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Microscopic response effects in collisions of antiprotons with helium atoms and lithium ions
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We present total single- and double-ionization cross sections for the collision systemsp̄1He andp̄1Li1 in
the 1–1000 keV impact energy range with emphasis on microscopic response effects during the collision. The
calculations rely on the basis generator method. In both collision systems, the response of the effective
electronic interaction to the time-dependent density reduces the ionization cross section at low impact energies
significantly. It is shown, in comparison with other theories, that this reduction is a consequence of time-
dependent screening rather than due to dynamical correlation effects.
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I. INTRODUCTION

Collisions between antiprotons and helium or heliumli
ions are dynamical two-electron benchmark systems that
used to examine ionization mechanisms in the presenc
electron-electron interaction. In recent years, several non
turbative theories@1–6# have focused on different mecha
nisms that might explain the experimental total cross sec
@7,8# for single ionization of helium atoms by antiprotons.
this context, it is discussed whether time-dependent corr
tion effects have to be taken into account or whether
appropriate inclusion of the effective single-particle ele
tronic interaction throughout the collision is sufficient to d
scribe this process. At projectile energies below 30–40 k
there is still a considerable discrepancy between differ
theories and the experiment. In the near future, the AS
CUSA Collaboration at CERN will have access to a ve
slow antiproton beam of sufficient intensity to repeat t
collision experiments at low collision energies in order
clarify the situation.

We present results for total single- and double-ionizat
cross sections for collisions of antiprotons with He(1s2,1S0)
and Li1(1s2,1S0) based on an effective single-particle d
scription, in which the electron-electron interaction is tim
dependent due to microscopic response effects during
collision. In the collision systemp̄1He, the maximum of the
experimental results for single ionization is very well repr
duced by our calculated cross section. In contrast, the
cently published results of Tonget al. @6# underestimate this
maximum by approximately 16%, although the same leve
approximation was used. Atomic units (\5me5e51) are
used throughout.

II. THEORY

Within the framework of time-dependent densit
functional theory~TDDFT! @9,10#, the N-electron system is
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represented by a set of single-particle equations

i ] tc j~r ,t !5ĥ~ t !c j~r ,t !, j 51, . . . ,N ~1!

with the Hamiltonian

ĥ~ t !52
1

2
D2

QT

r
2

QP

ur2R~ t !u
1vee„@n~ t !#,r ,t… ~2!

and the effective potentialvee due to the electron-electro
interaction.vee is a unique functional of the one-particle de
sity that is exactly given by

n~r ,t !5(
j 51

N

uc j~r ,t !u2. ~3!

QT andQP denote the charges of target and projectile nuc
We assume that the projectile is moving along a straight-
trajectoryR(t)5(b,0,vt) with impact parameterb and con-
stant velocityv. This so-called Kohn-Sham scheme, Eq
~1!–~3!, is an exact mapping of the time-dependent ma
electron system on an effective single-particle description
the present case of a two-electron spin-singlet system, o
one orbitalc j has to be propagated, and the density is giv
by n(r ,t)52uc(r ,t)u2.

To solve the time-dependent single-particle equations~1!,
we use a basis representation obtained from the basis
erator method~BGM! @11–15#

c~r ,t !5 (
K50

L

(
J50

M

(
k51

N

ck
KJ~ t !xk

KJ~r ,t !, ~4a!

xk
KJ~r ,t !5WT~r ,eT!KWP~r ,t,eP!Jxk

00~r !, ~4b!

WT~r ,eT!5
12exp@2eTr #

r
, ~4c!

WP~r ,t,eP!5
12exp@2eP ur2R~ t !u#

ur2R~ t !u
, ~4d!
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with WP/T denoting the regularized Coulomb interactio
with respect to the projectile and target centers. The se
bound eigenfunctions of the undisturbed helium atomxk

00(r )
accounts for the elastic and target excitation channels, w
the set of pseudostatesxk

KJ(r ) describes ionization and cap
ture. Since the capture channel is closed in the case of
proton impact and the continuum contribution is assumed
be primarily centered around the target, a hierarchy of ps
dostates, based on the regularized target potential~4c!, was
found to be sufficient~see, e.g., calculations forp̄1H colli-
sions @16,17#!. Hence, we setM50 in the present calcula
tions.

A. The representation ofvee

The exchange-only (x-only! approximation of the elec
tronic potentialvee for the spin-singlet configuration of th
heliumlike target yields

vee~r ,t !5
1

2E n~r 8,t !

ur2r 8u
d3r 8. ~5!

vee obviously fulfils the Poisson equation

Dvee~r ,t !52
1

2
4pn~r ,t !. ~6!

For the evaluation of the effective potential that describ
the electron-electron interaction during the time propagat
we make the ansatz

vee~r ,t !5 (
l51

L

(
l 50

D

(
m52 l

l

dlm
l ~ t !WT~r ,eT!lYlm~V!. ~7!

The coefficientsdlm
l (t) are determined by solving Eq.~6!

in each time step. The quality of the approach~7! with the
parametersL andD is examined in two ways.

FIG. 1. Relative error ofvee obtained with expansion~7! (L
56, D50) with respect to the exactx-only approximation of the
helium ground state@18,19#.
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~i! We compare representation~7! with the exactx-only
ground-state potential of helium@18,19#. In this case, the
relative deviation between ansatz~7!, with L56 and D
50, and the exactx-only potential is less than 1%, as illus
trated in Fig. 1. Moreover, Table I shows that the eigenval
of theK-, L-, andM-shell orbitals of the helium ground-stat
configuration are reproduced to a few microhartree.

~ii ! Ansatz~7! is further examined by comparing the adi
batic single-particle groundstate energy of the quasimolec
( p̄He) (L56, D50) with the results of an exactx-only
calculation@19#. Figure 2 shows that over the entireR range
a very high accuracy is achieved. We note that in the cas
a spin-singlet system, thex-only limit of DFT is identical
with the Hartree-Fock~HF! limit. In particular, the well
known HF single-particle energies for the negative H2 ion
(eH2520.046223 a.u.) and the He atom (eHe
520.9179 a.u.) are approached at small and large inte
clear distances, respectively. It is noteworthy that in the c
of a no-response approximation, where the effect
electron-electron potential is frozen to the initial ground-st
configuration @vee(r ,t)5vee

0 (r )#, the H2-formation is not
feasible since the corresponding eigenvalue for smallR be-
comes positive~solid line in Fig. 2!.

TABLE I. Eigenvalues ofK-, L-, and M-shell orbitals of the
helium ground-state configuration in hartrees, obtained with exp
sion ~7! (L56, D50) and the exactx-only approximation@18,19#.

Orbital Exactx-only approximation@18,19# Model ~7!

1s 20.91796 20.91796
2s 20.15833 20.15835

2p0,61 20.12743 20.12746
3s 20.06466 20.06468

3p0,61 20.05636 20.05637
3d0,61,62 20.05557 20.05567

FIG. 2. Adiabatic single-particle ground-state energy level

the quasimolecule (p̄He) calculated with: dotted line, exactx-only
approximation@19#; solid line, no-response BGM; (s) ansatz~7!
with parametersL56 andD50.
1-2
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B. Extraction of probabilities

In order to facilitate the interpretation of the final wav
function, we have orthogonalized the set of pseudost
$xk

K0(r ),K.0% with respect to the generating basis$xk
00(r )%.

Therefore, the coefficientsck
00(t) can be associated wit

probability amplitudes for target-excitation, while the tot
single-particle ionization probability is deduced from t
normalization of the final wave function

pion512 (
k51

N

u^xk
00uc~ t !&u2. ~8!

The probabilities for emitting one or two electrons are th
calculated by the usual binomial formulas

P152pion~12pion!, ~9!

P25pion
2 . ~10!

Moreover, a net ionization probabilityPnet can be defined as

Pnet5P112P252pion , ~11!

giving the average number of emitted electrons. WhilePnet is
exact on the basis of DFT, the expressions for single
double ionization, Eqs.~9! and ~10!, are not. In fact, as we
will argue below, it is the binomial approach to the tw
electron observableP2 that is responsible for the discrepa
cies observed in Fig. 5 and not the time propagation of
collision system~for a detailed discussion see Ref.@10#!.

Analysis~8!, with respect to the generating basis$uxk
00&%,

would be exact if the initial and final Hamiltonians of th
collision system were identical. In fact, this is not the cas
time-dependent response is considered in the effective po
tial. As vee is a linear functional of the time-dependent de
sity, one obtains, from Eq.~5!,

vee
0 ~r !5 lim

t→2`

vee~r ,t !Þ lim
t→1`

vee~r ,t !. ~12!

It is then straightforward to show that the coefficien
ck

00(t)5^xk
00uc(t)& will never converge in time due to th

potential differencevee(r ,t)2vee
0 (r ) ~see the collision his-

tory in Fig. 7!. This problem is well known in literature an
has been discussed over many years~e.g., Refs.@20,21#!.

In accordance with the boundary conditions of the co
sion system, one has to define a new set of final states$uwk

0&%
which are solutions of the asymptotic form of Eq.~1!. It has
been shown in Ref.@22# that eigenfunctions of the
asymptotic time-dependent Hamiltonian~2!,

ĥ~ t !uwk
0~ t !&5ek~ t !uwk

0~ t !&, ~13!

present a reasonable approach to the exact final states. A
energies depend on time only parametrically, these state
correlated in the form of a dynamic correlation diagra
Substituting$uwk

0&% for $uxk
00&% in Eq. ~8! one obtains the full

lines in Fig. 7, which will be further discussed in Sec. III C
Since the states$uwk

0&% do not exactly fulfil the formally cor-
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rect boundary conditions of the collision system, the pro
abilities are still fluctuating, though, on a much smaller sc
than the probabilities calculated with$uxk

00&%. It has also
been shown in Ref.@22# that these small fluctuations are du
to the explicit time dependence of the asymptotic poten

^w i
0(t)uv̇ee(t)uw j

0(t)&.

III. RESULTS

For the investigated collision systems (p̄1He and p̄
1Li1), we select 107 states from the BGM basis set~4b!
with N520 ~i.e., excited states up ton54 are exactly rep-
resented!, M50, andL58. The expansion of the effectiv
electron-electron interaction potential~7! is limited to L
56 andD52.

A. p̄¿He

In Figs. 3 and 4 several theoretical results for single io
ization are compared with experimental data. The theoret

FIG. 3. Total cross section for single ionization as a function

impact energy, forp̄1He collisions, in comparison with other one
electron theories. Experiment: (s) @7#, (d) @8#.

FIG. 4. Total cross section for single ionization as a function

impact energy, forp̄1He collisions, in comparison with other two
electron theories: multicut FIM@1#, MEHC @2#, AO1 @3#, and AO2
@4#. Experiment: (s) @7#, (d) @8#.
1-3
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data are combined into two groups: on the one hand, th
results without correlation but with different levels of a
proximation of the effective single-particle potentialvee
~Fig. 3!, and on the other hand, those results that inclu
dynamical correlation~Fig. 4!. Within the no-response ap
proximation@vee(r ,t)5vee

0 (r )#, the electron-electron poten
tial is frozen to its initial ground-state configuration. Th
model leads to an increasing overestimation of ionizat
with decreasing impact energy. This problem is partly re
edied by the inclusion of an adiabatic response potential@5#,
denoted asvmod in Figs. 3 and 5,

vmod52a~R!exp~2r !, ~14!

where the parametera(R) is chosen such that the bindin
energy of the lowest single-particle level reproduces the i
ization potential of the quasimolecular system (p̄He) as a
function of R. In this way, the model accounts for the adi
batic stabilization of the electrons in the two-center Coulo
field, i.e., it enables the formation of H2 ions.

The best result, however, is obtained if the potential
cludes the full microscopicx-only response due to the tim
propagation of the electronic density. In this case, not o
are variations of the binding energy but also polarizat
effects during the collision taken into account.

Of even greater importance is the comparison between
results of the family of theories including dynamical corr
lation and the present effective single-particle calculation
cluding microscopic response~Fig. 4!. AO1 @3# and AO2@4#
are the atomic orbital coupled-channel results, using differ
single-centered expansions for the two-electron wave fu
tion. Multicut FIM @1# denotes the so-called multicut force
impulse method, in which the electron-electron interaction
turned on at a few discrete time steps during the propaga
of the electronic wave function, and MEHC is the mul
electron hidden crossing method of Ref.@2#. As one can see
in Fig. 4, the present calculation shows a much better ag

FIG. 5. Total cross section for double ionization as a function

impact energy, forp̄1He collisions, in comparison with other theo
ries. In the multicut FIM calculation dynamical electron-electr
correlation is included, whereas in the no-cut FIM calculati
electron-electron correlation is only considered in the initial a
final states. Experiment: (d) @8#.
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ment with the experimental data, even at lower impact en
gies. This clearly indicates that single ionization does
depend on time-dependent correlation effects, but certa
depends on an appropriate inclusion of response effects

It is interesting to compare the present BGM data
single ionization with the results of Ref.@6#, which rely also
on a single-particle calculation with a microscopic potenti
The results of Ref.@6# underestimate the experimental da
by approximately 16% around the peak position of t
single-ionization cross section, whereas our calculati
agree quite well with the experimental results. In additio
the slope of the curve for total single ionization, taken fro
Ref. @6#, is considerably less steep in the low-energy regi
compared to our present BGM results with the intersect
point of both curves atEP55 keV. It is, however, shown in
Fig. 4 that for small impact energies our calculation a
proaches the MEHC curve@2# remarkably well, which is
supposed to represent the correct adiabatic limit. Given
both the BGM and the time-propagation method used in R
@6# proved their convergence for many other problems, e
for p̄1H collisions, we conclude that the deviations o
served in Fig. 3 mirror deficiencies of the response poten
used in Ref.@6#. In that paper it was argued that sel
interaction corrections were taken into account invee but the
final form of the potential was not given explicitly. We em
phasize that thex-only potential ~5! used to calculate the
present data is exact, i.e., completely self-interaction free
is interesting that the total single-ionization cross section
rather sensitive to the exact treatment of time-depend
screening and exchange effects.

Figure 5 shows the results obtained for double ionizat
in comparison with other theories and experiment. In co
trast to the no-response calculation and the calculation w
an adiabatic response potential@5#, the results with micro-
scopic response show a further reduction of the cross sec
in the range of small to intermediate collision energies. Ho
ever, in this range a considerable overestimation of the
perimental data persists. As mentioned previously, this ov
estimation of the cross section for double ionization
mainly caused by the binomial approximation of the obse
ableP2. Using Eqs.~9! and~10! one finds a relation betwee
P1 andP2,

P152~AP22P2!. ~15!

This relation is obviously an artifact of the binomial analys
as single and double ionizations must be independent
cesses and cannot be related. The problem with Eq.~15!
becomes obvious as the relation allows a maximum value
0.5 for P1, whereasP2 can approach 1. This shows that th
extraction of many-particle observables should be interpre
carefully if calculated within a single-particle approximatio

B. p̄¿Li ¿

In comparison with the more weakly bound He target, t
total cross section for single ionization inp̄1Li1 collisions
is much smaller and its maximum is shifted to higher imp

f

d

1-4
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energies~Fig. 6!. This corresponds to the different charact
istics of the active electron and simply reflects the scal
properties of the Schro¨dinger equation. Comparable to th
collision system p̄1He, the cross sections of the no
response and the response cases coincide at high impac
ergies since the electronic cloud does not have enough
to adapt to the rapidly changing two-center potential of
nuclei. At the other extreme, i.e., at very small impact en
gies, both curves approach zero in the collision systemp̄

1Li1 because the quasimolecule (p̄Li1) is bound even
without response in the adiabatic limit. This is a conseque
of the higher charge of the target nucleus. The fact that
sponse effects are comparable in both cases~He and Li1) is,
nevertheless, striking. One might expect that the stron
electron-nucleus interaction overbalances the electronic
tential for the ionic target. However, this is not true; atEP
510 keV, for instance, response effects suppress the sin
ionization cross section by 25% for He and by 30% for t
Li1 target atom.

C. Ionization mechanism

Figure 7 depicts the evolutions of the probabilities of t
elastic channel~upper curves! and the net ionizationPnet,
scaled by a factor of 0.5~lower curves!, calculated in terms
of the eigenfunctions$uxk

00&% ~dotted lines! and$uwk
0&% ~solid

lines!, respectively. As the eigenfunctions$uwk
0&% of the full

time-dependent Hamiltonian~including response! reflect the
momentary state of the collision system to some extent,
corresponding occupation numbers have more phys
meaning than those obtained from the analysis with res
to the undisturbed initial states$uxk

00&%. Except for the fluc-
tuations that have been discussed in Sec. II B, two main
tures can be observed in Fig. 7:~i! a rapid decline of the
elastic channel, accompanied by an increase of ioniza
around the closest approach, followed by~ii ! a relaxation of
the ionization probability in contrast to an immediate sta
lization of the elastic channel. The first feature can be att
uted to some form of target eclipse: in collisions with impa

FIG. 6. Total cross section for single ionization as a function

impact energy, forp̄1Li1 collision, with and without microscopic
response.
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parameters around ther-expectation value of the active elec
tron ~which make the main contribution to the total cro
section!, the charge of the approaching antiproton partia
screens the target core. This leads to a reduction in its att
tion and gives the electronic cloud the possibility to esca
When the antiproton is leaving the inner region of the el
tronic cloud, the attraction of the target core sets in again
the primary ionization process is stopped immediately. T
relaxation phenomenon of the ionization probability arou
2.5,z,15 a.u. is due to recapture of the electron~s! into
low-lying excited states of the He target.

IV. CONCLUSIONS

In this paper, the role of microscopic response effects
ion-atom collisions with two active electrons has been exa
ined within a single-electron description on the basis of tim
dependent density-functional theory. We have used
x-only approximation of the effective potential to descri
the electron-electron interaction. The convergence of the
satz used for this potential was demonstrated by conside
the adiabatic situations for atomic helium and the quasim

ecule (p̄He). The calculated cross section for single ioniz

tion in the collision systemp̄1He reproduces the maximum
of the experimental data at aboutEP570 keV very well,
whereas the calculation of Ref.@6#, which is based on similar
concepts, underestimates this cross section by approxima
16%. At very small collision energies, our calculated cro
section approaches the results of the MEHC calculation@2#,
which is supposed to reproduce the correct low-energy lim
From these findings we conclude that overall it is essen
that the calculation accounts for exchange and screening
fects on a microscopic level. It has been shown that the i

f
FIG. 7. Time evolution (z5vt) of Pnet/2 and the elastic channe

for the collision systemp̄1He atEP55 keV andb50.5 a.u., ob-
tained with different choices of eigenfunctions: dotted lines, eig
functions$uxk

00&%; solid lines, eigenfunctions$uwk
0&%; upper curves,

elastic channel; lower curves,Pnet; dashed horizontal lines, averag
values forz→`.
1-5
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ization mechanism can be described by a kind of tar
eclipse. Our results for the collision systemp̄1Li1 show
that even in this case, the cross section for single ioniza
is strongly reduced at low collision energies by microsco
response effects.
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