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Calculations of cross sections for dissociative attachment to water througfBtheesonance state are
presented using thab initio surfaces calculated previously for the eneEyyand widthI™ of this resonance
state as a function of nuclear geometry. The dynamics of the dissociative attachment process are treated in full
dimensionality using the local complex potential model. For the-8H channel, the calculations presented
here are in substantial agreement with experiment with regard to total cross section and vibrational excitation
of the OH fragment. Cross sections for dissociative attachment to excited initial ro-vibrational states are
presented and isotope effects are also examined.
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I. INTRODUCTION Both the detailed experiments of BeliLandau, and Hall
Experimentg1—8] on the dissociative attachment of elec- [8] in 1981, who measured the distribution of vibrational
t ti§t@tes of OH as well as angular distributions of the accom-

trons to gas-phase water molecules have suggested thal ; ,
process is governed by complex nuclear and electronic dy?@nYing H, and those of Compton and Christophorial,

namics. Three resonance peaks have been identified witfh0 measured the isotope effect for production ofdd D™
cross-section maxima near incident electron energies of 6.4'0m H,O or DO, provide strong tests of the theoretical
8.4, and 11.2 eV for the production of the HO", or OH understanding of this process. The channel producing H
ions. It was observed that each of these peaks exhibits AOH through the’B, resonance state is accompanied by
different product distribution. The three electronic resonancé&Xxtensive vibrational excitation of the OH fragment. Given
states corresponding to these three cross-section peaks, witke competition between dissociation channels and the ob-
2B, %A, and B, symmetry, are now familar, and it is the served product vibrational excitation, one expects that the
dynamics of dissociative attachment through the lowest oflynamics of dissociative attachment to this molecule are in-
those, the’B; metastable state of the anion, that is the subtrinsically polyatomic, and can only be described theoreti-
ject of this paper. cally by a treatment using the full dimensionality of nuclear
Several salient features of the experiments suggest thatotion. Such a treatment is what we report here.
the nuclear dynamics of this process may hold some sur- |n a previous papefl0], hereafter referred to as Paper I,
prises. For dissociative attachment through 88 reso- e presented the calculation of the potential surface for the
nance, the cross section for producing#0OH is roughly 40 2B, resonance state in its full dimensionality. That surface,
times larger at its peak than the cross section for producing/—= Ex—il'/2, is complex in the region in which this state is
the energetically favored products; €H, [4,5]. The further  metastable. Both the real part and the widittwere calcu-
observation that the pI’OdUCtion of Olssociated with this lated byab initio methodS, the real part in |arge_sca|e con-
resonance peak in these experiments was not a product §§uration interaction calculations and the width from com-
direct dissociative attachmeff] is contrary to the natural plex Kohn variational scattering calculations. Analytic fits of
chemical intuition from the condensed phase that”OH these quantities were performed to construct a complete rep-
should be a major product. These observations indicate thagsentation at all geometries necessary for the dynamics cal-
the products of this reaction are determined by the dynamicgy|ations we describe here.
of the process itself rather than by the energetics of the pos- |n this study we turn to the calculation of the cross sec-
sible product channels, and that, moreover, those dynamiggns for dissociative attachment using that complex potential
are different for each of the resonance states of the watejyrface. The calculations we present are all peformed using
anion. the local complex potential modgl1-14, in which the en-
ergy and width of the resonance state are sufficient to deter-
mine the nuclear dynamics and the cross sections.

*Email address: djhaxton@Ibl.gov To apply the local complex potential model to a poly-
"Email address: zyzhang@Ibl.gov atomic system, we make use of a time-dependent version of
*Email address: dieter@tc.pci.uni-heidelberg.de it that simplifies both the numerical calculations and the
SEmail address: tnrescigno@Ibl.gov physical interpretation of the dynamics. As in earlier studies
'Email address: cwmccurdy@Ibl.gov on resonant vibrational excitation of GQ15,16, we make
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use of the multiconfiguration time dependent Hartree E(@)=(E-H+ie',(q,0). (5)
(MCTDH) method[17] to solve the working equations. This ' '
time-dependent approach, combined with the power of th
MCTDH implementation, is the key to treating polyatomic
dissociative attachment and resonant vibrational excitatio
problems.

The outline of this paper is as follows. In Sec. Il we

PBy representing the Green’s functioE-H+ie)™%, by the
I]fourier transform of the corresponding propagator, the sta-
tionary solutiong,,i(ci) of Eqg. (1) can be obtained,

discuss the bulk of the formalism involved in this work: T iEsigt
- (E+ie)ty-iHt o1
essentials of the local complex potential model, relevant fvi(q)‘le'f(')'fo € € ¢Vi(q’0)dt
definitions of dissociative attachment cross sections, the co-
ordinate systems and Hamiltonians necessary for the treat- R e i(E+Ot ;. (a
ment of a triatomic system, and the application of the _IE'L%' o € d’”i(q’t)dt’ (6)

MCTDH method to the computation of the quantities of in-
terest. In Sec. Il we present our results, and conclude with , : .
the discussion in Sec. IV. An Appendix is included in which Wwhere we define the time-dependent nuclear wave function
we address the analysis of the rotational degree of freedof®®

for the OH fragment of the H+OH channel, which is not

straightforward. ¢, (G0 =€"",(G,0). )
The essence of the LCP model is that the dynamics of this
Il. TIME-DEPENDENT LOCAL COMPLEX POTENTIAL wave packet on the complex potential surface of the meta-
TREATMENT OF DISSOCIATIVE ATTACHMENT stable anion determine the cross sections for dissociative at-

tachmentDA) or vibrational excitation through the electron
scattering resonance. These wave-packet dynamics provide a
The local complex potentialLCP) model [11-14,18,  simple interpretation of the physics of the dissociative at-
also known as the “boomerang” model when applied to vi-tachment process that is now well known for diatomics, but,
brational excitation, describes the nuclear dynamics in termas we will see below, is even more useful for understanding

A. Nuclear wave equation

of the driven Schrodinger equation dissociative attachment to polyatomic targets.
R The LCP model is expected to describe the dynamics of
(E- H)gvi@ = d)yi(q,O), @ the case at hand well, since certain basic assumptions of the

model [20] are clearly satisfied. Our interest here is in de-

in which the Hamiltonian for nuclear motion in the resonant . : .
scribing DA to water, whose electronic ground state at equi-

state Is librium has'A; symmetry, through its lowest Feshbach reso-
irq) nance anion state, which at the equlibrium geometry of the
H=Kgq+Er(d) - 2 2 neutral target has?B,; symmetry. This resonance lies

~6.5 eV above the neutral target state. The width of the
In Egs.(1) and(2), the nuclear degrees of freedom are col-resonance, and therefore the coupling of the resonance state
lectively denoted byj and the nuclear kinetic energy is de- to the background electron scattering continuum, is small,
noted byKgs. The energ)E is the energy of the entire system, and the incident electron energy is large compared to the
namely that of the target molecular state plus the kinetiovibrational spacing of the neutral molecular target.
energy of the incident electron, Virtually all previousab initio studies of dissociative elec-
_ 2 tron attachment have been carried out for diatomics, or for
E=E,+ k*/2. ®) polyatomics with a single active nuclear degree of freedom.
In the case of a diatomic, the quantum numbdeand m of
the initial state are conserved via the approximations which

R r'@g) yield Eq. (4), and therefore the coordinat@ésreduce to a
$4(G.0 =\ 5 X9,

The driving term,¢, in Eq. (1), is defined as

(4) single internuclear distand@ The radial portion of the wave
function given in Eq(5), defined asg,
in which Xy, is the initial vibrational wave function of the
neutral target molecule, whose quantum numbers are collec- Em(R,6,0) =Yim(6, ) E, (RIR, (8)
tively denoted byy,. The factor which muItipIies(Vi, called
the “entry amplitude,” is arrived at via certain approxima- pahaves asymptotically as an outgoing wave:
tions [11-14. As we will see below, the magnitude of the
driving term b, will largely control the overall magnitude of
the cross section. E(R) ~ explikR- i|7T/2)A|<
The solution of Eq.(1) can be accomplished via time- R—o

dependent methods, as first demonstrated by McCurdy and
Turner[19]. The solution¢, (4) satisfies the boundary condi- The total cross section for dissociative attachment in the lo-
tion that it should contain only purely outgoing waves, cal complex potential model is thg21]

—

k2
E|V+E>' (9)
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k2
A|<E|V + _>
2
(10)

wherex is the relative nuclear momentum of the two atoms
with reduced masgg, andg is a statistical ratio of the elec-
tronic multiplicity of the resonant state to the electronic mul-
tiplicity of the incoming state.

The generalization of this formulation to polyatomic sys-
tems is, in principle, straightforward. However, there are in-
trinsic complications that arise even in the simplest poly-
atomic case of a triatomic molecule, because there is more
than one final arrangement channel. We therefore must first
specify the coordinate systems and Hamiltonians which we
will employ, before addressing the issue of the proper formu-
lation of the dissociative attachment problem for a triatomic. FIG. 1. “R-embedding’[26] coordinate system with origin at
the center of mass. The body-fix€8lF) frame is labeled by th¥’,

Y’, andZ’ axes; the space-fixd&F), by X, Y, andZ. The BF axes
are marked with thin lines, and the BEZ’ and X"Y’ planes are

A three-body system has nine degrees of freedom; ningoth marked with a thin line circle. The SF axes are marked with
variables are required to specify the configuration of such gashed lines, and the S&Z andXY planes are marked with dashed
system in space. Three of these variables, however, descril§écles. The molecule resides in the BEZ' plane. The Euler
center-of-mass motion, which can easily be separated frofinglesa, 5, and{ orient the BF frame with respect to the SF frame.
internal motion. The instantaneous positions of three par'_l'he line of nodes ls also drawn. Thevector connects the nuclei of
ticles define a plane, so of the remaining six variables, threthe diatomic. TheR vector connects the center of mass of the di-
can be chosen to Specify motion in this p|ane’ while theatomiC to the_)thil’d atom and is collinear with the BF axis.R is
remaining three are used to orient the plane with respect tthe length ofR, r is the length off, and y is the angle between the
the space-fixed frame. There are several possible choices farandr vectors.
the three internalbody-fixed coordinates that describe mo-

tion in a plane. We will use Jacobi coordinates, which are 3onian for this system we will use the stand22] BF for-
natural choice for studying dissociation. mulation in which we quantize total angular momentdm
There are two distinct Jacobi coordinate systems that dgge projection of angular momentum onto a SF aisand
scribe a triatomic system such ag® In the first of these e hroiection upon a BF axié. J andM are constants of the
we define an O-H bond length the distanc&k between that  qtion. A six-dimensional rovibrational wave function for a
OH center of mass and the second H, and the andb®-  iaiomic with particulard andM values can be expanded in
tween these two vectors, defined such thaD corresponds ;5 gg angular momentum basis as follows:
to a collinear H-H-O geometry. The other coordinate system

2

_ZLTZ ilim|“ (R)|2_2_ x
Opa— K2 gMRRHQO iy n g:U“R

B. Jacobi coordinate systems

considers H as the diatomic species and thus assigtusthe I =MRT,y)

H-H separation, an® to the distance between the Henter YMRILy,a,B.0= 2, DﬂAK(a,ﬁ,é’)L,

of mass and and the oxygen nucleus, wjtllefined as the K=-J Rr

angle between these two vectors. These coordinate systems (1)

were described in Paper | when the construction of analytic
fits of the calculate@b initio complex potential surface were \where the basis OBKAK(Q,IB,D is the set of normalized
discussed. _ Wigner rotation matricegand BF angular momentum eigen-
The calculations described below made use of both COOlstates,
dinate systems so that the cross sections for different ar-
rangements could be computed. The first Jacobi coordinate - 2J+1
system is convenient for the OH+Hrrangement channel; Dy(a.B8,0) = WDﬂAK(m,@,D, (12)
the second, for the the H O™ arrangement channel.
The remaining three degrees of freedom of this center-ofg,c that
mass system are the three Euler angles which orient the in-
ternal or body-fixed(BF) frame to the lab or space-fixed 2m 1 2m 5 ~
(SP frame, which we will denoter, 3, . These are shown in f daJ d(cosp) [  d¢{Dyk(a,B,5)Dy (e, B,8)
Fig. 1 and will be discussed below. 0 - 0
= 03,3/ Om M7 Ok K - (13
C. Triatomic nuclear Hamiltonians In Egs.(12) and (13) we follow the conventions of Zhang
The angular momentum of a triatomic system can beg22], which for theDj,, are the same as those of Edmonds
quantized in several different ways. In defining the Hamil-[23].
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By substituting the expansiofll) into the Schrédinger molecule. For the product channels, consisting of an atom or
equation and using the orthogonality relatid8) for the D atomic ion plus a diatomic fragment, we will use the notation
functions, one can derive a tridiagonal system of coupledv to label the vibrational and rotational quantum numbers of
equations for the radial componerEaﬁ(M(R,r,y) of the full  the product diatom.

wave function. The BF Hamiltonian operators that appear in For the triatomic case, the asymptonc formé”gf(R r_’) is

this expansion are given Hp4,29 expressed most easily in the spaced-fixed basis of coupled
1 # 1 P 2 1 spherical harmonics))"(R,7), where R-f=cogy). The
Hi = — R 2 — Pur? + 2 Rz[.J(.J+ 1) quantum numbers$ and j, as we will see below, label the
MR Y P A2 2 HR partial-wave angular momentum of the dissociating frag-
—2K2+ 2]+ V(R ,7), (14 ~ ments and the rotational quantum number of the diatomic

product, respectively.
1 For our purposes, an important identity is the definition of
H‘I](*_rl,K =— —Z\J'J(J +1)-K(K+ 1)]¢, thg coupled _sphericaj harmonics in terms of the normalized
2urR Wigner rotation function$22],

fzz_( L7 gy n*f) WRD =S Cf D@ B 0080, (19
sy ayay Sif() :

where the coefficient€;* of this unitary transformation are
given in terms of Clebsch-Gordon coefficients by

where i, and ug are the reduced masses appropriate for the Cﬂ-K= (JKI0|JK) (16)

Jacobi coordinate system in use ahdis the complex 2)+1

potential-energy surface. The Hamiltonian operators are, of 4

course, independent of the SF quantum nuniefhus the

dynamics in the body-fixed frame are effectively four dimen- @K( y) = \,ETY]_K(% 0) (17)

sional, with internal coordinates R, andy denoting the first

three dimensions, and with the expansion in terms of states For a total energy oE=E, +k?/2, wherek is the wave

of fixed K representing the fourth dimension. number of the incident electron arELI is the energy of the
We use the R-embedding” schemg26] in which the BF initial state, the asymptotic form of the dissociative attach-

angular momentum numbé is quantized around the axis ment wave function, written below in the space-fixed frame,

parallel to theR vector. Thusa and 8 are the polar angles is that of a purely outgoing wave:

which orient theR vector with respect to the SF frame, afd

is the third Euler angle specifying orientation about theZBF yll (R 9)
axis. A schematic of the coordinate system is shown in SF(RF) > i, (R )x, () = ———
Fig. 1. ljv
With this Hamiltonian, in the Jacobi coordinates appropri- _ _
ate to the final arrangement of interest, we can perform the R_,w% eXplixj, R =il 7f2)x,(r)
time propagation of Eq.7), expanding the initial wave func-
tion ¢, as in Eq.(11). With the understanding that the wave yjllM(R,F) K2
function being propagated corresponds to a specific value of XAy v<E ) (18

total angular momentum, we will drop theand M super-
scripts on the wave function for notational simplicity. Before where A;,(E, +k?/2) is a partial-wave DA amplitude. The

we turn to the methods we will use to perform that timerelative momentum associated with the separating fragments
propagation, we will generalize the definition of the disso-js

ciative attachment cross section in Ef0) using these co-
ordinates. k2
Kjy = 21u“R Evi + E - EJV ' (19)

D. Dissociative attachment cross sections

whereE;, is the energy of the diatomic rovibrational state
We can now address the problem of generalizing(E@),  with quantum numbers andj of the rearrangement channel

which expresses the cross section for dissociative electroim question.

attachment to a diatomic target, to the case of a triatomic Given the expansion of the dissociative attachment wave

system. The definition of the cross section derives from thdunction in Eq.(18), the generalization of the cross section

asymptotic form of the time-independent solutlgn of the  formula for diatomics in Eq(10) to a triatomic is straight-

driven Schrodinger equation in the LCP model given by Eqforward. We begin by taking the overlap §f with the final

(1). Here and below, we use the subscriptto denote the product states of interest and integrating over the remaining

quantum numbers that specify the initial state of the targeangular degrees of freedom:
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The central idea of the MCTDH technique is the repre-

2
Xv
0, (R =R (TD§AK®1K|§§F> ’ (200 sentation of the nuclear wave packet as a sum of separable
K terms,
wherey,(r) is a vibrational state of the diatomic product and n, ny f
HK i i i i i > K
oy, d_eflne(_JI in Eq(17), is a corresponding rotz_:ltlo_nal state of é, (Gt = > Aj1~~~jf(t)H <PJ( )(q,«t), (24)
the diatomic fragment. The curved brackets indicate integra- ' =1 el k=1

tion over all variables excefR. In principle x,, also depends

on the rotational quantum numbgrHowever, in the calcu- with n,<N,. Each “single-particle function”(or SPBH
lations we report here, no centrifugal term was included ing*'(q,,1) is itself represented in terms of the primitive basis:
the vibrational potential for the diatomic fragment, for rea- *

sons that will be made clear below; hengéas noj sub- N,
script here. . | (At =2 ¢ (X (). (25)
The quantityO;,(R) is fully analagous to the quantity “ S
E,,(R)|? of Eq. (10), and we therefore define the cross sec- _ _
tion for dissociative attachment to a triatomic as Since both the coefficientdy ..; and the single-particle
functions (p}K) are time dependent, the wave function repre-
7 = lim igio- R). (21) sentation is not unigue. Uniqueness can be achieved by im-
PA R K2 Tug posing additional constraints on the single-particle functions
which keep them orthonormal for all tim¢7].
By using the asymptotic expansion given by Ef8), we The size of the SPF expansion in E@4) controls the
obtain the expression degree to which correlation among the various degrees of

freedom is included. Including a greater number of terms in
this expansion leads to a more precise but slower calculation.
Including the maximum number, i.e.=N,, gives a numeri-
cally exact calculation, while the opposite linmf=1 yields

The rotational states of the products are not resolved in mogpe time-dependent Hartr¢DH) method[35,3§ in which
experiments, so to compare with measured DA cross sectiortBe propagating wave packet is uncorrelated with respect to

we will generally be interested in computing the rotationally the coordinate system chosen to represent it.
summed DA cross sections. As the single-particle functions are time-dependent, ma-

trix elements of the Hamiltonian have to be evaluated at
every time step. Hence it is essential that this evaluation can
be done quickly. A fast algorithm exist47,29 if the Hamil-

As previously stated, the solution of the time-independentonian can be written as a sum of products of single-
LCP equation(1) can be accomplished by time-dependentcoordinate operators. Here the kinetic energy operator is—as
wave-packet propagation methods. We will first give a briefusual—already in product form, but the potential energy sur-
description of the MCTDH method we used to carry out theface is not. To profit from the advantages of the product form
time propagation and then, in the following subsection, showve approximate the potentials employed as a sum of sepa-
how the dissociative attachment cross section, defined abovable terms, i.e.,
in Eq. (22), is calculated directly from the time-propagated

2

2™ K
DA™ 7|2 g,u

k2
>|afe )

(22
R

E. Multiconfiguration time-dependent Hartree method

wave packet. M mf

To perform the propagation in EG7) we use the Heidel- V(G ... G~ 2 - 2 le--.jfvﬁ)(%) “‘U}I)(Qf)-
bergMcTDH packagg27], which is an implementation of the =1 el
multiconfiguration time-dependent Hartree, or MCTDH (26)

[17,28—-3Q method. The MCTDH method has proven its util- . . .
ity in many applications(see Ref.[17] and references ThEMCTD_H package[_27] includes a utility which performs a.
therein as an efficient adaptive method for nuclear dynamic:sftIt of a given potential to a_separable representation of this
of molecular systems—in particular, those with many de-lorm- Details can be fom_md in Beakt al. [17). Al! potential-
grees of freedonid1-33 energy surfaces used in the current calculation were repre-

In the MCTDH meth.od as in the standard method forsented in this manner, using this utility to fit them specifi-
solving the time-dependent Schrddinger equation, we staﬁaIIy for each choice of the DVR grids.
with a time-independent orthonormal product basis set,

F. Dissociative attachment cross sections from outgoing

Y@ xP@) je=10N, (23) projected flux
) . The cross sections for dissociative attachment, given by
for a problem withf degrees of freedom and nuclear coordi- g4 (22), can be calculated directly from the time-propagated
nates Iabeleq%,)... ,0¢. For computational efficiency, the ba.— wave packet by computing the energy-resolved, outgoing
sis functionsy;"’ are chosen as the basis functions of a disprojected flux. The energy resolution is achieved by Fourier
crete variable representatioBVR) [34]. transform and a final state resolution is achieved by the in-
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troduction of appropriate projection operators. For DA lead-tachment cross section and the energy-resolved projected
ing to a specific ro-vibrational final product, we use the pro-flux, F;,, is found to be

jection operator AN K2
pAl 5 | = FJV EVi+_ . (34)

2
P,= s 2 k 2
K Similarly, for the rotationally summed DA cross section, we

: (27)

Xv=3 K Xv=] K

while for the case of the rotationally summed DA cross secS€
tions, we use the operator , K2\ 43
IpA

k2
= :FFV(EW+—), (35)
Xv V[ X
r >< r|

2 2
whereF, is defined as in Eq31), with P;, replaced byP,.
The flux operator we employ, which measures the flu
passing through a surface defined Ry R, is defined as

P =

v

(28)

These formulas were used to compute cross sections using
*Xthe MCTDH method. For the H-OH channel, an additional
factor of 2 is multiplied into this expression to account for
- the fact that in a given calculation we perform the flux analy-
F=i[H,h(R-Ry)], (29 sis for only one of the two Ft+-OH arrangements, namely

whereh is a Heaviside function. The energy-resolved pro_the one for which the Jacobi coordinates are appropriate.
jected flux is then given by
Ill. COMPUTATIONAL PROCEDURES

1 o o . N . , ]
Fi(E) = Z‘Jo dtJO dt'(, e P FP;e B g, ). A. DVR basis and other MCTDH parameters

In the calculations reported here we used DVR primitive
(30) basis sets for all internal degrees of freedfiid], choosing

The MCTDH packag€g27] includes a utility which computes the standard sine DVR for theand R degrees of freedom
the outgoing projected flux. In the actual calculations, the2nd, forJ=0, the Legendre DVR fory. For J>0, the DVR
flux operator appearing in the equation above is replaced bfpr ¥ must be modified to account for S'ng'af'“es in the
a complex absorbing potenti@CAP) [37—-39. This formu- Hamiltonian[see Eq(14)] due to the ternK Isinf(). This
lation of the flux operator is very convenient numerically andiS done by using an extended Legendre DMR,43, which
entirely equivalent to the traditional formal definition of the IS implemented in the HeidelbergCToH package27].
operator in this context. The radi®s is to be interpreted as ~ Most of the results we will report are for rotationally
the point where the CAP is switched on. For more details offummed cross sections and it is for these cases that the fol-
this CAP flux formalism see Ref§17,30,40. lowing comput_atlonal details apply. For _the case of_rotatlpn-
The resulting energy-resolved projected flux is that assodlly resolve_d final states, the_re are addltlonal conS|der_at|ons
ciated with the time-independent solution of the driventhat come into play; the details of the rotational analysis we

Schrédinger equation of the LCP model in Ed), used are described in the Appendix. In the Jaaobioy
coordinate systems, we obtained convergence with DVR

1 A bases of 7 120x 40 for (0.5<r<7.0), (0.0<R<12.0),
FjV(E):ZT<§Vi|PjVFPjV|§Vi>' (3D and (0< y<r), respectively. For this coordinate system,
with the exception of the calculation incorporating an initial
By inserting the expansion (j‘vi in Eq. (18) into Eq. (31) state with one quantum of asymmetric stretch, the conver-
and using the properties of the coupled spherical harmonicgence of the calculation with respect to the number of single-
defined in Eqs(15—(17), we obtain, after some algebra, particle functions was relatively slow compared, for ex-
@ L ample, to our earlier studies on vibrational excitation of a
KY\_Nx L+ St triatomic[15,16. Therefore we used a large SPF expansion,
Fj”<E”i ¥ 2) =2 27-r<f'”ij”(R)||:|f"’i"”(R)> (32 4% 28%18in r,R, v, to attain converged results. For con-
sistency, this SPF expansion was used for all calculations
Then using the asymptotic form of the radial continuumpresented in this paper performed in this Jacobi coordinate
functionsf/, ; (R), some further manipulation gives system.
' We also performed a few calculations in the Jacbi

k? K\ 12« =r.) coordinate system, to examine the+#O~ channel
FjV(EVi + E) = ; ‘A”V<EVi + E) P — . (33) HH) y ' Q '

2muR We used a grid of 0.5r<9.0, 0.0<R<9.0, and X y<m

with DVR order 90< 90X 60 in an attempt to calculate the
This equation gives us the desired relationship between thgtal cross section only. For these calculations, which each
energy-resolved projected outgoing flux and the amplitudesook two to three days CPU time on a desktop computer, an
for dissociation that appear in the asymptotic form of theSPF expansion of 2429X 26 in r,R,y was used. As we
wave function in Eq(18). By comparing Eqs(33) and(22),  will discuss below, these calculations gave only an estimate
noting that in this casg@=1, the relationship between the of the total cross section for the production of,@nd cannot
rotationally and vibrationally resolved total dissociative at-be considered to have been converged.
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TABLE I. Initial states for HO from the present calculations on both the HZMR and PJT2 surfaces
compared with other calculated and experimental results. The quantum nuklBerd K are defined as in

Ref. [43,44.
State Energies Overlap

J K, Kg Vib. PresentHZMR) Presen(PJT2 Calc. Expt?  [(PIT2HZMR)[?

0 0 0 (000 0.0 cnit 0.0 cnit 0.0 cnit 0.9975

0 0 0 (010 1635.8% 1594.63 1594.68 1594.75 0.9974
1635.98

0 0 0 (020 3219.95 3151.58 3151.63

0 0 0 (100 3745.08 3657.0% 3657.18 3657.05 0.9923

0 0 0 (001 3805.78 3755.84 3755.93

0 0 0 (200 7366.38 7202.28 7201.54

3 0 3 (000 138.78 136.9  136.76

3 1 3 (000 144.16 142.£  142.28

3 1 2 (000 175.82 173.6  173.37

3 2 2 (000 208.80' 206.5  206.30

3 2 1 (000 214.82 212.F 21216

3 3 1 (000 288.26 284.9  285.22

3 3 0 (000 288.47F 285.Ff  285.42
288.4f

10 0 10 (000 1129.8% 1114.53

%From Ref.[45].

®From calculation in Jacolir =rg) coordinates.
“From calculation in Jacolir =r) coordinates.
9From Polyansky, Jensen, and Tenny$48|.
°From Carter and Handa4].

For every propagation, we used complex absorbing poterrovibrational states, we performed improved relaxafid]
tials (CAP’s) [37—-39 at the edge of the grid to eliminate the with a Davidson diagonalizer as implemented in therpH
propagated wave function before reaching the end of th@ackage27].
grid. In all cases our CAP’s began 3 bohrs before the end of Table | lists all initial states used for our calculations on
the grid, were quadratic, and had a strengtim the notation H,0. We computed the overlap of vibrational states from the
of Ref. [17], of 0.007 a.u. Formally, the CAP’s provide the HZMR surface and three corresponding states we obtained
+ie limit in Eq. (6). by improved relaxation using the PJT2 surface. As shown in
Table | these overlaps are nearly unity. In Table | we also
present comparisons of our calculated transition energies
with values calculated by Polyanski al. [43] and by Carter

To investigate the effect of excitation of the water mol- and Handy[44] and with experimental valuel5]. In the
ecule on dissociative attachment, we performed calculationsourse of investigating the two different arrangement chan-
using various initial rovibrational states. We also calculated aels for this problem, we calculated two of these transition
few of these initial states using the spectroscopically accuratenergies in both distinct Jacobi coordinate systerssoy
ground-state surface of Polyanski, Jensen, and Tennysand r=r,, and Table | also compares these results. To-
[43], denoted here and by those authors as the PJT2 surfaagether, these tests verify that any error in the cross sections
for the purpose of verifying the quality of the initial states we calculate here due to errors in the initial rovibrational
obtained from the ground state ClI surface calculated in Papavave functions is negligible.
[, which we denote here as the HZMR surface. Vibrational states of KO for J=0, integrated over cog

Vibrational states of KO can be denoted by the notation in valence coordinates, are shown in Fig. 2. This figure
(ny,ny,ng), wheren, is the quantum number of symmetric shows the probability density of each wave function in the
stretch,n, is the quantum number of bend, ang is the (ry,rp) plane in valence bond coordinates. T(@00 and
guantum number of asymmetric stretch. For the Ja¢obi (010 wave functions appear nodeless in this figure, though
=ron) coordinate system, we obtained and used initial statesf course(010) has a node ir9, and they are almost indis-
as follows: forJ=0, the(000), (100), (010, (001), and(200 tinguishable here, although tti@10) state is shifted slightly
states, both for BO and HO; for J=3, we studied the seven in the symmetric stretch direction. T#&00) state has a node
lowest rovibrational states of J@; and forJ=10, we studied parallel to the asymmetric stretch direction, and is elongated
the ground rovibrational state of,B. To calculate initial in the symmetric stretch direction; conversely, t81) state

B. Initial states
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FIG. 2. Initial wave-function density for radial solution @flockwise, from upper left(000), (100, (001, and(010 states, in valence
bond coordinates, integrated over ahswith real part of?B, surface at9=104.5°. Distances in bohrs; contours every 0.25 eV.

has a node along,=r, and is elongated in the asymmetric performed to date. These calculations yielded a total cross
stretch direction. section for the OH+H channel(summed over final rota-
tional and vibrational states of the OH fragmenthich
peaks at 6.81 eV incident electron energy with a value of
o _ 0.21483 or 5.99x107'8cn? and which has an energy-
The initial states obtained from the HZMR surface Werejntegrated total cross section of 5:¥40728 eV cn?.
multiplied by the entrance amplitude and propagated using o computed cross sections for various final vibrational
the MCTDH procedure discussed above. Propagation Wastes are shown in the top panel of Fig. 4 and are compared
performed for 75 fs(H,0) or 100 fs (D;0) after which it the experiments of Bedj Landau, and Hallg] in Fig. 5.
99.9% of the density had typically been either absorbed byrne value of the total cross section at its peak nearly repro-
the CAP or by the imaginary component _of the resonancejyces the experimental value of &4.0°8 ci? and displays
surface. A time-step plot of the wave-function density for a5 shape very similar to the experimental one, with the calcu-
packet beginning with attachment to tt@00) state withJ  |ated maximum being shifted slightly from the experimental
=0 is shown in Fig. 3 and will be discussed further below. maximum at an incident energy of 6.5 eV. A similar level of
vibrational excitation of the OH fragment is observed, with
IV. RESULTS AND DISCUSSION similar magnitudes. However, as is visible in Fig. 4, there are
increasing quantitative discrepancies for the cross sections as
v increases from O to 7 and the cross sections decrease by
two orders of magnitude. This level of agreement with ex-
The experimental determinations of dissociative attachperiment suggests that the potential surface from Paper | is
ment to water in the gas phase with which we compare hergargely correct, at least for the geometries relevant to the
have been performed at low enough effective temperaturegescription of the H+OH channel, and that the dynamics of
that the target molecule is in its ground vibrational state. Tathe wave packet shown in Fig. 3 are the origin of the exten-
compare with those measurements, we performed LCP casive vibrational excitation of the product OH fragment.
culations using the methods described above beginning with As described in Paper | and as is apparent in Fig. 2, in the
the (000 state and withJ=0. As we will see below, rota- vicinity of the equilibrium geometry of the neutrat,=r,
tional excitation has only a very small effect on the cross=1.81 bohrs;0=104.59 the gradient of the real part of the
sections, at least up tb=10, so these calculations are appro-resonance energy is steeply downhill in theor r, direc-
priate for comparison with the experiments which have beenions. In contrast, the potential is relatively flat éih The

C. Propagation

A. Cross sections for attachment to the ground vibrational
state with J=0
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H,+O~ well can only be reached if the bond angleis cross sections, although for the reasons discussed in the Ap-
decreased substantially from the equilibrium geometry of theendix, these distributions may be suspectjfard or so.
neutral, whereas the OH+Hhannel is immediately adja- The experiments of Belj Landau, and Hal[8] cite a
cent to the initial wave packet. Therefore the wave packemaximum in the rotational distribution a&=7 for the »=0
proceeds downhill towards the OH-¥Harrangement chan- state and =4 or 5 for v=4, but those authors did not report
nel, with very little density arriving in the O~ well. values of individual cross sections for rotational excitation.
Since the wave packets for both ground and vibrationallyThe present results are consistent with the results of these
excited initial wave packets begin high upon the repulsiveexperiments to the extent that they predict considerable rota-
wall of the resonant state, they all initially acquire a largetional excitation of the OH fragment in this channel. A de-
amount of momentum in the symmetric stretch direction,tailed comparison is not possible, and there is some uncer-
which becomes vibrational and translational motion in thetainty in the experiment, but it seems that the maximum in
H™+OH wells. This effect is seen clearly in Fig. 3 as thethe calculated final rotational distribution may be different
oscillation of the outgoing packet in the exit wells of the from that observed experimentally and the calculations seem
potential surface. These dynamics are the origin of vibrato show somewhat greater overall rotational excitation.
tional excitation in the product fragment, and comprise one
of the central qualitative results of this study of the dynamics
of dissociative attachment through tP®8, resonance.
Dissociative attachment through tf®, state is also char- In our calculations, initial rotational excitation had a very
acterized by rotational excitation of the OH fragment in thesdittle effect on the cross sections for dissociative attachment.
calculations. In Fig. 6 we plot rotational distributions for the In Fig. 7 we plot the total cross section for the OH+H
ground vibrational statey=0, and thev=4 state of OH, for ~channel obtained from the calculation on the0 (000) ini-
attachment to the ground state of water. These results wetél state, along with cross sections from rotationally excited
obtained via projections onto hindered-rotor or “pendular”initial states. The curves in that figure are almost indistin-
states using an extended potential energy surface, as dguishable, suggesting that the cross sectiongfd should
scribed in the Appendix. Some structure is seen in thestherefore be essentially identical to the values for a thermally

B. Effects of initial rotational and vibrational excitation
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5.0 6.0 7.0 8.0 9.0 10.0 FIG. 5. Cross sections fg000) initial state, total(heavy ling,
(b) Incident electron energy (eV) and into vibrational channels=0 throughy=7 of OH (dotted lines,
left to right), on a logarithmic scale. Also included are data from
0.20 T T T T Beli¢, Landau, and Hall's[8] measurementgthin lines with
T 018 1 squarey shifted in energy so that the maxingpresent, 6.81 eV,
8 016} versus their value of 6.5 eVin the total cross section coincide.
© 014}
g 012 t cantly less vibrational excitation than for attachment to the
2 o010t other states examined. While this result indicates some of the
.§ 008 | mode specificity of the effects of vibrational excitation, the
3 0.06 initial states with quanta of symmetric-stretch excitation pro-
@ 0'04 I vide the most dramatic example of mode-specific behavior
S 002 b observed in these calculations.
0'00 As seen in Fig. 8, the cross sections for dissociative at-
50 6.0 70 8.0 9.0 10.0 tachment to thg100) initial state have a strong minimum
() Incident electron energy (eV) near an incident electron energy of 6.5 eV, esentially inde-

pendent of the final vibrational state of the products. The

FIG. 4. Total cross sections f@iop to bottom (000), (010, and  value of the total cross section at this minimum is o.m§14
(00Y) initial states forJ=0 H,O, along with projections into each compared to its peak value of Oa%]at 5.89 eV. This behav-
final vibrational state of OH, channels which have onsets left tojor is reminiscent of an effed#6] predicted for photodisso-
right with increasingy. ciation of water through théB, state. The'®B; states both

correspond to the configuration which is the parent ofie

averaged population of rotational states at the effective temresonance state, and in the region in which the initial vibra-
peratures of the experiments. tional state is nonzero they have potential energy surfaces

On the other hand, initial vibrational excitation of the tar- which are similar in shape to that of the resonance state.
get molecule can affect the cross sections in the OH+H In either dissociative attachment or photodissociation of a
channel dramatically and in ways that are very much modediatomicmolecule such an effect would be simple to explain
specific, as can be seen in Figs. 4 and 8. For example, onga the well known “reflection principle.” The amplitude for
guantum of bend excitation010), has only a small effect dissociative attachment for a diatomic molecule can be writ-
the cross sections, while a single quantum of excitation ifen in a form equivalent to that appearing in Et0) so that
asymmetric stretch(001), changes the degree of vibrational it is proportional to the matrix elememwg|l“1’2| X”i>’ where
excitation in the products significantly, as is shown in Fig. 4.¢4(R) is the scattering wave function for atom-atom scatter-

Due to the node in the;=r, direction for the(001) state  ing on the potential surface of the resonance. This form is of
as shown in Fig. 2, the dynamics for this initial wave packetcourse reminiscent of the matrix element for the photodisso-
are such that the bifurcating wave packet moves more dieiation amplitude. If the initial vibrational wave function
rectly down the H-OH wells and therefore results in signifi- x,,(R) has a node, and we make the simple delta function
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FIG. 6. Rotational distribution for=0 (top) and»=4 (bottom) (200 initial state (bottom) for J=0 H,0, along with projections

final vibrational states of b0 as obtained from a calculation on the into each final vibrational state of OH; channels which have onsets
J=0 (000 initial state using the extended potential-energy surfaceleft to right with increasingp.

The energy-integrated cross section for each of the rotational/

vibrational states is plotted with respect to thealue. . L .
P P ! nate corresponds to the dissociation motion near the Franck-

Condon region. The effect here is essentially polyatomic.
Plonetheless, the similarity of the present case of dissociative
there are two nodes ig.,., this effect will occur at two ener- attachment to water initially _excm_ed_ln the symmetric stretch
. W’ mode to the case of photodissociation is further underscored
gies. . o by the cross section for tH200) initial state shown in Fig. 8.
In a polyatomic system a S|m|Ia_r argum_ent can be usedHere we see two minima, as the simplest explanation would
6_‘““0“9“ the geometry of t_he multidimensional wave func- redict from the presence of two nodes in the wave function
tions makes it more complicated because no single coordfss ye injtial vibrational state, and multiple minima are also

seen in calculations on photodissociation of w§t].

approximation foryg at the classical turning point, we can
see that at some energy this matrix element will be zero. |

0.25

0.20 | C. Isotope effects

The experimental cross sections for 80D and H
+OH show pronounced isotope effects. Compton and Chris-
tophorou[4] have observed that not only does thebD
cross section exhibit a lower peak maximum than does the
H,0 cross section, but also a smaller peak width, and thus a
significantly smaller energy-integrated cross section.

In Figs. 9 and 10 we plot cross sections for dissociative
attachment to BO for J=0 beginning in the(000), (100),
(010, (001, and(200) states. The calculated isotope effects
evident in these figures can be summarized collectively as

FIG. 7. Total cross sections in square bohrs for rotationa”y eX_fOHOWS. In the cross sections for the various initial states of
cited initial states. The heavy dotted line is fbx0 (000) initial D,0, we observe narrower peaks than fofGH We observe
state; the other lines are for the first seven rovibrational states fdfigher maxima at the peak values for thgdDcross sections,
J=3, which are very close to th&=0 line, and the ground state for and energy-integrated cross sections with about the same val-
J=10, which is slightly farther away. ues as those for the corresponding processes® M/e also

0.15 |

010 |

0.05

Cross section (square bohr)

000 L b
60 65 70 75 80 85 90 95 100

Incident electron energy (eV)
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025 FIG. 10. Total cross sections f6£00 and (200 initial states
= (top and bottom, respectivelyor D,O, J=0 along with cross sec-
fg 0.20 tions for production of vibrationally excited OD, which have onsets
o left to right with increasingv. Also plotted as the dotted lines are
g 0.15 } the total cross sections for the correspondingHnitial states.
w
5 010 our energy-integrated cross sections have nearly the same
SR value for the two isotopomers.
[2] . . . .
2 005 These results are puzzling, especially in light of the fact
S that the calculated isotope effects are what are to be expected
0.00 if there is negligible autodetachment during the dissociation
50 6.0 70 8.0 0.0 10.0 process. Due to the small width of this resonance, as calcu-

Incident electron energy (eV) lated in Paper | and by othefd7,48, only one or two per-
cent of the propagated wave function density is lost to auto-
FIG. 9. Total cross sections f¢000), (010, and (001) initial ~ detachment in our wave-packet calculations. The expected
states for RO, J=0, along with cross sections for production of isotope effect is particularly evident if we first think about
vibrationally excited OD, which have onsets left to right with in- the process as though it occurred in one dimension. In that
creasingv. Also plotted as the dotted lines are the total cross seccase, the semiclassical “reflection principle” results in the
tions for the corresponding 4@ initial states. shape of the cross section being determined by the shape of
the initial wave packetx,,iv“l“/ 27r. Because the initial vibra-
observe onsets at higher energy foyinitial states, due to tional wave function for the heavier isotope is more sharply
the fact that the lower energes of the initial states for thepeaked and narrower, we expect to se®xross sections
heavier isotope result in a larger incident electron energyvhich are also more strongly peaked and narrower than those
being required to access the resonant surface. Compton afat H,O. In more than one dimension these arguments are
Christophorouj4] found energy-integrated cross sections ofcomplicated by the fact that no single coordinate maps sim-
6.6 and 3.% 108 eV cn? for H,O and DO, respectively, ply from the Franck-Condon region inhabited by the initial
and peak heights of 6.9 and %208 cn?. We find inte- states of the molecule to the asymptotic region, but the re-
grated cross sections of 5.79 and 53B0 eV cn? and  sults are qualitatively the same as for a diatomic.
peak heights of 5.99 and 7.64107*8 cn? for H,0O and DO, Compton and Christophorof#] were entirely aware of
respectively. these arguments and explained the observed isotope effects
Thus the salient differences between our calculations antly invoking a much larger rate of autodetachment than is
experimental observations is that our peak heights for thsuggested by moderab initio calculations of the width of
D,O cross sections are larger, not smaller, than fgHand  the 2B, state. They argued that since in the deuterium case

(©
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the dissociation process takes longer, a large autodetachmdpaper |I. As explained in that paper, we have obtained the
probability would lead to a smaller cross section for disso-width I", which appears in both the entrance amplitude and as
ciative attachment in the case ot@. In this way they de- the imaginary component of the potential-energy surface of
rived a lifetime of 2.1x107'* sec, which corresponds to a the resonant state, exclusively in terms of calculations below
width of approximately’=0.197 eV. _ the energy of the parefB, state. Thus in the construction of
_Unfortunately, the LCP model indicates that a width of the imaginary component of the resonance energy we have
this magnitude would yield much larger cross sections via itgjisregarded any partial width of the resonant state due to
effect on the entry amplitude. Increasing the width in ourg isdetachment to an excited state of the neutral water mol-
calculations so as to match the isotope effect yields crosg. e, However. as we note in Paper I, there are many ge-
sec;jons that are several times.those of'the experiments metries at Whié:h the complex Kohn célculations place the
Beli¢, Landau, and H‘T"”' Increasing the width further so thatresonance above its parent. These geometries lie beyond the
autodetachment dominates and finally reduces the cross secc. -\ '~ 400 region—in particular, at geometries in which
tion back to near the experimental values exagerates the isQ- ’

ffect f h -.one O-H bond length is increased frpm t_he equilibrium ge-
tope effect far beyond that observed by Compton and Chris metry of the neutral. These geometries lie at the entrance of

tophorou. To quantify this assertion we repeated the ground?
state HO and DO Calculatons with widths multiplied by the OH+H well. We note that the complex Kohn calcula-
several factors; at 27 times the original width, the cross secions in Paper | employed a basis set optimized for the de-
tions are approximately ten times those we calculated origiSCription of the resonance state and the ground state of the
nally. Somewhere between 9 and 27 times our calculatef8eutral water molecule, not for the excited states of the neu-
width we find that the isotope rati@in terms of energy- tral, and thus may actually have placed the resonance even
integrated cross sectipmgrees with experiment. For larger lower than it should be relative to the neutral excited states.
widths, where autodetachment dominates dissociative attachs a result, we consider it a possibility that the resonance
ment and cross sections have returned to the magnitude oBay actually rise above not only i#8, parent state but also
served in experiment, the isotope effect is much larger—some or all of the'B;, 'A;, or A, states as it enters the
indicating a factor of 3 difference between the energy-OH+H™ well and thus acquire a large negative imaginary
integrated cross sections of,8 and D,O. Thus we are not component to its energy at these geometries. Model calcula-
able to reproduce the experimentally observed isotope effect#ns indicate that such an increase in the width would have
and overall magnitude of the cross section by simply adjustto be large—on the order of 0.05 eV or so—to duplicate the
ing the magnitude of the calculated width. experimentally observed isotope effects. However, this is the
However, we can speculate about the possible ways i@nly mechanism of which we are aware that could account
which we may have failed to reproduce physical effects leadfor these results.
ing to the experimentally observed isotope effect. There are
two qualitatively different mechanisms through which an
isotope effect like that observed in experiment could be ob-
tained, while still maintaining the overall magnitude of the  The experimental value of the cross section for production
cross sections observed and calculated in this study. of O™ through the?B; resonance at its peak is about 40 times
In the first of these, the form of the entrance amplitudesmaller than the peak of the cross section for production of
VI'127, may preferentially weight portions of the Franck- H™ through the same resonanfs. The dynamics on the
Condon region in which the initial 0 wave function has a potential surface computed in Paper | presented here are con-
significantly larger magnitude than that of the correspondingsistent with that result to the extent thaf lis by far the
D,0O wave function. As a result, the driving tertz‘ﬂ,i of EQ.  dominant channel in our calculations.
(1) may have a larger magnitude for the® states than for As we pointed out in Paper I, although the+HO™ exit
the corresponding fD states, and as a result the energy-well includes the lowest points on the potential-energy sur-
integrated cross section will be larger for theQHstate. face, it is not as immediately accessible from ground-state
However, some investigation into this mechanism revealed iequilibrium geometry as is the OH+Hwell. The steepest
to be highly implausible. In spite of the large difference in descent path of the potential-energy surface does in fact lead
the reduced masses for the vibrational motion of these isotdrom equilibrium geometry into the G-H, well, but via a
pomers, the initial wave functions for corresponding statesnore indirect routgdescribed in Papep than the route to
are actually not very different. In a harmonic oscillator ap-the H +OH channel. Thus in the competing dynamics for
proximation, the ground-state vibrational wave functions ardhe wave packet to exit into these two arrangements, the
Gaussians with standard deviations in the ratio :2 more direct path to the production of Flominates, and the
=1:1.18 for D,O:H,0O. Thus the entrance amplitude would wave packet has essentially all exited into that chaqwih
have to be extremely sharply peaked to account fully for théts two equivalent arrangemeitsefore more than a small
observed isotope effect. We observe no such radical structusmount of the quantum flux begins to move into the channel
in the entrance amplitude, and such extreme behavior wouldroducing O. Thus the dynamics of the wave packet in the
be such a deviation from the results of this study, and every.CP model shows it is the shape of the potential surface and
other study of the widths of negative ions of which we arenot the overall energetics that controls the branching ratio
aware, as to be extremely implausible. into the two possible arrangement channels for anion produc-
The second mechanism which we have examined is muction.
more reasonable, given the calculations which we describe in Unfortunately, theab initio potential surface computed in

D. Dissociative attachment into the O+H, channel
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completely converge the calculations in this channel, but preDE-AC03-76SF00098 and was supported by the U.S. DOE
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V. SUMMARY

The results we have presented here demonstrate that it is APPENDIX: ROTATIONAL ANALYSIS

now possible to perform completedb initio calculations on The practical necessity of carrying out wave-packet

dissociative attachment to a triatomic molecule in full di- . - ; -
ropagation on finite grids of limited range can cause prob-

mensionality. Such calculations require almost the complet .ms when lond-ranae forces come into plav. That is the case
arsenal of contemporary techniques of first-principles quan; g-rang 1o play. X
ere when we consider the computation of DA cross sections

tum chemistry and chemical dynamics, and would have beePor rotationally specific final states. The rotational analysis
difficult to obtain, even with today’s powerful computers Y SP y Y

without the MCTDH implementation of the wave-packet dv. ©F theé H +OH channel is complicated by the fact that this
P P Y channel contains a long-range potential corresponding to the

namics in the time-dependent version of the LCP model. . . . ; .
interaction of a polar diatomic molecule and an ion, a poten-

These calculations have achieved substantial agreeme ial which is significant for all geometries on our grid. The
with experimental observation in many respects. The magni- 9 9 gria.

tude of the observed total cross section for the-B®H chan- analysis of the rotational degree of freedom for the OH frag-

nel has been reproduced to within less than ten percent, anrHent must therefore be performed in terms of hindered-rotor

the degree of vibrational excitation of the OH fragment cal-o pendular’ states, not free rotational state.previous

. - . discussion of pendular states can be found in Ré&9].
culated is very similar to that observed. The OH fragment IS om the pointpinR at which we perform this anaI;F/gsis] )the

also produced in these calculations with considerable rOta_endular states are assumed to connect adiabatically with the
tional excitation, as in the experiment, although the degree . . . y
ree rotational states of the asymptotic region. In other

rotational excitation is pr ly ex r in the present . ?
cgtl?:u?ati)ni citation is probably exaggerated € prese words, we assume that the cross sections which we compute

The dominance of the production of tver that of O is for the jth pendular state correspond to the cross sections

also confirmed by these calculations, and most importantIyObser.Ved In experiment for t“&.h free rotational state. We
escribe a test of this assumption below.

the combination of the dynamics presented here and the pcg- The long-rande ion-diole interaction causes mixin
tential surface presented in Paper | explain why this channeallmon the grotati%nal and pin rinciple. also the vibrationgl
dominates dissociative attachment through 83 reso- 9 1N P pe,

nance. We speculate that the reason why we understimate t!rft]e\éilts o(:‘f (t)h: IF; ros;%s?tigensétgnﬁwﬁi\tﬁ rbShn;elet:ihd'FJa()r:g ?;12-
cross section into the TCchannel is that thab initio surface gth,

. separation between vibrational levels is very large compared
computed in Paper | does not represent the resonan P ylarg P

potential-energy surface in the region between the @H sct)atthees Is:ifc?ls I%%rt?gr?qnbﬁhl?e ST]Z(LTg tt))gt\\:veerens\rgg{latlonal
and H+O™ wells accurately enough to correctly represent Y n y :

the minor channel in a dynamical competition that yields thesta%ns t?se roetlgst}ii/glang’mtglle sHeeprz]iéth:rr:eereetv:veiz”enb(tahecopuenl?nuIar
observed branching ratio of 40 to 1. y : piing

Considerable additional work will be necessary to com-2Mong these pendular states caused by motion irRttle-

pletely unravel the dynamics of dissociative attachment tPree of freedom. Therefore in order to perform a meaningful

water. Besides refining the understanding gained in this stud Iitr?“%réals&gzlallyesr:z’uwﬁ \r:v()etrfor%%lﬂgidntgnzg?;kﬁt?z?:atmssitii)onus-
of attachment through th&B,; resonance state using a still 9 g

betterab initio potential surface, similar studies must be un_between pendular states as they progress beyond the edge of

dertaken for the’A; and?B, resonances seen in the original our grid. To this end we extended our potential-energy sur-
experiments on this problem. The question of nonadiabati!:ace beyond the boundary Bt=12 that we used for the other

couplings between these states and their effects on branchiri(:i‘,llcuI"’monS presented here. We computed additional points

ratios remain open as well. Since the understanding of radia- 1éh§n30;intt)|g:1rssugﬁgee;[sel?]?jggeolTe;E?fgieOftopgget;?h?; o
tion damage to biological systems will require a complete,, at we could place the CAP B=21
understanding of this most fundamental process and how it i@ P e

modified in the liquid phase and by the proximity of biomol- As described in Paper |, the procedure by which we con-
ecules, this problem will continue to be a principal target Ofstruct the real part of the resonance surface incorporates both

: . an analytic fit and a three-dimensior{@D) cubic spline of
experiment and theory in the near future. the difference between the analytic fit and the computed
points. In order to optimize our surface for the rotational
analysis, we computed a new 3D spline representation of the

This work was performed under the auspices of the U.Sentire surface using the following analytic fit of the™H
Department of Energy by the University of California +OH potential well:
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Vi—on(r,R,y) = — 0.69746 cogy)/R? 200 :
- 38.349 co¥y)/R* +0.1652 150 e —
00 E T

X({1-exd1.2971(1.8112 +)]}>- 1),
(A1)

which was obtained from a multidimensional fit of thé
initio calculated points &> 11, r <4, and smoothly cut off
at smallR to avoid the 1R* and 1R? singularities. The
pendular states with respect to which the rotational analysis
was performed are the eigenfunctions of the hindered rigid
rotor Hamiltonian, j2/2u,r2+V, using for V the first two
terms in the potential in EqA1) with R=22.0 and withr?
=(r?), for the vibrational state of OH in question. The pen-  FIG. 11. Diagonal potentialg;(R) of the first nine pendular
dular states thus have a parametric dependendg amd v. states®;(y;R) (solid lines. Also plotted for reference is the mag-

In order to verify that the nonadiabatic couplings betweemitude of dipole potentiah/R? (dotted ling. R is in bohrs.
pendular states were in fact small by the edge of our recom- ) ) _ S
puted and extended grid, we performed a calculation on an The adiabatic potentialg(R) are shown in Fig. 11. Also
analogous model problem to compute sample nonadiabatilotted is the magnitude of the dipole potentjal/R? in Eq.
couplings between pendular states. We approximated the diéA2). As is apparent from this figure, the energies of the
sociating H+OH channel as a rigid static dipole in the field Pendular states tend to squeeze together around this line. The
of the H ion. We thus defined afR-dependent adiabatic Second derivative coupling is also at a maximum when adja-

pendular state bas®;(y;R) as eigenfunctions of the Hamil- Cent pairs are close to this line, but it was found to be neg-
tonian ligible (a small fraction of an me) In contrast, the first

derivative coupling is significant for this system, given the

Energy (meV)

10 12 14 16 18 20 22 24
R

~ A large translational kinetic energi€éapproximately 2 eV of
‘P) = 2,
Haditend 7:R) = 20 " R2Cos”) (A2)  the dissociating F#+OH system. Assuming an outgoing
o ) plane wave(€*R), the quantityix multiplies the derivative
with eigenvalues;(R), i.e., coupling via thed/ dR operator at the very end of EAS).

D (e DY — D (e Given a translational kinetic energy af/2ug=2 eV, the
Hagianai(7:R) = €(RIO;(v:R). (A3) " first derivative coupling is plotted in Fig. 12. As is apparent

We took the dipole momem and expectation valug?  from comparing this figure to Fig. 11, neR=21 bohrs the

of the OH molecule to be that computed from the first vibra-first derivative coupling is comparable in magnitude to the

tional state of OH by a 1D wave-function relaxation usingseparation between pendular states only for the first few pen-

the results of a Cl calculation performed on the OH mol-dular states, and drops monotonically with increasitag

ecule. The dipole moment from that calculation was Given this analysis, we were confident that projections

-1.658 D, and(r?)=3.497. The coupling between the pen- upon pendular states over the region spanned by the CAP,

dular states is caused by the nuclear kinetic energy irRthe Which lies fromR=21 to R=24, would yield states that to a

direction in the full Hamiltonian for this rigid dipole-ion pair, 900d approximation adiabatically change to free rotational
states upon continuing farther into the asymptotic region. We

1 & expect that this approximation will break down to a signifi-

Hitu = Hadiabatic™ Z_MRW. (A cant degree only for the first few rotational states.
The adiabatic potentialg(R) are combined with the nona- 80
diabatic couplings to produce the effective Hamiltonian in 70
the R degree of freedom, which can be written in matrix 60
form as o~
o 50 F
1 & £ 40 |
Hn':5jj'<fj(R)‘——z) S
ZIU’R&R g 30 f
L
1 & 20
+(O;(y;R)|=——=10:/(y;R
( ](7 )|2MRaR2| j (y )> 10k
+(O:(y; R)|ii|_,(7-R)>i_ (A5) o10 1I2 1I4 1I6 1I8 2:0 2I2 24
B 2ugd R GR R

We computed the pendular states in the basis of the first 40 FIG. 12. Absolute value of model nonadiabatic first-derivative
Legendre polynomials, in order to parallel the 40th ordercoupling between the first nine energetically adjacent pairs of pen-
Legendre DVR used in our MCTDH calculations. dular states, assuming’/2ug=2 eV.R s in bohrs.

062714-15



HAXTON et al.

[1] W. N. Lozier, Phys. Rev36, 1417(1930.

[2] I. S. Buchel'nikova, Zh. Eksp. Teor. Fiz35, 1119 (1959.
[Sov. Phys. JETR8, 783 1959.

[3] G. J. Schultz, J. Chem. Phy83, 1661(1960.

[4] R. N. Compton and L. G. Christophorou, Phys. R&&4, 110
(1967).

[5] C. E. Melton, J. Chem. Phy$%7, 4218(1972.

[6] S. Trajmar and R. I. Hall, J. Phys. B, L458 (1974).

[7] M. Jungen, J. Vogt, and V. Staemmler, Chem. Phyg. 49
(1979.

[8] D. S. Bel¢, M. Landau, and R. I. Hall, J. Phys. B4, 175
(1981).

[9] C. E. Klots and R. N. Compton, J. Chem. Phyg9, 1644
(1978.

[10] D. J. Haxton, Z. Zhang, C. W. McCurdy, and T. N. Rescigno,
Phys. Rev. A69, 062713(2004).

[11] D. T. Birtwistle and A. Herzenberg, J. Phys. 8 53 (1971).

[12] L. Dube and A. Herzenberg, Phys. Rev.20, 194(1979.

[13] T. F. O'Malley and H. S. Taylor, Phys. Rel76, 207 (1968.

[14] T. F. O'Malley, Phys. Rev.150, 14 (1966.

[15] T. N. Rescigno, W. A. Isaacs, A. E. Orel, H.-D. Meyer, and C.
W. McCurdy, Phys. Rev. A65, 032716(2002.

[16] C. W. McCurdy, W. A. Isaacs, H.-D. Meyer, and T. N. Re-
scigno, Phys. Rev. A7, 042708(2003.

[17] M. Beck, A. Jéackle, G. Worth, and H.-D. Meyer, Phys. Rep.
324, 1 (2000.

[18] J. N. Bardsley and J. M. Wadehra, J. Chem. Ph§g&. 7227
(1983.

[19] C. W. McCurdy and J. L. Turner, J. Chem. Phy&8, 6773
(1983.

[20] A. U. Hazi, T. Rescigno, and M. Kurilla, Phys. Rev. 23,
1089(1981).

[21] W. Domke, Phys. Rep208, 97 (1991).

[22] J. Z. H. ZhangTheory and Application of Quantum Molecular
Dynamics(World Scientific, Singapore, 1999

[23] A. R. Edmonds Angular Momentum in Quantum Mechanics
(Princeton University Press, Princeton, NJ, 1996

[24] C. Petrongolo, J. Chem. Phy89, 1297(1988.

[25] S. Sukiasyan and H.-D. Meyer, J. Phys. Chem185 2604
(2001).

[26] J. Tennyson and B. T. Sutcliffe, J. Chem. Phy&Z, 4061

PHYSICAL REVIEW A 69, 062714(2004)

(1982.

[27] G. A. Worth, M. H. Beck, A. Jackle, and H.-D. Meyer, The
MCTDH Package, Version 8.2000; H.-D. Meyer, Version 8.3
(2002: See http://www.pci.uni-heidelberg.de/tc/usr/mctdh/

[28] H.-D. Meyer, U. Manthe, and L. S. Cederbaum, Chem. Phys.
Lett. 165 73(1990.

[29] U. Manthe, H.-D. Meyer, and L. S. Cederbaum, J. Chem.
Phys. 97, 3199(1992.

[30] H.-D. Meyer and G. A. Worth, Theor. Chem. Ac&09, 251
(2003.

[31] A. Raab, G. Worth, H.-D. Meyer, and L. S. Cederbaum, J.
Chem. Phys.110, 936(1999.

[32] H. Wang, J. Chem. Physl13 9948(2000.

[33] H. Wang and M. Thoss, J. Chem. Phykl9 1289(2003.

[34] J. C. Light, inTime-Dependent Quantum Molecular Dynamics
edited by J. Broechkove and L. LathouwdRlenum, New
York, 1992.

[35] P. A. M. Dirac, Proc. Cambridge Philos. Sa26, 376 (1930.

[36] A. D. McLachlan, Mol. Phys.8, 39 (1964).

[37] C. Leforestier and R. E. Wyatt, J. Chem. Phy&3, 2334
(1983.

[38] R. Kosloff and D. Kosloff, J. Comput. Phy®3, 363(1986).

[39] U. V. Riss and H. D. Meyer, J. Phys. B4, 4503(1993.

[40] A. Jackle and H.-D. Meyer, J. Chem. Phy05 6778(1996.

[41] G. C. Corey and D. Lemoine, J. Chem. Ph93, 4115(1992.

[42] 3. W. T. G. C. Corey and D. Lemoine, iNumerical Grid
Methods and Their Application to Schrédinger’s Equatied-
ited by C. CerjanKluwer Academic Publishers, Amsterdam,
1973, pp. 1-23.

[43] O. L. Polyansky, P. Jensen, and J. Tennyson, J. Chem. Phys.
105, 6490(1996.

[44] S. Carter and N. C. Handy, J. Chem. Phg3, 4294(1987.

[45] J. Tennyson, N. F. Zobov, R. Williamson, O. L. Polyansky, and
P. F. Bemath, J. Phys. Chem. Ref. D&@, 735(2001).

[46] R. van Harrevelt and M. C. van Hemert, J. Chem. PHhlyi,
9453(2001).

[47] J. D. Gorfinkel, L. A. Morgan, and J. Tennyson, J. Phys3®B
543 (2002.

[48] L. A. Morgan, J. Phys. B31, 5003(1998.

[49] J. Rost, J. Griffin, B. Friedrich, and D. R. Hershbach, Phys.
Rev. Lett. 68, 1299(1992.

062714-16



