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The time-dependent many-electron problem encountered in the theory of energetic ion-atom collisions can
be approached systematically within an effective single-particle picture, based, e.g., on the time-dependent
density functional theory. In the present contribution we investigate ionization and electron loss from the target
for the collision systemp, 5 He?™ + Ne, andp+ Ar in the energy range 10 keV/amu—1 MeV/amu. The results
presented are based on a static approximation to the exchange-correlation contribution of the effective poten-
tial. The corresponding time-dependent single-particle equations are solved withntireuum distorted-wave
with eikonal initial-stateapproximation and thbasis generator metho@ coupled-channel approach in terms
of structurally adapted basis functions. We demonstrate that in either case the results depend strongly on the
explicit form of the local static exchange potential. An orbital-dependent analysis of electron removal in
He? ™ + Ne collisions shows that the quality of the exchange potential is decisive for the suppression of artificial
reaction channel§S1050-294{©8)05309-9

PACS numbeps): 34.50.Fa, 34.76:e

[. INTRODUCTION The few quantum-mechanical approaches, beyond the
first Born approximation, for many-electron scattering sys-
Various features of collisions between bare ions andems have been restricted to distorted-wave theories for one-
noble-gas atoms have been the subject of experimental studlectron ionizatiori12—14 and to an application of the time-
ies, with the aim to provide a quantitative understanding ofdependent Feshbach formalisfd5]. They rely on an
many-electron dynamics. The data available at present corffective single-particle picture. This picture can be justified
tain information on differential and total ionization yields by time-dependent density-functional theoyf DDFT),
[1-3] and multiple ionization and charge-transfer processesyhich ensures the existence of an exact mapping of the true
as well as details of the momentum distributions of the parmany-body problem to an effective single-particle descrip-
ticipating particled4,5]. tion, in which a multiplicative single-particle potential ac-
In the case of helium targets many of the experimentatounts for all electron-electron interaction effe¢i6,17.
results have been analyzed with the aid of both classical antiherefore, the correlated time-dependent many-electron
guantum mechanical calculations. In particular, the role ofproblem can be approached systematically by appropriate ap-
the electron-electron interaction in multiple transition pro-proximations of this effective potential.
cesses like double ionization has been investigated in some In this paper, we compare the influence of static exchange
detail[6,7]. effects obtained with different potentials on inelastic colli-
By contrast, the current understanding of experimentakion processes. The time dependence of these potentials, due
data for targets involving more than two active electrons ido the response of the density in the presence of the projec-
mainly guided by(quasjclassical descriptions of the elec- tile, is neglected. We utilize two different methods for the
tronic motion in phase spad@] and statistical treatments solution of the single-particle equations, both of which have
based on the energy deposition mofgl Notwithstanding demonstrated their reliability in pure one-electron scattering
the partial success of these approximatigese, e.g., Ref. problems. Theontinuum distorted-wave with eikonal initial-
[4]) theoretical methods based on quantum mechanics agate(CDW-EIS) approximation introduced by Crothers and
desirable not only as a matter of principle but also for theMcCann[18] is well suited for a description of ionization
practical purpose of a quantitative understanding of the exeross sections, differential in emission energy and angle at
perimental results. For example, it has recently been showmtermediate and high impact energi{d®], while the basis
that multiple-capture cross sections in fast’At Ar colli- generator methodBGM), a coupled-channel approach intro-
sions obtained with a variant of the Vlasov<£0) model are  duced recentlyf20,21], has been shown to be competitive
in marked disagreement with experimental dgtf]. One  with large-scale calculations in describing excitation, ioniza-
may suppose that the quantum character of the manytion, and capture over a wide range of enerd2. Taking
electron system is decisive for multiple-capture processesidvantage of the capabilities of both methods, we investigate
since the Pauli exclusion principle has to be consideredelectron-electron interaction effects from different view-
Moreover, we have recently showd1] that even global points and for different scattering situations.
ionization cross sections at high impact energies are influ- The paper is organized as follows. After a brief outline of
enced by electronic exchange effects, which cannot be takethe general theory, in Sec. Il A we discuss the properties of
into account in a consistent way in classical methods. the single-particle potentials used. In Sec. Il B, we address
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the question of how to extract many-electron observables Here we do not attempt to tackle this demanding problem.
from the solutions of the single-particle equations. TheSince we consideenergeticcollisions with bare projectiles,
CDW-EIS and BGM methods are briefly reviewed in Sec.a simpler approximation should be justified: We decompose
Il C. Results are presented in Sec. Ill. We discuss static pow .. according to

tential effects on energy and angular distributions of con-

tinuum electrons i+ Ne andp+ Ar collisions (Sec. IIl A), ved[N(D];r,=ved[n]ir) + Sved[N(D)]r,1), (5

and on capture processes in ?Mle-Ne collisions (Sec.

[1l B). In addition, results for ionization of Ne by antiprotons
are presented in Sec. Ill C. We conclude with a summariziné
discussion in Sec. IV. Atomic units are used throughout.

wheren(r)=n(r,ty) is the ground-state density of the unper-
urbed atomic target, anéb . the variation ofv .. due to the
esponse of the density in the presence of the projectile. For
fast collisions the response part may be neglected, since the
spatial electronic distribution does not change considerably

Il. THEORY during the interaction time,
Within the semiclassical approximation the discussion of Sved[N(H)]:r,t)~0. 6)
ion-atom scattering processes starts from the many-electron € v
Hamiltonian In a recent publicatiof11], we showed that this approxima-

tion allows a precise calculation of total cross sections for net
electron loss and ionization if the frozen atomic potential
ved[N];r) accounts accurately for electronic exchange ef-
fects.

N
A 1
0-3, [-3a-2- %)y

ri R(t)| i<i |r -l

()
A . A. Atomic potentials
Q+ andQp denote the charges of target and projectile nuclei,
respectivelyr; is the position vectors of the electrons with  For the effective Kohn-SharfKS) potentialv g of sta-
respect to the target center, aR¢t) is the classical nuclear tionary systems,
trajectory, which carries explicit time dependence into the
problem. Here we assume a straight IR@) = (b,0pt) with vis([N];1) =vex(r) tved[N]i1), (7)
constant velocity and impact parametdr. In order to cope
with collision systems involving more than two active elec-
trons, we rely on an effective single-particle picture, which
can be rigorously based on TDDFT. This formaligmith
suitable representability conditionensures the existence of
a local (multiplicative) single-particle potentiab ¢, Which,
provided that the system is in its ground state at the begin- v, [N]:D)=ved[N]:1) —vn([N];1), (8)
ning, is a functional of the exact one-particle density

where the external potential,; is the Coulomb potential of
the target nucleus in our particular case, a variety of approxi-
mations has been introduced. Extracting its exchange-
correlation(xc) component by subtraction of the Hartree po-
tential,

n(r’)

=l

outinkn = [ oL ©

N

n(r,) =2, [i(r,0* 2
iz

two basic DFT concepts for the treatmentugf can be dis-

The orbitals{;} are solutions of the time-dependent Kohn- tinguished.
Sham(TDKS) equations In the traditional scheme,. is approximated as an ex-
plicit functional of the density. The two best-known xc po-

tentials of this type are the local-density approximation

ow(r,)=h)¢(r,t), i=1,...N 3 (LDA) [25] and the Hartree-Fock-SlatéHFS) [26] poten-
tials. In the former the density dependence of the xc potential
with the single-particle Hamiltonian of the homogeneous electron ga¢EG) is used for the ac-
tual local density of the inhomogeneous system of interest,
ﬁ(t)=—3A—%— @, dnMiny. @ eliEs
2 r[r—R(t)|  "°© (No)

, (10

ng=n(r)

LDA . EG
Uxc ([n]’r)_vxc (n(r)) dno
Since, in principle, the time-dependent quantum-mechanical
state is uniquely determined by(r,t) [16,17, i.e., can be where e, (ng) is the xc energy density of a HEG with
expressed as a functional of dengi#y, the scheme indicated densnyno Separating the exchange)(from the correlation
is formally equivalent to solving the full many-body problem (c) part, the former is given by
governed by the Hamiltonia(l).

Usually, v is decomposed into time-dependent Hartree LDA (3w?n)13

and time-dependent exchange-correlation parts. Although the (n)=- T ' (1D
latter can be expressed exactly in terms of a perturbation
series[23], approximations have to be introduced for practi- while for the latter only accurate analytic interpolation for-
cal applicationg§17,24]. mulas for the numerically evaluateg.(ny) are available

HEG,
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(e.g., Ref.[27]). The HFS potential, on the other hand, is As a consequence of the implicit density dependence of
given by the average exchange interaction energy of a singline xc energy, the corresponding xc potential
electron in the HEG with all others,

SEd @]l [ o, uks(r)
Ve (N =3 v;PA(n). (12 vl = 50 _fd T e
2It should be emphasized that from a DFT point of view the St (") SE,J ¢i]
. . . L . . PP 3pn k xcL Pi
LDA is a consistenfirst principles approximation, as it is xf d°r - .
derived from the xc energy functiongl n] of the HEG via k' dus(r') dgi ()

SE,Jd n]/én(r), in contrast to the HFS potential. In addition,

the LDA proved to be superior to the HFS approximation for

a large variety of system28], so that in the context of DFT

the HFS potentia(12) is only used in the framework of the

Xa approximation, i.e., with a prefacter close to3. 3., on(0)

dor'———

The LDA and, in particular, the HFS scheme are often Svks(r’)

modifieda posterioriin order to account for the fact that the

exact atomia , exhibits a— 1/r tail in the asymptotic regime

[29], rather than the exponential decay observed st - kE

has to be evaluated indirectly via the OPM integral equation
(35,36

Ux(r")

Ner(r') SE
str’cp:(r) PO () < tc.c.
k=€ Sep(r')

puonL e (W for v (m<—1h (15
xe -1 elsewhere.

J#k

Although the numerical solution of Ed15) is rather in-
volved, the OPM has attracted considerable interest during
the last yeard37], as applications to atoms36,3§ have
demonstrated that this approach is superior to the conven-
tional LDA or GGA and yields in its exchange-only version

This “latter correction” is used throughout the present work,
i.e., we will identify the LDAL with the LDA in the follow-
ing (analogously for the HFS approximation

As a refined form of explicit density functionals general-

. ; A . . . ~ nearly equal results as full Hartree-Fock calculations.
'Z.e.d gradient apprOX|mat|or(§GA s) [30], in which in ad The total LDA, HFS, and OPM KS potentials for neutral
dition to n Vn is also used to represent the exchange-

correlation energy, have been extensively used during thér are shown in Fig. 1. Also indicated are the orbital binding

ast years. However, while GGA's were shown to improveg 258 B T 2 E0C R 0Pe B At [ S N e
the global description of atomic, molecular, and condensed- P y:

: regime around =1 a.u., the differences between the LDA
matter systemgsee, e.g., Refl31]), these semilocal func- . )
tionals do not resolve some fundamental deficiencies of th nd HFS potential are of the order of 100 mhartree, the dif-

LDA, most notably its incomplete cancellation of the self- Z:eQC:SS 2%%Wmer?:rttr22 %Izsrrjsndor%Tan pg’[ﬁ:?ﬁl}l;é)é(é?]r_ne as
interaction contained in the Hartree energy and the assoc‘- 9 ' P gy

. ) . values of —429 mhartree for the LDA;-533 mhartree for
ated incorrect asymptotic behaviorwf. As the latter prop- L ’ .
erty is of particular importance for the discussion ofthe HFS approximation, and620 mhartree in the case of

scattering problems, GGA’s cannot be considered a real afhe OPM. One also observes explicitly the sudden switching

S of the LDA and HFS potentials to the 1/r behavior. The
ternative in the present context. . L
A first-principles DFT scheme, in which the self- OE(':VIh &%fengﬂ’ogtﬂlthe other hand, approaches this limit
interaction energy can be treated exactly, is provided by th&" y-
optimized potential methoOPM). In this case the xc en-

Note that the experimental ionization potential of Ar is
ergy is represented in terms of the KS orbitals, which —579 mhartree, while the correspondirgnly eigenvalue
themselves are unigue functionals mf32]. In the case of .

is —591 mhartreg36]. Thus for Ar the exact . is repulsive
the exchange one usually applies the standard Fock expre | the valence region, indicating that the Colle-Salvetti cor-
sion,

0.0
1 ek (D@ (Nl (1 ey(r’)
EX:——fd3rfd3r’ > = ' , —_
2 €k E|SEF |r—r'| :3 -0.5 =
(14 S 7

wheree, are the KS eigenvaludshe KS single-patrticle lev- % L0 _
els are occupied up to the Fermi lewgd). This E, exactly Sl:
cancels the self-interaction of the individual orbitals in the
Hartree contribution, and thus ensures the correct asymptotic
behavior ofv,. 01

For the correlation energy, on the other hand, systemati-
cally derived functionals have only recently been suggested
[33]. The only functional available in practice is the empiri-  FIG. 1. Kohn-Shan{KS) potentials for neutral Ar. The horizon-
cal form of Colle and Salvet{i34], which we have also used tal lines indicate the orbital binding energies of theahd 3 wave
throughout the present work. functions.
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relation potential has an incorrect sign in this regime. Thdnstead of performing the integration in space, one can
same is true in the case of the LDA, for which, however, thisswitch to a channel representation bfin terms of one-
problem is masked by the much less attractiye(see also particle orbitals{|f)} that vanish inT. One then finds
Ref. [39]). As presently no correlation functional which \
gives repulsive ;'s for the noble gases is available, the error .

“ Pnet:Z EI |C|f|2v

introduced by this part of . is unavoidable, as long as one (17)
does not want to neglect. completely.
ci=(f|hi(t—o)). (18)
B. Extraction of many-particle probabilities As the net electron loss is a measure of the total production

Within the framework of TDDFT the basic quantity is the of positive charge in the target atom, it includes all electron
one-particle densityEq. (2)]. Thus, it is desirable to relate transfer and ionization channels. However, at high impact
the specific many-particle observables of interest directly t@nergies and for low projectile charges the contribution of
it. This is straightforward for net electron lo¢Sec. 1B 1), capture processes is negligible, aRg.; corresponds to the
but in general the functional dependence of many-particl@verage number of electrons promoted to the contin(neh
probabilities onn(r,t) is not known. However, the solution ionization.
of the TDKS equation§3) provides a set of quantities which
are unique functionals ofi(r,t), i.e., the KS orbitalsy; . 2. Multiple-electron loss and ionization

While the explicit functional dependence of tije on n is The starting point for the calculation of quantities that
not available, any quantity which can be expressed in termgefer to the observation of only particles of theN-particle

of the ¢; can thus also be understood as a functional.dh  system is the concept of reduced density matrix. The prob-
addition, as we do not take into account time-dependent coibility of finding q electrons at specific positions with de-
relation effectdEq. (6)], and the correlation contribution in fined spin, while nothing is known about the remainiNg

ved[n];r) is of minor importance for the collision problems —q electrons, is determined by the diagonal elements
considered, it is well justified to attribute direct physical sig-

nificance to the Kohn-Sham orbitals and approximate the q _ 4 4 2
N-electron wave function by single Slater determinant con- YIXy e Xq) = j d®Xq 17 AW (X1 X))
structed from them. Multiple-electron transition&Sec. (29

Il B 2) can then be calculated without further simplifications

on the basis of inclusive probability thedi§0—42. In order ~ 0f the g-particle density matrix, weighted with the corre-
to be consistent with assumptici), we analyze theN-  Sponding one-particle volumet'x; (x; denotes space and
electron wave function with respect to asymptotic single-Spin coordinates of thgth electron. As soon as theN-
particle states determined by the Hamiltonian of the undiselectron wave functiof¥ is approximated by a single Slater
turbed atomic system. Although this procedure is welldeterminant constructed from the solutions of E@, one
defined it is not unique, and may be questionable in particufinds

lar if transition probabilities to many-electron states corre-

N
q

1 1
sponding to high degrees of ionization are calculated. This 117 (Xp,xq) oy (Xe,Xg)
ambiguity is related to the well-known difficulties of time- YUKy Xg) = — : . (20)
dependent Hartree Fock theory, which would become appar- Tl X)) o Y% xo)
ent in our description, if we would include a time-dependent Y %R Y g%
response potential. N
1 — *
1. Net electron loss and ionization Y (Xl’xz)_zl i(x1) b7 (X2, D)

We define net electron log$3,.; as the average number of
electrons ejected from the target atom in the course of th
scattering process. After the collisiob-¢ ) the part of the —
electronig gensity that has been rertrz_(sve)d frorrp1 the target is P00 =41 xe, () 22
well separated in space from the remainder. One can find
surfaceS(T) of zero density flu¥ that encloses the targét
and obtainsP, by integrating the density over the outer 1 0
region of spacé: X1/2(S):(O)v X1/2(5)=(1)- (23

gvith the spin orbitals

&nd the standard spin functions

The density of any ordeq is thus determined by the KS
_ 3N 3 orbitals and thus by the density. The fact that one has to
Pret fln(r,tﬂoo)d =N Ln(r,t%oo)d r- (19 calculate a determinant reflects the effect of the Pauli prin-
ciple.
Accordingly, if one switches to a final channel represen-

The zero flux surface can be defined in terms of the density agatlon of the one-particle density matrix in terms of spin

e Vn(r,t—x=)=0 for all points onS wheree is a vector of unit orbitals{[T)}, the inclusixe prgbability of finding electrons
length perpendicular t&. in the subconfigurationf,---f,) (represented by a Slater
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determinant while the remainindN— q electrons occupy ar- . -Qp
bitrary other one particle states, is given as theq deter- v(t)= RO’ (33
minant[40]

—— _ In order to solve the time-dependent equati@)sor Hamil-
P7,..3,, = del(fi| v (t—o0)[f})). (24)  tonian(31) for each initially occupied orbital, we apply the
CDW-EIS approximation and the BGM.
The probabilityP, of finding exactlyq electrons in any of
the states that correspond to electron loss, wiKiteq elec- 1. CDW-EIS
trons remain bound to the target, can be expressed in terms

of the simple inclusive probabilitie€4) Distorted-wave theories are introduced to represent some

physical features of the collision in the channel wave func-

N-q q+k tions. The essence of the continuum distorted-wa@@Ww)
Py= E (— 1)K ) z P; .7 s, (25 model is to treat some parts of the kinetic energy as pertur-
k=0 Tr<o <Fquk Loark bation, and to allow for the effects of the potential in the

channel wave functions. The distorted-channel wave func-
where the ordered sum has to be taken over all electron l0$g)ns are expressed as products of unperturbed atomic orbit-
states. _ _ _ ~als and a Coulomb distortion factor including the effect of
The evaluation ofi-fold loss is considerably simplified if the jnteraction potential. However, application of the first-
one neglects the Pauli principle and follows the statisticalyder term in the perturbative seriésalled also CDW to
approach[43]. Starting from single-electron-loss probabili- gescribe the ionization of hydrogen by proton impact showed
tiesp;, defined as that the theory overestimates the experiment at intermediate
impact energief46]. This failure was attributed to the incor-
pi=> |ctf?, (26)  rect normalization of the initial distorted-wave function and
f was corrected by Crothers and McCai8] by using the
eikonal approximation to the Coulomb distorted wave in the

Pq is obtained according to initial channel, the CDW-EIS model. In this first-order

Ny, N m model the initial, eikonal, distorted-wave function is
Py= > I1 (N‘)p“%l—p»)Ni—Qi - et
q ; ; i ! ' — . —i€
RS S Xi =i (Sei(r)e ',
2
( 7) unili(r) m A
Here,mis the number of electron shells, ahg the number ei(N=—""Y,'(r), (34)
of electrons in each shell. If one furthermore introduces the
average single-electron-loss probability at(9)=exg—iv In(qg,)]
I v ]
N
_ EE _ 29) wherev=Qp /v, q,=vs+uv-sands=r—R denotes the po-
P N=1 Pi- sition vector of the electron with respect to the projectile.
The final, Coulomb distorted wave function is
one arrives at the simple binomial formula o
f=a; (9, (re ',
p—(N - N Xt =a; (S)e (I) (35
0| q/P P 9 af (9=N*(0)1F1(—ig:1;-iqy),

which has been widely used for the calculation and analysisvhere N({) =exp@Z/2)['(1+i{), {=Qp/p, gp=pS+tp-s,
of multiple-ionization process¢d4,45. Although theg-fold ~ p=k—v, andk (p) is the ejected electron momentum in the
loss probabilitiesP,, calculated from Eqs(25), (27), and  target (projectile frame. The functionsp; and ¢_ are the

(29) in general differ due to the effects of the Pauli principle bound and continuum eigenstates of the target Hamiltonian
and the electronic shell structure, one can show that theifiith energy ¢, and e=k?/2, respectively. The continuum

average values equal the net electron IBgg (17), eigenstate can be given in the partial wave expansion
h 1
Prec= 2 AP (30 e(N=—"=2 i'e Pug(NY(HI*YI(k), (36)
g=1 r \/E Im

C. Solution of the single-particle equations normalized on the energy scale through the condition
With approximation(6), the single-particle Hamiltonian 2
Ua(F) =\ SIN

1 |
(4) can be split into stationary and time-dependent parts kr+ ¢ In(2kr) = —-+4 ],

h(t)=ho+0(1), (30 37
where &, denotes the phase shift. The stajgs and x;
A= EA—&ﬂ) ([n]:n) 32) satisfy the correct Coulomb boundary conditions and de-
0 2 r € v scribe the ejected electron as moving in the combined Cou-
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lomb field of the target and projectile nuclei. The latter is A hierarchy of finite subspaces is then generated by repeated
important in order to account for two-center effg(:TS:E’s) _application of the Schdinger operatoih(t)—id; on these
[47]. The model was extended to multielectronic targets infynctions:

Ref. [48]. In an effective single-particle picture, Roothan-

Hartree-FocK49] and screened H-like orbitals were used for |¢u>=(ﬁ(t) —igy)| qurl>= (h(t)—i at),q(po),
the initial and final channels, respectively. Recently the s s °
model of Ref.[48] was generalized in Ref14]: the bound s=1,...L, u=1...M. (40)

and continuum states of the target were obtained by solving

numerically the time-independent Sctimger equation with  |n Ref.[20], we showed that only states of the highest order
the Hamiltonian(32) for a given single-particle potential. In w=M couple to the part of the Hilbert space that is not
this way the initial and final orbitals of the target are, byincluded in the basis. If these states are not accessed during

definition, orthogonal, which was not the case in the previoushe collision, the representation of the solution of E).in
version. The nonorthogonality of the orbitals leads to an unterms of the hierarchy is exact.

derestimation of the electron emission in the backward direc- |t is a formidable task to construct the stafeg) explic-

Born model. _ _ _ leads to complicated gradient terms with increasing ogder
The transition amplitude as a function of impact param-Therefore, we establish a different strategy in R2d]: the
eterb can be expressed as basis generator metho®GM). The gist of the BGM is the

construction of a finite model space from different states

ki o N |x%), whose generation is less involved, in order to represent
ait(b)=—i f_w dt(x; [(h—id)[x") each statée”) as a linear combination of the former. Thus,
the hierarchy{|¢%),s=1,... L, n=0,... M} is embed-
ded in the new model space generated by the{|sgt),s
=1,...L", u=0,... M}, and the advantageous proper-
ties of the basis are maintained.
For the two-center Coulomb problem with the Hamil-
nian

1 )
=5 dne "R (n), (39

where i denotes the transverse momentum transfer. The a(%—
vantage of the CDW methods is the fact tifgt (transition 0
amplitude as a function ofy) can be given in analytic form, 1 Q Q
which was used previously in calculating the cross sections h(t)=—=A— =T —P,
[14]. Recently the authors of Ref51] evaluated the two- 2 ro[r=R()]
dimensional Fourier transform in E(88) numerically in or-
der to calculate single-ionization probabilities. The probabil-
ity of finding an electron in the continuum with energynd

in the direction(}, is expressed as

(42)

a basis{| x%)} with the required properties can be found if
one relies on a particular regularization of the Coulomb po-
tential. Regularization procedures are necessary in order to
avoid divergent matrix elements, and have been discussed in
a previous publicatiof52]. Using the ansatz

ded, 2m)o delEOI=2 2 i SmulD) o(t)= —|r_§(i)| = —QplimWp(e),
e—0
XS:qI’MI(b)‘Sm-%—H,m’-%—M’ ' (39)
Wo(e)=[(x—X)2+y?+(z—2)%+ ]2, 2
wheregy, is the azimuthal angle df. For details or5,, , and
on the transition amplitudes, the reader is referred to Refs. Do=— %: —Qq lim Wy(eo),
[14,51). The terms withu#0 are related to the distortion r £0—0
effects of the projectile on the electronic structure. The first
Born approximation B1) can be obtained by neglecting the 0 21
distortions in the channel wave functiof®p=0 in Egs. Wo(go) =[r"+eo] "= —,
(34) and(35)], consequently only the terma=0 survives in £o
Eq. (39). The single-particle probabilitp; for ionization of the BGM basis functions can be expressed as
an electron from a given initial state can be obtained by
itntegrating Eq/(39) over the coordinates of the ejected elec- Xm(Ti€.80,8)=[Wp(&) 1“x%m(ri€.80),
rons.
P!
2. Basis generator method (BGM) x2|m(r;§,80)=r201e§reo< r_) Y"(0,¢), neZ.
. €0
Coupled-channel methods rely on a representation of the (43)

solution of time-dependent quantum problems withiinée

model spaceWe start by selecting a set of bound eigenstatedf the states{Xﬂlm(f,so)} are replaced by the eigenfunctions
{l ¢2),5=1,... L} of the undisturbed atomic Hamiltonian 4% 1 of the Hamiltonianh, [Eq. (32)], one arrives at the
hy [EQ. (32)], which includes the initially occupied orbitals. approximate construction scheme
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Xhim(1:2) =[We(#)1#@Qim(r), (44) AL I—

. . . . . . '; ........................ HFS
that has been discussed and applied in previous publications > b TSN | LDA
in a different contex{20,22. For practical applications it is ~ 1oL i
more convenient to use BGM states that are orthogonal to mé F ) ]
the set of eigenstatds?). This can be achieved with the T & 1
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If the set of eigenstate§¢?)} includes the important elastic
and target excitation channels the BGM states represent elec-
tron loss. Thus information about many-particle loss can be
obtained from their occupation far—c, as described in
Sec. Il B.
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Ill. RESULTS AND DISCUSSION

100

—

In a recent publicatiof11], we showed that both meth- eleV]
ods, CDW-EIS and BGM, reveal a strong dependence of i ) ) ) )
total cross section€TCS's) for net electron loss on the ex- FIG. 2. Single-differential cross sectig8DCS as a function of
plicit form of the atomic exchange potential inserted in Eq,e!ectron energy for 300-kev Himpact on(a Ne and(b) Ar.
(32). At high impact energies both methods give Comparablé"neS:, CDW-EIS calculation with different atomic potential§))
results if the same potential is used. Here we extend thgxperlmental data taken from R¢2].
investigation of static potential effects in order to provide
additional information concerning their role in inelastic col- different potentials exhibit different binding energies that de-
lision processes. viate by about 20—-40 %cf. Fig. 1) and slightly varying
The energy and angular distribution of electrons ejectedhapes.
from the target can be studied with the CDW-EIS method at Different regions of the differential electron distribution
sufficiently high impact velocities. Corresponding results forcan be attributed to different collision mechanisfag The
p+ Ne andp+ Ar collisions are presented in Sec. Il A. The two fundamental ones, giving the most important contribu-
BGM also permits a calculation of cross sections at lowettion to the total electron yields, are soft and hard collis-
impact energies where capture processes contribute signifien processes. Soft collisions are characterized by small mo-
cantly to electron loss, if bound projectile states exist. Wenentum and energy transfer in contrast to hard or binary
analyze the influence of exchange effects on these processesllisions which are dominated by large momentum transfer,
for HE?* + He collisions in Sec. Ill B. Finally, we apply both and result in high-energy electron emission. Accordingly,
methods to the scattering systaw Ne, for which ioniza-  SOft collisions take place at large impact parameters and
tion TCS'’s have been measured very receffg]. transfer of unit angular momentum is the most probable
[|I,I"—=1;|=1; see EQq.(39), wherel; denotes the angular
momentum of the initial atomic stateBy contrast, transfer
of high angular momenta and significant multipolar contri-
The study of differential electron ejection is expected tobutions[terms withl I’ ~20-50 in Eq{(39)] characterize the
provide more sensitive tests of the adequacy of the differenitard collision mechanism.
single-particle potentials than the TCS's. In this section we Figure 2 shows the SDCS calculated with different target
present results for single differential cross sectiBBCS’y potentials as a function of the energg) (of the ejected elec-
and for angular asymmetry parameters. These quantities atens. First we focus on the high-energy region of the emis-
calculated for 300-keV H+Ne, Ar collisions in the CDW- sion spectra. Good agreement is found among the theoretical
EIS approximation, applying different single-particle poten-results based on different single-particle potentials for both
tials (OPM, LDA, and HF$. At this collision energy the Ne and Ar targets iE=100-150 eV. Details of the calcula-
ionization yields are dominated by the ejection of electrongions show that the different potentials produce very similar
from the outer shells: the=2 and 3 levels of Ne and Ar continuum orbitals and the evaluated transition amplitudes
atoms, respectively. These outer orbitals evaluated with thdeviate only at the lower momentum-transfer values due to

A. Energy and angular distribution of ionized electrons
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differences in binding energies and in the electronic struc- [
tures. However, at high electron energies contributions with 04
small momentum transfer are irrelevant in the integrated am- r
plitudes[54]; consequently the SDCS shows no dependence i
on the binding energies and on the electronic structure. The 30.2
fact that the form of the interaction between the electron and
target plays a negligible role in the production of high-
energy electrons verifies the picture that the process can be 0.0
interpreted as a binary collision between the projectile and a [
free electron[1,55]. The target nucleus is only needed to
localize the electron. Differences in the initial velocity dis-
tributions associated with the different target potentials are
manifested in the double-differential electron ejection by
changing the shape, and shifting the positions of the charac-
teristic binary collision peak. However, they are washed out
in the SDCS because of the integration over the ejection
angle.

The situation is different at low electron energies. In low-
energy ionization an essential part of the total energy transfer
is associated with the binding energy. Therefore, the binding
energy is considered as an essential scaling parameter for
low-energy electron ejectigri]. In the present case the low-
energy SDCS's show a strong dependence on the static po-
tential applied in the calculation. However, this dependence
cannot solely be attributed to the differences in the initial )
binding energies since the SDCS’s for Ne are almost identi- F'C- 3. Asymmetry parameter as a function of electron en-
cal when evaluated with HFS and OPM potentiaiig. /9y for 300-keV H impact on(a) Ne and(b) Ar. Lines: CDW-
2(a)], although the eigenvalues of the 2lectrons differ by EIS calc.ulatlon with different atomic potentials)) experimental
20%. Moreover, for Ar the SDCS shows a similar structuredata estimated from Ref60].

(shouldey arounde=5-10 eV, if HFS and LDA potentials o L
are utilized and the SDCS's are almost identically obtainedn€ angular distribution of the electron emission. In the fol-

with the three potentials at the ionization threshold, while thd®Wing we concentrate on low-energy electrons whose angu-
corresponding B eigenvalues deviate from each other sig-'a distribution is commonly characterized by anisotropy pa-
nificantly (cf. Fig. 1) rameterg56,57]. As a further restriction, we investigate only

Similar features can also be observed in SDCS's withthe forward-backward asymmetry of the angular distribution

different potentials irB1 calculations. This means that dif- described by the parameter
ferences in some other characteristic parameters of the wave _
functi S(0)—S(m)
unctions must also have strong effects on the calculated ale)= —0——=—,
cross sections. These can be studied in more detail by mul- S(0)+S(m)
tidifferential ejection patterns, as discussed below.
One can also study the role of the individual componentgvhere S@) denotes the cross section at ejection arggéend
of the static potential. Only small changes in the SDCS’s arét fixede. In Fig. 3 we present results fer as a function of
observed if one neglects the correlation part of the LDAthe electron energy. Independent of the single-particle poten-
potential. On the other hand, a strong, monotonic increas#als, the asymmetry increases with increasing electron en-
appears in the SDCS’s with decreasing electron energies #rgy. This is mainly due to the TCE'’s included in the CDW-
the exchange part is also omitted. It is interesting to note thatlS model, which have been discussed in detail elsewhere
the shoulder observed in the SDCS for Ar with the LDA [1,58].
potential [Fig. 2(b)] disappears in this calculation, and can  The asymmetry parameters presented in Fig. 3 are deter-
thus be attributed to LDA exchange. mined from the total electron yield. In these totalvalues
Recommended experimental resi®$ are also included the asymmetry character of a given orbital is emphasized or
in Fig. 2. The experiments are well represented by the calsuppressed according to its relative contribution to the total
culations based on the OPM potential for both targets. Thgield. Our calculations show that the total asymmetries are
agreement obtained with the other potentials is less convingnostly formed by the competition between the outpg and
ing. SDCS’s obtained with the LDA potentials clearly over- np; orbitals. The individual orbitals reveal a different depen-
estimate the measurements for both Ne and Ar targets, thwtence on the different static potentials. For example, the
emphasizing the importance of using a correct electronic exasymmetries from the Ne(®) levels are less sensitive to the
change potential. The results obtained with the HFS potentispplied potentials than the ones from thpy2rbitals, and
show no systematic pattern, as has already been observedtire situation is reversed for Ar(3 levels. This might ex-
the case of the TCS for net ionizatiphl]. plain why the results presented in Fig. 3 show no systematic
Further information on the effects of the different single- behavior among the different potentials for the different tar-
particle potentials can be given by extending the studies tgets. The differences among the alpha parameters associated

(47)
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FIG. 4. Net electron-loss cross section as a function of impact FIG. 5. Weighted net electron loss as a function of the impact
energy for H8" +Ne. Lines: BGM calculations with different parameter for H&"+ Ne atEp=10 keV/amu. BGM calculations
atomic potentials; ©) experimental data taken from R¢60]. with different atomic potentials.

with the different potentials change with the strength of theproperties of the static potential used. As a consequence of
projectile field or with the TCE’s. For example, in a collision the exact inclusion of the attractive exchange effects in the
with a Qp=20 projectile the asymmetry increases; however,OPM potential, the electrons are bound more strongly than in
no differences appear among results obtained with differenthe LDA potential, and thus the ionization yields are smaller.
potentials. In the present collision system a comparison of At lower impact energies the situation is not that obvious,
the results obtained from tH&1 and the CDW-EIS calcula- since electron capture, which is the dominant process,
tions shows that the differences among th@alues related strongly depends on energy differences and on intermediate
to different potentials are two times larger in the case of thecouplings between the initial target and the final projectile
B1 approximation than the corresponding ones from thestates. In order to analyze the different TCS obtained with
CDW:-EIS theory. This means that the projectile and targeOPM and LDA potentials at 10 keV/amu, we show the
fields are almost equally important for forming the asymme-electron-loss probabilities weighted with the impact param-
try. eterb in Figs. 5 and 6. The net electron loss is very similar in
For Ar the experimental results, estimated from the meaboth cases for small impact parameters, butfs3 a.u. the
surement of Ref[59], are included in Fig. ®). All three DA potential leads to substantial contributions to the TCS,
theoretical results are within the experimental error bars angihereas the net electron loss obtained from the OPM poten-
more accurate measurements are required to clarify the sittial decreases very rapidly with increasibgThe individual
ation. loss probabilities from the different initial statéig. 6)
show that this is due to the different behavior of thp 2

B. Capture processes in H& +Ne collisions
2.0

In this section we investigate the scattering systeri*He
+Ne by means of the BGM employing OPM and LDA Y U 2po
atomic potentials. In addition, we have performed calcula-
tions with an OPM potential, in which the correlation contri-
bution was turned off. As the results obtained with this
exchange-only OPM are equal to the ones obtained with the
OPM including the Colle-Salvetti correlation functional, we
do not show them in the figures. The basis set used in the 0.5 / 7
coupled-channel calculations includes KieM shell eigen- A ]
states of the unperturbed Hamiltonidn [Eq. (32)] and - - -
BGM states{| x%)} to the orderu=8. : 1

Figure 4 shows TCS'’s for net electron loss obtained with 1
OPM and LDA potentials, respectively. Results obtained
with the OPM potential are in good agreement with the ex-
perimental data in the whole energy range shown, whereas
the LDA potential leads to considerably larger TCS'’s. Since
the OPM potential provides a more accurate description of 05 - P <_/'*\ —
the unperturbed atomic system, we conclude that the net L AN S ~ ]
electron loss is mainly determined by thttic (targe} po- . | N \?\\..‘_
tential, i.e., the response patt ¢ Of v e EQ. (5) is of minor 0 2 4 6
importance, even at the smallest impact energy of 10 keV/ b [a.u.]
amu. FIG. 6. Weighted single-electron-loss probabilities as functions

At high energies, where net electron loss is dominated byf the impact parameter for #e+Ne atEp=10 keV/amu. BGM
ionization[60,61], the calculated TCS's reflect the binding calculations with(a) OPM and(b) LDA potentials.

bpj(bl [a.u.]

an
T

b)LDA |

bpj(bl [a.u.]
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FIG. 7. Integrated one-particle density after the collision fof HeNe atEp= 10 keV/amu. The target center is situated at the origin of
the reference frame. The projectile center is situated at the coordibdlgs-16 a.u. The contours are scaled logarithmically. BGM
calculations with(a) OPM potential ab=1.1 and 1.9 a.u., ant) LDA potential atb=1.05, 1.85, and 4.0 a.u.
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electrons. By contrast, the single-electron loss from the 2 electron-loss process at large impact parameters predicted in
level, which is responsible for the pronounced peak in the neltDA is an artifact caused by the deficiencies of the LDA
electron-loss curve arourz=2 a.u., shows the same pattern potential.
for both potentials. Next, we considem-fold electron-loss probabilities for
Further insight into the different mechanisms is providedthe case of the OPM potential. Figure 8 shows results at 10
by consideration of the one-particle density after the colli-ke\//amu obtained with both inclusive probability theory
sion process. Figure 7 displays densities'that are integrategtq. (25)] and the binomial formula€7) and(29). It can be
over the axis perpendicular to the scattering plane for somgeen that the details of the impact parameter dependence are
characteristic impact parameters. AroubeF1 a.u., where |ost step by step if first the Pauli principle is neglecfé&d.
all L-shell electrons contribute to net electron Idsk Fig.  (27)], and then the shell structure is ignorEE. (29)]. In
6), the calculations with both LDA and OPM potentials show particular, atb=1.9 a.u., where the net electron loss has its
target ionization as well as capture. The spatial distributiormaximum (cf. Fig. 5), the inclusive probability formalism
of the continuum electrons is, however, somewhat differentshows that one- and three-electron loss is suppressed in favor
Around b=2 a.u. ionization is less pronounced and almostyf two-electron loss. If one combines this feature with the
completely suppressed in the case of the OPM potential. Thgsspective density pldfig. 7(a)], one can infer that capture
main contribution to the net electron loss, which is due to theyf two electrons into the He@®) state is the process, which
incoming Ne(3) electrons(cf. Fig. 6), can be interpreted as contributes almost exclusively at this impact parameter. This
capture into the helium ground state. This conclusion is supresult is blurred by the simplifications used in E(®7) and
ported by the larger energy differences between the Ble(2 (29).
level and excited projectile states which indicates that corre- ith increasing projectile velocity the sharp structures in
sponding transitions are not likely to occur. the q fold electron-loss probabilities disappear, and the
At b=4 a.u. the electron loss obtained from the calcula-evaluation based on inclusive probability theory approaches
tion with the LDA potential can be interpreted as capturethe results obtained with the binomial formulas. This corre-
into excited, nonspherical projectile sta{@sg. 7(b)]. This  sponds to the decreasing importance of capture processes.
process is caused by the small difference between the LDAvhen electron loss is dominated by ionization, the Pauli ex-
energy of the neon 2 level (eo(y,)=—0.58 a.u} and the  clusion principle does not influence the results because of the
L-shell energy of H& (€net(n=2)=—0.5 a.u), and does not  larger density of accessible continuum states.
occur if the OPM potential is usedeg(s, = —0.88 a.ul. Finally, we present ratios of double to single- and triple-
Since the TCS obtained with the OPM potential agrees rathdp single-electron los$R, andR3, as functions of the impact
well with experiment(cf. Fig. 4), it is evident that the energy in Fig. 9. Our results foR, agree well with the
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o5 N 7 FIG. 9. Cross-section ratioR,=o,/0y, Ryz=03/0; as func-
Pz i tions of impact energy for Hé +Ne. Lines: BGM calculations
' ' ' with the OPM potential; experimental datgD] taken from Ref.
[61]; (@) taken from Ref[62].
04 - R q=3 _|
Y theoretical results with new experimental data in the energy
0.2 N range 30—1000 keV54]. For the BGM calculations we uti-
2 WAL ] . . . . .
AR\YVANY lize the same basis set as described in Sec. Il B. Since cap-
4 | ture processes do not occur in this collision system, electron-
; - A'l ' 8 loss TCS’s obtained with the BGM can directly be compared
b [a.u.] with the corresponding CDW-EIS results for ionization.

In Fig. 10a), we compare our results for net ionization

FIG. 8. Weightedg-electron-loss probabilitiegevaluated ac- With experimental values, which have been obtained from
cording to the cited equationas functions of the impact parameter the published one-, two-, and three-electron ionization TCS’s
for H&* 4+ Ne atEp=10 keV/amu. BGM calculations with OPM [53] according to
potential.

_ Opet~01+20,+303. (49

experimental data over the whole energy range shown,
whereas the calculateé®y’s are too large except at the high- At energies larger than 300 keV both CDW-EIS and BGM
est impact energies. A reduction of these ratios may be ex

di Ul | ies if th esults are in good agreement with the experimental data,
pected in particular at lower energies It the response parky,,,qgh they deviate slightly from each other and seem to
S ge Of vee [EQ. (5)] would be taken into account in the

merge only forEp>1 MeV. At lower energies, they show

dynamical calculations. The change of the electronic density - . : , i ;
will both screen the projectile and unscreen the targeéu'te different patterns. While the TCS’s obtained with the

nucleus, so thatultiple electron loss will be lowered. This GM continually Increase with d(_acreasmg impact velocity,
would also lead to slightly smaller net electron-loss crosihe CDW'EIS calculations result in a maximum ar.ound 109
sections, which could then be in even closer agreement with€Y, Which appears to be too large compared with experi-
the experimental data than the results shown in Fig. 4. ~ ment. However, it is difficult to establish the general behav-
At high energiesK-shell ionization with subsequent Au- 10r of the experimental cross sections at the lower energies.
ger processes may contribute to the multiple-ionization TCS. Furthermore, we have calculatgeold ionization accord-
Following Ref.[62] we assume that the electronic relaxationing to EQg. (27) with single-particle probabilities obtained
subsequent t&-shell vacancy production is independent of from both methods. For BGM solutions, we have checked
the actual scattering process. With this assumption we caifat inclusive probability theorjEq. (25)] leads to the same
estimate these contributions to the twofold and threefoldesults, as expected from the arguments given in Sec. Il B.
electron-loss probabilities via Figures 10b)—10(d) display one-, two-, and three-electron-
ionization TCS’s. For the one-electron ionization the overall
Pq=PoPs+aiPiPy ,+a,PiPy 5, 0=23, (48  agreement between experiment and both theories is good.
i Both calculations do not show a double-peak structure be-
where theg-fold loss probabilities from thé andL shellPg  tween 200 and 300 keV for which the experimental results
and P, are computed according to E(R7), anda,=0.74  give some indication. Again, as already seen in the net ion-
and a,=0.22 are the branching ratios f&LL andKLLL  jzation, the maximum of the CDW-EIS cross sections around
Auger decay as given in Ref63]. The ratiosR, andR; 130 keV seems to be too large. The BGM leads to a smaller
plotted in Fig. 9 show that Auger processes contribute onlyheak, slightly shifted to lower energies. Both curves cross
very little to Fwo—electron loss, but there is an mdpanon thataround 50 keV, the CDW-EIS cross sections falling off more
they determine the three-electron-loss TCS at impact enekteeply toward low energies.
gies greater than 1 MeV/amu more strongly. For two- and three-electron ionization we obtain compa-
rable results with both methods at impact enerdgigs 100
keV. At the highest energies, where multiple ionization is
In this section we investigate the ionization of neon bycommonly explained by interference effects between various
antiprotons with the static OPM potential, and compare themplitudes of the Born perturbation ser{§s53,62, the ex-

C. lonization of neon by antiprotons
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FIG. 10. Net andg-electron ionization cross sections as func-
tions of impact energy fop + Ne for (a) net ionization,(b) g=1,
(c) g=2, and(d) g=3. Lines: calculations with the OPM potential;
(O) experimental data taken from R¢63].

tion results is the different low-energy behavior obtained
with the two methods. Whereas the CDW-EIS curves show a
maximum around 50-70 keV, similar to the case of one-
electron ionization, the BGM results exhibit no peak struc-
ture and continually increase toward low energies. Unfortu-
nately, no ultimate conclusions can be drawn from the low-
energy behavior of the experimental TCS’s due to their large
statistical errors.

At even smaller impact energies one can understand the
collision dynamics by means of the correlation diagram of
the corresponding quasimolecule. In order to eludicate the
properties of our model in more detail, we calculated single-
particle energies of the two-center Hamiltoni@i) as func-
tions of the internuclear distané® The important result of
this analysis is, that the(Ne(2p,)) andw(Ne(2p,)) energy
levels become positive for internuclear distanBes1.2 a.u.
Thus the Ne(P) electrons are unbound in very slow close
collisions if the dynamics is described by the Hamiltonian
(31), in which the electronic density is not adiabatically re-
laxed in the combined field of target and projectile nuclei
because of the neglect 60 .. in vee[EQ. (5)]. Nevertheless,
the CDW-EIS ionization TCS’s fall off at low projectile en-
ergies, and therefore indicate the decreasing reliability of the
method for slow collisions. By contrast, the increasing
multiple-ionization TCS’s obtained with the BGM correctly
reflect the properties of the single-particle Hamiltonian used.
Obviously, these properties are physically not correct in the
present example, since the united-atom linfit¢0) corre-
sponds to the formation of alA™ ion which is stable. It is
thus necessary to take the response gagt of v [EQ. (5)]
into account in order to describe slow collisions for which
the correlation diagram becomes meaningful.

IV. CONCLUDING REMARKS

In this work we have investigated collisions between bare
ions and the rare-gas atoms neon and argon on the basis of an
effective single-particle picture, employing local potentials
which account for static exchange-correlation effects on dif-
ferent levels of approximation. The OPM approach yields the
best local representation of the exchange potential, in con-
trast to HFS and LDA approaches which rely on different
versions of the density dependence of the homogeneous elec-
tron gas. The response of the effective electron-electron in-
teraction in the presence of the projectile has been neglected.
We have applied two methods, CDW-EIS and BGM, for the
solution of the ensuing set of single-particle equations in
order to analyze the role of static potential effects from dif-
ferent points of view.

Both methods lead to the general conclusion that electron
loss and ionization can be properly described if the OPM
potential is used. Total cross sections for net electron loss are
fully determined by the static potential for a wide range of
impact energies, whereas response effects are not important
even for rather slow collisions for which the velocity of the
projectile is smaller than typical orbital velocities of the ac-
tive electrons. Moreover, the OPM potential also permits one

perimental TCS's are larger than our theoretical results. Furto calculate differential ionization cross sections which are in
ther analysis of our model is required for an understanding ofair agreement with experimental data, as has been shown by

these deviations.
A striking feature of our two- and three-electron ioniza-

means of CDW-EIS calculations.
By contrast, HFS and LDA potentials yield less reliable
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results for these scattering processes, and give rise to artiftross sections at small impact energies. For the scattering of
cial structures. Fop+ Ar collisions the CDW-EIS results antiprotons from neon atoms this is evident for nearly adia-
obtained V}”th HFS and LDA pOtentIa|S eXh|b|t' shoulders in batic situations since the Stab”'ty of thp,(\le) Compound in

the SDCS's which can be traced back to the inadequate dgne united-atom limit cannot be represented with a frozen
scription of exchange effects. Furthermore, a detailed analyatomic target potential.

sis by means of the BGM has shown that the LDA potential  |nclusion of such effects in terms of an approximate time-

leads to an unphysical capture contribution if He Ne col-  dependent optimized potential seems feasible. The BGM
lisions at large impact parameters. These results confirm oermits the calculation of the one-particle density at any
previous conclusion that it is important to account accuratelyyiven intermediate time step for which the OPM integral
for static exchange if one aims at a quantitative U“derStangquaﬂon has to be solved. Given the results of the present
ing of inelastic scattering processes. work, this combination of the BGM with the time-dependent
Moreover, we have shown in the present work thatoppm seems to provide a promising framework for the more

multiple-electron-loss probabilities reflect the Pauli exclu-detailed study of correlated time-dependent many-electron
sion principle if capture processes contribute. In these casefnamics.

the widely used binomial and multinomial formulas are not

sufficient and have to be replaced by the corresponding re-

sults. based on thg inclusive prpbability formalism. At inter- ACKNOWLEDGMENTS
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