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We derive a rigorous optical potential for electron-molecule scattering including the effects of nuclear
dynamics by extending the common many-body Green’s function approach to optical potentials beyond the
fixed-nuclei limit for molecular targets. Our formalism treats the projectile electron and the nuclear motion of
the target molecule on the same footing whereby the dynamical optical potential rigorously accounts for the
complex many-body nature of the scattering target. One central result of the present work is that the common
fixed-nuclei optical potential is a valid adiabatic approximation to the dynamical optical potential even when
projectile and nuclear motion afeonadiabaticallycoupled as long as the scattering energy is well below the
electronic excitation thresholds of the target. For extremely low projectile velocities, however, when the cross
sections are most sensitive to the scattering potential, we expect the influences of the nuclear dynamics on the
optical potential to become relevant. For these cases, a systematic way to improve the adiabatic approximation
to the dynamical optical potential is presented that yields nonlocal operators with respect to the nuclear
coordinates|[S1050-29479)02210-9

PACS numbes): 34.80.Gs, 34.16:x

I. INTRODUCTION sistent treatment of ground- and excited-state correlation is

The concept of an optical potential as a physical entitythus difficult to achieve. Moreover, Mahaux and Saftor

. . _ ~have found in applications to nuclear matter that the nonlo-
that governs the scattering of a single particle by a compositg, iy in the Feshbach optical potential is more complicated

target is an intuitively appealing phenomenological concepf,ap i the Green’s function optical potential. The numerical
that goes back to the early days of nuclear physics. In pringjications of Feshbach’s theory on electron-molecule scat-
mplg, the scattermg.ofa nonrel_atlwstlc, quantum—mechamca{ering reported so far have been realized by projection of
particle off anN-particle target is a many-body problem and configuration interactioiCl) matrices[8,9] but have rarely
governed by the N+ 1)-particle Schrdinger equation. In  gone beyond the uncorrelated Hartree-Fock level for the de-
the so-called optical modél], the elastic scattering problem scription of the target’s ground state. The inclusion of corre-
is alternatively described by an effective single-particlelated, i.e., multiconfigurational, target wave functions in this
Schralinger (or Lippmann-Schwinggrequation. All effects  context presents a delicate probléh®,11].

of the interaction of the projectile particle with the target are  On the other hand, the Green’s function optical potential
contained in the so-called optical potential. In general, thi§4] defined by the Dyson equatidta2] has turned out to be
optical potential has to be a very complicated object: It bewell behaved and well suited for numerical calculations. The
comes anonlocaloperator because exchange and rearrangeSreen’s function approach to the optical potential has the
ment of target particles have to be considered. energy ~ advantage that the self-energy of the single-particle Green's
dependencéias to account for possible excitations of thefunction is easily accessible through the Feynman-Dyson
target and if inelastic scattering is energetically possible, th@erturbation expansiofl2]. Thus a balanced treatment of
optical potential isnon-Hermitianin order to describe the ground-state and excited-state correlation is automatically

loss of scattering amplitude into the inelastic channels. Ongchieved. Various approximation schemes for the self-

major technical advantage of using optical potentials in nuENergies of molecules have been develojiext-19 and ap-

merical calculations is that the scattering problem can b%|(I:?aélfzn[sléo_ggctron-molecuIe scattering have been reported

frzg?éztiiigorggﬂﬁ dr:nsatlzétiggzner%zlsm and the latter can be All the previous calculations employing optical potentials
Th b'I'tg f bodv th d ¢ 'd . t th hhave been done in the fixed-nuclei limit where the effects of
€ ability of many-body theory fo derive exact, tnough \, ,clear motion are neglected altogether. A great variety of

not unique, optical potentials was a great success in thgeags and numerical procedures can be used for solving
1950s[2-4]. The optical potential of Feshbadi—3] fol-  he single-particle scattering equations in the fixed-nuclei

lows from the most straightforward derivation by projection limit, such as, e.g., th&matrix [21-23, the Schwinger-
from the (N+1)-particle Schrdinger equation. An impor- yariational[24], the complex-Kohr{25,26, and the close-
tant alternative can be found in the self-energy of the singlecoupling [27,28 approaches. An often-used approximate
particle Green’s function of traditional many-body theory treatment of the nuclear motion derives from the Born-
[4-6]. Oppenheimer approximation. In this so-called adiabatic-
In contrast to the Green’s function approach, the Feshnuclei approximatior{29,30,27, fixed-nuclei Smatrix ele-
bach optical potential is not easily amenable to perturbatioments for each configuratioR of the atomic nuclei are
theoretical approximations. Achieving a balanced and conaveraged, weighted by the nuclear wave functions of the iso-
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lated target molecule. This approximation, however, break®y a polar molecule with a supercritical or near-to-critical
down for low projectile energies and, in particular, for reso-dipole moment. As is well known, a supercritical, nonrotat-
nant vibrational excitatiorisee, e.g.[31]). Finally, in situa- ing dipole (D>1.625 D) can bind an excess electron but this
tions where the electronic projectiles move with velocitiesbound state is weakened or even disappears if the dipole is
that are comparable to the typical velocities of nuclear moallowed to rotat¢39]. It is, however, very difficult to include
tion, it becomes indispensable to treat the coupled motioithe correct coupling of rotational degrees of freedom in the
correctly. nonlocal complex potential modé#0] and thus a full dy-
The most straightforward way of accounting for the full, namical calculation including all relevant degrees of freedom
nonadiabatic coupling of the nuclear motion to the motion ofmay become necessary in order to describe the physics of
the projectile electron is realized in the close-coupling for-very-low-energy scattering by polar molecules correctly.
malism[27,28. In this formalism, the scattering wave func-  To our knowledge, no one has yet given a rigorous deri-
tion of the full problem(i.e., the degrees of freedom &f  vation of an optical potential for the scattering electron that
+ 1 electrons and the nuclear degrees of freedom appear &kes full account of the nuclear motion. To close this gap is
variable$ is expanded in a finite set of basis functions thatthe main objective of the present paper. In this paper we will
are chosen according to appropriate exact or approximateresent an optical potential that is based on the usual Green’s
constants of motion. Usually it is not feasible to include ex-function optical potential but allows us to treat projectile and
cited electronic states of the target in the close-coupling exauclear motion on the same footing. This so-called dynami-
pansion. These states, however, are necessary to descrite optical potential is given by the self-energy of the dy-
polarization effects correctly. In the literature, so far modelnamical Green’s function, an extension of the usual single-
potentials void of rigorous justification have been used tgparticle Green’s function including the nuclear kinetic-
account for this defedi27,32—34. The close-coupling for- energy operator. The dynamical optical potential is an optical
malism further has the problem that the numerical calculapotential for electron-molecule scattering that is elastic with
tions are difficult to converge for very low projectile energiesrespect to electronic excitations of the target but inelastic
[35]. with respect to the vibrations or rotations of the target. The
An alternative to the one-step close-coupling expansioronly assumption that is used throughout this paper is that the
for treating the nuclear dynamics in electron-molecule scatBorn-Oppenheimer approximation is valid for the target's
tering is a two-step procedure employing the so-calledyround state. Otherwise the dynamical optical potential is
projection-operatofPO) formalism [36—38. Based on the exact. It takes full account of the many-body effects of elec-
assumption of a resonance in fixed-nuclei electron scatteringron scattering including exchange and polarization as well
the PO approach can be used to treat the nuclear dynamies the full nonadiabatic coupling of the projectile motion to
going beyond the adiabatic-nuclei picture. In the PO formalthe nuclear motion of the target. The expressions we derive
ism the electronic scattering problem is separated from théor the exact optical potential may provide guidance for the
nuclear dynamics by Feshbach projection such that onlghoice of model potentials on the one hand, and on the other
some resonance parameters, which can be taken from fixeland are amenable tab initio approximations and can be
nuclei scattering calculations, determine the equations for thealculated with standard quantum-chemical methods.
nuclear dynamics that have to be solved. The coupling to the This paper is organized as follows. In the next section we
continuum of electronic scattering wave functions enters thevill start with reviewing the definition of the traditional
nuclear dynamics via a complex, nonlocal potential. Differ-single-particle Green’s function of many-body theory. Ap-
ent levels of approximation for the nonadiabatic coupling ofplied only to the electronic degrees of freedom of a molecule
electronic and nuclear motion are reached by local and norat fixed nuclear configuration, we also call this propagator
local models for the complex potentig@6]. The PO method the electronic Green’s function. In the subsequent Sec. || B
has been very successful in explaining many features of resave then define the dynamical Green'’s function, which allows
nant electron-molecule scattering and it gives a very intuitivefor the treatment of the full molecular dynamics including
picture for the mechanism of many physical processes likethe nuclear degrees of freedom as dynamical variables. We
e.g., resonant vibrational excitatipg7]. On the other hand, also define the closely relateghucleaj inelastic Green'’s
it is not per sean exact approach because only resonantunction that shows the close relation to the recently devel-
contributions to the cross sections can be treated. There aoped theory of electronically inelastic Green’s functions.
always nonresonant contributiorfalso called background Section Il is closed by showing how the electronic propaga-
contributiong that cannot be evaluated in the PO formalismtor can be obtained in a suitable limit from the dynamical
but may actually dominate the spectra in off-resonance scatsreen’s function. In the third section an algebraic derivation
tering. Sometimes no dominating resonance is present at alhf Dyson’s equation for the electronic Green'’s function is
and sometimes numerous resonances contribute which areviewed before the dynamic Green’s function is shown to
difficult to identify individually. For these cases the separa-fulfill a Dyson equation and the dynamical self-energy is
tion of nuclear and electronic motion ultimately fails. Also defined. Section IV treats the relation to electron-molecule
the nonlocality of the complex potential usually becomesscattering. The dynamical self-energy is shown to be closely
very complicated and difficult to model for very slow scat- related to the optical potential for the coupled motion of the
tering electrons: Details of the electron-molecule interactiorprojectile electron and the atomic nuclei of the target mol-
and the dynamical coupling of electronic, vibrational, andecule in electronically elastic scattering. Expressions for the
rotational degrees of freedom become important when thecatteringS andT matrices are shown for inelastic processes
time scales of projectile and nuclear motion in the target aravith respect to the nuclear coordinates including vibrational
comparable. As an example we may mention the scatteringr rotational excitation, associative detachment, and disso-
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ciative attachment. In Sec. IVB an effective Sdlirmer we can rewrite the particle and the hole propagator in the
equation using the dynamical optical potential is discussedollowing way:
A direct derivation for the effective Schilinger equation

based on projection operators is given in Sec. IV C, which iG+(rt,rftr):<q;g|,/,(r)e*i[He*VdR)](tft’),/;r(rr)|q,y>
yields additional insight into the relation of our Green’s
function approach to Feshbach’s theory. The well-known Xo(t—t"), (4)

static-exchange and the fixed-nuclei scattering equations are
identified as approximations to our exact equations in Secs.iG—(rt,r't’)= — (|l (r)e IVo(R=Helt=t) (1) w )
IVD1 and IVD2. The rest of Sec. IVD is devoted to the
discussion of different possible approximations to the dy- X O(t'—1). (5)
namical optical potential, in particular, concerning the treat-
ment of the nuclear dynamics in virtual electronic excitationsHere, we made use of the fact that the electronic ground state
of the target. We also discuss how to compute the dynamicdi¥’)) is an eigenstate of the electronic Hamiltonidp with
optical potential using standaeb initio quantum chemistry the energy of the electronic ground statg(R):
methods.
Hel W)= Vo(R)[¥p). (6)
Il. THE DYNAMICAL SINGLE-PARTICLE
GREEN'S FUNCTION We explicitly indicate here the dependence \4f on the

Traditional many-body theorj12] deals with systems of nuclear coordinateR for later use. Of coursé. and|¥g)
indistinguishable particles. Applications to molecules usuallydePend parametrically oR as well. ,
treat only the electronic degrees of freedom in the many- FOr convenience, we will later discuss the Green's func-
body formalism and freeze the nuclear configuration. Aftertions mainly in the frequency instead of the time domain and
briefly reviewing the definition of this purely electronic USINg an orbital instead of a position-space representation.

single-particle Green’s function we will define the dynamical 1€ corresponding expression for the electronic Green’s

Green’s function, which allows us to treat the nuclear de_fungtion Gpg(w), which is equivalent to the definitiof),
reads

grees of freedom as dynamical variables.

. . 1
A. The electronic Green'’s function = N TlapN
. - - . qu(w) <\I}O apw_He+V0(R)+i77aq \I,0>
The usual single-particle Green’s functi@(rt,r't") of
nonrelativistic many-body theory is defined [2] 1

ap

N| 5T N
+<q’° 49w —Vo(R) +Ho—17 ‘I’°>' @

iG(rt,r't" )= (U y(r,) gt (r' t")|T)ot—t")
— N ) DN et — ). (1 Here, the Fourier transformation in_to th(/; frequency domain
(Tl ) prH¥o) o - ) is defined by F(w)=/"_d(t—t")e"“t""F(t—t"). The

Here, 6(t) is Heaviside's step functiod,\pg) denotes the Positive infinitesimaln remains from a convergence factor
exact(corre|ated ground state of thN-partic|e System' and that haS to be |ntr0duced to assure the Convergence of the

- . : s : Fourier transformation. The sign of the teim determines
J'(r,t) is the Heisenberg field operator, which creates a par: - ; : >
ticle at positionr and timet. Although we consider fermionic the time ordering by functions in Eqs(4) and(5) [12]. The

particles, electrons, in particular, we suppress the notation OtLansformation ?nto the orbital lrepresentation i_s defined by
spin indices for si}nplicity(r ma,y be considered as spin- the transformation of the creation and destruction operators
space variable In applications of many-body theory to mo- of second quantization. For convenience we assume that

lecular physics one usually assumes an adiabatic decoupli p(D}p i a dlscret_e but c_omplete set .Of square_-lnteg_rable
of electronic and nuclear motion and thus only treats th d normalized basis functions for the single-particle Hilbert

electronic degrees of freedom explicitig(rt,r't’) is then space. The creation operator for an electron in the orbital

the Green’s function in a system of electrons moving in the?»(") iS defined by

static potential of the nuclei, fixed at the coordinaResIn

the following, we will callG(rt,r't") the (purely) electronic a’rzf dreg(r) o'(r). (8)
Green'’s functionin contrast to the later defined dynamical P P

Green’s function, which will allow us to treat nonadiabatic

coupling of electronic and nuclear motion. As usual, the orthonormality of the orbitals implies the ca-
The Green’s function decomposes into two parts, the sononical anticommutation reIatior{a;; 18g} = 0pq, etc.
called particle propagatdd ™ and hole propagatds : The orbital set has been chosen discrete just for concep-
tual clearness and simple notation. The generalization to con-
G(rt,r't)=G*(rt,r't")+ G (rt,r't’). (2)  tinuous sets does not pose principal problems. Convenient

) _ _ realizations of orbitals may be found, e.g., in the Hartree-
Noting that the (purely electronig Heisenberg operator pock orbitals of the targettogether with a convenient dis-
J'(r,t) evolves in time with the electronic Hamiltonidd,, cretization of the continuujror in the momentum space rep-

. resentatior(discretized by placing the system in a finite box
Jr(r )y =eelyl(r)e et (3)  and employing periodic boundary conditions
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B. The dynamical Green's function This propagator resembles the standard particle propagator
If we now want to couple the electronic motion dynami- (4) Where the electronic Hamiltoniad, appears instead of
cally to the nuclear motion we have to replace the electronidh€ total HamiltoniarH and the electronic ground-state en-

HamiltonianH,, with the full molecular Hamiltonian ergy Vo(R) replaces the molecular ground-state enegy.
Note thatH now includes the nuclear kinetic enerdy,
H=Ty+He. (9 which is a differential operator on the nuclear coordin&es

It is given by the sum of the nuclear kinetic-energy operatorThus,G is also an operator oR. As will be shown explicitly

T, and the electronic HamiltoniaH,. By conventionH, in Sec. IVD4, the dynamical Green’s functighmay also

contains the internuclear repulsion in addition to the elecbe understood as a nonlocal integral operator in the nuclear

tronic kinetic energy as well as the electron-nucleus Coucoordinates:

lomb attraction and the electron-electron repulsion. The

nuclear kinetic-energy operatdy, generally includes all vi- <R|g(rt,r’t’)|¢>=f dR'G(rRt,r'R't")p(R"). (15

brational, rotational, and translational degrees of freedom for

the target molecule. For convenience we assume that theor the sake of simple notation, however, we will not indi-

translational motion has been separated off. In this case r@ate theR dependence of explicitly.

tation, vibration, and dissociation are the remaining degrees The hole parG~ is defined with a modified Hamiltonian

of freedom for the nuclear motion. In any ca3g,is a dif-  because this will be helpful later for the formulation of the

ferential operator that acts on the nuclear coordiffat€hus  Dyson equation:

T, does not commute withl, or Vo(R). However, we want . _ )

to assume in the following that the Born-Oppenheimer ap—'g (re,r't’)

roximation is valid for the electronic ground state of the . ,

ﬁ]olecular target, which implies that the commutatorTqf =(Wo|y'(r")e't"=Eoo=2Hn=Eod =y r)| Py

with the electronic ground stat’@Tn,|\If§>] is negligible. X O(t' —t) (16)

Physically, this means that the electronic configuration in '

|wY) depends only weakly on the nuclear coordinates. As long as we describe scattering or attachment processes,
Let us introduce the nuclear Hamiltonian only G* has physical significance and the propagation with

the “wrong” Hamiltonian H—Ey,—2(H,—Eqg) does not

Hn=TntVo(R) (10 enter the physics. If, however, we want to study ionization
and let¢(R) be an eigenfunction with eigenvall®, : where the hole part carries physical significance, we have to
Hy b R) =Egdi(R). (12) modify the definition of the dynamical Green’s functigh

_ _ ) ~and allowG™ to propagate with the correct Hamiltonidh
In the following we will also use the abstract Dirac notation _ Eqo. In this case we may modifg* in order to obtain a

| ¢ from time to time for the nuclear eigenstates. The wave oy’ ohaveq Dyson equation. In the following we will keep

function ¢,(R) then emerges as the coordinate representay, the choicg14) and(16) because we are mainly interested

tion of the statel¢y) by ¢i(R) =(R| ). e in the scattering problem in this paper.

Under the assumption thay, commutes W'NtH‘P0>' itis Note that the particle pag* can still be expressed by an
easily seen that the product wave functiohy) ¢«(R) be-  expectation value of a product of Heisenberg field operators:
comes a molecular eigenstate with enekgy : ) . N N

N N iGT(rt,r't")=e" M Bl (Wl y(rt) T (rt") | W)
H|V ) #u(R)=Eq Vo) di(R). (12
i(H,—Egot’ ’

This Born-Oppenheimer picture is usually an adequate de- x el Fodt g(t—t'). (17)
scription for closed-shell molecules in the eIechon_m groundp contrast to the definition of the purely electronic single-
state. The negligibility of the commutatpT, ,[¥g)] is the  particle Green’s functiori1), the field operatorsj(rt) and
only fundamental assumption of the theory we will developyf(rt’) now evolve in time with the full molecular Hamil-
in the following. At the end of Sec. IV.C we will return to tonjanH=T,+H, and thus feel the effect of nuclear motion
discuss the validity of this approximation and show how thejn the target. The hole pa@™ cannot be expressed in such a
theory can be generalized. At this point we want to stresgjmple way agG".

that we only assume the Born-Oppenheimer picture to be e conclude this subsection with the expression the dy-

valid for the nuclear dynamics in the electronic ground statg,gmical Green’s function in the frequency domain and or-
of the molecule. We neither assume adiabaticity for the scatjta| representation:

tering electron nor for the electronically excited target states.

We now define thelynamical Green'’s functiog(rt,r't") (0)=(¥Na af[wh
as the sum of the two components for particle and ho|§pq @ O1"Pw—H-+Eqgt+in 9 " °
propagation: 1
1ery o+ 141 - 1y N 4T N
girt,r't")y=g" (rt,r't")+ G (rt,r't’). (13 +<\If0 aqw—ZHn+E00+H—i77ap \PO>. (18

The particle parg™ is defined b
P party y This expression is equivalent to the definition of the dynami-

G (rt.r't)) = (N[ g(r)e= I (H=Eod(t=t) yt(pry N cal Green’s function in the time domain, E¢$3)—(16). The
g )={Wolv(n) wo) transformation to frequency and orbital representation is de-
X O(t—t'). (14)  fined as beforg¢see Eq.7)].
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C. The inelastic Green’s function [Th.Hel—0

The dynamical Green’s functio presents, like the Goo(rt,r't’) —— | dRgg(RIG(rt,r't") do(R).
purely electronic propagatd®, a matrix (or kernel of an (21
integral operatorin time and in the coordinates of a single
electron. Moreoverg is an operator in the nuclear coordi-
natesR. For later use and for comparison with tfeectroni-
cally) inelastic theory of Ref[41], we define thanelastic [Tn.Hel 0 _

Green’s functiong™" as the matrix element o with re-  9"™(rt,r't’) ——— | dRe™'(Fom~Fo0g* (R)
spect to the nuclear wave functiogg(R):
GMNI(rt,r ) = (bl G(rt, 1 t")] by (19 XG(rt,r't’) gp(R)€!Fon™Foot,
(22)
The phase factors account for the different reference energies
of the channel states.

For the inelastic components we find an expression that re-
minds us of the adiabatic-nuclei approximation:

This inelastic Green’s function relates directly to tBena-
trix of rotationally or vibrationally inelastic scattering, as we
will see later.

The relation to the inelastic Green’s function studied by

Cederbaunm41] becomes apparent when we evaluate the IIl. DYSON EQUATION AND DYNAMICAL
particle part ofg!™"l. We introduce the symbolic notation SELF-ENERGY
|0k)) for the molecular statp¥y) ¢ (R) of Eq. (12), which In this section we will derive Dyson’s equation for the

describes dro-)vibrational excitation with quantum number gynamical Green’s function and we will show that the dy-
kin the electronic ground state. From E¢$1) and(17) it namical self-energy can easily be expressed as a generaliza-
follows that we can write the particle part of the inelastic tion of the purely electronic self-energy. Before turning to

Green'’s function as the dynamical Green’s function, however, we will briefly
o]+ Fery tooer review the algebraic derivation of Dyson’s equation for the
i rt,r’'t’)={0m|y(r r n " ; . :
g (rt,r ) =({0m| () (rt")|0n)) traditional single-particle Green’s function. The Dyson equa-

x @~ I[(Eom~ Eoo)t—<Eon—Eoo>t’]0(t_tr) tion for the dynamical Green'’s function will then follow eas-
ily as a generalization of this procedure.
(20)
where the double bracket notatidt|-)) indicates integra- A. The Dyson equation for the electronic Green’s function

tion over both electronic and nuclear degrees of freedom. The following derivation of the Dyson equation is close in
Expression(20) is completely analogous to the definition of gpjrit to Refs[42,43. In the present form it has already been
Ref.[41]. While in this reference inelastic scattering betweengiven in Ref.[44]. For convenience we use the representa-
different electronic excitations of the target is considered angon of the Green’s functions in the frequency domain and
the nuclear degrees of freedom are neglected, the presegital representation in this section as defined by Egs.
study focuses on inelastic processes with respect to the Ving(18).

brations and rotations in the same adiabatic electronic con- The definition(7) of the electronic Green’s function may

figuration. In contrast to Ref41] where the projectile par- pe written in a more compact form, combining the particle

ticle, for instance a positron, is distinguishable from theang the hole propagator. To this end we introduce the fol-
target electrons, our projectile is an electron and we fullyowing composite vectors:

account for the indistinguishable nature of the projectile and

target electrons in the present approach. For this reason we Y,y = ag|\lf§) 23)
need the hole parg~, which, admittedly, takes on a less P <«p’5‘|a’£
intuitive form than the particle pag” but will prove very )
useful later for the formulation of the Dyson equation. and the matrix
We now want to show that the dynamical Green’s func- . [He=Vo(R) 0
tion G boils down to the usual electronic Green’s functi®n H =< 0 Vo(R)—H ) . (24
0 e

when the nuclear dynamics becomes unimportant. Formally
the transition fromg to G is achieved by assuming that the
Hamiltonian of nuclear motiotd ,=T,+V,(R) can be re-
placed by its lowest eigenvalug,,. When we express the
nuclear kinetic energyl, in the molecular Hamiltoniamd
=T,+Hg by H,—V,(R) and replaceH,, by Eqg, the parts
of the dynamical Green’s functio* and G~ in Eqgs.(14) G, ()= < v
Pq p

We can rewrite Eq(7) by formally expressing the single-
particle Green’s function as a matrix element of the resolvent

of H with respect to the statdy ,):

and (16) reduce to the conventional expressidgds and (5)
for the electronic Green’s functioB ™ andG™~. Also in the
inelastic formalism the transition to the purely electronicHere, we omitted théz terms to avoid clumsy notation. The
Green’s function can be achieved. The elastic channel contime ordering controlled by these terms is usually not impor-
ponentGl®% can be expressed through the purely electronidant but may become relevant in time-dependent formula-
Green'’s function under the assumption that the nuclear kitions of scattering theorysee Sec. IV A

netic energyT,, commutes with the electronic Hamiltonian  The scalar product of the composite vectd)?%) now

He: includes the matrix-vector product where bras always move

Yq> . (25)
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to the left and kets move to the right. With respect to this
canonical scalar product, the vect(¥s,) fulfill the follow- g(w):(
ing orthonormality relation:

-] . 29
= @

The proof follows by using the completeness of the basis

{|Qs)}; and the orthonormality of the primary states

{IYp)}, - By simple matrix partitioning, the inverse matrix of
When theN-electron wave functiof’ ) is approximated the Green’s functiolG(w) can be expressed by

by a Slater determinant, the vectpr,) contains either a 1

s!ngle-holg state, ip r.efers to an unoccupied orbital, or a G(w) '=wl—Hau—Hap —Hyp.. (30)

single-particle state, if not. In the more general case of a - - T wl-Hpy

correlated wave functiofy), the vectors|Y,) mix (N -

<Yp|Yq>: <‘I’Bl|apag|lpgl>+ <‘I”8'|a$ap|‘1’§> = 5pq-

—1)- and (N+1)-electron states. Note that in either case In order to define the ,self-ene_rgy and to make contact to
the usual form of Dyson’s equation, we introduce a pertur-

and for arbitrary single-particle indicgs the vectors|Y,) . : : . o or
may be seen as orthogonal states that span a linear spat% tion theoretic separation of the electronic Hamiltortian

with the same dimension dsr isomorphous tothe single- Info a zeroth-order part, an in_teraction part, and the internu-
particle Hilbert space. We will call the space spanned by th lear reﬁuls:on terr}hJN(R),d_vvhlch.does hot act as an opera-
vectors{|Y)}, the primary space Since the primary states or on the electronic coordinates:
|Y,) and their linear combinations are not, in general, exact He=HgotHe1+Un(R). (31)
eigenstates of the electronic Hamiltonidp, they couple to
the higher excitations like two-particle-one-hole excitations,
one-particle-two-hole excitations, etc. The space of highe
excitations will be called theecondary spacel5]. The con- +
cept of single-hole, two-particle-one-hole excitations, etc. is, He,OIZ £ija; ;. (32
of course, only adequate when the target ﬁm@) is domi- _ _ : _ o
nated by a single configuration. In genergkh) will be A convenient choice may be realized by the electronic ki-
represented by a correlated wave function and thus the pritic energy or the Hartree-Fock operator. We do not de-
mary and the secondary space cannot be easily expressed hnd the operatoH. to be diagonal in the given orbital
single-configuration basis states. For an explicit constructioRasis but a diagonalizing choice of the single-particle basis is
of a basis for the secondary space that allows for convenierWays possible. E.g., ifl¢ is chosen to represent the ki-
approximations to the Green’s function or the self-energy ifnetic energy, the matrix with the matrix element$s J;
the framework of the so-called intermediate state representa= €ij becomes diagonal in the momentum representation. In
tions see Refd42,46]. In the following we assume that we atomic units, the diagonal element is then simply given by
have a basis of the composite sp&p®,)}, that consists of &p=P/2. In practical applicationst is often chosen the
the primary state§|Y,)}, augmented by any suitable basis Hartree-Fock operator. _
for the secondary space. The particular choice of the basis On the assumption that the electronic-ground-state wave
for the secondary space does not matter. function|¥5) and energyo(R) both possess well-behaved
We may now proceed to derive the Dyson equation angerturbation expansions, the zeroth order of the madrix
define the self-energy setting out from E5). The basis can be easily evaluated from E@8) to give the matrix of
{|Q,)}; of the composite space defines a basis set represethe zeroth-order orbital energies:

tation H of the matrix HamiltoniarH: I:|(°)=§. (33

=aa

The zeroth-order pattl, o is a one-particle operator of the
Form

[B]u =(Q||H|Q,). (26)  Itis also easy to see that the zeroth orders of the off-diagonal
blocksH,, andH,,, vanish and hence the zeroth-order elec-
By virtue of the subdivision of the basis set into two parts,tronic Green’s functiorG(® is found from Eq.(30) to yield

the matrixH is structured into blocks: 1
G%w)= . (34)
. . = wl—g
A (ﬂaa ﬂab) . . _. )
H=|"~ - . (27)  The electronic self-energy is defined by
=~ \Hpa Hpp
. . 1 .
The block indexa refers to primary state§Y )}, andb to g(w):ﬂaa:‘E”Lﬂab—wl_ W Hpa (35
the rest of the basi§|Q;)};. The upper left block of this = =Pb
matrix is readily evaluated using Eq23) and (24): and Eq.(30) remains
. . - 1
[Haalpg=(YplHI Yo) = (¥5l{ap [H.ag]}¥5). (28 G(0)= =S (w) (36)

Itis easily seen, now, that the electronic Green’s functionrhjs is equivalent to the common form of Dyson’s equation:
of Eqg. (25) can be understood as the upper left block of an

inverse matrix: G(w)=Gw0)+GYw)I(w)G(w). (37)
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B. The Dyson equation for the dynamical Green’s function (Q|HAQy)=63H,. (39

We will show in the following that a Dyson equation for
the dynamical Green'’s functiafican be derived in an analo- |n analogy to Eq.(29) we can understand the dynamical

gous manner, using the concepts of the preceding sectiogreen’s functiong as the upper left block of an inverse
We will discuss in particular the dependence on the nucleag,atrix:

coordinates, which becomes important because of the intro-
duction of the nuclear kinetic-energy operator.

Just like the electronic Green’s function, the dynamical _
Green’s functiong of Eq. (18) can be written in a compact glw)= ( (0—H,+Egy)1—H
form combining the ionization and attachment parts. Using nnooE =
the composite statg¥ ,) of Eq. (23) and the electronic ma-
trix Hamiltonian H of Eq. (24), we can rewrite the expres- |he elements of this matrix are now operators acting on the

(40)

sion (18) for the dynamical Green’s function to give nuclear coordinates. Matrix partitioning can be appl_ied and is
completely analogous to the case of the electronic Green’s
function.
gpq(w):<vp —_—— Yq> (38 Owing to the partitioning(31) of the electronic Hamil-
w—H=Hp+Eq tonianH, into a zeroth-order and interaction part, we find for

We again dropped then terms here for brevity. Also the the zeroth-order dynamical Green'’s function

2X 2 unit matrix that allowso, H,,, andE, to be applied to

the two-component vectdh(p) is omitted. The particularly 0) 1

simple and compact form of this expression can be seen as a 9 (@)= (w—H,+Eg)l—g’ (42)

preliminary justification for the particular choice 6f in the =7

definition (16). Dyson’s equation can now easily be derived ) ) ) i

in an analogous way to the preceding section. Where_g is again Fhe matrix of zeroth-order smgle-glec_tron
Comparing with the expressio(25) for the electronic ~€nergies. In the simple case where the electr(_)mc kln_etlc en-

Green’s function, we see that only the terrH,+Eq is ~ €9Y 1S chose.n as the zeroth—order electronic Hamiltonian

additionally present in the dynamical Green's function of Eq.Heo. the matrixe is diagonal in the momentum representa-

(38). The molecular ground-state enerBy; is just a con- t?on anql independent of the nuclear coordind?ﬁ_eas men-
stant and defines the zero point of the scale. The tioned in Sec. IllA. The zeroth-order dynamical Green’s

“nuclear” Hamiltonian H,=T,+V,(R) introduces the function G now is also diagonal and describes the simul-
nuclear kinetic-energy operatdr,, which is a differential taneous motion of a free electron and the vibratiGorsro-
operator on the nuclear coordinat@slt is therefore useful tations of the isolated target molecule.

to consider theR dependence of the quantities used in the N the more general case where the magritepends ofR
derivation of the Dyson equation. (if, e.g.,He o is chosen thé&R-dependent Hartree-Fock opera-

tor), the zeroth-order propagatgf® may be understood to

tonianH, and the ground-state enery}y(R). Both quanti- descrlpe the coupleq motion of a vibratitay r.otatlng mol-

ties depend on the nuclear coordinaeand thus care has to ecule in the electronic ground state and a single electron that
moves under the influence Bfdependent mean fields. Since

be taken becausd and Hy do not commute. For the mo- the zeroth-order electronic Hamiltoni&th, o is a one-particle
ment we want to assume that the electronic orbital basis thaP 0 P

defines the electronic creation o erataEs’s indenendent of Operator, the motion of the scattering electron is decoupled
. on op P from the target electrons. The effective Hamiltonian for the
the nuclear coordinateR. This is the case, e.g., for the mo-

.coupled projectile and nuclear motion is thus independent of

mentum or position-space representation. This restriction IS ; - :

: . L . e scattering energy and simply given By,+H¢ o= Eqq.
just convenient for the derivation of the Dyson equation buLI.he zeroth-ogrder Ggr}éen’s funcgi)é@%) is :?]Me reseglvenoto of
not essential and we will see lat€8ec. IV Q that it can be this effective Hamiltonian

lifted as long as the chosen single-particle basis fqr the elec- For the full dynamical Green’s function we find
trons is complete. ThR dependence of the composite states
|Y,) of Eq. (23) now derives entirely from the electronic
ground staté¥y). As we already mentioned in Sec. Il B, we B 1 5
assume that the Born-Oppenheimer approximation is valid Glw)= (0—H,+Ep)l—e—Al(w)’ (42)
for the electronic ground state and thus the nuclear kinetic S

energyT,, commutes witH\IfB‘). Consequently we may as-
sume that the nuclear Hamiltonidth, commutes with the
composite statepy,). We also assume that the basis states

|Q,) of the secondary space are conveniently chosen, such o - 1
that the commutator witd,, or H, can be neglected. An A(®@)=Haa—g+Hap ~
appropriate choice is always possibé7]. The nuclear (@=HntEoo) 1~ Hpp
HamiltonianH, can consequently be pulled out of any ma-

trix element involving the basis states of the composite elecin comparison to the zeroth-order case, the dynamical self-
tronic space and thus the matrix representatiokl pin this  energy.A(w) now accounts for the many-body nature of the
basis is proportional to the unit matrix: molecular target. We will demonstrate in the next section

The matrix operatoH contains the electronic Hamil-

where the dynamical self-energy is defined by

=|:|ba- (43)
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that A(w) indeed is an optical potential fdelectronically — Of course, matrix inversion and multiplication now have to
elastig electron-molecule scattering. It is remarkable that thanclude both sorts of matrix indices. The Dyson equation for
nuclear HamiltoniarH,, appears in the self-energ§(w) to-  the inelastic Green’s function can be written as
gether with thew dependence and thus introduces derivatives
with respect to the nuclear coordinates. As we shall see in G(0)=69(w)+G(w)A(w)G(w). (50)
detail later, the dynamical self-energy thus becomes a non- = = B B =
local operator not only in the electro_mc.but also in theNote that the inelastic self-energy is merely another rep-
nuclear coordinates. In Sec. IV D we will discuss the mean- . : S
; o A .—_resentation of the dynamical self-energy The relation is
ing of the nuclear Hamiltonian appearing in the dynamical ;
. L given by

self-energy and possible approximations.

In a very formal mannerA(w) can be expressed by the [m.n]
usual electronic self-energy(w): Apg (@) =( bl Apg(@)| ). (51

A(w)=2(o—Hp+Eq). (44)
- - IV. APPLICATION TO ELECTRON-MOLECULE

Before we turn to the discussion of the scattei$gatrix SCATTERING
and the optical potential in the next section, we would like to
present the Dyson equation in terms of the inelastic Green’%
function G'™" of Eq. (19). Carrying on the analogy to the
inelastic formalism of Ref{41] will help us in the next sec-
tion to identify the dynamical self-energy with the optical
potential. The inelastic formalism also yields a slightly dif-
ferent view of the Dyson equation as the introduction of
nuclear eigenfunctionsp,(R) formally leads to an equal

In this section we discuss the relation of the dynamical
een’s function to the process of electron-molecule scatter-
ing. We introduce th&andT matrices of electronically elas-
tic but vibrationally or rotationally inelastic scattering and
show how they can be calculated using the dynamical
Green'’s function formalism developed in the previous sec-
tions. We present an effective ScHioger equation and dis-

treatment of the electronic and nuclear degrees of freedom, cpiss the role of the dynamical self-energy as an optical po-

the cost of having to introduce another sort of matrix indices ntial for the scattering process. A direct derivation of the
9 ) , effective Schrdinger equation is given and possible approxi-
Instead of using the purely electronic ba§i®;)};, we

. . mations to the exact equations are discussed.
introduce the product bas{$Q;)®|¢,)}5 ., wWhere|¢,) is q
the abstract notation for the nuclear wave functipf(R).

The expressiori19) for the inelastic Green’s function in the A. The S and T matrices of inelastic scattering
frequency domain and orbital representation then reads The relation of the dynamical Green’s function to t8e
and T matrices of scattering theory is very similar to elastic
g[m,n](w)=<¢m <Yp Yq> ¢n> (45  electronic scattering off atoms or rigid moleculés6] and
w—H—-H,+Eq completely analogous to the electronically inelastic case
S [41]. We therefore sketch the derivation only very briefly.
The bracket of the nuclear statéd,|---| #,) implies inte- The S matrix for the processes we consider reads
gration over the nuclear coordinates. The derivation of the
Dyson equation can now be redone using the matrix repre- S(p'mepn)=<<\lfg],_|\1'3+)>, (52

sentation defined by the product basis. In the following we
denote matrices in the labels of the nuclear states n,m b\X/
boldface letters and matrices in the electronic state label
[,J,p,0 with double underbars. The zeroth-order inelastic
Green'’s function becomes

here the stationary scattering stajtéq))) with incoming
?—) or outgoing(+) boundary conditions are defined by

[Whe)) = lim e et Miallwih ), (59

1 t—Foo

(w+Eg)l-Hyl—-¢g’ 48

GV(w)=
) and the double bracket notation again implies integration

The matrix of the nuclear Hamiltonia, is diagonal due to over electronic and nuclear degrees of freedom. The

the particular choice of the nuclear wave function basis: ~asymptotic states thus feature a free electron with momen-
tum p and energysp=p2/2 (in atomic unit3 and an

[H, ™M= 68Eon- (47)  N-electron molecular statg¥})|4,) with the nth excited
) ) , _ vibration or rotation in the electronic ground state with en-
The full inelastic Green’s function reads ergy Eo,. For definiteness we choose the electronic kinetic

1 energy as the zeroth-order electronic Hamiltortiyy, in this
7 (48)  section, describing the motion of free electrons. Note that the
(0+Ego1-Hyl-g— Aw) scalar product of Eq(52) implies integration over all coor-
dinates of theN+1 electrons in addition to the integration
over the nuclear coordinatés
The S matrix can be expressed by the particle part of the
inelastic Green'’s function of Eq19) in the momentum rep-
resentation as follows from the definitigh4) and Egs(52)
(49 and (53):

G(w)=

where the inelastic self-energd(w) is defined by

o 1 o
H —H
=ab(w+ Eoo)1— Hnl_ﬂbb=b

A(w)=Haa— &+

a-
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S(p'm—pn)= lim e'p'*Eom~Eoot recover the well-known adia_batic-nuclei approximatiém )
t— oo of electron-molecule scattering:

t'——o

K G (4 1) (e Eon Eadt' (54 T (@)= (Sl Tprpl @ = Vo(R)+Eqal [ n). (59)
p!p i) -

The particle parigi™"!* may be replaced here by the full B. An effective Schralinger equation

Green's functiong!™" for two reasons. In the preceding section we identified the inelastic self-
(1) The hole parg!™"~ does not contribute because the energy A™nl with the optical potential for multichannel
S matrix only contains information about the asymptotic re-scattering. Consequently, effective one-particle equations of
gion of scattering wherg™"!~ vanishes becaus%hlfg) the Lippmann-Schwinger or Schiimger type can be de-
vanishes. For the effective single-particle scattering equatived. In the multichannel picture one obtains sets of coupled
tions we are going to derive in the following, this means thatequations, one for each combination of initial and final chan-
ensuring the correct outgoing boundary condition avoiddiel. Instead of rederiving these equations, which can be
contamination of the wave function by unphysical contribu-found in Ref.[41] for the analogous case of electronically
tions. inelastic scattering, we will discuss directly the time-
(2) The hole parg™"~ does not contribute in the con- indepen_dent Schdinger equation in the position-space rep-
sidered time limit because of thé functions that appear resentation.
explicitly in Egs. (14) and (16). Therefore the particle part ~ Any effective one-particle equation must involve explic-

may be replaced by the full Green’s function when the timéitly the coordinates of the scattering electron and the labels
ordering is treated properly. of the nuclear states or, equivalently, the nuclear coordinates

R. Instead of the full scattering wave function
We now introduce thénelastic improper self-energ¥{ ) - -
in analogy to the common improper or reducible self-energy [T (R)=(RW5™))

[12,6] by rewriting Eq.(50) as usual by — im e‘““’p*EOn‘H”aH\IfB‘)(;Sn(R), (60)

t——x

G(0)=G""w)+G%(0)Tw) G (w), (55
) ) ) ) which is the nuclear-coordinate representation of the scatter-
Tow)=Alw)+ A(0)G ()T o). (56) ing wave function of Eq(53) and presents a wave function
B ) ) = B in the nuclear coordinates and an abstract ket in tRe (
Following the derivations of Ref§6,41] we can express the +1)-particle space, we introduce the effective or optical
scatteringS matrix by the improper self-energy: wave functionf(r,R) by
[n]+ — N n+
S(p/ M P1) = Bumdppy — 271 T+ Eop) T (LR=(WolwN[Y5T(R). 63
X 8(& r+Eom—p—Eon)- (57) ~ This function can be calculated from the dynamical Green's
P P function G of Eq. (13) by

The inelastic improper self-energgi ™" at the scattering
energye,+Eg, can thus be identified with the on-shdll fg‘]*(r,R)z lim j dr'(R|G(r,0;r" ,t")| )
matrix of scattering theory. Following standard scattering oo
theory, we see from Eq56) that the inelastic self-energy
A™nl(w) [or equivalently the dynamical self-energy(w)]
presents thgoptica) potential for the scattering process.
Almnlis the optical potential for multichannel scattering
where the channels are defined by the eigenstatgsof the
nuclear motion.

The relation of the inelastic improper self-enerfjjo the S(p’m<—pn)=f de dr¢§1(R)<p;,(r)fE,”]+(r,R). (63
improper self-energyT of the usual (electronig single-
particle Green's function([12,6], see alsd48] for explicit  An effective Schidinger equation for the considered scatter-
expressions that can be useful in the present context be  ing problem reads
described, in analogy to E¢44), by

X(Pp(rr)efi(ap+E0n7E00), (62)

whereg,(r) is a plane wave. The relation to the scatterg
matrix is given by[5,41]

[Heot+Hy+A(E)— Egol I (r,R) =E " (1,R), (64)
T (0)=($ulT(0—Ho+Ecollbn). (58 e i
as follows by analogy from Ref$41,5,6. A self-contained
Note that this formal expression in fact expresses a ratheterivation of this equation using projection operators will
complicated relation of the purely electronic improper self-also be given in Sec. IV C. In the effective ScHimger equa-
energy T(w) and the inelastic scattering matrix because tion (64), E denotes the total energy with respect to the zero
the nuclear kinetic energy il formally appears as an en- point defined at the molecular ground-state endzgy. This
ergy variable ofT (w), which has itself a complicated depen- zero point is related to a situation where the scattering elec-
dence on the nuclear coordinatslf, however,T, is omit-  tron is so far away that it does not feel any forces exerted by
ted in this expression replacingl,, by Vy(R), we can the target, which is in its ground state, and the particle as



2992 BRAND, CEDERBAUM, AND MEYER PRA 60

well as the projectile are at rest. The zeroth-order electronitor the full scattering problem, which comprises the motion
HamiltonianH, o is an operator acting only on the coordi- of N+ 1 electrons and the nuclear motion. This derivation is
natesr of the scattering electron. According to the choice offully equivalent to the derivation sketched in Sec. IV A. Al-
Sec. IVA, it consists of the electronic kinetic energy andthough the dynamical Green’s function and its Dyson equa-
describes the motion of a free electron. Equatié), how-  tion do not appear explicitly, the direct derivation, which
ever, is also valid if the Hartree-Fock operator is chosen asises projection operators in a composite Hilbert space with
the zeroth order. In this caskl, contains also the static- particle and hole states, is firmly based on Green’s function
exchange potential of the target molecule. The nucleatheory and has to be seen as the result of recent develop-
HamiltonianH,, acts only on the nuclear coordinatBsand  ments in this ared42,43. While traditional many-body
describes the nuclear motion of the target molecule in itsGreen’s function theory supplies powerful methods to com-
electronic-ground-state potenti#}(R). The dynamical self- pute the dynamical optical potential approximativésee
energy A(E) of Egs. (43) and (44) appears here in the Sec. IVD), the projection-operator formulation of Dyson’s
coordinate-space representation and takes account of tleguation(43) yields a complementary way of reflecting on
complex many-body nature of the molecular target. It acts aghe Green’s function approach and its relation to Feshbach
a nonlocal(integra) operator in the electron coordinates projection. Reconsidering in this section the algebra of Sec.
and also in the nuclear coordinates I will help us to further clarify the role of aiR dependence
in the electronic single-particle basis and in the electronic
A(E)f(r,R)=f dR,f dr' A(r,R,r',R",E)f(r",R’). (65 ground staté\lfyy We Wi||. also have an opportunity to dis_-
cuss the role of unphysical contaminations of the optical
. wave function.
Introducing the operator We start from the time-independent Sctlirger equation
L(E)=H o+ H,+ A(E)—Eq, (66) for the full spattering problem oN+1 electrons and the
’ atomic nuclei:
which can be seen as an analog of the Layzer opefair
of the usual single-particle Green’s function, the effective
Schralinger equatior(64) can be written as

(H_EOO)l‘Ptot(R»:E|\Ptot(R)>- (69)

The total wave function¥ ,(R)) is an arbitrary solution of
L(E)(r,R)=Ef(r,R). G the Schrdinger equation like, e.g., the scattering wave func-
tion [W*(R)) of Eq. (60). The eigenvalu& measures the
This is formally a pseudoeigenvalue equation because thenergy of the scattering system relative to the molecular
eigenvalueE also determines the operat6(E). In the scat- ground-state energify,. Following Eq.(9), we split the to-
tering regime E>0) there is, of course, a solution for every tal HamiltonianH into the electronic part and the nuclear
E and the problem of solving Eq67) is to find a wave kinetic energyT,. Adding and subtracting the ground-state
function f(r,R) with the correct boundary conditions such potential Vo(R) and introducing the nuclear Hamiltonian
that the equation is fulfilled at a given scattering enegy H,=T,+V,(R) of Eq. (10), we may write
We usually identify the dynamical self-energy(E) with the
dynamical optical potential althougH(E) is not the only [He=Vo(R)+Hp—Eqol [ Wi R) =E| ¥ ((R)). (69
non-kinetic-energy component @f(E). ) ) ) o
As it stands, the effective Schiimger equation64) or By introducing the 2 matrix operatoH of Eq. (24) we
(67) is an exact equation but, of course, approximations hav81ay rewrite Eq(69) into the two-component equation

to be introduced in most cases to determine the integro- W (R W (R

differential operator(E). We will discuss some possibili- [H+(H.— wlR)) = w(R))

ftfer [H+(H—EeL]l 5 '|=E[' 5 '], (70
ties in Sec. IVD. The best strategy to solve E§4) then B

gertalnly depgnds on the level of approximation IrltrOduc(Edwhere 1 is the 2<2 unit matrix. Since the second compo-
in the determination ofZ(E) and on the nature of the prob- nent of the vector| ¥ (R)),0)' is set to zero, Eq(70) is
lem to be solved. A variety of methods is available. For ot/ » =

. completely equivalent to the initial Schiimger equation
example, close-couplinf27,28 or the other methods men-
tionedpin Sec. | can Ict))e l?;ed Etyo solve Esy) directly for the (68). However, the vectoff ¥,(R)).0)' may also be seen as

scattering wave functions. Resonances may also be calcd element of the composite space of Ref[45]. We now

lated using bound-state techniques by employing théntroduce the projection operator

complex-rotation methof60,51], complex absorbing poten-

tials [52—54, or the stabilization methofb5], etc. If neces- P=>, Y (Yql, (71
sary, the eigenvaluds may be found by iteration. Any other q

standard method for solving scattering problems will also do, . . . o
since the corresponding Lippmann-Schwinger or effectivéaro]e(:tIng onto the primary space, which is spanned by the

. . ) vectors{|Y,)} of Eq. (23). By definition, the projectoi
gg?tiggppeor:gtesm Scheinger equation may also be used asprimarily acts on the electronic degrees of freedom. How-

ever, we also have to consider the dependence on the nuclear
coordinatesR because the nuclear kinetic energy con-
tained in the nuclear Hamiltoniad , introduces derivatives

We will now show how to derive the effective Schro with respect toR into Eq. (70). The nuclear-coordinate de-
dinger equatior(64) directly from the Schidinger equation pendence of derives directly from the electronic ground

C. A direct derivation of the scattering equations
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state|¥()), as can be seen from the definitic@3) of |Yp,)  This is the resulting form of the time-independent Sehro
when we assume that the basis of single-particle orbitalglinger equation projected to the primary space. The pro-
@p(r) is independent oR. Since the primary space and con- jected component fulfills a pseudoeigenvalue equation with
sequently the projectd? are invariant under a change of the an energy-dependent operator on the left-hand side. This op-
single-particle basis, this also holds true whemlependent erator acts on the nuclear coordinaleand on the electronic
orbitals like, e.g., Hartree-Fock orbitals are chosen, as longoordinates, but only within the primary space, which is iso-
as they form a complete basis of the single-particle spacenorphous to the one-particle spaes was discussed in Sec.
Consequently a formulation employing the projection operadll A).
tors P andQ=1—P remains independent of the choice of In the following we will make contact to our previous
the single-particle basis and thus Bndependence of the formulation and identify the self-energy of the dynamical
orbitals does not matter. Green’s function as the optical potential. The primary-space
We already discussed in Sec. Il1 B that we want to adopcomponent of the wave function is given by
the Born-Oppenheimer approximation for the electronic
ground statg¥g). In particular, we assume thR depen- p |Vo(R)) =S Ivol(y |(|‘I’tot(R)> S Y f(R)
dence of the electronic ground stat&g) to be weak. As a 0 g Ve 0 g T
consequence, the projection operaR®ocommutes with the (76)
nuclear kinetic energy,, and therefore also withl,,:

Wherefq(R)=<\I’8'|aq|\lftot(R)> is the effective wave func-
[P,T,]=[P,H,]=0 (72) tion of Eq.(61) in the orbital representation. Taking the inner
wn o product of Eq.(75) with (Y| from the left yields

We want to stress once more that we assume the Born-
Oppenheimer approximation only for the nuclear motion in Z
the electronic ground state of theelectron molecule, which q
is physically reasonable for many molecules. However, this
neither implies adiabaticity for the scattering electron nor for - -
excited states of the scattering complex. By way of contrast, —(YplHQ E—H +E.—H QH[Yq) | fo(R)
the nonadiabatic coupling of the projectile motion to the nt o0 ee
nuclear motion, which can be very important for slow pro- —Ef(R). (77)
jectiles, is explicitly accounted for in our formalism. P

Defining the operatoQ=1-P as a projector onto the The first term on the left can be identified as the primary
secondary spacél is here the identity operator M space  plock H,, of Eq. (28), which splits into the zeroth-order
[45]), we can easily partition E70) in order to obtain an energy=matrixe and the statici.e., energy-independemart
effective equation in the primary space. We take the foIIow—of the seIf-erTergyA(oo) accordi'ng to Eq.43). Also the

ing steps. = . e
Inserting the identity &P+ Q into Eq. (70) yields energy-dependent part (Zt(w) can be identified in Ed.77)
when the representation

<Yp|H|Yq>+(Hn_ E00)5pq

H(P+Q)

(M) .

|1Pt0t( R)>)

:(E_Hn+Eoo)( 0

Q=§’ 1Qs)(Ql (78)

Acting on this equation withQ from the left and using is chosen for the projector to the secondary space. The sum

[.Q’H“]ZO’ which follows from{ P,H,]=0, yields an equa- S’ runs over the basis stat¢®;) of the secondary space
tion for the secondary-space component of the total Wav%nly [cf. Egs.(26) and (27)]. We obtain

function Q(| ¥ (R)),0)":

. . +(H,—Egg) pgt A fo(R)=Ef,(R). 79
qup(ﬂ»m(t)m»):(E_HH+EOO_HQQ)Q(|xpm§R>>)_ g[epu 00 Spgt Apg( @) Ifg(RI=Efy(R).  (79)

(74 The effective Schrdinger equation in the form of E¢64) is
. obtained when using the coordinate representation instead of
Here we introduced the notatidtiyp for the operator prod- the orbital representation for the scattering electron and real-
uctQHP, etc. Using Eq(74) to replace the secondary-space izing that the matrix§ is the orbital representation of the
component from theP projection of Eq.(73) leads to the operatorH,, of Eqg. (32) in the one-electron space. As dis-
desired equation for the primary-space component of theussed earlier in this subsection, the projection operdtors
wave function: and Q are completely independent of the choice of the
single-particle basis and thus E@9) holds in the momen-
tum, in the coordinate space, and in arbitrary orbital repre-
sentations. We are also not restricted to a particular choice of
the zeroth-order electronic Hamiltoni&h, o, represented by
the matrixg in Eq. (79). Any single-particle operator, which
|q’tot(R)>) =EP( Wtot(R») (75) may or may not depend oR, is possible. A convenient
0 0 ' choice for the electron-molecule scattering problem is cer-

o o 1 o
HPP+Hn_Eoo_HPQE H+Ehl Hop
—Hp+Eg—Hgo

XP
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tainly to choose the Hartree-Fock operator Fy, because other. In these rare cases, the vibronic interactions have to be
this simplifies the calculation of the self-energdyw). In this  accounted for and a diabatic representation for the ground
case,H, contains the electronic kinetic energy as well asstate may be adequate. The dynamical optical potential then
the static-exchange potential. has to be augmented by terms that describe the correspond-
So far, we have proven that the projectibr,R) of Eq.  ing vibronic transitions.
(61) of the physical scattering wave function fulfills the ef-
fective Schrdinger equatiori64). There are also unphysical
solutions of this equation due to the introduction of the sec-
ond component in Eq70). The unphysical component lives In this subsection we want to discuss different approxima-
in the Hilbert space oN—1 electrons, coupled to the same tions to the exact scattering equations and the physical mod-
nuclear degrees of freedom as the physical component. Sin€ds these approximations imply. In the first two points we
the Hamiltonian for the second component from E¢p) is  Wwill consider possibilities to regain well-known approximate
given by descriptions of electron-molecule scattering by either ne-
glecting the energy-dependent optical potential or by freez-
Vo(R)—Het+Hp—Ego=—[He=Tn—2Vo(R)+Eqol, (800  ing the nuclear degrees of freedom in the exact equation

(67). In the last two points we will concentrate on the dy-

the nyclear .dyr.1am|cs is not treated in the correct way 1Q,,micq optical potential itself. Apart from discussing the
describe an ionized molecule becatgandT, have 0oppo-  (5je of the nuclear dynamics within the optical potential we

site sign. If we want to apply the formalism of the dynamical\yjji show how to compute ab initio dynamical optical poten-
optical potential to describe the dynamics of ionized mol-;5 15
ecules, the definition of the Hamiltonian has to be changed
accordingly.

Coming back to the description of the electron-scattering . ) )
problem we want to consider the question of how to identify First of all we want to consider the simplest of all ap-
unphysical solutions and whether the unphysical componerRfoximations to the optical potential, which results by ne-
can interfere with the physical solutions. The answer to thes8!€cting the optical potentiali(w) altogether. Formally this
questions is easily given when the scattering boundary corfPProximation is equivalent to neglecting the interaction part
ditions are obeyed correctly: Since the electronic groundles in the electronic HamiltoniarH, of Eq. (31). This
state of the scattering targg¥y) represents a bound state, equwal_ence follows easily from E¢44), which connects the
any overlap(W|(r)|¥Y) is a square-integrable function of dynamical self-energyd(w) to the usual self-energ¥(w),

r vanishing asymptotically fofr|—w. Consequently, the which is by definition at least of first prder iHe 1 [12].. In
same holds true for the effective wave functiﬁﬁphys(r,R) other words we can say that, neglecting the dynamical self-

. . . energyA(w), the effective Schidinger equatior(64) is still
belonging to an unphysical solution of EF0), exact for physical systems where the scattering electron is

D. Approximative scattering equations

1. Static approximations to the optical potential

0 not correlated with other electrons in the system and thus is
fUmPhYyr R) = (Y(r)|(<q,N1 s(R)M well described byH. . The one-particle operatdt, , may
unphy still contain mean fields or forces exerted by the atomic nu-
:<\I’Dlrﬁ>ﬁyi R)|¢(r)|\l”3‘>, (81) clei or external fields, of course.

The level of approximation gained with the resulting
as a function of. As long as one solves the effective Schro static (i.e., energy-independent.ayzer operator'=H,,
dinger equation(64) or the corresponding Lippmann- +H,—Eg, depends on the choice of the zeroth-order elec-
Schwinger equation imposing scattering boundary conditiongronic HamiltonianH .
on the effective wave functiof(r,R), one obtains a physical (1) ChoosingH, to describe the electronic kinetic en-
solution. Even a contamination of the physical solution withergy yields a Layzer operatdl® that describes the separable
a short-range unphysical solution will do no harm becausenotion of a free electron and a vibrating or rotating target
for the calculation of theSmatrix elements only the molecule in its electronic ground state.
asymptotic behavior of the effective wave function enters. (2) Choosing insteaH, o to describe theR-dependent

Let us briefly examine the only approximation made inHartree-Fock operator yields a static Layzer operator that
the derivation of Eq(75). Without the approximatiori72), describes the motion of the scattering electron under the in-
which allowed the commutation of the nuclear kinetic energyfluence of the static and the exchange interactions with the
T, with the projection operatorB and Q, additional terms  Hartree-Fock charge cloud of the target molecule coupled to
proportional toPH,Q and QH,P appear in the projected the nuclear motion in the usual electronic-ground-state po-
Schralinger equation. These terms describe virtual excitatential Vo(R) augmented by the Coulomb attraction between
tions from the primary to the secondary space, which meathe nuclei and the electronic projectile. This approximation
an electronic excitation in the target molecule, mediated byives a consistent treatment of the electron-molecule scatter-
the nuclear kinetic-energy operator. These terms competag problem in the strict single-particle picture. Projectile
with excitations by the electronic Hamiltonid@H.Q and  and nuclear motion are fully coupled but the very nature of
QH¢P against which they can usually be neglected. The onlythis static approximation excludes polarization effects as
exemption may be given in cases where the Bornwell as the possibility of electronic excitation of the target
Oppenheimer approximation for the electronic ground stateaused by the impact of the scattering projectile. Another
fails and the potential surfaces of the electronic ground andefect of this Hartree-Fock based static-exchange approxi-
excited states of the target molecule come close to eacimation is that the static charge cloud of the target molecule is
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only described in an approximat@ncorrelatefl manner nate representatiorM (w) accounts for the so-called dy-
through the Hartree-Fock wave function. namic correlation including the polarization of the target by
Another straightforward possibility for an energy- the incident projectile electrofb7]. The energy dependence
independent approximation to the dynamical optical potenof M(w) has been studied in the literat®8] and the con-
tial is to include the high-energy limit of the self-energy sequences of the energy dependence of optical potentials for
A(=), which is also called the static self-energy. The staticscattering systems have been discug&édHere, we briefly
part of the dynamical self-energi(«) is identical to the want to remark the following.
purely electronic static self-ener@y(«), as can be seen from M () introduces poles and branch cuts in the optical po-
Eqgs.(35) and(43) [see also Eq44)]. As shown in Ref[56],  tential, which can be found by diagonalizing the denominator
this nonlocal operator can be interpreted to improve they Eq. (84). The matrixH,, in the denominator is already
static-exchange interaction beyond the Hartree-Fock descrigtiagonal in zeroth order, e.g., in the Hartree-Fock approxi-
tion of the target wave function including target correlation. mation. The diagonal elements correspond to electronic ex-
The present approximation to the Layzer operaf™=  citations of the N+1)- and (N—1)-electron systems and
=He o+ Hy+ A(%) —Eqq is independent of the choice of the can be classified by configurations op-h, 3p-2h, etc.
zeroth-order electronic Hamiltonidt, o in Eq. (31) because  character as well as configurationsp®Rh, 2p-3h type, and

the static self-energy takes account of the interaction terna, on. Explicit matrix representations féf.,, Hp,, and

He1. The Layzer operato£“SE corresponds to a scattering Hy, can be found in Ref42]

potential that originates from a correlated but static charge For the calculation ofS(w), standard approximation
?Astrlbutlolnt 0(; tr;et'targethmolecsullz)e, Wth'cth IIS also known aSschemes are available. The so-called algebraic diagrammatic
eAcorrege t'salct:-ei(r:: ange dpo endla .t ¢ of the d construction (ADC) scheme[14], for example, yields a
pproximations to the energy-tdependent part of the y'perturbation—theory—based hierarchy of approximations for
namical optical potential in the context of the fully coupled (w) that preserve the analytic structure of this function of
scattering problem will be discussed in Secs. IVD3 an w, in contrast to ordinary perturbation theory, which does

IVD 4. In the following paragraph we will consider the sim- ., ‘1,0 Apc approximation t&(w) has the structure of Eq.
plified case where the nuclear dynamics is neglected alto- N .
gether (35 but the matricesH;; are constructed in theth-order

ADC scheme such that the perturbation expansion of the
approximate>APC(w) with respect to the electronic interac-
tion He 1 of EQ. (31) coincides up tath order with the usual
Let us r_ecall that the full Layzer operatdr may be ex- Feynman-Dyson perturbation seriesXffw).
pressed with the help of E¢44) by Since the poles and cuts relating to the ionized molecule
(N—1 electronsappear at negative energies, they only have
L(E)=Heo+ Tn+Vo(R) +Z[E—Tn—Vo(R) + Eqo] — Eqo- a weak influence on the energy dependence of the optical
(82) potential at the relevant scattering energies. The poles and

cuts at positive energies, however, can be associated with
excited states of theN+ 1)-electron scattering system. Sig-
natures of Feshbach resonances therefore can be found in the
dynamic part of the optical potential although the exact reso-
LNE)=H, o+ S[E—Vo(R) + Egol + Vo(R) — Ego (83  hance position and width, of course, have to be calculated

' from the full effective Hamiltonian. A branch cut will appear
and the Corresponding Scattering wave funcﬁ@nR) of Eq in the analytiC structure OE(O)) above the first excitation
(64) now depends only parametrically on the nuclear coordienergy of the target molecule because with sufficient energy
natesR. The operatol’™(E) is exactly the Layzer operator fpr an equtromc excitation, a new channel opens and inelas-
used in the literature for electron scattering from atoms ofiC scattering becomes possible. The branch cut() has
rigid molecules[4,49,5 apart from theR-dependent energy the consequence that the optical potential a(_:quires an imagi-
shift Vo(R) — Eqo. This energy shift resets the zero point of Nary component and becomes non-Hermitian, thereby ac-
the energy scale frorEyg to Vo(R). counting f(_)r the Ioss of amplitude in the channel of electroni-

In the present case of fixed-nuclei scattering, the opticafally elastic scattering.

potential is given by the purely electronic self-enelfy).
As mentioned earlier, the static pak(e) improves the 3. Nuclear dynamics in the optical potential:
static-exchange potential with respect to the correlation of Expansion with respect to T
the target's electronic-ground-state wave function. The
energy-dependent paM (w) =3 (w)—3(«) is, according
to Eq. (35), given by

2. Fixed-nuclei scattering

In the limit of infinitely heavy nuclei, the nuclear kinetic
energy T, can be neglected. We call this limit tHexed-
nuclei (FN) limit because the Layzer operator

We are now going to discuss the influences of the nuclear
motion on the dynamical optical potential(E). The dy-
namical self-energyl(E) as given by Eq(43) consists of an
energy-independent(statio part A(x) and an energy-
b (84) dependent partM(E)=A(E)—.A(x), which vanishes for
bb large energie&. The energy-dependent pa¥t(E) includes

all effects of dynamic correlation including polarization but
For convenience, we again resort to the matrix notation fois now modified with respect to the fixed-nuclei case consid-
electronic coordinates used already in the preceding sectionsred in Sec. IVD 2. As follows from Eq43), the energy-
Of course, the matrices can also be expressed in the coordiependent part reads in matrix notation

T«

- 1
M(w)=H

L —ab
wl—

I«
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. 1 . self-energy> (E), standard techniques for calculating the
M(E)=Hgp ~—Hp,. (85  electronic self-energy like the ADC method mentioned in
[E—Tn—Vo(R)+Egoll—Hpp Sec. IVD 2 can be applied.

The Layzer operator corresponding to the presently dis-
As before,T,, denotes the nuclear kinetic enerdfp(R) the  cussed approximative treatment of the dynamical optical po-
(electronig ground-state potentiak; is the scattering energy, tential A*°F(E) is given by
andEq, the molecular ground-state energy. The matridgs
are the partial matrix representations of the two-component

electronic excitation-energy operatpk, "?“Oduced in Sec. Although the dynamical optical potential is treated here in an
II_IA, and_ depend on th_e nuclear (_:oordlnatésln order to diabatic approximation, the Layzer operafi°P(E) de-
diagonalize the denominator to find the pole structure c’@cribes the fully and nonadiabatically coupled motion of the
M(E), not only eigenvectors dfl,, corresponding to elec- projectile electron and the atomic nuclei with a simplified
tronic eigenstates in the secondary space are necessary lygical potential. In this approximation, the nuclear dynamics
instead one also has to consider the additional degrees ¢{ the electronically excited states of the target is treated
freedom of nuclear motion. Since the energies usually assqgiabatically. Even though this approximation may not be
ciated to the nuclear dynamics are much smaller than typicg;stified when describing experiments probing in detail the
energies of electronic excitations, we may assume that thglectronic excitation structure of the target, the situation is
coarse structure of the energy dependence does not diffgfifferent for scattering at low but not too low energies. When
much from the fixed-nuclei case discussed in Sec. IVD 2glectronic excitations are forbidden by energy conservation
However, the nuclear dynamics will introduce a fine struc-pecause the electron-impact energy is too low, the adiabatic
ture and may become very important, either at energiegpproximationA*°"(E) may be very good. At low impact
where electronic excitation is possible or nearly possible, ognergies, electronic excitation then is still possible as a vir-
in situations that are very sensitive to disturbance of the scagyg| process leading to polarization of the molecule but obey-
tering potential, e.g., close to vibrationally inelastic thresh—ing the energy-time uncertainty relation. When the typical
olds. i ) times for these virtual excitations are much smaller than the
As long as the scattering energies are safely away frofjme scales of nuclear vibrations, which will usually be the
Feshbach resonances or inelastic thresholds, the influences@fse then the fixed-nuclei approximation for the dynamical
nuclear dynamics on the optical potential itself may either bEbpticaI potentialA”°P(E) is adequate.
neglected or accounted for approximately by expansions of gy very slow scattering electrons, on the other hand, it
the denomiljator in Eo[8'5). We will now proceed to discuss may also be necessary to improve the approximation
two convenient expansions fovt(E). A”OP(E), when the cross sections probe the details of the
Closest in spirit to the previously discussed fixed-nucleipptical potential very sensitively. In the adiabatic optical po-
approximation is the assumption thbt represents a small tential A*°P(E), the dynamical relaxation of the nuclear
perturbation, suggesting the following type of expansion:  structure during the polarization of the electronic charge
cloud induced by the incoming projectile is not treated prop-

LAP(E)=Hg o+ Hp+ A*P(E) — Eqq. (88)

. 1 erly. At very low projectile velocities where the trajectories
M(E)=Hap < are most sensitive on the coupling to the nuclear motion this
[E—=Vo(R)+Eqol1—Hpp may become an important defect of the theory. In this case
o 1 v the expansion of the dynamical optical potential discussed in
% 2 T, - Bba_ the next subsection, which allows for an approximate treat-
v=0 [E—Vo(R)+Egll—Hpp/ — ment of the neglected effects, becomes most valuable.
(86)

4. Expansion of the dynamical optical potential

. . . with respect to H—Eg
In the present context, we call the first term of this expansion

(»v=0) theadiabatic optical potentialAOP): The nuclear kinetic-energy operafdy introduces deriva-
tives with respect to the nuclear coordinaem the terms of

the expansiori86) for v=1. In general, these terms will be
difficult to evaluate because the approximate and also the
Hab v =—ba N
T [E-Vo(R)+Egll—Hpp exact matricedd;; may depend strongly on the nuclear co-
ordinatesR due to the electron-nucleon Coulomb repulsion
contained inH. Another expansion that is better suited for
higher-order approximations is obtained when takifig
Formally, the adiabatic optical potentiad*°"(E) coin-  +V,(R)—Egy=H,—Eq as the “small” perturbation. The
cides with the optical potential used in fixed-nuclei scatteringassumption thaH,— Eq, may be regarded small in the de-
in Sec. IVD 2. The difference is that the nuclear coordinatesxominator of Eq.(85) is justified when the energies associ-
R are now dynamical variables. The adiabatic optical potenated to nuclear excitations appearing during the scattering
tial A*°F(E) is a local operator on the nuclear coordina®s process and possibly duringirtual) electronic excitations
because/, and the matricesl;; depend orR but there are are small compared to the electronic excitation energies of
no derivatives with respect ® in A°P(E). Since A"°F(E)  the target. The corresponding expansion of the energy-
can be calculated, for eadR, from the purely electronic dependent part of the dynamical self-energy reads

1 .

APP(E)=H,,—g+H

=2[E~Vo(R)+Eqql. (87
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o} 14

Hoa. f AR (R) =

1 1
1-Hpu(R)
(89)

(Hhi—Ego) =————
El-Hypp

o 1
M(E)=Hap—— >,

) HeaRF(R)  (91)
=~ Hpp V=

I 4

gives the largest contribution. The approximatisz\__rlo(E)
The first termMC(E) of this expansion ¢=0) can be iden-  can then be improved by expanding arotg-E, whereE
tified as the energy-dependeidynamio part of the purely s a suitably chosen mean vibratior{adtationa) energy, in-
electronic self-energy84) and will be called thezero-point  stead ofH,,— Eoo. Yielding the zeroth approximation
optical potentialbecause it reflects the optical potential of

ground-state nuclear motion: M5= S(E+Egy—E)—3 () (92
0 . 1 . and the corresponding higher approximations as in(gg).
M (E):ﬂabﬂﬁ ba=M(E). The difference between the adiabatic optical potential
=~ Hpp

A”9P(E) and the zero-point optical potential’(E) or the

. . . 0 . .
The zero-point optical potential is a local operator with re-MProved approximationd”(E) lies in the energy reference

spect to the nuclear coordinatBslike the adiabatic optical ©f the denominator of the optical potential. We expect
potential MA9F(E), which was discussed above. AP(E) or A°%E) to be suitable approximations fod(E)

The higher-order terms in the expansion fee 1, how- when the nuclear motion is more or less confined to the
ever, are differential operators in the nuclear coordinategmmediate surroundings of the equilibrium configuratip,
They can be transformed into nonlocal integral operator®f the molecule. In particular, for processes that travel be-
MY(E)f(R)=fdR' M"(E,R,R))f(R’) by inserting the tween different levels on the potential energy surfageR)
resolution of the identity with respect to nuclear motion corresponding to a considerable transfer of energy between
Sy é){ by, In the coordinate representation for the nuclearthe projectile and target like it happens in associative detach-
degrees of freedorR, the integral kernel belonging to the Ment or dissociative attachment, we expect the adiabatic ap-
second term of the expansi¢@g) reads proximation A*°F(E) to be the better-suited approximation.

However, we want to stress once again that the treatment of
the nuclear dynamics within the optical potential is certainly

MYE,RR)=>D Bab( R) v; (R less essential than the direct coupling between projectile and
b k= E1-Hyn(R) nuclear motion in the effective Schiimger equatiori64), as
long as the scattering energy remains well below the thresh-
X[Eok—Eoo] ¢k (R") old for electronic excitation of the molecular target. The ex-

pansion (89) presents a systematic possibility to improve
upon the adiabatic or the zero-point approximation that is
applicable if the scattering process has too little energy to
access the electronically excited states of the target. The
first-order termM* of Eq. (90) and the corresponding higher
approximations provide access to a systematic improvement
of the discussed approximations fab initio methods of
values Eq, and functions¢,(R) can be calculated easily guantu_m fhemlﬁtry that ma}( pfrove nelcessary to descnbg the
from the ground-state potenti®l,(R) and approximate ma- ynamical couplings correctly for very-low-energy scattering

) v ) N processes that are particularly sensitive to the correct de-
tricesH;; are available, e.g., by the ADC approximation asgrintion of the optical potential. If the scattering energy is
descrlbeq above_ in Sec. IVD2. ) . above or close to the threshold for electronic excitation of

Equation(90) is remarkable because it allows us to esti- o target molecule, the effective Sitlinger equatior(64)

mate the importance of the higher-order terms in the expang| remains valid but other approximations to the dynamical
sion (89). If the nuclear dynamics of the target molecule, 'noptical potential have to be used

spite of virtual excitations by the scattering electron, can be
approximated well by the zero-point vibration of the isolated
molecule(in its electronic ground statehen all terms with V. CONCLUSIONS

k#0 in Eq.(90) can be neglected. Since, however, the en- |n this paper we have derived a rigorous optical potential
ergy difference[Eq—Eqo] vanishes fork=0, the term  for the coupled motion of the projectile electron and the
M*(E) and the higher-order terms in E@9) vanish. In this  atomic nuclei in electron-molecule scattering. The dynamical
approximation only the zeroth terny1°(E) contributes in  gptical potential should be particularly valuable for studying
the expansion of the dynamical optical potential. In otherthe nonadiabatic coupling of projectile and nuclear motion
words, M(E) is a local operator in the nuclear coordinates if close to inelastic thresholds where the projectile velocity is
the nuclear-coordinate dependence of the effective scatteringbmparable to the typical velocities of nuclear motion. Our
wave functionf(r,R) is given by the nuclear eigenfunction work extends the well-known many-body formalism of opti-

¢o(R) and theR dependence of the matricék,, andH,,  cal potentials beyond the fixed-nuclei approximation. On the
can be neglected. This will not always be the case. Howevether hand, the rigorous derivation and the explicit expres-
it can also be tested during a calculation for which values okions given for the dynamical optical potential provide a jus-
k the integral tification and prospective for enhancement of model polar-

1

X—
E1-Hpn(R")

Hoa(R'), (90)

where we explicitly indicated the nuclear-coordinate depen

dence of the matriceld;; . The numerical realization of this
approximation is not very difficult because the nuclear eigen
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ization potentials used commonly in close-coupling andtheoretical studies of coupled projectile and nuclear motion
R-matrix calculations. in ultralow-energy electron-molecule scattering, which is be-
The dynamical optical potential can describe all kinds ofcoming a vivid field of interest due to recent experimental
electronically elastic scattering processes such as elastic scaidvancegsee, e.g.[59]). The effective scattering equations
tering, vibrational or rotational excitatioleexcitation, dis-  presented in this paper can be solved, e.g., by using close-
sociative attachment, and associative detachment. Also wheroupling expansions or other time-independent techniques.
electronic excitations are energetically accessible, the dywe expect that particularly valuable insight into the mecha-
namical optical potential may be used to calculate(#lec- nisms of the scattering process, however, can be gained by
tronically) elastic partial cross sections as well as resonancéme-dependent wave-packet calculations. Solving these
positions and widths. scattering equations certainly remains a numerically de-
One central result of the present work is that for scatteringnanding task but becomes more and more feasible now with
energies far enough away from electronic excitations of thestate of the art computing facilities and the advancement of
target, the dynamical optical potential is given in a first ap-numerical method§60].
proximation by the static-exchange potential augmented by
the fixed-nuclei self-energ®(w) of the purely electronic
Green'’s function. This approximation, which yields a local
operator with respect to the nuclear coordind®scan be We would like to thank E. Pahl for a critical reading of
improved by a hierarchy of nonlocal terms. Due to the closeéhe manuscript and helpful comments. Financial support by
relation to the usual self-energ¥(w), all terms can be cal- the Deutsche ForschungsgemeinscH&8EG) through the
culated with standar@b initio methods using well-defined Forschergruppe “Schwellenverhalten, Resonanzen und
approximation schemes. nichtlokale Wechselwirkungen bei niederenergetischen
The dynamical optical potential provides a firm basis forElektronenstreuprozessen” is gratefully acknowledged.
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