanta1 10s (QIOS) differential cross sections 
a,,,,,(O) are finally obtained by averaging of 
V;,, nv (0;~) j2k,,/k,, over y. The y-dependent integral cross 
section is defined by 

The calculations were performed at a single collision 
energy ECM = 23 eV. They involved 15 vibrational basis 
functions for each electronic state. This basis set size was 
actually determined by the range of r values where the poten- 
tial energy surfaces are known (1.5Gr93.8 ao). To have a 
grasp at the effect of the choice of the vibrational bases two 
types of QIOS calculations were run: one with a “local” basis 
~(GISi’(r;yM,,,, = 45 ) } and one with the asymptotic ba- 
sis. Typical interval sizes for the “local basis” calculations 
were .38 a,, 0.76 a,, 0.152 a,, and 0.226-0.283 a, for the 
rangesR<2ao,2ao <R(2.20a,,2.2ao <R<5a, andR>5 
a,, respectively. Since the results were insensitive to this 
choice the VSC and SCIOS calculations were run with the 
mere asymptotic basis. 

Qio,nv (Y) = $- c (21+ l)ls:o,,“(Y) -&JO”12. 
10 ’ 

(21) 

The QIOS equations were solved using an adaptation of 
the computer code employed earlier in the study of the 
H + + H, collision.6 Both the VSC and SCIOS equations 
were solved using upgraded versions of earlier computer 
codes ‘(C).7(0.19 

Its average over orientation provides the integral QIOS cross 
section QIO+. Again the opacity function appearing in the 
sums in Eq. (21) only differs by the S,,,aov term from the 
probability function, 

In all calculations the I,,, value was taken to be 400 
which corresponds to b,,, = 7 a,. Appropriate values of 
R max are 1.5-2 b,,, . Taking account of symmetry, 9 values 
of y (O”, 5”, 15”, 30“, 45”, 60”, 75”, 85”, 90”) were found suffi- 
cient to evaluate the relevant QIOS and SCIOS integrals. 

PfO.,“(Y) = Is:0,,,(y)I’. (22) 

D. The semiclassical infinite order sudden (SCIOS) 
approximation 

It is worth pointing out that a semiclassical version of 
the 10s approximation may be devised. Indeed the system of 
QIOS coupled equations of Sec. III C is formally identical to 
the system one frequently encounters in the treatment of 
atom-atom collisions. Likewise, using a well-known set of 
approximations,” it may be brought into the form of Eq. 
(8) except that the fixed parameter ? is now replaced by y. 
Solution of this system of equations subject to an initial con- 
dition similar to Eq. (6) readily provides the scattering ma- 
trix for each impact parameter b (irrespective of Q)~ ) as 

Considering symmetry, the calculations of VSC proba- 
bility amplitudes were undertaken for 0”<8, $90”, O<b<7 a, 
and 0”~ Ap( 180” with stepsizes of 30”, 0.035 a, and 15”, re- 
spectively. The actual data needed to perform the integrals 
defining the DCS were obtained by interpolation. The inte- 
grals were evaluated by a modified Simpson rule using step- 
sizes of 2.5”, 0.0175 ao, 2.5”, and 30” for the successive inte- 
grations over Ap, b, Pi, and 19,, respectively. The small 
stepsize in Ap was imposed by the rapid variation of the 
integrand in Eq. ( 14) owing to its complex exponential fac- 
tor. It is worth mentioning that the use of a stationary phase 
approximation to evaluate the demanding inner integral in 
Eq. ( 14) considerably reduces the numerical effort needed 
to evaluate the VSC cross section.8(c) 

S:o,,,(y> =B::‘oS(R(4i,,,);~L (23) 

with b = (I + 1/2)/k,,. One may thereafter use formulas 
(20) and (2 1) to obtain the cross sections. 

Despite of the formal similarity of the VSC and SCIOS 
equations it is important to stress, once again, that by fixing 
the parameter y in the SCIOS method both the potential 
governing the trajectory and the couplings inducing the vi- 
bronic transitions are spherically symmetric. On the other 
hand, by fixing the parameter 7, in the VSC approach of Sec. 
III B, both the potential governing the trajectory R(t) and 
the vibronic couplings are anisotropic; the anisotropy varies 
along the trajectory via the dependence y(t) = (R( t),r). 

The potential defining the classical trajectory in both 
the VSC and SCIOS calculations was chosen to be the 
Vy(R,y) diabatic surface [ Eq. ( 13)] correlating with the 
reactant states. It has already been pointed out in a number 
of places that many possible choices of trajectory suggest 
themselves but none of these choices is precisely defined by 
the theory.3’a’*“’ Literature also acknowledges that the larg- 
er the differences between the relevant potentials Vr’ and 
the lower the collision energy the more ticklish the trajectory 
problem. To have an idea of the appropriateness of our 
choice we have compared the results of three IOS-type cal- 
culations: (i) SCIOS based on V(p, (ii) SCIOS based on the 
often recommendeds(b’~20 self-consistent energy conserving 
trajectory ( SCECT),20’“‘-20”’ and (iii) QIOS. Let us mere- 
ly mention that for VE processes the differential cross sec- 
tions of (i) nicely compared with those of (iii). For VCT 
processes discrepancies were only found for scattering an- 
gles 0 2 13”. The SCECT results were much less satisfactory. 
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IV. VIBRONIC POTENTIALS AND COUPLINGS 

Before going into the discussion of the final scattering 
results it is worth inspecting some specifics of the vibronic 
interactions in order to foresee what is likely to influence the 
differential cross sections and the various transition proba- 
bilities. All potentials and interactions presented in this sec- 
tion have been obtained using the asymptotic vibrational ba- 
sis (seesec. III). 

A. Properties of the co potential 
Figure 3 shows the entrance potential energy surface 

Vy as a function of R for various values of y. The cuts of the 
surface that are displayed nicely reflect the already discussed 
properties of the electronic potential energy surface 
H,, (R,r,, y) at the 0, equilibrium distance (see Ref. 10 and 
Sec. II). Examples of pure vibronically elastic cross sections 
of$e (0) computed at EcM = 23 eV with the y = O”, 45”, 
and 90” potentials of Fig. 3 are displayed in Fig. 4. These 
plots illustrate how the changes with y of the Vy( R, y) po- 
tential characteristics (width, depth, and location of the well 
together with the steepness of the repulsive wall) influence 
the rainbow effect in each cross section. Also shown in Fig. 4 
is the 10s average over y of the pure vibronically elastic 
cross sections. In this average the contribution of y angles 
lying closer to 0” have smaller weights than those lying closer 
to 90”. Hence, the broad rainbow structure that appears in 
the range of scattering angles 8”<0( 16” for ~(45” is strong- 
ly leveled off by this average. 

i3. The vibronic potential network 

Figure 5 shows the behavior of the V;(R,y) + E,, po- 
tentials. For clarity these curves are plotted relative to Vy. 
The diabatic curve crossing between the two electronic po- 

-0.2 I a a ’ a ’ ’ ’ ’ ’ ’ * ’ ’ ’ s s j j ’ s ’ ’ 
0 1 2 3 4 5 6 1 

R (a,) 

FIG. 3. The V’f’( R,y) vibronic potential energy surface associated with the 
H ’ + 0, ( (A’ ‘1, , u = 0) reactants. Cuts of the surface for various values 
of yare shown. The horizontal line indicates the collision energy E, = 23 
eV considered in text. 
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FIG. 4. Pure vibronically elastic IOS-type differential cross sections (DCS) 
obtained with the Vy(R,y) potential of Fig. 3 at a collision energy 
ECM = 23 eV. The y-dependent u,~.,,, (0;~) DCS obtained with y = o’, 45’, 
and 90” are compared with the 10s averaged (T,~.,,, (0) DCS. 

tential energy surfaces of Sec. II is now transformed into a 
crossing network of diabatic vibronic manifolds. Vibronic 
charge transfer is expected to be favored near the nodes of 
this network. In both manyfolds the V,vV + E,, potentials 
remain nearly parallel until the potential wall is reached. 
The evolution as a function of y of the relative steepness of 
the VT potentials in the wall region is grossly determined by 
the repulsion between the proton and the linear charge den- 
sity along r of the (more or less screened) 0 nuclei in the 
vibrational state u. For small y the larger v the steeper the 
VT potentials whereas the opposite trend is found for large 
y. Figure 6 shows the y dependences of the 10 - 2~” cross- 
ing distances noted R,. 

C. The pure vibrational excitation couplings 

Samples of Vy’ couplings are displayed in Fig. 7. 
,y’” + ‘) couplings are generally found to be appreciably 
larger than V y’ (v’)v + 2) couplings. The relative impor- 
tance of the ,yCU + ’ ) couplings is approximately given by 

Yl”-‘)“/Yy(~+‘),(u//(,+ 1))“2. (24) 
Inasmuch as the spacings of the corresponding energy levels 
are nearly constant we have a case of linearly forced harmon- 
ic oscillator LFHO. Accordingly, if charge transfer were ab- 
sent, the probabilities of 10 - Iv’ vibrational transitions 
would obey a Poisson formula,2’ 

P f,“.yO’ = ( w”‘/u’!) e - w. (25) 
Taking w as a fitting parameter (i.e., w = - In PI,,,, ) we 
indeed find at y = 90”, where H ,2 v’v” = 0 that the Poisson for- 
mula nicely describes the onset range of the calculated tran- 
sition probabilities as functions of impact parameter (Fig. 
8). The Poisson formula is also found to successfully repro- 
duce the general form of these transition probabilities. 
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Sizun eta/: H+ +Op charge transfer collisions 

FIG. 5. Cuts of the V:(R,y) + en,, vi- 
bronic potential energy surfaces for y = 15’ 
and y = 75’. For clarity, the curves are plot- 
ted relative to the corresponding V$(R,y) 
curve of Fig. 3. Full curves are associated 
with direct (VE) channels whereas chain 
curves are associated with exchange (VCT) 
channels. The repulsion of the proton by the 
more or less screened linear charge density 
of %c nuclei along r in each nv state is re- 
sponsible for the observed behavior of the 1 v 
curves at small R. 

2 3 4 5 6 1.5 2.5 3.5 4.5 5.5 
R (ad RkJ 

D. The vibronic charge transfer interactions 

Figure 9 shows some of the 225 computed Hyy cou- 
pling matrix elements. We find that, when standing off the 
VP potential walls, the computed H yy (R,y) matrix ele- 
ments are reproduced within - 10% by the Franck-Condon 
type estimate: H,, (R,r = r, ,r> (g,,, lgzv,, ) . Hence, accord- 
ing to the remarks of Sec. II, we have for R 2 3 a,, the ap- 
proximation 

H~~(R,y)zH,,(R,r=r,, y=45”) 

X sin 2y(glv, lg2use >. (26) 

It is instructive to examine next what characterizes indi- 
vidual 10 - 2v” charge transfer transitions. This will be 
done in the framework of the Landau-Zener (LZ) mod- 
elZ(a)~2(b)~2(e)-2(0 for each of the corresponding curve cross- 

‘? 
? 

.J 
5- 
> 

0.01 

0 

R (a,) 

6.5 

6 

30 45 60 75 90 
Y (deg.) 

FIG. 6. y dependences of the 10-2~” crossing distances R, . The correspond- 
ing Landau-Zener geometrical cross sections discussed in text are obtained 
aS?rR:. 

-0.05 ““,‘~:‘,“““““““““““““’ 
0 1 2 3 4 5 6 7 

R (ad 
FIG. 7. (a) Samples of V y’ (VE) couplings for y = W. The figure shows 
how the ( VT’1 and 1 Vl’l couplings compare with the 1 Vy21 coupling as well 
as with the O-l, l-2, and O-2 energy splittings. (b) The V:‘(R,y) VE cou- 
pling in the H * -0, (X’Z,, II’) manyfold. Cuts of the V:’ surface for 
various values of y are shown. The existence or absence of a well in these 
curves and their passage through zero are important features that help un- 
derstanding the structures that appear in the impact parameter dependence 
of pure vibrational excitation probabilities. 
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I 2 3 4 5 6 7 
b W 

FIG. 8. Pure vibrational excitation probabilities as functions of impact pa- 
rameter for 0, = 9(p, Aqv = 9(r. Full lines are obtained by solving the VSC- 
VE set of coupled equations while dashed lines are obtained from a Poisson 
formula as explained in text. 

ing (R, ). From Fig. 6 one obtains the evolution with y of 
the corresponding geometrical cross section ?rR 1 while the 
LZ parameter, 

--I 
5 = 2rH;o,2v,, ‘( v(p ;Rv:““) 

R=R,’ (27) 

is shown in Fig. 10. As is well known,22 the total LZ cross 
section at a given collision velocity u writes as the product of 
TR z by a universal function Q * (6 /u) which reaches its 
maximum when c/u = 0.424.22 Figure 10 shows that at the 
considered collision energy E, = 23 eV, the latter value is 
reached twice for v” = 0,1,2,3,4 as y varies; the correspond- 
ing IOS-like cross sections as functions of y should thereby 
exhibit two maxima: at smaller and larger values than 

0.04 mj 

0.02 

-0.04’..“‘.“‘..““““““‘.‘.“‘~’ 
1 2 3 4 6 7 8 9 10 

R (aJ 

FIG. 9. Samples of H I’;““(R,y) VCT couplings for y = 60’. 

r- I ” I * * I ” I - I ” 

0 15 30 45 60 75 90 
Y (deg.) 

FIG. 10. y dependence of the Landau-Zener parameter 6 (defined in text) 
for each individual 10-2~” transition (vu = 0,6). The intercepts of the 
curves with the horizontal dashed line: 0.424 u (where u is the velocity for 
the considered collision energy EcM = 23 eV) indicate the y values where 
the Landau-Zener cross section attains its maximum value: 0.452 nR 5. 
7-h Q It&,, ( y) integral cross sections with v” = 0, I ,2,3,4 are thereby ex- 
pected to reach the latter value twice. On the other hand, the y-dependent 
VCT cross sections with vW = 5,6 should exhibit a single (smaller) maxi- 
mum. 

y = 45”. On the other hand, the 10 - 2~“: v” = 5,6 cross 
sections should exhibit a single maximum as functions of yat 
the considered collision energy; owing to the behavior shown 
in Fig. 6 this maximum should appear at y < 45”. These ele- 
mentary predictions will help understanding some of the 
QIOS results reported in Sec. VI. 

From Figs. 3 and 5 one may anticipate another feature 
of the 10 - 2v” charge transfer process. Indeed, since the 
10 - 2v” curve crossings lie at larger R values than those 
characterizing the bottom of the V(p potential wells, a rain- 
bow effect is expected to occur not only in the VE differential 
cross sections but also in the VCT ones.23 For simplicity let 
us examine this matter semiclassically using a mere two- 
state curve-crossing case. Of the two paths that are associat- 
ed with a given 10 - 2v” transition the one that gives rise to 
the rainbow, i.e., the one that goes into the Vy potential 
well, may be split into two parts: one before and one after the 
classical turning point. The first part is identical to the one 
followed by the system in the pure vibronically elastic prob- 
lem discussed in Sec. IV A. The second part differs from the 
first one only for R > R,. Roughly speaking one may view 
the latter part as one in which the potential well is reduced by 
k2”- - e10 1 and is traveled along with an energy that is in- 
creased by the same amount. It is thus concluded that the 
predicted rainbow in the 10 - 2v” charge transfer differen- 
tial cross sections ought to lie at a smaller scattering angle 
than the one found for the pure vibronically elastic scatter- 
ing: the smaller v” (v” ~6) the stronger the displacement of 
the rainbow to smaller scattering angles. 

In the above, we have tried to disentangle possible indi- 
vidual roles of some of the salient features characterizing the 
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316 Sizun &al.: H+ +O, charge transfer collisions 

10 - 10, 10 - Iv’ and 10 - 2v” vibronic potentials and in- 
teractions. Yet the net effect of the collective interplay of all 
these features as well as those related to all other interac- 
tions, e.g., Iv’ - 2v”, cannot be known before doing the 
whole calculation of the dynamics. 

V. IMPACT PARAMETER DEPENDENCE OF THE 
VIBRONIC TRANSITION PROBABILITIES 

Only some illustrative examples of impact parameter 
and orientation dependences of transition probabilities 

picked out of several hundred results will be presented. Fig- 
ure 11 shows QIOS results obtained for y = 15”. In Fig. 
11 (a) are displayed the actual results of the full QIOS calcu- 
lation whereas Figs. 11 (b) and 11 (c), respectively, show 
what is the effect of switching off the H yy or the H ;E’ cou- 
plings. The VSC results (not shown) exhibit similar trends 
[see Ref. 5 (b) for sample plots of those results]. Figures 
11 (b) and 11 (c) show that the actual vibrational excitation 
process is the result of two different mechanisms: a direct 
mechanism which is evidenced by switching off the ex- 

0 sl ” 1 2 3 4 5 6 7 
bW.4 

b (%a) 

0 
0 1 2 3 4 5 6 7 

b&J 

FIG. 11. Impact parameter dependence of QIOS transition probabilities 
P ,,,*” for y = Is’. The three panels of the triptych are as follows: (a) results 
of the complete calculation; (b) results obtained by switching off the H ;:I’” 
couplings (pure vibrational excitation); (c) results obtained by switching 
off the V;” couplings. In each pannel the P,,,,. (elastic, u’ = 0), P,o,,, 
(VE, v’ = 1) and P,,,, (VCT, u* = 2) results appear successively from top 
to bottom. Panel (b) also compares SCIOS (dotted lines) and QIOS (full 
lines) results. The intermediate view in panel (c) displays, in addition to 
P lo.lI I other p,, . , , ,, (2<v’<4) VE probabilities to show examples of VE pro- 
cesses mediated by nonadiabatic charge transfer: 10+2u’- Iv’. 
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change interactions H $“” and an indirect mechanism, in- 
volving transitions to and from charge transfer channels, 
which is evidenced by switching off the H ii’ interactions. 
Further inspection of Fig. 11 reveals that the high frequency 
oscillations appearing in both the VE and VCT results are 
associated with the existence of the 10 - 2~” VCT transi- 
tions. To elucidate the origin of these oscillations we have 
carried out mere two-state calculations involving the vi- 
bronic states 10 and 22. The results shown in Figs. 12 (a) and 
12(b) definitely establish that these structures arise from a 
Stueckelberg interferencea As is well known this interfer- 
ence is associated with the coherent evolution of the system 
along the two paths that are available when the intermolecu- 
lar distance R gets smaller than a given 10 - 2v” curve 
crossing R,; the larger the potential energy difference for 
R <Rx and the smaller the collision velocity the higher the 
oscillation frequency. 

In the next subsection (V A) we discuss special charac- 
teristics of the high frequency oscillation pattern in the two- 
state case pertaining to Fig. 12 in order to pinpoint salient 
differences between the 10s and VSC descriptions. The case 
of the structures, shown in Fig. 11 (b), which determine the 
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slow modulation of the high frequency oscillations in the 
results of the complete calculations [Fig. 11 (a) ] is more 
involved and is the subject of an independent article.24 Let us 
simply mention that the origin of these structures is related 
to Eq. (24) together with the nonmonotonous behavior of 
the V,““‘(R,y) vibrational couplings [Fig. 7(b) 1. 

A. The high frequency oscillations in the P-state VCT 
case 

Two quite interesting features are observed in Fig. 12. 
The first feature is a modulation of the high frequency 

oscillations. In textbook two-state curve-crossing problems 
involving spherically symmetric potentials and couplings2 
such a modulation does not normally appear [Fig. 12(b) ] : 
the nonelastic probability oscillates between 0 and 
9 = 4p( 1 -p); usually the envelope of these oscillations 
has a single maximum as a function of impact parameter, as 
the function 9 does. Clearly, the oscillations of Fig. 12 (a) 
are not of this type. The reason for this phenomenon is two- 
fold: (i) the potentials and couplings are anisotropic and (ii) 
the classical trajectory of the system is bent. In such condi- 
tions the probability of a LZ-type transition (p’ ) when the 
system traverses the crossing zone (R 2, ~2 ) in the incom- 
ing path of the collision is generally different from the one 
(p’ ) associated with the crossing zone (R z, y,’ ) in the 
outgoing path. Accordingly, it is readily seen that the non- 
elastic probability oscillates between 9 _ and .Y + with 

9 * = [Jp’(l -p’) *&J’(l -P’) I’. (28) 
Figure 12(a) actually shows undulations as a function of 
impact parameter of the envelope of the high frequency os- 
cillations. Obviously, those undulations are determined by 
the shape of the 9 f functions and their stationary points. 
This phenomenon is specific to the VSC treatment. It is ab- 
sent from two-state results of the 10s treatment [Fig. 
12 (b) ] which, for each y value, deals with spherical poten- 
tials and couplings. 

FIG. 12. Impact parameter dependence of the P,,,,, transition probability 
obtained from two-state (10 and 22) calculations: (a) VSC result for 
19, = (r, tlhq, (b) IOS result for y = 85”. The outermost range of b values 
where P,o,,, attains 45%-65% of its first maximum is taken as the onset 
impact parameter range. The onset range is 4.5a,-Q.6a0 in (a) and 
3.87a,-3.960,, in (b). 

The second noteworthy feature of Fig. 12 (a) lies in the 
outermost peak of the P,,,,, probability at large impact pa- 
rameters. Inspection of the onset range of this peak indicates 
that the impact parameter for which the trajectory just 
grazes the critical transition zone (before traversing it twice) 
lies at b N 4.5 a,. The corresponding intermolecular distance 
of closest approach is calculated to be R, = 4.4 u, when 
y-y0 = 85”; this is quite different from the 10-22 crossing 
radius R, (yo) = 3.9 a, (Fig. 6). On the other hand, Fig. 
12(b) shows that the onset impact parameter range for the 
two-state 10s P,,,,, probability for y-y0 = 85” lies very 
close to R, (y. ) . Hence, the existence of an important transi- 
tion probability for b)R, (y. ) in Fig. 12(a) is a specific 
feature of the VSC treatment; it is definitely an effect of the 
variation of both R and y (and not merely R) along the 
trajectory. This may be ascertained by examining the prob- 
lem in the equivalent 2 x 2 adiabatic basis that diagonalizes 
the Hy: (R,y) interaction. In this basis the nonadiabatic 
coupling splits into two term!: a radial term depending on 
the relative radial velocity (R) and a rotational term de- 
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318 Sizun eta/.: H+ +O, charge transfer collisions 

pending on the relative angular velocity ( p). For the dis- 
cussed threshold impact parameters the transition takes 
place near the turning point of the trajectory where all the 
coupling is concentrated in the angular term owing to the 
vanishing of the radial velocity. 

B. Average transition probabilities 

The P \$$“” and P Ix::) (b) transition probabilities ob- 
tained after the averaging over an initial isotropic distribu- 
tion of molecular orientations are shown in Fig. 13. The high 
frequency oscillations already observed for specific orienta- 
tions still persist after the averaging. In general, the struc- 
tures have a less transparent interpretation than that pro- 
posed for individual orientations. Nevertheless a few 
features may be highlighted. First, since probabilities add up 
to 1, the behavior of the P,,,,, elastic probability is also indi- 
cative of the importance of all nonelastic processes; these are 
seen to be quite important for b 5 4 a,. Second, it is seen that 
the impact parameter characterizing the onset of the charge 
transfer probability P,o,2v,, increases with v” as expected 
qualitatively from the succession of 10 - 2~” curve cross- 
ings (Fig. 5). Yet it is found that this trend does not extend 
beyond the v” = 5 charge transfer state. Third, the probabil- 
ities for vibrational excitation P,, nv, are found to rise conse- 
cutively with decreasing impact ‘parameter as observed for 
individual orientations. It is noteworthy that the tail seen in 
the PLO, 1 1 curves at large b results from the depletion of the 
pure P $yf) vibrational excitation probability caused by the 
onset of the charge transfer process. Fourth, in spite of these 
common characteristics of the QIOS and VW curves and 
some similarity in the location of their spikes at large 6, both 
the general appearance and the magnitude of the QIOS and 
VSC probabilities are different. One notices in particular 
that the QIOS charge transfer probabilities are smaller than 
the VSC ones whereas the reverse is true for the vibrational 
excitation probabilities. 

VI. INTEGRAL CROSS SECTIONS 
Figures 14(a) and 14(b) show integral cross sections 

for vibrational excitation Q,,,, and vibronic charge trans- 

fer Qmw averaged over molecular orientation, assuming an 
initially isotropic distribution of the 0, molecular axis. One 
sees at the outset that the VSC vibronic charge transfer cross 
sections are larger than the 10s ones; on the other hand, the 
IOS cross sections for vibrational excitation are larger than 
the VSC ones for v’<2. These trends could be anticipated 
from the inspection of Fig. 13. 

Comparisons of VSC, QIOS, and SCIOS results clearly 
show that the above-mentioned differences are due to the 
way the molecular orientation is handled in the VSC and 
10s approaches and not to some deficiency of our semiclassi- 
cal treatment. Both the VSC and 10s results show the same 
relative importance of the Q,o,Zv,, charge transfer cross sec- 
tions. The hierarchy seen in Fig. 14(b) is clearly different 
from that of the Franck-Condon factors though the relative 
importance of the exchange interactions H $“” was found to 
approximately follow that of Franck-Condon overlaps. The 
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FIG. 13. Impact parameter dependence of the orientationally averaged 
state-to-state transition probabilities: (a) P,,,, 1,, VE results; (b) P,o,,t,m 
VCT results. Full lines: VSC, dashed lines: QIOS. 
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FIG. 14. State-to-state integral cross sections for the H + + 0, (X ‘Xi, 
v = 0) collision at EcM = 23 eV. (a) Q,, .,,,, VE results; (b) Q,, .*,,” VCT 
results. Full lines: QIOS calculation, short dashed lines: SCIOS calculation, 
long dashed lines: VSC calculation. The relative sizes of the Q,,,,,” VCT 
cross sections that are predicted from the Franck-Condon factors are 
shown as curve FC (dots) in (b). 

irrelevance of Franck-Condon type approximations to pre- 
dict the relative importance of low energy vibronic processes 
has been discussed in general terms elsewhere.3’g’ In the 
present case the observed dominance of Q,0,22 and Qlo,*, 
upon Qlo 2l and Qlo,20 is primarily related to the geometrical 
cross &ions associated with the impact parameter charac- 
terizing the onset of the P,o,2v,, transition probabilities [see 
Fig. 13 (b) and related discussion in Sec. V B] . Moreover, as 
is well known from the study of elementary two-state curve- 
crossing problems, the integral cross section at a given colli- 
sion energy is not a mere increasing function of the H,O,Zv,, 
coupling; this topic has already been touched upon in Sec. 
IV D. It was particularly pointed out there that the anisotro- 
py of the interaction also comes into play in what actually 

determines the relative importance of the Q,o,Zv” cross sec- 
tions. One is thus drawn to have a glance at the orientation 
dependence of the integral cross sections. 

The y-dependent QIOS cross sections [ Eq. (21) ] for 
charge transfer are shown in Fig. 15 (a). The occurrence of 
one (v* = 5,6) or two (VI = 0,1,2,3,4) maxima in the 
Q ,0,2v,, ( y) curves was already predicted in Sec. IV D on the 
basis of known results of the simple two-state Landau-Zener 
model. On the same basis, the existence of one or two maxi- 
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FIG. IS. y-dependent state-to-state QIOS integral cross sections for the 
H + + 0, (X ‘X8-, u = 0) collision at EC,, = 23 eV. (a) Q,,,,, ( y) VCT 
results: (closed circles and dotted line) u” = 0, (closed squares and long 
dashed line) v* = 1, (closed diamonds and full line) v* = 2, (open trian- 
gles and dotted line) v” = 3, (open squares and short dashed line) L)* = 4, 
(open diamonds and full line) IJ” = 5, (open circles and long dashed line) 
u” = 6. (b) Q ,“,,,, s ( y) VE results: full lines and closed symbols are results of 
the complete calculation, dotted lines and open symbols are pure vibration- 
al excitation cross sections obtained by switching off the H y:‘” couplings. 

me Q,,,,., cross sections are numbered consecutively, the largest corre- 
sponding to u’ = 1. 
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ma is expected to depend on collision energy: the increase of 
energy should progressively cause one maximum to disap- 
pear in the V” = 1,2,3,4 curves. It is noteworthy that the 
present Q &,, ( y) cross sections display a much more gen- 
tle behavior than those reported by Gianturco et al.‘2’b’ The 
origin of the many structures found by these authors has not 
been elucidated by them; in the light of the present analyses 
such structures seem to indicate more turbulent energy sur- 
faces and couplings than ours. Another feature of Fig. 15 (a) 
is the asymmetry of the y-dependent charge transfer cross 
sections with respect to y = 45”; this feature is a direct conse- 
quence of the y dependence of the geometrical cross section 
associated with each 10 - 2~” curve crossing (Fig. 6). One 
particularly observes that if cases do occur where the v” = 1 
charge transfer channel has a larger cross section than those 
of the v” = 2 and/or 3 channels (e.g., y -< lo” and y 2 80”) a 
Franck-Condon ordering of the QlO,Zv,, (y) cross sections 
never occurs. 

cross sections are primarily determined by a geometric fac- 
tor associated with onset impact parameters characterizing 
the 10 - 2~” process. We have already pointed out in Sec. 
V A that for such impact parameters the trajectory grazes 
the critical transition zone in the neighborhood of its dis- 
tance of closest approach. As already seen above (Figs. 5,6, 
11, and 13) the critical 10-2~” transition zone is located at 
rather large distances of approach; thus, for those grazing 
encounters there is little deflection and one can make the 
approximation of a straight line trajectory R = b + ut. This 
leads to 

The y-dependent integral cross sections for vibrational 
excitation are shown in Fig. 15 (b) .25 From the comparison 
between the results of the full calculation and those obtained 
by switching off the H ;y interactions (pure vibrational ex- 
citation) one clearly sees the dramatic effect of charge trans- 
fer on vibrational excitation: the largest 10 - Iv’ excitation 
cross sections u’ = 1,2,3 are reduced whereas the smallest 
~‘24 (not shown) are slightly enhanced. 

For completeness we show in Fig. 16 the orientation 
dependences of the VCT 10-22 VSC cross section. The un- 
derstanding of the observed strong dependences of this cross 
section upon 6, and Ap is less straightforward than in the 
10s case. The main reason for this is again the fact that y 
varies during the collision and sweeps different angular 
ranges depending on 6, B,, and Ap. Only for 8, = 90” and 
AQJ = 90” does y remain constant and equal to 90”. Since 
charge transfer is forbidden for y = 90” we have 
e y:&, (8, = 9o”;Aq, = 90”) = 0 as shown in Fig. 16. 
Further insight can be obtained if the major contributions to 
Q ,0,2v,, (6’,, Aq7) arise from a restricted range of y values. To 
investigate this matter we first note that prominent integral 

cosy,~(bsin8,cosAg,+utcosB,)R -‘. (29) 
Near the critical distance of closest approach 
(t-0, R,=b,) onethengets 

cos yc ~sin 8, cos AWL (30) 
This approximation enables one to compare the salient fea- 
tures in Fig. 16 with those shown in Fig. 15 (a). For instance, 
on the 0, = 90” side of the perspective view in Fig. 16 we 
have y= N Acp. Accordingly, the two peaks on both sides of 
Ag, = 90” (19, = 90”) are to be related to the maximum near 
y = 80” in Fig. 15 (a). The structures appearing next as one 
moves away from those peaks towards Ap = 0 or Ag, = 180” 
(while keeping 8, = 90”) have all counterparts in Fig. 15 (a) 
when y decreases from 80”. One may similarly analyze the 
side Aq, = 0 in Fig. 16. Of course there is not (nor should 
there be) a detailed identity between the structures that are 
being compared but the proposed approach helps rationaliz- 
ing the observed anisotropy of the integral VSC cross sec- 
tions. 

VII. DIFFERENTIAL CROSS SECTIONS 

This section deals with the dependence of various ob- 
servables upon scattering angle. In Fig. 17 we show a quadri- 
partite comparison of differential cross sections (DCS) for 
VE (elastic + vibrational excitation) and VCT (vibronic 
charge transfer) processes. For clarity, differential cross sec- 
tions summed over the final vibrational states 

0, (0) = c a,,,,,(@) (n = 12) (31) 
” 

0 0 

180*90 

FIG. 16. Perspective view of the Q,,,,12 (8,. Ap) orientation-dependent in- 
tegral WC cross section. 

are presented first. (Note that the results shown are integrat- 
ed over the azimuthal angle Cp and thence involve a multipli- 
cation by 27~.) Since the experiment only provides relative 
cross sections we have arbitrarily placed the data of Ref. 
9(b) to match as close as possible the present QIOS [Fig. 
17 (a) ] and VSC [ Fig. 17 (b ) ] results. The matching for VE 
and VCT was done independently.26 The structures seen in 
the 0 = 7”-14” angular range are rainbow-type structures 
associated with the well in the VT curves [Sec. IV A and 
IV D and Refs. 9 (b) , 10, and 11 (a) 1. One first notices that 
the general behavior of the experimental datagcb’ is satisfac- 
torily reproduced by both theories. Yet, the experimental 
VE data are best reproduced by the present QIOS treatment 
in most of the angular range. In particular, the rainbow 
structure lies at the right position with adequate shape and 
size. As for VCT results, the QIOS and VSC cross sections 
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exhibit a rainbow structure displaced by nearly 1” on each 
side of the experimental one. 

The QIOS cross sections of Ref. 12(b) based on DIM 
potential energy surfaces”(a) and couplings”(b’~‘2’b’ are 
compared with the present calculations in Fig. 17(c). From 
the information presented in Fig. 17 it is seen that the DIM 
results are less accurate: Not only is the general angular de- 
pendence inadequate but also the enhancement of scattering 
due to the rainbow effect is too strong. It was argued in Ref. 
12(b) that this discrepancy could be due to diabatic PES 
which underestimate the anisotropy. Inspection of the DIM 
data displayed in Refs. 11 (a) and 12 (a) actually indicates 
that this cannot be the case since the anisotropy of the DIM 
curves is quite important. Another explanation could be, for 
instance, that the characteristics of the H + + 0, diabatic 
DIM potential energy surface of Refs. 11 and 12 for y> 45”, 
which contribute most to the orientational average in 
r~,e,~,, (O), are problematic: The potential well is probably 
too deep and its minimum located at too short an intermole- 
cular distance. One also notes that the a2 (0)/o, (0) ratio is 

IO’ 

0 2 4 6 8 10 12 14 16 
0 (deg.) 

FIG. 17. Differential cross sections, summed over all final vibrational states 
and integrated over the azimuthal angle @, for the H + + 0, (X “Xg, 
v = 0) collision at ECM = 23 eV. Both VE and VCT DCS are shown. (a) 
Full lines: present QIOS-EMP theory; closed circles: adjusted experimental 
data of Ref. 9(b) (see Ref. 26 and related discussion in text). (b) Full lines: 
present VSC-EMP theory; closed circles: adjusted experimental data of Ref. 
9(b) (see Ref. 26 and related discussion in text). (c) Full lines: present 
VSC-EMP theory; long dashed lines: present QIOS-EMP theory; short 
dashed lines: QIOS-DIM results of Ref. 12(b) multiplied by 27r. 

much smaller in the QIOS-DIM calculations than the one 
found in the present calculation. 

Inasmuch as the present DCS results summed over vi- 
bration nicely agree with experiment it is meaningful to com- 
pare the state-to-state information in the form of relative 
probabilities o,O,nv (@)/a, (0); this is done in Figs. 18 and 
19 for VE and VCT processes, respectively. For the VE pro- 
cess, both the present QIOS and VSC results, satisfactorily 
reproduce the experimental data with a tendency of the 
QIOS probabilities to lie closer to experiment. Moreover, 
structures observed in the v’ = 0,l VSC results appear only 
as weak undulations in the corresponding QIOS and experi- 
mental data. The corresponding DIM results [not shown 
here but given in Ref. 12 (b) ] are very inaccurate in particu- 
lar the ones for u’ = 0 and 2. For the VCT processes (Fig. 
19>, the present QIOS and VSC theories generally show fair 
agreement with experiment with a clear trend of the VSC 
results to lie closer to the experimental data. Yet one ob- 
serves a tendency of both theories to underestimate the rela- 
tive population of low 2~” states (u” = 0,l) and to overesti- 
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FIG. 18. Relative state-to-state VE probabilities as functions of the center- 
of-mass scattering angle for the H + + 0, (X%; , v = 0) collision at 
EcM = 23 eV: full lines present VSC theory; dashed lines: present QIOS 
theory; closed circles: experimental data of Ref. 9(b) . 

mate that of high states (u” = 4,5) with respect to 
experiment. We have already drawn attention to the possi- 
bility that this feature may be due, at least in part, to the 
detection efficiency of the low energy H neutrals in the ex- 
periments. *8(b) the lower the populated 0: vibrational level 
tl’ the more energetic the scattered H neutral and the greater 
the sensitivity of the detector. From Ref. 12(b) one may get 
the impression that this proposal is void since, except for 
0<3’, the QIOS-DIM relative probabilities for vibronic 
charge transfer lie much closer to experiment than the pres- 
ent VSC and QIOS ones. However, in view of the large inac- 
curacies of the QIOS-DIM calculations already pointed out 
above (see also next paragraphs) one cannot judge whether 
that agreement is fortuitous or not. 

Another way of treating the state-to-state information is 
to look at it in the form of average VE and VCT energy 
transfers: 

AEn (0) = C (en, - e,o b,o.,,(OV~,a (0). (32) 
” 

Figure 20 shows the comparison of the present QIOS and 
VSC average energy transfers with the QIOS-DIM’2’b’ and 
experimental ones. 91b) As in the latter two references the 
(G” - eio) energy differences were taken to be those of 
the corresponding harmonic oscillators, i.e., vAE $,, 
(hE jib = 0.193 eV, AE $,, = 0.233 eV). Both the present 
QIOS and VSC results closely reproduce the experimental 
AE, (0) curve while the QIOS-DIM curve stays way off. 
Contrary to the wrong impression one may get from Fig. 6 of 
Ref. 12 (b) the actual AE, ( 0) curve conspicuously departs 
from a straight line for 0 ~4’. AE, (0) falls off at small 
angles and in the limit 0 +O it tends to a finite albeit ex- 
tremely small value - lo- 3 eV. The VCT average energy 
transfer curves AE2 (0) are displayed in Fig. 20(b). Both 

0.2 

0.1 

0 

% 
z 

2 0.2 

.$ 

22 

0 

0.2 

0 L 
0 

. 
+ 
x 

. . 

+ 

Y 

+ 
x 

. 

+ 

x 

. 

+ 

x 
+ x 

. 

f 
. 

I 

. 

t 

I! ! 1 ! ! ! I ! ! ! f ! ! ! 1 ! ! ! 1 ! ! ! 
2 

: 
f : : * + l . 

: 

. 
. 

x 
; f : : 

I ,, I I II ( t II I I * , * I, (, 

4 8 12 
0 md 

0.4 I,,,,,,, “““‘,“‘,‘;’ 

0.2 t- + x -I 
I-&..Y 1 x 1 - x x 

:! t * 
+ 

+ c . . 
. + + + 

. - 
l . . . 

. 

0 ]IIl:IIIIIIl:III:I:III: 

5 

x 
0.1 - 

,I : 
Y y t 

-- + I: x 
x x i 

+ 
+ + 4. + * * _ - 

r +-I 

. ol”“““l”“““““” 
0 4 

8 (*g.) 
8 12 

FIG. 19. Relative state-to-state VCT probabilities as functions of the center- 
of-mass scattering angle for the H+ + 0, (X32;, u = 0) collision at 
EcM = 23 eV: ( + ) present VSC theory, ( x ) present QIOS theory, (0) 
experimental data of Ref. 9(b). 
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FIG. 20. Average vibrational energy transfer, in (a) the VE and (b) the 
VCT process, as a function of the center-of-mass scattering angle for the 
H * + 0, (X “2; , v = 0) collision at EC,, = 23 eV. The figures display 
quadripartite comparisons between the present VSC-EMP theory (full 
lines), the present QIOS-EMP theory (long dashed lines), the QIOS-DIM 
theory of Ref. 12(b) (open circles and short dashed lines) and the experi- 
mental data of Ref. 9 (b) (closed circles and dashed dotted lines). The hori- 
zontal dotted line in (b) indicates the Franck-Condon average vibrational 
energy transfer. 

the present VSC and QIOS results exhibit a dip in the 
AE, (0) curve at intermediate scattering angles 2”<0<8” as 
also seen in the experimental data. The undulations appear- 
ing in the QIOS AE, (0) curve have also their counterparts 
in the experimental data. While the VSC AE, (0) curve 
lacks those structures it lies closer to experiment. The QIOS- 
DIM result also shown in Fig. 20(b) presents a quite differ- 
ent behavior. 

As a final remark concerning angular dependences of 
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state-to-state results it is worth recalling a discussion made 
in Sec. IV D as to the location of the rainbow structure in the 
VCT DCS. Accordingly, one indeed finds in the QIOS re- 
sults [Fig. 2, of Ref. 8(a) ] that the smaller tl” ( ~6) the 
stronger the displacement of the rainbow structure towards 
smaller scattering angles. 

VIII. CONCLUSION 

A comprehensive theoretical investigation of vibration- 
al excitation and vibronic charge transfer processes in the 
H + + 0, collision has been reported. To our knowledge 
this is the first time the VSC, the QIOS and, to a lesser extent, 
the SCIOS descriptions of the quantum dynamics of non- 
adiabatic vibronic processes are directly compared. This is 
also the first time VSC calculations of differential cross sec- 
tion for such processes are reported, which take full account 
of both the anisotropy of the relevant interactions and their 
dependence upon the bond distance of the molecular 
partner. 

The first merit of the present investigation is that it has 
offered us an opportunity of testing the quality of the two 
available sets of vibronic potentials and couplings, namely, 
those produced by the effective model potential (EMP) ap- 
proach” and those produced by a diatomics-in-molecules 
(DIM) approach. ” The bulk of experimental information 
on the angular dependence of vibronic excitation and charge 
transfer is faithfully reproduced by the present QIOS-EMP 
and VSC-EMP calculations. On the other hand, the devia- 
tions of the QIOS-DIM’2’b’ calculations from both the pres- 
ent ones (QIOS-EMP, VSC-EMP) and experiment reflect 
some serious difficulties with the vibronic DIM potentials 
and couplings. 

Though differences are found between the QIOS-EMP 
and the VSC-EMP results the available experimental data 
do not help deciding between the two theories. Measure- 
ments, of better accuracy than a factor 2, of (i) the relative 
importance of ions with respect to neutrals as a function of 
scattering angle or of (ii) summed or state-to-state integral 
cross sections could eventually decide in favor of one theory 
against the other. 

We have put some emphasis on the discussion of the 
basic assumptions of the 10s and VSC approaches that actu- 
ally enable one to put the quantum dynamics of nonadiabatic 
vibronic transitions in a tractable form. The triple compari- 
son of QIOS-EMP, SCIOS-EMP, and VSC-EMP integral 
cross sections shows that, in the presently considered 10 
eV/amu energy range, the main differences between the 10s 
and VSC theories do not lie so much in the quanta1 versus 
classical treatment of the intermolecular motion but rather 
in the way they treat the relative angle y = (r,R). By hold- 
ing y as a fixed parameter, the 10s approach only treats 
transitions induced by radial-type motions and misses tran- 
sitions induced by variations of y during the collision. Cases 
have been shown where this may result in a significant re- 
duction of the critical impact parameter corresponding to 
the onset of charge transfer. Moreover, the 10s constraint 
that, for each value of y, the scattering is governed by spheri- 
cal potentials and couplings, means semiclassically that the 
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system sees the same interactions in the incoming and outgo- 
ing stages of the collision. This constraint somewhat mars 
the description of the actual anisotropy of the problem. The 
10s approximation has two undeniable merits: (i) it is pres- 
ently the only tractable way of describing collisional vi- 
bronic phenomena quantally and (ii) for each y, it produces 
results that are relatively easier to understand than those 
produced by the VSC approach. A merit of the VSC ap- 
proach lies, within the fixed rotor approximation, in the de- 
scription of the instantaneous anisotropy of the system and 
as a consequence it does not disregard transitions induced by 
relative angular couplings. Yet with the decrease of energy 
the importance of those transitions is likely to drop off and 
the conditions supporting the use of a relative classical tra- 
jectory will not be satisfied anymore; in those cases the QIOS 
method may constitute a more cogent alternative. Those re- 
marks warrant a systematic investigation of the behaviors of 
the VSC and 10s results as functions of collision energy. 

A nice aspect of this work is that it has made it possible 
to rationalize the outcome of rather lengthy computations 
by scrutinizing intermediate results and bringing out under- 
lying elementary models in them. 

the relative angle. Systematic accumulation of properties of 
this sort may prove useful for the purpose of modeling ion 
molecule interactions in more complex systems. 

It has been found that the pure vibrational excitation, 
that would exist if nonadiabatic charge transfer were absent, 
is a sizeable phenomenon. This is a result of the important 
distortions of the 0, vibrational constants caused by the ap- 
proaching proton. The pure vibrational excitation is an 
“electronically adiabatic”-“vibrationally nonadiabatic” 
process resulting from the mixing of the H + + 0, elec- 
tronic ground state with remote excited H + + 0; and 
charge transfer H + O,+ * states. The pure vibrational exci- 
tation in this system turns out to be understandable in terms 
of the linearly forced harmonic oscillator model. 

Another important conclusion is that nonadiabatic 
charge transfer has an important effect on the actual vibra- 
tional excitation. Not only does it draw flux out of the direct 
channels but it opens up new paths for vibrational excitation. 
A few qualitative features of the charge transfer process in 
the 10s framework, like the onset of transition probabilities 
as functions of impact parameter and the orientational ani- 
sotropy of integral cross sections, are readily understood in 
terms of the simple two-state Landau-Zener curve-crossing 
model. Yet the detailed result of the many-state coupling can 
only be predicted by intensive computations. 

It is worth recalling here that the charge transfer cou- 
plings, in the diabatic basis employed in the present work, 
turn out to be in approximately the same ratios as the 
0, /O,+ Franck-Condon overlaps. Notwithstanding this 
feature, we find, in agreement with general discussions in 
Ref. 3(g), that, whatever differential or integral scattering 
observables are considered, the computed final populations 
of the charge transfer states generally depart from mere pre- 
dictions based on Franck-Condon factors. 
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