
Lawrence Berkeley National Laboratory
LBL Publications

Title
Dynamics of dissociative attachment of electrons to water through the {sup 2}B{sub 1} 
metastable state of the anion

Permalink
https://escholarship.org/uc/item/0cq5s7j1

Authors
Haxton, Daniel A.
Zhang, Zhiyong
Meyer, Hans-Dieter
et al.

Publication Date
2004-04-23

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/0cq5s7j1
https://escholarship.org/uc/item/0cq5s7j1#author
https://escholarship.org
http://www.cdlib.org/


Dynamis of dissoiative attahment of eletrons to water through the 2B1 metastablestate of the anionDaniel J. Haxton,1, 2, � Zhiyong Zhang,2, y Hans-Dieter Meyer,3, zThomas N. Resigno,2, x and C. William MCurdy4, 5, 1, {1Department of Chemistry, University of California, Berkeley, California 947202Lawrene Berkeley National Laboratory, Computing Sienes, Berkeley, California 947203Theoretishe Chemie, Universit�at Heidelberg, Im Neuenheimer Feld 229, D - 69120 Heidelberg, Germany4Lawrene Berkeley National Laboratory, Chemial Sienes, Berkeley, California 947205Department of Applied Siene, University of California, Davis, California 95616Calulations of ross setions for dissoiative attahment to water through the 2B1 resonanestate are presented using the ab initio surfaes alulated previously for the energy, ER, and width,�, of this resonane state as a funtion of nulear geometry. The dynamis of the dissoiativeattahment proess are treated in full dimensionality using the loal omplex potential model. Forthe H� +OH hannel, the alulations presented here are in substantial agreement with experimentwith regard to total ross setion and vibrational exitation of the OH fragment. Cross setions fordissoiative attahment to exited initial ro-vibrational states are presented and isotope e�ets arealso examined.I. INTRODUCTIONExperiments[1{8℄ on the dissoiative attahment ofeletrons to gas-phase water moleules have suggestedthat this proess is governed by omplex nulear andeletroni dynamis. Three resonane peaks have beenidenti�ed with ross setion maxima near inident ele-tron energies of 6.4, 8.4, and 11.2 eV for the produtionof the H�, O� or OH� produts. It was observed thateah of these peaks exhibits a di�erent produt distribu-tion. The three eletroni resonane states orrespondingto these three ross setion peaks, with 2B1, 2A1 and 2B2symmetry, are now familar, and it is the dynamis of dis-soiative attahment through the lowest of those, the 2B1metastable state of the anion, that is the subjet of thispaper.Several salient features of the early experiments sug-gest that the nulear dynamis of this proess may holdsome surprises. For dissoiative attahment through the2B1 resonane, the ross setion for produing H� +OHis roughly 40 times larger at its peak than the ross se-tion for produing the energetially favored produts,O� +H2 [4, 5℄. The further observation that the pro-dution of OH� assoiated with this resonane peak inthese early experiments was not a produt of diret disso-iative attahment [9℄ is ontrary to the natural hemialintuition from the ondensed phase that OH� should beexpeted to be a major produt. These observations indi-ate that the produts of this reation are determined bythe dynamis of the proess itself rather than by the en-ergetis of the possible produt hannels, and that more-�djhaxton�lbl.govyzyzhang�lbl.govzdieter�t.pi.uni-heidelberg.dextnresigno�lbl.gov{wmurdy�lbl.gov

over those dynamis are di�erent for eah of the reso-nane states of the water anion.Both the detailed experiments of Beli�, Landau andHall [8℄ in 1981, who measured the distribution of vi-brational states of OH as well as angular distributionsof the aompanying H�, and those of Compton andChristophorou [4℄, who measured the isotope e�et forprodution of H� or D� from H2O or D2O, providestrong tests of the theoretial understanding of this pro-ess. The hannel produing H� +OH through the 2B1resonane state is aompanied by extensive vibrationalexitation of the OH fragment. Given the ompetitionbetween dissoiation hannels and the observed produtvibrational exitation, one expets that the dynamis ofdissoiative attahment to this moleule are intrinsiallypolyatomi, and an only be desribed theoretially bya treatment using the full dimensionality of nulear mo-tion. Suh a treatment is what we report here.In a previous paper [10℄, hereafter refered to as (I), wepresented the alulation of the potential surfae for the2B1 resonane state in its full dimensionality. That sur-fae, V = ER � i�=2, is omplex in the region in whihthis state is metastable. Both the real part and the width,�, were alulated by ab initio methods, the real part inlarge-sale on�guration interation alulations and thewidth from omplex Kohn variational sattering alu-lations. Analyti �ts of these quantities were performedto onstrut a omplete representation at all geometriesneessary for the dynamis alulations we desribe here.In this study we turn to the alulation of the rosssetions for dissoiative attahment using that omplexpotential surfae. The alulations we present are allpeformed using the loal omplex potential model [11{14℄, in whih the energy and width of the resonane stateare suÆient to determine the nulear dynamis and theross setions.To apply the loal omplex potential model to a poly-atomi system, we make use of a time-dependent ver-sion of it that simpli�es both the numerial alulations



2and the physial interpretation of the dynamis. As inearlier studies on resonant vibrational exitation of CO2[15, 16℄, we make use of the Multion�guration TimeDependent Hartree (MCTDH) method [17℄ to solve theworking equations. This time-dependent approah, om-bined with the power of the MCTDH implementation, isthe key to treating polyatomi dissoiative attahmentand resonant vibrational exitation problems.The outline of this paper is as follows. In Setion II wedisuss the bulk of the formalism involved in this work:essentials of the loal omplex potential model, relevantde�nitions of dissoiative attahment ross setions, theoordinate systems and Hamiltonians neessary for thetreatment of a triatomi system, and the appliation ofthe MCTDH method to the omputation of the quanti-ties of interest. In Setion III we present our results, andonlude with the disussion in Setion IV. An Appendixis inluded in whih we address the analysis of the rota-tional degree of freedom for the OH fragment of the H�+ OH hannel, whih is not straightforward.II. TIME-DEPENDENT LOCAL COMPLEXPOTENTIAL TREATMENT OF DISSOCIATIVEATTACHMENTA. Nulear wave equationThe loal omplex potential (LCP) model [11{14, 18℄ ,also known as the \Boomerang" model when applied tovibrational exitation, desribes the nulear dynamis interms of the driven Shr�odinger equation(E �H) ��i(~q) = ��i(~q; 0); (1)in whih the Hamiltonian for nulear motion in the res-onant state is H = K~q +ER(~q)� i�(~q)2 : (2)In Eqs. (1-2), the nulear degrees of freedom are ol-letively denoted by ~q and the nulear kineti energy isdenoted by K~q . The energy, E, is the energy of the en-tire system, namely that of the target moleular stateplus the kineti energy of the inident eletron,E = E�i + k2=2: (3)The driving term, ��i in Eq. (1), is de�ned as��i (~q; 0) =r�(~q)2� ��i(~q): (4)in whih ��i is the initial vibrational wave funtion ofthe neutral target moleule, whose quantum numbers areolletively denoted by �i. The fator whih multiplies��i , alled the \entry amplitude," is arrived at via er-tain approximations [11{14℄. As we will see below, the

magnitude of the driving term ��i will largely ontrol theoverall magnitude of the ross setion.The solution of Eq. (1) an be aomplished via time-dependent methods, as �rst demonstrated by MCurdyand Turner [19℄. The solution ��i(~q) satis�es the bound-ary ondition that it should ontain only purely outgoingwaves, ��i(~q) = (E �H + i�)�1��i (~q; 0): (5)By representing the Green's funtion, (E�H+ i�)�1, bythe Fourier transform of the orresponding propagator,the stationary solution ��i(~q) of Eq. (1) an be obtained,��i(~q) = lim�!0 i Z 10 ei(E+i�)te�iHt��i(~q; 0)dt= lim�!0 i Z 10 ei(E+i�)t��i(~q; t)dt; (6)where we de�ne the time-dependent nulear wave fun-tion as ��i(~q; t) = e�iHt��i(~q; 0): (7)The essene of the LCP model is that the dynam-is of this wavepaket on the omplex potential sur-fae of the metastable anion determine the ross setionsfor dissoiative attahment (DA) or vibrational exita-tion through the eletron sattering resonane. Thesewavepaket dynamis provide a simple interpretation ofthe physis of the dissoiative attahment proess thatis now well-known for diatomis, but, as we will see be-low, is even more useful for understanding dissoiativeattahment to polyatomi targets.The LCP model is expeted to desribe the dynamisof the ase at hand well, sine ertain basi assumptionsof the model are learly satis�ed [20℄. Our interest here isin desribing DA to water, whose eletroni ground stateat equilibrium has 1A1 symmetry, through its lowest res-onane anion state, whih at the equlibrium geometry ofthe neutral target has 2B1 symmetry. This resonane lies�6.5 eV above the neutral target state. The width of theresonane, and therefore the oupling of the resonanestate to the bakground eletron sattering ontinuum,is small, and the inident eletron energy is large om-pared to the vibrational spaing of the neutral moleulartarget.Virtually all previous ab initio studies of dissoiativeeletron attahment have been arried out for diatomis,or for polyatomis with a single ative nulear degree offreedom. In suh ases the quantum numbers l and mof the initial state are onserved via the approximationswhih yield Eq. (4), and therefore the oordinates, ~q,redue to a single internulear distane, R. The radialportion of the wave funtion given in Eq. (5), de�ned as�, �lm�(R; �; �) = Ylm(�; �)�l� (R); (8)



3behaves asymptotially as an outgoing wave:�l�(R) �!R!1 exp(i�R� il�=2)Al(El� + k22 ): (9)The total ross setion for dissoiative attahment in theloal omplex potential model is then [21℄,�DA = 2�2k2 g ��R limR!1 j�l�(R)j2= 2�2k2 g ��R ����Al(El� + k22 )����2 ; (10)where � is the relative nulear momentum of the twoatoms with redued mass �R, and g is a statistial ratioof the eletroni multipliity of the resonant state to theeletroni multipliity of the inoming state.The generalization of this formulation to polyatomisystems is, in priniple, straightforward. However, thereare intrinsi ompliations that arise even in the simplestpolyatomi ase of a triatomi moleule, beause there ismore than one �nal arrangement hannel. We thereforemust �rst speify the oordinate systems and Hamilto-nians whih we will employ, before addressing the issueof the proper formulation of the dissoiative attahmentproblem for a triatomi.B. Jaobi oordinate systemsA three-body system has nine degrees of freedom; ninevariables are required to speify the on�guration of suha system in spae. Three of these variables, however, de-sribe enter-of-mass motion, whih an easily be sepa-rated from internal motion. The instantaneous positionsof three partiles de�ne a plane, so of the remaining sixvariables, three an be hosen to speify motion in thisplane, while the remaining three are used to orient theplane with respet to the spae-�xed frame. There areseveral possible hoies for the three internal (body-�xed)oordinates that desribe motion in a plane. We will useJaobi oordinates, whih are a natural hoie for study-ing dissoiation.There are two distint Jaobi oordinate systems thatdesribe a triatomi system suh as H2O. In the �rstof these we de�ne an OH bond length, r, the distane,R, between that OH enter of mass and the seond H,and the angle, , between these two vetors, de�ned suhthat  = 0 orresponds to a ollinear H-H-O geometry.The other oordinate system onsiders H2 as the diatomispeies and thus assigns r to the H-H separation, and Rto the distane between the H2 enter of mass and and theoxygen nuleus, with  de�ned as the angle between thesetwo vetors. These oordinate systems were desribed in(I) when the onstrution of analyti �ts of the alulatedab initio omplex potential surfae were disussed.The alulations desribed below made use of both o-ordinate systems so that the ross setions for di�erent

arrangements ould be omputed. The �rst Jaobi oor-dinate system is onvenient for the OH + H� arrange-ment hannel; the seond, for the the H2 + O� arrange-ment hannel.The remaining three degrees of freedom of this enter-of-mass system are the three Euler angles whih orientthe internal or body-�xed (BF) frame to the lab or spae-�xed (SF) frame, whih we will denote �; �; �. These areshown in Figure 1 and will be disussed below.C. Triatomi nulear HamiltoniansThe angular momentum of a triatomi system anbe quantized in several di�erent ways. In de�ning theHamiltonian for this system we will use the standard [22℄BF formulation in whih we quantize total angular mo-mentum, J , the projetion of angular momentum onto aSF axis, M , and the projetion upon a BF axis, K. Jand M are onstants of the motion. A six-dimensionalrovibrational wave funtion for a triatomi with parti-ular J and M values an be expanded in a BF angularmomentum basis as follows,	JM (R; r; ; �; �; �) = JXK=�J eDJMK(�; �; �)�JMK (R; r; )Rr (11)where the basis of eDJMK(�; �; �) is the set of normalizedWigner rotation matries (and BF angular momentumeigenstates),eDJMK(�; �; �) =r2J + 18�2 DJMK(�; �; �); (12)suh thatZ 2�0 d� Z 1�1 d(os �) Z 2�0 d� eDJMK(�; �; �) eDJ0�M 0K0(�; �; �)= ÆJ;J0ÆM;M 0ÆK;K0 : (13)In Eqs.(12) and (13) we follow the onventions ofZhang [22℄, whih for the DJMK are the same as thoseof Edmonds [23℄.By substituting the expansion (11) into theShr�odinger equation and using the orthogonalityrelation (13) for the D-funtions, one an derive atridiagonal system of oupled equations for the radialomponents, �JMK (R; r; ), of the full wave funtion. TheBF Hamiltonian operators that appear in this expansion



4are given by [24, 25℄HJKK = � 12�R �2�R2 � 12�r �2�r2 + ĵ22�rr2+ 12�RR2 [J(J + 1)� 2K2 + ĵ2℄+ V (R; r; )HJK�1;K = � 12�RR2pJ(J + 1)�K(K � 1) ĵ�ĵ2 = �� 1sin() �� sin() �� � K2sin2()�ĵ� = � �� �Kot();
(14)

where �r and �R are the redued masses appropriate forthe Jaobi oordinate system in use and V is the omplexpotential energy surfae. The Hamiltonian operators are,of ourse, independent of the SF quantum number, M .Thus the dynamis in the body-�xed frame are e�etivelyfour-dimensional, with internal oordinates r, R, and ,and with the expansion in terms of states of �xed Krepresenting the fourth dimension.We use the \R-embedding" sheme [26℄ in whih theBF angular momentum number K is quantized aroundthe axis parallel to the R vetor. Thus � and � are thepolar angles whih orient the R vetor with respet tothe SF frame, and � is the third Euler angle speifyingorientation about the BF z axis. A shemati of theoordinate system is shown in Fig. 1.With this Hamiltonian, in the Jaobi oordinates ap-propriate to the �nal arrangement of interest, we anperform the time propagation of Eq. (7), expanding theinitial wave funtion ��i as in Eq. (11). With the under-standing that the wave funtion being propagated orre-sponds to a spei� value of total angular momentum, wewill drop the J andM supersripts on the wave funtionfor notational simpliity. Before we turn to the methodswe will use to perform that time propagation, we willgeneralize the de�nition of the dissoiative attahmentross setion in Eq. (10) using these oordinates.D. Dissoiative attahment ross setionsWe an now address the problem of generalizing Eq.(10), whih expresses the ross setion for dissoiativeeletron attahment to a diatomi target, to the ase ofa triatomi system. The de�nition of the ross setion de-rives from the asymptoti form of the time-independentsolution, ��i , of the driven Shr�odinger equation in theLCP model given by Eq. (1). Here and below, we use thesubsript �i to denote the quantum numbers that speifythe initial state of the target moleule. For the prod-ut hannels, onsisting of an atom or atomi ion plus adiatomi fragment, we will use the notation j� to labelthe vibrational and rotational quantum numbers of theprodut diatom.
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FIG. 1: \R-embedding"[26℄ oordinate system with origin atthe enter of mass. The body-�xed (BF) frame is labeled bythe X 0, Y 0, and Z0 axes; the spae-�xed (SF), by X, Y , andZ. The BF axes are marked with thin lines, and the BF X 0Z0and X 0Y 0 planes are both marked with a thin line irle. TheSF axes are marked with dashed lines, and the SF XZ andXY planes are marked with dashed irles. The moleuleresides in the BF X 0Z0 plane. The Euler angles �, �, and �orient the BF frame with respet to the SF frame. The lineof nodes is also drawn. The ~r vetor onnets the nulei ofthe diatomi. The ~R vetor onnets the enter of mass ofthe diatomi to the third atom and is ollinear with the BFZ0 axis. R is the length of ~R, r is the length of ~r, and  isthe angle between the ~R and ~r vetors.For the triatomi ase, the asymptoti form of ��i(~R;~r)is expressed most easily in the spaed-�xed basis of ou-pled spherial harmonis Y JMjl (R̂; r̂), where R̂ � r̂ =os(). The quantum numbers l and j, as we will seebelow, label the partial-wave angular momentum of thedissoiating fragments and the rotational quantum num-ber of the diatomi produt, respetively.For our purposes, an important identity is the de�ni-tion of the oupled spherial harmonis in terms of thenormalized Wigner rotation funtions [22℄,Y JMjl (R̂; r̂) =XK CJKlj eDJMK(�; �; �)�Kj () (15)where the oeÆients CJKlj of this unitary transformationare given in terms of Clebsh-Gordon oeÆients byCJKlj =r 2l+ 12J + 1 hjKl0jJKi; (16)and �Kj () � p2�YjK(; 0): (17)For a total energy of E = E�i + k2=2, where k is thewavenumber of the inident eletron andE�i is the energy



5of the initial state, the asymptoti form of the dissoiativeattahment wave funtion, written below in the spae-�xed frame, is that of a purely outgoing wave:�SF�i (~R;~r) = Xlj� f+l�ij�(R)��(r)Y JMjl (R̂; r̂)Rr�!R!1 Xlj� exp(i�j�R� il�=2)��(r) � (18)Y JMjl (R̂; r̂)Rr Alj� (E�i + k22 );where Alj�(E�i + k22 ) is a partial-wave DA amplitude.The relative momentum assoiated with the separatingfragments is�j� =s2�R�E�i + k22 �Ej��; (19)where Ej� is the energy of the diatomi rovibrationalstate with quantum numbers � and j of the rearrange-ment hannel in question.Given the expansion of the dissoiative attahmentwave funtion in Eq. (18), the generalization of the rosssetion formula for diatomis in Eq. (10) to a triatomiis straightforward. We begin by taking the overlap of ��iwith the �nal produt states of interest and integratingover the remaining angular degrees of freedom:Oj�(R) = R2XK �������r eDJMK�Kj �����SF�i �����2 ; (20)where ��(r) is a vibrational state of the diatomi prod-ut and �Kj , de�ned in Eq. (17), is a orrespondingrotational state of the diatomi fragment. The urvedbrakets indiate integration over all variables exept R.In priniple �� also depends on the rotational quantumnumber, j. However, in the alulations we report here,no entrifugal term was inluded in the vibrational po-tential for the diatomi fragment, for reasons that will bemade lear below; hene � has no j subsript here.The quantity Oj�(R) is fully analagous to the quantityj�l�(R)j2 of Eq. (10), and we therefore de�ne the rosssetion for dissoiative attahment to a triatomi as�j�DA = limR!1 2�2k2 g ��ROj� (R): (21)By using the asymptoti expansion given by Eq. (18),we obtain the expression�j�DA = 2�2k2 g ��R Xl ����Alj� (E�i + k22 )����2 : (22)The rotational states of the produts are not resolved inmost experiments, so to ompare with measured DA rosssetions we will generally be interested in omputing therotationally summed DA ross setions.

E. The Multion�guration Time-DependentHartree MethodAs previously stated, the solution of the time-independent LCP equation (1) an be aomplished bytime-dependent wavepaket propagation methods. Wewill �rst give a brief desription of the MCTDH methodwe used to arry out the time propagation and then, inthe following subsetion, show how the dissoiative at-tahment ross setion, de�ned above in Eq. (22), is al-ulated diretly from the time-propagated wavepaket.To perform the propagation in Eq. (7) we use theHeidelberg MCTDH pakage [27℄, whih is an imple-mentation of the Multi{Con�guration Time{DependentHartree, or MCTDH [17, 28{30℄ method. The MCTDHmethod has proven its utility in many appliations (seeRef. [17℄ and referenes therein) as an eÆient adaptivemethod for nulear dynamis of moleular systems { inpartiular, those with many degrees of freedom [31{33℄.In the MCTDH method, as in the standard methodfor solving the time-dependent Shr�odinger equation, westart with a time-independent orthonormal produt basisset, f�(1)j1 (q1):::�(f)jf (qf )g; j� = 1 � � �N� (23)for a problem with f degrees of freedom and nulear o-ordinates labeled q1; :::qf . For omputational eÆieny,the basis funtions �(�)j� are hosen as the basis funtionsof a disrete variable representation (DVR) [34℄.The entral idea of the MCTDH tehnique is the repre-sentation of the nulear wavepaket as a sum of separableterms,��i(~q; t) = n1Xj1=1 ::: nfXjf=1Aj1:::jf (t) fY�=1'(�)j� (q�; t); (24)with n� � N�. Eah \single partile funtion" (or SPF)'(�)j� (q�; t) is itself represented in terms of the primitivebasis: '(�)j� (q�; t) = N�Xi�=1 (�)i�j�(t)�(�)i� (q�): (25)Sine both the oeÆients Aj1:::jf and the single-partilefuntions '(�)j� are time-dependent, the wave funtion rep-resentation is not unique. Uniqueness an be ahievedby imposing additional onstraints on the single-partilefuntions whih keep them orthonormal for all times [17℄.The size of the SPF expansion in Eq. (24) ontrols thedegree to whih orrelation among the various degrees offreedom is inluded. Inluding a greater number of termsin this expansion leads to a more preise but slower al-ulation. Inluding the maximum number, i.e. n� = N�,gives a numerially exat alulation, while the oppositelimit n� = 1 yields the Time-Dependent Hartree (TDH)method [35, 36℄ in whih the propagating wavepaket is



6unorrelated with respet to the oordinate system ho-sen to represent it.As the single{partile funtions are time{dependent,matrix elements of the Hamiltonian have to be evaluatedat every time step. Hene it is essential that this evalua-tion an be done quikly. A fast algorithm exists [17, 29℄if the Hamiltonian an be written as a sum of produtsof single{oordinate operators. Here the kineti energyoperator is { as usual { already in produt form, but thepotential energy surfae is not. To pro�t from the advan-tages of the produt form we approximate the potentialsemployed as a sum of separable terms, i.e.,V (q1; � � � qf ) �m1Xj1=1 � � � mfXjf=1Cj1���jf v(1)j1 (q1) � � � v(f)jf (qf ): (26)The MCTDH pakage [27℄ inludes a utility whih per-forms a �t of a given potential to a separable representa-tion of this form. Details an be found in Bek et al.[17℄.All potential energy surfaes used in the urrent alu-lation were represented in this manner, using this utilityto �t them spei�ally for eah hoie of the DVR grids.F. Dissoiative Attahment Cross Setions fromOutgoing Projeted FluxThe ross setions for dissoiative attahment, givenby Eq. (22), an be alulated diretly from thetime-propagated wavepaket by omputing the energy-resolved, outgoing projeted ux. The energy resolutionis ahieved by Fourier transform and a �nal state res-olution is ahieved by the introdution of appropriateprojetion operators. For DA leading to a spei� ro-vibrational �nal produt, we use the projetion operatorPj� =XK �����r eDJMK�Kj ED��r eDJMK�Kj ��� ; (27)while for the ase of the rotationally summed DA rosssetions, we use the operatorP� = �����r ED��r ��� : (28)The ux operator we employ, whih measures the uxpassing through a surfae de�ned by R = R, is de�nedas F̂ = i[H;h(R�R)℄ (29)where h is a heaviside funtion. The energy-resolved pro-jeted ux is then given byF j�(E) =12� Z 10 dt Z 10 dt0h��i jei(H�E)tPj� F̂ Pj�e�i(H�E)t0 j��ii(30)

The MCTDH pakage [27℄ inludes a utility whih om-putes the outgoing projeted ux. In the atual alula-tions, the ux operator appearing in the equation aboveis replaed by a Complex Absorbing Potential (CAP)[37{39℄. This formulation of the ux operator is very onve-nient numerially and entirely equivalent to the tradi-tional formal de�nition of the operator in this ontext.The radius R is to be interpreted as the point where theCAP is swithed on. For more details on this CAP uxformalism see Refs. [17, 30, 40℄.The resulting energy-resolved projeted ux is that as-soiated with the time-independent solution of the drivenShr�odinger equation of the LCP model in Eq. (1),Fj�(E) = 12� h��i jPj� F̂ Pj� j��ii: (31)By inserting the expansion of ��i in Eq. (18) into Eq.(31) and using the properties of the oupled spherialharmonis de�ned in Eqs.(15-17), we obtain, after somealgebra,Fj� �E�i + k22 � =Xl 12� hf+l�ij�(R)jF̂ jf+l�ij�(R)i: (32)Then using the asymptoti form of the radial ontinuumfuntions f+l�ij�(R), some further manipulation givesFj� �E�i + k22 � =Xl ����Alj� �E�i + k22 �����2� �j�2��R� :(33)This equation gives us the desired relationship betweenthe energy-resolved projeted outgoing ux and the am-plitudes for dissoiation that appear in the asymptotiform of the wave funtion in Eq. (18. By omparingEq. (33) and (22), noting that in this ase g = 1, therelationship between the rotationally and vibrationallyresolved total dissoiative attahment ross setion andthe energy-resolved projeted ux, Fj� , is found to be�j�DA�k22 � = 4�3k2 Fj� �E�i + k22 � : (34)Similarly, for the rotationally summed DA ross setion,we use: ��DA �k22 � = 4�3k2 F� �E�i + k22 � ; (35)where F� is de�ned as in Eq. (31), with Pj� replaed byP� . These formulas were used to ompute ross setionsusing the MCTDH method. For the H� +OH hannel,an additional fator of two is multiplied into this expres-sion to aount for the fat that in a given alulation weperform the ux analysis for only one of the two H� +OH arrangements, namely the one for whih the Jaobioordinates are appropriate.



7III. COMPUTATIONAL PROCEDURESA. The DVR basis and other MCTDH parametersIn the alulations reported here we used DVR prim-itive basis sets for all internal degrees of freedom [17℄,hoosing the standard sine DVR for the r and R degreesof freedom and, for J = 0, the Legendre DVR for .For J > 0, the DVR for  must be modi�ed to aountfor singularities in the Hamiltonian (see Eq. 14) due tothe term K2=sin2(). This is done by using an extendedLegendre DVR [41, 42℄, whih is implemented in the Hei-delberg MCTDH pakage [27℄.Most of the results we will report are for rotation-ally summed ross setions and it is for these ases thatthe following omputational details apply. For the aseof rotationally resolved �nal states, there are additionalonsiderations that ome into play; the details of therotational analysis we used are desribed in the Ap-pendix. In the Jaobi r = rOH oordinate systems, weobtained onvergene with DVR bases of 70�120�40 for(0:5 < r < 7:0), (0:0 < R < 12:0), and (0 <  < �),respetively. For this oordinate system, with the exep-tion of the alulation inorporating an initial state withone quantum of asymmetri streth, the onvergene ofthe alulation with respet to the number of single par-tile funtions was relatively slow ompared, for exam-ple, to our earlier studies on vibrational exitation of atriatomi [15, 16℄. Therefore we used a large SPF expan-sion, 24�28�18 in r; R; , to attain onverged results.For onsisteny, this SPF expansion was used for all al-ulations presented in this paper performed in this Jaobioordinate system.We also performed a few alulations in the Jaobi(r = rHH ) oordinate system, to examine the H2 +O�hannel. We used a grid of 0:5 < r < 9:0, 0:0 < R < 9:0,and 0 <  < � with DVR order 90�90�60 in an attemptto alulate the total ross setion only. For these alu-lations, whih eah took two to three days CPU time ona desktop omputer, an SPF expansion of 24�29�26 inr; R;  was used. As we will disuss below, these alula-tions gave only an estimate of the total ross setion forthe prodution of O�, and annot be onsidered to havebeen onverged.For every propagation, we used omplex absorbing po-tentials (CAPs) [37{39℄ at the edge of the grid to elim-inate the propagated wave funtion before reahing theend of the grid. In all ases our CAP's began 3 bohrbefore the end of the grid, were quadrati, and had astrength, � in the notation of ref. [17℄, of 0.007au. For-mally, the CAP's provide the +i� limit in Eq. (6).B. Initial statesTo investigate the e�et of exitation of the watermoleule on dissoiative attahment, we performed alu-lations using various initial rovibrational states. We also

alulated a few of these initial states using the spe-trosopially aurate ground-state surfae of Polyanski,Jensen and Tennyson [43℄, denoted here and by those au-thors as the PJT2 surfae, for the purpose of verifyingthe quality of the initial states obtained from the groundstate CI surfae alulated in (I), whih we denote hereas the HZMR surfae.Vibrational states of H2O an be denoted by the no-tation (n1,n2,n3), where n1 is the quantum number ofsymmetri streth, n2 is the quantum number of bend,and n3 is the quantum number of asymmetri streth.For the Jaobi (r = rOH ) oordinate system, we obtainedand used initial states as follows: for J = 0, the (000),(100), (010), (001), and (200) states, both for D2O andH2O; for J = 3, we studied the 7 lowest rovibrationalstates of H2O; and for J = 10, we studied the groundrovibrational state of H2O. To alulate initial rovibra-tional states, we performed improved relaxation [30℄ witha Davidson diagonalizer as implemented in the MCTDHpakage [27℄.Table I lists all initial states used for our alulationson H2O. We omputed the overlap of vibrational statesfrom the HZMR surfae and three orresponding stateswe obtained by improved relaxation using the PJT2 sur-fae. As shown in Table I these overlaps are nearly unity.In Table I we also present omparisons of our alulatedtransition energies with values alulationed by Polyan-ski et al. [43℄ and by Carter and Handy [44℄ and withexperimental values. In the ourse of investigating thetwo di�erent arrangement hannels for this problem, wealulated two of these transition energies in both dis-tint Jaobi oordinate systems, r = rOH and r = rHH ,and Table I also ompares these results. Together, thesetests verify that any error in the ross setions we alu-late here due to errors in the initial rovibrational wavefuntions is negligible.Vibrational states for J = 0 for H2O, integrated overos � in valene oordinates, are shown in Fig. 2. This �g-ure shows the probability density of eah wave funtion inthe (r1; r2) plane in valene-bond oordinates. The (000)and (010) wavefuntions appear nodeless in this �gure,though of ourse (010) has a node in �, and they are al-most indistinguishable here, although the (010) state isshifted slightly in the symmetri streth diretion. The(100) state has a node parallel to the asymmetri strethdiretion, and is elongated in the symmetri streth dire-tion; onversely, the (001) state has a node along r1 = r2and is elongated in the asymmetri streth diretion.C. PropagationThe initial states obtained from the HZMR surfaewere multiplied by the entrane amplitude and prop-agated using the MCTDH proedure disussed above.Propagation was performed for 75 fs (H2O) or 100 fs(D2O) after whih 99.9% of the density had typiallybeen either absorbed by the CAP or by the imaginary



8State Energies OverlapJ Ka K Vib. Present (HZMR) Present (PJT2) Cal. Expt. jhPJT2jHZMRij20 0 0 (000) 0.0 m�1 0.0 m�1 0.0 m�1 { 0.99750 0 0 (010) 1635.85a 1594.63a 1594.68 1594.7e 0.99741635.93b0 0 0 (020) 3219.95b 3151.53 3151.6e0 0 0 (100) 3745.06a 3657.05a 3657.15 3657.1e 0.99230 0 0 (001) 3805.78a 3755.83 3755.93e0 0 0 (200) 7366.35 a 7202.23 7201.5e3 0 3 (000) 138.78a 136.9d 136.8f3 1 3 (000) 144.16a 142.4d 142.3f3 1 2 (000) 175.82a 173.6d 173.4f3 2 2 (000) 208.80a 206.3d 206.3f3 2 1 (000) 214.82a 212.2d 212.2f3 3 1 (000) 288.26a 284.9d 285.2f3 3 0 (000) 288.47a 285.1d 285.4f288.41b10 0 10 (000) 1129.85aaFrom alulation in Jaobi (r = rOH) oordinatesbFrom alulation in Jaobi (r = rHH) oordinatesFrom Polyansky, Jensen and Tennyson [43℄dFrom Carter and Handy [44℄eAs quoted in [43℄fAs quoted in [44℄TABLE I: Initial states for H2O from the present alulations on both the HZMR and PJT2 surfaes ompared with otheralulated and experimental results. The quantum numbers Ka and K are de�ned as in referenes [43, 44℄.omponent of the resonane surfae. A time-step plot ofthe wave funtion density for a paket beginning with at-tahment to the (000) state with J = 0 is shown in Fig.3and will be disussed further below.IV. RESULTS AND DISCUSSIONA. Cross setions for attahment to the groundvibrational state with J = 0The experimental determinations of dissoiative at-tahment to water in the gas phase with whih we om-pare here have been performed at low enough e�etivetemperatures that the target moleule is in its groundvibrational state. To ompare with those measurements,we performed LCP alulations using the methods de-sribed above beginning with the (000) state and withJ = 0. As we will see below, rotational exitation hasonly a very small e�et on the ross setions, at least upto J = 10, so these alulations are appropriate for om-parison with the experiments whih have been performedto date. These alulations yielded a total ross setionfor the OH+ H� hannel (summed over �nal rotationaland vibrational states of the OH fragment) whih peaksat 6.81eV inident eletron energy with a value of 0:214a20or 5.99 �10�18 m2 and whih has an energy-integrated

total ross setion of 5:74� 10�18 eV m2.Our omputed ross setions for various �nal vibra-tional states are shown in the top panel of Fig. 4 andare ompared with the experiments of Beli�, Landau andHall[8℄ in Fig. 5. The value of the total ross setionat its peak nearly reprodues the experimental value of6:4� 10�18m2 and displays a shape very similar to theexperimental one, with the alulated maximum beingshifted slightly from the experimental maximum at aninident energy of 6.5 eV. A similar level of vibrationalexitation of the OH fragment is observed, with similarmagnitudes. However, as is visible in Fig. 5, there are in-reasing quantitative disrepanies for the ross setionsas � inreases from 0 to 7 and the ross setions dereaseby two orders of magnitude. This level of agreement withexperiment suggests that the potential surfae from (I)is largely orret, at least for the geometries relevant tothe desription of the H� + OH hannel, and that thedynamis of the wavepaket shown in Fig. 3 are the ori-gin of the extensive vibrational exitation of the produtOH fragment.As desribed in (I) and as is apparent in Fig. 2, inthe viinity of the equilibrium geometry of the neutral(r1 = r2 = 1:81 bohr; � = 104:5Æ) the gradient of thereal part of the resonane energy is steeply downhill inthe r1 or r2 diretions. In ontrast, the potential is rela-tively at in �. The H2 + O� well an only be reahed if
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r1 FIG. 2: Initial wave funtion density for radial solution of(lokwise, from upper left) (000), (100), (001), and (010)states, in valene-bond oordinates, integrated over os �,with real part of 2B1 surfae at � = 104:5Æ. Distanes inbohr; ontours every 0.25eV.the bond angle � is dereased substantially from the equi-librium geometry of the neutral, whereas the OH + H�hannel is immediately adjaent to the initial wavepaket.Therefore, the wavepaket proeeds downhill towards theOH + H� arrangement hannel, with very little densityarriving in the H2 + O� well.Sine the wavepakets for both ground and vibra-tionally exited initial wavepakets begin high upon therepulsive wall of the resonant state, they all initially a-quire a large amount of momentum in the symmetristreth diretion, whih beomes vibrational and trans-lational motion in the H� + OH wells. This e�et is seenlearly in Fig. 3 as the osillation of the outgoing paketin the exit wells of the potential surfae. This dynam-is is the origin of vibrational exitation in the produtfragment, and it is one of the entral qualitative resultsof this study of the dynamis of dissoiative attahmentthrough the 2B1 resonane.Dissoiative attahment through the 2B1 state is alsoharaterized by rotational exitation of the OH fragmentin these alulations. In Figure 7 we plot rotational dis-tributions for the ground vibrational state, � = 0, andthe � = 4 state of OH, for attahment to the groundstate of water. These results were obtained via proje-tions onto hindered-rotor or \pendular" states using anextended potential energy surfae, as desribed in theAppendix. Some struture is seen in these ross setions,although for the reasons disussed in the Appendix, thesedistributions may be suspet for j < 4 or so.The experiments of Beli�, Landau and Hall [8℄ ite amaximum in the rotational distribution at j = 7 for the� = 0 state and j = 4 or 5 for � = 4, but those authorsdid not report values of individual ross setions for ro-

tational exitation. The present results are onsistentwith the results of these experiments to the extent thatthey predit onsiderable rotational exitation of the OHfragment in this hannel. A detailed omparison is notpossible, and there is some unertainty in the experiment,but it seems that the maximum in the alulated �nal ro-tational distribution may be di�erent from that observedexperimentally and the alulations seem to show some-what greater overall rotational exitation.B. E�ets of initial rotational and vibrationalexitationIn our alulations, initial rotational exitation had avery little e�et on the ross setions for dissoiative at-tahment. In Fig. 8 we plot the total ross setion forthe OH+H� hannel obtained from the alulation onthe J = 0 (000) initial state, along with ross setionsfrom rotationally exited initial states. The urves inthat �gure are almost indistinguishable, suggesting thatthe ross setions for J = 0 should therefore be essentiallyidential to the values for a thermally averaged popula-tion of rotational states at the e�etive temperatures ofthe experiments.On the other hand, initial vibrational exitation ofthe target moleule an a�et the ross setions in theOH+H� hannel dramatially and in ways that are verymuh mode-spei�, as an be seen in Figs. 4 and 6. Forexample, one quantum of bend exitation, (010), has onlya small e�et the ross setions, while a single quantumof exitation in asymmetri streth, (001), hanges thedegree of vibrational exitation in the produts signi�-antly, as is shown in Fig. 4.Due to the node in the r1 = r2 diretion for the(001) state as shown in Fig. 2, the dynamis for this ini-tial wavepaket are suh that the bifurating wavepaketmoves more diretly down the H-OH wells and thereforeresults in signi�antly less vibrational exitation than forattahment to the other states examined. While this re-sult indiates some of the mode spei�ity of the e�etsof vibrational exitation, the initial states with quanta ofsymmetri-streth exitation provide the most dramatiexample of mode-spei� behavior observed in these al-ulations.As seen in Fig. 6, the ross setions for dissoiative at-tahment to the (100) initial state has a strong minimumnear an inident eletron energy of 6.5 eV, esentially in-dependent of the �nal vibrational state of the produts.The value of the total ross setion at this minimum is0.0014a20, ompared to its peak value of 0.21a20 at 5.89eV.This behavior is reminisent of an e�et [45℄ predited forphotodissoiation of water through the 1B1 state. The1;3B1 states both orrespond to the on�guration whihis the parent of the 2B1 resonane state, and in the re-gion in whih the initial vibrational state is nonzero theyhave potential energy surfaes whih are similar in shapeto that of the resonane state.
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FIG. 3: Radial wave funtion probability density for propagation of (000) initial state, in Jaobi (r = rOH) oordinates,integrated over os , at t =0, 4, 8, 12, 16, and 20 fs. Also shown is the real part of resonant surfae at  = 108Æ, whih mostlosely orresponds to � = 104:5Æ at equilibrium geometry, with ontours every 1eV. Distanes in bohr.In either dissoiative attahment or photodissoiationof a diatomi moleule suh an e�et would be simple toexplain. The amplitude for dissoiative attahment fora diatomi moleule an be written in a form equivalentto that appearing in Eq. (10) so that it is proportionalto the matrix element h �E j�1=2j��ii, where  �E (R) is thesattering wave funtion for atom-atom sattering on thepotential surfae of the resonane. This form is of oursereminisent of the matrix element for the photodissoi-ation amplitude. If the initial vibrational wave funtion��i(R) has a node, and we make the simple delta fun-tion approximation for  �E at the lassial turning point,we an see that at some energy this matrix element willbe zero. If there are two nodes in ��i , this e�et willour at two energies.In a polyatomi system a similar argument an beused, although the geometry of the multidimensionalwave funtions makes it more ompliated beause nosingle oordinate orresponds to the dissoiation motionnear the Frank-Condon region. The e�et here is es-sentially polyatomi. Nonetheless, the similarity of thepresent ase of dissoiative attahment to water initiallyexited in the symmetri streth mode to the ase of pho-todissoiation is further undersored by the ross setionfor the (200) initial state shown in Fig. 6. Here we seetwo minima, as the simplest explanation would preditfrom the presene of two nodes in the wave funtion ofthe initial vibrational state, and multiple minima are alsoseen in alulations on photodissoiation of water [45℄.

C. Isotope e�etsThe experimental ross setions for D� +OD andH� +OH show pronouned isotope e�ets. Comptonand Christophorou [4℄ have observed that not only doesthe D� +OD ross setion exhibit a lower peak maxi-mum than does the H2O ross setion, but also a smallerpeak width, and thus a signi�antly smaller energy-integrated ross setion.In Figs. 9 and 10 we plot ross setions for dissoiativeattahment to D2O for J = 0 beginning in the (000),(100), (010), (001), and (200) states. The alulated iso-tope e�ets evident in these �gures an be summarizedolletively as follows. In the ross setions for the vari-ous initial states of D2O, we observe narrower peaks thanfor H2O. We observe higher maxima at the peak valuesfor the D2O ross setions, and energy-integrated rosssetions with about the same values as those for the or-responding proesses in H2O. We also observe onsetsat higher energy for D2O initial states, due to the fatthat the lower energes of the initial states for the heavierisotope result in a larger inident eletron energy beingrequired to aess the resonant surfae. Compton andChristophorou [4℄ found energy-integrated ross setionsof 6.6 and 3.9�10�18 eV m2 for H2O and D2O, respe-tively, and peak heights of 6.9 and 5.2 �10�18 m2. We�nd integrated ross setions of 5.79 and 5.33�10�18 eVm2 and peak heights of 5.99 and 7.04 �10�18 m2 forH2O and D2O, respetively.Thus, the salient di�erenes between our alulationsand experimental observations is that our peak heights
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14and as a result the energy-integrated ross setion willbe larger for the H2O state. However, some investigationinto this mehanism revealed it to be highly implausible.In spite of the large di�erene in the redued masses forthe vibrational motion of these isotopomers, the initialwavefuntions for orresponding states are atually notvery di�erent. In a harmoni osillator approximation,the ground-state vibrational wavefuntions are Gaussianswith standard deviations in the ratio 1:21=4 = 1:1.18 forD2O:H2O. Thus, the entrane amplitude would have tobe extremely sharply peaked to aount fully for the ob-served isotope e�et. We observe no suh radial stru-ture in the entrane amplitude, and suh extreme behav-ior would be suh a deviation from the results of thisstudy, and every other study of the widths of negativeions of whih we are aware, as to be extremely implausi-ble.
The seond mehanism whih we have examined ismuh more reasonable, given the alulations whih wedesribe in (I). As explained in that paper, we have ob-tained the width �, whih appears in both the entraneamplitude and as the imaginary omponent of the po-tential energy surfae of the resonant state, exlusivelyin terms of alulations at whih the loation of the reso-nane does not exeed the energy of its parent 1B1 state.Thus, in the onstrution of the imaginary omponentof the resonane energy we have disregarded any partialwidth of the resonant state due to autodetahment to anexited state of the neutral water moleule. However, aswe note in (I), there are many geometries at whih theComplex Kohn alulations plae the resonane above itsparent. These geometries lie beyond the Frank-Condonregion { in partiular, at geometries in whih one O-Hbond length is inreased from the equilibrium geometryof the neutral. These geometries lie at the entrane ofthe OH +H� well. We note that the Complex Kohn al-ulations in (I) employed a basis set optimized for thedesription of the resonane state and the ground stateof the neutral water moleule, not for the exited statesof the neutral, and thus may atually have plaed theresonane even lower than it should be relative to theneutral exited states. As a result, we onsider it a pos-sibility that the resonane may atually rise above notonly its 3B1 parent state but also some or all of the 1B1,1A1, or 3A1 states as it enters the OH +H� well andthus aquire a large negative imaginary omponent toits energy at these geometries. Model alulations indi-ate that suh an inrease in the width would have to belarge { on the order of 0.05eV or so { to dupliate theexperimentally observed isotope e�ets. However, this isthe only mehanism of whih we are aware that ouldaount for these results.

D. Dissoiative attahment into the O� +H2ChannelThe experimental value of the ross setion for pro-dution of O� through the 2B1 resonane at its peak isabout 40 times smaller than the peak of the ross se-tion for prodution of H� through the same resonane[5℄. The dynamis on the potential surfae omputed in(I) presented here are onsistent with that result to theextent that H� is by far the dominant hannel in ouralulations.As we pointed out in (I), although the H2 +O� exitwell inludes the lowest points on the potential energysurfae, it is not as immediately aessible from ground-state equilibrium geometry as is the OH+H� well. Thesteepest desent path of the potential energy surfae doesin fat lead from equilibrium geometry into the O� +H2well, but via a more indiret path (desribed in (I)) thanthe path to the H� +OH hannel. Thus in the ompet-ing dynamis for the wavepaket to exit into these twoarrangements, the more diret path to the prodution ofH� dominates, and the wavepaket has essentially all ex-ited into that hannel (with its two equivalent arrange-ments) before more than a small amount of the quan-tum ux begins to move into the hannel produing O�.Thus, the dynamis of the wave paket in the LCP modelshows it is the shape of the potential surfae and not theoverall energetis that ontrols the branhing ratio intothe two possible arrangement hannels for anion produ-tion.Unfortunately, the ab initio potential surfae om-puted in (I)) seems to over estimate this e�et. We werenot able to ompletely onverge the alulations in thishannel, but preliminary indiations are that the surfaefrom (I) produes ross setions about one order of mag-nitude smaller than experiment for this hannel. As thesealulations were not onverged, we attempted no �nalstate analysis for this hannel.V. SUMMARYThe results we have presented here demonstrate thatit is now possible to perform ompletely ab initio alula-tions on dissoiative attahment to a triatomi moleulein full dimensionality. Suh alulations require almostthe omplete arsenal of ontemporary tehniques of �rst-priniples quantum hemistry and hemial dynamis,and would have been diÆult to obtain, even with today'spowerful omputers, without the MCTDH implementa-tion of the wavepaket dynamis in the time-dependentversion of the LCP model.These alulations have ahieved substantial agree-ment with experimental observation in many respets.The magnitude of the observed total ross setion forthe H� +OH hannel has been reprodued to within lessthan ten perent, and the degree of vibrational exitationof the OH fragment alulated is very similar to that ob-



15served. The OH fragment is also produed in these alu-lations with onsiderable rotational exitation, as in theexperiment, although the degree of rotational exitationis probably exaggerated in the present alulations.The dominane of the prodution of H� over that ofO� is also on�rmed by these alulations, and most im-portantly, the ombination of the dynamis presentedhere and the potential surfae presented in (I) ex-plain why this hannel dominates dissoiative attahmentthrough the 2B1 resonane. We speulate that the rea-son why we understimate the ross setion into the O�hannel is that the ab initio surfae omputed in (I) doesnot represent the resonane potential energy surfae inthe region between the H� +OH and H2 +O� wells a-urately enough to orretly represent the minor han-nel in a dynamial ompetition that yields the observedbranhing ratio of 40 to 1.Considerable additional work will be neessary to om-pletely unravel the dynamis of dissoiative attahmentto water. Besides re�ning the understanding gained inthis study of attahment through the 2B1 resonane stateusing a still better ab initio potential surfae, similarstudies must be undertaken for the 2A1 and 2B2 reso-nanes seen in the original experiments on this problem.The questions of nonadiabati ouplings between thesestates and its e�et on branhing ratios remain open aswell. Sine the understanding of radiation damage to bi-ologial systems will require a omplete understanding ofthis most fundamental proess and how it is modi�ed inthe liquid phase and by the proximity of biomoleules,this problem will ontinue to be a prinipal target of ex-periment and theory in the near future.AknowledgmentsThis work was performed under the auspies of theUS Department of Energy by the University of Califor-nia Lawrene Berkeley National Laboratory under Con-trat DE-AC03-76SF00098 and was supported by theU.S. DOE OÆe of Basi Energy Sienes, Division ofChemial Sienes. HDM gratefully aknowledges sup-port through the \DFG Forshergruppe: Shwellenver-halten, Resonanzen und nihtlokale Wehselwirkungenbei niederenergetishen Streuprozessen".APPENDIX: ROTATIONAL ANALYSISThe pratial neessity of arrying out wavepaketpropagation on �nite grids of limited range an auseproblems when long-range fores ome into play. That isthe ase here when we onsider the omputation of DAross setions for rotationally spei� �nal states. The ro-tational analysis for the H� + OH hannel is ompliatedby the fat that this hannel ontains a long-range poten-tial orresponding to the interation of a polar diatomimoleule and an ion, a potential whih is signi�ant for

all geometries on our grid. The analysis of the rotationaldegree of freedom for the OH fragment must thereforebe performed in terms of hindered-rotor or \pendular"states, not free rotational states. (A previous disussionof pendular states an be found in Ref.[48℄.) From thepoint in R at whih we perform this analysis, the pendu-lar states are assumed to onnet adiabatially with thefree rotational states of the asymptoti region. In otherwords, we assume that the ross setions whih we om-pute for the jth pendular state orrespond to the rosssetions observed in experiment for the jth free rotationalstate. We desribe a test of this assumption below.The long-range ion-dipole interation auses mixingamong the rotational and, in priniple, also the vibra-tional levels of the produt states. However, sine thedipole moment of OH is almost onstant with bondlength, and the separation between vibrational levels isvery large ompared to the ion-dipole interation, themixing between vibrational states aused by motion in or R should be very small.On the other hand, the separation between the pen-dular states is relatively small. Hene, there will be ou-pling among these pendular states aused by motion inthe R degree of freedom. Therefore, in order to per-form a meaningful rotational analysis, we were requiredto ensure that this oupling be small enough not to in-due nonadiabati transitions between pendular statesas they progress beyond the edge of our grid. To thisend we extended our potential energy surfae beyond theboundary at R = 12 that we used for the other alula-tions presented here. We omputed additional points onthe potential surfae using the methods of (I) at R = 16and 24 bohr and extended our surfae to 24 bohr so thatwe ould plae the CAP at R = 21.As desribed in (I), the proedure by whih we on-strut the real part of the resonane surfae inorporatesboth an analyti �t and a 3D ubi spline of the di�er-ene between the analyti �t and the omputed points. Inorder to optimize our surfae for the rotational analysis,we omputed a new 3D spline representation of the entiresurfae using the following analyti �t of the H� +OHpotential well:V H�OH (r; R; ) =� 0:69746 os()=R2 � 38:349 os2()=R4+0:1652 �(1� exp[1:2971 (1:8112� r)℄)2 � 1� ; (A.1)whih was obtained from a multidimensional �t of the abinitio alulated points at R > 11, r < 4. The pendularstates with respet to whih the rotational analysis wasperformed are the eigenfuntions of the hindered rigidrotor Hamiltonian, ĵ2=2�rr2 + V , using for V the �rsttwo terms in the potential in Eq. (A.1) with R = 22:0and with r2 = 
r2�� for the vibrational state of OH inquestion. The pendular states thus have a parametridependene on R and �.In order to verify that the nonadiabati ouplings be-tween pendular states were in fat small by the edge of



16our reomputed and extended grid, we performed a alu-lation on an analogous model problem to ompute samplenonadiabati ouplings between pendular states. We ap-proximated the dissoiating H� + OH hannel as a rigidstati dipole in the �eld of the H� ion. We thus de�nedan R-dependent adiabati pendular state basis �j(;R)as eigenfuntions of the HamiltonianHadiabati(;R) = 12�rhr2i ĵ2 + AR2 os() (A.2)with eigenvalue �j(R), i.e.Hadiabati�j(;R) = �j(R)�j(;R): (A.3)We took the dipole moment A and expetation valuehr2i of the OH moleule to be that omputed from the�rst vibrational state of OH by a 1D wavefuntion re-laxation using the results of a CI alulation performedon the OH moleule. The dipole moment from that al-ulation was A = -1.658 Debye, and hr2i=3.497. Theoupling between the pendular states is aused by thenulear kineti energy in the R diretion in the full Hamil-tonian for this rigid dipole-ion pair,Hfull = Hadiabati � 12�R �2�R2 : (A.4)The adiabati potentials �j(R) are ombined with thenonadiabati ouplings to produe the e�etive Hamilto-nian in the R degree of freedom, whih an be written inmatrix form asHjj0 = Æjj0 ��j(R)� 12�R �2�R2�+ h�j(;R)j 12�R �2�R2 j�j0(;R)i+ h�j(;R)j 12�R ��R j�j0(;R)i ��R (A.5)We omputed the pendular states in the basis of the �rst40 Legendre polynomials, in order to parallel the 40thorder Legendre DVR used in our MCTDH alulations.The adiabati potentials �j(R) are shown in Fig. 11.Also plotted is the magnitude of the dipole potential,j AR2 j in Eq. (A.2). As is apparent from this �gure, theenergies of the pendular states tend to squeeze togetheraround this line. The seond derivative oupling is alsoat a maximum when adjaent pairs are lose to this line,but it was found to be negligible (a small fration of anmeV). In ontrast, the �rst derivative oupling is signi�-ant for this system, given the large translational kinetienergies (approximately 2eV) of the dissoiating H� +OH system. Assuming an outgoing plane wave (ei�R),the quantity i� multiplies the derivative oupling via the

�=�R operator at the very end of Eq. (A.5). Given atranslational kineti energy of �2=2�R = 2eV, the �rstderivative oupling is plotted in Fig. 12. As is apparentfrom omparing this �gure to Fig. 11, the �rst derivative
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