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Figure 6



5. ACCURATE QUANTUM MECHANICAL CROSS SECTIONS FOR
PLANAR ATOM DIATOM REACTIONS: II. APPLICATION TO
H+ Hz
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g}cc'urate uantum mechanical cross sections for planar atom diatom
*
reactions: I. application to H+ H,
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George C. Schatz and Aron Kuppermann

Arthur Amos Noyes Laboratory of Chemical Physics,
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Division of Chemistry and Chemical Engineering™,

California Institute of T'echnology, Pasadena, California 91125

{(Received

The results of an accurate guantum mechanical treatment of

_ the planar H + HZ exchange reaction on a realistic potential energy
surface are presented. Full vibration rotation convergence was
achieved in the calculations, and this, tbgether with a large number

of auxiliary convergence tests, indicates that the cross sections are
accurate ta 5% or better. The reactive differential cross sections

are always backward peaked over the range of,total enefgies from
0.3t0 0.65 eV. Non-reactive j=0toj' = 2"01‘0‘55 secfions are béck«
wards peaked at low energy (0.4 eV) shifting to sidewards peaking

for E> 0.5 ¢V. Quantum symmetry interferehce oscillations are

very significant in the j =0 to }' = 2 para to para cross sections for
E=0.6eV. Reactive integral cross sections show two distinct

kinds of energy dependence. At low energy (< 0.5 eV),ﬂ barrier tunnelling
gives them g lgr'gely expénentiai énergy dependence while above 0.5 eV
(the effective threshold energy) the cross sections are nearly linear.

Comparison of collinear and coplanar transition probabilities indicates
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similar 1D and 2D energy dependen.ce but -With a shift in energy

from 1D to 2D due to bending motions in the transition state. An
analysis of rotational distributions indicates surprisingly gdgyd corres-
pondence with temperaturemlike distributions. The results of a one
vibration approximation calculation are examined, and errors by

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

at some energies. Sh;ioes of angular distributions are, howevef,
accurately predicted. Additional analyses include comparisons with
previous distorted wave and coupled channel results, and calculations

of thermal rate constants.
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A reaction of fundamental interest in the field of chemical
dynamics is the H + Hz hydrogen atom exchange reaction. This
simplest of chemical reactions has been the sub.ject of numerous
dynamical studies by quasi-classical, 1,2 semi—classicals’ 4 and

5-13

quantum mechanical methods and has been the focal point for

the development of lmany approximate reaction rate theories. 14
In addition, this system provides the fundamental example for
characterizing quantum effects in chemical reactions and determining
-their importance on experimenté,l cbservables. For thESe_reasons, _
the calculation of accurate quantum mechanical cross sections for
H+ H.2 is of greaﬁ importance. Unfortunately, until“recently there
exizted neither the proper methods for efficiently solving the Schriddinger
equation for this ‘system nor aééd&atély' powerful computers to handle
the computations invelved without the introduction of apprdximations
of uniémwn accu'ra‘cyc _ _

| In a previous paf,peri5 (hereéfter referred to as 1) we presented
a method for accurately and efﬁcyienﬂy solving Athe Schrodinger equation
for reactive coﬂisieﬁs of an atom with a diatomic molecule moving
on a fixed’pla‘ne. The planar motion restriction was introduced for
computational simplicity only with no fundamehtal limitations involved
in appljving a similar procedure to three dimensional'collisions as well.
In this paper, we present the results of an appiication of this method
to planar H + H, 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 truncat_{on of the vibrational
basis set expansion could be very serious in many cases although
qualitative trends oﬁtained with the truncated basis were often properly
described. We will examine the one vibra,{ional 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 apprbximatioxxs and potential surfaces
were used.

As we pointed out in I, the method we have developed for
solving the Schridinger equation for planar atom plus diatomic
molecule collisions can be extended to 3D systems without significant
conceptual changes, so an additiqnai reason for undertaking the current .
calculations was to test the feasibility of the method in prepa,ration
for its application to 3D reactive systems. These calculations for
the 3D H + H2 system are currently in progress and will be presented
_in detail elsewhere. 16 A preliminary communication of the results
of this 3D work and its relationship with the coplanar results presented
Eiere has already been pgblished. 9

In Section 2 we describe the reactive scattering calculations,
including convergence tests and computational considerations, and
the représentation of the potential energy surface. The results of the

calculations are presented and discussed in Section 3. Seclion 4

contains a general summary and discussion.
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2. QUANTUM MECHANICAL CALCULATIONS FOR PLANAR

2.1 General Description of the Method

The method used to solve-the Schridinger equation for planar
reactive and non-reactive H + Hy collisions has been extensively -
described in I. As outlined there, the procedure for obtaining the |
full set of primitive solutions to the partial-wave Schrodinger equation
is divided into two stages. In the first one, a close coupling method
is used to generate solutions to the Schrddinger equation in
each of the three arrangement channel regions of internal configuration
space. These solutions are then smoothly matcheé to one another in

the second stage and the resulting primitive solutions,which are every-
Where smoothly continuous,are then linearly combin’ed to yield the
appropriate reactance and scattering matrix sohitions. This prdcedure
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 Karplu.sw (all coupling to excited
electronic surfaces being neglected). In solving the Schrédinger
équatian for these reactive collision sysfems, great care must be
exercised to insure adequate invariance of the results with respeci

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

(b} the reference potential Vr used to generate these functions,

ef
{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 (i.e., the "matching surface basis functions' 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 ounly one arrangement channel
regioﬁ in doing all ealculations, and (b) two atom permutational symmetry,
which éﬂows one td decouple the even and odd rotational states throughout
most of the calculation. These same symmetry properties allow us to
reduce the number of different distinguishable atom scattering amplitudes
between a given initial vibration fotation state of the rea,genf H‘2 and a
given final state of the product H2 to just two: ohe reactive and one
-non~reactive amplitude. We shall denote the reagent diatomic_: states
by the vibration rotation quantum numbers vi 2nd the product ones
by v"j*; " DiSfinguishablé atom reactive trassitions will be designated
by the superscript R, non-reactive ones by N and (indistinguishable)
anti-symmetrized ones by A. In this notation, the relation between the
antisymmetrized differential cross sections and the distinguishable

~ atom dimensionless scattering amplitudes (Egs. 6.5 of 1) is:
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.1 ]fN fR ’2
I{v? vi=v'j' " Tvi—v'y’
(j, j' even, para - para)

3 R - R
k‘vj {fvj -~ v'j' l 3¢ vg - v'j’
A (j even, j' odd, para — ortho)
“vi—vi={ L kR 2R (2.1)
K,y ievil T ovie v
(j odd, j' even, ortho — para)
1 N R 2
kvi { ifvj - v fvj -~ '’ ' !fw e V’]'] }
" (i, i* odd, ortho - ortho)
where k vi 18 the (unscaled) wave number (Evj of 1), and f§ -y and
R vyt ewv'y . - )
fv;ﬁ v were denoted by f i and f?xvj , respectively in I'. For

planar systems, the rotational quantum number j is an algebraic inte-
ger and may be either positive, negative or zero. For j =0, the two
 states 3 and -j are degenerate and said to have different polarizations.

_ Lross secuons wmcn nave been summea over ima,i. rotational polariza-
t‘:mns and averaged over initial ones will be indicated by the symbols

Cyi §— vyt and {(for the integral cross sect1ons) Q—w

the 1ntegra1 cross section Qﬁl 02 is given by:

Vit ¥or example,

Q0102 = ft %1-»92 + Qm--s 5+ Qg 1-02 * Qo 1-0- 5] (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):

OVj *ijs(X) = UV-j . Vv_ji‘(z'ﬁ - X) ' (2‘3)

and

:Qv__j_,vf_jt (2.4)

-

Q

vi~ v'j’
As defined in I, the scattéring angle x is the angle between the directions
of motion of the final and initial H atoms in the center of mass system
and spans the range 0 < x =< 27. For reactive differential cross |
sections, the more customary angle to use is the angle XR of the
direction of the product H,, with respect to the direction of the incident

H, and is related to x by
XR =X + (MOd 27[) (2‘ 5)

Therefore, the backward reactive scattering direction corresponds to

Xp =7 and ¥ = 0.

- 2.2 Representation of the Potential Energy Surface.

In setting up the coupled differential equations which must be
solved in each arrangement channel region A = @, f,y, the potential
energy surface VA(rK,R}L,yA) is expanded (see definitidns inI)ina
cosine Fourier series of the angle 12} (Eg. 3.8a of I): |

(e

A | .
VAr, Ry, 7)) = ) Valr,, Ry)cos ky, (2.6)
k=0 »
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In th.e case of the H + H, reaction, -VX(I'A’RA’VR) is symmetric about

Yy =% 7/2 (Eq. 6.1 of I) so only even k terms need be included in

Eq. 2.6. Once the coefficients V;;(r)\,RA) are determined, the rotational
coupling in the Schridinger equation can be analyticallj evaluated

(as in Eq. 3.9 of 1) which greatly facilitates the determination of the
potential matrix elements needed in the integration procedure.
Unfortunately, in general, the VLR:(IA*R}\) must be calculated numerically

- from the relation
VAr, ,R,) = el [ eosky. VNEL R v Ay @T)
kTN TIOTF +"’5‘“Tk0 7 g COSEYY D EXSTAPY ‘

- and the effort invdlved in computing this integral ﬁegates the advantage
~ of using an analytical expression such as Eq. 2 6. However,.for the
- Porter-Karplus potential surfaceﬁ(a_nd for many others as well),
 in the regions of internal configuration space sampled in the calculation,
the expansion Eq. 2.6 converges véry rapidly (after only 3 or 4 terms).
We can then redefine ﬁhe Vﬁ by requiring that, instead of satisfying
Eqg. 2;7, they force Eq. 2.6, with a finite number n of even terms, to -
‘be satisfied exactly at n values of ?’A | For éxanip]e, if 3 terms are
included, then we can find V? 5 V’f ahd Vi\’ by solving the three algebraic
- equations obtained when Eq. 2.6, truncated after three even terms, is

evaluated at ¥ =0, /4 and .z /2. The result is:
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1
Vok(rk: RA.) %‘ 3 %f VX(I‘A, R)L’ »’}’A = O)
1 1
V:\(I')", R)k) = J 0 3 VA(I'A, RK’ Yy T 7T/4) (2.8)
VZ:\(I"X: R,) %; - % % V}\(rl, Ry, = 7/2)

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

the above interpolative procedure yields a representation of the full
potential function V?‘(rwRMyR) Wﬁieh is aompﬁtaﬁonally more efﬁ;cient
but has about the same accuracy as thé one generated using Fq. 2.7.

Of co'ﬁrse, the gobdness of this procedure depends very significantly

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

for the Porter-Karplus H3 Surface? it allows an adeqguate representation
of the ‘potential while requiring an exact evaluation of V)L at only 3 or 4
values of Y (and the use of Eq. 2.6 for all others). In Figure 1,

we depict equipotential contours-of the potential 'enex?gy surface at -

Yy = 0, 7/4 and 7 /2, the values required in the evaluation of Eq. 2.8.

2.3 Convergence and Accuracy Tests

It is of cr_ucial importénce in cidse«-coupling c’alculations to

’ esté,blisl{ that the fesuitiﬁg reaction probabilities and éross sections
have converged adequately. Indeedv, we shall see later that premature.
iruncaticn of the ‘;fibrationwrc}tation basis set expansion éan result in

- €errors in‘ the final integral cross sections by several orders of magni«»
tude, even though other tests, such as cohservation'of flux, may be
aﬁproximately satisfie&. Furthermqre, .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 assess the validity of those methods.

| The most obvious criteria which must be satisfied by the results
of an accurate quantum calculation are conservation of flux and timse
reversal invariance. These two principles require that the scattering
matrix §\J be vnitary symmetric for each total angular momentum
quantum mlmber J and therefore that the corresponding p‘robabili'ty
matrix EJ (defined by Eq. 5.20 of I) be synimetric and that the sum
of the elements of each of its rows (or 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 ccinsidér

a range of total energies E from 0.30 eV to 0 75 eV (translational
energies relative tothe v=0, j =0 reageht Hfz state of 0.029 to
0.479 eV). ‘Flux conservation and microscopic reversibility were
checked in each calculation, and for E<0.60 eV, deviations from
flux conservation were never worse than 1% and from symmetry
less than.about 5% (for nonanegligible tfé.nsitibns)‘ For
0.60ev< E= @75 eV, deviations from flux conservation were less
than 3% and from sjmxﬁetry less thaﬁ 10%. In order to insure
satisfai:tory convergence (better than 5%) in the calculation, vibration-
rotation basis sets inciuding 40 to 60 terms (channels) were required.
For energies less i:mﬁ 0. SQ.ev, a 40 channel basis consisting of 5
' vibratioﬁal vwave functions eo’mbmed with 1’0, 10, 8, 6 and 6 rotational
wave funétions for v> =0,1,2,3 and 4 resp’ectively were used in general.
In the 0.50 to 0.60 eV range, a 48 channél basis set of 4 vibrations

and 12 rotations per vibration was adequate while for energies 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 1.

Both the reactive and non-reactive transition probability matrices
are highly symmetric and the sums of the probabilities in each row
differs 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
numbef of rotations per vibratidn ‘is increased (all at 0.6 eV).

In part (a) of that ta,ble— we see that the results ch,anore by less than

5% in going from 12 to 14 rotations per vibration anci bV somewhat
. larger amounts in going from 10 to 14. With fewer than 10 rotations,
errors of 10% tb 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 1a,rge
-as 50% along with poor flux conservation.

- Another’* imp@*ﬁfan}: accuracy test in these Calculations is the

invariahce of the .results to changes in the character of the vibration

~ rotation basis set. There are two impof’cént ways to test this. First,
. one shmﬂd be able to change the numbei* of rotations per Wbratlon or
the number of vibrations per rotation without changing the 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 leng as Vr of

becomes equal to the correct diatomic potential v(rA) in the limit
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RA — In Table I we present the results of thes_e 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 rotatiQns/vibration) and
a reference potential Vet = V(rk’Rk’ 7y = 0) (the one actually used
in most of the calculations). In the second column we give the corre-
sponding probabilities obtained when ’»the reference potential
Vier = Vah(rk, R,) is used (Eq. 2.6). Finally, in the last column
we give the_transition‘probabilities obtained with the Vo}“(rk, RA,)
reference potential and a 50 channel basis (5 vibrations, 12, 12, 10,
8 and 8 rotations in v=0,1,2,3 and 4, respectively). The deviatiéns
~ between the cerrespénding probabilities is less tﬁan 5%. This
result is tvoical of the accuracy for energies E= 0.60 eV. Somewhat
larger changés are found for 0.6 eV < E =< 0.75 eV but usually less
than 10%. |

Two additional accuracy tests are () cohvergence'of the results
with respect to the number of terms in the expansion of the potential
(Eg. 2.6), and (b) invariance of the results Withlr.-spect to a change
in the matching surface basis functions T~ (Eq. 4.7 of ). We find
that the reaction probabilities change by less than 5% in going from
3 to 4 terms in Eq. 2.6 and virtually not at all in going from 4 to 5
terms. = All calculations vreported in this_ paper were done with 3 terms
in Eq. 2.6 and using Eq. 2.8 to calculate Vo, V, and V,. The effects
of completeness of the expansion of the wave function on the matching
surface were studied in two ways. First, sevéral different choices

et , e s 1 . .
of matching surface basis functions T° " 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 Ji was

obtained with the basis set (¢) of Section 4.1 of I and this choice was
used in all further calculations. Second, the degree of compléteness

VA determines the degree of

of the matching surface basis functions T
orthogonality of the matrix gg)t of Eq. 4.29}_ in I which transforms
the solution in v coordinates to that in coordinates A. This property
of Sun determines the unitarity property of the scattering i’natrix § 3
to a certain extent but it is also necessary if the non-reactive transition
probabilities between even and odd rotaticiﬁal states are to Vanisﬁ as
required by the symmetry of the Hy system (see Eq. 6.4 of I).

- Examples of the effects of a nonorthogonal g ik are seen in Table I
where the nonreactive ortho to para transition probabilities typically
have’ mﬁgnitﬁdes of 1(;3‘? rather than 107%° which is more typicaily the
s‘::asel8 when the orthogonality is built in through the use of Eq. 4.30

of I. In that equation, the matrix ?ng (the complex counterpart of

| A via

S 18 related to a real symmetric matrix A

=d L VA o
Sy =expiJa (2.9

- This éxpressienis inherently unitary even when a truncated basis is
used to caléulate gw‘, 1t should be apparent that this error is of
negligible importance for the example given, but asJ increases,
deviations from orthogonality of § ik also increase. Fortunately,

L the réaction probabilities decrease rapidly as this happens and since

a nonorthogonal matching procedure has no effect on inelastic transi-

tion probabilities in the absence of rea.ctionm', the pi'oblem 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 Light8) , and therefore
unitarity of 2 J and zero-ness of the even to odd ’reactive transition
probabilities are tests of the - completeness of TVA.

We conclude this section by quoting some computation times
for these calculations. Both the integration and lﬁatching times vary
roughly as N for N> 20 where N is the number of channels. For 48
channel calculations using an IBM 370«158 computei‘, about 22 minutes
of computation time per partial wave J’ was required, of which 17
miniltes was spent in the integraﬁon of the coupled equations and the
. rest in the matching and asymptotic analysis. About 13 partial waves
(J =0 - 12) were required for convergence of the reactive cross
sections and 30 partial Wa"ves'('i‘ =0 - '29) for convergence of the

inelastic nonreactive cross sections at energies near E = 0.50 eV.

2.4 The One Vibrational Basis Function Approximation (ova)

An often usedﬁm? {(but seldom justified) apiiroxinﬁétion in quantum
o caiculatiohs has been the neglect of closed vibrational channels in the
{ribratian«rotatidn' close coupling expansiam For H + Hz at low energieé,
only the ground vibrational level'is épen, | so this approximation involves
the use of only one vibrational basis function plus a complete set of |
~ rotational Tunctions for that vibrlaﬁen‘ The main reason for using this
approximation is the iarge reduction in coméutation time (by one-to two
orders of magnitude for H + Hz) compared toa v;ibratibnany cenverged

calculation. One of the objects of this paper is to examine the
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for Vr of

by these two calculations is representative of what can generally be

= Vg‘(rh,RA) with the hope that the range of results provided

obtained in this approximation.

3.1 Transition Probabilities

In this section we shali examine thé energy and J dependence
of the distinguishable atom reactive and inelastic nonreactive transition
probabilities. The reactive probabilities for the v=0, j =0 —
v' =0, 1" =1 transition pR are plotted in Figures 2 and 3 for
_ J,00 ~ 01 ,
several energies as a function of J. The probabilities for negative J
are obtained from those for positive J th;ough the use of the relation

© (Eq. 5.37 of T) (valid for R or N probabilities)

Py vi—v =P, vej = vt (3.1)
Figures 2 and 3 indicate that Pi 00 - 01 has @ maximum near J = 0
for small E with the peak gradually shifting to small positive J as E
is increased. Furthermore, the range of J's which muét be included,
in order th&t the differential reaction cross sections (sée Eq. 5.35

of 1) should have converged to approximately 2%,increases with E
from about 9 at E = 0.30 eV (i.e., |J|= 4) to about 23 at E = 0.65 eV
(|7] = 11). The maximum in the reaction probabilities at small J
indicates that only sinall impact parameter collisions contribute
significantly to the reaction cross section. The semi_—classical

relation between the impact pararheter b and the orbital angular

momentum 1 (as derived in I) is:
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b =1/k (3.2)

where we define the sign of b te bé the same as that of 1, and kvj

is the wave number associated with the incident state. Sincel =J - j,
and j = 0 for the transitions considered in Figures 2 and 3, we see that

b is proportional to J, and thué the range of impact parameters which
contribute significantly to the reaction cross section increases with

E in those figures (from |b| = 1.74 bohr at 0.45 eV to |b|= 2.22 bohr
at 0.65 eV). In Figure 4 we plot the reaction probabilities versus J

at several energies for the transitionv =0, j =0 - v'=0, j' =0.
Equaﬁan 3.1 indicates that this transition probability should be éymmetric
about J = 0 but aside from that restriction, we find that the curves

in that figure are otherwise very similar in appearance to those in
Figure 3. This conclusion applies quite generally to the reaction
probability versus J 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 convei*ged reaction probabilities
JITOO - 00 with the corresponding OVA result for a collinear reference

potential Veon = Vx(rka,'yk =0) at an energy of 0.60 eV. We see

P

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 = VOA (r)\, RA) yield probabilities

results in

which are only slightly different from the V:C of = \Y% coll

Fig. 5. (For example, the V__. = V' reaction probability for J = 0 is

0.06337 compared to 0.0420 in Fig. 5). The analogous comparison at
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other energies between 0.3 and 0.6 eV indicates that the OVA pro-
babilities for the two choices of Vr of always have values within 30%

of one another. More important, the QVA probabilities and converged
results are geherally in good agreement in their J dependence, but
very poor agreement in energy dependence, and this difference in
energy dependence has a dominant infhluence‘ on the behavior of the
reaction cross seétions, as will be discussed in Section 3. 3.

In Figure 6 we piot the inelastic nonreactive probabilities for
the tra;nsition v=0,j=0—v"'=0, j' =2 versus J for several
energies E. The inelastic probabilities are seen to span a much
Iargér range of J's than the reactive ones,indicating that larger
- impact parameter colligsions can contribute sigﬁificantly to the
inelastic processes. At all energies in Fig. 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 agréement with
the classical picture of the collision shown in- Figure 7 (Collision I)
in which the incident atom having a positive impact parameter (see
Eqg. 3,2)‘ impulsively strikes the "bottom' atom of the diatomic
molecule in Fig. 71(;1) thus exerting posii:ive torque on that molecule
and exciting it into a rotational state with 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 would
expect that the positive J peak results from the mechanimﬁ described
above (Collision I in Fig. 7). The negative J peak must arise from

a different collision mechanism, quite possibly that pictured in
Collision IT of Fig. 7, in which the incident atom, having small
negative impact parameter, strikes the bottom atom of the diatom in

Fig. 61Ia and rebounds into the 0° = x = 180° hemisphere.

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
\'\.781‘8 used for the reaction probabilities in Figs. 2, 3 and 4,
respectively. The v =0, j =0 — v' =0, j' = 1 distinguishable atom
reactive 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 curvesg in
Fig. 10 are exactly symmetric about XR = 180°. We see that all
reactive differential cross sections are strongly backward peaked.
This is in agreement with the results of 2 and 3 dimensioﬁal quasi-

classical calculations ’

D+ H, ,22 and H + Ty 23, and is consistent with a rebound-type

and with the resulls of experiments on

collision mechanism. The magnitudes of the differential cross

sections near XRg = 0° are all sufficiently small to allow us to conclude
that forward scattering contributions to the reactive angular distri-
butions are negligible. 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 behavior can
be caused by as little as a 5% relative error in the matrix elements of

S . for a single partial wave, thus pointing out that equally accurate

Ad
calculations for each partial wave 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 distributions,
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 _

17

In the case of the purely repulsive Porter-Karplus™ potential, such

wells do not .exist and thus purely rotational resonances are lm11k€1y¢25
" The full width at half maximum (FWHM) of the backward scattered
peak in the differential cross section reméiﬁs relatively constant over
the ehergy range studied and roughly equal to 70°. (i.e., 145° = XR5215"
in Fig. 10). Some broadening does however occur at the higher energies.
The angula;r distributioﬁs for the OVA rés;.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 O‘ggw_oz‘ at £ =0.40, 0.50, 0.60 and 0.70 eV.

These angular distributions clearly reflect the one or two peaked
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nature of the nonreactive probability plots of Fig. 6 and show pre-
dorﬁinantly backward to sidewards peaking with the position of the
maximum shifting gradually to a more forward direction with
increasing energy. The maximum value of aé‘é_,oz 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 fréquency 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' = 0, j' = 2 transition considefed in
Fig-, 1’2 corresponds to a para to para transition which can occur by
Aboth nonreactive and reactive mechanisms, the correct physically
measurable guantity (in a 2D world) to consider is the antiéymmetrized-
para to para cross sections which can be obtained through the use of
Eg. 2.1. In Figs. 13, 14 and 15 we plot the resulting antisymmetrized
‘angular distributions ¢ é% ~p2 (summed over degenera{e product rotational
polarizations) for total energies of 0.5, 0.6 and 0.7 eV, respectively.
- Also plotted for comparison are the cvorresponding distinguishable atom
nonreactive and reactive cross sections where, for consistency, the
angle ¥ rather than XR (see Eq. 2.5) is used for plotting the reactive
differential cross sections. In terms of x, the reactive cross section
is forward peaked *»V'hiie the nonreactive one is backward peaked at
0.5 eV shifting to sidewards peaking at the higher energies. At 0.50 eV
(Fig. 13), the reactive cross section has a maximum value of 0. 0045

bohr /rad which is over 200 times smaller than the maximum value of
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the nonreactive one, 0.92 bohr/rad. This implies that fVI]fI_.V,j,
in Eq. 2.1 has a much larger absolute value than fv?—-v’j' so that

the antisymmetrized and nonreactive differential cross sections are
nearly identical. Some small amplitude oscillations are seen in

o 0%__02 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 coniributions to
the antisymmetrized cross section and are similar in origin to the
quantuin symmetry oscillations Which have been observed in atom-

26 As the energy is increased,

~atom elastic and inelastic scattering.
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 pfon‘ounced} in the for"»vard direction.
The frequency of oscillations in Figs. 13 ~ 15 seems to decrease x;vith
increésing scattering angle althoﬁgh for x near 180° the differences
between the antisymmetrized and nonreactive cross sections are too
small to allow an adequate characterization of ihis 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
“Q(I){g...gp Q (1):{0_.,035 and Q (%.,.05 as a function of the total energy E
and translational energy E,. 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 define 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° Q09-03. and Qy~o5 are 0.491, 0.546 and > 0.75 oV,
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 ‘
i)otential energy surface. Above threshold, ﬁQ_.O%W o1 Trises in a nearly
linear manner up to about 0. 65 eV and achieves a maximum value of
0. 31 bohr at about E =0.70 eV. TQ"OIS_,% and @0%*05 increase
monotonically in the énergy range spanned by- this figure, but may
level off at highefr energies. At very low energies, the integral cross
sections exhibit approximate exponential behavior. A characteriz’.aﬁon
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 converted to the corresponding para — ortho
quéintities by multiplication by 3. |

In Fig. 17 we compare the reactive cross ~ection Q(;%
- (summed over all product states) with the OVA result (using 'Vref =
V(rA,Rk, Yy = 0)). As mentioned in Section 3. 1, ‘the results obtained
using V ref = V{?“(r ,R}\) 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 eV. The two curves do cross

near E =0.52 eV, which is quite interesting, since a previous analysis
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of the collinear H + H, system (on a slightly different potential
surface) indicated that this reaction is very nearly vibrationally
adiabatic at this energy.zr7 Since, as we shall see in the next section,
collinear and coplanar calculations can be related in a reasonably
accurate manner, one might be able to assess the accuracy of OVA
caleulations in 2 and 3 dimensions by analyzing the extent of vib_rational
adiabaticity in the corresponding collinear systems.

In Fig. 18 we compare the nonreaétive and antisymmetrized
integral cross sections “Q-gIO»OZ and QO%—»OZ as a function of E
and E,. The rotationally inelastic cross sections have much 1ai~ger
magnitudegs than the reé,ctive ones of Figs. 16 and} 17, with a peak value
of 3.76 bohr near E =0.54 eV. Since the v' =0, j' = 2 state of H,
- becomes energetically accessible at E = 0. 300 eV, we see that there
is essentially zerc threshold energy for the nonreactive process so
that § (‘%woz coincides almost exactly with its distinguishable atom
coxmterpart Q% —~pg atall energies below 0.50 eV. Thereafter,
@f‘% —po- becomes progressively larger than “Q“@é.,.-og with no appzirent
asciﬂatory behavior as a function of energy resﬁlting, in contrast to

the angular distributions of Figs. 13 - 15.

- 3.4 Comparigson of Coplanar and Collinear Results

Because planar cross sections have the dimensions of length
Whilé collinear ones are dimensionless (i.e., collinear cross section
eguals collinear reaction probability), a direct comparison of these
quantities is not possible. One could devise models for converting

collinear resulls into planar ones by assigning a model impact parameter
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dependence to the collinear reaction probabilities. A more straight-
forward comparison can be effected instead by examining the behavior

28,29 and coplanar reaction probabilities

of the corresponding collinear
(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 =0and v =j =0 were chosen for this com?arison because they
correspond more closely to the collinear conditions. This choice is
furthermore justified by the fact that the form of the energy dependence
of the éoplanar probabilities for different J or j (for reasonably small
values of these quantum numbers)is essentially the same as that of

P?O (;T =0} as is demonstrated in Fvig. é() (where P&} (J =0), P(]?O (J=4)
and Pflfi (F =0) are pf‘iott‘ed)', Figure 19 indicates that the coplanar
results have nearly the same energy dependence with the energy scale
shifted upwards by about 0.055 eV in going from the collinear to the
coplanar curves. In addition, the maximum value of the collinear
reaction probability is 1.0 whereas that of the coplanar one is about

0.6. Both the energy shift and the difference in the maximum probability
are explainable in terms of relatively simple éoncepfs. To understand
the energy shift, we examine the nature of the triatomic Hgq system in its
transition state. In the linear case, this triatomic pseudomolecule has
two vibrational degrees of freedom: an ésymmetric stretch mode,

which is unstable and leads to motion along 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 overcome 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 0,01) is 0.42 eV, which is somewhat larger than the
0.3% eV Porter-Karplus surface barrier height. Collinear threshold
phenomena such as this have been analyzed in detail elsewhere. 27, v30
- 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 |
alsoc 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 appfoximately equal to the zero point bending energy

o

of about 0.06 eV for the surface used.”* Much of the above explanation -
has its basis on an approximate statistical theofy proposed by Mar‘cus.,g?‘ ;
The difference in the maximum probabilities attained by the collinear
and coplanar results can be understood by examining the oriéntation
dependence of the reaction probability. In the planar case with j =0
initially, the diatomic molecule does not rotate and has equal probability
of being in any orientation with respect to the direc}tion of approach of
the i_neident atom. Since the barrier height of the potential erergy
surface is 0.386 eV for collinear colli‘sionvs and increases to 2.8 eV

for perpendicular oneé, we Would expect that in the eneréy range being
cdnsidered, tile'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 yA] = 54° and, by
symn‘letry, for [180° - Yyl = 54° and zero 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 resultslz and from classical

trajectory resulis. 2

3.5 Product State P\ota’cional Distributions

In Fig. 21 we plot the integral cross section's 'Q“go —~ 0j"
(summed over final rotational polarizations) as a function of the pro-
duct rotational enei‘gy and quantum number for several tété:]. energies
E. We see from the figure that only small j' rotational states are

Vappreciably 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.
Not shown in the figure are the final rotational state distributions from
initial states j = 0. The qualitative shapes of these distributions are
not strongly dependent on j and look very much like those for j =0 in
Fig. 21. However, the magnitudes of the @g{j - 0 decrease mono-

tonically with increasing j for a given j'. 33

To a large extent, the distributions in Fig. 21 resemble
rotational Boltzman-like distributions with a single temperature
parameter. Distributions of this type ; for a planar system, may be

expected to have the forn134
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-E../kT(E
£.,(B) = A(E)(2 - éj,o),e J /_ (&)

j (3.3)

where A(E) and T(E) are energy dependent constants and 2 - 53“0 is

~R
Qg0 - 0j1) 252

a degeneracy factor. In Fig. 22 we plot logj 2~20j70
function of the product rotatioﬁal energy. The resulting curves for
different E are approximately linear (mdst nearly so at the higher

~ energies) in agreement with the predictions of Bg. 3.3, with temperature
pziramefers 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 erergies being Consi.éeered‘ 28

Indeed, the rotational distributions seem to be determined to a large
extent by the shape of the potential energy surface in the transition

state region of configuration space (see lower half of Fig. 1c). In this
transition state, the asymptotic free rotational motion has become a
seriously restricted bending motion. This bending motion becomes
again a free rotational motion after the feéctiOn, and, at 1éast quali-
tatively, the distribution of different product rotatidnal 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,

then the resemblance of the rotational distribution in Figs. 21 and 22

to a thermal distribution is at least partially coincidental. This
phenomenon should however be guite common since restricted bending
motion in the transition state region is a2 common feature of the potential
energy surfaces for many reactions.

In Fig. 23 we plot the OVA cross sections in a manner analogous
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to that done for the converged cross sections 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 highér (450 - 620 K) indicating that this approximate 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 QOO 01 . (SK) along with the Correspondmcr
results of two other studies on coplanar H+ HZ' QOOwOl' (WW, SE)

and Q 00-01 (WW,WE) are the results of two different applications

12 on the

- of the distorted wave approximation by Walker and Wyatt
Porter-Karplus surface. SE and WE refer respectively to the strang
and weak expansion path choices of the nonreactive reference potential
used to generate the distorted wave functions. Qg})—»ﬂl (AL) is the |
closeécoupling result (using one variation of the OVA) of Altenberger-
Siczek and Ii,sig;hfci7 in which an earlier calculation of Saxon and Light o
is corrected. These calculations were done for an analytical surface
fitted to the ab initio &SMK35 surface. The two approximate calculations
of Walker and Wyatt seem to bracket our result at low energies, but

for E > 0.60 eV, 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 05%»00 (Fig. 25)
are in good qualitative although not quantitative agreement with the.
corresponding results of our converged calculations, but a similar
compavrison of the cross sections GOROwOLL- in thsit figure indicates
serious disagreement, apparently the result of a much more rapid
fall off in the distorted wave reaction probabilities with decreasing
J (J <.0) than is the case with our results (as seen in Fig. 25(a)).
The results of Altenberger-Siczek and Li.ght7 cannot be
quantitatively compared with ours because of the difference in poten-
tial energy surfaces used in the two calculations but some qualitative
o‘bservétions afe nevertheless appropriate. First, the effective |
, threshoyld energies (defined in Section 3.3) of the integral cross
sections are about 0.502 eV for Q%G—»Gl«-(SK) and 0,531 eV for
QORO--OI (AL). The difference between these two numbers is identical
to the 0.029 eV difference between the respective potential barriers
(0.396 eV vs. 0.425 eV) in the surfaces used in the calculations. Since
the properties of the triatomic activated complexes are similaf, one
might expect that a small change in barrier height should ihdeed result
ina correspondingly small change in effective threshold energy as
observed. The fact that Qfy_q; (AL) is zn OVA result should be of
little significance in this argument since it was shown in Section 3.3
that our own OVA crbss 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 Ref. 7) have shapes which are

generally similar to ours (Figs. 9, 10 of this paper) for all transitions
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considered. The dominant peak near 180° in their angular distributions
is somewhat narrower than ours and their reaction probabilities fall

J

off more rapidly with increasing 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

strongly affect the shapes of ¢ R versus X and PR versus J curves.

3.7 Rate Constants

In this section we will examine the behavior of the para — ortho

thermal rate constant k 5 =0 (T). The crtho — para rate constant can,
of course, be obtained from kp 0 by using the easily calculable

equilibrium constant for this reaction, 31 computed for the coplanar
world of this paper. To obtain kp _(T) we first require the para to

A gsummed over all final ortho states and

ortho cross sections Q
averaged gver initial (para} rotational polarizations). These are
listed in Table IV for both the converged and OVA calculations.

The planar para — ortho rate constant is given by

-E, /kT
Kol =5 Z Z 2-5,)e SC YR E RS
' v=( i=0
(3~even}
where
>z  -E_./kT
Q=7 L @-sge VT (3.5)
v=0 j=0 :

- {j=even)
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and
" -BE' /KT :
,A . 2 1 « V] ey A t !» ) ni
L.Vj (T) »—\rﬂ R*T fo e ‘ Q Vj (E Vj) \?E Vj dE Vj (3. G)

Evj is the vibratioyn-'rotation energy of the initial state with quantum
numbers vj and E' vi is the translational energy relative to that state
(E' vi © E - E ) 1L is the reduced mass associated with the relative
motion of the reabents and the factor 2 - OjO is introduced to account
explicitly for rotaticnal degeneracy; The initial spin degeneracy is 1
for all para states. The rate constant thus defined has the units
cmz/molec« sec which is appropriate for a planar world in which con-
centrations are measured in molec /cmz, |

Using Egs. 3.4 - 3.6 along with the data in Table I, k 5o (D)
has been calculated. and the 1-e£_su1tin0‘ Arrhenius plots for the vibra-
tionally converged and OVA <Vr of V(r?\, A’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
_ cohsiderably larger than the converged one at low temperatures with
the Tatio 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 quite
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 resulting Arrhenius
activation energies of 5.2 and 5.0 kcal/mole for the converged and OVA
results, respectively. The high temperature Arrheniugs 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

paper.

1t should be aﬂpparent from the wealth of 'dynamical information
presented in Section 3 that these calculations can be extremely useful
to our understanding of chemical d},;na,micsq We 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 brimary emphasis is to use these
vesults as benchmarks against which approximate theories may be
compéred, with the hope that these theories may be in turn applied
‘to more complicated systems. The comparisons with approxiinate
calculations presented in Section 3.6 were incomplete in that the
‘results of quasi-»clalssical and semimcla.ssicai coplaﬁar 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‘theoriesf to provide
approximate coplanar results,v and simila.rly of coplana,:{;
theories to describe the three dimensional world. 38 Tbis was discussed
brieﬂy in Section 34 and will be further investigated in a separate
‘ paperu16

The cvoplanar célculatx‘_ons are also important in elu.cidating
what kinds of phenomena are significant in chemical reactions. The

guantum 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
symmelry effects may eventually be a useful expefimental 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 briefly 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 ;/VOI‘k indicates that in the neighborhood of
certain energies (suchas E ~ 0. 92 eV) this no 1onger~ seems to be
correct as very‘ significaﬁt resonant-like effects a‘re‘observede - The
importance of these resonant proces'sves is discussed elsewhere%.k

| Fina,lly, 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 calculétionsn
'Extension of this method to the A‘BD problem has recently been
acccmplishedg and the results of these 3D calculations and their B
comparison With 2D rnd iD ones should bé ext_reinely useful to our

understanding {}f chemical dynamics.
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transition probabilities at E = 0.60 eV, J = 1.

Rotational and vibrational convergence of coplanar

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

vibration)
. a N |
N U' Plonoz Popepa P%%ﬁ*oo_‘ Po~01 Po1-0-1
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
1.002 0.221 0.0873  0.0397

14

0.189

0.0821

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

&3

vibration)
-1 J R
M- .U Poo-02  Poi-o-1 Poo~00 Poo-o1 I%ﬁ-o-1
1®  1.003  0.259 0.260 0.0404 0.0372  0.0295
1.063  0.161 0.204  0.0895  0.0738  0.0477
1.063  0.238 0.315 0.0749 0.0578  0.0329
1.004  0.194 0.230 0.0829  0.0645  0.0396
1,007 0.195 0.233 0.0832 0.0646  0.0396

o e

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

state which differs by the Ia‘rgest}amount from unity and hence is a

conservative measure of deviations from flux conservation.

- outlined in Section 2.4.

bThe one vibration result was calculated according to the procedure
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TABLE III. Nonreactive and reactive transition probabilities for

E =0.50 eV, J = 0.

N=48,V_ ,* N=48, VP N=50, 7, ¢

Poy - 00 0.180 0.180 0.183

P ouo 0.383 0.383 0.383

Po]fl - 0s1 0.207 0.207 0211

Py - %1 0.583 0.582 0.580

Pog. oo  0.787x107 0.787x107° 0.755x1072

Poy . 0.  0.580x107° 0. 578x10" 0.557x10”"
Pyi - 0s1 0.422x10™* 0.419x10™? 0.404xi0™?

P et 0.413x10™2 0. 410x10" 0.395x1072

2 48 channels (v = 0-3; 12 rotations/vibration), Vref = VCOLLV:
V(I’ :R)v '}’A = O)- -
b‘48’ channels (v = 0-3; 12 rbtations/vibration), Vr(‘f = V’ok(rk,RA) .

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

reSpectively)‘, Vier = ng (rA’Rh)“
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FIG. 1. DPlot of potential contours for the H + Hz reaction1 in the

' ) 2 2 2
X, ¥, %, space having spherical coordinat’es_( = (RA + Ty ),
w = 2 tan™ rA/RA and v, for 7, = 0 and 180° (a), 45° and 225° (b)
and 90° and 270° (c). In (a) we also depict the lines of intersection
of the v, =0, 180° plane with the half planes 7 ,, T Ty i defined
in I which form the matching surfaces of the calculation, ¥For each
figure above, C)W)L is the intersection of the half plane determined by
OZ, and the corresponding smallest y, with the OXAYX plane.

Because of arrangement channel permutational symmetry, the lower

half of (c) represents contours on the matching plane e

FIG. ’2. Converged copia,nar reaction probability PJ’ 00 - 01 (for
thev=0, j=0-—v'=0, j' =+1 transition) as a function of the total
angular momentum quantum number J for E = 0.30 eV (crosses),

0.35 eV (triangles), 0.40 eV (squares) and 0.45 eV (circles). S‘mooth

curves have been drawn through the points.

FIG. 3. Reaction probability P;'s ) o analogous to Fig. 2 at total
. b
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 R
J,00 - 90

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

FIG. 5. Coplanar reaction probability pR for E =0.60 eV

| J,00 -~ 00 .
(translational energy E, = 0.33 eV) versus the total angular momentum
quantum number J. Sguares indicate the converged result while circles

indicate the OVA probability for collinear reference potential (V(, oll =
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V(l’k, R)\’ '}/)L = O))-

FIG. 6. Coplanar converged inelastic probability PJN00 .0z asa
. b

function of J for total energies E = 0.40 eV (dash-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 —j" > 0 collisional (noﬁreactive)- 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 directioh of
the rotational polarization indicated by curved ari:ows, and (c) the
receding scattered particles. Collision I considers a collision with 1
(and hence b) initially positive (relative to the coordinate system shown).
‘Coll.ision I considers hegative initial 1 and b. Note that the diatomic '
rotor with j = 0 is classically motionless with equal probability for

any rotational phase. The particular phé,se chosen was that believed

- to give significant rotational excitation for each situation pictured.

FIG. 8. Converged coplanar reactive differential cross section
00%;01 w}ersa’s the scattéring angle XR for energies E =0.30, 0. 35,

0.40 and 0.45 eV.

FIG. 9. Reactive differential cross section 0"‘0:% ~01 analogous to

Fig. 6 at total energies E = 0. 50, 0.55, 0.60 and 0.65 eV.

FIG. 10. Converged coplanar reactive differential cross section
@@% ~ o at same energies as in Fig. 8. These curves are symmetric

about X = 180°,
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FIG. 11. Vibrationally converged and OVA differential cross section
o (I):{O .o at E=0.600eV (B, =0.330 eV). OVA cross section was
computed with a collinear reference potential (Vcoll = V(rh, Ry, vy =0)).

The cross section for this transition is symmetric about x4 = 180°,

FIG. 12. Inelastic nonreactive (converged) differential cross section
for the coplanar v=0, j=0—-v' = O,v j' =+2 transition ‘at total energies
E =0.40 eV (dash~dot), 0.50 eV (dashed), 0.60 eV (solid) and 0.70 eV
(solid). | | ' |

. FIG. 18. Nonreactive {(solid), reactive (dashed) and antisymmetrized
(dash~dot) differential cross sections for the coplanar v =0, jA - 0~
A ’= 0, ! j* i = 2 transition (summed over final rotational polarizations)
at E = 0,500 eV (E, = 0.530 eV). Note that the &attering 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 ci'oss
sections analogous to Fig. 13 at E = 0.600 eV (E, = 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 =0.700 eV (E, =0.430 eV). See

remark about x in the caption of that figure.

"FIG. 16. Converged integral reactive cross sections ‘Qfé% ~01°

Q (?0 ~03 and é% 5 versus total energy E and translational energy

E,. (a) linear scale, {b) semi-logarithmic scale.
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FIG. 17. Integral reactive cross section Q‘& (summed over all
accessible final states) versus total energy E and relative energy E,.
Circles represent vibraticnally converged results and squares the OVA
ones using a collinear reférence potential.(a) linear scale, (b) semi-

logarithmic scale.

FIG. 18. Inclastic nonreactive integral cross sections Qé\g g9 and
Q 6‘6 ~.o2 (summed over f{inal polarizations) versus the total energy E

and relative translational energy E,.

FIG. 19. Total reaction probabiiities POR (collinear) and 'P‘OI({)

{coplanar, J =0, v =0, j =0 and summed over all final states)
_versus the total energy E and transiational energy E,. (a) linear scale ,

(b) semi-logarithmic scale.

FIG. 20. Coplanar total reaction -probabilities PO%(J = 0) {circles
- and solid curve), PISO (4 =4) (triangles and dashed curve) and Pé:{l

(J =0) (squares and dash-dotted curve) summed over all final states
versus total eﬁerg;y E and translational energy E,. (a) linear scale. -
(b) logarithmic scale. Note that the P§0(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’Jg() - bj’ versus the final rotational energy at a fixed total energies
E = 0.50 eV (crosses), 0.55 eV{triangles), 0.60 eV (squares) and
0.65 eV (circles). | '



315

FIG. 22. Semi-logarithmic plot of the integral reactive cross section
Q‘g{g ~ 05" (x2/02 - ﬁj,o)) 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
Q5o ot (x2/(2 - 6,,9)) at energies E =0.50, 0.55 and 0.60 eV

analogous to Fig., 22,

FIG. 24. Integral cross section Qé% - Olv‘versus E and E, for several
exact and approximate coplanar calculations. QI(;O'»OI (SI{)‘refers’

to the present results, Q' _ oy (WW, WE) and Q3 _ o1 (WW, SE) are
the results of distorted wave calculations of Ref. 12, and QROO 401(AL)
is the OVA result (ont a different potential surface and using a method

somewhat different from ours) of Ref. 7.

.~ FIG. 25. Reaction probabilities PJ?OO ~00 and P J:,ROO ~ 01 (a) and
differential cross sections o 0% pp and © 0% ~p1 (). WW refers to

the SE results of Ref. 12 with dashed curves referring to 00 — 00
transitiohs and dash-dot curves referrinkg to 00 ——> 01. SKrefersto

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 E; = 0.340 eV
(E = 0.61 eV) while SK results are at E, = 0.330 e.V (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 + H, 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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