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Description of ionization in the molecular approach to atomic collisions. II
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We complement a previous article@Harelet al., Phys. Rev. A55, 287~1997!# that studied the characteristics
of the description of ionization by the molecular approach to atomic collisions, by comparing the wave
functions with accurate counterparts. We show how the failure of the basis to describe the phase of the ionizing
wave function results in a trapping of the corresponding population in some molecular channels. The time
evolution of the molecular wave function then departs from the exact one and the ionization and capture
mechanisms appear as interlocked. We thus elucidate the question of the ‘‘natural’’ boundary of the molecular
approach and draw further consequences as to the choice of pseudostates and the use of translation factors.
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I. INTRODUCTION

Our knowledge of the domains of validity of comput
tional methods in atomic and molecular physics relies
comparisons between calculated observables and the
accurate values available. These comparisons are ne
even for approaches that are formally convergent on the
act result when a parameter~such as the size of a basis! is
indefinitely increased. In the field of atomic collisions, and
a result of many years of experience on the basis of com
ing total and partial cross sections~e.g.,@1–11#!, it is agreed
that the most reliable convergent methods are the so-ca
close-coupling approaches@12#. In particular, at low nuclear
velocities v, close-coupling expansions in terms of eige
functions of the fixed-nuclei Hamiltonian accurately ta
into account the strong interactions giving rise to charge
change and excitation processes, and have been extens
used. In the present work, we focus on this molecular
proach; alternative, atomic close-coupling expansions h
also been successfully employed@1,13#, and will be consid-
ered in a separate work.

At higher v, in the so-called intermediate range, the m
lecular approach has also been successfully employed@8# to
simultaneously calculate capture, excitation, and ioniza
cross sections. In the particular work of Ref.@8#, the basis
included pseudostates, but it is significant that reason
electron-loss cross sections are even obtained in term
bound states alone@15,16#; this would seem to suggest th
the choice of pseudostates is not critical. The question
studied in Ref.@17#, by considering the orbital energies
both the artificial frame of fixed nuclei~Born-Oppenheimer
approximation! and the physical frames of the moving nuc
~collisional frames!: when a given orbital~which has a nega
tive molecular energy in the fixed-nuclei frame! has positive
atomic energies in the collisional frames, it can describe i
ization. These findings were confirmed by a study of
results of classical trajectory Monte Carlo calculatio
@18,19#, using the inverse transformation, from the col
sional to the fixed-nuclei frame.

The analysis of Ref.@17#, which was almost entirely car
ried out in terms of orbital populations and transition pro
1050-2947/2002/65~2!/022711~9!/$20.00 65 0227
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abilities, left important questions unanswered, such as
accuracy of the calculated wave functions. This is especi
relevant since the advent of recoil-ion momentum spectr
copy @21,22#, which involves the momentum components
the ionized electrons. Furthermore, the classical study@18#
showed that even near the ionization threshold, the ioniz
cloud is not entirely describable by bound molecular state
large internuclear separations. Moreover, this also applie
higherv to a sizeable portion of the cloud during the who
process, which stands in apparent contradiction to the fi
ings of Ref.@17#. Another unanswered question is whethe
common (capture1ionization) physical mechanism is at th
root of the fact that the ionization population appears
terms of ‘‘capture’’ probabilities in treatments of~positive!
ion-atom collisions including common translation facto
~CTFs! @23#. In turn, this has a bearing on the striking
different large-v behavior of molecular expansions includin
CTFs and plane-wave translation factors~PWTFs! @24#,
which was shown some years ago@15,16,25–27#, and whose
origin largely remains an open question.

In this paper we shall treat these points and especi
check on the accuracy of the wave functions. We focus o
relatively high velocity, so that the contradictions and lim
tations stand out clearly and we are able to carry out a pro
analysis of approximate wave functions, which requires b
the computer codes to generate them and a sufficiently a
rate testing agent to compare with. Here we employ for
former the algorithms used in Refs.@7,17#, and for the latter
the method of Ref.@28#, which consists in expanding th
total electronic wave function in terms of spherical Bes
functions confined in a finite box~for alternative methods to
treat ionization at intermediate energies, see e.g., Refs.@29–
33#!.

A similar analysis to ours was carried out in Refs.@14,28#
for antiproton impact collisions, and some answers to
previous questions were briefly commented upon in R
@34#, which will be used as a starting point in the followin
section. Section III illustrates our findings, and our conc
sions are drawn in Sec. IV. Atomic units are employ
throughout.
©2002 The American Physical Society11-1
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II. THEORY

A. Necessary requirements to represent ionization

The molecular close-coupling method expands the w
function representing the collisional system in terms of a
of eigenfunctionswn of the fixed-nuclei HamiltonianH. This
perturbed stationary-state models is usually modified by m
tiplying the basis functionswn by CTFs @12,16#, although
PWTFs have also been employed@15,26#.

The question of the accuracy of close-coupling wa
functions becomes critical at velocities so high that the e
tronic structure of the colliding system has little to do wi
those of molecular orbitals~MOs!. In particular, the ioniza-
tion densities strongly differ from the electronic structure
bound molecular states@18,35#. As mentioned in the Intro-
duction, the reason why ionization can be nevertheless
resented by those states was considered in Refs.@17,34#, and
we briefly repeat the arguments. Choosing the usual@12#
case of an impact-parameter treatment of He211H colli-
sions, the electronic wave function fulfills the impac
parameter equation,

S H2 i
]

]t Dc~r ,t !50, ~1!

where the projectile follows a rectilinear trajectoryR5b
1vt with impact parameterb and velocityv.

We approximatec with a close-coupling expansion

ccc~r ,t !5(
n

N

an~ t !wn~r ,t !exp~ iU n! ~2!

in terms of a basis of~normalized! MOs wn of the HeH21

quasimolecule, modified with the electron translation fact
~ETFs! Un , and with energies

En5^wnu2 1
2 ¹221/r H22/r Heuwn&,0. ~3!

As was shown in@17#, in the R domains where asymptoti
orthogonality holds, some of these ETF-modified MOs c
also describe ionizing states when the corresponding e
gies with respect of both moving nuclei are positive,

En
H5^wn exp~ iU n!u2 1

2 ¹221/r Huwn exp~ iU n!&.0, ~4!

En
He5^wn exp~ iU n!uexp~ iv•r !~2 1

2 ¹222/r He!

3exp~2 iv•r !uwn exp~ iU n!&.0, ~5!

where the origin of electronic coordinates is situated at
target H nucleus.

When Eqs. ~4! and ~5! are both fulfilled, the orbital
wn exp(iUn) describes an ionizing cloud in the physical fram
of moving nuclei. Otherwise, the cloud is bound to eith
nuclei, or to both.

These necessary requirements allow us to explain w
expansions in terms of MOs modified by PWTF are una
to describe ionization at largeR: for a capture orbitalwn ,
Un5exp(iv•r ), so thatEn

He5En,0 always; and for the en
trance channel or any excitation orbital,Un50 and En

H
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5En,0. Hence, both necessary conditions are never
filled, so that a description of ionization is only possible
the small-R region where the basis is strongly nonorthogon

We are thus led to focus on CTF-modified expansions
the following. For these, transitions giving rise to ionizatio
were shown@17# to take place in thoseR domains where
both Eqs.~4! and~5! are fulfilled. A similar result is obtained
when one calculates the molecular energy@equivalent to Eq.
~3!# of an ensemble of ionizing classical electrons in an a
ficial, fixed-nuclei frame; see Refs.@18,36#: there is a portion
of the cloud that has a negative molecular energy, and
describable by bound molecular wave functions modified
CTFs. The next question is how accurate is this represe
tion of an actual collisional event.

B. Sufficient requirements

To tackle the previous question, we now draw from t
explanation of Ref.@34#. We start by assuming that the bas
function w1 yields a reasonably accurate description of t
exact wave functionc ~in a finite volume! at a timet, so that
we have

c~r ,t !5w1~r ,t !exp~ iU !5ccc~r ,t !, ~6!

whereUn5U is the CTF.
We now look at which condition must be fulfilled at late

times t1mdt(m51,2,...), dt being the integration step em
ployed to solve the system of differential equations for t
coefficientsan of Eq. ~2!; to simplify the explanation, we
adopt a constant step. An obvious sufficient condition is t
the manifold spanned by the basis set contains the e
function c(r ,t1mdt) at each pivotal pointt1mdt of the
numerical procedure. Then, the basis is dense enough~in the
language of functional analysis! to propagate the solutions o
Eq. ~1!, and we shall haveccc(r ,t1mdt)5c(r ,t1mdt).

This requirement can be summed up by the condition t
P̂MOc5c at all times, whereP̂MO is the projector onto the
manifold spanned by the close-coupling basis@wn exp(iU);
n51,...,N] of Eq. ~2!,

P̂MO5(
n

N

uwn exp~ iU !&^wn exp~ iU !u5 P̂H
MO1 P̂He

MO, ~7!

where P̂He
MO is the sum of the elementary projectors for t

MOs that asymptotically represent He1 orbitals, andP̂H
MO is

the corresponding projector for the orbitals that asympt
cally represent H states.

The sufficient condition can be transformed into
equivalent one exclusively involving the basis set

c~r ,t1dt !5w1~r ,t1dt !exp~ iU !

2 idtS H2 i
]

]t Dw1~r ,t !exp~ iU !1O~dt2!,

~8!
1-2
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DESCRIPTION OF IONIZATION IN THE . . . . II PHYSICAL REVIEW A 65 022711
which shows that for the first integration stepdt an equiva-
lent condition is that the manifold contains the first absor
@37,38# function,

w1
R~r ,t ![

S H2 i
]

]t Dw1~r ,t !exp~ iU !

i S H2 i
]

]t Dw1~r ,t !exp~ iU !i
. ~9!

Propagation fromt to t1dt is then described in the close
coupling mechanism through transitions fromw1eiU to the
other basis functionsw je

iU spanningw1
R . To propagate from

t1dt to the next pivotal pointt12dt, we shall require the
basis to be able to represent the first and second absorb
w1 and so on. Hence, to obtainccc(r ,t1Dt)5c(r ,t1Dt),
the larger Dt, the higher-order absorbers that the clos
coupling manifold should span.

C. Trapping effects

The sufficient conditionP̂MOc5c means thatc stays in-
side the manifold defined by Eq.~7! and can be applied to
any physical process. In the particular case of ionization,
much more stringent than Eqs.~4! and ~5!: while these only
require the wave function to describe an ionizing cloud,
new condition guarantees that it is the exact one. As poin
out in Ref. @34#, wheneverP̂MOc significantly differs from
c, the correct propagation of the wave function is impair
and the population remains trapped@14,34# in the initial ba-
sis functions. For instance, in the previous example~Sec.
II B !, when the close-coupling manifold does not contain
first absorber,P̂MOcÞc and the population will be trappe
in w1 . A trapped population can in turn give rise to unphy
cal transitions whenever the corresponding basis funct
are coupled to other ones. The result can be a complic
and artificial mechanism.

In spite of these complications, it is noteworthy that a
curate cross sections can be obtained in many cases fo
following reason. Taking, for instance,Xq11H collisions, as
we shall see, trapping in capture states occurs; since t
states are mostly coupled to other capture wave function
large R, the trapped ionizing population mostly remains
the capture manifold, so that reasonable values for
ionization1capture cross section result. We then have an~ap-
proximate! convergence of this cross section to the ex
result, but not of the corresponding wave function.

III. RESULTS AND DISCUSSION

A. Method

As mentioned in the Introduction, we shall elucidate t
accuracy of the molecular expansion for the usual benchm
of He211H(1s) collisions, since it is employed in most o
our previous work on the subject~see, e.g.,@16#!. In fact,
which particular benchmark is chosen is rather immater
because of the similar accuracy of electron-loss cross
tions for Xn11H(1s) collisions, for a wide range of veloci
ties, as shown in Ref.@17#.
02271
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In our comparisons, we select a representative nuc
trajectory with impact parameterb51.2 a.u. and nuclear ve
locity v53 a.u. which yields a sizeable value for the ioniz
tion probabilityPion . The ionizing wave function is obtaine
with the method of Pons@28#, which employs an expansio
in terms of spherical Bessel functions confined in a finite b
of radiusr max5120 a.u. centered on the target. In the pres
application the basis consists of all thej l(kr) functions such
that j l(krmax)50 with 0<k<kmax52.5 a.u. and 0< l< l max
53. The radial functions are then multiplied by spheric
harmonicsYlm with m<2. Finally, to speed up the conve
gence of the expansion with respect to the description of
lowest bound eigenstates of the target, the exact H(1s) and
H(2p) orbitals are added to the basis.

The ionizing part, henceforth calledc ion , of the total
wave function is obtained by prediagonalizing the targ
Hamiltonian in the basis and adding up the populations
the ensuing atomic functions with positive energies. In pr
tice, the system is heteronuclear so that it is equivalen
projecting out the bound states of atomic hydrogen,

P̂H
AO5(

j
uf j

H&^f j
Hu5 lim

R→`

P̂H
MO, ~10!

so that the elastic and excitation part of the wave function
asymptotically given by

cH5 P̂H
AOc, ~11!

and when electron capture can be neglected, the ionizing
is

c ion5~12 P̂H
AO2 P̂He

AO!c5~12 P̂H
AO!c, ~12!

so that

c5cH1c ion . ~13!

The convergence of all the following results with respect
the parameters$r max,kmax,lmax% of the Bessel expansion ha
been explicitly checked as in Refs.@14,15#.

B. Temporal evolution of MO populations

We first compare the overall features of the physi
mechanism to the one provided by the close-coupl
method.

In the physical mechanism, a part of the electron cloud
polarized by the incoming projectile and picks up enou
energy to detach from the target, but does not succee
following adiabatically the swift projectile. It is thus left in
an ionizing state, which asymptotically describes a quasif
expanding cloud, which stays relatively close to the tar
@35#. This is the well-known direct-ionization mechanism.

Turning now to the molecular mechanism, this is usua
described by means of the ‘‘history’’ of the process, as giv
by the temporal evolution of the state populations along
lected trajectories@16,17#. Here we employ the same 14-ter
expansion of MOs, modified with the CTF of Refs.@39,40#,
as in Ref.@16#. Summation over the populations of the~nine!
1-3
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L. F. ERREAet al. PHYSICAL REVIEW A 65 022711
capture channels then yields the total ‘‘capture’’ probabil
Pcap

cc ,

Pcap
cc 5 lim

t→`

iccap
cc i25 lim

t→`
(

n

cap

uan~ t !u2 ~14!

with

ccap
cc ~r ,t !5 P̂He

MOccc~r ,t !, ~15!

and the close-coupling wave function is obtained by add
to ccap

cc the elastic1excitation partcee
cc.

ccc5cee
cc1ccap

cc 5 P̂H
MOccc1 P̂He

MOccc. ~16!

We display in Fig. 1 the values of the ‘‘capture’’ populatio
iccap

cc i2 along the selected trajectory as a function ofZ
5vt. Comparison with the collisional histories drawn in Re
@16# shows that the overall history is similar to those at low
impact energies, to those for larger basis sets and ano
systems@17#.

In all those cases, we can distinguish a short-R (Z
,5 a.u.) mechanism whereiccap

cc i2 increases rather abruptly
and a long-R process where it varies smoothly. As shown
Ref. @17#, the long-R mechanism represents an expansion

FIG. 1. Ionization probabilities as functions of the nuclear c
ordinateZ5vt for a selected trajectory with relative nuclear velo
ity v53 a.u. and impact parameterb51.2 a.u. obtained using dif
ferent methods: thick line,ic ioni2 of Eq. ~12! obtained by means o
the present monocentric Bessel expansion; thin line, elect
‘‘capture’’ probability iccap

cc i2 of Eq. ~15! obtained by means of the
molecular close-coupling expansion including the CTF, long-das

line, values ofi(12 P̂H
AO)ccci2 obtained with the CTF; circles, val

ues of i(12 P̂H
AO)ccci2 obtained without the CTF; dash-dot-das

line, values ofi P̂MOc ioni2 with P̂MO of Eq. ~7!; dashed line, values

of i P̂MO1c ioni2 with P̂MO1 being the projector onto the augmente
basis with pseudostates of Eqs.~28!–~30! including the CTF.
02271
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an ionizing cloud in terms of sequences of progressiv
more diffuse MOs@41#, and the short-R mechanism is very
complicated.

Comparison in Fig. 1 of the values oficcap
cc i2 with the

corresponding monocentric ionizing populationic ioni2 @Eq.
~12!# shows that both results converge to approximately
same exit probability in thet→` limit. Hence, as surmised
in our previous work@16,17#, we have the asymptotic ap
proximation

Pcap
cc 5 lim

t→`

iccap
cc i2' lim

t→`

ic ioni25Pion . ~17!

This agrees with the usual practice of taking the ‘‘ca
ture’’ probability Pcap

cc to correspond to ionization at highv.
Nevertheless,Pcap

cc overestimatesPion , and iccap
cc i2 and

ic ioni2 are quite different at smallZ. Furthermore, the suffi-
cient condition P̂MOc ion5c ion of the previous section is
never met, sincei P̂MOc ioni2, also drawn in Fig. 1, is almos
negligible.

On the other hand, Eq.~17! cannot be coincidental, sinc
it has been shown to hold for many systems and nuc
velocities~see, e.g., Ref.@17# for the cross sections!. To ana-
lyze this apparent paradox, we need to consider the w
functions as well as the probabilities.

C. Comparison of wave functions

1. Target polarization

We start with the domain of internuclear distancesZ,
22 a.u. in Fig. 1. As shown in Fig. 4 of Ref.@35#, the physi-
cal mechanism is a strong and rapid polarization of the ini
H(1s) state, which remains bound, so thatc ion'0 in Eq.
~13! andic ioni2'0 in Fig. 1. Upon inspection, one finds tha
ccc manages to approximately describe this simple proces
a rather complicated way, through a network of radial a
rotational couplings@17#. The overall result is that we hav
the rough approximations for the electronic densities,

ucccu25ucee
cc1ccap

cc u2'ucu2'ucHu2, ~18!

so that@see Eq.~12!#

u~12 P̂H
AO!cccu2'u~12 P̂H

AO!cu2'0. ~19!

We stress that the network of transitions is not due to
physical process being complicated, but to the rapid ti
variation of the basis functions, which in turn is mainly du
to the abrupt and unphysical behavior of the CTFU @42# at
shortR and highv. This point is exemplified in Fig. 1, where
we show the values ofi(12 P̂H

AO)ccci2 obtained with and
without the CTF in Eq.~7!: we see that the consequence
Eq. ~19!,

i~12 P̂H
AO!ccci2'0, ~20!

is fulfilled to a much better degree for the results witho
ETFs than for the CTF data. We note that when the CTF
excluded from Eq.~2!, the individual probabilitiesuanu2 do

-

n-

d
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FIG. 2. Values of electronic densities along thez axis ~integrated overx andy axis! for three different values of the nuclear coordina

Z5vt50.5 a.u.~a!, 2.5 a.u.~b!, and 16 a.u.~c! for the selected trajectory of Fig. 1. Thick line,uc ionu2; long-dashed line,u(12 P̂H
AO)cccu2

obtained fromccc with the CTF; dash-dot-dash line,uP̂MOc ionu2, with PMO being the projector of Eq.~7! including the CTF; circles,

uP̂MOuc ioni2 with P̂MO being the projector of Eq.~7! without the CTF; dashed line,uP̂MO1c ionu2 with P̂MO1 being the projector onto the
augmented basis with pseudostates including the CTF.
nd

d

ith-
.

-

n-
not converge to a constant value ast→`, as is well known,
however, from Eqs.~10!, ~14!, and~16!, we have that

lim
t→`

i~12 P̂H
AO!ccci25 lim

t→`

i~12 P̂H
MO!ccci25Pcap

cc ~21!

does converge, so that it is meaningful to consideri(1
2 P̂H

AO)ccci2.

2. Ionization

As shown in Fig. 1, for the particular nuclear velocity a
trajectory under study, ionization takes place forZ.
22 a.u. LikecH in Eq. ~18!, c ion is also roughly represente
by both componentscee

cc andccap
cc of ccc, so that one has
02271
ucccu25ucee
cc1ccap

cc u2'ucu'ucH1c ionu2, ~22!

so that

u~12 P̂H
AO!cccu2'u~12 P̂H

AO!cu2'uc ionu2 ~23!

and, as in the previous section, we find that the results w
out CTFs fulfill Eq.~23! much better than those with CTFs
In both cases, we have a much smoother behavior ofi(1
2 P̂H

AO)ccci2 than i(12 P̂H
AO)ccci25iccap

cc i2. In particular,
the odd wiggles oficcap

cc i2 in Fig. 1 are due to the contribu
tion of the ‘‘capture’’ MOs to the description ofc.

The behavior of the CTF-modified close-coupling expa
sion has been exemplified in Fig. 2~a! (Z50.5 a.u.) where
1-5
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L. F. ERREAet al. PHYSICAL REVIEW A 65 022711
we display the values of the densitiesuc ionu2 and u(1
2 P̂H

AO)cccu2 as functions of thez coordinate along the colli-
sional Z axis, integrated over thex,y electron coordinates
However, while these densities are roughly similar in t
target region, this is certainly not so for the phases, as m
be gleaned from the small values ofuP̂MOc ionu2. In fact,
elimination ofboth the phase ofc ion and of the CTF in Eq.
~7! yields uP̂MOuc ionuu2'uc ionu2, also shown in the figure.

Now, since the molecular manifold is unable to descr
the phase ofc ion , while the density is approximately repro
duced, we can apply the reasoning of Sec. II C by subst
ing c by (12 P̂H

AO)c5c ion andccc by (12 P̂H
AO)ccc in Eq.

~6! @see Eq.~23!#. Then, since the sufficient condition is n
met (P̂MOc ionÞc ion), we have a trapping of the ionizin
population in u(12 P̂H

AO)cccu2. Henceforth, both densitie

u(12 P̂H
AO)cccu2 and uc ionu2 evolve separately, and increa

ingly differ from each other@see Fig. 2~b! for Z52.5 a.u. and
Fig. 2~c! for Z516 a.u.#, while we still have

i~12 P̂H
AO!ccci2'ic ioni2 ~24!

because of the trapping effect~see reasoning in Sec. II C!.

3. Quasiuniform expansion

At the nuclear velocity treated here, ionization is almo
complete forZ55 a.u., and from then onwards the physic
mechanism is that of a quasiuniform expansion of the i
ized cloud@35,42#, which stays relatively close to the targ
~direct ionization!. On the other hand, the evolution of th
close-coupling ‘‘counterpart’’u(12 P̂H

AO)cccu2 is quite differ-
ent, with an increasingly large portion being centered on
projectile, because forZ large P̂H

AO' P̂H
MO , so that@Fig. 2~c!

for Z516 a.u.#,

~12 P̂H
AO!ccc'~12 P̂H

MO!ccc5ccap
cc . ~25!

Then, from Eqs.~24! and ~25!, we obtain for the trapped
population,

i~12 P̂H
AO!ccci2'iccap

cc i2'ic ioni2 ~26!

in the asymptotic region, in agreement with Eq.~21!, but

uccap
cc u2Þuc ionu2. ~27!

If we now refer to Fig. 2~c! for Z516 a.u., it is interesting
that there is no intrinsic difficulty in representing most of t
ionizing density by means of MOs fulfilling Eqs.~4! and~5!
~see Ref.@18#!: although, as mentioned in the Introductio
the description cannot be a perfect one, it was found in
classical calculation that a large part of this cloud has a ne
tive ‘‘molecular’’ energy~3! and can therefore be represent
by MOs ~within an arbitrary phase!. Hence, the problem lies
with the time evolution of the phase, and not of the modul
of c ion . This liability is considerably enhanced by the u
physical phaseeiU of the basis functions in Eq.~2!, with the
consequence thatuP̂MOc ionu2 is almost negligible in Fig. 2~c!.
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As in Sec. III C 2, elimination ofboth the phase ofc ion and
the CTF in Eq.~7! yields uP̂MOuc ionuu2'uc ionu2, in full agree-
ment with this explanation.

Following the argument of Sec. II C and as in Sec. III C
we can then conclude that it is the failure of the expansion
reproduce the correct phase ofc ion that gives rise to a trap
ping of the ionizing population in some molecular channe
so that the correct wave function is not propagated, with
result that the density eventually also becomes wrong@Eq.
~27!#.

D. Lower impact energies

We have performed calculations at nuclear velocit
down tov51.6 a.u. in the energy domain where the ioniz
tion cross section of He211H collisions exhibits its maxi-
mum, and such that the method employed to obtainc ion @28#
is still reasonably accurate.

With respect to the physical mechanism, the main nove
as one approaches the ionization threshold is that the dir
ionization process is replaced by the so-called saddle-po
ionization mechanism@20#, in which a sizeable portion of the
ionizing cloud stays in the saddle region of the nuclear
tential. It was shown in@18# that most of this density can, in
principle, be represented in terms of bound MOs, up to
ternuclear distances of the order of some hundreds of ato
units.

In spite of thesea priori favorable aspects, the scenario
close to that of the preceding sections. First, with respec
the temporal evolution of the MO populations~Sec. 3.2!, a
difference shown in Fig. 3 at lowerv is that the ‘‘capture’’
probabilityPcap

cc underestimates~rather than overestimates a
in Fig. 1! Pion .

Second, with respect to the wave functions, although m
of the discussion given in Sec. III C applies, forZ.0 both

FIG. 3. Ionization probabilities as functions of the nuclear c
ordinateZ5vt for a selected trajectory with relative nuclear velo
ity v51.6 a.u. and impact parameterb52.0 a.u. Same symbols a
in Fig. 1.
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densitiesuc ionu2 and u(12 P̂H
AO)cccu2 exhibit either a maxi-

mum or a shoulder in the saddle region of the potent
However, they are markedly dissimilar elsewhere, and es
cially in the asymptotic region of quasiuniform expansi
~Sec. III C 3!. In particular,uccap

cc u2 exhibits a sharp peak a
the position of the projectile, whileuc ionu2 does not~see Fig.
4!. The explanation for this dissimilarity follows as in th
previous sections from the failure of the close-coupling
pansion to reproduce the phase ofc ion . The final result is
that Eqs.~26! and ~27! also hold.

It should be remarked, nevertheless, that this liability
the close-coupling expansion is a little less pronounced t
before, and also that the description of the density is sligh
improved with respect to higher velocities. A token of the
improvements is thatuP̂MOc ionu2 is a little larger for v
51.6 a.u. than the values of Fig. 2 forv53 a.u.; neverthe-
less, the former density is still significantly smaller th
uc ionu2, showing that the sufficient condition of Sec. II
( P̂MOc ion5c ion) is not fulfilled to any reasonable accurac

Finally, an open question is whether there is a signific
improvement at even lower velocities, near the ionizat
threshold. While this seems, in principle, reasonable
point would appear to be mainly of academic interest, an
beyond our computational means, because to study it
method of Ref.@14# should be substantially modified.

E. Use of pseudostates

At high velocities, some additional functions called pse
dostates are often added to complete the basis. Inclusio
the basis of pseudostates usually provides improved va
of the ionization and capture cross sections@8#. It is interest-
ing to see how the previous findings are modified when ps
dostates are added to expansion~2!, and as an illustration we
take the basis mentioned in that reference. These p
dostates are obtained by diagonalizing the molecular Ha

FIG. 4. Electronic densities for the selected nuclear traject
with v51.6 a.u.,b52.0 a.u., andZ516 a.u. Same labels as in Fig
2.
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tonian in the mixed basis of 14 molecular orbitals and a
of Cartesian Guassian-type orbitals of the form

G~r !5x8n1~z820.5R!n2 exp~2gnr G
2 ! ~28!

with

r G
2 5x821y821~z820.5R!2, ~29!

where x8,y8,z8 are the electronic coordinates in a rotatin
molecular frame with the origin on the target,z8 along the
internuclear axisR, and y8 perpendicular to the collision
plane (x8,z8). The parametersgn fulfill

gn50.003 7532.5n ~30!

with 0<n<5, 0<(n11n2)<5. For n150, we have re-
stricted the geometrical sequence~30! to its lowest terms to
avoid quasilinear dependences.

To avoid a repetition of the analysis of the preceding s
tions, we shall restrict our illustrations to the comparison
P̂MO1c ion andc ion , with P̂MO1 being the projector onto the
augmented manifold. The values ofi P̂MO1c ioni2 are in-
cluded in the collision histories of Figs. 1 and 3. A significa
improvement overi P̂MOc ioni2 is apparent at shortZ, show-
ing that the description of ionization in much improved b
the addition of the third center basis. Nevertheless, we
that the same overall behavior of the data with and with
pseudostates is obtained for largeZ values where
i P̂MO1c ioni2!ic ioni2, and in both cases the quality of th
bases gradually worsens. As in the previous case, the s
tion is improved as the nuclear velocity diminishes. Simi
information is provided by comparinguP̂MO1c ionu2 and
uP̂MOc ionu2 in Figs. 2 and 4.

IV. CONCLUSIONS

A question that has been raised many times in the
literature@12# is whether there is a ‘‘natural’’ boundary of th
molecular approach to atomic collisions. We think that
definite, though partial, answer can be given as a conclu
of the present work, and we present here an overview
previous findings and reasonings, in the light of the pres
ones.

An expansion over molecular orbitals is complete in t
limit when one includes a representation of the three-bo
continuum. It is able, therefore, to describe any physi
event such as electronic excitation, capture, and even ion
tion in a finite domain of electronic coordinates. Furthe
more, expansions over bound states alone are also able@17#
to describe ionizing events. The apparent paradox was
plained away through a change from fixed to moving fram
of reference; yielding what has been called, in the pres
work, the necessary requirements to represent ioniza
~Sec. II A!.

These necessary conditions are not always met. When
molecular expansion contains plane-wave translation fact
the description of ionization is not possible except at ve
small internuclear distances. A consequence is that the p

y
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abilities for excitation and electron transfer are little contam
nated by ionization fluxes and, in particular, the latter o
experiences a fall at highv @15#. On the contrary, expansion
containing common translation factors~CTFs! are able to
represent ionization through transitions among basis st
fulfilling Eqs. ~4! and~5!. The ionizing flux is then accounte
for ~mainly! by the ‘‘capture’’ populations, so that the cros
sections obtained for electron ‘‘capture’’ really correspond
capture1ionization.

A confirmation of these reasonings came from class
calculations @18#, using the inverse transformation from
moving to fixed frames of reference. However, it was a
found that, except perhaps at the ionization threshold, a
lecular method cannot represent the whole process of ion
tion. This answered the question about the natural bound
of the molecular approach: the boundary is reached when
ionization threshold is crossed.

In the present work we have confirmed this classical
swer at such velocities (v>1.6 a.u.) that the limitations o
the molecular approach stand out clearly and unambiguou
and we can compare with accurate wave functions, obta
with the method of Pons@14#. Using this method, we hav
been able to illustrate how the limitations arise whenever
molecular manifold is unable to fulfill some sufficient r
quirements~Sec. II B! to propagate the ionizing wave func
tion. These essentially require the representation of
atomic continua to be dense enough at the pivotal point
the numerical-integration procedure. Our analysis of t
point shows that the critical conclusions of the classical c
culations were in fact too sanguine.

What happens is that, at the first stages of the process
close-coupling manifold is able to approximately reprodu
the modulus of the ionizing wave function, but its comple
ness is too coarse grained to describe the evolution o
phase. The consequence is that the ionizing flux is trap
~see Ref.@34# and Sec. II C!, mainly in the manifold of cap-
ture molecular orbitals. Wherever these satisfy the neces
requirements of Sec. II A, the flux is ionizing, but since t
sufficient requirement of Sec. II B is not met, it widely di
fers from the exact one. This simple explanation is consid
ably obscured by a very complicated ‘‘mechanism’’ at sh
J.

B

r,
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R, described in detail, e.g., in Fig. 10 of Ref.@17#, because of
~a! the fact that the ionizing flux is accounted for by bo
‘‘excitation’’ and ‘‘capture’’ channels~b! the strong variation
of the molecular orbitals near the united atom limit, and
pecially ~c! the unphysical behavior of the CTF.

To illustrate our explanation, we have solved the first tw
difficulties ~a!, ~b! by focusing on (12 P̂H

AO)ccc. This func-
tion singles out the part of the wave function that can
taken to describe ionization, provided electron capture can
neglected@Eq. ~12!#. The third complication~c! has been
exemplified by also considering meaningful results obtain
without a CTF. We conclude that physical and molecu
mechanisms strongly differ, and the interlocking of captu
and ionization is an artifact of the latter, save probably at
ionization threshold@41#.

Apart from their intrinsic interest, our findings have thre
practical consequences. First, since the ionizing wave fu
tion and its close-coupling counterpart are so different, o
cannot employ the molecular method as it stands, or e
modified with the addition of a few pseudostates to the ba
~Sec. II E!, to calculate detailed properties such as mom
tum components of the ionized electrons, as in recoil-
spectroscopy. Second, when one wishes to obtain accu
wave functions and not only probabilities, it is pointless
try to improve the molecular approach by the addition
pseudostates of molecularlike character, like first-order
sorber functions@37,38#; either a large amount of high-orde
absorbers are included, or a drastic change of basis funct
is implemented for the ionizing wave function, such as p
vided by Refs.@28–33#. Finally, in close-coupling calcula
tions, ETFs are needed to obtain meaningful cross sect
for electron transfer and excitation, whereas for ionizat
the best procedure seems to be to forgo using ETFs at s
R, and to choose a sufficiently dense basis. Work is
progress to merge both techniques to represent the t
kinds of processes.

ACKNOWLEDGMENT

This work has been partially supported by DGICY
Project Nos. BFM2000-0025 and FTN 2000-0911
@1# W. Fritsch and C. D. Lin, Phys. Rep.202, 1 ~1991!.
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