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Description of ionization in the molecular approach to atomic collisions. Il
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We complement a previous artidlelarel et al, Phys. Rev. A5, 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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[. INTRODUCTION abilities, left important questions unanswered, such as the

accuracy of the calculated wave functions. This is especially

Our knowledge of the domains of validity of computa- relevant since the advent of recoil-ion momentum spectros-
tional methods in atomic and molecular physics relies orcopy[21,22), which involves the momentum components of

comparisons between calculated observables and the mdsie ionized electrons. Furthermore, the classical sfudy

accurate values available. These comparisons are needskowed that even near the ionization threshold, the ionizing

even for approaches that are formally convergent on the exloud is not entirely describable by bound molecular states at

act result when a paramet@uch as the size of a bagis  large internuclear separations. Moreover, this also applies at
indefinitely increased. In the field of atomic collisions, and ashigherv to a sizeable portion of the cloud during the whole

a result of many years of experience on the basis of compagrocess, which stands in apparent contradiction to the find-
ing total and partial cross sectiofesg.,[1-11)), itis agreed  jngs of Ref.[17]. Another unanswered question is whether a
that the most reliable convergent methods are the so-calledh nmon (capturéionization) physical mechanism is at the
close-coupling approachgs$2]. In particular, at low nuclear o o the fact that the ionization population appears in

¥e|O$ItIESU,f c;lr:)sef—_cogpllngl e_:x|_p|ans_:?n§ In terms ?fle'?egterms of “capture” probabilities in treatments @positive
functions ot the Tixed-nuclel Framiftonian accurately 1ake,, oiom collisions including common translation factors
into account the strong interactions giving rise to charge ex;

S : é TF9 [23]. In turn, this has a bearing on the strikingly
change and excitation processes, and have been extensiv #ferent largev behavior of molecular expansions includin
used. In the present work, we focus on this molecular ap- gev P 9

proach; alternative, atomic close-coupling expansions hang_FS and plane-wave translation factoWTFs [24],
also been successfully employEt13], and will be consid- Which was shown some years &d,16,25-27, and whose
ered in a separate work. origin Igrgely remains an open question. _ _

At higher v, in the so-called intermediate range, the mo- !N this paper we shall treat these points and especially
lecular approach has also been successfully empl§kth check on the accuracy of the wave functions. We focus on a
simultaneously calculate capture, excitation, and ionizatiorielatively high velocity, so that the contradictions and limi-
cross sections. In the particular work of RE8], the basis tations stand out clearly and we are able to carry out a proper
included pseudostates, but it is significant that reasonabl@nalysis of approximate wave functions, which requires both
electron-loss cross sections are even obtained in terms #fie computer codes to generate them and a sufficiently accu-
bound states alonjel5,16]; this would seem to suggest that rate testing agent to compare with. Here we employ for the
the choice of pseudostates is not critical. The question wafrmer the algorithms used in Refd,,17], and for the latter
studied in Ref[17], by considering the orbital energies in the method of Ref[28], which consists in expanding the
both the artificial frame of fixed nucléBorn-Oppenheimer total electronic wave function in terms of spherical Bessel
approximation and the physical frames of the moving nuclei functions confined in a finite boffor alternative methods to
(collisional frameg when a given orbitajwhich has a nega- treat ionization at intermediate energies, see e.g., Regs-
tive molecular energy in the fixed-nuclei frajrfeas positive  33]).
atomic energies in the collisional frames, it can describe ion- A similar analysis to ours was carried out in Rdfs4,28
ization. These findings were confirmed by a study of thefor antiproton impact collisions, and some answers to the
results of classical trajectory Monte Carlo calculationsprevious questions were briefly commented upon in Ref.
[18,19, using the inverse transformation, from the colli- [34], which will be used as a starting point in the following
sional to the fixed-nuclei frame. section. Section Il illustrates our findings, and our conclu-

The analysis of Refl17], which was almost entirely car- sions are drawn in Sec. IV. Atomic units are employed
ried out in terms of orbital populations and transition prob-throughout.
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Il. THEORY =E,<0. Hence, both necessary conditions are never ful-
filled, so that a description of ionization is only possible in
the smallR region where the basis is strongly nonorthogonal.
The molecular close-coupling method expands the wave We are thus led to focus on CTF-modified expansions in
function representing the collisional system in terms of a sethe following. For these, transitions giving rise to ionization
of eigenfunctionsp,, of the fixed-nuclei Hamiltoniai. This  were shown[17] to take place in thos® domains where
perturbed stationary-state models is usually modified by mulboth Eqs(4) and(5) are fulfilled. A similar result is obtained
tiplying the basis functiong, by CTFs[12,16], although  when one calculates the molecular enefrgguivalent to Eq.
PWTFs have also been employfib,26]. (3)] of an ensemble of ionizing classical electrons in an arti-
The question of the accuracy of close-coupling waveficial, fixed-nuclei frame; see Refgl8,36): there is a portion
functions becomes critical at velocities so high that the elecof the cloud that has a negative molecular energy, and is
tronic structure of the colliding system has little to do with describable by bound molecular wave functions modified by
those of molecular orbitaléMOs). In particular, the ioniza- CTFs. The next question is how accurate is this representa-
tion densities strongly differ from the electronic structure oftion of an actual collisional event.
bound molecular statg48,35. As mentioned in the Intro-
duction, the reason why ionization can be nevertheless rep-
resented by those states was considered in [REf$34], and

A. Necessary requirements to represent ionization

B. Sufficient requirements

we briefly repeat the arguments. Choosing the u$@a] To tackle the previous question, we now draw from the
case of an impact-parameter treatment ofHeH colli-  explanation of Ref[34]. We start by assuming that the basis
sions, the electronic wave function fulfills the impact- function ¢, yields a reasonably accurate description of the
parameter equation, exact wave function (in a finite volume at a timet, so that
J we have
(H" 5) wr.H=0, @ Y(r 1) = ga(r Hexp(iU) = ye(r t), ®)

where the projectile follows a rectilinear trajectoR~=Db
+vt with impact parametelp and velocityv.
We approximate) with a close-coupling expansion

whereU,=U is the CTF.
We now look at which condition must be fulfilled at later

timest+médt(m=1,2,...), 6t being the integration step em-

N ployed to solve the system of differential equations for the

Po(r )=, an(t)en(r,tyexp(iu,) (2)  coefficientsa, of Eqg. (2); to simplify the explanation, we

n adopt a constant step. An obvious sufficient condition is that
) ] ) N the manifold spanned by the basis set contains the exact
in terms of a basis ofnormalized MOs ¢, of the Hel—? function ¢(r,t+mét) at each pivotal point+mét of the
quasimolecule, modified with the electron translation factors,,merical procedure. Then, the basis is dense entinghe

(ETF9 U,, and with energies language of functional analy$ito propagate the solutions of
_ 1v2 B Eq. (1), and we shall have/“(r,t+mét) = ¢ (r,t+mst).
En=(en| =2 V"~ Ury= 2/ @n) <O. © This requirement can be summed up by the condition that
As was shown if[17], in the R domains where asymptotic PMO{ﬁ: ¢ at all times, whereP"© is the projector onto the
orthogonality holds, some of these ETF-modified MOs carmanifold spanned by the close-coupling bdsis, exp(U);
also describe ionizing states when the corresponding enef=1,...N] of Eq. (2),
gies with respect of both moving nuclei are positive,

N
En=(¢nexpiUy,)|—3V?~1rylo,expiU,))>0, (4) PMO= |, exp(iU)) e, exp(iU)|=PMO+PMO  (7)
n

En®=(¢n exp(iU ) [exp(iv-r)(— 3 V> =2/ o)

Xexp(—iv-r)|e,expiu,))>0, (5  where PMO is the sum of the elementary projectors for the

o _ _ o MOs that asymptotically represent Herbitals, andP}° is
where the origin of electronic coordinates is situated at thgpe corresponding projector for the orbitals that asymptoti-

target H nucleus. _ _ cally represent H states.
When Egs.(4) and (5) are both fulfilled, the orbital The sufficient condition can be transformed into an

¢n€xp(Uy) describes an ionizing cloud in the physical frame gquivalent one exclusively involving the basis set
of moving nuclei. Otherwise, the cloud is bound to either

nuclei, or to both.
These necessary requirements allow us to explain why #(,t+t)=e(r,t+ot)expiu)
expansions in terms of MOs modified by PWTF are unable P
to describe ionization at large: for a capture orbitak,,, —i5t<H—i _) e1(r,H)exp(iu)+0(8t?),
U,=exp(v-r), so thatEEe= E,<0 always; and for the en- dt
trance channel or any excitation orbitdll,=0 and EE (8
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which shows that for the first integration stép an equiva- In our comparisons, we select a representative nuclear
lent condition is that the manifold contains the first absorbetrajectory with impact parametér=1.2 a.u. and nuclear ve-
[37,3§ function, locity v =3 a.u. which yields a sizeable value for the ioniza-
tion probabilityP,,,. The ionizing wave function is obtained
. . with the method of Pong28], which employs an expansion
( i E) ea(r,Hexpiv) in terms of spherical Bessel functions confined in a finite box
. ) of radiusr ,,,=120 a.u. centered on the target. In the present
|< H—i —) o1(r,t)expiu)] application the basis consists of all thékr) functions such
Jt that j;(Krn,0=0 with Osk<k,=2.5a.u. and &Il<I .
=3. The radial functions are then multiplied by spherical
. ; » iU harmonicsY,,, with m=<2. Finally, to speed up the conver-
coupling mechanism through transitions frape'™ to the gence of the expansion with respect to the description of the

other basis functiong;e"’ spanning7. To propagate from |5 ect hound eigenstates of the target, the exactsHéhd
t+ 6t to the next pivotal point+24t, we shall require the H%Zp) orbitals are added to the basis.

basis to be able to represent the first and second absorber o The ionizing part, henceforth calleg: of the total
[} ion»

¢y and so on. Hence, to obtaip™(r,t+At)=y(r,t+At),  \yave function is obtained by prediagonalizing the target
the larger At, the higher-order absorbers that the close-ygmiltonian in the basis and adding up the populations of

Pr(r,t)=

Propagation front to t+ 6t is then described in the close-

coupling manifold should span. the ensuing atomic functions with positive energies. In prac-
tice, the system is heteronuclear so that it is equivalent to
C. Trapping effects projecting out the bound states of atomic hydrogen,

The sufficient conditio™°y= i means thaty stays in- ) )
side the manifold defined by Eq7) and can be applied to PAO=2 ¢ (o!|= lim PYO, (10
any physical process. In the particular case of ionization, it is ! R
much more stringent than Eqs) an'd (5): W.h"? Fhese only so that the elastic and excitation part of the wave function is
require the wave function to describe an ionizing cloud, the svmptoticallv given b
new condition guarantees that it is the exact one. As pointea ymp Y9 y

out in Ref.[34], wheneverPMOy significantly differs from =Py, (11)
. . . . H H ’
i, the correct propagation of the wave function is impaired,
and the population remains trappiel#,34 in the initial ba-  and when electron capture can be neglected, the ionizing part
sis functions. For instance, in the previous exam{@ec. s
[I1B), when the close-coupling manifold does not contain the
first absorberPMOy+ ¢ and the population will be trapped Yion= (1= PE°—PE) =(1-P)y, (12
in ¢, . Atrapped population can in turn give rise to unphysi-
cal transitions whenever the corresponding basis functiong0 that
are coupled to other ones. The result can be a complicated
and artificial mechanism. Y= tion-

In spite of thes_e comphcatlons,_lt IS _noteworthy that aCrhe convergence of all the following results with respect to
curate cross sections can be obtained in many cases for tfﬂ%e

. . ; - e parametersr ,ax. | of the Bessel expansion has
following reason. Taking, for instanck¥?" + H collisions, as P 81 maso Kma I mand P

we shall see, trapping in capture states occurs; since theggen explicitly checked as in Refd4,19.

states are mostly coupled to other capture wave functions at _ )
large R, the trapped ionizing population mostly remains in B. Temporal evolution of MO populations
the capture manifold, so that reasonable values for the Wwe first compare the overall features of the physical

ionizatiom-capture cross section result. We then havéa@?  mechanism to the one provided by the close-coupling
proximate convergence of this cross section to the exacimethod.

(13

result, but not of the corresponding wave function. In the physical mechanism, a part of the electron cloud is
polarized by the incoming projectile and picks up enough
Ill. RESULTS AND DISCUSSION energy to detach from the target, but does not succeed in
A Method following adiabatically the swift projectile. It is thus left in

an ionizing state, which asymptotically describes a quasifree
As mentioned in the Introduction, we shall elucidate theexpanding cloud, which stays relatively close to the target

accuracy of the molecular expansion for the usual benchmailB5]. This is the well-known direct-ionization mechanism.

of HE#* +H(1s) collisions, since it is employed in most of ~ Turning now to the molecular mechanism, this is usually

our previous work on the subje¢see, e.g.[16]). In fact, described by means of the “history” of the process, as given

which particular benchmark is chosen is rather immaterialpy the temporal evolution of the state populations along se-

because of the similar accuracy of electron-loss cross setected trajectoriefl6,17]. Here we employ the same 14-term

tions for X"* +H(1s) collisions, for a wide range of veloci- expansion of MOs, modified with the CTF of Ref89,4Q,

ties, as shown in Refl7]. as in Ref[16]. Summation over the populations of t{réne)
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0.5

an ionizing cloud in terms of sequences of progressively
more diffuse MOg41], and the shorR mechanism is very
complicated.

0.4 Comparison in Fig. 1 of the values d}fﬂggﬁl; with the

corresponding monocentric ionizing populatiyio|? [Eq.
(12)] shows that both results converge to approximately the
S 0.3 same exit probability in thé— o limit. Hence, as surmised
e in our previous work{16,17], we have the asymptotic ap-
= proximation
=
© . .
9 02 Pea= lIm ||y~ lim | ¢ionl>= Pion- (17)
t—oo t—oo

This agrees with the usual practice of taking the “cap-
ture” probability 7?§§p to correspond to ionization at high
Nevertheless,Pg, overestimatesPy,, and [l#cgl® and
| ionll? are quite different at smal. Furthermore, the suffi-

0.1

0 cient condition PMOy;,,= i, Of the previous section is
Nuclear coordinate Z = vt (a.) never met, sinc@PMOy,.l1?, also drawn in Fig. 1, is almost
h negligible.

FIG. 1. lonization probabilities as functions of the nuclear co- ~On the other hand, Eq17) cannot be coincidental, since
ordinateZ=wt for a selected trajectory with relative nuclear veloc- it has been shown to hold for many systems and nuclear
ity v=3 a.u. and impact parametbr=1.2 a.u. obtained using dif- velocities(see, e.g., Ref17] for the cross sectionsTo ana-
ferent methods: thick lindli|? of Eq. (12) obtained by means of lyze this apparent paradox, we need to consider the wave
the present monocentric Bessel expansion; thin line, electronfunctions as well as the probabilities.

“capture” probability ||¢§3A\2 of Eq. (15) obtained by means of the

molecular close-coupling expansion including the CTF, long-dashed C. Comparison of wave functions

line, values of|(1— P{°) 492 obtained with the CTF; circles, val-

ues of [ (1—PA°) 4% obtained without the CTF; dash-dot-dash

line, values of| PMOy, |2 with PMO of Eq. (7); dashed line, values We start with the domain of internuclear distancéés

of [ PMO* o 12 with PMO* being the projector onto the augmented — 2 @.U. in Fig. 1. As shown in Fig. 4 of R€35], the physi-

basis with pseudostates of Eq28)—(30) including the CTF. cal mechanism is a strong and rapid polarization of the initial
H(1s) state, which remains bound, so that,~0 in Eq.

capture channels then yields the total “capture” probability (13) and|| i[>~ 0 in Fig. 1. Upon inspection, one finds that

1. Target polarization

P #°° manages to approximately describe this simple process in
P a rather complicated way, through a network of radial and
_ - ) rotational couplingg17]. The overall result is that we have
Peag=lim [ hca]|*= lim ; lan(t)] (14  the rough approximations for the electronic densities,
t—o0 t—o0
with |92 = et vicad *~ w17~ lunl®, (18)
~ so that[see Eq(12)]
ead 1D =PRSYS(r 1), (15
_ . . (1= PE2) 9%~ (1 - PE%)yl?~0. (19
and the close-coupling wave function is obtained by adding
to ¢//§§p the elastie-excitation partijce. We stress that the network of transitions is not due to the
A A physical process being complicated, but to the rapid time
Y= Piet Yeg = PHOYS PES Y. (16)  variation of the basis functions, which in turn is mainly due

to the abrupt and unphysical behavior of the CTF42] at
We display in Fig. 1 the values of the “capture” population shortR and highv. This point is exemplified in Fig. 1, where

lcad® along the selected trajectory as a function f e show the values of(1—PA%) 9?2 obtained with and

=ypt. Comparison with the collisional histories drawn in Ref. without the CTF in Eq(7): we see that the consequence of
[16] shows that the overall history is similar to those at lowergq, (19),

impact energies, to those for larger basis sets and another
systemg17] l(1=PE)wP~o, (20

In all those cases, we can distinguish a shr{Z
<5 a.u.) mechanism wheﬂri;lfﬁgwﬂ2 increases rather abruptly, is fulfilled to a much better degree for the results without
and a longR process where it varies smoothly. As shown in ETFs than for the CTF data. We note that when the CTF is
Ref.[17], the longR mechanism represents an expansion ofexcluded from Eq(2), the individual probabilitiega,|? do
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FIG. 2. Values of electronic densities along thaxis (integrated ovex andy axis) for three different values of the nuclear coordinate
Z=vt=0.5a.u.(a), 2.5 a.u.(b), and 16 a.u(c) for the selected trajectory of Fig. 1. Thick ling/ion%; long-dashed linej(1— PAC) 492
obtained fromy°® with the CTF; dash-dot-dash linéP"°y|2, with PMC being the projector of Eq(7) including the CTF; circles,

|PMO| y0nl|% with PMO being the projector of Eq(7) without the CTF; dashed linéPMO* ;|2 with PMO* being the projector onto the
augmented basis with pseudostates including the CTF.

not converge to a constant valuetas, as is well known, |4°9%=| P+ ¢§§A2~ ||~ |+ Wionl?, (22)
however, from Eqgs(10), (14), and(16), we have that

R R so that
lim (1= PE%) = lim||(1— PE°) ¢4 *=PC, (2D ) )
e e (1=PRO) Y2~ (1= PRI~ (23)
do?Asoconvzerge, so that it is meaningful to consiflet ;4 a5 in the previous section, we find that the results with-
—Po) . out CTFs fulfill Eq.(23) much better than those with CTFs.
In both cases, we have a much smoother behavidf( bf
—PEO) % than ||(1-PE%) 2=y In particular,

As shown in Fig. 1, for the particular nuclear velocity and the odd wiggles of] ¢g;,4\2 in Fig. 1 are due to the contribu-
trajectory under study, ionization takes place f@r tion of the “capture” MOs to the description af.

—2 a.u. Likeyy in Eq. (18), ¢, is also roughly represented The behavior of the CTF-modified close-coupling expan-
by both componentgc; and ¢/cq, 0f ¢, so that one has sion has been exemplified in Fig(a2 (Z=0.5a.u.) where

2. lonization
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we display the values of the densitiég,,|> and |(1 ' ' ' ' '
—PA%) 492 as functions of the coordinate along the colli-
sional Z axis, integrated over thg,y electron coordinates. 0.5
However, while these densities are roughly similar in the
target region, this is certainly not so for the phases, as may
be gleaned from the small values "°y,.,|2. In fact,
elimination ofboth the phase off;,, and of the CTF in Eq.
(7) yields |PMO| gionl |2~ | hionl %, also shown in the figure.
Now, since the molecular manifold is unable to describe
the phase ofl,,,, while the density is approximately repro-
duced, we can apply the reasoning of Sec. Il C by substitut- 02
ing ¢ by (1= P{O) Y=o and y=° by (1-PEO)y in Eq.
(6) [see Eq(23)]. Then, since the sufficient condition is not o1k
met PMOyion# ion), We have a trapping of the ionizing
population in |(1—P£%) 492 Henceforth, both densities

|(1—PE°) y°9? and | gi|? evolve separately, and increas- %io
ingly differ from each othefsee Fig. 2b) for Z=2.5a.u. and Nuclear coordinate Z=vt (a.u.)
Fig. 2(c) for Z=16 a.u], while we still have

0.4

0.3

Probabilities P(Z)

FIG. 3. lonization probabilities as functions of the nuclear co-
(1- ﬁﬁo) ¢00||2% [ (/,ion||2 (24 ordinateZ=vt for a selected trajectory with relative nuclear veloc-
ity v=1.6 a.u. and impact parameter 2.0 a.u. Same symbols as
because of the trapping effe(see reasoning in Sec. I)C in Fig. 1.

3. Quasiuniform expansion As in Sec. llIC 2, elimination oboth the phase of/;,, and

At the nuclear velocity treated here, ionization is almostth® CTF in Eq(7) y'eldSlPMO|‘//ion||2”|‘ﬁion|21 in full agree-
complete forZ=5 a.u., and from then onwards the physical MeNt with this explanation. _
mechanism is that of a quasiuniform expansion of the jon- Following the argument of Sec. 11 C and as in Sec. 1l C 2,
ized cloud[35,42, which stays relatively close to the target W& ¢an then conclude that it is the fallur_e of the expansion to
(direct ionization. On the other hand, the evolution of the "€Produce the correct phase #f, that gives rise to a trap-
close-coupling “counterpart{(1— PA%) 492 is quite differ- ping of the ionizing population in some molecular channels,

X . . 1 . so that the correct wave function is not propagated, with the
ent, with an increasingly Iargfz portlon being centered on th?esult that the density eventually also becomes wiiia
projectile, because fdZ large P°~PH°, so thatfFig. 20)  (27)],

for Z=16a.u],
(1- |5‘H\°) oo (1 IS'\H"O) g lﬂggp- (25 D. Lower impact e-nergles B
We have performed calculations at nuclear velocities
Then, from Egs.(24) and (25), we obtain for the trapped down tov=1.6a.u. in the energy domain where the ioniza-
population, tion cross section of Hé +H collisions exhibits its maxi-
mum, and such that the method employed to ob#gip[28]
l(1— ﬁﬁo)llfCCHZ%H¢§§A|2*||l//ion||2 (26) is still reasonably accurate.
With respect to the physical mechanism, the main novelty
in the asymptotic region, in agreement with Ef1), but as one approaches the ionization threshold is that the direct-
ionization process is replaced by the so-called saddle-point-
| Wead “# [ ionl > (27)  ionization mechanisrf20], in which a sizeable portion of the
ionizing cloud stays in the saddle region of the nuclear po-
If we now refer to Fig. £c) for Z=16 a.u., itis interesting  tential. It was shown ifi18] that most of this density can, in
that there is no intrinsic difficulty in representing most of the principle, be represented in terms of bound MOs, up to in-
ionizing density by means of MOs fulfilling Eqé4) and(5)  ternuclear distances of the order of some hundreds of atomic
(see Ref[18]): although, as mentioned in the Introduction, ynits.
the description cannot be a perfect one, it was found in the |n spite of these priori favorable aspects, the scenario is
classical calculation that a large part of this cloud has a negaiose to that of the preceding sections. First, with respect to
tive “molecular” energy(3) and can therefore be representedthe temporal evolution of the MO populatiofSec. 3.2, a
by MOs (within an arbitrary phageHence, the problem lies  gifference shown in Fig. 3 at lower is that the “capture”
with the time evolution of the phase, and not of the modulusprobability P55, underestimategather than overestimates as
of ¢ion. This liability is considerably enhanced by the un- iy Fig. 1) P, ..
physical phase'” of the basis functions in Ed2), with the Second, with respect to the wave functions, although most
consequence th#PVOy;|? is almost negligible in Fig.@).  of the discussion given in Sec. Ill C applies, B0 both
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0.08 I I T T T T T T tonian in the mixed basis of 14 molecular orbitals and a set
- 7 of Cartesian Guassian-type orbitals of the form
0.07 - —
s ] G(r)=x""1(z'— 0.5R)" exp( — ynr ) (29)
_0.06 — )
T L . with
s
L 0.05- —
$ | | ra=x'2+y'2+(z' —0.5R)?, (29
‘@
3 0'04__ ] wherex’,y’,z’ are the electronic coordinates in a rotating
0,03 | molecular frame with the origin on the target, along the
Tl ) internuclear axisR, andy’ perpendicular to the collision
0.02 i plane &’,z"). The parametery, fulfill
0.01 _ | ¥n=0.00375¢ 2.5 (30)
i T with 0=n<5, 0<(n;+n,)<5. For n;=0, we have re-
0

%0 stricted the geometrical sequen@®) to its lowest terms to
avoid quasilinear dependences.
To avoid a repetition of the analysis of the preceding sec-

FIG. 4. Electronic densities for the selected nuclear trajectoryfions, we shall restrict our illustrations to the comparison of
with v=1.6 a.u.,b=2.0a.u., an&=16a.u. Same labels as in Fig. P"°" ., and ¢, With PMO being the projector onto the

2. augmented manifold. The values §PMO*y . |? are in-
. A L . I in th llision histori f Figs. 1 and 3. A significan
densities| |2 and |(1— PA°) 492 exhibit either a maxi- _cuded the co SPMO sto Ze_so gs. 1 and 3. A significant
jimprovement ovell PMOyi.l|¢ is apparent at shoi#, show-

mum or a shoulder in the saddle region of the potentia L L, S TR X
However, they are markedly dissimilar elsewhere, and espé[]g that.t.he descrlptu_)n of lonization in much improved py
cially in the asymptotic region of quasiuniform expansionthe addition of the third center basis. Nevertheless, we find

(Sec. I1C3. In particular,|¢//§gF]2 exhibits a sharp peak at that the same overall behavior of the data with and without

the position of the projectile, whilby;,,|> does not(see Fig. pAschaAléciostatzes IS gbtame_d for largg values ) where
4). The explanation for this dissimilarity follows as in the P #ionl”<|#ion”, and in both cases the quality of the
previous sections from the failure of the close-coupling ex-P@ses gradually worsens. As in the previous case, the situa-
pansion to reproduce the phase . The final result is tion is improved as the nuclear velocity diminishes. Similar
that Egs.(26) and (27) also hold. information is provided by comparingPM°*y;,.|2 and
It should be remarked, nevertheless, that this liability of|PMOy,. |2 in Figs. 2 and 4.

the close-coupling expansion is a little less pronounced than
before, and also that the description of the density is slightly
improved with respect to higher velocities. A token of these _ _ _ _
improvements s thatls'v'otpionlz is a little larger for v A question that has been raised many times in the old
—1.6a.u. than the values of Fig. 2 for=3 a.u.; neverthe- literature[12] is whether there is a “natural” boundary of the
less, the former density is still significantly smaller thanMolecular approach to atomic collisions. We think that a
|02, Showing that the sufficient condition of Sec. IIB d;eflrr]ute, though parEaI, agswer can be gr]]lven as a conplusm?
A . i the present work, and we present here an overview o
PMOy. =) is not fulfilled to any reasonable accuracy. O - > . : :
( Finlf/;‘ljlg/ gﬁogpen question is whe%/her there is a significgnprewous findings and reasonings, in the light of the present

: o S ones.
improvement at even lower velocities, near the ionization An expansion over molecular orbitals is complete in the
threshold. While this seems, in principle, reasonable thiﬁi

) . o mit when one includes a representation of the three-body
point would appear to be mainly of academic interest, and is__ .. . . .
continuum. It is able, therefore, to describe any physical

%eéﬁgg gfu;g&r&%u;ﬁgz?glb;ngsggag S;ﬁ‘uﬁogﬁﬁzgwy it thgvent such as electronic excitation, capture, and even ioniza-
y ' tion in a finite domain of electronic coordinates. Further-

more, expansions over bound states alone are alsd BBle

to describe ionizing events. The apparent paradox was ex-
At high velocities, some additional functions called pseu-plained away through a change from fixed to moving frames

dostates are often added to complete the basis. Inclusion @f reference; yielding what has been called, in the present

the basis of pseudostates usually provides improved valuegork, the necessary requirements to represent ionization

of the ionization and capture cross sectip8k It is interest-  (Sec. I A).

ing to see how the previous findings are modified when pseu- These necessary conditions are not always met. When the

dostates are added to expansi@h and as an illustration we molecular expansion contains plane-wave translation factors,

take the basis mentioned in that reference. These psethe description of ionization is not possible except at very

dostates are obtained by diagonalizing the molecular Hamilsmall internuclear distances. A consequence is that the prob-

Electronic coordinate z (a.u.)

IV. CONCLUSIONS

E. Use of pseudostates
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abilities for excitation and electron transfer are little contami-R, described in detail, e.g., in Fig. 10 of Rgf7], because of
nated by ionization fluxes and, in particular, the latter oneg(a) the fact that the ionizing flux is accounted for by both
experiences a fall at high [15]. On the contrary, expansions “excitation” and “capture” channelqb) the strong variation
containing common translation facto(€TF9 are able to  of the molecular orbitals near the united atom limit, and es-
represent ionization through transitions among basis statgsecially (c) the unphysical behavior of the CTF.

fulfilling Egs. (4) and(5). The ionizing flux is then accounted To illustrate our explanation, we have solved the first two

for (mainly) by the “capture” populations, so that the cross (ifficulties (a), (b) by focusing on (+ ﬁﬁo) <. This func-
sections obtained for electron “capture” really correspond totion singles out the part of the wave function that can be
capturetionization. taken to describe ionization, provided electron capture can be
A confirmation of these reasonings came from classicaheg|ected[Eq_ (12)]. The third complication(c) has been
calculations[18], using the inverse transformation from exemplified by also considering meaningful results obtained
mOVing to fixed frames of reference. However, it was alSO\Nithout a CTF. We conclude that physica| and molecular
found that, except perhaps at the ionization threshold, a Mqnechanisms strongly differ, and the interlocking of capture
lecular method cannot represent the whole process of ionizamnd ionization is an artifact of the latter, save probably at the
tion. This answered the question about the natural boundaggnization threshold41].
of the molecular approach: the boundary is reached when the Apart from their intrinsic interest, our findings have three
ionization threshold is crossed. practical consequences. First, since the ionizing wave func-
In the present work we have confirmed this classical antijon and its close-coupling counterpart are so different, one
swer at such Ve|OCitieSU(> 1.6 a.u.) that the limitations of cannot emp|oy the molecular method as it stands, or even
the molecular approach stand out clearly and unambiguouslyhodified with the addition of a few pseudostates to the basis
and we can compare with accurate wave functions, obtainedsec. 11 B, to calculate detailed properties such as momen-
with the method of Ponfl4]. Using this method, we have tum components of the ionized electrons, as in recoil-ion
been able to illustrate how the limitations arise whenever th%pectroscopy_ Second, when one wishes to obtain accurate
molecular manifold is unable to fulfill some sufficient re- wave functions and not only probabilities, it is pointless to
quirements(Sec. 11 B) to propagate the ionizing wave func- try to improve the molecular approach by the addition of
tion. These essentially require the representation of th@seudostates of molecularlike character, like first-order ab-
atomic continua to be dense enough at the pivotal points oforber function§37,38); either a large amount of high-order
the numerical-integration procedure. Our analysis of thisghsorbers are included, or a drastic change of basis functions
pOint shows that the critical conclusions of the classical Cal'is imp|emented for the ionizing wave function, such as pro-
culations were in fact too sanguine. vided by Refs[28—33. Finally, in close-coupling calcula-
What happens is that, at the first stages of the process, thRns, ETFs are needed to obtain meaningful cross sections
close-coupling manifold is able to approximately reproducefor electron transfer and excitation, whereas for ionization
the modulus of the ioniZing wave fUnCtion, but its Complete'the best procedure seems to be to forgo using ETFs at short
ness is too coarse grained to describe the evolution of itR and to choose a sufficiently dense basis. Work is in

phase. The consequence is that the ionizing flux is trappegrogress to merge both techniques to represent the three
(see Ref[34] and Sec. I, mainly in the manifold of cap-  kinds of processes.

ture molecular orbitals. Wherever these satisfy the necessary

requirements of Sec. Il A, the flux is ionizing, but since the ACKNOWLEDGMENT

sufficient requirement of Sec. Il B is not met, it widely dif-
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