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Nonperturbative calculation of projectile-electron loss, target ionization,
and capture in He¿¿Ne collisions
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Department of Physics and Astronomy, York University, Toronto, Ontario, Canada M3J 1P3
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The He1 1 Ne collision system, in which the projectile electron as well as the target electrons undergo
inelastic transitions is investigated in the independent-particle model with a time-dependent screening poten-
tial. We use the basis generator method to solve the single-particle equations for all electrons and combine the
transition probabilities statistically to calculate charge-state correlated and more inclusive total cross sections in
the energy range of 10 to 1000 keV/amu. Good agreement with available experimental data is found except for
the lowest projectile energies, where it is indicated that a more refined dynamical screening model is required.
We demonstrate the importance of Pauli blocking for the electron transfer to the dressed projectile and discuss
the role of the electron-electron interaction between projectile and target electrons, which is not included in our
model.
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I. INTRODUCTION

Ion-atom collisions with active electrons on projectile a
target have attracted considerable attention in recent year
particular, the excitation and ionization of dressed project
in collisions with neutral noble gas atoms or hydrogen m
ecules have been investigated experimentally and theo
cally in some detail~for recent reviews see, e.g., Ref
@1–3#!. These studies were motivated in part by the idea t
the transition of the projectile electron can be induced eit
by an interaction with the target nucleus or by an interact
with one of the target electrons, and that both processes
different signatures that should make it possible to dis
guish them. This picture is based on a perturbative desc
tion of the scattering process@3#. To first order, the simulta-
neous excitation or ionization of the projectile electron a
one of the target electrons can only be induced by
electron-electron interaction. On the other hand, an inela
transition of the projectile electron alone~with the target re-
maining in its ground state! is due to the combined Coulom
potentials of the target nucleus and the target electrons.
latter process has been called the screening mode, sinc
target electrons only participate by screening the nucleus
this way, they reduce the transition probabilities of the p
jectile electron when compared to a collision with a ba
target nucleus. By contrast, the direct excitation or ionizat
of both centers due to the electron-electron interaction
been referred to as antiscreening. We will use the terms
tiscreening and electron-electron process as synonyms in
present paper.

Clear evidence for the operation of both mechanisms
been found in numerous experiments, first through total cr
section measurements@4# and more recently by measurin
the momentum distributions of the recoil ions, which a
very different in both processes@5#.

On the theoretical side, the application of perturbat
methods to the problem at hand has a rather long tradi
dating back to the works of Bates and Griffing in the 195
@6#. While a first-order treatment appears to be sufficien
describe the electron-electron process over a rather b
range of kinematical situations@1,7–9#, it has been recog
1050-2947/2001/63~6!/062718~12!/$20.00 63 0627
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nized that a reliable calculation of the screening contribut
requires nonperturbative models when target atoms hea
than helium are considered. This is due to the fact that
total cross sections are dominated by contributions fr
small impact parameters, where the screened target pote
becomes too strong to allow a first- or second-order tre
ment. Under such circumstances the antiscreening mod
less important, as simultaneous transitions of the projec
electron and one or several target electrons can also be
diated by independent single-particle interactions@1#.

Although detailed cross section measurements were
formed for dressed projectiles colliding with heavier nob
gas atoms~see, e.g., Refs.@10–13# and references therein!
only few theoretical efforts to describe and explain these d
have been reported in the literature. Apart from applicatio
of the relatively simple free-collision model~also referred to
as classical impulse approximation! @13,14# nonperturbative
methods to calculate the~dominant! screening contribution
to the ionization of dressed projectiles have been repo
only recently@9,15,16#. These calculations were restricted
impact energies above 250 keV/amu, since they involved
assumption that electron transfer between the centers is
lible. Moreover, it was not attempted to calculate the tar
ionization as well, thus leaving a large body of experimen
data for charge-state correlated cross sections over a
range of impact energies virtually unexplained. The pres
work is intended as a step to fill this void.

We consider the He1 1 Ne collision system in the energ
range from 10 to 1000 keV/amu. Our treatment is based
the independent-particle model~IPM!, in which the transi-
tions of all active electrons are governed by effective sing
particle Hamiltonians. Recently, we studied the validity
this approach for bare-ion collisions with neon, argon, a
oxygen atoms@17–21# over a broad range of impact ene
gies. We found that a large number of single- and doub
electron processes can be successfully calculated, when
many-electron target atom is described in terms of a sin
particle potential that accounts accurately for electronic
change effects. Moreover, we developed a~relatively! simple
model to account for time-dependent screening effects
demonstrated that the results for multiple-electron transiti
©2001 The American Physical Society18-1
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can be significantly improved in such a dynamical screen
model @21#. Important ingredients of these works have be
the development and implementation of the basis gener
method ~BGM! to propagate the effective single-partic
equations@22,23#, and the issue of how to extract probabi
ties for multiple-electron transitions from the single-partic
solutions. This has been discussed for the cases of mult
electron loss and ionization in Ref.@18# and more generally
for charge-state correlated processes and excitations in
@20#.

In the present paper we extend these techniques to
problem under consideration, in which the projectile carr
into the collision an electron that can be ionized or captu
by the same token as the target electrons. The paper is o
nized as follows. In Sec. II A the time-dependent man
electron problem is formulated in the IPM and the appro
mations used for the effective single-particle potentials
discussed. The adaption of the BGM to the present collis
system is briefly explained in Sec. II B. Section III is devot
to the issue of how to extract probabilities for measura
cross sections from the BGM solutions. The single-parti
probabilities of interest and probabilities for global proces
are defined in Sec. III A, while the calculation of charge-st
correlated cross sections is explained in Sec. III B. In Sec
we discuss our results in comparison with experimental d
The discussion is split into three parts. We begin with
cross sections for the total production of recoiling target io
and free electrons in Sec. IV A. In Sec. IV B we prese
results for electron capture and projectile-electron loss c
sections, in which the final charge state of the target is
determined. Charge-state correlated data are discusse
Sec. IV C. In Sec. V our findings are summarized and dir
tions of future work are pointed out.

II. THEORETICAL DESCRIPTION OF THE
„N¿1…-ELECTRON SCATTERING SYSTEM

We consider the collision between an ion carrying o
electron and anN-electron closed-shell target atom. Whe
relativistic effects can be neglected the (N11)-electron sys-
tem is described by the Hamiltonian~we use atomic units
i.e., \5me5e51)

Ĥ~ t !5 (
i 51

N11 S 2
1

2
D i2

QT

r iT
2

QP

r iP
D1 (

i , j

N11
1

r i j
. ~1!

Here,QT andQP are the charges of the target and projec
nuclei, respectively. The distances of thei th electron to the
target and projectile centers are measured byr iT and r iP ,
while the distance between two of theN11 electrons is
denoted byr i j . When the nuclear motion is described by
classical straight-line trajectory the set of coordinates$r iT%
or the set$r iP% ~or both! are functions of time depending o
the choice of the reference frame.

Before the collision the projectile and target subsyste
are well separated, and the (N11)-electron wave function is
given as an~antisymmetrized! product of the ground-stat
wave functions of both centers. If the target ground stat
described in terms of an effective single-particle pictu
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~e.g., the Hartree Fock model or approximations thereof! the
(N11)-particle initial state reduces to a single Slater det
minant uc1s1

•••cNsN
fs&, in which the spin orbitalsuc is i

&
denote the occupied target states andufs& the occupied pro-
jectile state with the spin indicess i5↑,↓. We note that a
single Slater determinant is in general not sufficient to
scribe the initial state when the target atom is of open-s
nature. This situation has been discussed, e.g., for H1

1He1 collisions, in which different spin configurations hav
been taken into account@24#. Simple product or single Slate
determinant initial states constitute the usual starting po
for perturbative calculations of ionization from the project
@3#. Although the electron-electron interaction among the t
get electrons has been approximated by an effective sin
particle potential at this point, the Hamiltonian still contai
the two-particle interaction between the target electrons
the projectile electron. It is this two-particle potential th
enables the simultaneous transition of a target electron
the projectile electron in first-order perturbation theory~an-
tiscreening!.

A. IPM description with time-dependent target potential

In the following, we approximate the electron-electron i
teraction by effective single-particle potentials, thus negle
ing the antiscreening mechanism. We explain our model
the basis of the time-dependent Hartree Fock~TDHF! ap-
proach to clarify the approximations involved and to indica
possible improvements. The TDHF approach starts from
assumption that the wave function of the electronic syst
can be characterized as a single Slater determinant fo
times, i.e., throughout the collision. The TDHF equations
obtained by variation of the action functional involving th
Hamiltonian ~1! with this constraint @25#. For the
(N11)-electron problem under consideration they can
written in the form

i ] tc is i
~r ,t !5S 2

1

2
D2

QT

r T
2

QP

r P

1 (
k51

N E d3r 8
ucksk

~r 8,t !u2

ur2r 8u
D c is i

~r ,t !

2 (
k51

N

ds isk
E d3r 8

cksk
* ~r 8,t !c is i

~r 8,t !

ur2r 8u

3cksk
~r ,t !1E d3r 8

ufs~r 8,t !u2

ur2r 8u
c is i

~r ,t !

2ds isE d3r 8
fs* ~r 8,t !c is i

~r 8,t !

ur2r 8u
fs~r ,t !,

i 51, . . . ,N, ~2!
8-2
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i ] tfs~r ,t !5S 2
1

2
D2

QP

r P
2

QT

r T

1 (
k51

N E d3r 8
ucksk

~r 8,t !u2

ur2r 8u
D fs~r ,t !

2 (
k51

N

dssk
E d3r 8

cksk
* ~r 8,t !fs~r 8,t !

ur2r 8u
cksk

~r ,t !,

~3!

where in generalr T5ur2RT(t)u and r P5ur2RP(t)u with
RT(t) andRP(t) defining the classical motion of the nucle
Equation~2! describes the time propagation of the initial
occupied target orbitals in the combined potentials of
nuclei and the effective electron-electron interaction. We
distinguishing between the direct~Hartree! and exchange
terms due to the target electrons and due to the proje
electron, since they are treated differently in the followin
Likewise, Eq. ~3! describes the propagation of the sing
electron initially bound to the projectile. We now introduc
further approximations to facilitate the treatment.

~1! We neglect the two-center exchange terms that cou
the target electrons with the projectile electron in the cas
parallel-spin directions. As a consequence, the time deve
ment of the spin-up and spin-down electrons of the targe
identical in this approximation. As long as ionization is co
sidered this should be no severe restriction, but one m
expect that the omission of the exchange terms is more
cial in the case of capture. Furthermore, we note that
orthogonality between the propagated target states and
propagated projectile state~normally ensured in the TDHF
method! is lost, since the single-particle Hamiltonians th
govern their time development become different when
two-center exchange terms are neglected.

~2! We assume that the remaining exchange term in
~2! can be described by a local, i.e., multiplicative sing
particle potentialvx

c acting on the propagated orbitals. Th
single-particle equations~2! and~3! can then be summarize
as

i ] tc i~r ,t !5ĥc~ t !c i~r ,t ! i 51, . . . ,N, ~4!

i ] tf~r ,t !5ĥf~ t !f~r ,t !, ~5!

with the Hamiltonians

ĥc~ t !52
1

2
D2

QT

r T
2

QP

r P
1vee

c ~r ,t !1vH
f~r ,t !, ~6!

ĥf~ t !52
1

2
D2

QP

r P
2

QT

r T
1vH

c ~r ,t !, ~7!

and the single-particle potentials

vee
c ~r ,t !5vH

c ~r ,t !1vx
c~r ,t ! ~8!
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k51

N E d3r 8
uck~r 8,t !u2

ur2r 8u
~9!

vH
f~r ,t !5E d3r 8

uf~r 8,t !u2

ur2r 8u
. ~10!

The spin indices have been omitted, since all terms are n
spin independent. Note that the single-particle equations~4!
and ~5! are still coupled via the time-dependent Hartree p
tentials~9! and ~10!.

In analogy to our previous work on bare-ion collision
with many-electron target atoms@21# we decompose the
single-particle potentials~8! to ~10! into contributions that
account for electronic screening and exchange in the in
state and contributions due to time-dependent variations
ing the collision process

vee
c ~r ,t !5vee

T ~r T!1dvee
c ~r ,t !

5vH
T ~r T!1vx

T~r T!1dvH
c ~r ,t !1dvx

c~r ,t !, ~11!

vH
f~r ,t !5vH

P~r P!1dvH
f~r ,t !. ~12!

The potentialvee
T of the undisturbed electronic system at t

target is obtained from the exchange-only version of the
timized potential method~OPM! @26#. In this model, ex-
change effects are described by a multiplicative sing
particle potential vx

T that cancels the self-interactio
contribution contained in the Hartree potentialvH

T exactly.
The ground-state Hartree potentialvH

P of the projectile ion is
obtained by inserting a hydrogen-like 1s-orbital into Eq.~10!

vH
P~r P!5

1

r P
@12~11QPr P!exp~22QPr P!#. ~13!

In the no-responseapproximation defined by

dvee
c ~r ,t !5dvH

c ~r ,t !5dvH
f~r ,t !50 ~14!

the single-particle Hamiltonians~6! and ~7! reduce to

ĥT~ t !52
1

2
D1S 2

QT

r T
1vee

T ~r T! D1S 2
QP

r P
1vH

P~r P! D ,

~15!

ĥP~ t !52
1

2
D2

QP

r P
1S 2

QT

r T
1vH

T ~r T! D . ~16!

The grouping of potentials in Eqs.~15! and ~16! allows a
simple interpretation: The target electrons are propagate
the atomic ground-state potential and the moving Coulo
potential of the projectile that is screened by the electrost
potential due to the~frozen! 1s electron. The projectile elec
tron is propagated in the Coulomb potential of the He21

nucleus and the Coulombic target potential screened by
ground-state Hartree component of the effective electr
electron interaction. Note that the potentialsvee

T in Eq. ~15!
8-3
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and vH
T in Eq. ~16! are obtained from the same set of se

consistently determined ground-state orbitals of the ta
atom.

Our previous investigations demonstrated that theno-
responseapproximation is justified when the relative velo
ity of the nuclear motion is large compared to typical orbi
velocities of the active electrons. In this kinematic region
electron density does not change considerably during
~short! interaction with the projectile. At low to intermediat
impact energies time-dependent screening effects gain
portance, in particular when multiple-electron processes
considered. For the present study we have included th
effects on the level of the model proposed in Ref.@21#. This
model was designed to account in a global fashion for
increasing attraction of the atomic target potential as ion
tion and capture set in during the collision. It involves t
assumption that the dynamical target potential can be re
sented by a linear combination of ionic ground-state pot
tials weighted with the time-dependent probabilities to cre
the corresponding charge statesq during the collision. Fur-
thermore, the ionic potentials were expressed as sums o
Coulomb potential of the nucleus and the effective poten
vee

T for the electron-electron interaction of the neutral ato
scaled to yield the desired asymptotic behavior for e
charge stateq. With these assumptions we arrived at t
following expression for the response potential at the tar
@21#

dvee
c ~r ,t !'dvee

c ~r T ,t !52
Ploss

T ~ t !1P0
loss~ t !21

N21
vee

T ~r T!.

~17!

Ploss
T denotes the net electron loss from the target, i.e.,

average number of removed electrons, andP0
loss is the prob-

ability that no electrons are removed.P0
loss is calculated from

Ploss
T according to the binomial formula

P0
loss~ t !5S 12

Ploss
T ~ t !

N D N

. ~18!

The net electron loss from the targetPloss
T in turn is obtained

from a channel representation of the propagated orb
c i(t) in each time step

Ploss
T ~ t !5N2(

i 51

N

(
v51

V

u^wv
Tuc i~ t !&u2, ~19!

where the set$uwv
T&,v51•••V% contains all bound targe

states populated noticeably in the collision process.
In Ref. @21# we emphasized that the use of undisturb

atomic eigenstates as channel functionsuwv
T& leads to fluctu-

ating transition probabilities after the collision, if a respon
potentialdvee

c (t) is included in the Hamiltonian. This prob
lem was encountered in several TDHF calculations@27# and
is associated with the nonlinearity of the Hamiltonian. F
the present model of dynamical screening all transition a
plitudes become stable when the analysis at the target ce
06271
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is based on parametrically time-dependent eigenfuncti
uwv

T(t)& of the Hamiltonian that includes the response pot
tial @21#

uwv
T&[uwv

T~ t !& v51, . . . ,V ~20!

S 2
1

2
D2

QT

r T
1vee

T ~r T!1dvee
c ~r T ,t ! D uwv

T~ t !&

5«v~ t !uwv
T~ t !&. ~21!

The functionsuwv
T(t)& correspond to the average~fractional!

charge state of the target atom after the collision and are
consistent with the used mean-field description.

The inclusion ofdvee
c (t) in the Hamiltonian~15! accounts

only for one aspect of dynamical screening effects. Clea
an increase in the attraction of the target atom during
collision also influences the behavior of the projectile ele
tron. Mathematically this effect corresponds to unfreez
the effective Hartree potentialvH

T in Eq. ~16!. Similarly, the
dynamical behavior of the projectile electron induces a va
tion of vH

P in Eq. ~15!. It seems feasible to include thes
effects on the same level as in Eq.~17!, but such an exten-
sion involves a considerable complication in the solution
the single-particle equations, since both sets@Eqs. ~4! and
~5!# would be coupled during the propagation. This issue
beyond the scope of the present paper and is deferred
future work. Note that the coupling is avoided in the r
sponse model that includes onlydvee

c (t).

B. Solution of the single-particle equations

The single-particle equations are solved in theno-
responseapproximation~14! and the dynamical screenin
model defined by Eq.~17! by separate BGM calculations fo
the active target and projectile electrons. Since we ass
the nuclei to move on straight-line trajectories, we c
choose the origin of the reference frame in both calculati
differently. For the active neon orbitals@Eq. ~4!# we choose
the target center and use the same expansion as in our
vious investigation of He211Ne collisions@21#

uc i~ t !&5 (
m50

MT

(
v51

VT

dmv
Ti ~ t !uxv

m~ t !&, ~22!

uxv
m~ t !&5@WP~ t !#muwv

T& m50, . . . ,MT , ~23!

WP~ t !5
1

r P
„12exp~2r P!…. ~24!

In the target frame the projectile moves along the traject
R(t)5(b,0,vt) with impact parameterb and constant veloc-
ity v. Therefore,WP depends on time, viar P5urT2R(t)u.
The basis includes all undisturbed target statesuwv

T& of the
KLMN shells calculated numerically on a fine mesh and 1
functions from the set$uxv

m(t)&,m>1% up to orderm5MT

58. We note that we use the same basis for theno-response
calculation @Eq. ~14!# and the calculation with the time
dependent screening potential~17!.
8-4
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To solve Eq.~5! for the Hamiltonian~16! we choose the
projectile center as the origin of the reference frame a
expand the active orbital according to

uf~ t !&5 (
m50

M P

(
v51

VP

dmv
P ~ t !ux̃v

m~ t !&, ~25!

ux̃v
m~ t !&5@WT~ t !#muwv

P& m50, . . . ,M P , ~26!

WT~ t !5
1

r T
„12exp~2r T!…. ~27!

In this frame, the neon center moves along the straight
R(t)5(b,0,vt) with constant velocityv, and the distancer T
depends on time viar T5urP2R„t…u. The basis set of Eqs
~25! and~26! includes all hydrogen-like eigenfunctionsuwv

P&
of the KLMN shells of the He1 ion and 95 functions of the
set$ux̃v

m(t)&,m>1% up to orderm5M P58. The choice was
guided by calculating the correlation diagram of the~frozen!
quasimolecular system (HeNe)1 in the basis@22#.

We note that in both basis sets the BGM states of hig
order are constructed with powers of purely Coulombic p
tentials, which are regulated to avoid divergent matrix e
ments and to improve the representation of bound state
the other center@Eqs. ~24! and ~27!#. We did not build the
BGM hierarchy with powers of the screened potentials t
are present in the Hamiltonians@cf. Eqs.~15! and~16!#. This
choice was found to be more efficient in generating sta
which account properly for the electron-transfer contribut
of the time-propagated orbitals in a number of test ca
@28#.

III. ANALYSIS OF IONIZATION AND TRANSFER
PROCESSES

A. Single-electron and net transition probabilities

The statistical evaluation of probabilities for the vario
charge-changing processes is based on the calculated s
particle probabilities for ionization, and attachment to t
target and projectile nuclei for all propagated orbitals. Th
probabilities are obtained by projecting the solutions of
time-dependent single-particle equations onto states, w
characterize the processes considered and are consisten
the boundary conditions for asymptotic times (t f→`) in or-
der to ensure stable results. In practice, it proved to be
ficient to stop the propagation at timest f , which correspond
to an internuclear separation of 45 a.u.

For the active target electrons we define the sing
particle probabilities for attachment to the target and the p
jectile as

pi
T→T5 (

v51

VT

u^wv
T~ t f !uc i~ t f !&u2 ~28!

pi
T→P5 (

k51

KP

u^wk
P~ t f !uc i~ t f !&u2. ~29!
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The channel functions at the targetuwv
T(t f)& are the eigen-

functions of the asymptotic target Hamiltonian that includ
the response potential@Eq. ~21!# and are obtained by diago
nalizing this Hamiltonian in the BGM basis@21#. The
asymptotic Hamiltonian of the isolated projectile syste
contains the Coulomb potential and the screening poten
due to the bound 1s electron@cf. Eq. ~15!#. Therefore, the
channel functionsuwk

P(t f)& are chosen as~moving! eigen-
states of this Hamiltonian and are calculated numerica
We have chosenKP to include all states of theKLM shells.
With the assumption that the summations in Eqs.~28! and
~29! cover the bound parts with sufficient accuracy t
single-particle probabilities for transitions to the continuu
are obtained from the requirement

pi
T→C512pi

T→T2pi
T→P . ~30!

Similarly, the single-particle probabilities for the active pr
jectile electron are defined as

pP→P5 (
v51

VP

u^wv
Puf~ t f !&u2, ~31!

pP→T5 (
k51

KT

u^wk
0~ t f !uf~ t f !&u2, ~32!

pi
T→C512pi

P→P2pi
P→T . ~33!

The statesuwv
P& are the hydrogen-like eigenfunctions of th

projectile and are explicitly included in the basis@Eq. ~26!#.
The channel functions for transfer to the targetuwk

0(t f)& are
again chosen as eigenstates of the corresponding asymp
Hamiltonian obtained from Eq.~16!. These states are consi
tent with the boundary condition for capture and ens
asymptotic stability. However, they are rather artificial fro
a physical point of view, since they correspond to an ex
nentially decaying potential~note that the Hartree potentia
vH

T decreases asN/r T asymptotically, and thus compensat
the nuclear potential for a neutral atomN5QT). In fact, we
found only two bound eigenstates for this potential with e
ergies «1s5226.60 a.u. and«2s520.306 a.u. compared
to the eigenenergies of the full target potential2QT/r T

1vee
T ~including exchange! «Ne(1s)

OPM 5230.82 a.u.,«Ne(2s)
OPM

521.718 a.u. This unphysical situation is a consequenc
the no-responseapproximation for the effective Hartree po
tential vH

c @cf. Eqs.~7! and ~14!#. From a practical point of
view it does not cause significant problems for the calcu
tion of global and charge-state correlated cross sections
long as one considers intermediate to high impact ene
collisions, where the electron transfer from the projectile
the target is small. However, one can expect that the tran
is significantly underestimated at low energies, as transiti
to Ne(2p) states, which are impossible in our model a
likely to become important. This assumption is based on
fact that we found large-transition probabilities for the i
verse process, in which a Ne(2p) electron is captured to the
K shell of the projectile.
8-5
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TOM KIRCHNER AND MARKO HORBATSCH PHYSICAL REVIEW A63 062718
It has been argued that the transfer from the projectile
the target is physically blocked by the Pauli principle a
that the inability to account for this fact has to be regarded
a problem in the IPM@9#. We note that this is only partly
true, since the Pauli principle does not exclude capture p
cesses that occur simultaneously with target ionization
capture into vacant excited states. These processes cou
analyzed in a well defined and meaningful way for fu
TDHF calculations, which guarantee the orthogonality b
tween the propagated target and projectile states through
formalism of inclusive probabilities@29#. Our work on the
projection problem suggests that full TDHF calculatio
should be analyzed with respect to eigenstates of the co
sponding time-dependent mean-field Hamiltonian@cf. Eq.
~21!# rather than using eigenstates of the static asympt
Hamiltonians. It can be expected that the time-depend
mean field at the target exhibits a Coulomb tail with fra
tional mean charge after the collision due to ionizati
events. As a consequence, the corresponding spectru
bound eigenstates would be infinite and hence physic
more meaningful than the present case, where only
bound eigenfunctions are found.

Summation of the single-particle probabilities Eqs.~28! to
~33! yields the average number of electrons bound to ta
and projectile and released to the continuum

Pav
T 5(

i 51

N

pi
T→T1pP→T[Pnet

T→T1pP→T, ~34!

Pav
P 5pP→P1(

i 51

N

pi
T→P[pP→P1Pnet

T→P , ~35!

Pav
C 5(

i 51

N

pi
T→C1pP→C5N112Pav

T 2Pav
P . ~36!

Two global observables that have been measured in R
@10,11# can be directly calculated from these net probab
ties; the total production of recoil ions~denoted bys1 in
Ref. @10#! and the total production of free electrons~denoted
by s2 in Ref. @10#!. The former corresponds to an integr
over impact parameter of the probability

P15N2Pav
T , ~37!

while the latter is obtained by integratingPav
C .

B. Multiple-electron transition probabilities

The calculation of more detailed cross sections, for wh
the final charge state of one or both centers is determine
based on statistical combinations of the single-particle pr
abilities ~28! to ~33!. As a first step we calculate the prob
abilities Pkl

T for k-fold capture from the target to the proje
tile and simultaneousl-fold target ionization. This can be
done by application of the shell-specific trinomial analy
@30# or, alternatively, by use of the analysis in terms of pro
ucts of binomials@20#. The latter method was introduced
avoid nonzero probabilities for higher-order capture eve
which occur in the trinomial analysis and lead to the u
physical production of negatively charged ions. The ba
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idea is to distribute the net capture probabilityPnet
T→P @cf. Eq.

~35!# over the physical capture channels by carrying out
nomial statistics with the new single-particle probabili
Pnet

T→P/M , in which M is the number of electrons that can b
accommodated by the projectile. The desired probabilityPkl

T

is then obtained by multiplying thek-fold capture probability
by an independentl-fold shell-specific binomial ionization
probability

Pkl
T 5Pk

T→PPl
T→C , ~38!

Pk
T→P5

M !

k! ~M2k!! S Pnet
T→P

M D kS 12
Pnet

T→P

M D M2k

, ~39!

Pl
T→C5 (

l 1 , . . . ,l m50; l 11•••1 l m5 l

N1 , . . . ,Nm

)
i 51

m
Ni !

l i ! ~Ni2 l i !!

3~pi
T→C! l i~12pi

T→C!Ni2 l i. ~40!

In Eq. ~40!, m is the number of initially occupied shells i
the target atom andNi is the number of electrons in eac
shell.

For the present case of He1 1 Ne collisions we chose
M51 to avoid the production of negative final projecti
charge states. Strictly speaking this choice is too restrict
since it prohibits the physically allowed process of doub
capture with simultaneous ionization of the projectile. Ho
ever, the corresponding charge-state correlated cross sec
where two electrons are found at the projectile and one in
continuum should be strongly dominated by single capt
with simultaneous target ionization. As long as one does
attempt to distinguish both processes~e.g., by measuring the
momentum distribution of the ionized electron!, the restric-
tion M51 should not lead to significant errors.

The probabilitiesPkl
T are then combined with the single

particle probabilities of the active projectile electron. In an
ogy to the set$Pkl

T % we define

P00
P 5pP→P, ~41!

P10
P 5pP→T, ~42!

P01
P 5pP→C ~43!

and calculate the probabilityPmn to find m electrons bound
to the projectile andn electrons bound to the target after th
collision according to

Pmn5 (
i , j 50,1; i 1 j <1

Pkl
T Pi j

P , m1n<N11, ~44!

with

k5m1 i 1 j 21, ~45!

l 5N1 i 2n2k5N112m2n2 j , ~46!

and the understanding thatPkl50, if one of the indices lies
outside the range 0•••N. To illustrate the procedure we con
sider the probability for an event, where one electron
found in the continuum, while the projectile has not chang
its charge state. From Eqs.~44! to ~46! we obtain
8-6
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P1,N215P01
T P00

P 1P10
T P01

P 1P11
T P10

P . ~47!

The three terms in Eq.~47! correspond to different processe
which are not distinguished in an experiment, in whi
~only! the final charge states of projectile and target are m
sured in coincidence. The first term corresponds to p
single target ionization and certainly dominates the cr
section considered. The second term describes the transf
one electron from the target to the projectile with simul
neous ionization of the projectile, and the third term cor
sponds to single target ionization together with the excha
of two electrons between the centers.

More global processes, where only the charge state of
of the collision partners is determined are calculated by s
mation of the contributing probabilitiesPmn . For the so-
called total electron loss, where the projectile is stripped~i.e.,
m50! this summation yields

Ploss
P [(

n
P0n5P0

T→P~P01
P 1P10

P !, ~48!

if the products-of-binomials analysis is used to calculatePkl
T

@Eqs.~38! to ~40!#. This is simply the probability to lose th
projectile electron multiplied by the probability not to ca
ture a target electron. Similarly, one finds that the neutral
tion of the projectile (m52) is given as the net captur
probability Pnet

T→P multiplied by the probabilityP00
P that the

projectile electron is not removed with a slight imperfecti
caused by the products-of-binomials analysis, in which pr
ability conservation is not exactly fulfilled@20#.

It can be expected that the Pauli exclusion princi
would be important for the projectile neutralization chann
Capture to theK shell of the projectile is only possible, whe
the spin direction of the captured electron opposes the
of the projectile electron~assuming the latter remains in th
ground state!. This effect is ignored in the statistical analys
It can be taken into account by using the formalism ofinclu-
sive probabilities@29#. This analysis starts from the assum
tion that the propagated many-electron state and the
states of interests are represented by single Slater dete
nants~for N11 electrons in our case!. The desired probabil-
ity to find exactlym electrons at the projectile is then ob
tained as an ordered sum of determinants of the sin
particle density matrix@31#. Since the analysis is based o
antisymmetric wave functions, Pauli blocking is taken in
account.

For the present collision system two interrelated proble
arise as a consequence of the approximations. Firstly,
single-particle amplitudes for the population of boun
projectile states are calculated with respect to two differ
sets of functions@cf. Eqs. ~29! and ~31!#. In practice, this
turned out to be a minor problem. We have projected
propagated target orbitals also onto the hydrogen-like pro
tile states used in Eq.~31! and found no significant devia
tions from the results of Eq.~29!, where channel functions o
the screened potential are used. Secondly, the formalism
inclusive probabilitiesmakes use of the orthogonality of th
propagated states to rewrite reduced density matrices a
terminants of the single-particle density matrix@29#. As men-
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tioned above, the orthogonality between the propagated
get states and the propagated projectile state is
maintained during the collision in our approximation. Ther
fore, one has to check that the overlap between the pro
gated states is sufficiently small before applying theinclusive
probabilitiesanalysis. The nonorthogonality problem is lar
est for the propagated target 2p1 state at low projectile en-
ergies, where capture to the projectile is strong. At 10 ke
amu we found overlaps up tou^f(t f)uc2p1

(t f)&u2'0.6. The
overlap decreases with increasing projectile energy and
sum ( i u^f(t f)uc i(t f)&u2 does not exceed 0.2 forEP
>50 keV/amu.

IV. RESULTS AND DISCUSSION

In this section we present results for the global cross s
tions discussed in Sec. III A and for more detailed proces
in which the final charge state of one or both centers
determined~cf. Sec. III B!. Our calculations are based on th
dynamical screening model defined by the potential~17!.
Only for the total production of recoil ions and the tot
production of free electrons do we compare them with
results of theno responseapproximation@Eq. ~14!#.

A. Net recoil ion and free electron production

We start the discussion of results with the total product
of recoil ionss1 @cf. Eq. ~37!# and the total production o
free electronss2 @cf. Eq. ~36!#. Our results fors1 obtained
in the no-responseapproximation @Eq. ~14!# and in the
model that includes the time-dependent screening pote
dvee

c (t) of Eq. ~17! are compared with the experimental da
of Ref. @10# in Fig. 1.

At high-impact energiesEP both calculations give very
similar results and show good agreement with experime
This confirms the assumption that dynamical screening
fects are unimportant when the relative velocity of the nuc
is large compared to the average velocity of the active e
trons. We note that the same behavior was found for He21

1Ne collisions in Ref.@21#. For lower-impact energies th
cross section of the model that includesdvee

c (t) lies below

FIG. 1. Total cross sections1 for the net recoil ion production
as a function of impact energy for He11Ne collisions. Theory:
present calculations with and without inclusion of time-depend
screening denoted by the full curve and chain curve, respectiv
the crosses denote the result of the modified calculation describe
the text. Experiment: closed circles@10#.
8-7
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TOM KIRCHNER AND MARKO HORBATSCH PHYSICAL REVIEW A63 062718
the no-responsedata indicating that the increased attracti
of the target potential becomes more important as the pro
tile velocity decreases. The agreement with experimen
good down toEP520 keV/amu, whereas theno-response
results clearly lie outside the experimental error bars
EP,100 keV/amu.

For impact energiesEP<20 keV/amu the cross section
of the calculation that includes time-dependent screening
crease too rapidly compared with the experimental data
this region, where the probabilities for electron loss from
target are large theno-responseapproximation used for the
propagation of the projectile electron@Eq. ~16!# is likely to
be inadequate. Unfreezing the Hartree potentialvH

T in Eq.
~16! would result in a total effective target potential wi
long-range Coulomb character. With such a potential
coupling between the initial projectile 1s state and bound
target states should increase significantly. As target elect
are removed with high probability the Pauli principle n
longer prohibits electron transfer from the projectile to t
target center. This process would reduces1 , since on aver-
age more electrons would be bound to the target after
collision.

To test this scenario on a qualitative level we performe
calculation, in which the frozen Hartree potentialvH

T in Eq.
~16! was replaced by the effective potentialvee

T that includes
the attractive exchange component@Eq. ~8!# and hence re-
duces the screening of the Coulomb potential of the nucle
The total effective target potential exhibits a21/r T tail in
this model and corresponds roughly to a situation, in wh
one target electron is removed. We added the probab
pP→T calculated in this model to the unchanged probabi
Pnet

T→T according to Eq.~34! to calculates1 . The results of
this procedure are included in Fig. 1 at 10 and 20 keV/am
At 10 keV/amu the calculated cross section coincides w
the measured data point, whereas it lies below experime
20 keV/amu. Obviously, the model is too crude to descr
the energy dependence of the cross section, but it indic
that a more refined dynamical screening model, in whichall
effective potentials in the Hamiltonians~15! and ~16! are
unfrozen, could suffice to explain the experimental data
low impact energies.

The total free-electron production cross sections2 is dis-
played in Fig. 2. This cross section corresponds to the sum
ionization from the projectile and the net ionization from t
target@Eq. ~36!#. According to our calculations 70–80 % o
s2 is due to the ionization of target electrons. The calcu
tion that includes the response potential~17! leads to very
good agreement with the experimental data of Ref.@11#
down to EP510 keV/amu, while the results of theno-
responseapproximation are in closer agreement with t
somewhat larger cross sections of Ref.@10# in the region of
low to intermediate-impact energies. The discrepancy
tween the two experimental data sets was discussed in
@11#, and the more recent measurements were considere
be accurate, although no clear explanation for possible er
in the data of Ref.@10# was provided.

Free electrons are also produced by the interaction o
target electron with the projectile electron~antiscreening!
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that is neglected in our model. Its contribution to ionizati
from the projectile was calculated in the plane-wave Bo
approximation~PWBA! with an improved summation ove
all target states@9# as described in Ref.@7#. The ionization of
the projectile electron in the antiscreening mode is accom
nied by the excitation or ionization of one of the target ele
trons. As ionization strongly dominates@2#, two free elec-
trons are produced in this process. Accordingly, we ha
included the PWBA results multiplied by a factor of 2 in Fi
2. The cross section is rather flat as a function of imp
energy. It has been argued that the electron-electron pro
exhibits a threshold, roughly determined by the conditi
v2/2.I P1I T , where I P and I T denote the ionization ener
gies of the projectile and target electrons, respective
@2,32#. With I P52 a.u. andI T50.79 a.u.@33# the threshold
is situated at Ets'140 keV/amu corresponding tov
52.36 a.u. for the present collision system. In fact, it can
observed in Fig. 2 that our results fors2 lie below the ex-
perimental data for energies above this threshold. The ag
ment improves considerably when one adds the PWBA
tiscreening cross section to our results. The PWBA is
extended down to threshold for two reasons:~1! the PWBA
is inaccurate near threshold and~2! the threshold is not de
fined sharply due to the Compton profiles of the bound el
trons.

B. Total electron capture and loss

In the following we restrict the discussion to calculatio
that include dynamical screening according to Eq.~17!. First,
we consider the total cross section for neutralization of
projectile, i.e., electron capture. Figure 3 shows results
tained from the trinomial analysis and the analysis in ter
of products of binomials as described in Sec. III B alo
with experimental data. In the energy range from 10 to 1
keV/amu the trinomial results are smaller than the produ
of-binomials cross sections. This is due to the fact that in
trinomial analysis part of the net-capture probabilityPnet

T→P is
distributed over unphysical higher-order capture chann
which correspond to the production of negative ions. T

FIG. 2. Total cross sections2 for free-electron production as
function of impact energy for He11Ne collisions. Theory: presen
calculations with and without inclusion of time-dependent scre
ing denoted by the full curve and chain curve, respectively; das
curve: PWBA calculation for the antiscreening mode@9# multiplied
by a factor of 2. Experiment: closed circles@10#; closed triangles
@11#.
8-8
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included dotted curve shows that the capture cross sectio
increased considerably when these unphysical contribut
are added. We note that norm conservation is maintaine
the trinomial analysis only if these contributions are tak
into account. AboveEP5100 keV/amu both sets of calcu
lations merge, since the contributions from multiple capt
events decrease rapidly. Our results lie significantly ab
the experimental data in this region. At lower impact en
gies the agreement with experiment appears to be bette
the trinomial analysis, but the shape of the products-
binomials cross section curve reproduces the energy de
dence of the experimental data.

In Sec. III B, we have argued that the Pauli exclusi
principle would be important for capture processes. To
sess its role we have applied the formalism ofinclusive prob-
abilities. The results are shown in Fig. 4. Due to the orthog
nality problem discussed in Sec. III B these results may
flawed in particular at low impact energies and have to
interpreted with some caution. They are smaller than the

FIG. 3. Total cross section for neutralization of the projectile
a function of impact energy for He11Ne collisions. Theory:
present calculations with time-dependent screening and analys
terms of products of binomials~full curve! and trinomial analysis
~chain curve!. The dotted curve corresponds to a trinomial analy
in which all contributions from single and multiple-capture eve
are added~without the corresponding multiplicities!. Experiment:
closed circles@10#; closed triangles@11#.

FIG. 4. Total cross section for neutralization of the projectile
a function of impact energy for He11Ne collisions. Theory:
present calculations with time-dependent screening and analys
terms of products of binomials~full curve! and inclusive analysis
~broken curve!. The dotted curve corresponds to an inclusive ana
sis, in which all contributions from single and multiple-captu
events are added~without the corresponding multiplicities!. Experi-
ment: closed circles@10#; closed triangles@11#.
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sults of the products-of-binomials analysis by an almost c
stant factor about 1.5–1.8, and are in remarkable agreem
with experiment over the entire energy range. A close ana
sis of the single-particle solutions shows that the domin
capture process is the transition of a Ne(2p1) electron to the
K shell of the projectile. The inclusive analysis ensures t
this transition is blocked in the case of parallel spin dire
tions, if the projectile electron remains in its ground sta
We have checked that we obtain very similar results in
naive model for Pauli blocking, in which half of the single
particle probabilities for capture to theK shell is subtracted
before applying the analysis in terms of products of binom
als. Also included in Fig. 4 is the sum of single and high
order capture obtained in the inclusive analysis. Obviou
multiple capture is considerably suppressed compared to
trinomial results displayed in Fig. 3. Note that the cross s
tions for the production of negative ions are nonzero in
inclusive analysis, since multiple capture to excited state
not blocked by the Pauli principle.

The inclusive analysis does not change the net cap
probabilityPnet

T→P and the average number of electrons on
projectilePav

P @Eq. ~35!# @18#. A reduction of the probability
to find two electrons at the projectileP2

P implies an increase
of the probability to detect one bound electronP1

P , as Pav
P

'P1
P12P2

P when higher-order capture is neglected. This
turn results in a reduction of the probability to find no ele
tron bound to the projectileP0

P , as all probabilities must add
to unity ((k50Pk

P51). As a consequence, the antisymme
of the total wave function reduces the cross section for to
electron loss, where the projectile is fully stripped. This
demonstrated in Fig. 5. The results of the inclusive analy
are smaller than the products-of-binomials cross sections
cept at high energies, where capture processes become
likely. They are in very good agreement with the experime

s

in

,

s

in

-

FIG. 5. Total cross section for electron loss from the projec
as a function of impact energy for He11Ne collisions. Theory:
present calculations with time-dependent screening and analys
terms of products of binomials~full curve! and inclusive analysis
~broken curve!. The dotted curve~sp loss! corresponds to the resu
of the single-particle calculation for the active He1 electron; chain
curve@9#, dotted curve@16#, short-dashed curve: PWBA calculatio
for the antiscreening mode@9#. Experiment: closed circles@10#;
closed triangles@11#; open circles@12#.
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TOM KIRCHNER AND MARKO HORBATSCH PHYSICAL REVIEW A63 062718
tal data below the threshold for the electron-electron proc
~cf. Sec. IV A! and show that the interplay of capture a
electron-loss processes is of crucial importance for this ch
nel. However, they are also affected by the nonorthogona
problem discussed above. As an indication of this flaw
found, e.g., negative values forP0

P in particular at energies
EP<50 keV/amu and at impact parametersb>1.5 a.u. In
these cases we setP0

P50 for the cross section calculation
thus introducing a sharp cutoff for the contributing impa
parameter range. At present we can only speculate how
electron loss cross section would decrease for lower imp
energies in a calculation, which does not suffer from
nonorthogonality problem.

In addition to the inclusive and products-of-binomials r
sults we have included in Fig. 5 the cross section obtai
from a direct integration of the single-particle electron lo
probability (pP→T1C5pP→T1pP→C) @Eqs. ~32! and ~33!#
over impact parameterb. Except for high-impact energie
this cross section is significantly larger than the other tw
which demonstrates that the stripping of the projectile can
be understood by considering the active projectile elect
alone in this region. We note that a competition of electr
loss and capture was also found at higher energies for31

and O51-ions colliding with noble gas atoms@13#.
Also shown in Fig. 5 are the theoretical results of Re

@9,16#, which rely on similar effective single-particle equ
tions for the active projectile electron as the one defined
the Hamiltonian~16! ~see the discussion in Ref.@16#!. In
Ref. @9# the single-particle equation is solved in a projecti
centered basis, while the authors of Ref.@16# have used the
sudden approximation, which involves the omission of e
ergy phases. It is considered to be less accurate than
coupled-channel method, which was provided as an expla
tion for the discrepancies between both calculations@16#.
Why the coupled-channel results of Ref.@9# are at variance
with our single-particle electron loss cross section is unc
at present.

In addition, we have included the PWBA result for ele
tron loss in the antiscreening mode@7,9# in Fig. 5. When this
cross section is added to our products-of-binomials or inc
sive cross section the sum lies slightly above the experim
tal error bars. However, as pointed out in Ref.@9# both cross
sections should not be simply added, but the impa
parameter dependent probabilities have to be combined
tistically to ensure that either of the processes takes pl
This procedure resulted in a 7–12 % reduction compare
the simple sum in Ref.@9# and would lead to an acceptab
agreement between theory and experiment in our case.

C. Charge-state correlated cross sections

An application of the inclusive analysis to charge-st
correlated processes requires the construction of the sin
particle density matrix with respect to bound states on b
centers. Due to the artificial nature of the targets states and
the absence of boundlÞ0 states in the calculation of elec
tron capture from the projectile@cf. Eq. ~32!# we have not
attempted to carry out this analysis. Instead, the follow
results are solely obtained from the analysis in terms of pr
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ucts of binomials. Given that Pauli blocking is crucial fo
electron capture, we do not discuss coincident data for c
ture and simultaneous target ionization.

Figure 6 shows the so-called elastic electron loss cr
section, which corresponds to a fully stripped projectile i
and a neutral target atom after the collision. The electr
electron process is negligible for this cross section, since
target electrons are ionized. Electron loss by electr
electron interaction can only contribute if the active targ
electron is excited, but this process is rather unlikely@2#. Our
results are in good agreement with the experimental data
the theoretical calculations reported in Ref.@15#, but lie
above the measurements of Ref.@11#. According to Fig. 5 we
expect that our cross section would be reduced for low
intermediate impact energies in the inclusive analysis, bu
is not possible to estimate this reduction quantitatively
present. We note that both sets of experimental data were
measured directly, but were obtained by forming the diff
ence between the sum of all electron loss cross sections
tained in coincidence with the production of recoil ions a
the separately measured total electron loss cross section

The coincidence data are displayed in Fig. 7. T
electron-electron process may contribute to all the cross
tions shown, but the relative contributions for the differe
recoil ion charge statesq51•••4 are not known. From the
comparison between the experimental data and our calc
tions one can conclude that this process should contribute
q51 andq52, as our results are in very good agreeme
with the measurements below the threshold of this proc
(Ets'140 keV/amu, as discussed in Sec. IV A!, but lie no-
ticeably below them for higher-impact energies. Our calc
lations show good agreement with the experimental res
for q53 atEP>200 keV/amu, but lie above them at lowe
impact energies and significantly overestimate theq54 data
over the entire energy range. We have found similar res
for multiple ionization in bare-ion impact collisions@19,21#.
At present it remains an open question, whether a more
fined time-dependent screening model would reduce
cross sections for higher recoil ion charge states sufficien
or whether the discrepancy can only be resolved by go
beyond the IPM picture. Thus, we cannot estimate the

FIG. 6. Total cross section for elastic electron loss from
projectile as a function of impact energy for He11Ne collisions.
Theory: present calculation with time-dependent screening
analysis in terms of products of binomials~full curve!; dotted curve
@15#. Experiment: closed triangles@11#; open circles@12,34#, com-
bined as described in@15#.
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portance of the electron-electron process forq53,4.
Finally, we present results for pure multiple-target ioniz

tion in Fig. 8. Given that the projectile does not change
charge state in this case antiscreening is of minor imp
tance. It could contribute to multiple ionization by rath
complicated processes, in which, e.g., one target electron
the projectile electron are both ionized due to the electr
electron interaction, and one target electron is captured
balance the final charge state of the projectile. Obviou
such processes are very unlikely, as the capture probabi
decrease rapidly at energies higher than the threshold o
electron-electron process.

Again, one observes in Fig. 8 that our results lie above
experimental data forq53 andq54. For the lower recoil
ion charge states we find good agreement except for si
ionization belowEP5100 keV/amu. In this region our cros
sections are smaller than the experimental data. As ti
dependent screening effects are of minor importance

FIG. 7. Total cross section for electron loss from the projec
in coincidence with the production of a recoil ion in charge statq
as a function of impact energy for He11Ne collisions. Theory:
present calculation with time-dependent screening and analys
terms of products of binomials. Experiment: closed symbols@11#;
open symbols@34#.

FIG. 8. Total cross section for pure multiple-target ionizati
corresponding to the recoil ion charge stateq as a function of im-
pact energy for He11Ne collisions. Theory: present calculatio
with time-dependent screening and analysis in terms of produc
binomials. Experiment: closed symbols@11#; open symbols@34#.
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single-electron transitions it is unlikely that a more refin
dynamical screening model would improve the agreeme
To provide a possible explanation for the discrepancy
return to the inclusive analysis for the capture and loss ch
nels described in the discussion of Figs. 4 and 5. We no
then that the reduction of the probability to find two ele
trons at the projectileP2

P implies an increase in the probabi
ity P1

P . This probability corresponds to the sum of all pr
cesses, in which the projectile does not change its cha
state, i.e., elastic collisions and the pure multiple-ionizat
channels. Hence, the inclusive analysis could lead to an
creased single~and multiple! ionization cross section at low
to intermediate-impact energies. However, it is not poss
to estimate the effects of this analysis on the individu
multiple-ionization cross sections. From the reduction inP2

P

~Fig. 5! we can only conclude that the corresponding
crease inP1

P might be sufficient to explain the experiment
cross section for single ionization. If this guess turns out
be correct it will imply an impressive inter-relation betwee
the different inelastic processes in the nonperturbative
gime.

V. CONCLUDING REMARKS

We have studied He1 1 Ne collisions in the energy rang
10 to 1000 keV/amu in the framework of the independe
particle model~IPM!. For the active target electrons we ha
included a dynamical screening potential that models the
creasing attraction of the total target potential as ionizat
and capture set in. Repercussions of this effect on the pro
gation of the projectile electron, as well as time-depend
screening of the total projectile potential experienced by
target electrons are neglected. The reported results are
tained from the nonperturbative basis generator method,
statistical andinclusive probabilityanalyses were carried ou
for all electrons.

We have found good overall agreement with experim
for a large number of rearrangement channels. This dem
strates that many aspects of a collision system that invo
active electrons on both centers can be explained with s
cient accuracy on the basis of a rather simple model. For
total free-electron production and the projectile electron l
cross sections the agreement with the experimental da
improved when our results are combined with PWBA da
for the electron-electron process~antiscreening!, which is ne-
glected in an IPM description.

Furthermore, we demonstrated the importance of the P
principle for electron capture to the projectile. Our resu
indicated that the antisymmetry of the total (N11)-electron
wave function may also affect the electron loss and targ
ionization channels. A more detailed analysis of these effe
in terms of inclusive probabilitieswas hampered by the
problem that the time-propagated single-particle states of
target electrons are not orthogonal to the time-propaga
projectile state in our approximation. This problem w
found to be most prominent at low-impact energies. One
expect that a more refined dynamical screening model
which all effective potentials due to the electron-electron

in

of
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teraction are varied in time on an equal footing would al
viate this flaw.

In particular, the inclusion of dynamical screening in t
Hartree potentialvH

T , which shields the nuclear target pote
tial in Eq. ~16! would result in a total effective target poten
tial that exhibits a Coulomb tail and accommodates an i
nite number of bound states in contrast to the exponenti
decaying potential of the presentno-responseapproximation
@Eq. ~16!#. As a consequence, electron transfer from the p
jectile to the target would be enhanced in such a mo
which could explain the discrepancies with experiment fou
for our total recoil ion production cross sections1 at low-
impact energies. Moreover, provided that the overlaps of
time-propagated orbitals are sufficiently small, an inclus
analysis could be carried out for all charge-state correla
cross sections, thus accounting for the Pauli exclusion p
ciple on both centers in a consistent way.

The most sophisticated level of a refined dynami
screening model is the full TDHF problem of Eqs.~2! and
v.

ys

-
d

.

tt

t.

ne

s.

d,
.

d,

er

s.

06271
-

-
ly

-
l,
d

e
e
d

n-

l

~3!, in which the nonorthogonality problem is not prese
However, the solution of the TDHF equations is an e
tremely difficult and computationally costly task for th
He11Ne collision system due to the coupling of the sing
particle equations for the projectile and target electro
throughout the propagation. We reiterate that even glo
time-dependent screening models for all effective potent
result in a significant technical complication due to this co
pling. Nevertheless, such an extension of our model se
feasible and will be addressed in a future work.
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