PHYSICAL REVIEW A

VOLUME 37, NUMBER 3

Molecular-state close-coupling theory including continuum states. I. Derivation

of close-coupled equations

W. R. Thorson and G. Bandarage
Department of Chemistry, The University of Alberta, Edmonton, Alberta, Canada T6G 2G2
(Received 10 April 1987; revised manuscript received 8 September 1987)

We formulate a close-coupling theory of slow ion-atom collisions based on molecular (adiabatic)
electronic states, and including the electronic continuum. The continuum is represented by packet
states spanning it locally and constructed explicitly from exact continuum states. Particular atten-
tion is given to two fundamental questions: (1) Unbound electrons can escape from the local re-
gion spanned by the packet states. We derive close-coupled integral equations correctly including
the escape effects; the “propagator” generated by these integral equations does not conserve proba-
bility within the close-coupled basis. Previous molecular-state formulations including the continu-
um give no account of escape effects. (2) Nonadiabatic couplings of adiabatic continuum states
with the same energy are singular, reflecting the fact that an adiabatic description of continuum
behavior is not valid outside a local region. We treat these singularities explicitly and show that
an accurate representation of nonadiabatic couplings within the local region spanned by a set of
packet states is well behaved. Hence an adiabatic basis-set description can be used to describe
close coupling to the continuum in a local “interaction region,” provided the effects of escape are
included. In principle, the formulation developed here can be extended to a large class of model
problems involving many-electron systems and including models for Penning ionization and col-
lisional detachment processes. However, we restrict specific attention here to the simpler problem
of collisional (impact) ionization in one-electron systems (e.g., proton-hydrogen-atom collisions)
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and some results have been proved rigorously only for those systems.

I. INTRODUCTION

This work develops a close-coupling theory of ion-
atom collisions at low to intermediate energies, based on
a molecular (i.e., adiabatic or near-adiabatic) description
of the coupled channel states, and including close cou-
pling to the electronic continuum. We restrict attention
here to a very simple class of problems, in which a single
dynamical electron is excited to the continuum from
bound electronic states lying entirely below it and there
are no quasibound levels embedded in the continuum.
The formulation is directly applicable to impact ioniza-
tion in one-electron collision systems and we use the
proton-hydrogen-atom system as a prototype in compu-
tational applications made in following papers.

With this simplification we can focus directly on three
basic problems related to continuum excitation in slow
collisions: (1) limitations of an adiabatic description of
the continuum, (2) implications of a discretized represen-
tation of the continuum, and (3) bipolarity of collision
system and its effects on the spatial distribution of eject-
ed electrons.

The theory is based on a classical trajectory treatment!
of the nuclear motion: For each impact parameter b and
collision energy E, the trajectory R(?) is specified and
the electronic system evolves according to the time-
dependent Schrodinger equation, subject to suitable

boundary conditions:
(3/0t)¥(r;t)=H, (r;R(2))¥(r;1) . (1.1)

Molecular or adiabatic electronic states are eigenfunc-
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tions of the electronic Hamiltonian H,(r;R) at each nu-
clear configuration R(¢). If the continuum is included,
these states form a complete set at each R, and provide
a valid formal basis for solving the Schrodinger equa-
tion. Close-coupling formalisms based on this fact and
including the continuum have been given in the litera-
ture’ and used as a framework for computations.*
While our formulation has the same formal starting
point, major modifications arise from consideration of
the basic problems mentioned above.

It is obvious that an adiabatic expansion cannot offer
a practical description of the electronic continuum
throughout all time and space. An electron far from the
nuclei certainly cannot follow their motion as the adia-
batic continuum states do. There are singularities in the
“nonadiabatic couplings” among adiabatic continuum
states which arise from this fact. On the other hand, an
adiabatic state description, including continuum com-
ponents, should offer a valid description of electrons in
the vicinity of slowly moving nuclei. We show here that
a discretized set of adiabatic continuum packet states
forms an appropriate basis for treating close-coupling
within a finite subspace spanning a suitably chosen in-
teraction region. The size and characteristics of this re-
gion are not evident at the outset and may depend
strongly on the mechanism of excitation and resulting
continuum electronic energy distribution.

Even if there were no inherent difficulties in an adia-
batic description of continuum states, there are impor-
tant physical consequences of any mathematical pro-
cedure which replaces the formal integrations over con-
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tinuum energies appearing in an exact equation of
motion by a discrete sampling scheme. In effect, such a
discretization always replaces the part of Hilbert space
spanned by the true continuum with a truncated sub-
space. As a result, certain operators in the equations of
motion cannot be fully represented, and unless great care
is taken they may not even be accurately represented
within the truncated subspace. This is true in particular
for the (zeroth-order) propagator itself. This point has
been made earlier by Reading and Ford® in a paper
treating close coupling in ion-atom collisions but using
atomic-state basis expansions. They showed that if a
discretization of the continuum is introduced (in their
case, with a basis of Lz-type pseudostates), such a trun-
cation necessarily restricts the description given by the
close-coupled wave function to a finite region of
configuration space. But since the propagator for con-
tinuum electrons must describe their escape from any
such region, then, in contrast to the exact close-coupled
equations, the close-coupled equations for the wave func-
tion in the truncated subspace are necessarily nonunitary,
i.e., they should not conserve probability. Reading and
Ford derived coupled integral equations with the re-
quired nonunitary character and discussed methods for
their solution. However, their work was mainly con-
cerned with collisions at intermediate and high energies,
where the collision time is comparable to or shorter than
the time required for an electron to escape from the lo-
cal region described by the truncated pseudostate basis.
We might expect escape effects to be more important in
slow collisions. In the adiabatic close-coupling treat-
ments cited above,>~* discretizations of the continuum
are introduced, but escape effects are not accounted for.
Here we develop the theory showing that the correct
close-coupled equations in a discretized basis are not
probability conserving and escape effects are included.
In fundamental respects our derivation is similar to that
of Reading and Ford,’ but differs from theirs in that (a)
we derive the integral equations in the truncated sub-
space by projection on packet states constructed explicit-
ly from the exact continuum states and (b) we use an
adiabatic zeroth-order basis description, with resulting
additional complications arising from the singularities in
the nonadiabatic couplings.

In Sec. IT we present a version of the adiabatic close-
coupling formalism, in the form of an integral equation
for the unitary propagator, based on the adiabatic uni-
tary propagator as the zeroth-order approximation.
This serves to introduce the problems in adiabatic
descriptions and provides a formal starting point for the
close-coupling scheme eventually developed. In Sec. III
we discretize the exact continuum using packet states,
and derive some important results from the construction;
in particular, we show that a representation of the adia-
batic propagator within the packet-state subspace con-
tains effects of escape by unbound electrons from the lo-
cal region spanned by that basis. In Sec. IV we con-
struct a subspace representation of the nonadiabatic cou-
pling operator and derive integral equations for the evo-
lution of the subspace state vector; as expected, probabil-
ity is not conserved within the subspace. A following

paper® contains illustrative computational results for the
proton—-H-atom system. Later papers will present results
of close-coupling studies on this system based on the for-
mulation.

II. ADIABATIC CLOSE-COUPLING FORMALISM

A. Molecular (adiabatic) eigenstates

At each nuclear configuration R the solutions of the
electronic stationary state problem,

H, (r;R)$, (r;R)=¢€,(R)¢, (1;R) , 2.1)

define a complete orthogonal set of molecular (adiabatic)
eigenstates. The set {¢,(r;R)} includes both discrete
and continuum states and the general index k subsumes
a more complete specification of quantum numbers ap-
propriate to each system. The prototype one-electron,
two-nucleus systems are separable in prolate spheroidal
coordinates and eigenstates are labeled by two more
quantum numbers (u,A), in addition to the energy. A is
the component of orbital angular momentum on the R
axis; the index u labels a constant of the motion 4, as-
sociated in the united-atom limit R —0 with the angular
momentum A, —ulp+1), p=|A[, |A]| +1, etc. u,A
are thus analogous to spherical polar quantum numbers
I,m but should not be confused with them. Bound states
are denoted {¢(nuA;r;R)}, with energy eigenvalues
e(npA;R) <0, and continuum states {¢(euA;r;R)} with
continuous eigenvalues €>0. At each R these eigen-
states satisfy the orthogonality relations

( ¢( n ‘,U.')\.';R) I ¢(n#}\; R ) =8n’n ay’pak’l ’
($(e'w'A;R) | $(nur;R)) =0,
($(e'w'A;R) | $leuh;R)) =8(€' —€)8,,81 -

(2.2)

Assuming that H,(r;R) and its eigenfunctions can be
continued analytically as functions of R, then for the
discrete states, as R—R/’, there is a one-to-one mapping,

¢(npA;r;R)—>d(nur;r;R’'), e(nur;R)—e(npuA;R’) ;
(2.3a)
for the continuum states, we define the mapping so that
dleulr;r;R)—dleur;r;R’) , (2.3b)

i.e., the continuum energy € is independent of R. This
mapping simplifies the problems associated with the
one-electron type of continuum and the properties of the
associated nonadiabatic couplings.

This work assumes that the electronic continuum basis
states are ‘‘simple” in certain ways. Certainly the con-
tinua of the one-electron prototypes are simple in the re-
quired sense, and we use them here to illustrate what is
intended by the term. We have specifically excluded adi-
abatic continua which contain embedded quasibound
levels. The essential requirement is that the continuum
wave functions vary smoothly without displaying any
“fine structure” of the sort associated with Feshbach res-
onances (and arising from mixing with specific alterna-
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tive physical configurations). Our results are strictly val-
id only for the one-electron prototype problems, but the
general assumptions may be extended to a large class of
approximate model problems; in general we may assume
that continua of systems with a single active electron,
described within an independent-particle model, are also
simple in the required sense, and therefore the general
frams:work presented here can be extended to them as
well.

B. Nonadiabatic couplings

If the solution W(r;t) to the Schrodinger equation (1.1)
is expanded in the basis states {¢,[r;R(z)]} at each
configuration R(¢), transitions arise from nonadiabatic
couplings, whose matrix elements are given formally by

——-L((bk"(a/at)|¢k)=—LV'<¢k'1VR‘tbk) , (2.4a)
where v=(dR /dt). The physical meaning is that transi-
tions result from the finite rates of deformation of the
adiabatic states as the nuclei move along R(¢), with a
coupling strength proportional to the local collision ve-
locity v. However, a rigorously correct definition of this
operator and its matrix elements requires careful con-
sideration of several points.

(1) Nonadiabatic couplings must be gauge invariant,
i.e., their matrix elements cannot depend on the inertial
reference frame chosen for electron coordinates, and
they must also be defined consistently with correct
asymptotic boundary conditions for the molecular-state
channels. These requirements lead to electron transla-
tion factor (ETF) corrections to nonadiabatic couplings
(cf. Sec. II B2 below).

(2) The nonadiabatic coupling operator is not like an
ordinary finite-range potential operator P(1). Its matrix
elements among continuum components have singulari-
ties which reflect fundamental limitations of an adiabatic
description of the continuum. We discuss the structure
of these singularities in Sec. I1 C.

1. Radial and angular couplings

The trajectory R(z) is confined to a plane and is
specified by magnitude R (¢) and angle ¥(¢); v then has
radial and tangential components vi =(dR /dt),
vy=R(d¥/dt)=—bv,/R, where v, is the asymptotic
collision speed, and hence

— v (@ |V |64 ) =—1wg{dy [ (3/3R) | ¢, )
—t(vyg/R)(k'[(3/38) | by ) .
(2.4b)

The gradient in Eq. (2.4) is taken keeping electron coor-
dinates r’ fixed in a nonrotating frame; if as is usual the
eigenstates ¢, (r;R) are described in coordinates r of a
frame rotating with R, the eigenstates ¢,(r;R) depend
only on R and the nonadiabatic couplings then are writ-
ten formally as

K =—uwv- (@ | Vg |6p) =vr Py +vgPPy . (2.5)

where

PR (R)=—1(d, | (3/3R) | ) (2.6a)
and

Pl =—(1/R)y |L, | &), (2.6b)

and L, is the electronic orbital angular momentum com-
ponent normal to the collision plane (z axis coincides
with R). Equations (2.6a) and (2.6b) define the radial
and angular nonadiabatic coupling matrix elements, re-
spectively.

Selection rules are as follows: Since {¢,(r;R)] are
eigenfunctions of the R-axis angular momentum com-
ponent L,, the radial couplings obey the selection rule
Ag=A, and angular couplings A;.=A,*=1. In a cen-
trosymmetric system like H,™, coupled states must also
have the same parity (g or u).

2. Translational invariance and ETF corrections

The physical description given by Eq. (1.1) cannot de-
pend on the reference origin chosen for electron coordi-
nates; hence the couplings denoted formally above as
—1{¢; [(3/3t | ¢, ) and elaborated in Egs. (2.4)~(2.6)
must also be invariant to that choice. [We use the
geometric center of the system (GC) as (conventional)
reference origin.] It is easy to show, however, that the
coupling matrix elements defined by Egs. (2.6) do not
have the required origin invariance. The inconsistency
is resolved by the observation that due to nuclear motion
any new origin is translating with respect to GC and
transformation theory requires that wave functions de-
scribed in the new frame differ from those in the GC
frame in a manner representing the relative translation.
When the Hamiltonian acts on the transformed wave
functions in the new frame, additional coupling terms
are generated which preserve translational invariance of
the effective couplings.

The couplings computed using GC as reference origin
must also be defined correctly, i.e., consistently with
correct asymptotic description of channel basis states.
This cannot be done using only the adiabatic molecular
eigenstates of H,. Seen from the origin GC, an electron
bound to either nucleus is translating with it, that is, the
‘“correct inertial reference frame” for an electron bound
to nucleus A is at A4, not at GC. It is impossible to
choose a unique inertial reference frame for the active
electron which resolves this problem; since the colliding
nuclei move relative to each other with velocity v, the
correct inertial frames for electrons bound to each are
different and this difference has to be included in the
definition of the basis functions, even in a classical tra-
jectory description. Since the Hamiltonian H, contains
no information about nuclear motion, this relative
translation cannot appear in the eigenstates {¢,} them-
selves but must be included as a modifying electron
translation factor (ETF) in a correct description of basis
states. Asymptotic definitions of these factors are easily
found from transformation theory, but the problem is
how to modify molecular-state basis functions and the
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resulting couplings in a global way which (1) gives
correct asymptotic behavior, (2) ensures translational in-
variance of couplings, and (3) forms an efficient basis set
for rapidly convergent close-coupling calculations.

Several solutions to this problem have been proposed.
Here we use the molecular-state switching function for-
malism of Thorson and Delos.®~!® Several close-
coupling calculations using this or a closely related
scheme have been carried out,''~!* though none so far
has treated close-coupling to the continuum. The most
important result of translation factors in a molecular-
state description of ion-atom collisions is to correct the
nonadiabatic coupling matrices."> With GC as reference
origin, the radial and angular couplings formally given
in Egs. (2.5) and (2.6) are explicitly defined as follows:

“~L<¢k'l(a/aR)I¢k ”:P[f'k‘f—Ajflk (273)

and

“—(1/RX ¢y | L, | ¢ )" =Py + A0y , (2.7v)

where PR, and P, are the nonadiabatic couplings
defined explicitly by Egs. (2.6a) and (2.6b) with GC as
reference origin, and the ETF correction matrix elements
are given by

AR =/2) e —€ ) | 2f1(;R) | &y )

and

(2.8a)

AP =/2 € —e€ )by | xfr(;R) b ) ,  (2.8b)
where f,(r;R) is the switching function for the eigen-
state ¢, (r;R). 16 In effect, the switching function shifts
the electronic reference origin from GC to one more lo-
cally appropriate. For bound states, the appropriate lo-
cal origins asymptotically are the atomic nuclei ( 4,B) to
which an electron is bound; hence f,(r;R) satisfies the
boundary conditions

Rlim fi(r;R)=+1, |rg| finite

=1,

|t | finite,

but the form of f,(r;R) for finite R is not fully deter-
mined. Efficiency and convergence of close-coupling cal-
culations using the resulting basis set is a relevant cri-
terion for choice.

This paper is not concerned directly with the study of
ETF corrections to nonadiabatic couplings, but two con-
cluding points do bear on present objectives.

(1) For the prototype one-electron systems,® the
molecular continuum packet states are centered on GC
(more generally, on the center of positive charge), and
not on the atomic centers, and this is probably a general
feature of molecular continua. The implication is that
for these states, the GC (or center of charge) is itself the
proper reference origin, i.e., there should be no ETF
corrections to continuum-continuum couplings.

(2) In any case the ETF correction matrix elements
defined by Egs. (2.8) are at most finite and cannot affect

the singularities in continuum-state couplings which
mainly concern us; these arise entirely from the cou-
plings PR, P7.

C. Nonadiabatic couplings
and the Hellmann-Feynman theorem

Nonadiabatic couplings Pf,,P, between two molec-
ular continuum states are singular when their energies
€, and €, are equal. As noted earlier, this reflects the
fact that an unbound electron far from the nuclei cannot
really follow their motion adiabatically. General con-
siderations based on the adiabatic approximation'’ sug-
gest such a result must always hold for continuum-
continuum nonadiabatic couplings, but for the prototype
one-electron systems we can derive the explicit form of
these singularities by a generalization of the Hellmann-
Feynman theorem.

1. Hellmann-Feynman theorem

If the Hamiltonian H, and its eigenstates {¢,} can be
analytically continued as functions of a parameter §,
then the Hellmann-Feynman theorem,

(¢, | (OH, /3E) | ¢, ) =(de, /L)y | Dy )
+ (e —€x ) bp [(3/38) | 44 )

holds, provided at least one of the eigenstates ¢, ¢, is
of L? type. This relation is applicable to both radial and
angular nonadiabatic couplings,

PR.=—1($, |(3H,/dR), | b, ) /[€x(R)—€;.(R)] (2.92)
and

Ply=—(1/RN ¢y | [Ly,H, ]| $x) /[€x(R)—€(R)] ,
(2.9b)

provided at least one of the coupled states is bound.

These relations imply that nonadiabatic couplings may
be very large if the states coupled become degenerate.
For the one-electron prototypes considered here the
bound states lie below the continuum, so this point is
not pertinent to bound-continuum couplings. For cou-
plings of two bound states, two cases may occur.

(1) Avoided crossings. Two adiabatic bound states can
have an avoided crossing at some internuclear separation
R, ; the adiabatic eigenvalues obey the noncrossing rule
but the difference (€, —€;:) may become very small
near R,. In such cases the radial coupling matrix ele-
ment P&, is not singular, but exhibits a resonant max-
imum near R .

(2) Real crossings. Adiabatic bound states with
different A, and, in the prototype one-electron systems,
even with the same A, '8 may have real crossings. How-
ever, in these cases the corresponding couplings are not
singular; the commutator matrix elements in the
numerators of Egs. (2.9) are linearly proportional to
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(€, —€,') near R,, and the couplings themselves are
smooth, nonresonant functions of R near such crossings.

2. Generalization for continuum states

With appropriate definitions, and the mapping of con-
tinuum states versus R defined earlier, the Hellmann-
Feynman relations may be extended to continuum-
continuum nonadiabatic couplings. In particular, the
following is true.

(1) The relations (2.9a) and (2.9b)
modification for two continuum
(E k —€ k')#o.

(2) When (€ —€;.)—0, nonadiabatic couplings Pf,
and PP, between two continuum states have the forms

hold without
states when

NR
P,f,k:M,f‘kS(Gk—'Ekv)‘f‘P —_'k“‘,‘(‘— (2.10a)
(ek—ek')
and
P 9 NZy
Pl =M, 8, —)+P |——— |, (2.10b)
(Ek —€k')

where 8(x) is the Dirac § function and 7 implies that
the Cauchy principal value is taken in integrations over
continuum energies €, and €;..

(3) The numerators NX, and N7, are given as expect-
ed by the analytic matrix elements

N&=—1(¢y | (3H,/3R), | ¢ ) (2.10c)

and

Nly=—(/R)X{ ¢y |[L,,H,]|¢:) , (2.10d)
and the analytic strength coefficients M&, and M, of
the singular terms are also directly related to these com-
mutator matrix elements.

An outline of the proof of these results and the explicit
expressions for the analytic coefficients N&7 and MR?
are given for the one-electron prototype systems in Ap-
pendix A.

3. Summary of continuum nonadiabatic couplings

In this and preceding subsections we have given more
g\xplicit definition to the nonadiabatic coupling operator
K(#) and its matrix elements. We divided the couplings
into radial and angular types,

RO=RRn+K?0),

with their respective selection rules on A; we introduced
the ETF corrections AR and A?, and discussed their
effects on nonadiabatic couplings; and finally we have
used the generalization of the Hellmann-Feynman
theorem for continuum states (Appendix A) to show that
for the one-electron prototypes both radial and angular
couplings have a common singular structure,

(ewr | KR? | eur) = lﬁ(e—e’)(qu’k' | MR | eud.)

(e'W'N | NP | eud)
(e—€')

+P

(2.11)

Matrix elements of the operators J X,/ 7 and N R N7
are analytic functions of the energies €,€’ [script nota-
tion for these operators indicates velocities vg,v4 are in-
cluded as required by Eq. (2.5)].

D. Derivation of integral equation

Direct substitution of the formal adiabatic expansion

()= | $[R()]) by (t) exp [_L f'ek(t')dt']
k
in the time-dependent Schrodinger equation (1.1) (where
it is understood that the sum over k includes both
discrete and continuum states and implies integration
over continuum energies €) leads directly to a system of
coupled differential equations for the coefficients {b,(¢)}.
While formally correct, these equations are not a useful
starting point for our formulation, and we develop in-
stead the equivalent formulation in terms of an integral
equation for the unitary propagator U (z;t,).
A solution |W¥(z)) to Eq. (1.1) is generated from its
precursor | W(t,)) at an (earlier) time ¢, by the unitary
propagator U (t;t0),

| W()) =0(t;10) | Wltg)) ;
O ;to) also obeys the Schrodinger equation
13/30)0(t;t0)=H()0(t;1,)

with initial condition U(zy;t)=1, and unitarity of U en-
sures the conservation of probability,

(W) | W) = (W(ty) | W(tg)) =1 .

If the Hamiltonian for a system has the form
A(t)=Hy+P(1), it is easy to show that O(t;t,) is relat-
ed to the zeroth-order propagator Uo(t ;to) satisfying the
equation

W3/30)0(1;t0)=A,0,(t;1,)
by the well-known integral equation
O(2;10)=0,(2;14)
— f';dt’ﬁo(t;t’)f>(t’)0(t';to) .
We derive here the analogous integral equation
Ot;510)=X(t;t0)—1 LO dt'X(e;t )R (0151,
(2.12)

where the zeroth-order propagator X(¢ ;to) is an adiabat-
ic propagator and K(t) is the nonadiabatic coupling
operator discussed earlier. In the derivation it must be
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kept in mind that basis kets |¢.[R(#)])=|k(z)) as
well as operators depend on the time .
The operator

X(t;t0)=3 | k(1))
k
t ’ ’
X exp [—Lﬁoek(t \dt ](k(to)] 2.13)

propagates any state vector adiabatically from ¢ to z. It
satisfies the equation of motion

W3/ (t;510)=B(0)X(1;1)—R(1)X(2;2,) ,

where K (t) is the nonadiabatic coupling operator given
formally by Egs. (2.4) and defined more explicitly in ear-
lier discussion.

In adiabatic representation the unitary propagator
O(t;1,) is given by

Ot;00)="3 | k' ())Up(t;00)k(2)] ;
k,k’

if we define

O At;00)=XT(2;520)0(2520)
3 | k() exp [—L f'ek(t')dt’]
Kk’ ‘o

X(k(ty)]|
it satisfies the “adiabatic interaction picture” equation of
motion
U730 At;10)=[X T(£;1)R (DX (2;£0)]10 At;1,) .

Since this equation is expressed in the fixed basis
{ | k(ty))} it can be integrated directly to yield

0 Atst)=1—1 [ ar'[X (500 R (1)
0
XX(t'510)0 4(t51,)
and multiplication by X(z;t,) then gives Eq. (2.12).
1. Generalization to partly diabatic bases

An important generalization of the above integral
equation is possible. If a Hamiltonian A (¢) can be parti-
tioned,

A =A,0+P@),

and { | k())} are the eigenstates of the operator H,(1),
then the procedures used above lead to the generalized
integral equation

O(t;19)=X(2;1,)
—o [ drR(e;e R @)+ POty
0
(2.14)

where i\’(t;to) is the adiabatic propagator for the
zeroth-order Hamiltonian ﬁo(t), and K(t) the corre-
sponding nonadiabatic coupling.

Equation (2.14) can form the basis for a treatment of

problems in which quasibound levels are embedded in a
continuum and are coupled to it, using a formulation
similar to the one developed here. Suppose a model
Hamiltonian ﬁo(t) can be devised for such a problem,
which defines a set of quasibound states and a surround-
ing set of continuum states in which they are embedded,
but such that the (partly adiabatic) continuum of H(z)
contains no mixing with the embedded bound levels and
is coupled to them only via the interaction potential P(r)
(the quasibound levels and the continuum are then dia-
batically related to one another). If the continuum of
I?o(t) is of the ‘“simple” one-electron type exemplified
here in the prototype systems, the assumptions required
in the derivations of Secs. III and IV are met, and Eq.
(2.14) then forms the basis for a model formulation in
which the interaction P(t) is responsible for initiating
transitions from the quasibound levels to the continuum
and nonadiabatic couplings in the continuum manifold
influence the subsequent propagation of the unbound
electron. Such a model provides a scheme for including
close coupling to the continuum in the treatment of
more complex phenomena such as Penning ionization
and collisional detachment from negative ions.®

III. ADIABATIC PACKET STATES
AND THEIR PROPAGATION

In this section we discuss representation of the molec-
ular electronic continuum by a discretized basis set of
packet states which span the continuum in a local region
of configuration space. The packet states are construct-
ed explicitly from exact continuum states using suitably
chosen spectral density functions. Any application of
close-coupling methods to the continuum involves some
such discretization—for example, the use of numerical
quadrature to represent the integrals over continuum en-
ergies which appear in the equations for the propagator
0( t;ty) [Egs. (2.12) and (2.14)] or equivalent differential
equations. Such discretizations always entail a truncated
representation of the full continuum, and their implica-
tions must be considered carefully.

In particular, the propagation of a continuum wave
packet is of direct interest, and we examine the behavior
of a system which is in a packet state at time ¢, under
the influence of the adiabatic propagator ¥ (t;t0). Since
the packet states are not stationary states of the Hamil-
tonian H,(r;R), the wave packets evolving from them
move away from the region spanned by the packet
states, in accordance with the Ehrenfest theorem, and
their projections on the original packet states decay with
time in a manner consistent with this propagation.

From these considerations we can draw two con-
clusions. The first and most important is that if the full
continuum is represented by truncation to a subspace
spanned by a discrete set of packet states, a proper rep-
resentation of the zeroth-order propagator X (t;ty) must
include the decay mentioned above, representing escape
by an unbound electron from the subspace spanned by
the packet states. The second conclusion is implicit, and
concerns the validity of an adiabatic evolution for a
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moving wave packet whose amplitude is far from the nu-
clei.

A. Construction of packet states

Representation of a continuum by a discrete set of
“pseudostates” has been widely discussed, in a variety of
contexts.>?*?! Given the difficulty of constructing exact
continuum states for many problems, a major goal in
much of the literature is the construction of pseudostates
as eigenfunctions of the Hamiltonian (or a suitable
pseudo-Hamiltonian) from basis sets of L’type func-
tions.?>?! In such cases the positive energy eigenvalue
spectrum for such pseudostates emerges as a result of
the basis set and/or boundary conditions and the model
Hamiltonian, and a primary concern of the construction
process is the accuracy with which various spectral mo-
ments of the true continuum can be represented using
such pseudostate expansions.

However, it is also possible to construct discrete sets
of pseudostates by a direct superposition of exact contin-
uum states, assuming these are known. In particular,
the construction of such packet states as discrete bases
for close-coupling calculations has been discussed for-
mally by Micha and Piacentini.? It is characteristic of
this direct construction approach that the spectral distri-
bution of packet amplitudes and the resulting mean en-
ergies and widths associated with the packet states is
open to choice, and criteria for that choice must in turn
be determined by the purpose of the construction: For
example, the criterion that each packet state shall be lo-
calized approximately within some given bounded region
of configuration space leads to a specification of the
spectral distribution.

Here we use the continuum eigenstates of the proto-
type one-electron system (H, ™ in particular) as a specific
example for our discussion, and some features of deriva-
tion and notation are specific to that system. However,
we emphasize that the major conclusions of the discus-
sion are expected to apply more generally to packet
states representing an electronic continuum. The proto-
type system H,™ retains the characteristic properties of
a “simple” adiabatic eigenspectrum and the bipolarity in-
herent in a molecular problem. Simplification to a cen-
tral potential problem, for example, even though it
would display the essential points we wish to make
about packet-state propagation, would cause the loss of
these realistic features and hamper later discussion.

1. Continuum eigenstates for H,*

The one-electron two-center Coulomb problem is se-
parable in prolate spheroidal coordinates (£,7,¢) and
the continuum eigenfunctions ¢(eud;r;R have the
form?2223
dleph;r;R)=X (eur;&;R)S (euh;n;R)e™ /V2r ;  (3.1)
as |r| —o for fixed R, the coordinates approach
asymptotically closely to spherical polar coordinates,
(R/2)=r, n=cosd, and we refer to X (euA;&;R) as
“radial” and S (epA;n;R)e™ /V27 as “angular” func-

tions. The angular functions can be expanded in spheri-
cal harmonics,

S(euh;m;R)e™ /Vor= 3 Bl Y,(cos™'n,@) ;

I=[A]
(3.2)

the coefficients {B,,"' ] and associated eigenvalue 4,
depend on both € and R in the general case, but for the
homopolar systems (e.g., H,*) only on the parameter
c¢?=(eR?/2). The dependence of S(euA;n;R) on € is
not rapid but in principle must be considered in con-
structing packet states.

The radial function has the asymptotic form?*

X (euh;&;R)=C(E2—1)"2sin[cE+(q /2¢) In(cE)

+6(euA;R)], (3.3)

where ¢ =Z ;R and Z; is the total nuclear charge. The
constant € is chosen to satisfy Egs. (2.2), i.e., the density
of states is included in the normalization. Since
¢ =kR /2, where e=k?/2, we can express this in spheri-
cal polar coordinates as || — oo,

X (euh;&;R)=(2/mk)'*r ~Vsin[kr +(Z /k) In(kr)
+6(euA;R)] . (3.4

This is the standard form for a Coulomb radial function,
but the phase shift 8(euA;R) differs from the standard
Coulomb phase, due to the bipolar field. At all § the
solutions can be represented in the phase-amplitude
form®

X (euh;&;R)=C[(E2—1)p,(£)]7/?sinB(eur; & R) ,
(3.5
where the phase 68(eul;&;R) given by

Oleur;&R)= [ fp,(euk;é,";R)dg’ (3.6)
and the quantal momentum p, are easily computed,
slowly varying functions of their arguments.® This rep-
resentation of the radial functions makes it particularly
easy to construct packet states and examine their prop-
erties.

Together with the bound states {|@(nuA;R))} the
continuum states form a complete set,

2 [2 | $(npA;R))(d(nur;R) |

wA L n

+ fo‘” de | dlepr;R) ) (dleur;R)| |=1. 3.7

2. Definition and properties of packet states

We define a discrete set of packet states {$(jur;r;R)}
by the integrals

-~ _ €.+A./2
$juknR)=(A)) 2 fsj’_Aj’/2 dedleur;;R)

(3.8a)
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where

€j+1=€j+.;—(Aj+Aj+l)’ 51=‘;‘A1 (3.8b)
and the spectral widths A; are not yet defined. From
Eqgs. (2.2) it follows that these functions are orthogonal

and normalized to unity,
($(j'w'A;R) | $(juA;R)) = =8;;8,,012 -

The packet states | #(jur;R)) are localized spatially
in a fashion controlled by the widths A;: From Egs.
(3.1) and (3.5) and making the approximations

S (eur;m;R)=S (€;uh;m;R)+ - -,

(3.9)

[p,(euh; 6 R)] ™= [p,(e;uh; &R))™2+ -+, (3.10)
O(euh;§;R)~0(e;ur;§;R)
+ e—ej)[ae(ep)u;g;R)/ae]Ej+ T,
in Eq. (3.8a), we obtain
$iprnR)= A} *p(€;ur;r;R)
Xf(%Aj[BG(G;LA;g;R)/ae]ej), (3.11)

where f(x)=x ~'sinx. Since (80/d¢) is a monotonical-
ly increasing function of &, the factor f is an envelope
function which decreases to a small size for £> &, such
that

Aj[ae(e,u.k;é'o;R)/ae]ej:%T (3.12)

[Asymptotically, (ae/ae)ejz(r/vj) where v; is the elec-

tron speed for energy €;, and this result reduces to the
condition (A;r/v;)=~2m: The packet is localized in a re-
gion whose radius is the distance an electron with energy
€; would travel in time 7,=2m/A;.] The packet width
A; thus fixes the packet’s localization in a spatial region
for given €;. Equations (3.12) and (3.8b) can be used to
determine a set of packet widths {A;] for a basis set of
packet states localized within an interaction region of
specified size ro=(R§&,/2); alternatively, an a priori
specification of packet widths implies corresponding
packet-state sizes.

In the paper following® we present the results of
packet-state computations for the prototype system H, ™",
for various values of the interaction region size parame-

J

ter ro. The resulting widths {A;] are found to be essen-
tially independent of internuclear distance R and quan-
tum numbers (u,A) for r; >40.0 a.u. The packet states
[computed explicitly from Egs. (3.8)] are localized as ex-
pected within the region bounded by r,. A less expected
result is that for all reasonable values of the quantum
numbers (u,A) they are strongly localized at the center
of charge and not on the nuclei as internuclear separa-
tion R increases. This is probably a general characteris-
tic of molecular continuum states.

Since such a packet-state basis set clearly does not
span the full continuum, the approximate closure relation

S (S | ¢(nuA;R))($(nuA;R) |

s n

+ | $UuA R (GpAR) | (=1 (3.13)
must be used with great caution. It is valid only for
operators such as localized interaction potentials whose
influence is confined to the interaction region spanned by
the packet-state basis. For other operators, notably the
adiabatic propagator X(e; ;to) and the nonadiabatic cou-
pling K(t), it is not valid, and their representations
within the subspace spanned by the packet states must
be computed very carefully.

B. Adiabatic propagation of moving packets

Now consider the actual behavior of a moving wave
packet given by one of the packet states ¢[juA;r;R(t;)]
at some initial time ¢;, but developmg from ¢, to
t =ty +7 under the adiabatic propagator X(t; ;o). This is
given by the expression

¢ Lipr;r;R(1)]
=(a;)71"2 f

+/2

e “"dleur;r;R(2)] . (3.14)

A/2

These moving packet states are also orthogonal and nor-
malized,

($7Lj'wAsR] | juhR(O]) =

but for | 7| >>0 they are no longer localized in the in-
teraction region but outside it. With the same approxi-
mations previously used to obtain Eq. (3.11) one obtains
the result

8 8uudin »  (3.15)

¢ LiphnR()]=(C/2)A] % exp(—1e; T[S (€;uh;m;R e ~* /Vr]

+t0(ejuk;§;R)

X[f(E, e f(E e

where

§+=(4;/2)[£(30/3€), —7]
and f(x)=x"

-LG(EjuA;g;R)

1/1(E* = 1)p,(e;uh;6R)]V? (3.16)

I'sinx as before. For asymptotically long times 7>>0 (or 7 <<0) this corresponds to an outgoing (or in-

coming) wave packet centered at r = |v;T|, i.e., the packet moves according to classical expectations for a particle of

energy €;.
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Consistent with this result, the moving packets are escaping for | 7| >>0 to a portion of Hilbert space not spanned
by the standing packet-state basis { | $(jur;R))} at ty+7. The overlap or correlation amplitude with the standing

packet states is

(FLi'w MR +7)] | 6 TinhR(1g+7)1) =(F L' A5 R(Eg+1)] | X(to+7510) | 6 °LjnA;R(2y)])

=88,

Syaf (8,772,

(3.17)

where f(x) is the same envelope function as before. The projection of the true adiabatically propagated moving pack-
et on the corresponding standing adiabatic packet at the same time decays with time 7. Hence the correct packet
basis representation for the continuum portion of the adiabatic propagator X(¢;t,) is not the simple result

S | 6LinA;R(t+1)]) expl —ie; ) BLiuA;R(1p)] | ;
JjuA

instead one must use the expression

> | dlinA;R(tg+71)]) expl —ue;7)(A;7/2)" " sin(A;7/2) I BLjpA;R(2)] | -

Juh

This is the result obtained by Reading and Ford® in a
slightly different context: The subspace representation
of the continuum propagator must exhibit decay due to
escape of particles from the interaction region.

The same difficulties appear if one retains the formally
correct integral equations (2.12) or (2.14) (or equivalent
differential equations), with the full continuum as formal
basis, and then attempts to implement them by doing in-
tegrals over continuum energies by numerical quadra-
ture.>* The point is that the propagator is a rapidly
varying function of energy € and it is this rapid variation
which moves the wave packet [¢ (juA;R)) out of the
subspace  spanned by the packet-state basis
{ | #(jur;R))}. Unless the integrals are done very care-
fully, the correct physical behavior will not be obtained.
In particular, if the quadrature points are spaced at in-
tervals A;, the neglect of escape effects is a serious
source of error after times 7;~7/A,.

C. Failure of adiabatic description for escaping particles

These results illustrate a second point more clearly.
The moving wave packet | [jur;R(t,+7)]) pro-
pagated by f(t;to) from the initial packet state
| ¢ TjuA;R(z,)]) is a superposition of continuum eigen-
states of the Hamiltonian at time =t,+7,
H,[r;R(ty+71)]. Yet as shown by Eq. (3.16) this wave
packet is located at this later time in a region of space
increasingly remote from the interaction region. By
what physical mechanism is such a packet able to adapt
its shape adiabatically to the nuclear positions? Of
course, no such mechanism exists: The zeroth-order
description given by X(¢ ;to) 1s unrealistic outside a local
region. If in spite of this such a description is used, the
price to be paid shows up in the effects of the nonadia-
batic coupling K (7) with its singularities.

In Sec. IV we show that the nonadiabatic coupling
operator K () can be represented within the truncated
subspace spanned by a set of bound states plus a set of
packet states with widths {A;}; the coupling matrix ele-
ments then have finite strengths, but the strength of cou-
plings linking neighboring packets varies inversely as the

(3.18a)

(3.18b)

packet widths. Choosing smaller packet widths implies
spanning a larger spatial domain, as we have seen, but
nonadiabatic couplings are then correspondingly
stronger, and become singular in the limit as the widths
{4A;} tend uniformly to zero. At some point the only
practical solution of the problem is to abandon the
whole idea of adiabatic propagation far from the nuclei;
an adiabatic description can only be valid locally.

IV. SUBSPACE REPRESENTATION
OF CLOSE-COUPLED EQUATIONS

A. Introduction

In Sec. II we derived the formally exact equations
(2.12) for the unitary propagator U(t ;to), with the adia-
batic propagator X (t;ty) as zeroth-order description and
the nonadiabatic coupling K(r) as the operator causing
transitions. Equation (2.12) is equivalent to the differen-
tial equations which have been used more commonly as
a framework for close-coupling treatments.? Equation
(2.14) provides an important generalization of Eq. (2.12)
to partly diabatic descriptions of a system.

One must replace the true continuum with some
discrete sampling procedure to realize these formalisms
computationally. In Sec. III we introduced such discret-
ization in the form of packet states; using numerical
quadrature to do integrations over continuum energies is
essentially an equivalent procedure. Using the prototype
one-electron system as an example, we showed that a set
of packet states can be constructed which describes the
continuum states within a local interaction region whose
size dictates the packet widths {A,}.

In this section we derive approximate representations
of the exact close-coupled equations within the truncated
subspace spanned by a suitable set of bound states and a
set of such packet states. We denote this subspace by P
and its complement by Q =1—P (P may be divided into
its bound and continuum parts, P =P, +P.). Again
our derivation and specific notation are strictly valid
only for the one-electron prototype systems, but general
assumptions and results are applicable to a broader class
of model systems.
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The representation of operators such as finite-range
potentials whose effects are localized in the region
spanned by the P subspace is straightforward, since the
approximate closure relation (3.13) may be used. Tech-
nically, we assume the packet states span the continuum
adequately with respect to operators whose matrix ele-
ments vary slowly with continuum energy over the pack-
et widths A;. Representations for operators not meeting
this criterion must be computed more carefully.

We showed in Sec. III that the adiabatic propagator
X(t; to) [Eq. (2.13)] cannot be completely represented

]

within the P, subspace because it takes operands in that
space into the complementary subspace Q outside the in-
teraction region (escape). However, taking explicit ac-
count of the rapid variation of the factor exp[te(t —¢,)]
over a packet width A;, we computed the accurate rep-
resentation of X(¢; to) within the P, subspace [Eq.
(3.18b)]. If the close-coupling basis spanning P at any
nuclear configuration R consists of bound states
{|#(nuA;R))} and the packet states {|@(juA;R))},
the subspace representation of the adiabatic propagator
is given by

Xpplt;ty)= > | ¢[nur;R(1)]) exp [—L ftl e[nur;R (¢')]dt’ |(p[nu;R(ty)]|
0

npA

+ 3 [ SLpA RO £ (A;7/2) exp( —ie; T BLjpA; R(1p)] |

juk

where 7=t —t, and f(x)=x ~!sinx. It is evident that
this operator is no longer unitary, i.e., does not conserve
probability, because of the decaying amplitude factors
f(A;7/2) in the packet-state terms.

Similarly, the effects of the nonadiabatic coupling
operator cannot be fully represented within the P space
because of the rapid variation with energy given by Eq.
(2.11) for the continuum-state couplings. As noted ear-
lier, the singular structure near the energy shell € —e=~0
shows that these couplings have infinite range and im-
plies an adiabatic representation is not appropriate far
from the nuclei. However, we are only concerned here
with representing the effects of K(¢) within a local re-
gion, and these are finite and well behaved. As in the
case of the adiabatic propagator, we obtain more accu-
rate P space representations of this and other “rapidly
varying” operators by performing the implied integrals
over continuum energy within a packet width, including
explicitly any energy dependences deemed to be rapid.

In this section two approximate subspace representa-
tions of the integral equation (2.12) are derived. [We
only need to consider Eq. (2.12), since Eq. (2.14) differs
from it by the inclusion of a potential ¥(¢) whose effects
we assume to be local, i.e., ?PP~ P.]1 The first equation,
which we call the disconnected form, is

ﬁpp(t;to)=ipp(t;to)
4 IA ’ ’
— fzodt Xpp(t;t )R pp(t’)

X Opplt';ty) . 4.2)
The second, connected form is
Opp(t;t)=Xpp(t;ty)
— f,; dt'Gpp(t;6") Opp(t'sty) (4.3a)
where
Gpp(t;t")=[X(t;t )R (t")]pp (4.3b)

is a joint representation of the two juxtaposed rapidly

4.1)

f

varying operators appearing in Eq. (2.12). The intent of
this paper is to propose Eq. (4.2) as a workable equation
for close-coupling including the continuum. In princi-
ple, Eq. (4.3) is more accurate than Eq. (4.2), but is de-
rived here mainly to show that Eq. (4.2) is a reasonable
approximation.

The propagator Upp(t;t,) generated by Eq. (4.2) [or
Eqgs. (4.3)] is approximate, firstly because it cannot de-
scribe unbound electrons outside the interaction region,
or the propagation of electrons from the P subspace into
the complementary Q subspace; the best account of this
Opp(2;14) can give is in its nonunitary character, i.e., it
exhibits time decay of packet amplitudes due to escape,
but gives no description of the fate of the escaped flux.
Secondly, Egs. (4.2) or (4.3) are approximate in the more
usual sense that they assume the adequacy of the P sub-
space basis, i.e., that sampling appropriate slowly vary-
ing matrix elements at the finite intervals A; suffices to
give a good description of local physical behavior.
Whether the size of the “interaction region” entailed in
a given choice for the packet widths {A;] really is large
enough to cover the significant physical behavior is, of
course, a matter of judgment and experience.

1. Operand structure assumption

We thus assume at the outset that a P-subspace state
vector | Wp(t')) given by

[ Wp(t'))=0pp(t's20) | Wplty)) (4.4a)
and having the discretized form
| Wp(t')) = % S [ d[nur;R(:)])b (nur;t’)
wh n
+2 | SLjuA;R(t)])Y B GuA;t’)
J
(4.40b)

can describe the system locally throughout the collision.
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Formally, a complete wave function, which obeys the ex-
act equation

[ Wr(t))=0(t";20) | W1(ty)) (4.52)

and forms an operand in the exact integral equation
(2.12), may be expanded in the complete basis,

[Wr(t"))=3 |3 |olnprA;R(t)]b(nur;t’)

WA | n

+ fow de| dleph;R(¢)])b (eur;t’) | ,

(4.5b)

and is able to describe the state vector not only in the
“interaction region” spanned by the P subspace, but also
outside it. It is evident from Sec. III, however, that its
capacity to do so arises specifically from rapid variations
of the coefficients b(euAd;t’) with energy €. Insofar as
these coefficients are slowly varying functions of €, the
wave function given by Egs. (4.5) is contained wholly
within the P subspace, and hence could be adequately
approximated by Egs. (4.4). At some points in the
derivation of Egs. (4.2) and (4.3) (cf. Appendix B) we
make the formal assumption that a (hypothetical)
operand for the exact continuum operators to be
represented has the form (4.5) with coefficients b (eul;t’)
which vary slowly with energy over a packet width.

2. Normalization relations

(a) Expansion coefficients. Given any state vector of
the form (4.5b), with slowly varying coefficients
b(eul;t’), corresponding coefficients b( jur;t’) of its P-
space approximant (4.4b) are given by

b(jur;t )=A1"b(euh;t’) . (4.6a)

(b) Matrix elements of slowly varying operators 0.
Similarly, the matrix elements of an operator (Opp in the
P subspace are related to the matrix elements of O
among true continuum states, provided these vary slowly
with energy over a packet width:

(x| O] jur) =8V n'wWn' | O | eur)  (4.6b)

and

G'WA O] jud) =88V e;uh | O | eur) . (4.6c)
u

[Here and below we use shorthand notations “ | juA)”
for the packet states |$(julr)), “|nui)” for bound
states |@(nud)), and « |€J;l)\.>” for exact continuum
states | ¢(€; uA)). ]

B. Disconnected form

Equation (4.2) is obtained from Eq. (2.12) if we assume
the rapid energy dependence in X(¢;¢') is somehow se-
parable from that in K(¢'). This may not seem very
plausible but we will show that the results are not very
different from those obtained if we do not disconnect
them. Since )?pp(t ;t') is given by Eq. (4.1) we need only
to construct the P-space representation of K(¢'). K can

be decomposed into four parts,
R=Rpp+Rpc+Rcp+KRec

and the bound-state couplings K pp are already project-
ed.

In this work we assume that the dominant dependence
of nonadiabatic coupling matrix elements on continuum
energy € is displayed explicitly in the Hellmann-
Feynman relations [Egs. (2.9) for bound-continuum and
Egs. (2.10) for continuum-continuum couplings]. The
commutators [0H, /3R], and [L,,H,] are essentially lo-
cal operators, and if the continuum states in addition are
“simple” in the sense required here, they have no fine
structure due to embedded resonances; hence the matrix
elements of these operators will indeed be slowly varying
functions of €. In the prototype system H,™ this as-
sumption is known to be valid for the bound-continuum
couplings, and in Ref. 6 we present results showing it is
also valid for both types of analytic matrix elements
(NE, NP, and M, M, ) appearing in Egs. (2.10) for
the continuum coupling matrix elements.

1. Bound-continuum couplings kpc,kcb

Since the bound states lie completely below the contin-
uum, the energy denominators in Egs. (2.9) are not really
“rapidly varying” unless the bound state is just below
the ionization limit and the continuum packet in ques-
tion is just above it. In any case it is easy to show (cf.
Appendix B) that

n pk'|ﬁf]jyk)
( I”I}\'l)]

Kpclop=3 S | ¢(n'm\>>(

n',u', X jp,A [

XK, {BuA) |, (4.7a)

where the effective strength factor . ; is given by

Kprj = Q) In[(1+3a;,)/(1—1a;,)] (4.7b)

and

a,=4;/]€—en'y'L)| . (4.7¢)
For aj, <1 this factor differs from 1 by at most 10%.
Of course, in this case we really had no reason to be con-

cerned about ‘“ra fp id” variation of the energy denomina-
tor; this part of K is really “slowly varying.” Similarly,

GwA | N npd)
[e(nur)—e; ]

(Rep)pp = > 3 4G

mp A ' )

XK,U-'((;S(n;LMI . 4.7d)
[In Egs. (4.7) as in Eq. (2.11) we have used script
notation, WV, to indicate the inclusion of collision veloci-
ties.]
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2. Continuum couplings R ¢

These are given by [cf. Eq. (2.11)]

Ree= 3 3 [ "de [ delgtewr) { w2 WA | | se—e)ew' AL eun) [(Bleun)| @8
©HA A -
and we treat the two parts separately.
(a) & function part. This is easily found to be
[Rec®)pp= 3 33 | $UuAN (e uh’ | M| €;uh){B(jud) | 4.9)

A A
(note that the matrix element is not renormalized). As shown in Appendix A, this coupling is strictly off-diagonal,

i.e., it vanishes if (u',A")=(u,A).
(b) Principal value parts. The principal value terms can be broken up into a double sum over packet cells j’, j:

e+A/

Ree(P)= 3 z?f A/zdef Aj/zdelqﬁ

PR T

(ewr | N|eur)
e—¢

(pleur)| , (4.10)

we consider first the nonresonant terms j's%j and then the resonant terms j'=j. In Appendix B we show that the
nonresonant terms are given by

’ ’ A"
[RecP)BE=F 3 |8G'wr)) | V| jpuh) MR ACBGpN) |, (4.11a)
Jjuh j 'y €j—¢€
(')
where the effective strength factor K‘NR is given by
kR =(aya;) " {1+ Ha;+a;)]n[14+ Hay +a;)]+[1—Ha; +a;)] In[1— Ha 11+alj)]
—[14+3(a;—ay;)]In[ 14 5( a,j)]——[l— Hay—ay;)]In[1— —ay;)]} (4.11b)
and aj is defined
a;=40;/]€—¢€| . (4.11¢)

The factor K,]R differs from unity by less than 5% for aj,a;; <0.5. For the “near-resonant” terms j'=jt1, Eq.
(4.11b) becomes

MR B8

Aj+A L
Kixl = 28,44,

4,

Aj+44

(4.11d)
Ay

+4;4,1n

which has the value 21n2 for A;=A,,,.

Finally we also show in Appendix B that the effect of the resonant terms is an enhancement of the couplings be-
tween adjacent cells:

|GGy SN TN+ 1uh) ($j+1pd) |

j+17€j

[Kce(P)IFp= 2 |
wh A A

(A; /48, ;1)

130G+ ) SN NN (555, ]

7SI+

+(8, /48, ) l | By L AGIN“:“‘” (B —1u1) |
j—17€

X [ $(j —1p'A) ><J_1”A

elNl“‘”‘) (Bjp) | ” (4.12a)

this amounts to an extra strength factor of

Kf 1 =87+ 8711 /808,8,4, . (4.12b)
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(c) Summary of continuum couplings. The singular nonadiabatic coupling operator R ¢ is therefore represented in
the close-coupled basis by

o WA | N | jph -
(Rechp=3, 3, 18wy |MEELVLER o (gjun)
juk A J 7
(j'#J)
+33> |$(jp'x')><e,.u'x'wﬁ|ejyx)($(j,uml , (4.13)
uA A

where k;.; is given by Eq. (4.11b) if j'#j£1, and by the sum of the two strengths (4.11d) and (4.12b) if j'=j£1. The
second term, arising from the Dirac § function singularities in R, is strictly off-diagonal, [(u',A')5(u,A)], and the
entire expressxon is nonsingular and retains the proper symmetries of the nonadiabatic coupling operator; the exact
expression for R cc is recovered in the limit when the widths A; tend uniformly to zero.

The construction of Kpp completes the derivation of Eq. (4. 2) Before discussing them we first derive the connected
form, Egs. (4.3).

C. Connected form

To derive Eqgs. (4.3) we require a_P-space representation of the joint operator @(t;t')zf (t;t)K (z'). As with R we
decompose ¢ into four parts $pp, Spc, Scp, and Fcc. Only the last two need be considered since G, is already pro-
jected and

(§Dc)PP"—')?PP”?")[EDC(")]PP .

1. Bound-continuum part

By essentially the same procedure used to determine (K cp )pp, we find

[Ccp(t;t)]pp= S 3 18U'mA)) exp(—ie;pT)g), (1) T [‘Ni”“}‘),‘j,n ((nur)| , (4.14a)
JN np [e(npuA)—e;]

where 7=t —t', k., is the effective strength defined in Eq. (4.7b), and the function g;, (7) is given by

L b (4.14)

&in(M=Kin | (14 taymu)

with B;=(A;7/2) and a, defined by Eq. (4.7c). For small a;,, this is approximately equal to the decay factor f(B;)
appearing in the corresponding terms of the disconnected approx1matlon (cf. Appendix B).

A
2. Continuum-continuum terms S ¢

(a) 6-function parts. The terms in G arising from the 8-function terms in R cc are just given by the product

[§CC(8)]PPZ)?PP(t;t’)[ECC(S)]PP . (4.15a)

(b) Principal value parts. As with R cc we can break up the principal-value integral into a double sum over cells
j',j and then treat the nonresonant terms (j’'sj) and resonant terms (j'=j) separately. For the nonresonant terms
we obtain the result

[cc(P) MR = S S FGWAD) expl—erigffir) <””; '_J‘i‘”‘” MR BGun) | (4.15b)
A
(j'j)
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where K] is the effective strength factor defined in Eq.
(4.11b) and the time-decay factor g NR(T) is defined
(Ej —€ )
giR(r)=—%——
/ KgRAjA,
a2
A dx'e

+A /2 dx
x f—A 72 (€;—€+x—x")

(4.15c¢)

For [5j+1, where the parameters a; and a;; are small
compared to 1, this function is again well approximated
by the simple decay factor f(B;). For the near-resonant
case [ =j+t1, the isolated singularity at the boundary of
neighboring cells leads to somewhat more significant
modification; an explicit formula is given in Appendix B.

Calculation of the resonant contribution to the
principal-value part is more difficult, but it is shown in
Appendix B that a reasonable approximation again cor-
responds to an enhancement of the near-neighbor
(je>jx1) terms in (S )pp, With a more complicated de-
cay function.

(c) Summary. Comparing the results obtained for the
connected propagator [Qpp(t t')] with those for the
disconnected product Xpp(t;¢')Kpp(t’) shows that the
two differ negligibly except in the details of the decay
functions and effective coupling strengths linking near-
neighbor packets (j<>jt1), and even for these cases the
differences are of quantitative rather than qualitative
character. Since our purpose in this derivation was to
show that the disconnected form of the integral equa-
tions [Eq. (4.2)] is a reasonable approximation to the
more accurate version, we have not put much emphasis
on these finer details. In what follows we work only
with Eq. (4.2).

D. Nonconservation of probability

The propagator Upp(t;t,) obtained by solving the
close-coupled integral equation (4.2) describes the evolu-
tion of the electronic system within the subspace (P)
spanned by the bound states and the chosen set of pack-
et states, from an initial state | ¥p(ty)) contained in the

|

where

App(t Xpp(t;t)= 3 | d[nuh;R(]e[npr; R (1)] exp

n,pu,A

subspace at time t,, into that portion of the state vector
which remains in the subspace at time ¢,
| Wp(2)) =

Opp(t;t9) | Wpity)) . 4.16)

However, the following restrictions are necessarily im-
plied.

(a) The true state vector at ¢, must be described by
| ¥p(to)) and, in particular, cannot contain continuum
components; hence, t, must be an “initial time” before
collision begins, when no excitation of continuum com-
ponents has yet occurred; in this sense t5=‘“— o0.”

(b) The true state vector at time ¢ is not fully de-
scribed by | Wp(2)), but only that part of it remaining in
the P subspace, part has escaped due to the decay fac-
tors f(A;7/2) in Eq. (4.2).

(c) 0pp(t to) is not unitary; its inverse is not defined,
and, in particular, the relation

O(t;t9)=0(t;e)0(1;1)

satisfied by the exact unitary propagator, is not satisfied
by Opp(t;ty).

(d) Hence it also follows that Eq. (4.2) cannot be con-
verted into any equivalent close-coupled differential
equation.

In particular, o pp(t;ty) does not satisfy the
Schrodinger equation; an extra term arising from the
time derivatives of the decay functions f(A;7/2) ap-
pears, and we will show that it leads to a net change in
probability with time.

Differentiating Eq. (4.2) with respect to time ¢ yields

U3/038)Opp(t;ty)=1(3/31 X pp(t;ty)
+Kpp(1)Oppl(t;ty)
——Lf';dt'[L(a/at))?pp(t;t')]

X Kpp(t') Opp(t'3ty) ,
but

U3/3t X pp(t;t')=—RKpp(t" )X pp(t;t")
+Hpp ()X pp(t;5t")
+18pp(t;t'),

[-Lffdz"e[n#A;R(t")] ($[nuh RG] |
t

+ 3 | dLipAR()]e; exp(—ie;7)f (A;7/2) SLjpA;R(2")] |

Jrsd
and & pp(t;t’) is defined

Grp(t;t)= 3 | BLipMRODIA,; /2)f"(8;7/2)] expl —e; ) $LiuA;R()])

Jat
where 7=t —t' and f'(x)=d /dx(x ~

A()Xpp(t;t" )= Hpp(t)X pplt;t')

Tsinx )=(1/x2)(x cosx — sinx ).

(4.17)

Making the reasonable approximation
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we obtain the result
[1(8/3t)—A(0)]0pp(1;510) =18 pp(t;10)+ ft;dt'ﬁpp(t;t')ﬁpp(t')ﬁpp(t';to);
since | Wp(t,)) contains only bound states,
[13/8t)— B ()] | ¥p(t)) = ft;dt’ﬁpp(t;t')fpp(t')|\I’P(t')) . 4.18)

Now let Wyp(t)={(Wp(t)|¥p(t)) be the total probability in the P subspace at time ?; we assume that
Wp(ty)=Wp(— o )=1. If we define

| Dp(t'))=Rpp(t") | Wp(t)) =3 |SLipMRENDDpGurt' )+ S [ ¢lnph;R(£)])Dplnpd;t’)
FHTS nph

then from Eq. (4.18) we find

dWp(1)/dt = ZA f_lm dt’ f_tw dt”eLej(ll_"l)D;(jy}»;z")Dp(jy}»;t’)gt—{f[Aj(t —1)/21f (A, (t—1")/2)} .
bty
Integration of this equation from ¢y = — oo to t — + 0, and subsequent integration by parts, gives

—to 2
Welto)=1+ 3 | [ drre’j "Dyl kit ) (Al —1')/2)
A LT

—2Re ¥ f

hh

+

“dr [* dt'e =] ~DE(iud;)DpipAit )f (At —1')/2) .

However, the first sum vanishes in the limit t — + o« because the amplitudes Dp(¢) tend to zero as t — wo, while the
decay factors f are nonzero only for finite arguments. Hence the final probability is

Wpl+o)=1—2Re 3 ["“dt f0°° drDE(juA;t)Dpjpkit —1)e "V f(A;7/2) . (4.19)

b T

We have not shown formally that Wp(+ « ) <1 but it seems likely on physical grounds.

E. Integro-differential equation related to conventional scheme

Coupled integro-differential equations more nearly analogous to the probability-conserving differential equations of
conventional close-coupling theory can be derived from Eq. (4.2), and are probably more convenient as a computation-
al form, especially if the effects of escape are deemed to be small in the application of interest.

We define a “decay-free” adiabatic P-subspace propagator Qpp(t;t’):

ﬁpp(t;t')z S | ¢lnpuA;R(0)]) exp ‘—-L ffdt”e[n,uk;R(t")] (p[nur;R(2')] ]|
n,pu,A !

+ 3 |8LipA;R(0]) exp[ —te;(t —t) ) SLjnA;R(D] |, (4.20)
Jomd

in which the decay factors appearing in Eq. (4.1) are replaced by unity. Within the P subspace, {}pp(f;t') is unitary,
and

Qpp(t;10)=0pp(t;¢ ) Qpp(t'52,) .

Then the ““adiabatic interaction picture” propagator 0 Lp(t;ty) defined by
Lo(t;t0)=Q bp(;10) Upplt;tg)

satisfies the integral equation

O bp(t510)=08 pp(2;20 X pp(t520) —1 f,; dr'Q pp(t10)[Q hpe5t R pp(t56) 1R pp(t ) pp(17520) 0 bp(27512)
and this may be differentiated directly to yield

U3/30)0 bp(t;60)=18 bp(t;10)+[Q 5p(t510)R pp()Qpp (151010 Lot ;524)

+ ft; dt'Q fp(t7310)6 bp(t50 )R pp(t ) Qpp(t'520)0 Lp(t'310) 4.21)

where

6 bp(t;0) =0 bp(1506 pple;t)
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[cf. Egs. (4.17)]. Equation (4.21) is the desired formal equation. The usual interaction picture expansion for the state

vector | Wp(t)) is

o)) =3 |¢[npk;R(t)])exp{—Lf’tdt’e[ny.k;R(t’)] alnpA;t)
0

n, A

+ E i‘;[j'u;‘;R(t)])exP[*ij(t—t')]&(jyk;t);

Jatd
hence the ket

[Wh(0)) =Q [pt520) | Wp(t)) =0 Lp(t;10) | Wplty)) = 3 [olnplRe)Danpr;t)+ 3 | dLinA;R(t,) D a(jud;t)

n,u,A

Job A

is the desired state vector. The explicit representative of Eq. (4.21) is therefore the set of close-coupled equations

dd/zdtia(npr;t)= 3 (nplR(0) | Kpp | K'w'AR(0) Va(k'u'A'se)

k' A
X exp l—L ftl dt'{e[k'u'AM;R(t')]—e[nur;R(¢")]} (4.22a)
0
for the bound-state amplitudes and
ddsdtiaurt)= 3 GuhR() | Rpp | K'w'A;R(2) ) a(k'u'A;t)
k' A
X exp | —t f'dt’{e[k'u’k';R(t')]—e-} ]
I J
+ f't dr'[(A; 72)f"(A;7/2)](plR(t") | Rpp | K'WAR(E) Ya(k'w'A 5t
ko Do
X exp [—L S5 dr el w R (1) ] —¢; ] (4.22b)
0

for the continuum packet-state amplitudes. (In these
equations we have used indices k'u'A’ to indicate both
bound states and packet states.) The conventional close-
coupled differential equations are recovered when the in-
tegral terms in Eq. (4.22b) are neglected. If the widths
{A;} are small enough that escape effects are not large
over the time intervals considered, an iterative method
based on the back substitution of successive approxima-
tions to amplitudes {a(k'u’A’;t')} in the integral terms,
with the decay-free amplitudes as zeroth-order solution,
can provide an efficient solution.

F. Discussion

We have shown that any attempt to include the con-
tinuum in a close-coupling computation involves some
sort of discretization process, and that a proper account
of the effects of such discretization leads to a nonunitary
formulation which takes account of the effects of escape
by unbound particles from the region spanned by the
discretized representation. Since we are concerned with
low-to-intermediate collision energies, we have used an
adiabatic or near-adiabatic basis of molecular states with
the resulting complications arising from the fact that an
adiabatic description can never be a valid description of
continuum evolution far from the nuclei. The integral
equation (4.2) was obtained as a result; we showed that it
does not conserve probability within the spanning basis,
and we also derived the equivalent integro-differential
equations (4.21) and (4.22) which show more clearly the
relation between this more rigorous formulation of

[

close-coupling theory for molecular-state descriptions
and the conventional formulations® in terms of (proba-
bility-conserving) differential equations.

While the specific results derived have been rigorously
proven only for the prototype one-electron systems, the
general properties required to establish our major results
are not restricted to those systems, but may be valid for
a broad class of model problems. With this in mind we
presented the generalized integral equation (2.14), and
provided certain general conditions are satisfied by the
continuum of the (partly diabatic) model Hamiltonian
ﬁo(t), generalized close-coupling equations analogous to
Eq. (4.2) and Egs. (4.21) and (4.22) may be derived,
which permit the discussion of more complicated prob-
lems involving coupling to a molecular electronic contin-
uum. For the present, however, we restrict our attention
to the simpler prototype problems.

Nothing in our formulation dictates the selection of
widths {A;} for the packet-state basis describing the
continuum. Different interpretations or computational
implementations of the formulation we have developed
can be made, depending on the principles used to select
these widths. It is useful to discuss two somewhat
different approaches here, since they illustrate some
practical aspects of the problem.

1. *“‘Convergence limit” approach

By taking sufficiently small packet widths, the spatial
region spanned by the corresponding packet states is

made very large and the decay times 7,=7/A; very
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long. A calculation based on this approach could then
follow the evolution of the system within the region
spanned for a prolonged period, including the time evo-
lution of the continuum electrons, either without includ-
ing the escape effects or including them only in the “per-
turbative” fashion suggested by approximate solutions to
Egs. (4.21) and (4.22). If one interprets the amplitudes
associated with these narrow adiabatic packets at “late”
but still finite times as ionization amplitudes, an estimate
of the total ionization probability and possibly also the
final energy distribution of the ejected electrons can be
obtained. Of course, the difficulty with this approach is
the computational effort required; as pointed out in Sec.
III, in addition to the rapidly increasing basis size result-
ing from smaller widths, the nonadiabatic couplings be-
tween neighboring close-coupled channels become much
stronger. Ultimately, it is more practical to study the
evolution of the continuum using a different zeroth-order
description than is given by the adiabatic basis. Never-
theless, such studies, if feasible computationally, provide
valuable insight about the actual physical mechanisms in
specific problems.

2. “Interaction region” approach

A somewhat different interpretation of the theory is
based on the idea that the physical processes involved in
continuum excitation are localized in a certain interac-
tion region. In this case the entire set of packet widths
{A;} to be used is dictated by the region size; in Ref. 6
we present tables of such widths for several choices of
region size in the prototype H,™ system. This approach
continues the viewpoint, almost implicit in close-
coupling calculations with bound states, that excitation
processes are localized (for example, the assumption that
Rydberg states above a certain principal quantum num-
ber are not important). In applying the same idea to the
continuum the focus of attention is on processes leading
to continuum excitation, rather than attempting to fol-
low the subsequent evolution of the continuum itself.
While coupling among the continuum packet states is in-
cluded, the fact that the widths {A;} are typically larger
means that (1) escape effects are relatively much more
important and (2) the details of continuum evolution are
not followed beyond the preliminary stages. Such a cal-

J

culation by itself would permit an estimate of total ion-
ization probability (from the loss due to escape) but
offers no direct account of spectral energy distribution,
angular distribution, etc. This method assumes that the
detailed evolution of the continuum after the initial exci-
tation process is a secondary process, to be followed us-
ing a different zeroth-order description from the adiabat-
ic one. In work to be presented later we develop ap-
proaches to this secondary problem.
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APPENDIX A: NONADIABATIC COUPLINGS
AND HELLMAN-FEYNMAN RELATIONS
FOR CONTINUUM STATES

Nonadiabatic couplings between two degenerate con-
tinuum states are singular. For the one-electron proto-
type system the explicit structure of these couplings, in-
cluding analytic coefficients of singular terms, can be de-
rived by a generalization of the Hellmann-Feynman
theorem.

1. Integral evaluations

Let |#,) and | ¢,) be two adiabatic continuum states
of the one-electron prototype system,

|61)=| $(epr;R)) =X ,(£)S,()e**V 27 |
[62) = | SN ;R)) =X,(6)S,(n)er?/V 2 .

Matrix elements (¢, | O.| ¢,) for the operators O of in-
terest are defined using a convergence factor,

1
($,1018)=(R/2) lim_[“dge= [ ldn<§2—n2)foz”drp/Zw[Xz(g)Sz(n)e—‘*"”](D[Xl(é)si(n)e-“"’], (A1)
a—0 -

where the limit @ —0" is taken after all integrations and
other computational operations are done. Singularities
in the integrals arise from infinite-range contributions to
the integrals over £ (and not, for example, from in-
tegrand singularities at £=1). Since the radial wave
functions X;(§) have the phase-amplitude form [Egs.
(3.5a) and (3.5b)]

X;(&)={2/[7R(E— D]} [p;(§)]"'/*sinb;(£) ,

r

where p;,(§) and 6,(§) are the corresponding quantal
momentum and phase functions, all the required in-
tegrals can be reduced to terms which are finite, plus
terms containing radial integrals of the form

Jim [ dge =M py, (E)p,, (]

X Fy(E)F,(E)G(E) , (A2)
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where k >0, F;(§)=sin6;(§) or cosf;(§), and G(§) is a
function which tends to a constant as £— o, and is such
that the integrand is nonsingular for all £&. The quantal
momentum and phase functions have asymptotic forms

pE) =P (E)=c+(q/20)E ' +0O(E7Y),
0(&)~B(E)=cE+(g/2¢)In(cE)
+8(euh;R)+0(E7T)

where 8(euA;R) is the phase shift, c’=€eR?/2, and
q=(Z 4+2Zg)R; also,

G(§)26(§)=G0+Gl/§+0(§—2) .

hence the integral (A2) differs from the asymptotic ap-
proximation

. ®© —afe—kf —1/2
lim [ dge e p (651, (6)]
X Fy(E)F(E)G(E) (A3)

by terms which are at most finite, since integrals of the
forms

lim fl‘” dEe % MF (EF,(£)

a—>0+

converge absolutely for k'>2. We therefore have the
possibly singular integrals

lim fl‘” dEexp[—ab+1(8,+0))]17%,

a—0"
where k >0. Since
0,10, =B:E+yBrInE+ A, ,
where
Bi=cytey, v=q/2¢cc;,
and
AL =(8,+8,)+[(q/2¢c;)In,®(qg /2¢y)Inc,],
these integrals reduce to

lim flwd§exp[—a§+L(§2i§1)]§“k

0404'

= exp(LAi )7k(B‘t; ini ) ,
I

hence

(¢2 | (a/aR )l. I ¢l>=8A'A

where - - - represents finite terms,

RX0=(R?*/2m) lim

a—07t

and

where

gk(B;It‘}/B)z lim fwdé‘exp[._(a_LB)é—](é-)—kj:uyﬁ
a~90+ 1

= lim [(@—B)k 1T —(a=iB)
a—07

XUk FyB,k TyB;a—1B)] (A4)
and Ula,b;x) is the confluent hypergeometric func-
tion.”* From the known properties of this function under
suitable limiting conditions, we may then obtain the fol-
lowing results.

(1) For B0, the integrals F,(B; typ) are finite for all
k>0. Since B, =(c;+c¢;)#0 in any case, and
B_=(c,—c;)—0 only when (e,—€;)—0, all the re-
quired integrals are finite if €,¢€;.

(2) For k>2, it is
F(0;0)=1/(k —1).

(3) k =0. In this case the limiting singularity in F, is
just (@—:B)~! and hence in the neighborhood of the
singular point €,=¢€,=¢,

easily shown that

70[6‘2—("1; “"}’(Cz-—cl )]

=(4c /R?){mdle,—€,)—1P[1/(€,—€,)]) (AS)

where 8(x) is the Dirac 8§ function and 7(1/x) means
the Cauchy principal value is taken in integrations over
the singular point.

(4) Case k =1. F,(B; —yPB) has a logarithmic singular-
ity at the isolated point B=0. The “strength” of this
singularity can be defined in comparison with the Dirac
6 function, as the integral under the singular function in
an infinitesimal neighborhood —h << +#h of the point
B=0; this is proportional to (4 Ink) and tends to zero in
the limit. Hence the strength of this singularity is zero,
and we can discard contributions from integrals of type
F; to singularities at degeneracy.

2. Singular couplings

Using these results we can derive explicit formulas for
the singular nonadiabatic couplings between degenerate
continuum states. For radial couplings,

(3/0R),=(d/3R ),
—[R(E2—nH) ] [&(E2—1)d/9E
+n(1—=7%3/81] ;

[f_lldn52(77)S1(n)]RX0+ [f_lld"lsz(ﬂ)[asl(ﬂ)/aR],,]-RX1+ ] )

fl“’ d&e "[py,(£)p,(£§)]7 ' sin,(§) cosd (£)[(36, /3R ) —(&/R )(36,/0¢)] ,

RX1=(R?*/27) lim fl‘” dée " %[p,, (E)p,,(£)]"/2sinb,(£)sind,(£) .

(X—>0+
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Both these integrals have the form (A2) with k =0 and are singular if €' =€¢. We therefore find, as (e—€')—0,

(¢(e'w'A;R) | (3/3R), | plep;R)) =[(1—8,,)8K , cosAR 18(e—¢€')

wn'O
+(1/m){(1— W)é‘ﬁ.“ sinAﬁ,#—Sﬂ'#[aﬁ(epk;R )/8R 1}P[1/(e—€')], (A6a)
where 8(eA; R ) is the scattering phase shift for state | ¢(eui;R)),
Aﬁ,ﬂz[ﬁ(ep’k;R )—8(eur;R)], (A6b)
and
st=1["  dnS(e'dsm)[3S (eur;n) /3R], ; (A6c)
note that this vamshes if u'=p. The integrals &ﬁfﬂ are easily computed using the relation
l ’
SR, =[€R /(A0 — A )] f_ldn S’ A;n)m2S(epd;n) . (A6d)
For angular couplings,
($(ewr=L;R) [ Ly | $leuhiR))=(R /2)° lim [fl” dEe—%EE—1)2X,(£)X,(€) ]
a—0
1
x [f_ldnsz(mLyms,(n) ]
+ [f1°° dge‘“sz(é‘)Li(k)X,(g)]
% [f_lldn 21— 28, (n)S, (n) ] ] :
|
where where
L1(M)=F(1—nH)"?[(3/3n)tAn(1—n?)]
- K A;#:S(eu —8(euA;R) (A7b)
and
LE (M) =H(E2—DV?[(3/3E) FAE/(E2—1)] . and
As (e—€')—0,
e Siu= [ dnStaAtmLLIS(eudin) . (AT0

(plew'Ax;R) | Ly | dleuh;R))
= [ [f_lldﬂsz(ﬂ)Ll(l)S,(n) )AXO

+ U_l,d’l"“—"z)sz(n)S,(n)]A)n S

where - - represents finite terms,

AX0=(R?/2m) lim [ dEe=[p,,(£)p,, (€))7

a—07t

X sinB,(£) sin6(§) ,

and

AX1=(R?/27) lim f dEe %E[p,, (E)p,,(£)] /2

a—0*t

X sinf,(&) cosO,(£)(36,/9§) ,
and these again have the form (A2) with k =0 and k =1,
respectively. Hence we obtain the result
($p(e'w’'AL;R) | L, | (eur;R))

=8, [cosAL, 8(e—€')

+(1/m)sinA, P[1/(e—€)]} , (A7a)

3. Generalized Hellmann-Feynman relation

If |$,),|,) are two continuum states and O is one
of the coupling operators (8/d8R ),,L .,

(6,1 [0,H,]]¢,)=(e—€)$,| O],
+{(H,$,|0|¢))
—(¢,|H,0|4))},

where integral norms are defined as in Eq. (A1). It fol-
lows that the Hellmann-Feynman relations, Eqgs. (2.9a)
and (2.9b), may be extended to two continuum states if
(e—€')5£0 and the expression in curly brackets above
vanishes, i.e., if the Hamlltoman H, is Hermitian with
respect to the kets |,), | O¢,). When (e—e ")=0, the
first term in the above equation vanishes, but the term in
curly brackets is finite, and yields a connection between
the commutator matrix elements and analytic
coefficients of the principal-value terms in Eqs. (A6) and
(A7).

The term in curly brackets can be reduced to the ex-
pression
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~(R/4) lim, [ af” dge=¢ [ dnf (dg/2m)[(3¢% /3E)(Dp,)— b3 /3E( D, )]

Except for the additional inserted factor of a, the in-
tegrals in this expression again have the form of Eq.
(A2). Since all such integrals converge to finite values
when (e—¢€')£0, the above expression vanishes in the
limit and the usual Hellmann-Feynman formulas (2.9a)
and (2.9b) are valid for couplings of nondegenerate con-
tinuum states. When (e —¢’)—0, the only terms in the
above expression which do not vanish are those which
would yield a Dirac & function if the factor a were not

[
(plew’A+1;R) | [Ly,H,]| d(eur;R))
=(1/m)8,, sinA,

for angular couplings. This proves Egs. (2.10), since
these are just the coefficients of the principal-value terms
in Egs. (A6) and (A7).

(A9)

APPENDIX B: REPRESENTATION OF RAPIDLY
VARYING CONTINUUM OPERATORS

present, and these now give a finite factor (1/7) instead.
We find, as (e—€')—0, Here we given representative details of some results
cited in Sec. IV for P-subspace representations of opera-
tors K(t) and & t;t'), which vary rapidly with energy
(p(ew'r;R) (3H, /3R ), | p(epA;R)) over a packet width A;.
=(1/m){(1-5,, )e?ﬁ'# sinAff:#

—8,,[88(euA; R ) /3R 1}

1. Nonresonant terms in K cc

(A8) As in Eq. (4.10) we break up the principal-value in-
tegrals into contributions associated with cells j’,j and
consider the nonresonant terms (j's4j ); the contribution

for radial couplings, and for a particular pair (j'u'A’,juA) is then given by

|

+A /2 +4./72

(e-:—r—x',p'k’l.ﬂ/]e‘-f—x uA)
J J
?fA x| 5,2 9% 19le+x0AD)

(e, —€; )4+ (x—x")

(Ble;+x,uM)| .

In this expression, we approximate the slowly varying matrix element by its value at the packet centers and, assuming
that operands to left and right are also “slowly varying,” we insert the P-subspace projector on both left and right; the
result is then

Tl 30,12 i’ ’}\'I N j

Ej—ej'

NRCE G |

where we have “renormalized” the matrix element as in Egs. (4.6) and

€ —€

A4,

+4,/2 L4472 -
f—A,/Z f—-AI/Z dx[(e;—€)+(x—x")]"", (B1)

NR _

Klj =

the principal value being taken at any singularities. Evaluation of this integral leads to Eqgs. (4.11). A similar method
leads to the results cited in Egs. (4.7).

2. Resonant terms in K cc

The contribution of a given resonant term (ju'A’,juA) in the principal-value part of Ecc amounts to an enhance-
ment of the effective coupling between neighboring cells. To prove this, we introduce explicitly the (hypothetical)
slowly varying operands which appear to left and right of this part of K cc; then the effect of such a resonant term is
given by an expression like

+A;2 L +A 2
* ’ ’ ’
f_A 1 f—Aj/Z dx |c*(e;+x",u'A")

where c*(e'u’A’) and b(euld) are the expansion coefficients in these operands. To evaluate the integral set
z=(x +x")/2 and y =(x —x")/2; the Jacobian of the transformation is 2 and the double integral over the cell j (for
given indices u'A’,ul) is given by

+A, /2 +(A, /2—2) .
[‘Pf f_mjj/z—z) dy(1/y)lc*(e;+z—y) e, +z—y | Nei+z+y)ble;+z+y)]

(€;+x",u'A || € +x,uh)
(x —x")

b(e; +x,ul)

+(A /2+z)

+2 [° 5, dz [ a2 dy(1/y)[c*(e;+z —y)e;+z —y | N|€;+2 4y )ble; +z+p)]
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where indices not referring to energy have been suppressed. Now we expand the slowly varying numerator in each in-
tegrand in a Taylor series about y =0 and do the principal-value integrals, with the result (to lowest order)

+Aj/2
21 [ dz(8;/2-2)

;id;[c"(ej+z—y)(ej +z—y |ﬁ/| €+z+y)ble;+z+y)]
y=0

0
+ f~Aj/2dZ(Ai/2+Z)

;
y=0

d ~
E[C*(€j+z —y)e;+z—y | N|€+z+y)ble;+z+yp)]
the result of the integrations over z is

1A2
+4;

d;i[c‘(ej-l—f—y)(q +Z—y | N|e+2+y)ble;+2+p)]
y=0

*(e,—z—y)e—2—y | N| €, —Z+y)ble;—Z+y)]

b
y=0

where the z-dependent derivative has been replaced in each integrand by an appropriate mean value.
It remains to interpret these derivatives. A reasonable estimate of the derivative at “+42z” is given by

(€ 1—€;) [e*(e;u'A" ) e;p' || € uAIb(€; ) —c*(e;u' A ) e;u'A | N €;uA)b(€;ul)]
— (€ 11— €))7 e (€ Ay L WA | N | €;uA)b(€;uh) —c * (€A ) €A’ | N | €;uh Vb (e;uA)]
=(€; 1 —€) e (e A ) e\ | N | €, ur)ble; , ph)]
+(€;—€; 1) [e*(e; A€ A | N | €;ur)bleur)] . (B2a)
and, similarly, that at “—Z" is equal to

(ej—ej,1)"‘[c‘(ej_l,u’)»’)(ejnly'k’ IJVI €;uA )b (e;ul)]+(€; _

1— €)' * (A ) (A | N | €;_uh)ble;_puh)] .

(B2b)

Using the normalization rules to interpret both the coefficients and the matrix elements in terms of their subspace
equivalents, we find the resulting contribution of resonant terms is represented by Egs. (4.12).

3. Decay factor g;.,(7) for [?cp(t;t')]pp

The same procedures as are used above to obtain results for nonresonant terms in kcc and K cp lead to Eq. (4.14a),
with g, (7) given explicitly by

e(nyk)— +8;/2 e T

f—A /2 x €(npr)—e;—x]

gin(T)=(Kp, )™

and Eq. (4.14b) results from the substitutions B;=A;7/2 and a;, defined by Eq. (4.7c). The integral can be expressed
in closed form in terms of the cosine and sine integrals, but a more useful formula is

gjn(7) =7 ki (1@ 720 By (B3a)
=0
where
f(B)=(d /dB) % ] ; (B3b)

in general, this function decays more slowly than the usual function f,(8)=(sin8)/B, but reduces to it when a jm << L.

4. Decay factors for nonresonant terms in gcc( t;t')

The funct|on 8ij NR(r) given explicitly by Eq. (4.15c) can be expressed as follows. Defining B,=A4;7/2,
ay=A;/|€;—€|,a;=4,/|€;—¢ |, we find for I5£j+1 (where aj; and a;; are both small compared to 1)

&R (r)=(R)~! [a,;‘1n[(1+a,,/2)/(1—aj,/2)1fo<ﬂ,)

+ 3 (1/k Wtiay; 211+ ey /2) * —(1—a; 72)7 11 B | (B4a)
k=1
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where f(B) was defined above. For the near-resonant terms / =t 1, the formula resulting is

A, +A,il 208,444,
gy j(n)= o T Sfo(B)+(1/2B){cosBSi(2B)— sinB Ci(2B)+t[cosB Ci(2B) + sinB Si(28)]}
2A Kj:tlj ZA
+ 3 (/K[ Fih;5, /20, +8,1,001F,B) | , (B4b)
k=1

where “B”=p,;, and Si(x),Ci(x) are the standard functions

Si(x)= fo"%‘"m, Cix)= fochgstt—_Ud,

5. Resonant terms in ?cc

Following the same procedure as was used to study the resonant terms in K¢, we now find the effect of the term
for given (j,u'A’,ul) is given by

+A /2 +4./2 <E +x , A N E +x, A)
f— a;/2 f—Ajj/z dx exp[ —u(€; +x')r] [c*(€; +x",u'L") A |N| m

P ble; +x,pA)

after transforming to the new variables z=(x +x')/2, y =(x —x"')/2 as before, this becomes
+4; /2 +(8;/2-2)

-LET[ f ’f_m P dy(e”"/y)c*(e;+z —y)(ej+z —y l.ﬂ/le,+z+y Yblej+z+y)]
j
7’f dze=r [ gy ooy e X N )
+ &, Iz e (8,242 y(e¥"/y)c €+z—yNei+z—y| € +z+y b(e/-+z+y)]

where, as before, indices not referring to energy are suppressed. Strictly, we should retain the exponential factor
exp(wyr) as a “rapidly varying factor” in the integrations over y, but for our present purpose this much detail is not
justified. A reasonably good first approximation is obtained if we include the exponential factor in the y integral as
part of the “slowly varying” factors in its integrand. The rest of the derivation is then quite similar to that for the
resonant part of K, cc; the result of the y integrations is

€. T +4;/72
227 [ [ dz(a; 220D, (z;00= [°

A dz(A;/2+z)e "D, (z;0) ] ,

where D, (z;0) is the derivative of the “slowly varying” part of the integrands.

D,(z;0)=

%{e"’c"(ej +z—y)Ne+z—y | V| €j+z+y)ble;+z+y)]
y=0

Approximating D,(z;0) in each of the two terms by a suitable mean value, we do the z integrations and obtain the re-
sult

182 VL f_(B,)D,(£;0)+f , (B;)D,(—Z;0)]
where the new decay functions f . (B) are defined

f+B)=2 [ du(1—w)e* =2 /B)[(1- cosB)+u(B— sing)] (BS)

and, as before, B;=A;7/2. By analogy with the computation for R cc» the derivatives D, (1Z;0) are given by

D (z_.o)= c‘(ej)<€j lﬁl €j+l)b(€j+l) +e_L(5j+l..ej)1-c.(ej+1)(€j+l IJ’V'EJ )b(ej)

g €+1—€; € —€i+
and
Dy(—-'z‘;O).—_— C'(ijfj 'N'ej—l)b(ej—l) +e—‘L(fj_l—Gj)fc‘(ej__l)<6j_l IJVl € )b(ej) '

Gj_,l"‘ej Gj—Ej_
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After introducing packet states and their normalized matrix elements, the result can be represented as the matrix ele-

ments of the operator

2

ATF_(B)+AT 1 f L B) | [ —eer A | N .

+1uA) |

+17€j

+ 180G +1uanye oo SN TN jud) (g0

7 N [N

€ =€+ 1

| $H'A) e

AXf L (B)+AF_f_(B))
8A,A

j—1

+ l(z(j_l'u:)\’l)>eﬁl€]vlf (1_1#')\.’1./\/‘]#&) ($(

—lh) (5 )

€j-17¢€

e —c | juh)|
J J—

(indices in the sum run over all j,uA,u’A’). But this is simply an enhancement of the near-neighbor (j<>j*1) terms in
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