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In this work is presented a time-independent treatment of a reactive system employing negative 
imaginary decoupling potentials. We discuss two aspects: (a) we show how with the help of 
these potentials a reactive scattering problem is converted into a bound-type problem, and (b) 
we show that a reactive treatment can be carried out entirely in the products arrangement 
channel without the use of the reagents arrangement channel. By doing that we are able to 
obtain exact reactive state-to-state S matrix elements or transition probabilities. 

I. INTRODUCTION 

The study of reactive exchange processes has recently 
been significantly enhanced due to a series of novel methods 
which are capable of treating the three-atom system in its full 
dimensionality in a most efficient way.‘-” Among these var- 
ious methods one can identify two approaches, one based on 
propagating the wave function employing hyperspherical 
coordinates’” and the other on solving a multiarrangement 
of coupled algebraic equations’-” (for either the wave func- 
tion or the amplitude density function). In the more recent 
version of these L ‘-type methods, variational principles 
were employed which further increased their efficiency.‘*“” 

The main disadvantage of these methods is that in order 
to calculate S matrix elements or transition probabilities one 
has to solve the Schrijdinger equation in all coupled arrange- 
ment channels ( ACs). This was done for three-atom sys- 
tems containing either three or two hydrogens and it could 
eventually be done for systems with one hydrogen. However, 
it becomes a formidable task once all the masses are nonhy- 
drogen, not to mention multiatom systems where the num- 
ber of ACs usually increases nonlinearly with the number of 
atoms (in case of four atoms, seven ACs are encountered, 
not counting dissociation). 

Recently, a new method to treat multiarrangement 
channel systems was introduced,“-” based on the applica- 
tion of negative-imaginary arrangement decoupling poten- 
tials1”*)*16 (NIADP). This method was successfully ap- 
plied both within the time-dependent wave-packet 
approach ll(a),ll(b).12,13 [recently it yielded state-selected ex- 
act integral cross sections for the reactions F + H, ( ui = 0, 
j = 0,l) +HF + H) ] and within the time-independent ap- 
proach. 11(C)-ll(e),l5 

The basic idea underlying this approach is the conver- 
sion of a multiarrangement channel problem into a single 
AC problem. The decoupling of this one AC from the rest of 

the system is achieved by employing a carefully selected neg- 
ative-imaginary absorbing potential (NIP). On frequent oc- 
casions we showed that with this approach the dynamics in 
this one retained AC is unaffected and the transition proba- 
bilities and cross sections, whether reactive or nonreactive, 
are “exact” (exact in the sense of not becoming approximate 
due to the application of the NIP). So far, this approach has 
been applied only to the case where the retained AC was the 
reagents (the incoming) AC.” Thus, the decoupling was 
done with respect to all exchange ACs. The main drawback 
in this case is that state-to-state reactive transition probabili- 
ties or S matrix elements cannot be obtained. To overcome 
this deficiency we show here how the decoupling process is 
applied for the case where the reagents AC is deleted and the 
products AC is retained, to produce well-defined state-to- 
state exchange probabilities (and S matrix elements). 

In this work we reconsider the time-independent ver- 
sion of our method, mainly to show how a scattering prob- 
lem is converted into a bound-system problem. A brief de- 
scription of this approach was given elsewhereI but no 
numerical results were presented. Here, we not only do this 
but also extend the method to more general cases. The nu- 
merical treatment is carried out in the simplest and most 
straightforward way, just to show that this method has the 
capability of producing correct results for reactive systems. 
More advanced treatments of this version which are based 
on the application of variational principles will be discussed 
in subsequent publications. 

II. THEORY 

The theory section is divided into two parts: the first 
describes the methodology which yields the Schrodinger 
equation (SE) required for our purposes, and the other de- 
scribes how this equation is treated for the numerical appli- 
cation. 
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A. Methodology 

Two SEs are considered; in the first the interaction of 
the three atoms is described in terms of the full Hamiltonian 
Hand consequently the SE is 

(E--H)‘@ =O, (1) 
and in the second the interaction is described in terms of the 
unperturbed Hamiltonian Ho and consequently the SE is 

(E- H,,)t,bo = 0. (2) 
Accordingly, Y is the full (complete) solution and $. is 

the unperturbed one. If V(R,...) is the interaction potential 
such that 

lim V(R,...) = 0, (3) 
R-03 

then the relation between Hand Ho is 
H=Ho + V. 

Here, R is the reagent translational coordinate. 
(4) 

Now, assuming Ice to be known, the complete solution 
Y can be written as 

‘u=,y+$o, (5) 
where x is the wave function to be calculated. Substituting 
bothEq. (4) andEq. (5) intoEq. (1) andrecallingEq. (2), 
one obtains the inhomogeneous equation for x, 

(E- H),y = Vv,bo. (6) 
In order to determine Vane must choose the unperturbed 
potential W. Assuming this is done, Y will be obtained from 
the relation 

v= u- w, (7) 
where U is the full potential of the system. For the present 
treatment W was chosen to be a sum of two potentials, 

W= u(r) + w(R), (8) 
where u(r) is the (asymptotic) diatomic potential of the rea- 
gent molecule (r is the corresponding vibrational coordi- 
nate) and w(R) is a distortion potential which increases as R 
decreases [this choice guarantees a stable solution for Eq. 
(611. 

In the following we apply this approach to a collinear 
treatment and not to a three-dimensional case, mainly be- 
cause we are interested in presenting our ideas in the simplest 
way, without masking them with several indices and heavy 
algebra. 

B. Solving the SchrOdinger equation 

In applying Eq. (6) we shall distinguish between two 
cases: one in which the decoupled AC is the reactive AC 
(this is our “ordinary” case, where the reagents AC is re- 
tained), and the second in which the reagents AC is deleted 
and the products AC retained. 

1. Treatment of the reagents (incoming) arrangement 
channel case 

This case was treated in our previous publication on this 
subject,14 and we repeat it here only for the sake of complete- 
ness. 

To convert the reactive problem into a bound-system 
problem two NIPS are employed: one in the entrance (qua- 
siasymptotic) region of the reagents AC, and one in the en- 
trance to the products AC [see Fig. 1 (a) 1. The first poten- 
tial is located along the interval (R, , RIA + AR, ) and the 
second along the interval (r,, , r,, + Ar,, ). Here, R desig- 
nates the reagents AC. These two potentials are chosen in 
such a way that all the fluxes from the reagents AC outwards 
will be entirely absorbed and nothing will be reflected. In 
addition, potentials have to be of a relative short range. 
These three (almost contradictory) requirements can be ful- 
filled if these potentials are chosen in the form 

lb) 

FIG. 1. The collinear mass-scaled potential-energy surface. The dashed 
areas mark the nonzero regions of the short-range negative imaginary de- 
coupling potentials. (a) The lines r, = S,A, R, = S,, are boundaries of the 
domain for which the wave function in the reagents arrangement is expand- 
ed in terms of a descrete basis set. (b) The lines r,. = S, and R, = S,, are 
the boundaries of the domain for which the wave function in the products 
arrangement channel is expanded in terms of a discrete basis set. 
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x - XI 

- v,x (xl = 
iv,, - , 

b  
x,<x<x, + Axr, x = R,r 

0  otherwise, 
(9) 

where VIox ()O) and  Ax, fulfill the following two inequali- 
ties.“(l) . 

fi(E, 1  In 4  V,, 4  E :‘*Ax, ( 8,~ ) “*/ii. ( 10) 
A-d% 

Here, Et and  ,u are the relevant kinetic energy and  mass of 
the system (more stringent inequalities were recently de- 
rived by Child16 emp loying a  semiclassical treatment). 

It is important to emphasize that the imaginary poten- 
tial V,R (R ) substituted at the (quasiasymptotic) entrance 
region of the reagents AC does not affect the incoming flux, 
name ly &, (r,R) is left unchanged.  

The  function &, (r,R ) which is the solution of Eq. (2) 
with the potential in Eq. (8) takes the form 

+4, (&-I = ~nAo t&r) = qti,, (r>L,,, (RI, (11) 
where I),,,, is the nLO vibrational eigenfunction of the 
diatomic mo lecule, i.e., it is the solution of the equation, 

[ -$$+v(I) --EtlAO  I q%,,(r) = 0 , (12) 

and g,,n, o  ( R ) is the corresponding translational component  
which is a  solution of the equat ion 

ti2  a* -- -+ww(R) -k2,Ao &,,,(R) =O. 
2~ JR* 1 (13) 

Here, IZ,,~~ is the n,, vibrational eigenstate and  k,Ao is the 
corresponding wave vector, 

k,tAo = 3 (E-q&]“*. (14) 

~1 is the (reduced) mass and E is the energy. The  function 
m ,, (R ) is assumed to behave asymptotically as 

l/2 

Cexp( - iknl,,R) 

+ exp [ i(knloR + kAo I] 1, (15) 

where S,l0 is the phase shift produced due to the elastic colli- 
sion with w(R). 

Next, we make use of the fact that due  to the introduc- 
tion of the imaginary potentials, the wave function 
xnlo (r,R) is nonzero in the region O<R<S,, O<r<S,, where 
S, and  S, are def ined as 

S,=R,fAR,, S,=r,+Ar,. (16) 
Consequently, xn,,(r,R) can be  represented in terms of a  
double basis-set expansion, f, (R ) and  g, ( r) , 

xnA,UW = C aAnAonmfn (Rk, W , (17) 
“IF? 

where aAnAonm are complex coefficients still to be  deter- 
m ined. 

In the present numerical treatment we assumed f, (R) 

and  g,,, (r) to be  the sine functions, name ly, 

f.(R)=(sR ~R,)I’zsinc$,(R-R,), 
l/2 

sin&(r- rs), 
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(18) 

where R, and  r, are the lower lim its of the intervals of R and 
r, respectively, and  

nlr 
an=S,-RR,’ (19) 

Substituting Eq. ( 17) into Eq. (6)) mu ltiplying through 
byfi (R)g, (r) and  integrating over R and r, yields the fol- 
lowing system of algebraic equat ions for the unknown 
aAnlonm : 

[ 
E - $  (a: + S’, )]aAnA,,,i - g  ~I~~~J+,P 

= ZAqolk 9 (20) 

where 
sr SR 

Qkknm = II 
drdRf,(R)g,(r)~(r,R)f,(R)g,(r) 

‘r K 
(21) 

and 
sr SR 

z - AnL,lk - ss drdRf,(R)g,(r)V(I;R)tlr,,,(R,r). (22) 
‘r R, 

Here, the potential u( r,R) is def ined as 
uCr,R) = U(r,Ri + V,(R) + V,(r). (23) 

Thus it is no  longer a  real potential and  consequently the SE 
given in Eq. (20) is no  longer Hermitian. 

It is important to emphasize that Eq. (20) is a  result of 
varying the functional A,‘* 

A= x[(E--H)x-2234,]. 
I 

(24) 

This may seem an obvious observation but in fact it is 
not, because x and  Hare both complex. 

Once Eq. (20) is solved the various transition probabili- 
ties can be  derived emp loying flux expressions. Thus in order 
to obtain the reactive transition probabilities the expression 

Pre(n,,) = s 

%  
dR.i(Rr = rIbA 1  (25) 

RS 

is considered, where 

j(R,r(nAo 1  = !- Im VA, VW $  YnAo (R,r) . 
P [ I 

(26) 

Since, however, at r = r, the initial unperturbed function 
fFl”,, (r,R) is identically zero, we obtain forj(R,r(n,,) 

j(R,rlnAc) = f Im [ X&(R,r) $,y.,,(R,r) . 1 (27) 

Substituting Eq. (17) into Eq. (27), which is then used to 
evaluate the probability [see Eq. (25) 1, leads to 
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Pre(n#tc) =z~g~(r,)g~(r,)lm(~a~~~~~,a:,~,k), 
m n 

(28) 

jkJU~d =?I, P ,y&&,,r,,) -$-x.,, (Lr, 1 . Y I 
(33) 

Substituting for xnAo we obtain the relevant expressions or in terms of the sine function, 

C k sin(fl,rI)cos(flkrI) 

a* nlOnm lnlonk * (29) 

This completes the derivations for the reagents AC. 

2. The treatment of the products (outgoing) 
arrangement channel case 

The treatment of the case in which the products AC is 
retained and the reagents AC deleted is very similar to the 
previous case, with one exception: In the former case both 
parts of the SE, namely, the homogeneous and the inhomo- 
geneous parts [in other words the left- and right-hand sides 
of Eq. (6)], belonged to the reagents AC; here, only the 
inhomogeneous part belongs to the reagents AC (to signify 
that we started with reagents which are different from the 
products), but the homogeneous part belongs to the prod- 
ucts AC. 

Again, as before, two NIPS are employed: one for the 
exit (in the quasiasymptotic) region of the products AC and 
one at the entrance to the reagents AC [see Fig. 1 (b) 1. The 
first potential is located along the interval 
(R,,R, + AR,,) and the second along the interval 
(rl,,,rl,, + Ar,,,). Here, Y (in contrast to ;I) designates the 
products AC. Again, as before, these two potentials are cho- 
sen in such a way that all fluxes out of theproducts AC will be 
entirely absorbed and nothing will be reflected. Potentials 
similar to those introduced in Eq. (9) are also employed in 
the products AC. 

The continuation of the theory is very similar to that 
presented in Sec. II B 1 with only a few changes. 

In Eqs. (16)-(21), (r,,R,) must be replaced by 
(r,,R, ) and Eq. (22) has to be slightly modified, 

z - AnloIk - dr, dR,h(R,kk(r,) 

X WA,& WmA,,(rA,RA 1. (30) 

Here, R, and r, are assumed to be functions of r, and R,. 
Another change is encountered in the calculation of the 

reactive transition probabilities [see Eq. (25) 1, 
Another change is encountered in the calculation of the 

reactive transition probabilities [see Eq. (25) ] : 

Pre(n,o) = dr,j(r,A = R,,lnAc 1, (31) 

where 

ikJCh,) = ZIm 
a 

\V~A,(R,,r,)- 
a& 

ynA,, ULr,) , 1 
(32) 

or as before, 

x Irn c avnA,,nm a&,nk , 
n > 

(34) 

or in terms of the sine functions, 

P, (?IAO) = z. 27T c ksin(a,,A,)cos(a,R,,) 
p (sRv -R,,)’ mk 

x Irn c avnAonma&,nk . 
n > 

(35) 

Since the wave function xnlo (r,,,R,) is now known 
along the entire products AC, it is also known in the prod- 
ucts asymptotic region. Therefore, we can calculate the flux 
into a given final vibrational state and from this obtain the 
relevant state-to-state reactive transition probability. Thus, 
if pn, (r,, ) is the asymptotic vibrational n, eigenfunction, 
thenxnLo (R,,r,,) can be written as 

xn,,(Rv,rv) = C A,(rvXn,,,,R), “r 
(36) 

where 5n,,,A, (R, ) is the corresponding translational compo- 
nent. Employing Eqs. (3 1) and (33) we obtain the state-to- 
state reactive probability Pr, (n, c n, ,-J 

Prc(4+-n~,) =%Im 
P 

cn,,,(R,) &n,,,(RJ . 
Y 1 

(37) 
The functions cnp”10 (R, ) are calculated from the expression 

LYnAO WV) = C 4,paYn,,nJi (4 1, (38) 
nm 

where /z nvm is an overlap integral, 
A PIpI = 6?4,lL). (39) 

This completes the derivations for the products AC. At this 
point, we would like to comment that since we now have the 
full wave function in the entire products AC, we are able to 
calculate not only the state-to-state transition probabilities 
but also the state-to-state S-matrix elements. 

III. NUMERICAL REMARKS 

Before analyzing the results produced by this approach 
we would like to make a few comments regarding the nu- 
merical aspects. 

A. Derivation of the unperturbed translation wave 
function &,,(R) 

In order to derive cnn,, (R) we solved Eq. ( 13) not for 
the asymptotic form given in Eq. ( 15) but for its “standing- 
wave-type” version, namely, for 
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;ifnmL,, (RI = + $- ( ) 
l/2 

cos(kAoR + ht,,,). (W 

n.lo 

The solution itself is carried out employing the Noumerov 
method. 

Since we also report on nonreactive transition probabili- 
ties we have to be more careful when deriving them. Here, 
Eq. (26) [and not Eq. (27) ] has to be used, however, not for 
the function Y ,,A,, VW [ = xnA,, UW + AA, UW ] but 
for its modified form @“,, (R,r) 

@,,A,UW = x,,UW + AA,(r) 1 LAO(R) - -$ ( > 
l/2 

Xexp[ - i(kR + kAo ‘I). (41) 

The interest in the nonreactive probabilities is due to the fact 
that the calculations of the reactive and the nonreactive 
probabilities are independent of each other. Therefore, 
checking that their sum is equal to one is testing the quality 
of the numerical treatment. 

B. The atom-diatom system 

The calculations are performed for the reactive 
I-I’ + H, (U = 0,1,2) -+HH’ + H system on the Liu-Sieg- 
bahn-Truhlar-Horowitz (LSTH) potential-energy sur- 
face” and for the energy range 0.5<Eto, ~1.5 eV. As in our 
previous numerical applications of the NIADP, the empha- 
sis in the present study is on the sensitivity of the results with 
respect to the parameters used in the calculations. The sensi- 
tivity study was carried out with regards to two main enti- 
ties: the size of the basis sets (namely the number of sine 
functions) and the dimensions of the configuration space 
employed. In particular, we studied the interrelation be- 
tween the two. 

IV. ANALYSIS OF THE RESULTS 

In this section we distinguish between reaction transi- 
tion probabilities obtained from calculations carried out in 
the reagents AC and those in the products AC. 

A. Reactive transition probabilities due to calculations 
carried out in the reagents arrangement channel only 

All the results presented in this section were calculated 
for [see Eq. (9)] VI,, = VI,, = 0.3 eV, and for 
AR, = 1.55 A, Ar, = 1.5 A. 

In Table I are presented the reactive and nonreactive 
transition probabilities as well as their sums (which is not 
automatically equal to 1) for various values of R, and r, 
which yield the border lines of the reagents AC. All calcula- 
tions were done for Etot = 1.0 eV and ni = 0,l. In the expan- 
sion of the wave functions we included J, x JR = 26 x 26 
basis functions and the grid network was of the size of 
12 1 X 12 1. As is noticed, the results are stable as long as the 
size of the reagents AC is large enough. Also, the results for 

TABLE I. Reagents arrangement channel treatment. Reactive (RE) and 
nonreactive (NR) transition probabilities as calculated for different sizes of 
the reagents arrangement channel (distances are in A). All calculations are 
done for Et,, = 1 .O eV; the number of basis functions are 26 X 26 and the 
number of grid points are 121 x 121; the fixed parameters of the imaginary 
potentials are V,,, = VIor = 0.3 eV; AR, = 1.55 A; Ar, = 1.5 A. 

ni =o ni = 1 

R, r, RE NR Total RE NR Total 

2.80 1.60 0.815 0.182 0.997 0.733 0.248 0.981 
2.65 1.65 0.810 0.182 0.992 0.695 0.271 0.966 
2.65 1.45 0.812 0.175 0.987 0.703 0.250 0.953 
2.85 1.65 0.804 0.178 0.982 0.742 0.265 1.087 
2.80 1.45 0.820 0.177 0.997 0.740 0.235 0.975 
2.80 1.85 0.817 0.180 0.997 0.738 0.248 0.986 
3.00 1.45 0.828 0.179 1.007 0.726 0.246 0.972 
3.00 1.65 0.825 0.181 1.006 0.719 0.264 0.983 
3.00 1.85 0.824 0.179 1.003 0.726 0.257 0.983 
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n, = 0 are more stable than those for ni = 1, which means 
that a larger basis set is required for excited-states probabili- 
ties. 

This subject is detailed in results presented in Table II, 
where the reactive and nonreactive probabilities are present- 
ed as a function of the number of basis functions included in 
the expansion of the wave function. All results are for 
Et,, = 1.0 eV and for RI = 2.8 A and r, = 1.6 A. It is well 
noticed that for large enough basis sets, namely for 
JR ,J, >22, the results stay very stable (the “exact” reactive 
probabilities at this energy are - 0.8 15 f 0.01 for ni = 0 and 
0.725 &- 0.02 for ni = 1). The results change only slightly as 
JR becomes smaller, and even for JR = 18 they are reasona- 
bly good. However, the dependence on J, is much more sen- 
sitive and, in fact, J, must be at least 21 for the results to be 
acceptable. 

All results reported here were carried out with a very 
coarse grid ( 121 X 121), but, in fact, the outcomes were 
found to be rather insensitive to these numbers. With a grid 
of 35 x 35, for instance, we could get equally good probabili- 
ties. 

Reaction transition probabilities as a function of total 
energy are presented in Table III, where they are compared 
with results extracted from the figures in Ref. 20. The highly 
accurate probabilities (those with JR, J, = 26) fit very well 
the published results. It is true that when JR and J, become 
smaller, the fit, in general, becomes less satisfactory, but it is 
also seen that as long the energy is not too high even the 
( 18,18) combination leads to a nice fit. The results around 
the resonance seem to be less successful but the large devia- 
tions could also be due to difficulties in extracting the correct 
numbers from the published probability curve. 

As a final subject in this section we would like to report 
on a way to improve results obtained with a relatively small 
number of basis functions. The idea, in general, is to enhance 
the importance of the region where the reactive transition 
probabilities are calculated. From Eq. (25) it is well noticed 
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TABLE II. Reagents arrangement channel treatment: Reactive (RE) and nonreactive (NR) probabilities as a 
function ofJ,, J,. The calculations were done for E,,, = 1.0 eV for R, = 2.8 A, r, = 1.8 A, and for a 121 x 121 
grid network. 

No. of basis 
functions 

n, ==o ni = 1 

JR J, JRxJ, RE NR Total RE NR Total 

28 28 784 0.818 0.180 0.998 0.724 0.246 0.970 
26 26 676 0.815 0.182 0.997 0.733 0.248 0.981 
24 24 576 0.819 0.179 0.998 0.731 0.246 0.977 
24 22 528 0.821 0.179 1X00 0.718 0.254 0.972 
24 21 504 0.816 0.180 0.996 0.742 0.285 1.027 
24 20 480 0.803 0.180 0.983 0.830 0.378 1.18 
24 19 456 0.791 0.179 0.970 0.906 0.609 1.51 
24 18 432 0.764 0.187 0.951 0.899 0.976 1.90 
24 17 408 0.750 0.163 0.913 0.995 1.413 2.41 
22 24 528 0.799 0.198 0.997 0.712 0.263 0.975 
21 24 504 0.799 0.198 0.997 0.726 0.251 0.977 
20 24 480 0.817 0.187 1.004 0.743 0.239 0.982 
19 24 456 0.815 0.195 1.010 0.718 0.264 0.982 
18 24 432 0.767 0.216 0.983 0.669 0.294 0.963 
17 24 408 0.843 0.257 1.100 0.644 0.300 0.944 
21 21 441 0.796 0.199 0.995 0.736 0.290 1.026 
21 20 420 0.784 0.198 0.982 0.823 0.382 1.20 
21 19 399 0.773 0.197 0.970 0.902 0.616 1.52 
21 18 378 0.742 0.206 0.948 0.897 0.98 1 1.88 
20 21 420 0.814 0.187 1.001 0.752 0.275 1.027 
19 21 399 0.813 0.196 1.009 0.726 0.301 1.027 
28 21 378 0.766 0.216 0.982 0.674 0.335 1.009 
28 20 4co 0.800 0.188 0.988 0.838 0.358 1.20 

that this region is in the vicinity of the straight line r = r,. 
Consequently, while forming the matrix elements U,k nm 
and %,,I~ the integrations in Eqs. (21) and (22) were car- 
ried out after multiplying the respective integrands by a 
weighting function Q( r,R). Thus, for instance, Eq. (2 1) was 
changed to become 

s, SR 
u Ik nm = SI drdRh(RkkV)Q(,R) 

‘a Rs 

X Wr,R)f, (Rk, G-h 

with the function Q( r,R) chosen to be of the form 
Q(r,R) = 1 + Cq(R)p(r). 

Here, 
p(r) = exp[ -P(r- rpY] 

and 

9o=(f-yexp[ -2(?r-1], 

(21’) 

(42) 

(43) 

(44) 

where r,, is chosen in the close vicinity of r, and R, stands for 
the R range of the weighting function. 

Following several trials we found th: best results for the 
following parmeters: C = 1.5, rp = 1.4 A (r, was chosen to 
be1.6A),~=2k1andR,=1.1A.1nTab1e1Vreactive 
transition probabilities calculated with and without the 
weighting function are compared. The results are for 
E,,, = 1.0 eV and ni = 0. The exact result with which all the 

numbers in the table should be compared is 
P, = 0.81 f 0.02. It is well noticed that introducing Q( r,R) 
for the well-converged cases does not affect the results, but, 
in those cases where the fit seems to be less satisfactory, add- 
ing Q(r,R) somewhat improved the fit. Still, the improve- 
ment is not significant enough to justify the incorporation of 
QUW. 
B. Reactive state-to-state transition probabilities due to 
calculations carried out in the products arrangement 
channel only 

In Table’V the reaction state-to-state transition proba- 
bilities employing theproducts AC as a function of the vibra- 
tional NIADP parameters [see Eq. (9) ] are presented. The 
results were obtained for E,, = 1.4 eV. The basis-set size 
employed was J, x JR = 25 X39 and the grid 50X60 (re- 
spectively). The parameters of the translational NIADP (in 
the products asymptotic AC region) were R, = 3.2 A, 
AR, = 1.6 A, and VI,, = 0.35 eV. As is noticed, the results 
are rather stable against the severe variations in the NIDAP 
parameters. The state-to-state and total reactive probabili- 
ties are compared with “exact”20 values, and with the values 
obtained from a propagation calculation carried out in the 
reagents AC,i’(‘) and they are seen to be almost identical. 

V. CONCLUSIONS 

In this work we presented two new (time-independent) 
approaches to treat triatomic exchange processes employing 
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TABLE III. Reagents arrangement channel treatment: Reaction probability for ni = 0,l as a function of total 
energy as calculated for different numbers of translational and vibrational basis functions Ja and J,, respective- 
ly. First-row numbers are for n, = 0 and second-row numbers are for nj = 1. 

J% (ev) Exact* 
JR 26 21 19 19 18 

J, 26 21 21 19 18 

0.5 

0.55 

0.60 

0.70 

0.75 

0.80 

0.85 

0.81 

0.88 

0.89 

0.90 

0.95 

1.00 

1.10 

1.20 

1.30 

1.40 

1.50 

0.09 

0.7 1 

1.00 

0.98 

0.96 

0.93 

0.82 

0.57 

0.47 

0.43 

0.68 
0.55 
0.84 
0.62 
0.81 
0.73 
0.62 
0.70 
0.51 
0.59 
0.65 
0.67 
0.39 
0.65 
0.35 
0.60 

0.08 
1.. 

0.69 
. . . 

1.00 
. . . 

0.96 
. . . 

0.97 
. . . 

0.94 
. . . 

0.81 
0.01 
0.62 
0.10 
0.46 
0.32 
0.53 
0.56 
0.72 
0.60 
0.84 
0.60 
0.81 
0.73 
0.67 
0.73 
0.50 
0.60 
0.67 
0.63 
0.40 
0.67 
0.37 
0.62 

0.08 
. . . 

0.69 
. . . 

1.00 
. . . 

0.96 
. . . 

0.97 
. . . 

0.93 
. . . 

0.81 
0.01 
0.63 
0.09 
0.45 
0.29 
0.44 
0.58 
0.66 
0.64 
0.83 
0.59 
0.80 
0.74 
0.64 
0.74 
0.48 
0.61 
0.59 
0.38 
0.42 
0.64 
0.27 
0.59 

0.08 0.08 
. . . . . . 

0.69 0.69 
. . . . . . 

1.00 0.99 
. . . . . . 

0.96 0.97 
. . . . . . 

0.97 0.99 
. . . . . . 

0.94 0.95 
. . . . . . 

0.81 0.81 
0.01 0.01 
0.62 0.62 
0.08 0.08 
0.41 0.42 
0.24 0.22 
0.30 0.29 
0.51 0.54 
0.50 0.50 
0.61 0.73 
0.82 0.80 
0.61 0.79 
0.81 0.79 
0.73 0.89 
0.63 0.61 
0.67 0.79 
0.53 0.54 
0.63 0.78 
0.46 0.43 
0.30 0.30 
0.28 0.24 
0.72 0.80 
0.07 0.07 
0.80 0.76 

0.08 
. . . 

0.66 
. . . 

1.03 
. . . 

0.01 
. . . 

1.00 
. . . 

0.95 
1.. 

0.80 
0.01 
0.63 
0.08 
0.48 
0.19 
0.28 
0.50 
0.3 1 
0.94 
0.78 
0.87 
0.7 1 
0.84 
0.70 
0.19 
0.36 
0.93 
0.35 
0.69 
0.05 
0.71 
1.86 
0.26 

*Reference 20. 

TABLE IV. Reagents arrangement channel treatment: Reaction probabili- 
ty with and without weighting functions for different numbers JR, Jr of 
basis functions for the energy Et,, = 1.0 eV (the “exact” result is 
0.81 f 0.02). 

JR ’ J. JRXJ, 

24 24 576 
23 23 529 
22 22 484 
21 21 441 
20 20 400 
21 19 399 
19 21 399 
19 19 361 
19 18 342 
18 19 342 
18 18 324 
17 17 289 
16 16 256 

Without With 
weighting weighting 

0.819 0.824 
0.815 0.827 
0.802 0.817 
0.796 0.812 
0.800 0.818 
0.773 0.790 
0.813 0.858 
0.785 0.827 
0.760 0.804 
0.738 0.806 
0.709 0.771 
0.754 0.832 
0.453 0.497 

*Set Table III. 

NIADPs. The main advantage in working with the NIADP 
is the possibility of converting a multiarrangement system 
into one single arrangement system and still getting most 
and sometimes all (depending on the choice of the AC) of 
the information regarding the scattering process. In this 
work we discussed two subjects. 

(a) We showed how a reactive problem can be convert- 
ed into a bound-system-type problem. Having this advan- 
tage we solved the corresponding SE in terms of a double 
discrete basis-set; one with respect to the vibrational coordi- 
nate and one with respect to the translational coordinate. 

(b) We showed that for this purpose one may choose 
either the reagents AC (as has been done in our previous 
publications) or the products AC. In both cases well-con- 
verged “exact” results were obtained. 

Our next task will be to incoporate a variational princi- 
ple that will reduce significantly the size of the basis sets 
employed in this treatment. 

J. Chem. Phys., Vol. 96, No. 3,i February 1992 Downloaded 27 Oct 2006 to 132.64.1.37. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



2024 Last,Neuhauser,andBaer:Reactivescatteringas a boundproblem 

TABLE V. Products arrangement channel treatment. State-to-state reactive transition probabilities as calculated for various parameters of the vibrational 
negative imaginary decoupling potential [see Eq. (9) 1. All calculations are done for E,, = 1.4 eV. 

Imaginary potential 
parameters (A) 

O- l- 2-+ 

rr Arr %I O-0 o-+1 o-2 Total l-0 l-l l-2 Total 2-O 2-l 2-.2 Total 

1.6 1.6 
1.8 1.2 
2.0 1.2 
2.0 1.0 
1.8 1.4 
1.8 1.4 
1.8 1.4 
1.8 1.4 
Ref. 11(e) 
Ref. 20’ 

0.3 0.06 
0.3 0.06 
0.3 0.06 
0.3 0.05 
0.3 0.06 
0.2 0.06 
0.4 0.06 
0.5 0.06 

0.06 

0.22 0.11 0.39 0.22 0.29 0.14 0.65 0.11 0.13 0.52 0.76 
0.22 0.10 0.38 0.22 0.31 0.13 0.65 0.11 0.12 0.48 0.71 
0.21 0.12 0.39 0.22 0.29 0.13 0.64 0.11 0.12 0.50 0.73 
0.21 0.10 0.36 0.21 0.29 0.14 0.65 0.11 0.11 0.52 0.74 
0.22 0.10 0.38 0.22 0.30 0.12 0.64 0.11 0.12 0.49 0.72 
0.20 0.10 0.36 0.22 0.29 0.12 0.63 0.11 0.10 0.51 0.72 
0.22 0.10 0.38 0.23 0.30 0.12 0.65 0.11 0.12 0.48 0.71 
0.23 0.10 0.39 0.23 0.31 0.12 0.66 0.11 0.12 0.48 0.71 

0.38 0.66 0.72 
0.22 0.11 0.39 0.22 0.30 0.13 0.65 0.11 0.13 0.49 0.73 

‘Assumed to be “exact.” 
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