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Figure 5b 
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5G ACCURATE QUANTUM MECHANICAL CROSS SECTIONS FOR 

PLANAR ATOM DIATOM REACTIONS: IL APPLICATION TO 

H+ H2 
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~~echanical cross sections for 

* ~~~2 

George C ~ Schatz t and Aron Kuppermann 

Arthur Amos Noyes Laboratory of Chemical Physics, 

Division of ~hemistry and Chemical Er~_gineering! 5 

California Institute of Technology, Pas~dena2 . California 9112 5 

(Received 

The results of an accurate quantum n1echanical treatment of 

the planar H + H2 exchange reaction on a realistic potential energy 

surface are presented. Full vibration rotation convergence was 

achieved in the calculations, and this, together with a large nurn ber 

of auxiliary convergence tests:i indicates that the cross sections are 

accurate to 5% or better~ The reactive differential cross sections 

are ahvays backward peaked over the range of total energies from 

0 .. 3 to O~ 65 eV., Non-reactive j = 0 to j' =:= 2 cross sections are back­

wards peaked at low energy ( O. 4 e V) shifting to sidewards peaking 

for E > 0., 5 eV~ Quantum symmetry interference oscillations are 

very significant in the j = 0 to j ~· = 2 para to para cross sections for 

E;;:::: 0 .. 6 eV,, Reactive integral cross sections show two distinct 

kinds of energy dependencee At low energy ( < 0, 5 eV) }- barrier tunne.lling 

gives them a largely exponential energy dependence while above O" 5 eV 

(the effective threshold energy) the cross sections are nearly linear. 

Comparison of collinear and coplanar transition probabilities indicates 
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similar lD and 2D energy dependence but with a shift in energy 

from lD to 2D due to bending motions in the transition state. An 

analysis of rotational distributions indicates surprisingly good corres­

pondence with temperature-like distributions. The results of a one 

vibration app:r;oximation calculation are examined, and errors by 

as much as three orders of magnitude are found with this method 

at some energies~ Shapes of angular distributions are, however, 

accurately predicted., Additional analyses foclude comparisons with 

previous distorted wave and couple_d channel results, and calculations 

of thermal rate constants., 



1 .. INTRODUCTION 

A reaction of fundamental interest in the field of chemical 

dynamics is the H + H2 hydrogen atom exchange reaction. This 

simplest of chemical reactions has been the subject of numero'us 

dynamical studies by quasi-classical, l, 2 semi-classical3' 4 and 

quantum mechanical 5~l 3 methods. and has been the focal point for 

the development of. many approximate reaction rate theoric~s. 14 

In addition}' this system provides the fundamental example for 

characterizing quantum effects in chemical reactions and determining 

· their importance on experimental obser_vables.. For these reasons, 

the calculation of accurate quantum mechanical cross sections for 

H ~ ~ is of great importance.. Unfortunately, until recently there 

existed neither the proper methods for efficiently solving the Schrodinger 

equation for thts system nor adequately. powerful c'omputers to handle" 

the computations involved without the introduction of approximations 

of unknown accuracy., 

In a previous paper15 (hereafter referred to ~s I) we presented 

a method for accurately and efficiently solving the Schrodinger equation 

for reactive collisions of an a.tom with a diatomic molecule moving 

on a fixed plane., The planar motion restriction was introduced for 

computational simplicity only with no fWldamental limitations involved 

in applying a similar procedure to three dimensional ·collisions as welL 

In this paper~ we present the results of an application of this method 

to planar H + H2 on a realistic potential energy surface,, The results 

to be discussed include reactive and non~reactive transition probabilities, 

differential cross sections and integral cross sections, product 
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rotational state distributions and rate constants. In a preliminary 

communication, 8 we examined the importance of closed vibrational 

channels in a vibration rotation close coupling expansion and found 

that the errors associated with an early truncation of the vibrational 

basis set expansion could be very serious in many cases although 

qualitative trends obtained with th~ truncated basis were often properly 

described~ Vie will examine the one vibrational basis function approxi~· 

mation in somewhat greater detail in this paper, and will, in addition, 

compare our results with the approximate results of others in which 

.different methods, types of approximations and potential surfaces 

were used. 

As we pointed out in I, the method we have developed for 

solving the Schrodinger equation for planar atom plus diatomic 

molecule collisions can be extended to 3D systems without significant 

conceptual changes, so an additional reason for undertaking the current . 

calculations was to test the feasibility of the method in preparation 

for its application to 3D reactive systemsc These calcuiations for 

the- 3D H + H2 system are currently in progress and will be presented 

in detail elsewhere .. 16 A prelimin~ry communication of the results 

of this 3D work and its relationship with the coplanar results presented 

here has already been published. 9 

In Section 2 we describe the reactive scattering calculations, 

including convergence tests and computational considerations, and 

the representation of the potential energy surface* The results of the 

calculations are presented and discussed in Section 3. Section 4 

contains a general summary and discussion .. 
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2. UANTUM MECILt\NICAL CALCULATIONS FOR PLANAR 

~ 
2~ 1 General Description of the Method 

The method used to solve·the Schrodinger equation for planar 

reactive and non-reactive H + H2 collisions has been extensively · 

described in L As outline·d there, the procedure for obtaining the 

full set of primitive solutions to the partial-wave Schrodtnger equation 

is divided into two stages,, In the first one, a close coupling method 

is used to generate solutions to the Schrodinger equation in 

each of the three arrangement channel regions of internal configuration 

space., These solutions are then smoothly matched to one another in 

the second stage and the resulting primitive solutions,which are every­

where smoothly continuous,are then linearly combined to yield the 

appropriate reactance and scattering matrix solutions. This procedure 

is then repeated for a sufficient number of partial waves J to obtain 

converged reactive} inelastic and (if desired) elastic cross sections. 

The potential energy surface used in all the calculations was the semi~ 

empirical H3 surface of Porter and Karplusl11 (all coupling to excited 

electronic surfaces being neglected).. In solving the Schrodinger 

equation for these reactive collision systems, great care must be 

exercised to insure adequate invariance of the results with respect 

to a change in (a) the number of vibration-rotation basis functions used, 

{b) the reference potential V ref used to generate these functions, 

(c) the representation of the potential surface (see Section 2 ~ 2) and 

(d) the nature of the functions used to represent the wave function on 

the matching surface (Le .. ~, the ·Hmatching surface basis functionsH of I)., 
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As discussed in I, a number of symmetry properties inherent 

in H + H2 and similar systems may be utilized to reduce the computation 

time involved in doing these calculations. Most significant in this 

respect are (a) cyclic permutational symmetry of the three atom 

system which allows one to consider only one arrangement channel 

region in doing all calculations, and (b) two atom per mutational symmetry, 

which allows one to decouple the even and odd rotational states throughout 

most of the calculatione These same symmetry properties allow us to 

reduce the number of different distinguishable atom scattering amplitudes 

between a given initial vibration rotation state of the reagent H2 and a 

given final state of the product H2 to just two: one reactive and one 

· non-reactive amplitude,, We shall denote the reagent diatomic states 

by the vibration rotation qr:.antu::i ~umbers vj 2.~d the product ones 

by v'j t.. Distinguishable atom reactive- transitions will be designated 

by the superscript R, non-reactive ones by N and (indistinguishable) 

anti-symmetrized ones by A,. In thi.s notation, the relation between the 

antisymmetrized differential cross sections and the distinguishable 

atom dimensionless scattering amplitudes (Eqs. 6. 5 of I) is: 
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i/. Ir~ - v'j' - f~ - v'j' 1
2 

VJ 
(j, j' even, para -.:. para) 

k!j Irv~ - v'j' 1
2 

= 3 a~ - v'j' 
(j even, r odd, para - ortho) 

1 R 2 . R (2., 1) 
k-:- lfvj - v'f I = avj - v'j' 

A 
(J • O•O 

VJ ---V'J' = 
VJ . 

(j odd, j' even 5 ortho - para) 

k~j { lfv~ - v'j' + f~ -~ v'j' 1
2 

+ 2 If~ - v'j' 1
2

} 

(j5 r odd, ortho "'* ortho} 

where kvj is the (unscaled) wave number (Kvj of I), and f~ _ v'j' and 
R "'A v'f . ,;·.~-uvT . . 

fvj ~ vT' were denoted by f.Avj and fltvj , respectively rn L For 

planar systems, the rotational quantum number j is an algebraic inte~ 

ger and may be either positive, negative or zeroo For j ;e 0, the two 

states j and -j a·re degenerate and said to have different polarizations~ 

Cross sectrn~s. wh1c~ .~ve been sum.med over_ .final _rotational polariza-. 

tions 3:nd averaged over initial ones wi 11 be indicated by the symbols 

a l~ 1 ~, and (for the integral cross sections) l.l . ,
3
.,. For example, v -- v ] . . ~J - v. ft 

the integral cross section ~ _ 02 is given by: 

{2. 2} 

In I (Appendix C and Section 5~ 2) we found that the symmetry of the 

Hamiltonian with respect to reflection through the triatom plane leads 

to the following relations between cross sections within the same 
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rotational manifolds (valid for R, N or A transitions): 

a . , . , ( x) = er . , . ,( 2 rr - x) 
VJ-VJ V-J-V-J 

(2. 3) 

and 

(2.4} 

As defined in I, the scattering angle. x is the angle between the directions 

of motion of the final and initial H atoms in the center of mass systein 

and spans the range 0 :::::; x < 21T., For reactive differenttal cross 

sections, the more customary angle to use is the angle x R of the 

direction of the product H2 with respect to the dir_ection of the incident 

H, and is related to x by 

(Mod 21T) (2. 5) 

Therefore, the backward reactive scattering direction corresponds to 

XR =rr and x _= 0., 

2 .. 2 Representatjon of the Potential Energy Surface. 

In setting up the coupled differential equations which must be 

solved in each arrangement channel region .A == a, {3, ·y, the potential 

energy surface -0(rA,RA,yA) is expanded (see definiti~ns in I} in a 

cosine Fourier series of the angle /\._ (Eq. a. Sa of I): 

-0(rA~RA.,yA) = L V~(rA.,RA)cos ky.x. 
k::::O 

(2. 6) 
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In t~.e case of the· H + H2 reaction, VA(r i\, RA, y A.) is symmetric about 

yi\ == ± « /2 (Eq .. 6.1 of I) so only even k terms need be included in 

Eq~ 2~ 6~ Once the coefficients V~(rA, Ri\) are determined, the rotaHonal 

coupling in the Schrodinger equation can be analytically evaluated 

(as in Eq., 3e 9 of I) which greatly facilitates the determination of the 

potential matrix elements needed in the integration procedure. 

Unfortunately, in general, the ~(rA, R;) must be calculated numerically 

from the relation 

and the effort involved in computing this integral negates the advantage 

of using an analytical exp:r'ession such as Eq. 2, 6 ~ However} . for the 

Porter-Karplus potential surface17 (and for many others as well), 

in the regions of internal configuration space sampled in the calculation,­

the expansion Eq., 2 .. 6 converges very rapidly (after only 3 or 4 terms)c. 

We can then redefine the ~ by requirin~ that, instead of satisfying 

Eq, 2 .. 7, they force Eq .. 2 .. 6, with a finite number n of even terms, to 

be satisfied exactly at n values of yA.. For exampJ :1, if 3 terms are 

included> then we can find v: 5 V~ and V~ by solving the three algebraic 

equations obtained when Eq~ 2~ 6, truncated after three even terms, is 

evaluated at?/:;:; 0, 'tt/4 and.n/2., The result is; 
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v:·(rA, RA) 
1 1 1 

0(ri\.., Ri\.., 1\ = 0) 4 ~ 4 

~(rA,Ri\..) 1 1 
0(rA., RA., YA = 7T /4) (2 .. 8) = 2 0 - 2 

A 1 1 1 
VA.(rft., RA.'·YA. = 7T /2) V4 (rA,RA) 4 -2" 4 

For a small number of terms in the potential function expansion, 

the above interpolative procedure yields a representation of the full 

potential function 0(rA., R;v y>) which is compU:tationally more efficient 

but has about the same a<.!curacy as the· one generated using Eq, 2. 7. 

Of course' the goodness of this procedure depends very significantly 

on the nature of the potential energy surface being considered, but 

for the Porter-Karplus n3 surface, it allows an adequate representation 

of the potential while requiring an exact ~valuation of 0 at only 3 or 4 · 

values of yA. (and the use of Eq .. 2 .. 6 for all others). In Figure 1, 

we depict .equipotential contours'-of the potential energy surface at 

yA = O~ rr /4 and rr /2, the values required in the evaluation of Eqcc 2. 8~ 

2., 3 Convergence and Accuracy Tests 

It is of crucial importance in close-coupling calculations to 

establish that the resulting reaction probabilities and cross sections 

have converged adequately .. Indeed, we shall see later that premature 

truncation of the vibration-rotation basis set expansion can result in 

errors in the final integral cross sections by several orders of magni.., 
. . 

tude, even though other tests, such as conservation of flux, may be 

approximately satisfied., Furthermore, many approximate quantum 

methods involve various kinds of truncations and/or other approxima-= 

tions,and it is highly desirable to obtain fully converged results which 
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are of sufficient accuracy to asses~ the ~lidity of those methods. 

The most obvious criteria which must be satisfied by the results 

of an accurate quantum calculation are conservation of flux and time· 

reversal invariance. These two principles require that the scattering 

matrix ~ be unitary symmetric for each total angular momentum 

quantum number Jarid therefore that the corresponding probability 

matrix f J (defined by Eq., 5., 20 of I) be symmetric and that the sum 

of the elements of each of its rows (o:r columns) should equal unity~ 

These criteria are necessary but not sufficient to insure accurate 

results., 

In the results to be discussed in detail in Section 3, we consider 

a range of total energies E from 0. 30 eV to 0. 75 eV (translational 

energies relative to the v = O} j = 0 reagent H2 state of O. 029 to 

0,,479 eV),, ·Flux conservation and microscopic reversibility were 

checked in each calculation> and for E<O., 60 eV:- deviations from 

flux conservation were never worse than 1 % and from symmetry 

less than about 5% (~or non-negligible transitions) e For '.-

0 .. 60 eV < E < 0 .. 75 eV, deviations from flux con~ervation were less 

than 3%.and from symmetry less than 10%.. In order to insure 

satisfactory convergence {better than 5%) in the calculation, vibration""., 

rotation basis sets including 40 to 60 terms (channels) were required .. 

For energies less than 0 .. 50 eV:r a 40 channel basis consisting of 5 

vibrational wave functions combined with 10> 10> 8, 6 and 6 rotational 

wave functions for v = O, 1> Z, 3 and 4 respectively were used in generaL. 

In the 0., 50 to 0., 60 eV range, a 48 channel basis set of 4 vibrations 

and 12 rotations per vibration .'vas adequate while for (mergles above 
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0. 60 eV, a 60 channel basis of 5 vibrations and 12 rotations per vibra­

tion was used. Typical probability matrices from these calculations 

(for a 48 channel calculation at 0., 55 eV) are given in Table L 

Both the reactive and non-reactive transition probability matrices. 

are highly symmetric and the sums of the probabilities in each row 

cliff ers from unity by a very small amount in every case. In Table II 

we examine the convergence behavior of the transition probabilities · 

both as the number of vibrations per rotation is increased and as the 

number of rotations per vibration is increased (all at O~ 6 eV)., 

In part (a) of that table we see that the results change by less than 

5% in going from 12 to 14 rotations per vibration and by somewhat 

larger amounts in going from 10 to 14& With fewer than 10 rotations> 

errors of 10% to nearly 100% are observed in certain transition 

-probabilities~ . When vibrational convergence. is examined (part B of 

Table II),, we find that 2% convergence is attained with four vibrations 

and that the use of fewer than that number can lead to errors as large 

. as 50% along with poor flux conservation., 

Another impo"t~tant accuracy test in these calculations is the 

invariance of the results to changes in the character of the vibration 

rotation basis set., There are two important ways to test this.. First$ 

one should be able to change the number of rotations per vibration or 

the number of vibrations per rotation without changing th~ results as 

long as convergence has been attained,. Second, the results should be 

independent of the reference potential Vref(rA,RA} (Eq .. 3 .. 35 of I) 

which serves to define the vibrational basis functions as long as V ref 

becomes equal to the correct diatomic potential v(rA) in the limit 
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RA ~ oo. In Table III we present the results of thes~ two kinds of 

tests., The first column tabulates representative non-reactive and 

reactive transition probabilities for E = 0. 50 eV, J = 0 calculations 

with a 48 channel basis (4 vibrations, 12 rotations/vibration) and 

a reference potential V ref = V(rA, RA, YA = 0) (the one actually used 

in most of the calculations) o In the second column we give the corre-

sponding probabilities obtained when the reference potential 

V ref = V /(rA, R'/.) is used {Eq .. 2., 6).. Finally, in the last column 

we give the transition probabilities obtained with the V/(r;x_, R~) 

reference potential and a 50 channel basis (5 vibrations, 12, 12; 10, 

8 and 8 rotations in v :;::; 0, l:i 2, 3 and 4, respectively) c The deviations 

between the corresponding probabilities is less than 5%., This 

result is typical of the accuracy for energies E~ 0 .. 60 eV. Somewhat 

larger changes are found for O. 6 eV < E < ff. 7·5 eV but usually less -

than 10%,, 

Two additional accuracy tests are (a) convergence of the results · 

with respect to the number of terms in the expansion of the potential 

(Eq·, 2 .. 6), and (b} invariance of the results with r.· spect to a change 

in the matching surface basis functions 'IyX (Eq~ 4. "l of I) e We find 

that the reaction probabilities ehange by less than 5% in going from 

· 3 to 4 terms in Eq., 2 ~ 6 and virtually not at an· in going from 4 to 5 

terms.. All calculations reported in this paper were done with 3 terms 

in Eq4 2., 6 and using Eq., 2., 8 to calculate V0 , V2 and V4 ~ The effects· 

of completeness of the expansion of the wave function on the matchir1g 

surface were studied in two ways., First~ several different choices 

of matching surface basis functions Tv/, were used (different sine and 
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cosine combinations (see I) and Legendre polynomials) and invariance 

of the results to within 2% was found.. Best unitarity of JS was 
~ 

obtained with the basis set (c) of Section 4.1 of I and this choice was 

used in all further calculation.s. Second, the degree of completeness 

of the matching surface basis functions TVA determines the degree of 

orthogonality of the matrix ~~A of Eqe 4. 29_ in I which transforms 

the solution in v coordinates to that in coordinates A,,. This property 
J of ~VA. determines the unitarity property of the scattering matrix ~J-

to a certain extent but it is also necessary if the non-reacti.ve transition 

probabilities between even and odd rotational states are to vanish as 

required by the symmetry of the H3 system (see Eq. 6 .. 4 of I)~ 
•J 

Examples of the effects of a nonorthogonal;,~ ZJA, are seen in Table I 
""' 

where the nonreactive ortho to para transition probabilities typically 
> • -? -25 

have magnitudes of 10 rather than 10 which is· more typically the 

case18 when the orthogonality is built in through the use of Eqc 4~ 30 

of L In that equation, the matrix tA. (the complex counterpart of 
J . A 

s is related to a real symmetric ·matrix ~v via 
~VA . ~ 

~J . VA 
S · " ::::: exp IJ /:}.. 
~VA .R 

(2, 9) 

This expression is inherently unitary even when a truncated basis is 

used to calculate 6.11>.... It should be apparent that this error is of 
~ 

negligible importance for the example given, but as J increases, 

deviations from orthogonality of ~~A also increase. Fortunately, 

the reaction probabilities decrease rapidly as this happens and since 

a nonorthogonal matching procedure has no effect on inelastic transi­

tion probabilities in the absence of reaction 19., the problem with 
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completeness of the matching surface functions disappears at higher J .. 

No artificial orthogonalization procedures were introduced in the 

calculation (such as were used by Saxon and Light
8
), and therefore 

unitarity of ~J and zero-ness of the even to odd reactive transition 

probabilities are. tests of the· completeness of TVA. 

We conclude this section b¥ quoting ~on1e computation times 

for these calculations" Both the integration and matching times vary 
3 

roughly as N for N> 20 where N is the number of channelsc For 48 

channel calculations using an IBM 370-158 computer, about 22 minutes· 

of computation time per partial wave J was required, of which 17 

minutes was spent in the integration of the coupled equations and the 

rest in the matching and asymptotic analysis. About 13 partial waves 

(J = ·o ~ 12) were required for convergence of the reactive cross 

sections and 30 partial waves(J' = 0 ;_ ·2·9) for convergence of the 

:in.elastic nonreactive cross sections at energies near E = 0 ... 50 eV. 

2., 4 The One Vibrational Basis Fun·ction Approximation (OVA) 

An often used5
=
7 (but seldom justified) approximation in quantum 

. calculations has been the neglect of closed vibrational channels in the 

vibration-rotation close coupling expansion.. For H + H2 at low energies, 

only the ground vibrational level is open,. so this approximation involves 

the use of only one vibrational basis function plus a complete set of 

rotational functions for that vibration.. The main reason for using this 

approximation is the large reduction in computation time (by one·to two 

· .orders of magnitude for H + H2) compared· to ·a vibrationally converged 

calculation" One of the objects of this paper is to examine the 
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for Vref = v~\rA.,R)) with the hope that the range of results provided 

by these two calculations is representative of what can generally be 

obtained in this approximation. 

3. RESULTS FOR COPLANAR H + H 

3 .1 Transition Probabilities 

In this section we shall examine the energy and J dependence 

of the distinguishable atom reactive and inelastic nonreactive transition 

probabilities., The reactive probabilities for the v = 0, j = 0 -4 

vt = 0, j' = 1 transition ~ 00 _ 01 are plotted in Figures 2 and 3 for 
. ' . 

several energies as a function of Jc The probabilities for negative J 

are obtained from those for positive J through the use of the relation 

(Eq ... 5. 37 of I) (valid for R or N probabilities) 

p J, vj - v'j' = p-J, v-j - v'-j' 
(3 •. 1) 

Figures 2 and 3 indicate that Pf 00 _ 01 has a maximum near J = 0 

for small E with the peak gradually shifting to small positive J as E 

is_increased. Furthermore} the range of Jfs which must be included, 

in order that the differential reaction cross sections (see Eq. 5. 35 

of 1) should have converged to approximately 2%,increases with E 

from about 9 at E = 0. 30 eV (Le .. , jJ I :s 4) to about 23 at E = O~ 65 eV 

( f J f < 11).. The maximum in th~ reaction probabilities at small J 

indicates that only small impact parameter collisions contribute 

significantly to the reaction cross section.. The semi-classical 

relation between the impact parameter b and the orbital· angular 

momentum l (as derived in I) is: 
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b = l/k . 
VJ 

(3. 2) 

where \Ve define the sign of b to be the same as that of 1, and k . 
VJ 

is the '.vave number associated with the incident state. Since 1 = J - j', 

and j = 0 for the transitions considered in Figures 2 and 3, we see that 

b is proportional to J, and thus the range of impact parameters which 

contribute significantly to the reaction cross section increases with 

E in those figures (from Jb I < L 74 bohr at 0,,45 eV to jb I< 2c 22 bohr 

at 0. 65 eV).. In Figure 4 we plot the reaction probabilities versus J 

at several energies for the transition v = 0, j = 0 ~ vr = 0, j' = 0 ~ 

Equation 3 .. 1 indicates that this transition probability should be symmetric 

about '-T = 0 but aside from that restriction, we find that the curves 

in that figure are otherwise very similar in appearance to thos_e in 

Figure· 3.. This conclusion applies quite generally to the reaction 

probability versus e_T plots obtained for most other reactive transitions .. 

A discussion of the energy dependence of the reaction probabilities 

will be given in Section 3.4" 

In Figure 5 we compare the converged reaction probabilities 

P JROO __ 00 with the corresponding OVA result for Cl. collinear reference 
' 

potential Vcoll == VA.(r;vRfi..,yA = 0) at an energy of 0.60 eV. Vie see 

that the OVA result has the correct functional dependence on J but that 

the magnitudes of the probabilities at each J are nearly a factor of 2 

too small. OVA calculations using V ref = vt-(rA, RA) yield probabilities 

which are only· slightly different from the V f = V 11 results in re· co 

Fig .. 5.. (For example, the V ref = V~ reaction probability for tl =. 0 is 

0 ~- 0397 compared to 0, 0420 in Fig~ 5). The analogous comparison at 
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other energies between 0. 3 and O. 6 eV indicates that the OVA pro­

babilities for the two choices of V f always have values within 30% re 

of one another.. More important, the OVA probabilities and converged 

results are generally in good agreement in their J dependence, but 

very poor agreement in energy dependence' and this difference in 

energy dependence has a dominant influence on the behavior of the 

reaction cross sections, as will be discussed in Section 3. 3 ~ 

In Figure 6 we plot the inelastic nonreactive probabilities for 

the transition v = 0, l = 0 -l> yr = 0, r = 2 versus J for several 

energies E.. The inelastic probabilities .are seen to span a much 

larger range of J's than the reactive ones ,indicating that larger 

impact parameter collisions ca~ contribute significantly to _the 

inelastic processes.. At all energies in Fig t 6, the maximum 

rotational excitation probability occurs for J positive (although some 

smaller magnitude negative J peaks do appear at the higher energies) .. 

The increased likelihood .of exciting a positive rotational sublevel in 

a nonreactive collision with J initially positive is in agreement with 

the classical picture. of the collision shown in Figure 7 (Collision I) 

in which the incident atom having a positive impact parameter (see 

Eq .. 34 2) impulsively strikes the tttottomtt atom of the diatomic 

molecule in Fig~ 7I(a) thus exerting positive torque on that molecule 

and exciting i.t into a rotational state witp positive j '. Following this 

collision, one would expect the dominant scattering angle x to lie 

between 180 ° and 360 ° relative to the x axis in Fig .. 7 ~ In the next 

section we shall see that this is precisely what the differential cross 

sections indicate.. Still unexplained, however, are the double peaked 
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distributions at the higher energies in Fig .. 6. Intuitively, one vrnuld 

e;q)ect that the positive J peak results from the rp.echanism described 

above (Collision I in Fig. 7). The negative J peak must arise from 

a different collision mechanism, quite possibly t~.at pictured in 

Collision IT of Fig. 7, in which the incident atom, having smali 

negative impact parameter, strikes the bottom atom of the diatom in 

Fig~ 6IIa and rebounds into the 0°:::::; x < 180·0 hemJ.spheree 

3 ~ 2 Differential Cross Sections 

Figures 8, 9 and 10 depict the differential reactive cross 

sections corresponding to the same transitions and energy ranges as 

were used for the reaction probabilities in Figs. 2, 3 and 4, 

respectively., The v == 0, j = 0 ~ v' = 0, j ~ = 1 distinguishable atom 

reactjve cross sections of Figs. 8 and 9 can be trivially converted to 

the corresponding antisymmetrized para~ ortho quantities by multi~ 

plication by 3 (see Eq. 2 .1)" Because of Eq. 2 ~ 3, the curves in 

Fig .. 10 are exactly symmetric about xR = 180°. vVe see that all 

reactive differential cross sections are strongly backward peaked. 

This is in agreement with the results of 2 and 3 dimensional quasi­

·Classical calculations
1

' 
2 

and with the results of expertments on 

D + H2 .22 and H + T 2 
23 , and is consistent with a rebound~--type 

collision mechanism,, The magnitudes of the differential cross 

sections near x R ::::: 0 ° are all suffi~iently small to allow us to conclude 

that forward scattering contributions to the reactive angular distri­

butions are negligible G The small amplitude oscillations in some of the 

higher energy differential cross sections in Figs. 9 and 10 are very 
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likely spurious since they typically result from incomplete interference 

between different partial waves. This type of oscillatory behavtor can 

be caused by as little as a 5% relative error in the matrix elements' of 

2J for a single partial wave_,. thus pointing out that equally accurate 

calculations for each partial vvave are necessary if spurious effects 

of this type are to be avoided. Of course, if there were rotational 

resonances in certain partial waves, then we would correctly expect 

to see some form of oscillatory behavior in the angular distributionsc 

Rotational resonances have indeed been observed in calculations on 

nonreactive atom diatom scattering, but these resonances have always 

been associated with attractive wells in the potential surfaces used. 24 

In the case of the purely repulsive Porter-Karplus17 potential, such 

wells do not exist and thus purely rotational resonances are unli.kely .. 25 

The full width at hali maximum (FWHM) of the backwa1~d scattered 

peak in the differential cross section remailis relatively constant over 

the energy range studied and roughly equal to 70 ° (Le .. , 145 ° ::s xR-< 215 ° 

in Fig., 10). Some broadening does however occur at the higher energies. 

The angular distributions for the OVA res~.lts previously 

considered in Fig .. 5 are plotted in Fig .. 11.. As in Fig~ 5, we see 

that the shape of the converged curve is qualitatively well approximated 

by that of the OVA one, but there is about a factor of two difference 

in the magnitudes of the cross sections., This similarity and difference 

continues to exist at other energies as well. 

In Fig~ 12 we plot the distinguishable atom nonreactive inelastic 

differential cross sections a f:a_02. at E = O.AO, O. 50, O. 60 and O. '70 eV. 

1These angular distributions clearly reflect the one or two peaked 
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nature of the nonreactive probability plots of Fig. 6 and sho\v pre­

dominantly backward to sidewards peaking with the position of the 

maximum shifting gradually to a more forward direction with 

N increasing energy. The maximum value of cr 00 _ 02 always occurs 

for 180 ° ::; x :::; 360 °, in agreement with our qualitative classical ideas 

of Section 3~ 1.. At higher energies we see double peaked distributions, 

possibly corresponding to the two mechanisms pictured in Fig., 7. 

There is little evidence of any high frequency oscillations in any of the 

cross sections plotted in Fig. 12 which indicates that the collision 

process is predominantly direct (nonresonant). 

Since the v = 0, j = 0--+ v' = O, j' = 2 transition considered in 

Fig .. r2 corresponds to a para to para transition which can occur by 

both nonreactive and reactive mechanisms, the correct physically 

measurable quantity (in a 2D world} to consider is the antisymmetrized 

para to para cross sections which can be obtained through the use of 

Eq. 2e 1.. In Figs. 13, 14 and 15 we plot the resulting antisymmetrized 

angular distributions a 6"5-o2 (summed o;er degenerate product rotational 

polarizations) for total energies of 0. 5, 0. 6 and 0_~ '7 eV, respectivelye 

Also plotted for comparison are the corresponding distinguishable atom 

nonreactive and reactive cross sections where, for consistency, the 

angle x rather than xR (see Eq., 2 .. 5) is used for plotting the reacti.ve 

dlif erential cross sections.. In terms of x > the reac:ti ve cross section 

is forward peaked while the nonreactive one is backward peaked at 

0 .. 5 eV shifting to sidewards peaking at the higher energies. At 00 50 ·ev 
(Fig .. 13), the reactive cross section has a maximum value of 0 ~ 0045 

bohr /rad which is over 200 tim~s smaller than the maximum value of 
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the nonreactive one, 0. 92 bohr/rad. This implies that f ~ 1 ., 
. VJ -v J 

in Eq. 2.1 has a much larger absolute value than fvf-v'j' so that 

the antisymmetrized and nonreactive differential cross sections are 

nearly identical. Some small amplitude oscillations are seen in 

a 66-o2 at small x in the neighborhood of the region .where the 

reactive cross section has a maximum· .. These oscillations result 

from interference between the direct and exchange contributions to 

the antisymmetrized cross section and are similar in origin to the 

quantum symmetry oscillations which have been observed in atom­

atom elastic and inelastic scattering. 26 As the energy is increased, 

the reactive cross sections increase much more rapidly than do the 

nonreactive ones (at all scattering angles), and (as is indicated in 

Figs* 14 and 15) the oscillations in the antisymmetrized differential 

cross· sections become quite pronounced in the forward direction. 

The frequency of oscillations in Figs. 13 - 15 seems to decrease with 

increasing scattering angle althou~h for x near 180° the differences 

bef:\\1een the antisymmetrized and nonreactive cross sections are too 

small to allow an adequate characterization of this property. A small 

increase in the oscillation frequency with increasing energy is also 

apparent from the figures~ 

3 .. 3 Integral Cross Sections 

In Fig .. 16 we plot the. reactive integral cross sections 

'"'Q5b-01} Q 6b-o3' and Q 016-05 as a function of the total energy E 

and translational energy E 0 ., Both linear and semi-logarithmic scales 

are used to show the functional dependence of these cross sections over 
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a wide range of energies. If we def~ne the. effective threshold energy 

for a process as being that value of E for which the corresponding 

integral cross section is 0 ~ 01 bohr, then the threshold energies for · 

qo~-01' Qo~-03, andQo~~05 are0o491, 0.546and>0.75eV, 
respectively. A discussion of the significance of the effective threshold 

energies will be deferred to Section 3., 4 where we will also compare 

our coplanar results with those of collinear calculations on the same 

potential energy surface.. Above threshold, Q·o~-- 01 rises ·in a nearly 

linear manner up to about 0. 65 eV and achieves a maximum value of 
. . --R -R . 0 .. 31 oohr at about E = O. 70 eV.. Q00 _ 03 . and Q00 _05 mcrease 

monotonically in the energy range spanned by. this figure, but may 

level off at higher energies" At very low energies, the integral cross 

sections exhibit approximate exponential behavior. A characterization 

of the product rotational state distribution implicit in Fig.. 16 will be 

given in Section 3 .. 5., We should finally note that the reactive cross 

sections in Fig. 16 can be c.onverted to the corresponding para ---? ortho 

quantities by multiplication by 3., 

In Fig, 17 we compare the react1.v.e cross c:-ection ey~ 
(summed over all product states) with the OVA result (using V ref ~ 

V(r>..,RA., YA = 0))4. As mentioned in Section 3.1, the results obtained 
using V ref = V~(r'A, R1) have almost_ the identical energy dependence .. 

It is apparent from the figure that the vibrationally converged integral 

cross section differs quite significantly from the OVA result over much 

of the energy range considered, the difference being about 3 orders of 

magnitude for total energies below 0 .. 36 e V., The two curves do cross 

near E = 0 .. 52 eV~ which is quite interestingJ since a previous analysis 
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of the collinear H + H'> system (on a slightly different potential 
.(.J • 

surface) indicated that this reaction is very nearly vibrationally 

adiabatic at this energy. 27 Since, as we shall see in the nex1: section, 

collinear and coplanar calculations can be related in a reasonably 

accurate manner, one might be able to assess the accuracy of OVA 

calculations in 2 and 3 dimensions by analyzing the extent of vibrational 

adiabaticity in the corresponding collinear systems. 

In Fig., 18 we compare the nonreactive and antisymmetrized 

integral cross sections Q ~0_02 and Q o*-02 as a function of E 

and E 0 ... The rotationally inelastic cross sections have much larger 

magnitudes than the reactive ones of Figs., 16 and 17 ,with a peak value 

of 3 .. 76 bohr near E = Oe 54 eV., Since the vt = O, jf = 2 state of H2 

becomes energetically accessible at E = 0. 300 eV, we see that there 

.is essentially zero threshold energy for the nonreactive process so 

that Q &--o2 coincides almost exactly with its distinguishable atom 

counterpart Q ~-02 at all energies below 0 .. 50 eV~ Thereafter, 

-A -N Q00-o2· becomes progressively larger than Qoo-02 with no apparent 

oscillatory behaviqr as a function of energy resulting, in contrast to 

the angular distributions of Figs., 13 - 15., 

3 .. 4 Comparison of Coplanar and Collinear Results 

Because planar cross sections have the dimensions of. length 

while collinear ones are dimensionless (i.e., collinear cross section 

equals collinear reaction probability), a direct comparison of these 

quantities is not possible.. One could devise models for converting 

collinear results into planar ones by assigning a model impact parameter 



dependence to the collinear reaction probabilities. A more straight­

forward comparison can be effected instead by examining the behavior 

of the corresponding collinear28 ' 29 and coplanar reaction probabilities 

(the latter for J = 0) as are plotted in Fig. 19. Probabilities for other 

J's or different initial states vj could have been used, but those for 

J == 0 and v == j = 0 were chosen for this comparison because they 

correspond more closely to the collinear conditions~ This choice ts 

furthermore justified by the fact that the form of the energy dependence 

of the coplanar probabilities for different J or j (for reasonably small 

values of these quantum numbers )is essentially the same as that of 

P~o (J = O) as is demonstrated in Fig. 20 (where ~O (J = 0), Ptfo (J = 4) 

and P{;1 (J = 0) are p~otted) ~ Figure 19 indicates that the coplanar 

results have nearly the same energy dependence with the energy scale 

shifted upwards by about O. 055 eV in going from the collinear to the 

coplanar curves., In addition, the maximum value of the collinear 

reaction probability is 1 .. O whereas that of the coplanar one is about 

0 ¢ 6 Q Both the energy shift and the difference in the maximum probability 

are explainable in te;rms of relatively simple concepts. To understand 

the energy shift, we examine the nature of the triatomic H3 system in its 

transition state., In the linear case, this triatomic pseudonwlecule has 

two vibrational degrees of freedom: an asymmetric stretch mode, 

which is unstable and leads to motion alqng the reaction coordinate, and 

a stable symmetric stretch mode.. When the reaction occurs and the 

system passes through the transition state region, the total energy 

partitions itself between these two vibrational modes,, Energy in the 

symmetric stretch mode is not easily converted into the asymmetric 
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stretch mode making it unavailable to 9vercome the potential surface 

barrier. This is a partial physical interpretation of the fact that the 

collinear threshold energy (the value of E at which the reaction· 

probability is OoOl) is 0.42 eV, which is somewhat larger than the 

0. 39 eV Porter-Karplus surface barrier height. Collinear threshold 

phenomena such as this have been analyzed in detail elsewhere. 27 ' 3o 

In going from a linear to a planar transition state we add one bending. 

degree of freedom to the internal motion of the transition state which 

also does not contribute to motion along the reaction coordinate and 

which will also tie up some of the energy needed to overcome the 

activation barrier,. This additional energy in the bending motion is a 

plausible explanation for the 0. 055 eV upward energy shift observed 

in Fig~ 19,and is approximately equal to the zero point bending energy 
...... 

of about 0.,. 06 eV for the surface used, u..l Much of the above explanation 

has its basis on an approximate statistical theory proposed by Marcus. 32 

The difference in the maximum probabilities attained by the collinear 

and coplanar results can be understood by· examining the orientation 

dependence of the re3ction probability.. In the planar case with j = O 

·mitially, the diatomic molecule does not rotate and has equal probability 

of being in any orientation with respect to the direction of approach of 

the incident atom~ Since the barrier height of the potential energy 

surface is 0 .. 396 eV for collinear collisions and increases to 2. 8 eV 

for perpendicular ones, we would expect that in the energy range being 

considered, the' reaction probability should be greatest for linear 

collisions and decrease to zero for perpendicular ones. The coplanar 

probability should represent an ·average over all initial orientations 
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and if we assume unit reaction probability for b\ I s 54 ° and, by 

symmetry, for !180° - y"A I :s 54 ° and zer~ probability elsewhere, 

we obtain a coplanar reaction probability of 0. 60 in agreement with 

Fig. 19. The 54 ° cut-off angle is in reasonable agreement with 

previous estimates of the orientation dependence of the reaction 

probability obtained from distorted wave results12 and from classical 

traject01•y results. 2 

3. 5 Product State Rotational Distributions 

In Fig. 21 we plot the integral cross sections Q ~O _ Oj, 

(summed over final rotational polqrizatioris) .as a ·fui:cUpn of the pro-
. . ....... . 

duct rotational energy and quantum number for several total energies 

E. We see from the figure that only small j' rotational states are 

appreciably excited in these reactive collisions. The relative popula­

tion of final rotational states is not strongly dependent on total energy 

although some broadening of the distribution does occur at higher E c 

Not shown in the figure are the final rotational state distributions from 

initial states j ~ Oc The qualitative shapes_ of these distributions are 

not strongly dependent on] and look very much like those for j == O in 

Fige 2L However.~_ the magnitudes of the Q ~ ...... Oj' decrease mono-~ 

tonically with increasing j for a given j t., 33 

To a. large extent, the distributions in Fig. 21 resemble 

rotational Holtzman-like distributions with a single tempe~--ature 

parameter.. · Distributions of this type 5 for a planar system, may be 
. 34 expected to have the form 
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-E.,/kT(E) 
f. , ( E) = A ( E) ( 2 - 6 . , 

0
) e J . 

J J . (3. 3) 

where A(E) and T(E) are energy dependent constants and 2 - o. ,0 is 
J. . 

r 2 -R ] a degeneracy factor. In Fig. 22 we plot log1 2 0 Q 00 ,,. 0 ., as a 
- j '0 - ] 

function of the product rotational energy. The resulting curves for 

different E are approximately linear (most nearly so at the higher 

energies) in agreement with the predictions of Eqo 3 c 3, with temperature 

parameters T(E) in the neighborhood: of 250 - 400 K. We should point 

out that although the rotational distributions are temperature-like, 

we find no evidence of long lived compound state (i. e~, complex) 

formation in this reaction~at the energies beiJ.?g considered~ 28 

Indeed, the rotational distributions seem to be determined to a large 
' . 

extent by the shape of the potential energy surface in the transitibn 

state region of configuration space (see lower half of Fig.. le). ln this 

transition state, the asymptotic free rotational motion has become a 

seriously restricted bending motion e This bending motion becomes 

again a free rotational motion after the reaction, and, at least quali­

tatively, the distribution of different product rotational states appears 

to be determined by the overlap of this bending wave function and the 

asymptotic free rotor wave function.. If this reasoning is correct, 



to that done for the converged cross s~ctions in Fig. 20. Fig. 23 

indicates that the OVA rotational distributions fit the temperature-

like distribution given by Eq. 3. 3 to about the same accuracy as the 

converged results. However, the OVA temperature parameters are 

somewhat higher ( 450 - 620 K) indicating that this approyJmate pro-

cedure predicts rotational" distributions which are much broader than 

the converged ones.,. 

3 .. 6 Comparisons with Other Coplanar Calculations 

In Fig. 24 we plot our Q~o-oi ·(SK) along with the corresponding 

results of two other studies on coplanar H+ H2. Q~_01 . (WW} SE) 

and Q ~O--Ol (\VW, WE) are the results of two different applications 

. of the distorted wave approximation by Walker and Wyatt12 on the 

Porter-Karplus surface., SE and VIE refer respectively to the strone; 

and weak expansion path choices of the nonreactive reference potential 

used to generate the distorted wave functions. Q ~O-Ol (AL) is the 

close-coupling result (using one variation of the OVA) of Altenberger­

Siczek and Light
17 

in whi,ch an ear lier calculation of Saxon and Light 5 

is corrected., These e:alculations were done for an analytical surface 

fitted to the ab initio SSMK
35 

surface. The two approximate calculations 

of Walker and Wyatt seem to bracket our result at. low energies, but 

for E. > 0 .. 60 e V, the absence of conservation of flux in the distorted 

wave calculation results in a gross overestimation of the integral cross 

sections.· Thus} the distorted wave method remains accurate only when 

the reaction probabilities or cross sections are small. A similar 

conclusion was also drawn from an analogous collinear comparison. 36 
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The distorted wave differential cross sections a £ __ 00 (Fig. 2 5) 

are in good qualitative although not quantitative agreement ·with the 

corresponding results of our converged calculations, but a similar 

comparison of the cross sections a ~-Ol. in th~t figure indicates 

serious disagreement, apparently the result of .a much more rapid 

fall off in the distorted wave react~on probabilities with decreasing 

J (J < . 0) than is the case with our results (as seen in Fig. 2 5(a)) e 

The results of Altenberger-Siczek and Light:7 cannot be 

quantitatively compared with ours because of the difference in poten­

tial energy surfaces used in the two calculations but some qualitative 

observations are nevertheless appropriateo First, the effective 

threshold energies (defined in Section 3, 3) of the integral cross 

sections are about 0. 502 eV for Q~0_01_(SK) and 0. 531 eV for 

Q~-Ol (AL).· The dilference between these two numbers is identical 

to the 0 .. 029 eV difference between the respective potential barriers 

(O. 396 eV vs .. 0 .. 425 eV) in the surf~ces used in the calculations. Since 

the properties of the triatomic activated complexes are similar, one 

might expect that a small change in barrier height should indeed result 

in a correspondingly small change in effective threshold energy as 

observed.. The fact that Q6b-01 (AL) ism OVA result should be of 

little significance in this argument since it was shown in Section 3. 3 

that our own OVA cross sections have effective threshold energies in 

good agreement with our converged ones" Second, except for some 

possibly spurious oscillations, the Altenberger-Siczek and Light 

angular distributions (Figs~ 8 - 10 of ReL 7) have shapes which are 

generally similar to ours (Figs. 9, 10 of this paper) for all transitions 



considered. The dominant peak near 180 ° in their angular distributions 

is s9mev.rhat narrower than ours and their reaction probabilities fall 

off more rapidly with increasing j{,T I than do ours in Figs. 2 - 4. 

Both of these differences could be a result of the different potential 

surfaces used, since as seen in Figs~ 5 and 11 the OVA does not 

R d R J strongly affect the shapes of a versus x an P versus curves. 

3 .. 7 Rate Constants 

In this section we will examine the behavior of the para~-> ortho 

thennal rate constant kp-o (T). The ortho - para rate constant can, 

of course, be obtained from kp -o by using the easily calculable 

equilibrium constant for this reaction, 37 computed for the coplanar 

world of this paper. To obtain kp _ 
0 

( T) we fir st require the ~ara to 

ortho cross sections r~· A_ (summed over all finar ortho states and 
VJ 

avera.ged over initial (para) rotational polarizations)" 'rhese are 

listed in Table IV for both the converged and OVA calculations .. 

where 

The planar para -> ortho rate constant is given by 
co 00 

-E ./kT 
(2 - a ·o) e VJ kA. (T) 

, J VJ k (T) = _l v "· p-o Q Lt L 
v::::O j = 0 

(j=even) 

Q= I: I 
v=O j=O 

(j=even) 

-E ./kT 
(2 - 6 jO) e VJ 

(3. 4) 

(3. 5) 



and 

kA. (T) = r"'Z 
VJ 'i µ 

1 
kT 
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Joo e-E'v/kT QA (E' ) rr;;; dEt . 
o vj vj \iD vj VJ (3. 6) 

E . is the vibration-rotation energy of the initial state with quantum 
VJ 

numbers vj and Efvj is the translational energy relative to that state 

(E' . = E - E .) . · µ is the reduced mass associated with the relative 
~ ~ . . 

motion of the reagents and the factor 2 - 6 jO is introduced to account 

explicitly for rotational degeneracy., The initial spin degeneracy is 1 

for all para states.. The rate constant thus defined has the units 
2· 

cm /molec.11 sec which is appropriate for a planar world in which con-
2 

centrations are measured in molec/cm e 

Using Eqs .. 3. 4 - 3 .. 6 along with the data in Table ill, kp _ .. 0 (T) 

has been calculated~ and the resulting Arrhenius plots for the vibra-

tionally converged._and OVA (Vref = V(rX,RA.,yA. = 0)) results are 

presented in Fig. 26.. As might be expected from the appearance of 

the integral cross sections in Fig. 17, the OVA rate constant is 

considerably larger than the converged one at low temperatures with 

the ratio of the two being 12. 4 and 2 .. 83 at 200 K and 300 K, respectively .. 

At high temperatures, the two rate constants approach each other q~ite 

closely, a reflection of the similar effective threshold energies of the 

converged and OVA cross sections. The high temperature portions of 

the Arrhenius plots in Fig .. 26 are nearly linear with l~esulting Arrhenius 

activation energies of 5. 2 and 5 .. 0 kcal/mole for the converged and OVA 

results, respectively~ The high temperature Arrhenius straight line 

corresponding to the converged results is represented by the dashed 

line of Fig, 26.. We will defer a detailed comparison of these rate 
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constants with those of accurate 1 and 3 dimensional calculations and 

with approximate theoretical and experimental ones to a separate 

16 paper. 

4. CONCLUSION 

It should be apparent from the wealth of dynamical information 

presented in Section 3 that these calculations can be extremely useful 

to our understanding of chemical dynamics. \Ve would like to stress 

that these calculations are not overly time consuming but it is unlikely 

that similar ones will be done on more than the very simplest 

of chemical systems. Rather, the primary emphasis is to use these 

results as benchmarks against which approximate theories may be 

compared, with the hope that these theorie_s may be in turn applied 

to more complicated systems. The comparisons with approximate 

calculations presented in Section 3. 6 were incomplete in that the 

results of quasi-classical and semi-classical coplanar calculations on 

the Porter-Karplus H3 surface are needed to assess the quantitative 

accuracy of these important approximate theories. Also requiring 

further consideration is the use of collinear-type theories to provide 

approximate coplanar results 1 and similarly of coplanar 

theories to describe the three dimensional world. 38 This was discussed 

briefly in Section 3. 4 and will be further investigated in a separate 
16 paper. 

The coplanar calculations are also important in elucidating 

what kinds of phenomena are significant in chemical reactions. The 

quantum symmetry oscillations in the para-+ para angular distributions 
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(Section 3. 2) but not in the corresponding integral cross sections as a 
function of energy (Section 3. 3) are a good example. Such quantum 

symmetry effects may eventually be a useful experimental tool for 

characterizing reactive potential -surfaces. Also of great importance 

is the characterization of the reaction in terms of direct and resonant 

mechanisms. This was biiefly mentioned in Section 3. 2 where we 

remarked that the reaction appeared to be completely dominated by the 

direct mechanism. A more detailed analysis at energies higher than 

were considered in this work indicates that in the neighborhood of 

certain energies (such as E ,..., 0. 92 eV) this no longer seems to be 

correct as very significant resonant-like effects are observed. The 

importance of these resonant processes is discussed elsewhere28 ~ 
Finally, as was mentioned in the introduction, these calculations 

are significant in that they demonstrate the feasibility of the method 

outlined in paper I for doing quantum 2D scattering calculations. 

Extension of this method to the 3D problem has recently been 

accomplished9 and the results of these 3D calculations and their 

comparison with 2D r:nd lD ones should be extremely useful to our 

understanding of chemical dynamics. 
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TABLE II. Rotational and vibrational convergence of coplanar 

transition probabilities at E = 0. 60 e V, ,J = 1. 

(A) Rotational convergence (with 4 vibrations and N rotations per 

vibration) 

N ua N ~ ~o-oo ~ ~ Poo-02 01-0-1 00-01 01-0-1 

6 1.035 0.293 0.435 0.0738 0.0667 0.0356 

8 1.020 0.276 0.339 0,0743 0.0525 0.0380 

10 1.010 0.202 0.257 0.0840 0.0706 0.0416 

12 1.004 0.194 0.230 0.0829 0.0645 0.0396 

14 1.002 0.189 0.221 0.0821 0.0673 0.0397 

{B) Vibrational convergence (with M vibrations and 12 rotations per 

vibration) 

!'A ua ~ ~ R ~0-01 ~ 00 -02 01-0-1 Poo-oo 01-0-1 

lb 1.003 0.259 0.260 0.0404 0.03?2 0.0295 

2 1~063 0.161 0.204 0.0895 0.0738 0.0477 

·3 1.063 0.238 0.315 0.0749 0.0578 0.0329 

4 1.004 0.194 0.230 0.0829 0.0645 0.0396 

5 1.007 Oo195 0.233 0.0832 0.0646 0.0396 

au indicates that sum of all transition probabilities from a specific vj 

state which differs by the largest amount from unity and hence is a 

conservative measure of deviations from flux conservation. 

bThe one vibration result was calculated according to the procedure 

outlined in Section 2.4. 
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TABLE III. Nonreactive and reactive transition probabilities for 

E = 0. 50 eV, J = 0. 

N=48, Vcoll 
a N=48, V0 

b N=50, V0 
c 

N 
Poo- oo 0.180 0.180 0.183 

N 
Poo- 0±2 0.383 0 .. 383 0.383 

N 
PO±l - 0±1 0.207 0.207 0.211 

N 
P0±1- O=t:l 0.583 0.582 0.580 

R 
Pao- oo 0.787xl0 -2 0.787x10 -2 0.755x10-2 

R 
Poo- O±l 0.580xl0 -2 0.578x10 -2 0.557xl0 -2 

. R 
PO±l - 0±1 0.422xl0 -2 0.419x10- 2 0.404xio-2 

ti 
PO±l - O=t=l 0.413x10-2 0.410xl0- 2 0.395xl0- 2 

a 48 channels (v = 0-3; 12 rotations/vibration), V ref = V coll = 

V(rA,RA,yi\ = 0). 

b 48 channels (v = 0-3; 12 rotations/vibration), Vrc:f = V0 A.(ri\,RA). 

c 50 channels (v = 0-4; 12, 12, 10, 8, 8 vibrations for v = 0, 1, 2,. 3, 4 

respectively}, Vref = V0 /\.(rA,RA.)~ 
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FIG. 1. Plot of p~tential contours for the H + n2 reactiori in the 
' .. 2 2 2 

xA.y A. zA. space having spherical coordinates.~ = (RA + r A ) , 

~ = 2 ta_n-
1 

rA/RA and Y.1t for y.A. = 0 and 180 ° (a), 45 ° and 22 5 ° (b) 

and 90 ° and 270 ° (c). In (a) we also depict the lines of intersection 

of they.A= O, 180° plane with the half planes rrvA.' 1fKV' rr'AK defined 

in I which form the matching surfaces of the calculation. For each 

figure above, OWA. is the intersection of the half plane determined by 

OZA and the corresponding smallest yA with the OXA. YA. plane. 

Because of arrangement channel permutational symmetry, the lower 

half of (c) represents contours on the matching plane rr;w· 

FIG. 2. Converged co,planar reaction probability PJ, 00 _ 01 (for 

the v = O, j = 0--) vt = O, j' = +1 transition) as a function of the total 

angular momentum quantum number J for E = O. 30 eV (crosses), 

0.35 eV (triangles), 0.40 eV (squares) and 0.45 eV (circles). Smooth 

curves have been drawn through the points. 

FIG. 3. Reaction probability PJ~O _ 01 analogous to Fig. 2 at total 

energies of 0. 50 eV (crosses), 0. 55 eV (triangles), 0. 60 eV (squares), 

and 0. 65 eV (circles). 

FIG. 4. Converged coplanar reaction probability P J~ 00 _ 00 

(i.e., v = 0, j = 0--) vf = 0, j' = 0) analagous to Fig. 2. 

FIG. 5. Coplanar reaction probability P~ 00 _ 00 for E c:: 0. 60 eV 

(translational energy E 0 = O. 33 eV) versus the total angular momentum 

quantum number J. Squares indicate the converged result while circles 

indicate the OVA probability for collinear reference potential (V 11 = 
. co 
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FIG. 6. Coplanar converged inelastic probability P,f 00 _ 02 as a 
' function of J for total energies E = 0.40 eV (das~-dot), 0. 50 eV 

(dashed), 0. 60 eV (solid) and 0. 70 eV (solid). 

FIG. 7. Schematic representation of dominant collisions contributing 

to the j = 0 -7 j' > 0 collisional (nonreactive) excitation process. 

Shown are (a) the initial approach of the collision partners in the center 

of mass coordinate system, (b) the collision itself with the direction of 

the rotational polarization indicated by curved arrows, and (c) the 

receding scattered particles. Collision I considers a collision with 1 

(and hence b) initially positive (relative to_ the coordinate system shown). 

Collision II considers negative initial 1 and b. Note that the diatomic 

rotor with j = 0 is classically motionless with equal probability for 

any rotational phase. The particular phase chosen was that believed 

to give significant rotational excitation for each situation pictured. 

FIG. 8. Converged coplanar reactive differential cross section 
R aoo-Ol versus the scattering angle xR for energies E = 0. 30, 0. 35, 

0. 40 and O. 45 eV. 

FIG. 9. Reactive differential cross section afo _. 01 analogous to 

Fig. 6 at total energies E = 0. 50, ~· 55 5 0. 60 and O. 65 eV. 

FIG. 10. Converged coplanar reactive differential cross section 

R t . . p· 8 Th t . a00 _ 00 a. same energies as in ig. . ese curves are symme r1c 

about xR = 180° •. 
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FIG. 11. Vibrationally converged and OVA differential cross section 

a~_ 00 at E = 0. 600 eV (E0 = O. 330 eV). OVA cross section was 

computed with a collinear reference p::>tential (V coll = V(rA., R;v Y.x =0)). 

The cross section for this transition is symmetric about x R = 180 °. 

FIG. 12. Inelastic nonreactive (converged) differential cross section 

for the coplanar v = 0, j = 0 __,. v' = 0, j' = +2 transition at total energies 

E = 0. 40 eV (dash-dot), O. 50 eV (dashed), 0. 60 eV (solid) and 0. 70 eV 

(solid). 

FIG. 13. Nonreactive (solid), reactive (dashed) and antisymmetrized 

(dash-· dot) differential cross sections for the coplanar v = 0, j = 0 -~ 

. v' = 0, Ir I = 2 transition (summed over final rotational polarizations) 

at E = 0. 500 e V (E0 = 0. 2 30 e V). Note that the scattering angle used 

is x and x = 0 corresponds, for reactive scattering, to xR = 180° (see 

Eq. 2. 5). 

FIG. 14. Nonreactive, reactive and antisymmetrized differential cross 

sections analogous to Fig. 13 at E = 0. 600 eV (E0 = 0. 330 eV). See 

remark about x in the caption for that figure. 

FIG. 15. Nonreactive.; reactive and antisymmetrized differential cross 

sections analogous to Fig. 13 at E = O. 700 eV (E0 = O. 430 eV). See 

remark about x in the caption of that figure • 

. FIG. 16. Converged integral reactive cross sections tJ ~ _ 01, 

Q ~ _ 03 and Q ~ _ 05 versus total energy E c:wa translational energy 

E 0 • (a) linear scale 1 (b) semi-logarithmic scale. 



314 

FIG. 17. Integral reactive cross section Q Jb (summed over all 

accessible final states) versus total energy E and relative energy E0 • 

Circles represent vibrationally converged results and squares the OVA 

ones using a collinear reference potential .(a) linear scale, (b) semi-

logarithmic scale. 

FIG. 18. Inelastic nonreactive integral cro~s sections Q' ~ _ 02 and 

Q 6b _ 02 (summed over final polarizations) versus the total energy E 

and relative translational energy E 0 • 

FIG. 19. Total reaction probabilities P OR (collinear) and P0~ 
(coplanar, J = 0, v = 0, j = 0 and summed over all final states) 

. versus the total energy E and translationat energy E0 • (a) linear scale, 

(b) semi-logarithmic scale. 

FIG. 20. Coplanar total reaction probabilities P 0~(J == 0) (ctrcles 

and solid curve), ~O (J = 4) (triangles and dashed curve) and P 6i. 
(J = O) (squares and dash-dotted curve) summed over all final states 

versus total energy E and translational energy E0 • (a) linear scale . 

. (b) logarithmic scale. Note that the ~O (J == 1 - 3) curves all lie 

between the solid and dash-dotted curves in the figure. 

FIG. 21. Converged coplanar integral reactive cross sections 

Q" ~O _ Oj f versus the final rotational energy at a fixed total energies 

E = Oti 50 eV (crosses), 0. 55 eV(triangles), 0. 60 eV (squares) and 

0. 65 eV (circles). 
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FIG .. 22. Semi-logarithmic plot of the integral reactive cross section 

Q~ _ Oj' ( x 2/(2 - oj'0)) versus the final rotational energy at a fixed 

total energy for E = 0. 50, 0. 55, 0. 60 and 0. 65 eV (symbols analogous 

to Fig. 21). A straight line is.drawn connecting the nearly linear low 

j' points. 

FIG. 23. Semi-logarithmic plot of the OVA reactive cross section 

Q ~O _ Oj' (x 2/(2 - oj'0)) at energies E = O. 50, O. 55 and O. 60 eV 

analogous to Fig. 22. 

FIG. 24. Integral cross section Q £ ·-Ol versus E and E0 for several 

exact and approximate coplanar calculations. Q~0 _ 01 (SK) refers 

_to the present results, Q~0 _ 01(w·w, WE) and Q~O-Ol (WW,SE) are 

the results of distorted wave calculations of Ref. 12, and Q~0 _ 01 (AL) 

is the OVA result (on a different potential surface and using a method 

somewhat different from ours) of Ref. 7. 

FIG. 25. Reaction probabilities PJ~O-OO and PJ~O- 01 , (a) and 
' ' diff~rential cross sections a 0~ _ 00 and a 0~ _ 01 (b). WW refers to 

the SE results of Ref. 12 with dashed curves referring to 00 - 00 

transitions and dash-dot curves referring to 00 - 01. SK refers to 

the results of this paper (Figs. 3, 4, 9, and 10) with solid curves for 

00 - 00 and short dashed for 00 .- 01. WW results are at E0 = 0. 340 e V 

(E = 0. 61 eV) while SK results are at E0 = 0. 330 eV (E = 0. 600 eV). 
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FIG. 26. Arrhenius plot of the converged and OVA para to ortho 

coplanar thermal rate constants for H + H2 for the converged and OVA 

(collinear reference potential) results. The dashed straight line is 

tangent to the converged one at high temperatures. 
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