PHYSICAL REVIEW A VOLUME 55, NUMBER 1 JANUARY 1997
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 L3*+H(1s) reaction. lonization 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 interepgnge knowledge of these features
is also useful with respect to improving molecular treatments of atomic collisions with the addition of pseu-
dostates[S1050-294{@6)05312-1

PACS numbsd(s): 34.10+x, 34.50.Fa, 34.7G.e

I. INTRODUCTION From this previous work, we conclude that a reliable gen-
eral procedure to construct pseudostates is not available at
The application of the molecular approach to atomic col-present. In particular, it is not sufficient to complete the
lisions was restricted for a long time to the low-impact ve-close-coupling basis with a set of wave functions with a
locity range because of its inability to reproduce the fall of positive energy in the asymptotic region. Therefore, to offset
charge-exchange cross sections at higher energies. In Refhe trapping effect requires a detailed investigation on the
[1,2], using H&" +H collisions as a benchmark, the physical description of ionization by the molecular expansions, which
origin of this failure was ascribed to the description, byis lacking in the literature. This is attempted in the present
bound molecular states, of ionization processes, followed bypaper.
a trapping of the corresponding flux, which persists in the More specifically, the following points need clarification:
asymptotic region, and produces an overestimation of capi) the basic reason why ionization is described by molecular
ture probabilities. Although in some caded, the trapping expansions, modified or not by a common translation factor
effect affects excitation, for collisions between bare multi-[6], but not by expansions modified with plane-wave factors;
charged ions and H@), it almost exclusively occurs for (ii) whether in actual calculations the corresponding flux de-
capture channels. scribes genuine ionization, since otherwise the whole scheme
The previous information was employed [#] to simul-  proposed iff1,2] would be conjectureiii ) the origin of the
taneously calculate capture, excitation, and ionization crossnphysical trapping effectiiv) how general these features
sections in HE+H" collisions. This reaction was chosen are in the treatment of atomic collisions; afwl whether one
because it is characterized by a sudden mechanism at vengay conclude on desirable general properties of pseu-
short internuclear distances and the selection of pseudostatdgstates. A full answer to this last question would permit one
to complete the basis at these distances is simplest. In the complete the molecular basis, so as to achieve conver-
other extreme we have reactions involving negative iongience of the close-coupling molecular expansion in a way
where ionization takes place for a wide range of distancessimilar to that carried out, e.g., Y] for atomic expansions.
As a benchmark for these reactions, we studigdhe case To deal with pointgi)—(v), the present work departs from
of H"+H™ collisions. It was seen that, although a judicious our previous ones in that the character of the electronic cloud
selection of exit probabilities allowed us to calculate capturds explicitly examined rather than being worked on from
and ionization cross sections, from the point of view of aanalogy to alternative approaches. With respect to these ap-
systematic treatment the procedure is unsatisfactory: tragroaches, it was noticed if2] that a feature of particular
ping could not be eliminated with any set of pseudostategmportance is the promotion of the ionizing flux through
available; indeed, most of the ionizing population was de+ransitions to increasingly diffuse multiplets; this was seen to
scribed by excited bound molecular states. In furfoepub-  be similar to the so-called superseries transitions in the
lished work, we found that to a lesser extent the same hold$éramework of the “hidden crossing” methd@-12]. A fur-
for HE?"+H(1s) collisions, which are good representatives ther connection was suggested[# with the classical find-
of reactions involving multicharged ions. ings of Bandarage and Parsph3], according to which at
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very large internuclear separations many ionizing electrontn (3) and(4) ¢AB(r) (n=i,f ) are(normalized eigenfunc-
are bound when viewed from a molecular frame. Now, al-tions of the arrangement channel Hamiltonian corresponding
though some analogies will be mentioned, explicit links withto atoms A+e™),(B+e™), respectively,
Refs.[8—13 would require a separate investigation, which AB  _AB AR
will not be attempted here. hagdn =Eq " én™, ®
The next section introduces the main formal tools thatare .~ _ 5 g
required in the analysis, which is contained in Sec. IlI. PriotVth En™"<0, and

to this analysis, we first show that our previous conclusions H ~ h H ~ h (6)
[2] for the HE™ +H(1s) reaction also hold fot?* +H(1s) Row Rl
(where | denotes ions withZ=3-6). Then, to choose a rg— ra—e

benchmark different fronj2], we shall specifically refer to

the Li®* +H(1s) reaction as a representative of multichargedThe plane-wave factor®, g are given by

ion+H(1s) collisions. Atomic units will be employed unless i i
otherwise specified. DA=exp( —ipver—3 p2v?t =exp( —ipvrat 3 p202t>,
@)
II. IONIZING CHARACTER OF MOLECULAR STATES . )
[ i
A. Description of ionization in atomic collisions DB=eX[< igqv-r— > qzvzt) =ex4 iqv-rg+ > qzvzt).
We consider a one-electron problem in the impact- (8)

parameter approach. We c& the position vector of the o ) .
projectile nucleusB (of chargeZg) relative to the target ~ We note that the ingoing wave function also fulfills
nucleusA (of chargeZ,) andr,,rg the electron position ;19 2 _ _

vector relative toA and B, respectively. The impact param- (Ha= 3P0 —idp) ¥ (r,1)=0. 9

eter equation is with H,=D4HDx* the fixed-nuclei Hamiltonian defined in

(H—idp) ¥ =0, (1 the inertial frame moving with the velocity of nucleds
Similarly, we have

whereH is the Born-Oppenheimer electronic Hamiltonian (Hg—2q%0%—i0g) ¥, (r,1)=0, (10)

and 4, is the time derivative, taken by keeping fixed the

electron position vector with respect to an origi© that is  with Hp=DgH Dgl_ From (4) we see that Eq9) or (10) is

situated at a distangeR of nucleusA andgR of nucleusB; trivially fulfilled for excitation (A) or exchangeB) arrange-
in particular, forp=0, dy=ds and for p=1, 4=dg. Each  ment channels, respectively, in the limit-+o%, where
solution ¥ (see below is a wave function representing the Hig—has=DaghasDas, since

electronic state of the colliding system and the nuclei follow ' R ’

rectilinear trajectorie®R=b+vt with constant velocity and ZA(1—Zp)

impact parameteb. The transition amplitude; to a given IaPf=—i| Ef—3p?? R of, (1D
final stated; when the initial state is represented ®y is
given by Za(1—2
dp®=—i| Ef=—3q7v?~ % of, (12
t=(0y [W])= lim (@), @
t— oo and from(5) the final unperturbed states fulfill
whereW " is the solution of(1) that satisfies the outgoing hp @ P=EfPOM?, (13
boundary conditiorf14,15 i )
where the atomic energies
A ’
‘1’i+(r-t)t ~ O EPB=(®7B|h) 5|7 B)<0. (14)

— (1D aexif — iEA—iZ Above the ionization threshold, there is an additional ar-
i A i A rangement channel corresponding to thfieeclei plus elec-

X (1-2Zg)v  HUn(R-vt)], (3)  tron) unbound particles. For the pertinent nbfvntegrable

boundary condition corresponding to it, see, €.46]. Here

we are interested in Hilbert-space solutions of the problem,

so that for largd the ionizing functionsb;(r,t) can be cho-

sen to be any suitable orthonormal set of wave packets

®'°"(r t), formed by superpositions of generalized eigenvec-

and for excitation A) or charge exchangeB] processes,
W fulfills (1) with the ingoing condition

Vit ~ o) tors of (in principle, eithey hy or h in (13), such that they
tohe represent states that are unbound with respebbtbatoms.
=¢¢,B(r)DA sext —iEABt—iZ, g It is unnecessary, in the present context, to further specify
’ I ,

these eigendifferentialgl4] describing the ionization pro-
X(1—Zg v Hn(R—vt)]. (4)  cess. They fulfill



Ee"=(P"hy sl 5" >0 (15)
for both Hamiltoniansh,, g, in contrast to the propgbound
eigensolutions of Eq:13), for which eitherE £<0 or EZ<0
[Eq. (14)].

Choosing, for example, the outgoing solutidn;’ (r.t),

Eqg. (1) should be integrated, starting from the initial condi-
tion (3), until a sufficiently large time such that the asymp-

totic orthogonality{ 15] between all exit stated;(r,t) is ful-
filed to good accuracy(i.e., such that the effect of

overcompleteness of the atomic eigenfunctions is negligible

ThenW¥ " (r,t) is of the form

WH(r) =2 ch)DA(r,t)+ >, cBt)dE(r,1)

+2) o)DM 1), (16)

In practice, such a form applies to all times where overla
effects between the “important” reaction channels are small.
A similar expression holds for the time-reversed solution
¥ for sufficiently large negative times. From asymptotic

orthogonality and Eqg2) and(16) we then obtain the tran-
sition probabilities for excitationP A=|c/()|?, charge
transferP B=|cB(«)|?, and ionizationP™"=X |c'*"(c0)|?,

B. Molecular expansions

In a molecular close-coupling treatment, we solve Egj.
by expanding¥?;" in terms of a set of basis functiofs" y,,,
n=1,...N},

N
W(rD~exdiU(rn] 2, an()x(rR)

Xexp{ —i J En(R)dt},

wherey, represents an eigenstate of the fixed-nuclei Hami
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and from(8), when it is shifted to nucleuB (p’'=1=p+q),

exdiUg(rg,t)]=exdiuU(r,t)]Dg". (22)

It is well known[14,17] that substitution of the ansaft7) in

Eqg. (1) leads to a set of coupled differential equations for the
expansion coefficienta, that is equivalent to a variational
treatment for

Sl =5f (P H—=id0|W;")dt=0, (23
within the manifold spanned by the dgt,(r,R); n=1,... N},
and the resulting transition probabilities are accurate to order
|6%"|]°, where 8% is the error function. As the method
minimizes this error function, it will try to reproduce, in the
domain of internuclear distances where overlap effects are
small, the three kind of term@xcitation, charge exchange,
and ionization appearing in the forn(16). Then, we see
pfrom Eq. (14) that a basis functioe'V y,, such that
EgA):<eIUXn|h,,A|eIUXn>:<e|UAXn|hA|eIUAXn> (24)
is negative describgglastic of excitation channels; the sec-
ond set of angular brackets {84) arises from the definition
of h, and Eq.(21). Similarly, when

ERY=(e" xnlhgle' xn) = (Vx| hgl€Vexy)  (25)
is negative, the basis functicgl" y,, represents charge ex-
change. Finally, from(15), when both E{(R;b,v) and
E(®(R;b,v) are positive, it describes ionization. We notice
that (24) and (25 are origin-independent quantities and
when y,, is a bound eigenfunction dfl, the corresponding
molecular energ¥,(R) <0.

We may now distinguish molecular treatments with and
without pseudostates. In the present work we are interested
in the latter, for which, for large enough all molecular
functions are such that eith& (V<0 or E{®<0. For in-
|stance, wheny,— ¢4 as R—x, from (24), (18), (21), and

tonian H, of energyE,, or a pseudostate. The common (5) we have

translation factof6] (CTF) exp (U) in (17) fulfills the usual
conditions

exdiu(r,t)] ~ Da, (18
exdiu(r,t)] ~ Dg (19
I‘Atﬁstjoo
and, upon a change of origit—(©’, it changes to
exp[iU’(r’,t)]=exr[iU(r,t)]exr{i(p—p’)v'r
i
+§(p—p’)2u2t . (20)

In particular, from(7) we see that when the origin is shifted
to nucleusA (p'=0), it becomes

exdiUa(ra,t)]=exdiu(r,t)]D %, (21)

EPY =(eVay,haleVax,)—(eVaghhaleVAgh)
=(¢hlhalpn)=EA<O0

in this limit, with the similar resulté & —EE<0 when
xn— &2 andR—». Consequently, even when ionization is
described during the collision, because for samee have
EAB)(R;b,v)>0, if the integration is carried out to a suffi-
ciently large time and in the absence of pseudostates, the
corresponding flux will eventually be trapped in either exci-
tation [E™W(R;b,v)<0] or charge-exchange[E
(R;b,v)<0] channels. Therefore, a proper separation be-
tween excitation, exchange, and ionization probabilities re-
quires separating trapped from ‘“genuine” transition prob-
abilities, which may or may not be feasible in practice
without ambiguities.

(26)

C. Other expansions

Similar reasonings apply to a CTF-modified atomic ex-
pansion2]. The same holds for a molecular expansion with-
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out translation factors, which, for any finite-time interval these states according to the separated atGi{4) or H(#)
[—tm,+ty], can formally be taken as a special case of exdimit. The CTFU(r,t) in (17) is chosen to be the same as in
pansion(17) in which a strong cutoff is introduced in the previous work[24,25,3:

CTF. Of course, because of Galilean invariaf@®), this can

only be done for a given origin of electronic coordinates, and u(r,ty=f(r,R)v-r—3f%(r,R)v,
the resulting transition probabilities, as well as the atomic L (29
energie<E {*®)(R;b,v), depend on this origin. However, for f(r,R)=f,(r,R)=3[ga(n)+d],

our purposes the important point is that, for any origin, we
may use the previous reasonings to explain why moleculal’
expansions are able to describe ionization.

On the other hand, it is worth mentioning that the situa- Julp)=a®? —MMQ (30)
tion is radically different for a plane-wave-modified atomic (a=1+u%)
expansiorf18,19, which, when improved with the inclusion
of pseudostatel20], can be written as a truncated version of
Eq. (16) [the logarithmic phases if8) and(4) usually being
absorbed in the expansion coefficignts

here

andd=1-2p (wherep defines the position of the origin of
electronic coordinates; see the beginning of Secat1.25
is a parameter chosen as [i2], and u=(r,—rg)/R is the
prolate spheroidal coordinate. The CTZ®) fulfills (18) and

Na Ng (19) and yields transition amplitudes that are origin indepen-
qfi+(r,t)~z CA)DA(r )+ > cB()®B(r,t) dent. The numerical techniques employed to calculate the
n=1 n=1

modified nonadiabatic couplings and integrate the system of
Nion differential equations for the expansion coefficieatg,(t)
n oMty POy 1), 2 are the same as i2].
Z’l o (VP @) The energies of the traveling orbitals €Xp(r,t)Ixnim
with respect to the moving atomg %2 (R;v,b), as defined

Then, from our reasonings we see that wherever the exprel! (24 and(25), were calculated by evaluation of the expres-
sion (16) holds for the exact wave function, and since all S'0NS

bound-state traveling atomic orbital®~® have either 1 2
EW=EA<0 or E{®=EB<0 [Eq. (14)], they represent ei- Ema):< Yo — = V2— 2B anm>
ther excitation or charge exchange, respectively, while pseu- 2 FaB

dostatesb'°" of positive energie$l5) describe ionization. In 1 2
; “ - . +3 , 1
particular, in the region where overlap effects are negligible 2 Xniml (VU 2)% Xnim) D

there is no contamination of charge-exchange transitioRyhich was carried out by factorization into one-dimensional
probabilities by ionization. The main consequence is that thehtegrals for the(\,u,¢b) prolate spheroidal coordinates, fol-
correct fall of the corresponding cross sections at high enelipywed by a 20-point Gauss-Laguerre quadrature for Xhe
gIeS is achieved when !"IO pse_udOStateS are introduced |n ﬂimegral and 48_p0int Gauss_l_egendre quadrature for/ﬁhe
basis. A related case is furnished by plane'WaVe'm0d|f|eq~|tegra'_ From(zl) and (22) itis easy to see that these ener-

molecular expansionidl8,21,23, whose success at higher  gies are independent of the parametetefining the CTF in
[1] has been attributel®3] to their acting as an intermediate (29) since

representation between plane-wave-modified atomic expan-

sions and CTF-modified molecular ones. However, as Up=(f+p)v-r—3(f2—p?ov (32
stressed 23] and[2], there is no guarantee that the success
applies to other reactions or larger bases since the method is =1(g,+1)v-r—3(g,+1)%? (33
not rigorouslyab initio.
and
lll. ANALYSIS OF THE IONIZATION Ug=(f—q)v-r—(f>—g?v?t (34)

AND TRAPPING MECHANISMS

1 _ Ly —1)2,2
A. Computational method =2(9a=DV-r=5(g,~ D0t (35
In the present work we solved E(l) by employing ex- o _ _
pansions(17) in terms of exact eigenfunctions of the elec- On the other hand, when the switching functibof (29) is

tronic Hamiltonian, often called one-electron diatomic mol- multiplied by a strong cutoff function, as explained in Sec. Il

ecule(OEDM) orbitals: to deal with the case of a molecular expansion without trans-
lation factors, Eq(31) is still valid, as well ag32) and(34).
HXnim(r,R) = Enim(R) Xnim(1,R), (280 However, (33) and (35) no longer hold and the energies

E B depend upon the value of the parameterhosen in

which are labeled according to the spherical-state quanturt?d- Also, itis simpler to calculate these energies by directly
numbers Im) of their united-atom limit; for the degenerate USiNg the expressiori24) and (25) with U=0:

states corresponding to a given|#0, only the combination (AB) ,
that is symmetric with respect to reflection through a plane Enim :<Xn|hAvB|Xn>
containing the internuclear axis was employed, and will be

z
labeled withm>0. Whenever useful, we shall also label =<DA,BXn|m —%Vz—ﬂ

FAB

DA,BXnIm> ) (36)
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FIG. 1. Total capture cross sections for bareli8 +H(1s) collisions(Q=3,4,5,6 obtained with minimal 11-, 21-, 36-, and 26-OEDM-
orbital (dashed curvgsand extended 90-, 96-, 96-, and 83-OEDM-orbi@ntinuous curvesbasis sets, respectively. The dot-dashed and
dotted lines(Q=3) correspond to a 90-state calculation without a translation factor and to the contributionnghthd )0 andn(n—1)1
states to the total capture cross section within the CTF-corrected 90-state calc@atf®W.TF-AO electron-loss cross sections of Toshima
[26]. Experimental data®, total capture of Seinet al.[28]; , electron-loss of Shah, Goffe, and Gilbo#7,29; ¢ and M, total capture
and electron loss of Phaneuf, Janev, and PindZ&0&

where thed dependence appears frdif) and(8) with d=1 Fig. 2. To ease identification, rather than drawig,,(R)
-2p. directly, we have scaled these energies and display in the
figure the corresponding effective quantum number
No(Enim) =8Y4Eiml Y2 [31] as a function of the internuclear
distance. The curves are labeled with both thbr{) united-

We have performed calculations fof " +H(1s) colli-  atom andLi2* () or H(7)] separated-atom notations. In ad-
sions, involving bare ions**, with Z=3-6 in the velocity dition, for a nuclear trajectory with velocity=2 a.u. and
range 0.05 a.sxv <2.5 a.u. and expansions in terms of basisimpact parameteb=0.1 a.u., we indicate, for eacmim)
sets of increasing size. We display in Figga)+1(d) for  state, the domain of internuclear distances for wHicith
Z=3-6, respectively, our results for total capture cross secatomic energie€ >0 [see Eq.(31)]: according to the
tions obtained with “minimal”[3] (consisting of 11, 21, 36, gjscussion in Sec. II, and provided that the overlap between
and 26 OEDM orbitals, respectivelpnd “extended”(with the relevant atomic functiond:™ [see Eq.(16)] is suffi-

90, 96, 96, and 93 OEDM orbitglbasis sets. As in the case gjently small, in that domain the corresponding traveling or-

Z=2, presented if2], our results show good agreement with pjtg Uy is then able to represent an ionizing electron.
available theoreticdl26] and experimentdl27-3Q data for

electron loss. The agreement holds even for the minimal sets
and also for expansions without translation factors, whose
data are also included in Fig(a as an illustration. Hence, at ~ An advantage of the molecular method is its capability of
high v molecular expansions can yield remarkably accuratdroviding a description of the processes through an analysis
ionization cross sections and must therefore describe ioniz#f their “history” along selected trajectories, as given by the
tion. Our aim in the following sections is to analyze the temporal evolution of the state populations. In the following,
origin and characteristics of this description. we have chosen a nuclear trajectory yielding a sizable value
Because of the similar characteristics of the electron-losor the ionization probabilityP™", with v=2 a.u. andb=2
cross sections calculated for the various systems, and for tHghrs; this will hereafter be calletthe representative trajec-
sake of conciseness, we shall focus, in the following, on thdory for conciseness.
case of L¥*+H(1s) collisions as a prototype for multi- For this trajectory, we illustrate the electron-loss mecha-
charged ion-atom collisions. For a clearer understanding ofism by displaying in Figs. @)-3(c) the population
our explanations, the correlation diagram for the lowest enP,(Z)=Zn 1 mlanm(t)|? corresponding to the capture
ergiesE,,(R) of the LiH*" quasimolecule is displayed in Li%**(7) multiplets (see Fig. 2 with Z=vt, and for basis

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

C. Temporal evolution of populations
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description of an ionizing cloud. Its relative contribution to
the electron-loss cross sectifshown in Fig. 1a)] is =~30%

for v=0.1 a.u., rising to a maximum of about 46% for1

a.u. and decreasing further 4632% forv =2.5 a.u. As may

be seen from Fig. 3, the first relay originates from the
shortR mechanism, which is nonsequential and has not been
explained before. In addition, this shd&tmechanism pro-
duces a further 40—60 % of the electron-loss cross section, so
that it is crucial in the description of the ionization process.
Its analysis, which is considerably harder than that of the
longR process, is presented in Sec. Il E.

D. Long-R (relay-race) mechanism

As explained in[2], this mechanism mainly takes place
through transitions induced by radial couplings at
pseudocrossings between the molecular energigs_1)o.
According to Fig. 2, in these regions the atomic energies of
Eq. (31) E{;",0>0, so that the traveling orbitals
e'UXn(n_l)o are able to represent an electron that is unbound
with respect to both nuclei. The process is illustrated in Fig.
4(a), where we have drawn the populatioRs,,_1)o(Z)
=|an(n,1)0(t)|2, along the representative trajectory and for
an extensive 90-state calculation. In addition to this:
—1)0 relay race, we have checked that rotational intramul-
tiplet transitions stemming from the(n—1)0 to then(n
—1)1 states appear, which are followed bffess important
n(n—1)1 relay race.

The close connection between these mechanisms and the

so-calledT superseries transitions was already mentioned in
[2]. In particular, the pseudocrossings involved are identical
to the “hidden crossings” described in R¢B]. Neverthe-
FIG. 2. Correlation diagram of the LiH quasimolecule: effec- less, as may have been expected, in actual calculations the
tive quantum numbeno(Enim) =V —8/Eym as a function of the  process is more complex than the picture afforded byTthe
mternuclear distancek. The continuous lines |nd|<_:ate, for the superseries. For example, relays are not entirely independent;
nuclear trajectory(v =2 a.u., ?f.ﬂ'l a.u), the domain ofR for 4 jjiystration is provided by the 650-760 and 650-870 relays
which both atomic erilL(Jerg|eEn,r;1_ _ associated with the traveling Fig. 4(a), which overlap because of the proximity of the
molecular orbitalyyme™ are positive; see Eq31). corresponding pseudocrossings. More importantly, as
stressed if2], in an actual calculation the basis is finite:
sets of 11[Fig. 3@], 21 [Fig. 3b)], and 33[Fig. 3(c)] then, unlike theT superseries the relay-race mechanism can-
OEDM orbitals. The overall resemblance to the case oot go on indefinitely and afunphysical accumulation of
He?" +H collisions, described ifi2], should be pointed out. the corresponding flux in the top rung of the ladder appears;
Thus addition of the nextz=4) multiplet to the minimal this is accompanied by a reflux of the population, affecting at
(11-state basis has the effect of absorbing part of the popu-l€east the penultimate rung, as may be seen from a compari-
lation of the lower(#=3) multiplet[Figs. 3b) and 3c)]; we  son of Figs. &) and 3c) for the »=3 multiplet atR=17 a.u.
see that this absorption takes place in two steps: at $hort A more detailed description of the process is provided by
(in the regionZ=0 bohrg and at longR (for Z=10 bohrs. the properties of the orbitals involved. As an illustration, we
Then, in Fig. c) this population is partly absorbed by the draw in Figs. $a)—5(h) the contours in thex,z) plane for
next (»=5) manifold, in both the sho® and longR re-  the a3 [Figs. 5a8)-5(d)] and xs4, [Figs. §€)-5(h)] orbitals.
gions. We notice that in Fig.(B) the (7=2) capture popula- While before the 430-540 pseudocrossingRat12 bohrs
tion has practically converged with respect to further in-(Fig. 2) the former has a sizable density in the internuclear
crease of the basis. Furthermore, we find that, for the threeegion, after the pseudocrossing this property is exchanged
bases, the flux leaving the entrance channel and the electrowith the xs,, density, while they,s, orbital localizes around
loss cross section remain sensibly the same. the projectile. Then, after the next 540-650 pseudocrossing at
Study of the temporal evolution of the state populationsR~20 bohrs theys,, orbital also takes on an atomiti)
for larger basis sets shows the same pattern as in Figs: 3 character. At sufficiently high nuclear velocities, the delocal-
3(c): a shortR mechanism followed by a ladder-tyd@] ized character of the traveling orbitads” y,30 and ' xs4o
longR process. In the following section we shall illustrate for R<12 bohrs results in that their atomic energi24) and
the latter process, which is simpler to analyze; it was partly(25) E{z5” ,E&) >0 (see Fig. 2and they can represent an
described if2], where, because of its sequential character, iionizing electron, while for 12 bohtsR<20 bohrs, only the
was pictorially called a “relay race”: the relay being the latter orbital has this property. We may then conclude from

40 50 60 70
R (a.w.)
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FIG. 3. Temporal evolution along the nuclear traject@ry-2 a.u.,b=2 a.u) of the population® ,(Z) :2n,|vm|an|m(Z)|2 for the capture
Li2+(7;) multiplets withZ=uvt and for basis sets df) 11, (b) 21, and(c) 33 OEDM orbitals. EC refers to the entry channel.

Figs. 2 and %) that the relay race describes the evolution of  Finally, we stress the fact that the previous mechanism
a part of the ionizing wave function that is concentrated incan give rise to capture or ionization depending on the
the internuclear region. More specifically, in the loRgre-  nuclear velocity. This is illustrated in Fig. 7, which displays
gion, this wave function is mainly described: first, Re12  the energyEf;(Z) for several nuclear velocities and shows
bohrs, by thee'V y,3, orbital; then, at the 430-540 relay, by that this state is only capable of describing the ionizing flux
e'V xs40; and, as the nuclei recede farther from each other, bjor v=1 a.u.
increasingly diffuse e'UXn(n,l)O orbitals with positive

atomic energies. Finally, the method fails when the last rung

of the basis is reached, the ionizing wave function cannot be

represented any longer, and the corresponding ionizing flux as mentioned in Sec. I C, this mechanism produces a
is trapped in a state witk{;";,;<0. The whole process sizable part of the electron-loss cross section and originates
can be visualized by comparison of Figgajand 6, where the relay race of Sec. Ill C. Because of its nonsequential
in the latter we display the values Eﬁ('rf_')l)o(Z) along the character, to elucidate the characteristics of the processes
representative trajectory. To avoid jumps in the 650 and 76nvolved requires a large number of calculations, in which
atomic energies of Fig. 6 and thus obtain neater graphs, thgpecific couplings and sets of couplings are eliminated. Be-

650-760 pseudocrossing of Fig. 2 has been made diabatic.cause of space limitations, it is unsuitable to present here all

E. Short-R mechanism
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FIG. 4. Temporal evolution along the nuclear trajectary-2 a.u.,b=2 a.u) of the populations,_1)0(Z) = |r;1n(n_1)0(2)|2 obtained
by 90-state calculations in which the 431-430 rotational coupliigds or (a) is not canceled.

these results, so that we only state our findings and displathe atomic enerng(ngg<0, so that the 300 state cannot rep-

the most compelling illustrations. resent an ionizing event. Consequently, the trapping of the
In these illustrations, we shall first consider the simplestjonizing flux by this state in Fig. @) is unphysical.

minimal, 11-state calculation. For the representative trajec- For extended bases, the same behavior is obtained. Figure

tory, we have plotted in Fig. (8 the populations of the 9(b) shows that the ionizing property of the 321 and 430

Li*" (»=3) multiplet states, with united-atom quantum num- states is shared by the 431, 420, 651, and 640 traveling or-

bers 300, 310, 321, and 430. We see thatZoi0 the main  pitals (as before, the sharp 530-640 and 541-651

outcome is an exit through the 300 channel. This flux arise?;)seudocrossings have been made diabatic for the sake of
from 321-300 rotational transitions, with the 321 state in tumclarity). Similarly, one finds a trapping of this cloud by the

being populated from the 320 and 210 ones. The rqtationaHoo states, witn=3. We are therefore led to investigate the
character of the process may be seen from Fig), 8vhich workings of the mechanism

displays the same populations as Figg)8or calculations in : . . i
which the 210-321 and 320-321 nonadiabatic interactions These workings hinge on a peculiar structure of the cou

have been canceled: the exit through the 300 state is theod:ngtgatrlg be};/ye(tenbthe moIe(;utIr(]atr ;Na;/T fur;pugns |nf :Ee
drastically reduced. shortR region. First, because of the fast localization of the

Next, to investigate which part of the description provided"(N—1)1 orbitals asR increases, a coexistence appears, in
by the shortR process is a physical one, we examine thethe pertinentshorty R domains wher&(:";),>0, of size-
ionizing character of the cloud. Figurda® shows that the ablen(n—1)1-n00 andn(n—1)1-n(n—1)0 rotational cou-
321 and 430 states have positive atomic energies in thelings. Second, in addition to theseo interactions, the
small-R domain(see also Fig. Rand are therefore able to channels in ther and 7 manifolds interact between them-

describe an ionizing cloud. On the other hand, we find thaselves through radial couplings, in the same region. All these
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FIG. 5. Contours in thex,z) collisional plane of(a)—(d) x43(X,y=0z,R) and (e)—(h) xsao(X,y=0,z,R) for several internuclear
distances(a) and(e) R=7 a.u.,(b) and(f) R=10 a.u.,(c) and(g) R=14 a.u., andd) and(h) R=25 a.u. The black points indicate the nuclei
positions.

couplings gives rise to a dense network of highly intercon-431 states belong to both short- and IdRgmechanisms.
nected states in a smal domain, whose lowest tracks are Now, since, on the other hand, the former is a member of the
schematically drawn in Fig. 10, which should be studied in320-430-540-- T superseries and, on the other, it is tran-

combination with the quantitative energy diagram of Fig. 2.sjently populated in Fig. @) [and in Figs. 8) and &b) for

It is significant that the network of Fig. 10 accounts for the minimal basisfor Z<0 in a region whereEEngfbH)>0, it

most of 'the iolniz@ng .flux: the rest corresponds to furthermay seem surprising that it is fed in the loRgmechanism
intramultiplet distributions at larg®. For example, for the  through a rotational couplingFig. 10.

90-state  calculation, the sum of the shBrt- |, grder to understand the dual role of the 430 state, we
[Zn(0moot onot o)l and - relay-race [Zn(onin-10  first analyze the transitions populating it fBK0. These op-
+on(n-1)1)] partial cross sectionfin an obvious notation o e through the 320-430 coupling, which displays a maxi-

accounts for about 90% of the electron-loss cross section f

% R~8 a.u. h ign ®~5.5 a.u.; thi
v<1.8 a.u., decreasing to about 80% at higher nuclear ve- um atR~8 a.u. and changes sign ®~5.5 a.u.; this

locities change of sign explains the depopulation of the state near

We indicate in Fig. 10 that the network feeds from thez.zo' Second,_ to ShO.W that the IoﬁRg-mecha_nlsm 'S not
320 entrance channémixed with the 210 state at shdr) tr_|ggere(_1| by_thls coupling but by t_h_e 431.'430 |ntera_ct|on, we
would extend indefinitely up to and including the molecular diSPIay in Fig. 4b) the same collision history as Fig(a,
continuum. Through thg,, 1y, Wave functions, it provides but with this interaction ehmma_ted: a drasth reductpn of the
a representation of the component of the expanding ioniz- 430-540-- relay flux for Z>0 is then obtained, while the
ing cloud. However, truncation of the basis results in thatmaximum of the 430 population f&<0 is unchanged.
this representation is impaired and the part of the flow that We now present a general proof that the stidrecha-
does not feed the lonB-mechanism accumulates in the deadnism is essentially a rotational one and describes ionization.
ends of the network, which are the0 states. A practical We display in Fig. 11, for the prototype trajectory and the
consequence of the simultaneous interconnection betwedl¥-state calculation, the result of eliminating from the basis
the network elements is that cancellation of a given couplingall orbitals of = symmetry with positive atomic energies,
results in that the probability flows through the others; this iswhile keeping the negative-energy,,,) = orbitals. An im-
the main feature that renders the analysis so difficult. portant lowering of theX, P, oo probabilities ensues, which

It may be seen in Fig. 10 that a very important feature ofshows that the former traveling orbitals, which can represent
the shortR network is that in the way out of the collision it ionization, are indeed crucial in the process. Incidentally, we
provides most of the input flux for the 430-540 relay-racealso see from Fig. 11 that an overcompensation for the elimi-
mechanism, through the 320-431 and 431-430 rotationahation of ionizing s states appears, so that the mechanism
transitions. It can also be noticed in Fig. 10 that the 430 andhvolving o states(and, as a consequence, the relay yace
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becomes much more efficieqE,P,,_1)o substantially in- cloud has a positive energy with respect to both atoms, it
creasep describes an ionizing event. The difference is that the
Finally, from all the information gathered on the shBrt- shortR mechanism arises from the inertia of the cloud to

mechanism and from the characteristics of the wave funcfollow the rotation of the internuclear axis, while the relay

tions, we can conclude on the physical origin of the processace refers to nuclear translation. The superposition of trav-
and its relation with the relay long-one. Both mechanisms eling = and o orbitals stemming from both processes then
share a common physical origin: the swift nuclei leave berepresents an ionizing cloud that is situated in the internu-
hind the electronic cloud as they separate and when thislear region, with its center off the internuclear axis.
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(=]

e.g., Fig. 6 forE{"" (Z). Forp=1 (origin at the geometrical
v=2 au n=5 =4 m=0 centej, these curves are shown in Fig. 12 for tig1—1)0
states. Another possibility is to takg=0 (origin on the H
nucleus, which permits one to correctly impose the initial
condition because theb =1 in Eq. (7); the corresponding
atomic energies are drawn in Fig. 13.

The first conspicuous difference between Figs. 6 and 12 is
that, at large distances, in the former figure we have either
E{h_1)0<0 (capture channelsor E{{)) ,,<0 (excitation
channely whereas in Fig. 1Zsave for the 210 statdboth
O E{h_1)0 andES)_;,0=0 at largeR. The reason is that the

0 5 01520 (Zcfu‘) 30 35 40 45 50 limit forms of the molecular wave functiong,(r,R) are
superpositions of bound and continuum atomic wave func-

FIG. 7. Atomic energy of the,g'V traveling molecular state  tions tbf“(r,R) or @?(r,R) [defined in Eq.(3)]. The same
in the moving Li atomic frame as a function @f=vt for various  holds for Fig. 13, except for the excitation channels, for

i
[

NSO O T 0T N S I S T O B

E¥(Z) (a.u.)
<
(=

|
e
o

nuclear velocities and=2 a.u. which xim— @' asR—. Then, sinceD ,=1, we have from
(36) that E{{) —E!'= —1/252. For instancexs,o— ¢}, and
F. Molecular approach without translation factors E(3"2')0<0 for R>4 (see also Figs. 2 and.6

As mentioned in Sec. Il the behavior of such an expansion From these reasons and the overall comparison of Figs. 6,
is less definite than the CTF-modified off7) because the 12, and 13, we see that the CTF greatly improves the physi-
results depend on the origin of electronic coordinates chosedl sense of the basis orbitals, as is well known. Neverthe-
in Eq. (1). Nevertheless, it is interesting to illustrate someless, the most interesting feature for the present purposes is
similarities and differences with the previous case; we nowthat in the smalR and hidden crossing regions, the atomic
do so for two choices of origin. energiesEf]'E',;'i)l)o(Z) of Figs. 12 and 13 exhibit a similar

When the same OEDM orbitaly,,,} are involved in the behavior to the case with translation fact¢fgy. 6). Further-
expansions with and without the CTF eid(), in the present more, we also have a similar network for the shHerteta-
context the pertinent differences lie with the atomic energiegional mechanism. Therefore, from all this we may expect an
(31) and(36). We are thus led to consider the equivalent to,analogous, though less neat, description of ionization as

0.4
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0.3 — T o\
A 310 K 0000000000000 0 0nnee eeeseeseces
T 92 v 300 ,,.o’
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0.0 ? 0
FIG. 8. Temporal evolution of
-10 -7.5 -5 -2.5 0 25 5 7.5 10 .
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lation and(b) in a modified 11-
state calculation where the 210-
04 321 and 320-321 rotational
221 couplings are canceled.
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when translation factors are employed. This was indeediven. We may thus answer in the positive questiom of
shown in[2] for HE?*" +H collisions and may be seen in Fig. the Introduction: the contamination of capture by ionization
and the accurate description of the combined capture plus
ionization process are general features of molecular close-

1(a) for the present benchmark.

IV. CONCLUSIONS

between multicharged ions and H{)1 while capture prob-

coupling treatments in the intermediate-energy range.

To answer the other questions, we have presented a selec-
To obtain information that will, in the future permit one to tion of a large number of tests carried out for the

generate pseudostates in a systematic and physically meai>"+H(1s) reaction. This system was chosen as a different

ingful way, we have attempted a detailed analysis of thebenchmark from the usual Bie+H and as a prototype of

description of atomic collisions by molecular close-couplingmulticharged ion-atom collisions.

methods. We have first ascertained that our previous findings With respect to questiofii), in Sec. 1| B we have ex-

[2] on the HE"+H reaction hold generally for collisions plained the apparent paradox of the description of ionization

by expansions that do not include the three-body continuum:

abilities have the wrong fall at high velocity, the electron- some wave functions represent both a bound molecular
loss (capture plus ionizationcross section is accurately eigenstate in a fixed-nuclei frame of reference and atomic
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nant part of the ionizing flux is due to a mechanism operating

A
1 h / at short distances, which, in addition, is found to trig(fég.
400 g} i‘;g 340 10) the ladder one. Unlike the long-process, the mecha-
411 410 nism primarily involvesrotational transitions and a closely
knit network of strongly coupled states. This has important
I I consequences regarding the requirements on pseudostates.
300 321 430 430 More specifically, in the londR process the swift nuclei
311 310 separate and leave behind a portion of the electron cloud in

the internuclear region, in which the electron is unbound
with respect to both nuclei. This portion is sequentially de-
200 «— 211 431 scribed by increasingly diffuse orbitals, which pass on the
relay as soon as one of their atomic energies becomes nega-
50 tive. However, for a finite basis there is always a large
210 enough distance such that the energies of all traveling orbit-
als become negative with respect to either one of the nuclei
FIG. 10. Schematic of the lowest tracks of the network of mo-[EQ. (26)]. Then, as the nuclei separate the ionizing flux is
lecular states implied in the transport and trapping of the ionizingtrapped, almost exclusively in capture channels. Although
flux. some relay states are transiently populated in the way in of
the collision[see, e.g., Fig. @], the relay ladder process is
started by the sho® one, which arises from the reluctance
unbound packet states in moving-nuclei frames. As exof the electron cloud to follow the fast rotation of the inter-
plained at Sec. Il C, this property is not shared by atomimuclear axis. Because of the dense network of rotational and
basis functions modified with plane-wave-type translationradial couplings that exist there, this gives rise to an almost
factors and is, in general, not shared either by similarlysimultaneous large number of transitions between the mo-
modified molecular bases. Next, by using the atomic enerlecular states. In this case, incompleteness of the basis results
gies (24) and (25) in the moving frames as a tool, we have in an unphysical trapping by the dead ends of the network,
proved[Figs. 6, 7, 9a), and 9b)] the ionizing character of which also correlate to capture reaction channels. The final
the traveling molecular states in the very regions where theyesult is that the ionizing flux is accounted for as charge-
are involved in nonadiabatic transitions. This explicit proofexchange probabilities, and one obtains an overestimate of
deals with point(ii) of the Introduction and is much more the capture cross sections at high velocity, while electron-
definite that a coincidence of calculated cross sections withoss cross sections are accurately reproduced.
ionization measurements in a specific case. By comparison We may thus answer poiriiii) of the Introduction: the
of those figures with Fig. 8, the details of the ionizing description of ionization by molecular states ceases to be a
mechanism can be understood from the velocity-dependemthysical one when these states acquire a negative energy in a
correlation diagram of Fig. 2. moving atomic frame and truncation of the basis prevents a
Furthermore, our analysis, summarized in Secs. lll D andlescription of the ionizing flux by the corresponding missing
[Il E, has not been restricted to a detailed confirmation of thdink in any of the chains of the network schematized in Fig.
conjectures of Refd.1,2]: we also found that our previous 10.
(laddey mechanism was significantly incomplete. A domi- We may also partially answer questi@m): pseudostates

0.7
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0.5 — () e FIG. 11. Temporal evolu-

tion along the nuclear trajectory
(v=2 a.u.,b=2 a.u) of the pop-
ulations  =,|ann-1)0(2)|?> and
S hlanoo(Z)|? obtained in the 90-
state calculatior{l and Il, respec-
tively) and in a modified one with
all orbitals of = symmetry with
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nated from the basig* and II¥,
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should complete the basis in such a way adotally im-  distances where completeness of the basis is best. Its partial
prove the description of both long- and shBrtprocesses. failure in most other cases, including HerH and the
This involves a wide range of internuclear distances in addipresent Li"+H benchmark, is due to the fact that other
tion to the asymptotic region, and thereby a drastic chang@ternuclear distances are involved and consequently a dif-
from the method of Ref[4], which focused on this region ferent type of pseudostate is required, which should cover a
(see Fig. 1 ofl4]). The success of our method in the treat-region of configuration space lying between the nuclei and
ment of the HE +H™ reaction is probably due to the fact that centered off the axis. In addition, the trapping by th@0

the process is quasi-instantaneous and occurs at very shatates found here was quite unexpected on physical grounds
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and should have a strong bearing on the optimal choice ddis a result of the inertia of the electron cloud to adiabatically
pseudostates. follow the nuclear motion. This gives rise to nonadiabatic
Finally, the present work offers a quantitative descriptiontransitions, which can represent an ionizing flux whenever
of ionization at intermediate energies that is not available irthe nuclear velocity is high enough that the energy of the
the literature. In this respect, it should be noticed that, intraveling orbitals is positive with respect to both moving
spite of the complexities of the detailed mechanisms, thatomic reference frames. Then, as the close-coupling treat-
overall physical picture obtained is a very simple one. In thisment minimizes the difference between approximate and ex-
picture, ionization, like charge exchange or excitation, ariseact wave functions, it also represents the ionizing part of the
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latter. This picture was obtained here for molecular expan- ACKNOWLEDGMENTS
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