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Ability of monocentric close-coupling expansions to describe ionization in atomic collisions
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We elicit the ability of monocentric close-coupling expansions to describe ionizatﬁm i(1s) collisions.
We show that expansions in terms of exponentially decaying basis functions are definitively unable to provide
reliable ionizing distributions in the outgoing part of the collision, since they cannot be enlarged enough to
suitably reproduce the outer part of the continuum wave functions. We review the construction of a monocen-
tric expansion in terms of spherical Bessel functions confined in a box that has recently been proposed to better
describe the ionizing wave functions and hence overcome the failure of the usual expfBsiBoss, Phys.
Rev. Lett. 84, 4569 (2000]. We ascertain the reliability of the method and enlarge our previous study of
ionizingE—k H(1s) collisions from low to high impact velocities.
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I. INTRODUCTION the “usual” expansions, such as the STO one, can accurately
describe ionization. lllustrations are given for monocentric

lonization in ion-atom collisions is quite an old topic calculations inp+H(1s) collisions. Such collisions do not
whose revival is partly due to the recent advent of recoil ionsupport charge exchange reaction paths; further, the electron
momentum spectroscogd®]. Combined recoil-ion—electron capture to the continuuieCC) [7,9] and saddle-poir{t7,10]
spectroscopy yields a complete momentum determination abnization mechanisms, which are specific features of posi-
all outgoing particles in single-ionization collisioh3]. The  tively charged ion impact, cannot contributed therein to elec-
previously standard electron momentum spectroscopy praron ejection.p+H(1s) collisions thus provide the funda-
vided angular and energy distributions of the ejected elecmental testing ground to elicit the ability of close-coupling
trons[4], of great help in probing the reliability dinainly)  expansions to describe ionization accurately. We will discuss
perturbative and classical descriptions of ionizafibh De-  how our conclusions, drawn from monocentric STO calcula-
spite fair advances over the last 20 years, it still remaingions, hold for other expansions using the same kind of un-
difficult to describe even the main feature of the ionizationderlying basis function8,11-17.
mechanism. An in-depth understanding of the dynamics re- The paper is organized as follows. Section Il A outlines
quires the time evolution of the ejected electron distributionghe monocentric close-coupling formalism; the STO and
along the collision and theoretical descriptions are expecte@pherical Bessel expansions are described in Sec. |1 B. Both
to complement experiments in that way. expansions are shown to provide accurate probabilities and

So in their classical trajectory Monte CafiBTMC) study  total cross sections for ionization and excitation in Sec. Il A;
of the ionization mechanism in ion-atom collisions, lllescasin Sec. Il B, ejected electron distributions are compared and
and Riera[6] recently stressed that, even at low velocities,mark out the limitations of the usuéTO) expansions; fur-
ionization takes place within a small rangec6<10 a.u.; ther, the behavior of the Bessel ionizing distributions is ana-
later on, the so-called postcollision interactid®Cl, [7]) ef-  lyzed as a function of the impact velocity; afterwards, we
fects are found to be secondary and the electrons move quagscertain the reliability of these distributions and finally ex-
ifreely. This scenario has to be verified by a time-dependenose the origin of the failure of the usual expansions.
quantum description of the process. One can naturally invoke Atomic units are used throughout unless otherwise stated.
the close-coupling method, which is based on expanding the
total electronic wave function over a finite set of basis func- Il. THE MONOCENTRIC CLOSE-COUPLING
tions spanning the main reaction channels, since it provides FRAMEWORK
accurate total ionization cross sectio(eee, for instance,
[8]). Nevertheless, a large-scale monocentric expansion, in
terms of Slater-type orbital§STO9, has recently been Within the impact parameter approach, the projectile fol-
shown to yield unphysical ionizing distributions in the out- lows classical rectilinear trajectories with constant velowity
going part ofp-+H(1s) collisions[1]. A monocentric close- and impact parametdr. Monocentric close-coupling expan-
coupling expansion in terms of spherical Bessel functionsions for a single electron total wave function read
confined in a finite box has thus been proposed to better
describe the ionizing continium wave functiops]. Its W(r,v,bt)= 2 aEnlm(v,b,t)(ﬁEnlm(r)e*iEnt, (1)
implementation in low velocityp+ H(1s) collisions led to a Eqlm
reliable picture of the ionization mechanism that essentially o )
confirmed the CTMC description of lllescas and Riera. ~ Where ¢g m(r) are atomic eigenstates mostly obtained by

In the present contribution, we aim at clarifying how far diagonalization of the target Hamiltonidd, in a basis of

A. General formalism
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target-centered orbitals, arth=( e im|Ho| e im). The di- e

agonalization procedure also yields?(square integrabje ‘Z’En'm(r):; cje ryi(r) ®)

wave functions of positive energy, usually called pseu-

dostates, so that spans both excitationH,<0) and ion-  with yM(r)=Y"(r) if m=0, and YM(r)=YM(r)

ization (E,,>0) channels. The amplitud%nm(v,b,t) are i(—l)mY’m(F) otherwise. The parameters are in geo-

numerically obtained by solving the usual set of differential ,yatrical s:leries which can be different for edciymmetry:

cou'pled eqyations that results from the insertion of the ansat&j:aoﬁj with 0<j<| ... The STO basis is thus defined

(1) in the eikonal equation, bY | max, the maximum angular momentum introduced, and
by the geometrical sefsrg, B,jmaxti-o, . .., | (all spherical

Ho+Vy—i i)\[}zol (2)  harmonics are usually included upto=1). Bound and un-
dt bound eigenstates can be exactly described in the limit of a
complete set covering the entire space. In practice, the un-
whereV,=—Qp/|r —R(t)| is the electron-projectile interac- derlying basis is truncated and this mainly affects the de-
tion, with Qp the projectile charge ang(t)=b+vt the in-  scription of the atomic continuum which thus consists of a
ternuclear vector. The coupled equation set is integratefew pseudostates that are exponentially spaced in energy
from  t;5;=—50 a.u., where aEn|m(v,b,tmi) scale. Further, the truncated expandi®ngenerally prevents
=8 1m —0500 for the H(1s) initial state, up tot,,, the pseudostates from fulfilling the correct asymptotic behav-
e ior sin(pr—Im/2)/pr. Gaussian,(scaled hydrogenic, and
Sturmian orbitals are also currently used in the usual close-

=5000 a.u., yielding the inelastic transition probabilities

_ 2 .
PE"".”(U’b)_|aE“'m(U’b’tma")| and . corresponding  cross coupling calculationg8,11—17. All of them exponentially
sectionso ym(v) = JoPe, im(v,b)db. decay withr and are able to span a similar configuration

Our basic tool to illustrate the ionization dynamics will be space, provided théimited) sequence of orbital exponents is
the time evolution of the ionizing density. A clear picture suitably chosen. Moreover, all these sets lead in practice to
further requires a simultaneous display of the density in conequivalent descriptions of the continug8y11-15; a large-
figuration and momentum spaces. The ionizing plaff, of  scale STO set is therefore representative of all monocentric

the total wave function is extracted from Ed) under the  expansions in terms of exponentially decaying basis func-
restrictionE,,>0. Such a condition does not provide a sepa-tions.

ration of the capture and ionization fluxes; nevertheless, we Recently, a monocentric expansion in terms of spherical

focus in the present work op+ H(1s) collisions in which  Bessel functions confined in a finite box was proposed to
the former process does not exist. For positively charged iohetter describe the ionizing continuum wave functighk

impact, the ionization channel should be represented by th&he configuration space is reduced to a spherical box of ra-
states that are unbound with respect to both the target and tlkus r 5« centered on the target. Further, it is assumed that
moving projectile [18]. In the laboratory-fixed reference the electron cannot leave the box, as if an infinite potential
frame, r=(x,y,z) with x=Db, z=v, andy perpendicular to Wall was located at the box boundary. The atomic continuum

the collisional plane. We obtain the two-dimensional electhen reduces to an infiniteut discreteset of stationary
tron distribution in coordinate space, integrating oyger modes equally spaced lyp=/r 5, in momentum space,
yielding the pseudocontinuum state dengltyr ../ 7V2E

on the energy scale. Within the box, eigenfunctions are ob-
pion(X,Z,v,b,Z)=f |Wion(r,v,b,t)|2dy (3) tained by diagonalizingd, in a basis of spherical Bessel
functionsj,(kr), which are free spherical waves of well de-
fined angular momentumspreading over all orientations of
electronic momentunk [20,21]. In practice, the underlying
basis consists of all thp(kr) functions such thag;(Kr a0
=0, thus fulfilling the simplest continuity condition with the
outer region where all eigenfunctions vanish, ane k)
<Kmax and O<I=<l,,«. The spherical Bessel functions ex-
~ _ |19 2 hibit the correct sirr—I=/2)/kr asymptoticr behavior: the
Pion(Px.Pz,0.0.2) f Wion(Pv.b,OIdRy, (4 basis suitably spans the wholes®<r ,,,, range and is thus
expected to provide a faithful representation of the ionization
wherep, andp, are the so-called transverse and longitudinalprocess.
electronic momenta.

as a function of the scaled tin®=vt. The wave function in
momentum space is numerically obtained by fast Fourie
transform[19] of ¥;,,,, leading to the two-dimensional elec-
tron distribution in momentum space:

Ill. DESCRIPTION OF IONIZATION

B. Basis expansions —
P The STO basis that has been used in the pregent

The monocentric expansions mainly differ in the underly- 1 H(1s) calculations is defined by, ,,=5 and the geo-
ing basis used to construct the atomic eigenstégéesn(r).  metrical sequences of orbital exponefitg), B,j max listed
Hereinafter, these are first obtained as linear combinations dfi Table I. These parameters were chosen to give very accu-
even-tempered STOs that diagonalize the Hamiltonian: rate representations of the lower bound eigenstates and yield
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TABLE |. Energy eigenvalues of the Hamiltonidnpper array diagonalized in the even-tempered STO
basis{l max=5{a0.B8.imadi-o,...,,,} defined in the lower array.

0 1 2 3 4 5
5.43075 4.41509
5.00098 3.74121 3.048 35 2.504 85
4.03063 3.65077 2.69323 2.06189 1.703 86 141114
2.15044 1.899 29 1.446 33 1.126 95 0.94184 0.784 76
1.116 85 0.97770 0.764 69 0.604 56 0.51030 0.427 27
0.55523 0.487 83 0.391 39 0.31360 0.267 35 0.22478
0.256 95 0.228 65 0.18859 0.15324 0.13218 0.11154
0.104 48 0.094 64 0.08072 0.066 69 0.058 49 0.049 48
0.03141 0.028 98 0.025 84 0.02176 0.01968 0.016 57
0.00067 0.00052 0.000 66 0.000 35 0.000 60 0.000 13
—0.00773 —0.00772 —0.007 65 —0.00753 —0.007 26 —0.00710
—-0.01017 —-0.01017 —-0.01017 —-0.01018 —0.01020 —-0.01020
—0.01388 —0.01388 —0.01388 —0.01388 —0.01388 —0.01388
—0.02000 —0.020 00 —0.02000 —0.02000 —0.02000
—0.03125 —0.03125 —0.03125 —0.03125
—0.055 55 —0.05555 —0.055 55
—0.12500 —0.12500
—0.50000
l @o B I max
0 0.060 1.3 24
1 0.068 1.3 19
2 0.079 1.3 19
3 0.092 1.3 19
4 0.110 1.3 19
5 0.131 1.3 19

a dense discretization of the low-energy part of the conjported in Table Il since a huge number of pseudocontinuum
tinuum (see Table)L After diagonalizingH,, all eigenstates states are obtained up E,~k?./2 (see Fig. 10 beloyw

with E,>6 a.u. are removed from the diagonalized basis

insomuch as they lie too high in the continuum to be signifi- A. Cross sections and probabilities

cantly populated. Dynamical calculations are thus performed

using the 295 eigenstates given in Tablgpherical harmon- H(2p) states are displayed in Fig. 1 as a function of the

ics are included up ten=1). _ _ impact energ)E for 1 keV<E<1 MeV. The cross sections
The main Bessel set that has been used is defined Byom poth the present STO and Bessel calculations are in
Fmax=120 a.U.,Imax=3, andkpax=2.5 a.u.; all spherical excellent agreement over the whole energy range. Fine
harmonics are included up tm=2, yielding 856 states. agreement is also found with the monocentric results of Hall
H(1s) and H(2p) bound eigenstates are explicitly added toet al. [22], who employed a STO-like underlying basis with
this basis before diagonalizing, to speed up the conver- complex exponentkl2], and with the calculations of Wells
gence of the expansion with respect to the description of thet al.[23], who solved the time-dependent Satlirmer equa-
lowestlying bound eigenstates. Table Il contains the negativeéon (TDSE) on a three-dimensional spatial lattice grid. The
energy eigenvalues of the diagonalized Hamiltonian; the deeross sections obtained by means of two-center atomic cal-
scription of the excitation states can be regarded as exagulations performed by Ermolaej24] exhibit oscillatory
fromn=1 to 6. The radial box is not large enough to pro- structures; Toshimf25] has shown that thedartificial) os-
vide an accurate representation of the highest bound statefilations are due to the momentum matching mechanism
that would extend beyond=120 a.u.; the diagonalization between bound and pseudocontinuum states belonging to dif-
procedure thus yields confined states that overlap the innderent centers, and that they disappear for large enough
part of the true Rydberg states. The description of these highpases.
lying bound states can be bettered as desired by increasing Our ionization cross sections are presented in Fig. 2.
I'max- Finally, the positive energy eigenvalues are not re-Comparison was made {1i] with the experimental data of

The partial cross sections for excitation into tf2and
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TABLE II. Negative energy eigenvalues of the Hamiltonian di- 20 . T
agonalized in the spherical Bessel basig.,=120 a.u.,l =3,
andk,.=2.5 a.u}.
1.5
0 1 2 3 € 9
—-0.00295  —-0.00309  —0.00337  —0.00376 : &
—0.006 94 —0.007 00 —0.007 11 —0.007 26 =10
—0.01014 —0.01015 —0.01016 —0.01018 g
—0.01388 —0.01388 —0.01388 —0.01388 &
—0.020 00 —0.02000 —0.020 00 —0.02000 é 05
—0.03125 —0.03125 —0.03125 —0.03125 °
—0.05555 —0.05555 —0.05555
—0.12500 —0.12500
—0.50000 0.0 ==

1 10 100 1000
impact energy E (keV)

Knudsenet al. [26], the monocentric expansions of Hall kG, 2. |onization cross sections fpr+ H(1s) collisions: same
et al.[22] and Schiwietzet al. [27], and the time-dependent symbols as in Fig. 1 and{) monocentric expansiof27] of Schi-
Schralinger equation, classical trajectory Monte Carlo andwietz et al. (taken from[22]); (V) BGM results of Kirchneret al.
perturbative continuum distorted wave—eikonal initial state[29];: (— — —) CTMC, (- — -) CDW-EIS results of Well=t al.
(CDW-EIS results of Wellset al. [23] and Schultzet al.  [23] and Schulizet al. [28]; (@) experimental data of Knudsen
[28]. We add in Fig. 2 the results of Kirchnet al. [29] et al.[26].

obtained by means of the basis generator mettR@M)

[30]; they exhibit the same shape as the other close-couplingna|ly 109 smaller than the Bessel one at the lowest im-

results, which all agree within 10%. We thus focus on a,, energy consideredEE 1 keV). An anomalous popula-
comparison of f[he results provided by the present STO angy, of the highest excitation statea* 6) appears in low-
Bes_sel calculations. - . energy STO calculations, which breaks the expected
First of all, we verified that high angular momenta are notyorease of Rydberg state population withFurther, the
necessary to obtain converged cross sections for ionizatioglsagreement with other monocentric predictions vanishes if
andn=2 excitation(Fig. 1) by increasing max from 3105 yis guperfluous population is added to the ionization one.
yv|th|n the Bessel expansion. The Bessel and STO r_esults a%Rthough such a contamination can be justified by arguing
in excellent agreement down to 5 keV; below this point, theyihat Rydberg states are analytic continuations of near-zero
start to deviate from each other and the STO cross section Bhergy continuum wave functions, it rather shows the incom-

pleteness of the STO expansion, which cannot produce dif-

1.0 ' ' fuse enough pseudocontinuum states to compete with the
A high-lying bound states to absorb the remaining ionizing
08 flux. Schiwietzet al. also pointed out convergence problems

associated with the representation of eigenstates near the

threshold, especially for thp-H system[27]. Trapping of
the ionization flux into diffuse bound states does not appear
within the Bessel calculations, although they also include
(approximatg high-lying Rydberg states, owing to the com-
pleteness of the underlying bagsee[31)]).

In Fig. 3, we compare the weighted ionization probabili-
tiesbP(b) obtained by means of the STO and Bessel expan-
sions forv=0.4 a.u.p=1 a.u., andb =3 a.u. From low to
high impact velocities, the weighted probabilites compare
favorably so that the agreement of the corresponding cross
sections is not fortuitous. The maximum contribution to the

impact eneray E (keV) cross section is always found aroumé 1.2 a.u. The nuclear
trajectories defined byv(b= 1.2 a.u) will therefore be con-

FIG. 1. 25 and 2 excitation cross sections fqr+H(1s) col- _sid_erec_i as repres_entative in the following illustrations of the
lisions: (——) {F max=120 a.U.J nax=3, andkya=2.5 a.u} Bessel ~ i0nization dynamics.

o
o

I
~

. -16 2
cross sections (100 cm”)

0-2 é

expansion; {) {Ima=120 a.u., lna=5, and Ky.,=2.5 a.u} We _present !n Fig._4 the tempqr'al evolution of the 2

Bessel expansioni— — — —) STO expansion of Table I:() excitation and ionization probabilities as a function of the
monocentric expansion of Hadit al. [22]; (A) two-center atomic ~ Sc@led tim&=vt. Once again, the agreement between STO
results of Ermolaey24]; () TDSE results of Wellst al. [23]. and Bessel calculations is good. Even if the excitation chan-
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FIG. 3. Weighted probabilities
bP(b) for ionization in p
+H(1s) collisions as a function
of the impact parametds. (——)
{rmax=120 a.u., lh=3, and
Kmax=2.5 a.u} Bessel expansion;
(= -) STO expansion of Table I.

b (a.u.)

nels are involved as intermediate states to promote the iorsent the (expected) spread of the ionizing cloud

ization flux up to the threshold at low velocities, it is note-

We now turn to the evolution of the ionizing density pre-

worthy that the final ionization population is determined asdicted by the Bessel expansion f8r-5 a.u. The total ion-

early asZ=10 a.u.

ization probability reaches its asymptotic valB€"=0.285

Up to now, the STO expansion seems to be as adequate as early a&Z =10 a.u.(see Fig. 4 and any further change in
the Bessel one to provide an accurate description of the iorthe electron distributions is due to PCI effects. Frém5 to
ization process. We now go deeper into this description, b0 a.u., two-center effects still influence the evolution of
studying the time evolution of spatial and momentum ioniz-electron distributions; while expanding, most of the ionizing

ing densities simultaneously.

B. Ejected electron distributions

1. STO versus Bessel expansions

density proceeds on its way around the target. In this range,
a sizable part of the cloud pulls ahead of the antiproton; the
corresponding electrons mainly travel in the longitudinal di-

rection with a transverse momentum near 0. The target
nucleus no longer acts on this part of the ionizing cloud as

Time samplings of the electron distributions obtained actime elapses furtheffrom Z=20 to 40 a.u. in Fig. b The
cording to Egs(3) and(4) by means of the STO and Bessel rotation of the cloud centered about the target is also ending

expansions are presented in Figs. 5 and 6, respectively, for
an intermediate impact velocity=1 a.u. EE=25 keV)

and the representative impact paraméterl.2 a.u. All ion- 0.3
izing events occur quite suddenly fro@=—5 a.u toZ
=10 a.u.(see Fig. 4. Within this range the spatial and mo-
mentum ionizing densities obtained by the STO and Besse
calculations are similar and depict the same ionization 01
mechanism: a part of the electronic cloud, initially polarized
along the internuclear axis, is compressed toward the targe
nucleus as the antiproton moves forward. The electronic en
ergy consequently increases, giving rise to an unbound elec
tron emitted with a velocity near the impact one. The whole

0.4

0.2

P(2)

0

0.3

N i
ionizing cloud then rotates around the target, pushed awa) & 02
by the impinging antiproton but still subject to the fixed tar- 0.1 i
get nucleus field. Circular structures centered about the targe =2 excitation
appear in the STO spatial ionizing density aroutv5 a.u.; 0 —
the Bessel expansion leads to a smoother density that ex 0.08 V=3a-uub=1-28-~j/' B ]

pands further beyond the projectile location.

Major discrepancies between the STO and Bessel descrip. 0.06
tions arise forZ>5 a.u. The STO expansion provides a spa-&
tial distribution that remains confined into ar<10 a.u. do-

0.04

v=0.4au,b=1.2au.

ionization

n=2 excitation

v=1au,b=12a.u.

ionization

main around the target. This picture cannot be considered a 992 n=2 excitaton 1
physical insomuch as an ionized electron is expected to es 0 ) s

cape from the target zone. Furthermore, the momentum dis 20 0 5 t2° 40 60
tribution, whose shape is continuously changing as time ~vtiaw)

elapses, exhibits sizable emission velocities so thad p FIG. 4. Temporal evolution along representative nuclear trajec-

distributions cannot be related to each other. We concludgyies (,b) of n=2 excitation and ionization probabilities, as a
thatthe STO expansion is unable to provide a coherent defunction of the scaled tim&=uvt: (—) {r max="120 a.u.,l pax
scription of the evolution of the ionizing density in the out- =3, andk,,,=2.5 a.u} Bessel expansiori- -) STO expansion of

going part of the collisionand, particularlyjt cannot repre-  Table I.
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Z=vi=-2 au. Z=vi=5au. Z=vt=20au. Z=vi=40 au.

—_ 4 L L L L L 1 1 L 1 L
3 10 L 40, - B
o 60
s 2 5 ! — ] l
g '/ 20| L 40,
5
8 O [ O [ ] r 201
(3]
£2 ‘ M ] * [ ;
E -201
=4 L
5 . , . , 104 ‘ , . . . -201 , ‘ . ‘ I -40] . . . , ‘ . ot

-4 -2 0 2 4 -0 -5 0 5 10 -30 -10 10 30 -60 -40 -20 0 20 40 60

transverse coordinate x (a.u.)

— D n n. L L n.
5 = = = =
8
Q_N
E 1 r 1 L ] 1 L ] \ 1 %
=
E .

04 . PO ° 04 ° 04 .
: K »
T
£ 1 -1 1
2
o
C
S 2 -2 2 : 2

2 1 0 A 2 2 4 o0 i 2 2 a1 o0 A 2 2 1 o 1 2
transverse momentum p,(a.u.)

FIG. 5. Two-dimensional distributions of ejected electrons in coordinate and momentum spaces, as a function of the scaled time

=vt, obtained by means of the STO expans{®@able | for EJr H(1s) collisions;v =1 a.u. andb=1.2 a.u.. The black points indicate the
nuclei positions.

because of the weakening of thee™ interaction. This leads ~ Finally, the time evolution of the present quantum distri-
to a weak narrowing of the momentum space distributiorutions strikingly reinforces the classical findings of lllescas
around the target nucleus. and Riera, at least for negatively charged ion impact: what-
From low to intermediate impact velocities, the ionization €V€r the impact velocity, all ionizing events occur within a
process shares the same physical origin and most of the io mall rangeZﬁlO a.u. arf PC(Ij_effclacts ﬁre.wgak:jy alctlng n
izing density is finally found in the left lower quadrant of the ‘asymptotic region. Accordingly, the lonized electrons
both configuration and momentum spa¢sse[1]). We now move quasiireely and their momentqmand positionr are
consider the case of high impact velocity in Fig. 7, which rglated byr =pt to a gqod accuracy. Th'.s t|me scaling of the
displays the time evolution of the ionizing distributions for ejected electron dIStrIbutIOI’IS' IS glear in Figs. 6 and .7 for
»=3 a.u. ant=1.2 a.u. lonization still occurs as a result of large Z. We further compare in Fig. 8 the one-dimensional

. . momentum space distributions obtained fo+=3 a.u., b
the compression of the electronic cloud toward the target 1 5, . | andz=50 and 100 a.u. As stated ] for a
nucleus(seeZ=—2 a.u. in Fig. 7. Nevertheless, electrons |, er impact velocity, all of the distributions remain identi-
are now emitted with a velocity smaller than the impact ve-cq within this Z interval, except that the longitudinal and

locity and the projectile rapidly crosses the high-electronicyransyerse distributions are slightly shifted toward 0 because

density area. The pull Qf the swift projef:t?le on the lonizing of the (above-mentionedveakening of the-e~ interaction.
cloud thus competes with the attractipe ™ interaction only  +p.qe quasistationary momentum distributionsijch STO
across the turning point, yielding a 90° rotation about theexpansions do not succeed in representiseg Fig. 5, em-

target nucleus. Furthermore, in the safiterval new ion-  ppagize that the main feature of the ionization mechanism is
izing events appear, stemming from the pull of the fast proy, early quasifree expansion of the ionizing cloud.
jectile on the outer part of the electronic cloud: high impact

velocities prevent the cloud from moving as a whole and 5> Reliability of the B | .

outer electronsx>b) are ionized in the positive transverse - Reliability of the Bessel expansion

direction (p,>0) according to the wake induced by the fast We now address the reliability of the Bessel description.
negatively charged projectile. This leads to a lobe-shape8ecause of the lack of experimental data, we compare in Fig.
structure for both configuration and momentum distributions9 our results with the two center momentum space discreti-
which tends to become more pronounced as the impact vezation (TCMSD) momentum distribution of Sidky and Lin
locity increases. [32] for v=1 a.u.,b=2.5 a.u., andZ=20 a.u. The Bessel
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Z=vi=-2 a.u. Z=vi=5 a.u. Z/=vt=20 a.u. Z=vi=40 a.u.
— 4 L L L 1 L 1 L 1
B 10, L 40l L 80
2 601
o 2 5. 1 , 1 1
T 20| . L 40| °
£
‘g o [ L O r 201
— . |
£ ) ‘ S - ° *
37 -20,
o E L
§ 2 , ‘ 104 ‘ ‘ ‘ , . -201 , ‘ . ‘ I .40 . . ‘ ‘ ‘ L
4 2 0 2 4 40 5 0 5 10 30 -0 10 30 60 40 -20 0 20 40 60

transverse coordinate x (a.u.)

n
n
n
n

z

longitudinal momentum p _(a.u.)
=)
°
=)
°
=)
_ ‘ ° L
=)
‘ .

-2 T i ' -2 i : T - T ; , ; .
-2 -1 0 1 2 -2 -1 o] 1 2 -2 -1 0 1 2 -2 -1 0 1 2
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FIG. 6. Two-dimensional distributions of ejected electrons in coordinate and momentum spaces, as a function of the scaled time

=ut, obtained by means of the ;=120 a.U.,|na=3, andk,.= 2.5 a.u} Bessel expansion fqu+H(1s) collisions;v =1 a.u. andcb
=1.2 a.u. The black points indicate the nuclei positions.

and TCMSD distributions agree closely. The TCMSD andan upper bound,, to the temporal range over which the
monocentric Bessel schemes differ in the underlying basigvolution of the ionizing cloud can be accurately described.
sets and numerical techniques used to solve the collisiondthis limit corresponds to a spread of the ionizing cloud be-
problem; the agreement of the momentum distributions indiyond the finite box. FoZ>Z,,, unphysical ingoing waves
cates that both calculations are converged and reliabl@ppear in the configuration distribution as a result of flux
Moreover, the same agreement has been found for the othegflexion on the bounding box wall. An absorbif@pmplex
nuclear trajectories considered [82]; the corresponding potential, which acts at the box boundary, can be used to
distributions are not presented for sake of conciseness. Ttevercome this limitation; nevertheless, its use leads to a dis-
ionizing densities presented in Figs. 6 and 7 are obtainetbrtion of the highp part of the momentum distribution that
from a Bessel expansion defined biy,.,=120 a.u.,l,ax  can be confounded with the physical narrowing of the distri-
=3, knax=2.5 a.u.}. We also include in Fig. 9 the distribu- bution around zero, due to slowly acting PCI effects. So,
tion resulting from a calculation in which, 5, has been in- rather than using an absorbing potential, it is therefore pref-
creased to Hyielding 1423 statgs The momentum(and erable to taker ., large enough to allow an accurate de-
space distributions do not significantly change, ensuring thatscription of the ionizing cloud up to largébut finite) Z.
the former calculation is converged with respect.to Strictly speaking, asymptotic momentum distributions can-
Both Bessel sets include spherical harmonics upmto not be easily obtained unless,,y is huge. In practice, and
=2 althoughl,,>2, to avoid cumbersome calculations. according to the early quasifree expansion of the ionizing
We checked that higher magnetic numbers marginally coneloud, we define the asymptotic collisional region By
tribute to the description of the ionizing cloud in STO calcu- >Z,, with Z,, such that no major changes appear in the
lations and that then=2 contribution within the Bessel cal- shape of momentum distributions f@r>2Z,,.

culations is already small. In the former case, the=3 From Fig. 9 and the above convergence checks, we con-
contribution represents 0.16% of the total ionization prob-clude thatthe monocentric Bessel expansion provides reli-
ability and in the latter then=2 contribution is 3.89%. able distributions for ejected electrons in the outgoing part

Controlling the adequacy of the parametergy andk,.,  Of the collision
is even simpler; it can be checkedposteriorithat the mo-
mentum distribution vanishes for electronic momenta near
kmax and that the extent of the configuration distribution does We now aim at elucidating the properties of the STO
not exceed the,,,, box. In practice, the size of the box sets expansion that allow an accurate prediction of ionization

3. Failures of STO expansions
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FIG. 7. Same as Fig. 6 far=3 a.u. andb=1.2 a.u.

cross sections and probabilities but not a reliable descriptionuclear trajectory =1 a.u.,b=1.2 a.u) are reported in
of the ionizing cloud for largeZ. Table 1ll, yielding a quantitative counterpart to the compari-

The degree of approximation of the Bessel ionizing waveson of Figs. 5 and 6. The STO expansion is sufficiently com-
function by the STO expansion can be gauged from the oveiplete to represent the ionizing flux f@<5 a.u. whereS

lap >0.8. Later on, the description worsens & 0. It can be
gion ypion seen in Fig. 6 thaZ=5 a.u. corresponds to a spread of the
S(v,b,Z)= (W sTd ¥ gessel 6) ionizing cloud beyond the~ 10 a.u. range around the target.
Y NstNgessel As V31, is expanded in terms of pseudocontinuum states
. . @ ¢y, built according to Eq(6), we present in Fig. 10 the
whereW T(v,b,Z,r) and¥ g (v,b,Z,r) are the ionizing  radial part of one of these states, wita 1 andE=0.488 a.u.
parts of the electronic wave functions obtained by the STQuIso drawn is the radial part of the corresponding exact con-
and Bessel calculations, respectively, amdsrogesser  tinuum state, arbitrarily normalized so that its first maximum
= (W opessel ¥ STasesse) are normalization factors. The matches that of the approximate state. The pseudocontinuum
closerSis to unity, the more adequate the STO expansion tcstate closely represents the inner part of the exact continuum
represent thelf,,,=3) Bessel ionizing cloud, which is taken state forr<10 a.u. while the outer, asymptotic part is not
herein as the reference. TiH&values obtained along the correctly reproduced. This failure is related to the exponen-

0.08 T T T 0.08 T T T 0.08 T T T
A FIG. 8. One-dimensional mo-
0.06 0.06 L o 1 o006t [ i memtum distriputions of ejected
A electrons, obtained by means of
=y o the {r max=120 a.u.,l ,,,,=3, and
g 0.04 0.04 | 1 004 F // \‘ 4 kmaxj2-5 a.u} Bessel expansion,
g g \ | for p+H(1s) collisions; v=3
1 \ ] ! a.u.,b=1.2a.u.Z=50a.u.(- - -)
0.02 0.02 r 1 002 - P ] andZ=100 a.u(—). py andp,
\ are the transverse and longitudinal
0 0 . . . 0 . . . momenta,p, perpendicular to the
2 1 0 1 2 2 1 0 1 2 collision plane.
p, (a.u.) p, (a.u.)
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1.0 ' i ‘ 1.0 ‘ — 1.0 ‘ i ‘ FIG. 9. Two-dimensional dis-
p ',,Q — [ tributions of ejected electrons in
05y = ‘\{L* 0.5 momentum space fop-+H(1s)
| A:_\n\j collisions;v=1 a.u.,b=25 a.u.,
0.01-{[firshlp " — — 1 00 and Z=20 a.u.:(left) {r ma=120
C N\ a.u.,lma=3, andkpya,=2.5 a.u
-0.5] \y@)lf | 0.5] Bessel expansion(middle) TC-
== — MSD distribution of Sidky and
4.0 , ! , 4.0 , ! , 1.0 , ! ‘ Lin [32]; (right) {r ma=120 a.u.,
40 05 00 05 10 -1.0 05 00 05 10 -0 -05 00 05 10 lna=5, and Kpp=25 au
pfau.) p.(au) pea.u.) Bessel expansion.

tially decayingr behavior of the STO basis functions, as a discretization of the atomic continuum with a correspond-
stated 30 years ago by Hazi and Tay[88]. Gaussian, hy- ing state densityd=r,../72E on the energy scale. The
drogenic, and Sturmian orbitals share the same drawback aigl (kr)} basis is strictly complete in the limikyay,Kmax
are not expected to fare better in the description of exact-c; in practice, huge values of electronic momenta are not
continuum states. The usual expansions are therefore adxpected to contribute to the description of the ionizing
equate for an accurate description of the ionizing flux overcloud and the basis is restricted lt&| ;. aNdK<Kqay. It
anr~10 a.u. range around the target. Inelastic transitiongan be checked whether the retained basis fulfills pgint
from the entry channel to the continuum are suitably dety comparing the density of pseudocontinuum states ob-
scribed within this rangésee Fig. 4 fronZ=—-2to 5 a.u},  tained after diagonalization df, with the expected one.
yielding reliable probabilities and cross sections. The deA representative comparison is made in Fig. 10 for the
scription worsens beyond this limitedange, leading to un- =1 symmetry. Small deviations from the expected behavior
physical ejected electron distributions in the outgoing part olare found forE<1 a.u., due to the contribution of lok-
the collision: the cloud expansion cannot be represented by (kr) functions to the description of bound eigenstates. Fi-
the STO development and the corresponding density is umally, we illustrate in Fig. 10 the ability of the Bessel expan-
physically trapped around the target for laige sion to yield pseudocontinuum states that perfectly fit the
One can question whether this conclusion holds when @xact ones within the box. The reliable description of the
larger basis, including more diffuse orbitals, is employed.evolution of the ionizing cloud relies on this accurate repre-
We thus consider a STO basis defined fay,=0.0013  sentation of the atomic spectrum.
=1.3jmax=40} for 0O=<I<5 andm=l. It results in 861 or-
bitals which cover a wider spatial range than those of Table IV. SUMMARY
I. Dynamical calculations based on this expansion have not
been performed; its ability to reproduce the Bessel ionizing We performed a thorough study of the ability of close-
wave function can be gaugedpriori from the overlap, coupling expansions to describe ionizationpi#t H(1s) col-
lisions. Monocentric expansions in terms of even-tempered
ion  \12 Slater-type orbitals were first considered. They provide a
2 Emm K beim ¥Eessell” (7 coarse description of the atomic continuum, which consists
of a few pseudostates that closely represent the inner part of
on

BesselF~ 0
Where‘lfiBesse|andNBesse|are defined as in E@6), and g the exact continuum states but rapi_dly vani_shrfDrlO a.u.,
are the pseudostates resulting from the diagonalizatid,of becagse of the exponentially decaymg_ehawor of .the baS|s_
in the enlarged basis. TI8¢ values obtained using both STO functions. Therefore the STO expansion can fairly describe
expansions are reported in Table Ill for=1 a.u. andb the ionization flux over an~10 a.u. range around the target.

=1.2 a.u. It can be checked th&t=S (within numerical

deviationg when the same STO expansion is employed. Fur—(

itrf:]err,otc: &ﬂaégicr:r:??itocr)lf g?ethse-rgn?;ils glcc)) i?j n?}\zlg;égi?gglﬁessel ionizing wave function, fgr+ H(1s) collisions and nuclear
P P g . trajectory ¢ =1 a.u.,b=1.2 a.u). The subscripts STO1 and STO2

of diffuse orbltaL_Q, to the_ ba.SIS yields hlgher_-lylng Rydberg refer to the basis defined in Table | afdq=0.0018=1.3 ,ax
states through diagonalization but the density and accurac¥40}|70 ., respectively

of the pseudostates remain as poor as before. The second ~ ™"~

S'(v,b,2)=

TABLE Ill. OverlapsS(v,b,Z) andS'(v,b,Z) [see Eqgs(6) and
7)] as a criterion of the ability of STO basis to reproduce the

STO basis is Iar_ge enough.to certnfy that expansions interms 7 (5 ) Serar Siror Sirop
of any exponentially decaying basis functions are unable to
provide a reliable description of the ionizing flux in the out- -2 0.984 0.993 0.996
going part of the collision. 1 0.987 0.992 0.996
The basis of spherical Bessel functions is much better 5 0.798 0.787 0.813
conditioned with respect to the representation of the atomic 10 0.503 0.504 0.537
continuum. The key points of this expansion &@nethe con- 20 0.276 0.288 0.303
finement of the collisional problem into a finite box afig 40 0.127 0.127 0.145

the use of a complete basis within this box. Pdinteads to
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Inelastic transitions from the entry channel to the continuunphysically doubtful, notwithstanding the fact that the total
are suitably and entirely described within this range, yieldingionization probability is reliable.

reliable probabilities and total cross sections. The description We reviewed the construction of the spherical Bessel ex-
worsens as the ionizing cloud tends to expand beyond thgansion, whose success in providing reliable ejected electron
limited r range, leading to unphysical ejected electron distri-gjstributions relies on a careful discretization of the atomic
butions in the outoing part of the collision. continuum, in terms of spherical Bessel functions confined in

A set of Gaussiarn(scaled hydrogenic, or Sturmian orbit- 5 finjte box. We ascertained the reliability of the method and
als can be used as an alternative to the STO one. All these

functions exponentially decay with lead to equivalent de- enlarged our previous study o_f_lonlzungrH(ls) _cc_JII|S|ons
scriptions of the continuum for large expansions, and are nof{Om low to h.|gh Impact veloc.mes. n SIO.W c_oIhsmps, glec-
expected to fare better than STOs in the representation of tHE°NS are emitted around=0 in the longitudinal direction
ionizing cloud. Multicentered treatments, in which similar With & velocity near the impact one; two-center effects then
underlying bases belong to different centéesget and pro- induce a rotary motion of the ionizing cloud around the tar-
jectile [8,13—15 and/or third centef16,17,34), surely im- get, which rapidly ends up in the left lower quadrant of both
prove the description Of the ionizing ﬂux up to |arger inter- Configuration and momentum Spaces. In fast CO||iSi0nS, the
nuclear distances. Nevertheless, all subsets have a sh@kactrons are |n|t|ally emitted with a velocity smaller than the
range around their corresponding centers that impedes iEpact one; the two nuclei thus compete over a smaller tem-
faithful description of the spreading ionizing cloud in the poral range, and the rotation ends up in the negative trans-
asymptotic region. The ionizing density now remains trapped/erse direction §,~0,p,<0); further, outer electronsx(
about the various centers considered in the calculation. Theeb) are ejected in the positive transverse directign (
usual interpretation of asymptotic probabilities in terms of~0,p,>0) according to the wake induced by the swift pro-
direct (target-centered saddle-point (mid-centeregl and jectile, yielding a lobe-shaped structure for the ionizing dis-
ECC (projectile-centeredcontributions to ionization is thus tributions. Whatever the impact velocity, we verified that
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