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Description of ionization in the molecular approach to atomic collisions
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Molecular treatments of atomic collisions have traditionally been restricted to low nuclear velocities because
of their failure to reproduce the fall of the capture cross sections at higher velocities. The limitation has
recently been seen to be due to their description of ionizing processes. This feature is shown here to be a
general one for multicharged ion-atom collisions. Its origin and characteristics are described and illustrated for
the prototypical Li311H(1s) reaction. Ionization appears as a result of the inertia of the electron cloud to
adiabatically follow the nuclear motion. This gives rise to nonadiabatic transitions, which represent an ionizing
flux whenever the nuclear velocity is high enough that the energy of the traveling molecular orbitals involved
is positive in both moving atomic reference frames. Two strongly connected mechanisms appear, correspond-
ing to the relative translational and rotational nuclear motions. Because of the finiteness of the basis, these
mechanisms terminate with unphysical trapping effects. While interestingper se, knowledge of these features
is also useful with respect to improving molecular treatments of atomic collisions with the addition of pseu-
dostates.@S1050-2947~96!05312-7#

PACS number~s!: 34.10.1x, 34.50.Fa, 34.70.1e
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I. INTRODUCTION

The application of the molecular approach to atomic c
lisions was restricted for a long time to the low-impact v
locity range because of its inability to reproduce the fall
charge-exchange cross sections at higher energies. In
@1,2#, using He211H collisions as a benchmark, the physic
origin of this failure was ascribed to the description,
bound molecular states, of ionization processes, followed
a trapping of the corresponding flux, which persists in
asymptotic region, and produces an overestimation of c
ture probabilities. Although in some cases@3#, the trapping
effect affects excitation, for collisions between bare mu
charged ions and H(1s), it almost exclusively occurs fo
capture channels.

The previous information was employed in@4# to simul-
taneously calculate capture, excitation, and ionization cr
sections in He11H1 collisions. This reaction was chose
because it is characterized by a sudden mechanism at
short internuclear distances and the selection of pseudos
to complete the basis at these distances is simplest. In
other extreme we have reactions involving negative io
where ionization takes place for a wide range of distanc
As a benchmark for these reactions, we studied@5# the case
of H11H2 collisions. It was seen that, although a judicio
selection of exit probabilities allowed us to calculate capt
and ionization cross sections, from the point of view o
systematic treatment the procedure is unsatisfactory: t
ping could not be eliminated with any set of pseudosta
available; indeed, most of the ionizing population was d
scribed by excited bound molecular states. In further~unpub-
lished! work, we found that to a lesser extent the same ho
for He211H(1s) collisions, which are good representativ
of reactions involving multicharged ions.
551050-2947/97/55~1!/287~16!/$10.00
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From this previous work, we conclude that a reliable ge
eral procedure to construct pseudostates is not availab
present. In particular, it is not sufficient to complete t
close-coupling basis with a set of wave functions with
positive energy in the asymptotic region. Therefore, to off
the trapping effect requires a detailed investigation on
description of ionization by the molecular expansions, wh
is lacking in the literature. This is attempted in the pres
paper.

More specifically, the following points need clarification
~i! the basic reason why ionization is described by molecu
expansions, modified or not by a common translation fac
@6#, but not by expansions modified with plane-wave facto
~ii ! whether in actual calculations the corresponding flux
scribes genuine ionization, since otherwise the whole sch
proposed in@1,2# would be conjecture;~iii ! the origin of the
unphysical trapping effect;~iv! how general these feature
are in the treatment of atomic collisions; and~v! whether one
may conclude on desirable general properties of ps
dostates. A full answer to this last question would permit o
to complete the molecular basis, so as to achieve con
gence of the close-coupling molecular expansion in a w
similar to that carried out, e.g., in@7# for atomic expansions

To deal with points~i!–~v!, the present work departs from
our previous ones in that the character of the electronic cl
is explicitly examined rather than being worked on fro
analogy to alternative approaches. With respect to these
proaches, it was noticed in@2# that a feature of particula
importance is the promotion of the ionizing flux throug
transitions to increasingly diffuse multiplets; this was seen
be similar to the so-calledT superseries transitions in th
framework of the ‘‘hidden crossing’’ method@8–12#. A fur-
ther connection was suggested in@2# with the classical find-
ings of Bandarage and Parson@13#, according to which at
287 © 1997 The American Physical Society
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very large internuclear separations many ionizing electr
are bound when viewed from a molecular frame. Now,
though some analogies will be mentioned, explicit links w
Refs. @8–13# would require a separate investigation, whi
will not be attempted here.

The next section introduces the main formal tools that
required in the analysis, which is contained in Sec. III. Pr
to this analysis, we first show that our previous conclusio
@2# for the He211H(1s) reaction also hold forI Z11H(1s)
~where I denotes ions withZ53–6!. Then, to choose a
benchmark different from@2#, we shall specifically refer to
the Li311H(1s) reaction as a representative of multicharg
ion1H(1s) collisions. Atomic units will be employed unles
otherwise specified.

II. IONIZING CHARACTER OF MOLECULAR STATES

A. Description of ionization in atomic collisions

We consider a one-electron problem in the impa
parameter approach. We callR the position vector of the
projectile nucleusB ~of chargeZB! relative to the target
nucleusA ~of chargeZA! and rA ,rB the electron position
vector relative toA andB, respectively. The impact param
eter equation is

~H2 i ]0!C50, ~1!

whereH is the Born-Oppenheimer electronic Hamiltonia
and ]0 is the time derivative, taken by keeping fixed th
electron position vectorr with respect to an originO that is
situated at a distancepR of nucleusA andqR of nucleusB;
in particular, forp50, ]05]A and for p51, ]05]B . Each
solutionC ~see below! is a wave function representing th
electronic state of the colliding system and the nuclei foll
rectilinear trajectoriesR5b1vt with constant velocityv and
impact parameterb. The transition amplitudet i f to a given
final stateFf when the initial state is represented byFi is
given by

t i f5^C f
2uC i

1&5 lim
t→1`

^F f uC i
1&, ~2!

whereC i
1 is the solution of~1! that satisfies the outgoin

boundary condition@14,15#

C i
1~r ,t ! ;

t→2`

F i
A~r ,t !

5f i
A~r !DAexp@2 iEi

At2 iZA

3~12ZB!v21ln~R2vt !#, ~3!

and for excitation (A) or charge exchange (B) processes,
C f

2 fulfills ~1! with the ingoing condition

C f
2~r ,t ! ;

t→1`

F f
A,B~r ,t !

5f f
A,B~r !DA,Bexp@2 iEi

A,Bt2 iZA,B

3~12ZB,A!v21ln~R2vt !#. ~4!
s
-

e
r
s

-

In ~3! and~4! f n
A,B~r ! (n5 i , f ) are~normalized! eigenfunc-

tions of the arrangement channel Hamiltonian correspond
to atoms (A1e2),(B1e2), respectively,

hA,Bfn
A,B5En

A,Bfn
A,B , ~5!

with En
A,B,0, and

H ;
R→`
r B→`

hA , H ;
R→`
r A→`

hB . ~6!

The plane-wave factorsDA,B are given by

DA5expS 2 ipv•r2
i

2
p2v2t D5expS 2 ipv•rA1

i

2
p2v2t D ,

~7!

DB5expS iqv•r2 i

2
q2v2t D5expS iqv•rB1

i

2
q2v2t D .

~8!

We note that the ingoing wave function also fulfills

~HA82 1
2p

2v22 i ]A!C f
2~r ,t !50. ~9!

with HA85DAHDA
21 the fixed-nuclei Hamiltonian defined in

the inertial frame moving with the velocity of nucleusA.
Similarly, we have

~HB82 1
2q

2v22 i ]B!C f
2~r ,t !50, ~10!

with HB85DBHDB
21. From ~4! we see that Eq.~9! or ~10! is

trivially fulfilled for excitation (A) or exchange (B) arrange-
ment channels, respectively, in the limitt→1`, where
HA,B8 →hA,B8 5DA,BhA,BDA,B

21 , since

]AF f
A52 i FEf

A2 1
2p

2v22
ZA~12ZB!

R GF f
A , ~11!

]BF f
B52 i FEf

B2 1
2q

2v22
ZB~12ZA!

R GF f
B , ~12!

and from~5! the final unperturbed states fulfill

hA,B8 F f
A,B5Ef

A,BF f
A,B , ~13!

where the atomic energies

Ef
A,B5^F f

A,BuhA,B8 uF f
A,B&,0. ~14!

Above the ionization threshold, there is an additional
rangement channel corresponding to three~nuclei plus elec-
tron! unbound particles. For the pertinent non-L2-integrable
boundary condition corresponding to it, see, e.g.,@16#. Here
we are interested in Hilbert-space solutions of the proble
so that for larget the ionizing functionsFf~r ,t! can be cho-
sen to be any suitable orthonormal set of wave pack
Fa

ion~r ,t!, formed by superpositions of generalized eigenv
tors of ~in principle, either! hA8 or hB8 in ~13!, such that they
represent states that are unbound with respect tobothatoms.
It is unnecessary, in the present context, to further spe
these eigendifferentials@14# describing the ionization pro
cess. They fulfill
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Ea
ion5^Fa

ionuhA,B8 uFa
ion&.0 ~15!

for bothHamiltonianshA,B8 , in contrast to the proper~bound!
eigensolutions of Eq.~13!, for which eitherE f

A,0 orE f
B,0

@Eq. ~14!#.
Choosing, for example, the outgoing solutionC i

1~r ,t!,
Eq. ~1! should be integrated, starting from the initial cond
tion ~3!, until a sufficiently large time such that the asym
totic orthogonality@15# between all exit statesFf~r ,t! is ful-
filled to good accuracy~i.e., such that the effect o
overcompleteness of the atomic eigenfunctions is negligib!.
ThenC i

1~r ,t! is of the form

C i
1~r ,t !5(

n
cn
A~ t !Fn

A~r ,t !1(
n

cn
B~ t !Fn

B~r ,t !

1(
a

ca
ion~ t !Fa

ion~r ,t !. ~16!

In practice, such a form applies to all times where over
effects between the ‘‘important’’ reaction channels are sm
A similar expression holds for the time-reversed solut
C f

2 for sufficiently large negative times. From asympto
orthogonality and Eqs.~2! and~16! we then obtain the tran
sition probabilities for excitationPn

A5uc n
A(`)u2, charge

transferPn
B5uc n

B(`)u2, and ionizationPion5(auca
ion~`!u2.

B. Molecular expansions

In a molecular close-coupling treatment, we solve Eq.~1!
by expandingC i

1 in terms of a set of basis functions$eiUxn ,
n51,...,N%,

C i
1~r ,t !'exp@ iU ~r ,t !# (

n51

N

an~ t !xn~r ,R!

3expF2 i E En~R!dtG , ~17!

wherexn represents an eigenstate of the fixed-nuclei Ham
tonian H, of energyEn , or a pseudostate. The commo
translation factor@6# ~CTF! exp (iU ) in ~17! fulfills the usual
conditions

exp@ iU ~r ,t !# ;
t→6`

r B /r A→`

DA , ~18!

exp@ iU ~r ,t !# ;
t→6`

r A /r B→`

DB ~19!

and, upon a change of originO→O8, it changes to

exp@ iU 8~r 8,t !#5exp@ iU ~r ,t !#expF i ~p2p8!v•r

1
i

2
~p2p8!2v2t G . ~20!

In particular, from~7! we see that when the origin is shifte
to nucleusA ~p850!, it becomes

exp@ iUA~rA ,t !#5exp@ iU ~r ,t !#DA
21, ~21!
p
l.

l-

and from~8!, when it is shifted to nucleusB (p8515p1q),

exp@ iUB~rB ,t !#5exp@ iU ~r ,t !#DB
21. ~22!

It is well known@14,17# that substitution of the ansatz~17! in
Eq. ~1! leads to a set of coupled differential equations for t
expansion coefficientsan that is equivalent to a variationa
treatment for

dI5dE ^C i
1uH2 i ]0uC i

1&dt50, ~23!

within the manifold spanned by the set$xn~r ,R!; n51,...,N%,
and the resulting transition probabilities are accurate to or
idC i

1i2, wheredC i
1 is the error function. As the metho

minimizes this error function, it will try to reproduce, in th
domain of internuclear distances where overlap effects
small, the three kind of terms~excitation, charge exchange
and ionization! appearing in the form~16!. Then, we see
from Eq. ~14! that a basis functioneiUxn such that

En
~A!5^eiUxnuhA8 ueiUxn&5^eiUAxnuhAueiUAxn& ~24!

is negative describes~elastic or! excitation channels; the sec
ond set of angular brackets in~24! arises from the definition
of hA8 and Eq.~21!. Similarly, when

En
~B!5^eiUxnuhB8 ueiUxn&5^eiUBxnuhBueiUBxn& ~25!

is negative, the basis functioneiUxn represents charge ex
change. Finally, from~15!, when both En

(A)(R;b,v) and
En

(B)(R;b,v) are positive, it describes ionization. We notic
that ~24! and ~25! are origin-independent quantities an
when xn is a bound eigenfunction ofH, the corresponding
molecular energyEn(R),0.

We may now distinguish molecular treatments with a
without pseudostates. In the present work we are intere
in the latter, for which, for large enought, all molecular
functions are such that eitherEn

(A),0 or En
(B),0. For in-

stance, whenxn→f n
A asR→`, from ~24!, ~18!, ~21!, and

~5! we have

En
~A!5^eiUAxnuhAueiUAxn&→^eiUAfn

AuhAueiUAfn
A&

5^fn
AuhAufn

A&5En
A,0 ~26!

in this limit, with the similar resultEn
(B)→En

B,0 when
xn→f n

B andR→`. Consequently, even when ionization
described during the collision, because for somen we have
En

(A,B)(R;b,v).0, if the integration is carried out to a suffi
ciently large time and in the absence of pseudostates,
corresponding flux will eventually be trapped in either ex
tation @En

(A)(R;b,v),0] or charge-exchange @En
(B)

(R;b,v),0# channels. Therefore, a proper separation
tween excitation, exchange, and ionization probabilities
quires separating trapped from ‘‘genuine’’ transition pro
abilities, which may or may not be feasible in practi
without ambiguities.

C. Other expansions

Similar reasonings apply to a CTF-modified atomic e
pansion@2#. The same holds for a molecular expansion wi
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290 55HAREL, JOUIN, PONS, ERREA, ME´NDEZ, AND RIERA
out translation factors, which, for any finite-time interv
@2tM ,1tM#, can formally be taken as a special case of
pansion~17! in which a strong cutoff is introduced in th
CTF. Of course, because of Galilean invariance~20!, this can
only be done for a given origin of electronic coordinates, a
the resulting transition probabilities, as well as the atom
energiesE f

(A,B)(R;b,v), depend on this origin. However, fo
our purposes the important point is that, for any origin,
may use the previous reasonings to explain why molec
expansions are able to describe ionization.

On the other hand, it is worth mentioning that the situ
tion is radically different for a plane-wave-modified atom
expansion@18,19#, which, when improved with the inclusio
of pseudostates@20#, can be written as a truncated version
Eq. ~16! @the logarithmic phases in~3! and~4! usually being
absorbed in the expansion coefficients#

C i
1~r ,t !' (

n51

NA

cn
A~ t !Fn

A~r ,t !1 (
n51

NB

cn
B~ t !Fn

B~r ,t !

1 (
a51

Nion

ca
ion~ t !Fa

ion~r ,t !. ~27!

Then, from our reasonings we see that wherever the exp
sion ~16! holds for the exact wave function, and since
bound-state traveling atomic orbitalsF n

A,B have either
En

(A)5En
A,0 or En

(B)5En
B,0 @Eq. ~14!#, they represent ei-

ther excitation or charge exchange, respectively, while ps
dostatesFa

ion of positive energies~15! describe ionization. In
particular, in the region where overlap effects are negligi
there is no contamination of charge-exchange transi
probabilities by ionization. The main consequence is that
correct fall of the corresponding cross sections at high e
gies is achieved when no pseudostates are introduced in
basis. A related case is furnished by plane-wave-modi
molecular expansions@18,21,22#, whose success at higherv
@1# has been attributed@23# to their acting as an intermediat
representation between plane-wave-modified atomic exp
sions and CTF-modified molecular ones. However,
stressed in@23# and@2#, there is no guarantee that the succe
applies to other reactions or larger bases since the meth
not rigorouslyab initio.

III. ANALYSIS OF THE IONIZATION
AND TRAPPING MECHANISMS

A. Computational method

In the present work we solved Eq.~1! by employing ex-
pansions~17! in terms of exact eigenfunctions of the ele
tronic Hamiltonian, often called one-electron diatomic m
ecule~OEDM! orbitals:

Hxnlm~r ,R!5Enlm~R!xnlm~r ,R!, ~28!

which are labeled according to the spherical-state quan
numbers (nlm) of their united-atom limit; for the degenera
states corresponding to a givenumuÞ0, only the combination
that is symmetric with respect to reflection through a pla
containing the internuclear axis was employed, and will
labeled withm.0. Whenever useful, we shall also lab
-

d
c

ar

-
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these states according to the separated atom Li21~h! or H~h!
limit. The CTFU~r ,t! in ~17! is chosen to be the same as i
previous work@24,25,2#:

U~r ,t !5 f ~r ,R!v•r2 1
2 f

2~r ,R!v2t,
~29!

f ~r ,R![ f a~r ,R!5 1
2 @ga~m!1d#,

where

ga~m!5aa/2
m

~a211m2!a/2 ~30!

andd5122p ~wherep defines the position of the origin of
electronic coordinates; see the beginning of Sec. II!, a51.25
is a parameter chosen as in@2#, andm5(r A2r B)/R is the
prolate spheroidal coordinate. The CTF~29! fulfills ~18! and
~19! and yields transition amplitudes that are origin indepe
dent. The numerical techniques employed to calculate
modified nonadiabatic couplings and integrate the system
differential equations for the expansion coefficientsanlm(t)
are the same as in@2#.

The energies of the traveling orbitals exp@iU ~r ,t!#xnlm
with respect to the moving atoms,Enlm

(A,B)(R;v,b), as defined
in ~24! and~25!, were calculated by evaluation of the expre
sions

Enlm
~A,B!5 K xnlmU2 1

2
¹22

ZA,B
r A,B

UxnlmL
1 1

2 ^xnlmu~¹UA,B!2uxnlm&, ~31!

which was carried out by factorization into one-dimension
integrals for the~l,m,f! prolate spheroidal coordinates, fol
lowed by a 20-point Gauss-Laguerre quadrature for thel
integral and 48-point Gauss-Legendre quadrature for them
integral. From~21! and~22! it is easy to see that these ene
gies are independent of the parameterd defining the CTF in
~29! since

UA5~ f1p!v•r2 1
2 ~ f 22p2!v2t ~32!

5 1
2 ~ga11!v•r2 1

8 ~ga11!2v2t ~33!

and

UB5~ f2q!v•r2 1
2 ~ f 22q2!v2t ~34!

5 1
2 ~ga21!v•r2 1

8 ~ga21!2v2t.
~35!

On the other hand, when the switching functionf of ~29! is
multiplied by a strong cutoff function, as explained in Sec.
to deal with the case of a molecular expansion without tran
lation factors, Eq.~31! is still valid, as well as~32! and~34!.
However, ~33! and ~35! no longer hold and the energies
Enlm

(A,B) depend upon the value of the parameterd chosen in
~29!. Also, it is simpler to calculate these energies by direct
using the expressions~24! and ~25! with U[0:

Enlm
~A,B!5^xnuhA,B8 uxn&

5 KDA,BxnlmU2 1
2¹22

ZA,B
r A,B

UDA,BxnlmL , ~36!
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FIG. 1. Total capture cross sections for bare ionI Q11H(1s) collisions~Q53,4,5,6! obtained with minimal 11-, 21-, 36-, and 26-OEDM
orbital ~dashed curves! and extended 90-, 96-, 96-, and 83-OEDM-orbital~continuous curves! basis sets, respectively. The dot-dashed a
dotted lines~Q53! correspond to a 90-state calculation without a translation factor and to the contribution of then(n21)0 andn(n21)1
states to the total capture cross section within the CTF-corrected 90-state calculation.s, PWTF-AO electron-loss cross sections of Toshim
@26#. Experimental data:d, total capture of Seimet al. @28#; !, electron-loss of Shah, Goffe, and Gilbody@27,29#; l andj, total capture
and electron loss of Phaneuf, Janev, and Pindzola@30#.
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where thed dependence appears from~7! and~8! with d51
22p.

B. Generality of previous findings: Electron-loss cross sections

We have performed calculations forI Z11H(1s) colli-
sions, involving bare ionsI Z1, with Z53–6 in the velocity
range 0.05 a.u.,v,2.5 a.u. and expansions in terms of ba
sets of increasing size. We display in Figs. 1~a!–1~d! for
Z53–6, respectively, our results for total capture cross s
tions obtained with ‘‘minimal’’@3# ~consisting of 11, 21, 36
and 26 OEDM orbitals, respectively! and ‘‘extended’’~with
90, 96, 96, and 93 OEDM orbitals! basis sets. As in the cas
Z52, presented in@2#, our results show good agreement wi
available theoretical@26# and experimental@27–30# data for
electron loss. The agreement holds even for the minimal
and also for expansions without translation factors, wh
data are also included in Fig. 1~a! as an illustration. Hence, a
high v molecular expansions can yield remarkably accur
ionization cross sections and must therefore describe ion
tion. Our aim in the following sections is to analyze th
origin and characteristics of this description.

Because of the similar characteristics of the electron-l
cross sections calculated for the various systems, and fo
sake of conciseness, we shall focus, in the following, on
case of Li311H(1s) collisions as a prototype for multi
charged ion-atom collisions. For a clearer understanding
our explanations, the correlation diagram for the lowest
ergiesEnlm(R) of the LiH31 quasimolecule is displayed i
s

c-

ts
e

e
a-

s
he
e

of
-

Fig. 2. To ease identification, rather than drawingEnlm(R)
directly, we have scaled these energies and display in
figure the corresponding effective quantum numb
n0(Enlm)581/2uEnlmu1/2 @31# as a function of the internuclea
distance. The curves are labeled with both the (nlm) united-
atom and@Li21~h! or H~h!# separated-atom notations. In a
dition, for a nuclear trajectory with velocityv52 a.u. and
impact parameterb50.1 a.u., we indicate, for each (nlm)
state, the domain of internuclear distances for whichboth
atomic energiesEnlm

~Li,H!.0 @see Eq.~31!#: according to the
discussion in Sec. II, and provided that the overlap betw
the relevant atomic functionsFh

Li,H @see Eq.~16!# is suffi-
ciently small, in that domain the corresponding traveling
bital eiUxnlm is then able to represent an ionizing electron

C. Temporal evolution of populations

An advantage of the molecular method is its capability
providing a description of the processes through an anal
of their ‘‘history’’ along selected trajectories, as given by th
temporal evolution of the state populations. In the followin
we have chosen a nuclear trajectory yielding a sizable va
for the ionization probabilityPion, with v52 a.u. andb52
bohrs; this will hereafter be calledthe representative trajec
tory for conciseness.

For this trajectory, we illustrate the electron-loss mech
nism by displaying in Figs. 3~a!–3~c! the population
Ph(Z)5(n,l ,muanlm(t)u

2 corresponding to the captur
Li21~h! multiplets ~see Fig. 2!, with Z5vt, and for basis
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sets of 11@Fig. 3~a!#, 21 @Fig. 3~b!#, and 33 @Fig. 3~c!#
OEDM orbitals. The overall resemblance to the case
He211H collisions, described in@2#, should be pointed out.
Thus addition of the next~h54! multiplet to the minimal
~11-state! basis has the effect of absorbing part of the pop
lation of the lower~h53! multiplet @Figs. 3~b! and 3~c!#; we
see that this absorption takes place in two steps: at shoR
~in the regionZ.0 bohrs! and at longR ~for Z.10 bohrs!.
Then, in Fig. 3~c! this population is partly absorbed by th
next ~h55! manifold, in both the short-R and long-R re-
gions. We notice that in Fig. 3~b! the ~h52! capture popula-
tion has practically converged with respect to further i
crease of the basis. Furthermore, we find that, for the th
bases, the flux leaving the entrance channel and the elect
loss cross section remain sensibly the same.

Study of the temporal evolution of the state populatio
for larger basis sets shows the same pattern as in Figs. 3~a!–
3~c!: a short-R mechanism followed by a ladder-type@2#
long-R process. In the following section we shall illustra
the latter process, which is simpler to analyze; it was par
described in@2#, where, because of its sequential character
was pictorially called a ‘‘relay race’’: the relay being th

FIG. 2. Correlation diagram of the LiH31 quasimolecule: effec-
tive quantum numbern0(Enlm)5A28/Enlm as a function of the
internuclear distanceR. The continuous lines indicate, for the
nuclear trajectory~v52 a.u., b50.1 a.u.!, the domain ofR for
which both atomic energiesEnlm

(Li,H) associated with the traveling
molecular orbitalxnlme

iU are positive; see Eq.~31!.
f

-

-
e
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s

y
it

description of an ionizing cloud. Its relative contribution
the electron-loss cross section@shown in Fig. 1~a!# is '30%
for v50.1 a.u., rising to a maximum of about 46% forv51
a.u. and decreasing further to'32% forv52.5 a.u. As may
be seen from Fig. 3, the first relay originates from t
short-Rmechanism, which is nonsequential and has not b
explained before. In addition, this short-R mechanism pro-
duces a further 40–60 % of the electron-loss cross section
that it is crucial in the description of the ionization proces
Its analysis, which is considerably harder than that of
long-R process, is presented in Sec. III E.

D. Long-R „relay-race… mechanism

As explained in@2#, this mechanism mainly takes plac
through transitions induced by radial couplings
pseudocrossings between the molecular energiesEn(n21)0.
According to Fig. 2, in these regions the atomic energies
Eq. ~31! En(n21)0

(Li,H) .0, so that the traveling orbitals
eiUxn(n21)0 are able to represent an electron that is unbou
with respect to both nuclei. The process is illustrated in F
4~a!, where we have drawn the populationsPn(n21)0(Z)
5uan(n21)0(t)u

2, along the representative trajectory and f
an extensive 90-state calculation. In addition to thisn(n
21)0 relay race, we have checked that rotational intram
tiplet transitions stemming from then(n21)0 to then(n
21)1 states appear, which are followed by a~less important!
n(n21)1 relay race.

The close connection between these mechanisms and
so-calledT superseries transitions was already mentioned
@2#. In particular, the pseudocrossings involved are ident
to the ‘‘hidden crossings’’ described in Ref.@9#. Neverthe-
less, as may have been expected, in actual calculations
process is more complex than the picture afforded by thT
superseries. For example, relays are not entirely independ
an illustration is provided by the 650-760 and 650-870 rela
in Fig. 4~a!, which overlap because of the proximity of th
corresponding pseudocrossings. More importantly,
stressed in@2#, in an actual calculation the basis is finit
then, unlike theT superseries the relay-race mechanism c
not go on indefinitely and an~unphysical! accumulation of
the corresponding flux in the top rung of the ladder appe
this is accompanied by a reflux of the population, affecting
least the penultimate rung, as may be seen from a comp
son of Figs. 3~b! and 3~c! for theh53 multiplet atR.17 a.u.

A more detailed description of the process is provided
the properties of the orbitals involved. As an illustration, w
draw in Figs. 5~a!–5~h! the contours in the (x,z) plane for
thex430 @Figs. 5~a!–5~d!# andx540 @Figs. 5~e!–5~h!# orbitals.
While before the 430-540 pseudocrossing atR.12 bohrs
~Fig. 2! the former has a sizable density in the internucle
region, after the pseudocrossing this property is exchan
with thex540 density, while thex430 orbital localizes around
the projectile. Then, after the next 540-650 pseudocrossin
R'20 bohrs thex540 orbital also takes on an atomic~Li !
character. At sufficiently high nuclear velocities, the deloc
ized character of the traveling orbitalseiUx430 and e

iUx540
for R,12 bohrs results in that their atomic energies~24! and
~25! E430

(Li,H) ,E540
(Li,H).0 ~see Fig. 2! and they can represent a

ionizing electron, while for 12 bohrs,R,20 bohrs, only the
latter orbital has this property. We may then conclude fro
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FIG. 3. Temporal evolution along the nuclear trajectory~v52 a.u.,b52 a.u.! of the populationsPh(Z)5(n,l ,muanlm(Z)u
2 for the capture

Li21~h! multiplets withZ5vt and for basis sets of~a! 11, ~b! 21, and~c! 33 OEDM orbitals. EC refers to the entry channel.
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Figs. 2 and 4~a! that the relay race describes the evolution
a part of the ionizing wave function that is concentrated
the internuclear region. More specifically, in the long-R re-
gion, this wave function is mainly described: first, forR,12
bohrs, by theeiUx430 orbital; then, at the 430-540 relay, b
eiUx540; and, as the nuclei recede farther from each other
increasingly diffuse eiUxn(n21)0 orbitals with positive
atomic energies. Finally, the method fails when the last ru
of the basis is reached, the ionizing wave function canno
represented any longer, and the corresponding ionizing
is trapped in a state withEn(n21)0

(Li,H) ,0. The whole process
can be visualized by comparison of Figs. 4~a! and 6, where
in the latter we display the values ofEn(n21)0

(Li,H) (Z) along the
representative trajectory. To avoid jumps in the 650 and
atomic energies of Fig. 6 and thus obtain neater graphs
650-760 pseudocrossing of Fig. 2 has been made diaba
f

y

g
e
x

0
he
.

Finally, we stress the fact that the previous mechan
can give rise to capture or ionization depending on
nuclear velocity. This is illustrated in Fig. 7, which display
the energyE540

~Li !(Z) for several nuclear velocities and show
that this state is only capable of describing the ionizing fl
for v>1 a.u.

E. Short-R mechanism

As mentioned in Sec. III C, this mechanism produces
sizable part of the electron-loss cross section and origin
the relay race of Sec. III C. Because of its nonsequen
character, to elucidate the characteristics of the proce
involved requires a large number of calculations, in whi
specific couplings and sets of couplings are eliminated.
cause of space limitations, it is unsuitable to present here
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FIG. 4. Temporal evolution along the nuclear trajectory~v52 a.u.,b52 a.u.! of the populationsPn(n21)0(Z)5uan(n21)0(Z)u
2 obtained

by 90-state calculations in which the 431-430 rotational coupling~b! is or ~a! is not canceled.
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these results, so that we only state our findings and dis
the most compelling illustrations.

In these illustrations, we shall first consider the simple
minimal, 11-state calculation. For the representative tra
tory, we have plotted in Fig. 8~a! the populations of the
Li21~h53! multiplet states, with united-atom quantum num
bers 300, 310, 321, and 430. We see that forZ.0 the main
outcome is an exit through the 300 channel. This flux ari
from 321-300 rotational transitions, with the 321 state in tu
being populated from the 320 and 210 ones. The rotatio
character of the process may be seen from Fig. 8~b!, which
displays the same populations as Fig. 8~a! for calculations in
which the 210-321 and 320-321 nonadiabatic interacti
have been canceled: the exit through the 300 state is
drastically reduced.

Next, to investigate which part of the description provid
by the short-R process is a physical one, we examine t
ionizing character of the cloud. Figure 9~a! shows that the
321 and 430 states have positive atomic energies in
small-R domain ~see also Fig. 2! and are therefore able t
describe an ionizing cloud. On the other hand, we find t
ay

t,
c-

s
n
al

s
en

e

e

t

the atomic energyE300
~Li !,0, so that the 300 state cannot re

resent an ionizing event. Consequently, the trapping of
ionizing flux by this state in Fig. 8~a! is unphysical.

For extended bases, the same behavior is obtained. Fi
9~b! shows that the ionizing property of the 321 and 4
states is shared by the 431, 420, 651, and 640 traveling
bitals ~as before, the sharp 530-640 and 541-6
pseudocrossings have been made diabatic for the sak
clarity!. Similarly, one finds a trapping of this cloud by th
n00 states, withn>3. We are therefore led to investigate th
workings of the mechanism.

These workings hinge on a peculiar structure of the c
pling matrix between the molecular wave functions in t
short-R region. First, because of the fast localization of t
n(n21)1 orbitals asR increases, a coexistence appears,
the pertinent~short-! R domains whereEn(n21)1

(Li,H) .0, of size-
ablen(n21)1-n00 andn(n21)1-n(n21)0 rotational cou-
plings. Second, in addition to thesep-s interactions, the
channels in thes andp manifolds interact between them
selves through radial couplings, in the same region. All th
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FIG. 5. Contours in the (x,z) collisional plane of~a!–~d! x430(x,y50,z,R) and ~e!–~h! x540(x,y50,z,R) for several internuclear
distances:~a! and~e! R57 a.u.,~b! and~f! R510 a.u.,~c! and~g! R514 a.u., and~d! and~h! R525 a.u. The black points indicate the nucl
positions.
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couplings gives rise to a dense network of highly interco
nected states in a smallR domain, whose lowest tracks ar
schematically drawn in Fig. 10, which should be studied
combination with the quantitative energy diagram of Fig.

It is significant that the network of Fig. 10 accounts f
most of the ionizing flux: the rest corresponds to furth
intramultiplet distributions at largeR. For example, for the
90-state calculation, the sum of the shortR
@(n(sn001sn101sn11)# and relay-race @(n(sn(n21)0
1sn(n21)1)# partial cross sections~in an obvious notation!
accounts for about 90% of the electron-loss cross section
v,1.8 a.u., decreasing to about 80% at higher nuclear
locities.

We indicate in Fig. 10 that the network feeds from t
320 entrance channel~mixed with the 210 state at shortR!
would extend indefinitely up to and including the molecu
continuum. Through thexn(n21)1 wave functions, it provides
a representation of thep component of the expanding ioniz
ing cloud. However, truncation of the basis results in t
this representation is impaired and the part of the flow t
does not feed the long-Rmechanism accumulates in the de
ends of the network, which are then00 states. A practica
consequence of the simultaneous interconnection betw
the network elements is that cancellation of a given coup
results in that the probability flows through the others; this
the main feature that renders the analysis so difficult.

It may be seen in Fig. 10 that a very important feature
the short-R network is that in the way out of the collision
provides most of the input flux for the 430-540 relay-ra
mechanism, through the 320-431 and 431-430 rotatio
transitions. It can also be noticed in Fig. 10 that the 430
-
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431 states belong to both short- and long-R mechanisms.
Now, since, on the other hand, the former is a member of
320-430-540-••• T superseries and, on the other, it is tra
siently populated in Fig. 4~a! @and in Figs. 8~a! and 8~b! for
the minimal basis# for Z,0 in a region whereE430

~Li,H!.0, it
may seem surprising that it is fed in the long-R mechanism
through a rotational coupling~Fig. 10!.

In order to understand the dual role of the 430 state,
first analyze the transitions populating it forZ,0. These op-
erate through the 320-430 coupling, which displays a ma
mum at R'8 a.u. and changes sign atR'5.5 a.u.; this
change of sign explains the depopulation of the state n
Z50. Second, to show that the long-R mechanism is not
triggered by this coupling but by the 431-430 interaction,
display in Fig. 4~b! the same collision history as Fig. 4~a!,
but with this interaction eliminated: a drastic reduction of t
430-540-••• relay flux for Z.0 is then obtained, while the
maximum of the 430 population forZ,0 is unchanged.

We now present a general proof that the short-R mecha-
nism is essentially a rotational one and describes ionizat
We display in Fig. 11, for the prototype trajectory and t
90-state calculation, the result of eliminating from the ba
all orbitals of p symmetry with positive atomic energies
while keeping the negative-energy~xn11! p orbitals. An im-
portant lowering of the(nPn00 probabilities ensues, which
shows that the former traveling orbitals, which can repres
ionization, are indeed crucial in the process. Incidentally,
also see from Fig. 11 that an overcompensation for the eli
nation of ionizingp states appears, so that the mechani
involving s states~and, as a consequence, the relay ra!
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FIG. 6. Atomic energies of
xnlme

iU traveling molecular states
in moving H ~continuous lines!
and Li ~dashed lines! atomic
frames as functions ofZ5vt for
the nuclear trajectory~v52 a.u.,
b52 a.u.!.
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becomes much more efficient~(nPn(n21)0 substantially in-
creases!.

Finally, from all the information gathered on the shortR
mechanism and from the characteristics of the wave fu
tions, we can conclude on the physical origin of the proc
and its relation with the relay long-R one. Both mechanism
share a common physical origin: the swift nuclei leave
hind the electronic cloud as they separate and when
c-
s

-
is

cloud has a positive energy with respect to both atoms
describes an ionizing event. The difference is that
short-R mechanism arises from the inertia of the cloud
follow the rotation of the internuclear axis, while the rela
race refers to nuclear translation. The superposition of tr
eling p ands orbitals stemming from both processes th
represents an ionizing cloud that is situated in the inter
clear region, with its center off the internuclear axis.
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F. Molecular approach without translation factors

As mentioned in Sec. II the behavior of such an expans
is less definite than the CTF-modified one~17! because the
results depend on the origin of electronic coordinates cho
in Eq. ~1!. Nevertheless, it is interesting to illustrate som
similarities and differences with the previous case; we n
do so for two choices of origin.

When the same OEDM orbitals$xnlm% are involved in the
expansions with and without the CTF exp(iU ), in the present
context the pertinent differences lie with the atomic energ
~31! and~36!. We are thus led to consider the equivalent

FIG. 7. Atomic energy of thex540e
iU traveling molecular state

in the moving Li atomic frame as a function ofZ5vt for various
nuclear velocities andb52 a.u.
n

en

s
,

e.g., Fig. 6 forEnlm
(Li,H) (Z). Forp5 1

2 ~origin at the geometrica
center!, these curves are shown in Fig. 12 for then(n21)0
states. Another possibility is to takep50 ~origin on the H
nucleus!, which permits one to correctly impose the initi
condition because thenDA51 in Eq. ~7!; the corresponding
atomic energies are drawn in Fig. 13.

The first conspicuous difference between Figs. 6 and 1
that, at large distances, in the former figure we have eit
En(n21)0
(Li) ,0 ~capture channels! or En(n21)0

(H) ,0 ~excitation
channels!, whereas in Fig. 12~save for the 210 state! both
En(n21)0
(Li) andEn(n21)0

(H) >0 at largeR. The reason is that the
limit forms of the molecular wave functionsxnlm~r ,R! are
superpositions of bound and continuum atomic wave fu
tions F f

Li(r ,R) or F f
H(r ,R) @defined in Eq.~3!#. The same

holds for Fig. 13, except for the excitation channels,
whichxnlm→fh

H asR→`. Then, sinceDA51, we have from
~36! that Enlm

(H)→Eh
H521/2h2. For instance,x320→f1

H, and
E320

~H!,0 for R.4 ~see also Figs. 2 and 6!.
From these reasons and the overall comparison of Fig

12, and 13, we see that the CTF greatly improves the ph
cal sense of the basis orbitals, as is well known. Nevert
less, the most interesting feature for the present purpose
that in the small-R and hidden crossing regions, the atom
energiesEn(n21)0

(Li,H) (Z) of Figs. 12 and 13 exhibit a simila
behavior to the case with translation factors~Fig. 6!. Further-
more, we also have a similar network for the short-R rota-
tional mechanism. Therefore, from all this we may expect
analogous, though less neat, description of ionization
-
l

FIG. 8. Temporal evolution of
the populationsP(Z)5uanlm(Z)u

2

obtained~a! in the 11-state calcu-
lation and ~b! in a modified 11-
state calculation where the 210
321 and 320-321 rotationa
couplings are canceled.
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FIG. 9. Atomic energies of
xnlme

iU traveling molecular states
in moving H ~continuous lines!
and Li ~dashed lines! atomic
frames as functions ofZ5vt for
the nuclear trajectory~v52 a.u.,
b52 a.u.! ~a! for all the states
correlating asymptotically to
Li21~n53!1H1 and ~b! for
higher excited states@431 and 420
correlating to Li21~n54!1H1 and
651d and 640d correlating to
Li21~n55!1H1#. The sharp 541-
651 and 530-640 pseudocrossin
have been made diabatic for th
sake of clarity.
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when translation factors are employed. This was ind
shown in@2# for He211H collisions and may be seen in Fig
1~a! for the present benchmark.

IV. CONCLUSIONS

To obtain information that will, in the future permit one t
generate pseudostates in a systematic and physically m
ingful way, we have attempted a detailed analysis of
description of atomic collisions by molecular close-coupli
methods. We have first ascertained that our previous find
@2# on the He211H reaction hold generally for collision
between multicharged ions and H(1s): while capture prob-
abilities have the wrong fall at high velocity, the electro
loss ~capture plus ionization! cross section is accuratel
d

an-
e

gs

given. We may thus answer in the positive question~iv! of
the Introduction: the contamination of capture by ionizati
and the accurate description of the combined capture
ionization process are general features of molecular clo
coupling treatments in the intermediate-energy range.

To answer the other questions, we have presented a s
tion of a large number of tests carried out for th
Li311H(1s) reaction. This system was chosen as a differ
benchmark from the usual He211H and as a prototype o
multicharged ion-atom collisions.

With respect to question~i!, in Sec. II B we have ex-
plained the apparent paradox of the description of ionizat
by expansions that do not include the three-body continu
some wave functions represent both a bound molec
eigenstate in a fixed-nuclei frame of reference and ato
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unbound packet states in moving-nuclei frames. As
plained at Sec. II C, this property is not shared by atom
basis functions modified with plane-wave-type translat
factors and is, in general, not shared either by simila
modified molecular bases. Next, by using the atomic en
gies ~24! and ~25! in the moving frames as a tool, we hav
proved@Figs. 6, 7, 9~a!, and 9~b!# the ionizing character o
the traveling molecular states in the very regions where t
are involved in nonadiabatic transitions. This explicit pro
deals with point~ii ! of the Introduction and is much mor
definite that a coincidence of calculated cross sections w
ionization measurements in a specific case. By compar
of those figures with Fig. 8, the details of the ionizin
mechanism can be understood from the velocity-depen
correlation diagram of Fig. 2.

Furthermore, our analysis, summarized in Secs. III D a
III E, has not been restricted to a detailed confirmation of
conjectures of Refs.@1,2#: we also found that our previou
~ladder! mechanism was significantly incomplete. A dom

FIG. 10. Schematic of the lowest tracks of the network of m
lecular states implied in the transport and trapping of the ioniz
flux.
-
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nant part of the ionizing flux is due to a mechanism operat
at short distances, which, in addition, is found to trigger~Fig.
10! the ladder one. Unlike the long-R process, the mecha
nism primarily involvesrotational transitions and a closely
knit network of strongly coupled states. This has importa
consequences regarding the requirements on pseudosta

More specifically, in the long-R process the swift nucle
separate and leave behind a portion of the electron clou
the internuclear region, in which the electron is unbou
with respect to both nuclei. This portion is sequentially d
scribed by increasingly diffuse orbitals, which pass on
relay as soon as one of their atomic energies becomes n
tive. However, for a finite basis there is always a lar
enough distance such that the energies of all traveling or
als become negative with respect to either one of the nu
@Eq. ~26!#. Then, as the nuclei separate the ionizing flux
trapped, almost exclusively in capture channels. Althou
some relay states are transiently populated in the way in
the collision@see, e.g., Fig. 8~a!#, the relay ladder process i
started by the short-R one, which arises from the reluctanc
of the electron cloud to follow the fast rotation of the inte
nuclear axis. Because of the dense network of rotational
radial couplings that exist there, this gives rise to an alm
simultaneous large number of transitions between the
lecular states. In this case, incompleteness of the basis re
in an unphysical trapping by the dead ends of the netwo
which also correlate to capture reaction channels. The fi
result is that the ionizing flux is accounted for as charg
exchange probabilities, and one obtains an overestimat
the capture cross sections at high velocity, while electr
loss cross sections are accurately reproduced.

We may thus answer point~iii ! of the Introduction: the
description of ionization by molecular states ceases to b
physical one when these states acquire a negative energy
moving atomic frame and truncation of the basis preven
description of the ionizing flux by the corresponding missi
link in any of the chains of the network schematized in F
10.

We may also partially answer question~iv!: pseudostates

-
g

-

FIG. 11. Temporal evolu-
tion along the nuclear trajectory
~v52 a.u.,b52 a.u.! of the pop-
ulations (nuan(n21)0(Z)u

2 and
(nuan00(Z)u

2 obtained in the 90-
state calculation~I and II, respec-
tively! and in a modified one with
all orbitals of p symmetry with
positive atomic energies elimi
nated from the basis~I* and II* ,
respectively!.
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FIG. 12. Atomic energies of
xnlmmolecular states in moving H
~continuous lines! and Li ~dashed
lines! atomic frames as functions
of Z5vt for the nuclear trajectory
~v52 a.u.,b52 a.u.!. The origin
of the calculation is at the geo
metrical center of the nuclei~p5
1
2!; see Eq.~36!.
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should complete the basis in such a way as tolocally im-
prove the description of both long- and short-R processes.
This involves a wide range of internuclear distances in ad
tion to the asymptotic region, and thereby a drastic cha
from the method of Ref.@4#, which focused on this region
~see Fig. 1 of@4#!. The success of our method in the trea
ment of the He11H1 reaction is probably due to the fact th
the process is quasi-instantaneous and occurs at very
i-
e

-

ort

distances where completeness of the basis is best. Its pa
failure in most other cases, including He211H and the
present Li311H benchmark, is due to the fact that oth
internuclear distances are involved and consequently a
ferent type of pseudostate is required, which should cove
region of configuration space lying between the nuclei a
centered off the axis. In addition, the trapping by then00
states found here was quite unexpected on physical grou
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FIG. 13. Same as Fig. 12, bu
with the origin of the calculation at
the H nucleus~p50!.
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and should have a strong bearing on the optimal choice
pseudostates.

Finally, the present work offers a quantitative descripti
of ionization at intermediate energies that is not available
the literature. In this respect, it should be noticed that,
spite of the complexities of the detailed mechanisms,
overall physical picture obtained is a very simple one. In t
picture, ionization, like charge exchange or excitation, ari
of

n
n
e
s
s

as a result of the inertia of the electron cloud to adiabatica
follow the nuclear motion. This gives rise to nonadiaba
transitions, which can represent an ionizing flux whene
the nuclear velocity is high enough that the energy of
traveling orbitals is positive with respect to both movin
atomic reference frames. Then, as the close-coupling tr
ment minimizes the difference between approximate and
act wave functions, it also represents the ionizing part of
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latter. This picture was obtained here for molecular exp
sions that incorporate, as usual, a common translation fa
Molecular expansions without translation factors share
same properties, although in a less neat way, showing
the factors greatly improve the physical character of the b
orbitals.
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