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Accurate 3D quantum state-to-state reaction probabilities and collision lifetimes for the
H+0,—0OH+0 combustion reaction for total angular momentdmO are reported. The reaction
probabilities are dominated by resonances, many of which overlap. The total reaction probability is
not enhanced by vibrational or rotational excitation of the reactants. The first accurate final state
distributions are presented, and probability is found to spread out into all open product vibrational
and rotational channels, with a rather strong tendency to produce highly excited product rotational
states. The first calculated collision lifetimes are presented, and resonances with lifetimes of 1-10
ps are found at most energies. Whether the reaction behaves statistically is discussed, and future
extensions needed are also discussedl995 American Institute of Physics.

I. INTRODUCTION ior because it is an exoergic reaction with no barrier. Its rate
coefficient decreases as temperat(ife increases at lowr
and becomes flat at high*

H(?S)+0,(°% 4 ) —OH(?I1) + O(°P), 1) Experiments in which fast H atoms are produced by la-
ser photodissociation of a precursor in the presence of O
and the products are monitored with laser spectrostbp§®

are currently yielding more detailed information about reac-
tion (1). While many of these experiments are at high ener-
gies, som&1"22include energies low enough to be impor-
tant to chemical kinetics. Such experiments have yielded the
integral reaction cross section as a function of enéhg$the

The endoergic reaction,

is well known to be the single most important reaction in
combustion chemistry.# In the combustion of hydrogen and
all hydrocarbongincluding natural gas, gasoline, diesel fuel,
coal, etc) it is the rate-limiting, chain-branching step. It de-
termines explosion limits and flame propagation rates an
accounts for 80% of the £consumption. As a result of this
“overwhelming importance to combustiorf,"this reaction X e SRR 20 o
has been very extensively studied both experimentally an{-atom spin—orbit distributions; and the vibrational, ro-
theoretically, and the literature on it is very extensive. Wet@tional, spin—orbit, and\-doublet distributions of the OH
products>>~*They are now yielding the differential reac-

refer the reader to several reviews.’ of the subject and P oy : X
give only a limited review here. tion cross sectiof® Hence, a wealth of experimental infor-

The rate of reactioril) has been measured many times, Mation is available.
and the measurements at low temperatures agree well and There have also been many theoretical studies. Several
leave little uncertainty in the rate coefficient. However, until 2uthor$*~*°have performedb initio calculations, with vari-
very recently, the results diverged at higher temperature®us levels of sophistication, of points on the relevant poten-
with a factor of two difference between the loWwérand  tial energy surfacéPES; namely, theX *A” ground elec-
highett®! values of the rate coefficient obtained at 2500 K.tronic state of the HQsystem. These studies and available
As a result, there has been considerable contro%mgr experimental information make it clear that reactigpis an
whether or not the rate displays Arrhenius behavior at higiendoergic one with a well instead of a barrier. Along the
temperatures. It appears that this controversy has now be#ninimum energy pafff the potential falls smoothly with no
resolved by new measuremehtéto much higher tempera- barrier from the reactant asymptote into a deep well which is
tures (5300 K). These have been combined with lower tem-due to the bound hydroperoxyl radical, OOH. Then, from
perature measuremefits®to give a rate coefficiehtwhich  there out to products, the potential rises rapidly, contains a
appears to be accurate over a wide range of temperaturery small barrier and well, and then continues out to prod-

(960—-5300 K andis fit by a simple Arrhenius form. ucts. This small barrier and well both lie below the product
Although the rate of reactiofil) displays Arrhenius be- asymptote and thus do not constitute any real barrier to the
havior, the reverse reaction, reaction. They are due to a transition from a chemically

2 3 2 3w — bonding potential to a long range potential due to the inter-
OHCID+OCP) = H(S) +0(*2g), @ ction of the quadrupole moment of the’®) atom with the
whose rate coefficient is related to the rate of reactidrvia  dipole moment of the OH radical; iR~ % behavior is much
the equilibrium constant, displays very non-Arrhenius behavionger ranged than the usual van der Wa&s®) potential.
Several global, analytic PES’s suitable for reaction dy-
dpresent address: Department of Mechanical Engineering, Auburn Univernamic'S calculations have been repo&%ﬁﬁ'gl‘“The one

sity, Alabama 36849. used herein, which was the best available at the time this
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study began, is the DMBE IV PES of Varandas andquires an incident relative energy of 0.71 eV(8200 K) to
co-workers** It incorporates all the experimental informa- reach the threshold for reaction. Because of the large vibra-
tion known in 1990 and also maff{?® of the accurateab  tional zero-point energy of the OH product, the quantum
initio results of Walch and co-workers. With the energy zerothreshold for OH formation lies 0.23 eV above the classical
chosen to be the bottom of the asymptotie-&, well, the  threshold. As a result, even at energies well above the quan-
HO, minimum of the DMBE IV PES is at an energy of tum threshold, most reactive classical trajectories form the
—2.378 35 eV, and the bottom of the asymptotic OH channeDH product with less than its quantum zero-point energy.
is at 0.581 51 eV. The energy of ground state¢ ®,(0,1) is  This has caused much conckffi* about the validity of
0.097 87 eV, and the energy of ground state(@B +O (the  classical mechanics for reactiorfl) and continuing
reaction thresholds at 0.811 47 eV, so that the relati(epl-  attempt&>*°~*®t0 develop ways to incorporate zero-point ef-
lision) energy at the threshold for reaction is 0.713 60 eV.fects into the classical mechanics. These have not yet been
Consistent with experiment, this PES gives a hydroperoxylery successful, and QCT methods are still unable to specify
radical with an O—O bond length of 2.54%8, an O—H the threshold behavior. There have been no experimental
bond length of 1.8345,, and an OOH bond angle of 104.29 measurements of the threshold behavior, and the first reliable
deg. Also, its force constants are chosen to given fundamerirformation about that behavior appeared in a preliminary
tal vibrational frequencies in fairly good agreement with thereport® of the present work.
experimentaf values of w;=3436.1951,»,=1391.7, and In this paper we report accurate 3D quantum coupled
w3=1097.6 cm . channel(CC) calculations of reaction probabilities and colli-
There have also been a number of theoretical studies &fion lifetimes for reaction(1) for total angular momentum
the dynamics of reactiofl) and its reverse. Variational tran- J=0; a preliminary account of this work has already been
sition state theoryVTST) calculationg® using the Melius—  published® In similar work, Leforestier and Milléf have
Blint (MB) PES (Ref. 25 did not give a rate coefficient recently published a calculation of the cumulative reaction
agreeing very well with experiment; it was not clear whetherprobability, and Zhang and Zhatighave just published cal-
that was due to the theory or the PES used. Ffo&who  culations of the total reaction probability out of several initial
avoided the MB PES, has reported statistical adiabatic charstates. The present work is the first able to calculate detailed
nel model calculations that do agree quite well with experi-state-to-state reaction probabilities for this reaction.
ment. There have been no accurate quantum dynamics studies
Approximate quantum dynamics calculations have beemwf this reaction earlier than those not&®® because it is
reported’“%4*for the rate of the reverse reaction, reactionsignificantly more difficult than most reactions treated to
(2). However, the fact that reasonable agreement with experdate. It has two heavghonhydrogenigatoms, and the large
ment was obtain€d“® is not very reassuring because the endoergicity of the reaction causes many of the closely
simple capture mod#! used only includes the long range spaced Qvibration-rotation states to be open before the en-
and centrifugal interactions of ©OH and assumes that all ergy reaches the threshold for product formation. In addition,
systems that enter the OOH well region exit into the ®,  the deep OOH well causes many states that diabatically con-
arrangement. nect to OH product vibration-rotation states to dip down to
In addition, quasiclassical trajectoffCT) studies of become locally open in the well region and thus contribute
reactions (1) and/or (2) have been reported by many additional coupled channels. The hydroperoxyl radical is
authorsh16:17:2631.3442-48Thage studies have contributed nonlinear, and, at reactive collision energies, it can access all
much to the understanding of the reaction and have givenonfigurations from the linear prolate symmetric top through
many properties in agreement with experiment. Howeverall asymmetric tops to the triangular oblate symmetric¥op.
they have also caused some confusion. They show the existhis floppiness causes much more angular momentum cou-
ence of many long-lived, snarled trajectories that often tengbling than occurs in linearly dominated reactions and
to recross most transition state dividing surfaces that mighassure® that there exists no optimum body-frame axis sys-
be chosen, and this has led to a controversy. Statistical argtem for this reaction. In addition, two other effects conspire
ments lead one to expect that the rates of decay of sucto require integration to large distances before applying the
long-lived complexes into the various arrangement channelboundary conditions. The exchange of the H atom between
will be determined by the phase space volumes of the charthe two O atoms, which is allowed at all scattering energies,
nels. Instead, Millérand Varandas and co-work&té* ob-  has a heavy—light-—heawLH) mass combination with its
served importanhonstatisticalrecrossing effects, with many attendant small skew angle, and the aforementioned dipole—
more trajectories started out in thet@H arrangement re- quadrupole(R™%) potential in the product arrangement is
turning there than expected, which also contradicts thenuch longer ranged than the usual van der WéRIS) po-
simple quantum capture modef®*! discussed in the pre- tentials. This large number of coupled channels and large
ceding paragraph. On the other hand, #fG8 argued that integration distance would make this an especially difficult
those effects are due to the PES used and do not requireaction to treat in detail with those methods which use ra-
invoking nonstatistical effects. Also, Nyman and dial basis functions and arrangement channels internal basis
Davidssoft® have noted that the amount of recrossing ob-functions. The hyperspherical method used herein makes this
tained depends on the details of how different QCT methodseaction feasible because it uses locally adiabatic internal
handle quantum zero-point energies. We discuss these nexbasis functions, and the cost of the radial propagation is sim-
Because of the large endoergicity of reactid, it re-  ply linear in the distance propagated.

Downloaded-28-Aug-2002-t0-129.15.30.25 K6 B YQlp k2. Noals- 1&ARLL 1998 by right, ~see-http://ojps.aip.org/jcpoljcper.jsp



6000

In the next section we describe the calculations per-
formed. Section lll contains our results and a discussion of
them, and Sec. IV contains our conclusions and a discussion

1.0
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of future work needed on this system.

Il. CALCULATIONS
A. APH method: Potential energy surface

We use the APH method which we have detailed
elsewher@?=> In brief summary, it uses the adiabatically
adjusting principal axes hyperspheridd@dPH) coordinates
and expands the wave function for a given total angular mo-
mentum (J) in terms of WignerD functions of the Euler
angles, “surface functions® of the APH hyperangleg and

A

X, and unknown functiong of the hyperradiug. The set of S I o e
® form a compact basis of internal states determined by -1.0 05 0.0 0.5 1.0
solving, at a series op values, a two-dimensional Schro (@ X

dinger equation that depends parametricallypoiihe set of

& for a given value op are used in a sector centered at that |
p value and are independent @bn that sector. The{(p) are ”“ il W!h
determined by propagating the coupled chan(@f) equa- ‘ N Ll
tions, keeping all coupling, from small, where they are
regular, to asymptotip, where a similarity transformation
takes theR matrix from APH coordinates to arrangement
channel Delves’ hyperspherical coordinates, and then the
boundary conditions, which have been transformed from Ja-
cobi to Delves’ coordinates, are applied directly to obtain the
K matrix and the scatterin@) matrix.

As noted in the Introduction, we use the DBME IV
PES3* and consistent with the use of this single-valued
ground state potential and in common with similar stwtfies
of simpler reactions involving OH, we neglect all coupling
of the nuclear motions to the electronic orbital and spin an-
gular momenta. This amounts to treating bothadd OH as
Hund's caseb) molecules’® For the H?S)+0,(°3 ) reac-

tants this is an accurate approximation; for theFIG 1 Cont lots of the DMBE IV PES at fixed val h
3 2 o s . . 1. Contour piots 0 e at fixea valuespo ese are
O(°P)+OH(“II) products it is much more approximate as stereographic projections of the surface of an upper half sphere. The APH

discussed in Sec. IV. Thus, the diatomic angular momentangieg runs from 0 at the north pokeenter of plotsto (7/2) at the equator
denoted here by correspond to the nuclear orbital angular (heavy circle. (Points outside the equator are not physjcghe APH angle
momenta usualf39 calledR by SpGCtI’OSCOpiSté?OZ has onIy X is measured_from the positi_veaxis on the;e plots and grows as one goes

. . : . . counterclockwise. The repulsive regions with energy above the solid contour
odd integeyj states as required by its electronic and nUdea':'ﬂ 2.0 eV are shaded. The dashed contours are at energie2.0f —0.4,
spin symmetrie&? so that its ground vibration-rotation state 0.2, 0.83, and 10.0 eVa) p=10a,; (b) p=4.7 a,.
is Oy)(v, j)=0,(0,1). OH has all integeyj. In the present
calculations, the total nuclear orbital angular momentum, de-
noted here by, is fixed at zero.

Plots of the behavior of the DMBE IV PES in other channels appear close together because H atom exchange has
coordinates have been given elsewh¥r€o give some idea a HLH mass combination as noted in the Introduction. In
of its behavior in APH coordinates, plots of it ¥sandy at  Fig. 1(b), p=4.7 g, is in the potential well region near the
fixed p are shown in Fig. 1. All energies are measured relaOOH minimum which occurs at 4.8,. Here the arrange-
tive to the bottom of the asymptotic-HO, well. The hyper- ment channels are overlapping. Looking at the upper half of
radiusp is large(10 a,) in Fig. 1(a), so that the arrangement the figure, the “eyes” in the “mask” are the potential wells
channels are separated from each other. The larger channelsrresponding to bound OOH; the “nose” and “ears” are
are those of the HO, arrangement; the smaller ones arepotential hills. Motion in # near the minima corresponds
those of the two @ OH arrangements. Six channels show mostly to the highest frequendw,) OH stretching vibration
because each arrangement appears together with its mirrof OOH; motion inx is mostly the intermediate frequency
image as discussed elsewh&t&otation of each of the di- (w,) bending vibration; and motion ip (not shown is
atomic fragments corresponds to movement in the potentiahostly the lowest frequenciw;) OO stretching vibration of
wells parallel to the contours; vibration corresponds toOOH. This order is consistent physically with the order in
movement perpendicular to the contours. The two+@H  which the APH theory treats the variables.

-1.0 -0.5 0.0
(b) X

0.5
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TABLE I. Input parameters for the HO, ABM calculations.

6001

TABLE II. Variational parameters for the HO, ABM calculations.

Arrangement 1 2 and 3 Arrangement 1 2 and 3
atomic masgamu 1.007 825 03 15.994 914 61 Iy 1.035 1.15
scale factod 0.591 208 29 1.717 087 40 C, 0.94 0.82
w, (a.u) 7.199 889-23)2 1.703 049-2) a, 0.95 0.88
weXe (a.U) 5.458 4—5) 3.867 48—4) ¢ 1.0 1.0
re(ag) 2.28188 1.832 39 1 0.01 0.01
Vinax 10 7
i 73 32
nhermt 13 24 . .
nglegn i 61 overlap matrix between the last set of DVR functions and the

first set of ABM functions were calculated. Then, the results
were combined, so that the propagation, which only requires
the coupling and overlap matrices, could be done as if the
surface functions had all been calculated by one method.
The surface function eigenvalué$p) show many cross-

The APH coordinates make the symmetry of the systerr'1ngS and avoided crossings as a functiorpoff the eigen-

very clear as is apparent from Fig. 1, and this symmetry Wavalues are connected from opdo the next in simple energy
utilized in the calculations of the surface functiobsto re- %adlabatl() order, they often look rather like spaghett‘f’ '

duce the size of the calculations and only generate functiongggngnt:gt);ez VEiry (cjal)ﬁl\(/:vlﬂitcrrs;g?/vgﬁgoeifogr?\\;\;ltgssmt,hgts
of the symmetry desired. The surface functions frem3.3 y Fa.d), 9

ay, where all the surface function energies are strongly re!Ie between 0.5 and 1.0 eV fqr between 6 and . If,

. . . . however, one connects the eigenvalues at@owih those at
pulsive, to 6.5a, were calculated using a discrete vanablethe next using alaorithnd® which maximize the eicenfunc-
representation(DVR) method which we have detailed g alg 9

elsewhere?® The calculations used 55 intervals éhand 90
intervals iny. TheE parameter varied from 23.0 to 2.8 eV

2This notation implies 7.199 889103,

B. Surface functions

1.00 A A i Wi -
across the range, and tMg,,, parameter was kept equal to O
1.5 timesE ;. All these parameters were carefully chosen to
give the eigenvalues of all states lying below 1.3 eV con- 0.90 2]

verged to within about 0.3 meV at gl on this range. With

the sequential truncation-diagonalization method this re- 3 0.80 EZ
quired solving eigenvalue equations of dimensions ranging : /
from 415 to 1665, and the lowest 350 eigenfunctions and 2
eigenvalues were kept. E 0.70 &

The surface functions frorpp=6.5 to 30.0a, were de-

termined using the analytic basis meth@BM) which we 0.60 5 i ——
have recently described in det3iIThis large finalp value is 72 ;2/4?7/,//; S
necessary to make the magnitude of the long-rafigje®) 0.50 &2 T

potential in the product arrangement less than 0.5 meV for 6

all OH orientations and its averatjenagnitude less than 0.3 (@)
meV and thus allow calculation of resonance positions to

that accuracy. Attempting to stop at much shorter distances

will give inaccurate threshold and resonance positions. The
parameters and size of the basis were optimized to give the 0.90
asymptotic diatomic eigenenergies accurate to better than 0.1

meV, to give the eigenvalues of all states lying below 1.3 eV <

accurate to about 0.3 meV at allto keep the quadraturesan & 0-80

order of magnitude more accurate than the energies, and to 3

join onto the DVR results smoothly with good completeness E 0.70
w

of the overlap matrix. The parameters of the primitive basis
are given in Table | and Il. With symmetry, this basis gives

an eigenvalue problem of dimension 671, and the lowest 350
eigenfunctions and eigenvalues were again kept.

The centers of the sectors at which the surface functions
were determined were spaced logarithmically, with epch
being 1.01 times the previous valu@his is a conservative
spacing WhICh assures good overlaps between sectdie. FIG. 2. Surface function eigenvaluésV) plotted vsp over a small range of
DVR functions were thus calculated for 68 sectors and thenergy and distancda) Adiabatic connection of the pointsb) Diabatic
ABM functions for 155 sectors for a total of 223 sectors. Theconnection of the points. See the text for a definition of the diabatic method.

0.60

0.50 . !
6.0 6.5 7.0 7.5 8.0 8.5 9.0

(b) p (Bohr)
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FIG. 3. Diabatic surface function eigenvalues plotted over a wider range of energy and distance. See text for discussion.

tion overlaps, one gets “diabatic” curves, such as thosenect diabatically solely with @OH products rather than
shown in Fig. 2b), which appear much smoother and morewith the H+-O, reactants. This should perhaps not be surpris-
continuous. One sees gently rising and falling curves whiching; the bond length and OH stretching frequency in OOH
asymptotically approach reactantH®, states and steeply are very little changed from those of isolated OH. However,
rising curves, some of which have barriers, which asymptotiit does explain why so many coupled channels are required
cally approach product OHO states. in this problem; for any energg, the number of open chan-
All the “diabatic” curves obtained from the 350 adia- nels at anyp is the number of curves lying below thgat At
batic curves are plotted over a wider range of energy anthreshold(0.811 47 eV, at asymptotic distances there are 95
distance in Fig. 3. In the interest of space, the curvespfor open Q vibration-rotation states and one open symmetrized
from 11.5 to 30a,, which change slowly with distance, are OH state for a total of 96 open channels. At this same energy
not plotted. In Fig. 3 one can clearly see where each of th¢here are a maximum of 155 locally open channelg=a5.0
vibrational states of @lie at large distances, and one also a,. At the highest energy consideréd42 e\j, 246 channels
sees clearly that the strongly bound surface functions corare open asymptotically—220,@eactant states and 26 sym-
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TABLE lIl. Convergence of reaction probabilities with respect to distance atTABLE IV. Convergence of reaction probabilities with respect to the num-
which boundary conditions are applied,,,,=350. See text for discussion. ber of propagation steps per asymptotic wavelendth,,,=350 and
Pen=30.051. See text for discussion.

E@Y)  pena NUE) Pgi(to) Pgagto) Pgzatot) Py 4(0,0

EeV) N NO(E) Py q(tot) Py ,gtot)  Pg4(tot) Py 4(0,0)
0.8170 14.248 1.151 2.4852 091B-2 6.622—3 1.932-2 seps N'(E)  Pos 029 >t ot

21.213 1.286 3.049-2 1.13%—-2 2.292-3 2.93&-2 0.8170 24 1.304 2.699-2 1.04@-2 4.15®-3 2.524-2
30.051 1.304 2.639-2 1.04@—2 4.15®-3 2.524-2 30 1.308 2.708-2 1.03%-2 4.32&-3 2.55&-2

0.8440 14.248 1.210 2.2662 8.46@—3 0.908—-2 3.51&-3 1.4200 24 10.012 3.3481 4.63@-2 155&-1 1.67®-2
21213 1.261 1.946-2 8.99k-3 1.314-2 7.58%-3 30 10.012 3.34¢-1 4.64@—2 154&-1 1.67&-2
30.051 1.262 2.169-2 9.02@-3 1.05®-2 7.43@&-3

0.8755 14.248 2.256 4.9842 6.582—3 4.43®-2 7.38k-3

21.213 2.379 8.239-2 5.672—-3 3.29@—-2 9.41%-3 . .
30.051 2.375 8.868-2 5.344-3 3.412-2 8.17%-3 through 1.42 eV in steps of 0.0005 eV was defined, and a

blank R matrix was created for each. Then, those for the
1.0200 2114'221438 33?6%018 87_;;?; j:i;;:; g:sgzig g:%;:g e!ﬂergies want_ed were deleteq. As eaph computer fin_ished a
30051 3592 7.77%9-2 4.194-2 8.90@—2 9304—3  diven energy, it would look to find the first missifmatrix,
12200 14248 5504 15671 45292 10861 L96G_2 recreate a blank copy, and then do the calculation at that
' 21913 5612 15661 4982 11831 231w o  ENErGy. In this way, several workstations could simulta-
30051 5605 15861 47582 119G_1 22462 neously work steadily without interfering with each other.
The present work includes every point from point(®33110
1.4200 14.248 9.820 35841 4.61%-2 1.84%-1 1.36%2 eV) though point 121(0.8600 eV with 0.0005 eV spacing,
2 39S 1S HERL LI every other poitflom 120610 eV through 22109100
eV), i.e., with 0.001 eV spacing, and every 50th point from
241(0.9200 eV through 1241(1.4200 eV, i.e., with 0.025
eV spacing, for a total of 170 energies.
metrized OH product states. This number rises to a maxi- In addition to the above calculations, runs at 11 selected
mum of 308 locally open channels at fag. From Fig. 3 it  energies were made in which the energy derivative of the log
is seen that these extra channels that are locally open in thderivative matrix was propagated along with the log deriva-
well region connect diabatically to asymptotically closed OHtive matrix to allow the direct calculatiéf of the energy
vibration-rotation states. derivative of theR, K, andS matrices and thus of Smitl%
collision lifetime matrix(Q). The energies of these calcula-
tions were chosen to span the full energy range of the main
set of calculations, and those at the lower energies were cho-
The coupled channdlCC) equations, including all cou- sen to be where there appeared to be peaks or valleys in the

pling, were propagated using the log derivative methodll  probabilities. Then, because very narrow peaks were found
propagations were started @t 3.3a, where all theZ{(p) are

so repulsive that the amplitudes of all ti#p) are negligible.

Calculations were performed at a few random energiesrABLE\/. Convergence of reaction probabilities with respect to the number
across the full energy range to test convergence with respest coupled channels propagatgsg,=30.051. See text for discussion.

to the pog at which the propagation was stopped, and the
production calculations were then ended at 38,0 Calcu-  E@Y)  Nenan N%(E)  Posto)  Pooglto)  Pssto)  Po(0,0
lations were also performed to test convergence with respeetsizo 300 1.326 2.7862 1.072-2 4.26%-3 2.61%-2

C. Propagation: Final state analysis

to the number of steps taken per shortest asymptotic wave- 330 1.303 2.71¢-2 1.04%-2 4.23@-3 254k-2
length, andNep=24 was then used. Calculations were also 350 1304 2.699-2 1.04&-2 4.15%-3 2.52&-2
performed to test convergence with respect to the number ¢fgsa0 300 1263 2.1692 9.136-3 1.014-2 7.53%-3
CC equations propagated, aNg,,,=350 was then used. 330 1.263 2.180-2 9.04&-3 1.04@-2 7.512-3

These propagations are the most time consuming part of 350 1262 2168-2 9.02@-3 1.05-2 7.43@-3
the calculations(To calculate all the surface functions at all 55755 300 2368 86462 52583 35122 7.84%-3
distances took less cpu time than to do the propagations at 330 2.370 8.696-2 527%-3 3.398-2 7.94%-3
eight energie$. The propagations were performed on net- 350 2.375 8.860-2 5.344-3 3.412-2 8.17&-3
works qf SUN and HP workstations at Los Alamos and Fhel.0200 300 3571 79882 43862 858462 9.96k—3
University of Oklahoma. For example, a typical propagation 330 3593 7.768-2 421G-2 904@—2 9.26%—3
at one energy required 7339 symmetric matrix inversions to 350 3.592 7.778-2 4.194-2 8.90G—2 9.304-3
propagate across the 223 sectors and 444 matrix mulﬂphc “9200 300 5595 1981 388%-2 120B-1 13452
tions to transform at the sector boundaries and required 9.4 330 5601 1595 1 4.68%-2 11661 20852
on a HP 735 or 49 h on a SUN Sparc 2 workstation. The 350 5605 1.586-1 4.75@—2 1.19G—-1 2.246—2

main group of calculations for the present work includes 170 4200 300 10495 41661 5.86@-2 133b-1 2.24%2
energies. To ;peed th(=T process a simple but effective distri: 330 10017 34761 5195-2 152b—1 2216-2
uted processing algorithm was implemented as follows: A 350 10.012 3.348-1 4.63G—2 1556—1 1.65B—2
grid of 1241 energies spanning total energies from 0.8@
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6004 Pack, Butcher, and Parker: The H+O, combustion reaction

in the probabilities, additional calculations, including the en- . . . . . .
ergy derivative, were performed for 26 more energies near  '%°
0.817 eV with a grid that could be made as fine as 0.000 02 9.0
eV to see just how narrow the peaks there are and how large 8.0
the collision lifetime becomes in their vicinity. We discuss 7.0
the results in the next section.

The symmetry of the resulting matrices(and hence the &
unitarity of theS matrices is excellent. However, the energy %
derivatives obtained are not so stable, and it was found nec- 4.0
essary to symmetrize the calculatéd/dE to obtain colli- 3.0
sion lifetimes that are always stable, smooth functions of the 2.0
energy.

PR N U I T O I NI B |

0.8 0.9 1.0 1.1 1.2 1.3 1.4

I1l. RESULTS AND DISCUSSION
(@) ENERGY (eV)

A. Convergence tests

The results of the convergence test calculations are given
in Tables 111-V. One sees in all of them that the most highly
averaged quantity, the cumulative reaction probalSfiit§°or
number of reacting states\°(E), quickly converges, the
larger partially averaged total reaction probabilities out of
given initial vibration-rotation ¢, j) states show intermedi-
ate convergence, and the smaller total probabilities and the
state to state reaction probability to go from ground state
(v, j)=(0,1) reactants to ground sta(@,0) products are the
most sensitive. The results of the tests of convergence with
respect to the,,q at which the propagation was ended are
given in Table Ill. One sees that, except at the lowest energy
shown, N°(E) seems converged to within about 5% by 0 L. 1 1 1

. s 0.82 0.84 0.86 0.88 0.90
Pend=14 @y and, at all the energies, to within about 1% by b) ENERGY (eV)
Peni=21a,. For the total and individual probabilities shown,
many are fairly close ap.,—14 a4, but others are inaccu- 1.5 .
rate by as much as a factor of 2. Everpgi;=21 a,, where -
most of the entries agree with those obtained wpith=30 "
ag, there are several that differ by 15%—25%, and one that
differs by almost a factor of 2. Part of this sensitivity is
caused by the fact that any approximation can shift narrow L
resonances onto or off a given energy. However, since we
wanted these calculations to be benchmarks with accurate
probabilities and locations of resonances, we chose to use
Pend=30 a, in all the production calculations. We note that
this is feasible here because the cpu time required by the CC L 3
method, while cubic in the number of internal staths,..) L §
used, is strictlylinear in the distance propagated, and it - 1
could be made even less than that if we were to propagate T ' 0‘8'17 ' 0‘8'18
separately in each arrangement channel outside the exchanggc, ENERGY (eV)
region. On the other hand, the cpu time required by all of the
current_ tlme_depe,ndent o,r tlmg-lndepenQent methqu WhICPIG. 4. Cumulative reaction probability or number of reacting states plotted
use grids or basis functions in all variables, while oftenys total energy. The points give the raw data; the line is only to guide the
touted to be less than cubic, grows significantly faster tharmye.(a) Plot over the full energy range of the calculatiotts. Blow up of
linear with the distance covered. the low energy region to show the structute). Further blow up of a very

The results of calculations testing convergence with thé]?.rrow energy region showing smoothness of the structures with a very fine
number of propagation steps per shortest wavelength are
given in Table IV. There one sees that, at both the highest
and lowest energies, most of the probabilities are converged The convergence with the number of coupled channels
to well within 1%, with the smallest one at its most sensitive(Ng,4n) pPropagated is shown in Table V. One sees that most
energy(see Table Il within 4%, for the two values oR,s  Of the probabilities show convergence to within 1%-3%
shown. AccordinglyNgeps=24 was used in all the produc- with 300—-330 internal channels. However, from the results at
tion calculations. the highest two energies, it is clear that calculations with

NO(E)
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FIG. 5. Total(summed over all final product stajesaction probability starting from £0,1) plotted vs total energf and compared with the results of Zhang

and ZhangRef. 51 (ZZ). (a) Plot over the full energy range of the calculations. The points are the present results; the line gives the results) &|@&.

up of the low energy region to show the structure. The points are the present results; the line gives the results &l@¥.up of the low energy region;

both the points and the line are the present res(djs-urther blow up of a very narrow energy region showing smoothness of the structures with a very fine
grid; both the points and the line are the present results.

these smaller numbers of channels are becoming inadequaB®ltzmann distribution. Figure (4) showsN°(E) over the
there. To get results accurate within a few percent at thevhole energy range at which calculations were done. We
highest energies and assure accurate description of narravete that it shows much fine structure as a function of energy
resonances at low energies, we elected toNigg,=350 in  at the low energies at which a fine energy grid was used. We
all the production calculations. hasten to point out that we expect this structure to continue
We believe that all the other numerical parameters in altg a1l energies shown; the only reason that less structure ap-
steps of the ca_\lculation are consistent with accuracy at Ieasf,,tears at higher energies is because a coarse energy grid was
as great as given by the parameters tested in these thrggeq, and for that reason the actual points at which the cal-
tables, and that the convergence in these tables is represefjiations were done are shown. A blowup of the low energy

tative of the real accuracy with Vr;IhIS:\/ItQE Rﬁfggt svalcu'a'portion of Fig. 4a) is shown in Fig. 4b). There one sees that
tions treat reactive scattering on the - We notqpere is much sharp resonance structure which is still not

that the present results are slightly different from and bettefully resolved at the 0.5 meV grid spacing at which these

Svoor:\é.erged than the results in our preliminary refioof this calculations were performed. Accordingly, Figichshows
calculations on a much finer grid yet in a narrow region

about the peaks near 0.817 eV, this plot shows that the re-
sults in this vicinity are smooth and fully resolved on this
1. Cumulative reaction probability scale.

Figure 4 shows the cumulative reaction probability or ~ Much of the current interest in the cumulative reaction
number of reacting statd$’(E). This quantity was defined probability stems from the recogniti®h® that steplike
by Miller® who showed that the thermal rate coefficient isstructures inN°(E) are a signal of quantized transition
essentiallyN’(E) summed over all and averaged over a states. As we showed in Ref. 49, smoottithgf Fig. 4(b)

B. Reaction probabilities
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6006 Pack, Butcher, and Parker: The H+O, combustion reaction

produces a plot which shows some faint steplike structures at

about 0.83, 0.855, and 0.885 eV, and these are approximately 0.15
the energies of the barriers in three effective potentials in the 0.10
8 a, region of Fig. Zb) that correlate with rotationally ex- 0.05
cited states of the OH product. However, the correlation is o:oo
not perfect, and we do not wish to claim too much for it.
Because this reaction has no real potential barrier and has so 0.15
many open coupled channels, one should perhaps not expect 0.10
guantized transition states to be very obvious. S 0.05
We note at this point that a calculation BP(E) which g 0.00
should be comparable with Fig. 4 has recently been pub- S 0.15
lished by Leforestier and Mille¥’ Their results agree quali- @
tatively with the present results; however, on the average 0.10
their N°(E) is smaller than the present results by about 20%. 0.05
We believe that the results of Ref. 50 are not converged for 0.00
two reasongl) The convergence tests discussed above indi- 0.15
cate that the preseM’(E) is converged to well within 1%, 0.10
and(2) the magnitudes of the results of Zhang and ZRang 0.05
for some of the probabilities that contribute significantly to ’ 0
NO(E) agree very well with our results as discussed below. 08 09 1.0 11 1.2 1.3 1.4
From N°(E), one could calculate th&=0 contribution ENERGY (eV)

to the rate coefficient exactly; howevel=0 contributes a

small fraction of the total rate coefficient. Also, withJa FIG. 6. Total (summed over all final product stajesaction probability
shifting approximatioﬂ? one could estimate the experimen- starting from Q(, j) pIottgc_i vs total energ¥ over the full energy range.

tal rate coefficient. Leforestier and Milf@have done that '€ panels are for small initigl(3, 5, 7, and 9as labeled.

and found that, because the present reaction lacks a well-

defined transition state at which to calculate the rotational

energies, the uncertainties in the procedure allow one to gettRan ours. It also causes their method to miss a few of the
rate coefficient either larger or smaller than experiment. We/ery narrowest peaks. This can be seen by comparing Fig.
do not report] shifting approximate results here; similar ap- 5(¢), in which the line simply connects the present points,
proximations and their results for the present reaction ar&ith Fig. 5b). Our time-independent CC calculations have

being studied by Yang and Klippenstéih. essentially infinite energy resolution, and, if they are done on
a fine enough grid, as shown in Figdb, wherePfil(totaI) is

2. Total reaction probabilities
Now let us consider a less—but partly—averaged quan-

tity, namely, the probability for reaction from a given initial ' ' ' b
vibration-rotation state of the £reactant summed over all 0151~ |
possible final product states, denotBff (total). We first 0.10 — =4
consider P§,1(total), the total reaction probability out of 0.05— —
ground state reactants; it has very recently also been calcu- 0.00
lated by Zhang and Zharly(ZZ) using a time-dependent 0.15
method, and their results are compared directly with the 0.10
present results in Fig. 5. In Fig(&® the solid line gives the =
results of ZZ, and the points are the present results. We note % 0.05
that their resul8 confirm what had been expect&; & 0.0
namely, that the narrow structures continue to all energies. { 0.15
Also, we note that the agreement is generally very good, 0.10
their line passes through or near most of our points, so that 0.05
they agree to within mutual uncertaintiés few percent in 0.00
each. This confirms both calculations because completely
different methods are used. 0.15
A blowup of the low-energy fine-grid region is shown in 0.10
Fig. 5(b). It is clear from it that not only do our results and 0.05
those of ZZ(Ref. 51 have the same magnitude, but they are 0
also describing the same resonance structures. The differ- 08 08 1.0 11 1.2 1.3 14
ences seen are due to the fact that ZZ can only propagate ENERGY (eV)

over a finite time, and that gives their results a finite energy. , . .

. . . IG. 7. Total (summed over all final product stajeeaction probability
reSF’lUt'on which te_nds to smear the_ results a |I'Ft|e, 59 tr"aat.tarting from Q(0, j) plotted vs total energ§ over the full energy range.
their peaks are a little lower and their valleys a little higherThe panels are for large initial(11, 21, 31, and 4las labeled.
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FIG. 9. State-to-state reaction probabilitlég,l(l, j) vs total energyE for
going from ground(0,1) state reactants to vibrationally excited product
0.03 states ¢, j) with v=1 andj equal to 0—7 as the panels are labeled.
0.00
0.03 o ) )
0.00 in Fig. 5. From our experience, the CRAY-YMP is roughly
) 10 times faster than the HP 735 for our programs, so that,
0.03 with the times noted in Sec. Il, that effort was about the same
0.00 as that required for 20 energies via our CC calculations. To
“S 0.03 get a resolution equalling that of ZZ across the whole energy
9,/_ 0.00 range shown in Fig. ® would require CC calculations at
oS 0.03 roughly 600 energies. That means that, to generate Fig. 5, the
& 0.00 time-dependent method of ZZ is faster than our CC method
) by a factor of about 30. However, their method, which gives
0.03 the total reaction probability out of a given initial state, can-
0.00 not presently give final state distributions, and it must be
0.03 repeated for every initial state wanted. The present CC
0.00 = method, on the other hand, gives the compftaatrix with
0.03 all its detailed information at each energy at which it is run.
oF That means that, if one Wanlfsf (total) for relatively feww
0.8 09 1.0 1.1 1.2 1.3 1.4 andj at a large number of energies, the method of ZZ is
(b) ENERGY (eV) much faster; however, if one wants many initial states or

detailed final state distributions at relatively few energies, the
FIG. 8. State-to-state reaction probabilitie§ ,(0, j) vs total energyE for  present CC method is much faster. ZZ give results for four
going from ground(0,1) state reactants to product states {) with v=0 jnitial states, and we present results for a total of about 200
andj equal to(a) 07 and(b) 8-15, as the panels are labeled. energies, so the results of this paper actually cost about 2 to
3 times the cpu time as those of ZZ’s paper.

In our earlier repoff we noted that this reaction, in con-
plotted over a very narrow energy range with a very finetrast to the similar He HJ reaction$®"® showsno enhance-
grid, they show that the peaks are smooth and have finitenent due to initial vibrational or rotational excitation of the
widths. However, to carry out CC calculations on a very fineO, reactant, and we presented pIotsRif (total) for (v, j)
grid over a very wide energy range gets expensive. Tinus, =(3,1) and (0,29 there. Zhang and Zha?ﬂg have shown
practice our energy resolution is better than that of ZZ in results for(1,2), (2,2), and(3,1) which agree with present
our fine grid region, and theirs imuchbetter in our coarse results. The presemﬁ j(total) for (4,1), (5,1), and(6,1) (not
grid region shown in Fig. &). shown grow slowly smaller as the initial vibrational excita-

At this point we compare the costs of the calculations oftion v grows larger but show no interesting new structure or
ZZ (Ref. 51 and ourselves. About 20 cpu hours of CRAY- behavior.
YMP time were require to produce the ZZ results shown To give the reader a better idea of the dependence of the
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FIG. 10. State-to-state nonreactitaastic and rotationally inelasjigrob-
abilities Pg‘yl(o, j) vs total energyE for going from Q ground(0,1) state to
O, states (0,j) with small finalj equal to 1, 3, 5, and 7 as labeled.

P(Ff, j(total) onj, Fig. 5@ shows it forj =1, and Fig. 6 shows
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PNo.1(v,1)

1.0
ENERGY (eV)
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FIG. 12. State-to-state nonreactiveibrationally inelasti¢ probabilities
Pg‘,l(v,l) vs total energ¥ for going from Q ground(0,1) state to Q states
(v,1) with finalv equal to 1-5 as labeled.

it for j=3, 5, 7, and 9. One sees that the magnitudes of thesgal effects(j=I for J=0), colliding reactants with large
total probabilities are similar, but that, even though thesdnitial j are kept out of the region of strong interaction with
rotational states of Qare closely spaced in energy, the nar-product states and have small total reaction probability. The

row resonance structures vary strongly wjthThe same

ng j(total) for j=45 (not shown are never larger than 0.01

quantities for the larger values pf11, 21, 31, and 41 are ©on this range even though,@, j) states with much larggr
shown in Fig. 7. One sees that, due to rotational and centrifudre open asymptotically.

FIG. 11. State-to-state nonreactiVeotationally inelastit probabilities
PB‘,l(O‘ j) vs total energyE for going from G ground(0,1) state to Q
states (0,j) with large finalj equal to 11, 21, 31, and 41 as labeled.
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At this point we note that thé’fi j(total) for bothv and
j excited(not shown are similar in appearance to those al-
ready shown. Also, we were curious to see whether there
would be any enhancement of reaction probability out of
those H-O, states, such asv( j)=(0,63, (1,53, (2,43,
(3,29, (3,27, and(4,1), which are at nearly the same energy
as the ground @ OH(0,0) state, so that the incident and final
translational energies are nearly equal. There is none; hence,
plots of those results are not shown here.

TABLE VI. Properties of the collision lifetime matrix at several energies.
Energies are in eV, and times are in femtoseconds. See the text for discus-
sion.

N

1.0 1.1
ENERGY (eV)

1.2

E(eV) tmax tmin traceQ Largest components

0.812 00 1688 —-16607 —25994 Reactants

0.816 30 1164 -—-24564 —48831 Reactants

0.817 44 4078 -—-10288 —16668 Products and reactants
0.818 00 2638 -—-8680 —15188 Products and reactants
0.83350 2101 —-4206 —-8284 Products and reactants
0.844 00 477 —-5394 —-15887 Reactants

0.854 00 2397 -3120 —7422 Products

0.87550 3430 —2833 —7695 Products

1.020 00 379 -6097 -—-19163 Reactants

1.220 00 9542 —-1613 —2 268 Reactants

1.420 00 6719 —4891 —26523 Products
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. . for elastic and rotationally inelastic scattering are shown in
Figs. 10 and 11, and some for vibrationally inelastic scatter-
ing are shown in Fig. 12. One sees from them that the elastic
r T scattering probability, while larger on average than any of the
2000 _ other state to state inelastic or reactive probabilities, is not
very large, and represents a small fraction of the total scat-
tering. Significant rotationally inelastic scattering starting
from the ground Q0,1) state extends up tof®,41) but is
very small past(0,45. Significant vibrationally inelastic
scattering extends up to,@,1) but gets rapidly smaller for
vibrational quantum numbers greater than 5. We note that
vibrationally inelastic scattering is about as probable as rota-
0 . | . | tionally inelastic scattering for this system because the strong
0.816 0.817 0.818 potential well mixes both the motions strongly.

ENERGY (eV)

4000

I
|

2000

EIGENLIFETIME (FSEC)

1000

C. Collision lifetimes

FIG. 13. Maximum eigenvalug,,, in femtoseconds of the collision lifetime .. e
matrix plotted vs the total energy in eV with a very fine grid over a very In Table VI are shown results of the collision lifetimes

narrow energy range to trace out a resonance. calculations performed at the 11 selected energies spanning
the full energy range of the present work. One sees from it
) o that, at all of the energies, the maximum eigenvalsg of
3. Final state distributions Smith’€® collision lifetime matrixQ is always greater than
Now, let us consider detailed state-to-state reaction prob379 fs, corresponding to a significant delay due to the inter-
abilities. Because there is so much resonance structure in aktion. At many of the energies,,, is of the order of several
the plots, the final state distribution varies much with energypicoseconds; this shows that the reaction is, in fact, domi-
and we do not attempt to simply give a few final state dis-nated by long-lived resonances. We note that the minimum
tribution plots or perspective plots but instead give in Figs. 8eigenvalue ofQ is always negative and of the order of sev-
and 9 the reaction probabilities for going from the grounderal picoseconds. The reason for this is that the eigenvalues
(0,1) state reactants to each of the open prodwct j')  of Q represent thelifferencé®’* between the actual lifetime
states. Figure 8 gives the probabilities to foi@nj ') product  of the collision and the time required if the reactants went
states. There one sees that the resonance peaking depepdst each other with no interaction. Looking at Fig. 3, one
strongly onj’. Also, it is seen that, averaged over energycan see that particles that sense the deep attractive well are
enough to smear the resonance peaking, the reaction prohecelerated by it and also hit the repulsive wall, shortening
ability tends to grow withj’ and to peak at high energies at the distance traveled relative to no interaction. Both these
the high product rotational states wifh=13 and 14. This effects can make the collision lifetime significantly negative,
peaking of the product rotational distribution at laidefor ~ especially for those channels that are very near threshold and
high energies is consistent with both experimeltal'®??  thus for which the lifetime of passage with no interaction
and classical trajectory studfésof this reaction. Figure 9 gets very long.
gives the probabilities to form the vibrationally excited prod- We have also tabulated the trace@because this quan-
uct (1,]') states. Even the lowest of these is only open fortity is important in recombination kineticd;”it is seen that
energies greater than 1.2559 eV. From the figure one sediis trace is negative at all but one of the energies in Table
that their probabilities tend to peak at smaljér depend VI. We discuss this more in a future pag@ilso, we note
more weakly onj’, and to be half as large as the probabili- that Q is labeled by the asymptotic channels, so that those
ties to form the grouna@’ =0 product states. channels which are the largest components of its eigenvector
In the early repoff of the present work, we noted that with the largest eigenvalug,,, are those asymptotic states
there is an increase in the slopeRff;(total) above 1.256 eV  which interact most strongly with the longest-lived resonant
[see Fig. Ba)], attributed it to the opening up of the =1  state at that energy. In the last column of Table VI we have
OH channel, and suggested that, if a similar increase occursted that those states are sometimes dominated by states in
at the opening of the’ =2 OH channel at 1.680 eV, it could the reactant arrangement, sometimes the product arrange-
provide an interpretation of the steep rise seen in the experment, and sometimes both. It is these latter resonances that
mental cross secti6h??beginning at that energy. On closer connect reactants and products efficiently and enhance the
examination of Figs. 8 and 9, it appears that the situation iseaction probability. For example, the largest components of
more complicated. The highly excited rotational states of OHhe 4 ps lifetime resonance at 0.817 44 eV @neordep the
with v’ =0 that are becoming open at these energies appe#w, j) states(0,0) of the OH product and the stat€®,17),
to be contributing as much to the increased growth of(0,17), and(2,1) of the O, reactant, and the reaction prob-
PR (tota) as the product states with’=1. Hence, what abilities between them have peaks near this energy.
might cause the steep rise at the higher energy is not yet To show the behavior df,,, with energy it is plotted in
clear. Fig. 13 on a very fine grid for energies near 0.817 eV. One
The final state distribution of the nonreactively scatteredsees that it smoothly rises from about 1 ps to 4 ps and then
H+0, is also of interest. Selected state to state probabilitiesleclines again as it traces out the resonance. We note that
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tmax Pe2ks near 0.817 44 eV, but the probabilities plotted irreaction using the DMBE I\(Ref. 39 potential energy sur-
Figs. 4c) and d) peak near 0.817 24 eV, and so doesface. The convergence tests presented herein show that the
P§,17(0,0) (not shown, the reaction probability connecting results are accurate to within a few percent. All the results
the largest components of the resonance. This difference ahow many narrow and overlapping resonances. The result-
0.2 meV occurs here because the probabilities depend onlyig cumulative reaction probabilities appear to be better con-
on theS matrix while the lifetimes also depend on its energyverged than those of Leforestier and Milf8The total reac-
derivative; it can occur because the energies of resonancésn probabilities agree very well with those of Zhang and
are only defined to within the width of the resonance, and th&hang>! and, as we have discussed in more detail in an early

value obtained depends on the method of calculation. report of this work!® they show that the reaction probability
is not enhanced by the initial excitation of either vibration or
D. Origin of resonances rotation of the reactants. We have also presented the first

A resonance is a nonstationary state with a prolonge&eta”ed st_ate to state proba_b_i!ities and fina}l state distribu-
lifetime. In the present system they correspond to fragmentgons' We find that the probabilities are very highly structured
colliding, getting trapped and oscillating for a time, and thendu€ 0 resonances, that these structures vary strongly from
separating into products or reactants. To analyze in detail afin€ ransition to another, and that the probability spreads out
the overlapping resonances evidenced in the results of thi§t0 very many final vibrational and rotational channels in
work would take considerable effort and has not been don80th the product and reactant arrangements. In particular,
yet. However, the basic mechanism for their formation isthere is & rather strong tendency to produce very highly ro-
qualitatively visible from Fig. 3; the system comes in Ontayonally.excned proqugts. Slgn|f|cant_d|fference_s between
some curve that is asymptotically open, transitions or tunnel&iS reaction and the similar HeH; reaction were discussed

to one of the curves that is asymptotically clogBdshbach N Ref. 49.

or has a barrier higher thah (quasibounyl and oscillatesin e have also presented herein the first accurate calcula-
that curve until it transitions or tunnels to and exits on thelions of the collision lifetimes for this system. Resonances
original or another asymptotically open curve. with lifetimes of one to ten picoseconds are found at most
energies. Some of these resonances connect mainly to prod-
E. Is this reaction statistical? uct, some mainly to reactants, and some “reactive” reso-

) ) nances connect reactants to products and enhance reactivity.
For reactions that form long-lived complexégeso- A these resonances result from the system getting trapped

nances the standard argument is that the complex forget§ siates behind barriers or that are locally open but asymp-
from which arrangement channel it was formed and decay?otically closed.

statistically into the different arrangements according to their  \yhether this reaction behaves statistically has also been

available phase space volumes. Howevée;,éafs\gv%mc;‘ted in S&fiscussed. We conclude that on a detailed level the reaction
I, there has been considerable controvef$y”*****about g certainly not statistical, but that, at the resolution involved

whether the present reaction displays statistical behavior. Thg, <hemical kinetics, it not yet clear whether it behaves sta-
present results have some bearing on this question. If Wstically.

look at a specific resonance at a specific energy, its decay is The present results represent an accurate solution of the

clearly not statistical. From Table VI it is clear that some problem attacked in this paper. However, much still remains
resonances connect mostly to reactant states, some mostly {0 o qone on this system before one can say that the real

product states, and some connect to both reactants and pm[Sjﬁysical problem has been solved. For example, the present

ucts. Flurthr(]e rmc;]re, I 'i cIear. from ';'g;’(l@ and Sd).f_for results are all for total angular momentur+0. We estimate
example, that the peak reaction probability at Specific 180, ¢ ¢4 caiculate integral or differential cross sections or rate

nances is not determined by the product and reactant phaﬁ%nstants at the energies at which most experiments have

space available. On the other hand, if we look at the state tBeen done would require calculations witlp to about 100
state probabilities of Figs. 8-12, we see thatthe average In addition, the intermediate in the reaction, Qs very

there is a great tendency for the probability to be spread OLﬂODpy; Fig. 1b) shows that configurations varying all the

into many final states and to be of the same order of magni- ay from linear through all asymmetric tops to the oblate

g(rjr(lailg?lr aiflavrvgeelgng Zte;hc:af 23;'u'?;?i(\jlzc:ezrgigﬁacfgbn;sitﬁtess'ymmetric top geometry are accessible. That means that all
Y, P y components\ of the total angular momentums\ <J, will

shown in Fig. 4, which is the important quantity for chemical Pe accessible and coupled. To do full CC calculations includ-

kinetics, it is clear that on a fine energy scale it does NOL. o this counling would be computationally very expensive
behave statistically. Whether it behaves statistically when av- g ping P Y Very exp '

eraged over energy or summed ouds not yet clear. Yang and we currently do not have enough support for this work to

. . . . . mpt them. Using angular momentum lin roxi-
and Klippensteift are currently doing calculations on this atte. ptthem. Using angula nome u de.cou.p 9 appro
. : L . mations would make calculations at dlfeasible; however,
reaction using several statistical methods, and their resul

. ; tt?lis floppy system is far from optimum for use of currently
may help to answer this question. . : Lo
available decoupling approximations, so that the accuracy of
the results would not be clear. Work along this line is con-
tinuing.
In this paper we have presented accurate 3D coupled In addition, although the DMBE IV PESRef. 39 used
channel(CC) calculations of reactive scattering for the title herein describes much about reactiéhisand(2) well, it has

IV. CONCLUSIONS AND FUTURE WORK
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serious limitations. Its most obvious deficiency, in our opin-where it fails are the vicinities of the conical intersections
ion, is that it is a smooth, single-valued function which rep-and collinear degeneracies discussed in the preceding para-
resents only the groundK(?A”") state of the HQsystem and graphs and being considered in other wbtkowever, as
contains no information about any excited electronic stateghe system exits into the product arrangement channel, both
In fact, it is known from the recent accuraé initio calcu-  the Q°P) and the OKFII) have nonzero electronic orbital
lations of Walch and co-worke?s 30 that the true ground and spin angular momenta. The spin—orbit splittiftig100
state surface has two conical intersections with higher surem™ or 10 meVj is not negligible, and sevefdi’® nearly
faces. One of these haS,, symmetry, and the other has degenerate electronic states and their couplings should be
collinear(C,,) symmetry. Paths completely encircling both included and allowed to affect the motion of the nuclei. As
are accessible at energies far below the reaction thresholgart of such an extension, the coupling of the electronic spin,
Hence, geometric phase effects due to both conical interseelectronic orbital, and nuclear orbital angular momenta in the
tions need to be included at all reactive scattering energie©H(?II) product need to be included to reproduce the experi-
In addition, from the collinear conical intersection on in- mental observatidii that it is neither Hund’s cas@) nor (b)
ward, there is a collinear saddle poffipccurring at energies but a nearly equal mixture of the two cases. These exten-
as low as 0.4 eV and thus accessible at all reactive energiesions, which we hope to include in some future work, will
at which theX 2A” state and the lowe$A’ state become the complicate the calculations considerably and will signifi-
two degenerate components ofleelectronic state, and there cantly affect the probabilities and cross sections at the reac-
will thus be Renner—Teller coupling between them. tion threshold.
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