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Single ionization of helium by antiprotons: A case study by self-interaction-free time-dependen
density-functional theory
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Single ionization of helium by antiprotons in a wide energy range~5–1000 keV! has been studied by a
self-interaction-free time-dependent density-functional theory. Our calculated single-ionization cross sections
are in agreement with the experiments in the high-energy regime. The calculated single-ionization cross
sections around the peak position are 20% lower than the recent close-coupling results as well as the experi-
ment. In the low-energy regime, our results are lower than the close-coupling results, but still larger than the
experimental one. A detailed comparison between our method and the close-coupling method is discussed. Our
estimated ratios of double-to-single ionization are in agreement with the experimental measurements within a
factor of 2 over the whole energy range. The limitation of the present method is discussed by comparing with
the more complicated theoretical methods.
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I. INTRODUCTION

The collision between antiprotons and atoms has bee
subject of interest in atom-ion collision physics. Althoug
the collision between antiprotons and H atoms is the simp
system in the theoretical study, the experimental meas
ment in the lower-energy regime is not available yet due
the low H atom density in the experiment. Since He ato
are the next simple atomic system that can provide high
density, there are some single- and double-ionization m
surements in the medium to low-energy regimes@1–3#. From
a theoretical point of view, the collision between He ato
and antiprotons is a fundamental two-electron system inc
ing both static and dynamic correlations. There are m
theoretical studies@4–6# on the single ionization by variou
approximations. Although for the single ionization, the e
perimental data@3# were in good agreement with th
continuum-distorted-wave–eikonal-initial-state~CDW-EIS!
calculations@4#, that should be valid in the high-energy r
gime, recent studies@7,8# by the close-coupling~CC! method
showed that the existed experimental data could be too s
in the low-energy regime. Apart from the single ionizatio
the ratio of double-to-single ionization provides more phy
cal insight about the electron-electron dynamic correlati
which is not well studied yet. There are only a few stud
@9–13# of the double ionization. Meanwhile, a new expe
mental study on the collision between atoms and antiprot
in the low-energy regime will be available in the near futu
by using a slow antiproton beam at Antiproton Decelerato
CERN @14#. All these stimulate us to study the ionization
He atoms by antiprotons in a wide energy range~from
5–1000 keV! by the time-dependent density-function
theory ~TDDFT! @15,16#. The TDDFT with a conventiona
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exchange-correlation functional form has already been
plied to atom-ion collisions@17# and the results were not in
agreement with the experiment. Like the static DFT with
conventional exchange-correlation functional form, t
TDDFT with a local exchange-correlation functional for
contains a spurious self-interaction, which should be
moved. The TDDFT with an optimized effective potenti
and a self-interaction correction~TDDFT/OEP-SIC! @18,19#
circumvents the self-interaction by use of a local exchan
correlation functional form with a self-interaction correctio
@20#. Such a method has been applied to the high-order
monic generation of complex atoms in the intense laser fie
@21#. Now, we will apply the TDDFT/OEP-SIC method t
atom-ion collision processes to explore the limitation of t
TDDFT in such a two-electron system. In the TDDFT/OE
SIC equations, it is very important to have a good tim
propagator to solve the single-electron-like time-depend
Schrödinger equation. Here, we will use the time-depend
generalized pseudospectral method with the second-o
split operator in the energy representation@22#. Such a
method has been successfully applied to the high-order
monic generation in the intense laser field@23#, high-
resolution spectroscopy of H atoms in the crossed elec
and magnetic fields@24#, and collision of H-like ions by
protons@25,26# and antiprotons@27#.

Based on the TDDFT/OEP-SIC method, we have cal
lated the single-ionization cross sections of He atoms by
tiprotons in a wide energy range~from 5 to 1000 keV!. We
found that for the single-ionization cross sections,~1! our
calculated results are in good agreement with the experim
in the high-energy regime (E.300 keV), ~2! our results
confirm that the experimental results are too small in
low-energy regime, which was reported in the recent theo
ical studies@7,8#, but our results are also smaller than t
recent theoretical results in the low-energy regime, and~3! in
the peak region, our results are smaller than the recent
results@7,8#, which are in agreement with the experimen
While our calculated ratios of double-to-single ionizatio
ity,
©2002 The American Physical Society09-1
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cross sections in this regime are greater than the experim
tal one by a factor of 2. Our estimated ratios of double-
single ionization are in agreement with the experimen
measurements in other energy regimes. The possible rea
of the discrepancies between our results and the recent c
coupling results are the limitation of the present theoret
model and/or the way how to describe in the single a
double ionizations in the TDDFT. In principle, we only kno
the time-dependent density in the TDDFT. A comparison
tween the present theoretical model and the close-coup
method is discussed. A further experiment as well as a th
retical study is needed to understand the discrepan
among the various theoretical calculations, and the disc
ancies between the theoretical calculations and the exp
mental measurements.

We will present our theoretical method in Sec. II,
which we will emphasize on the working equations inste
of a general introduction about the TDDFT, which can
found elsewhere@15,16,18,19#. The calculated results an
discussion will be presented in Sec. III, followed by a su
mary.

II. SELF-INTERACTION-FREE TIME-DEPENDENT
DENSITY-FUNCTIONAL THEORY

In the framework of the TDDFT/OEP-SIC, He atoms
an external field can be studied by solving the followi
time-dependent Schro¨dinger equation~atomic units \5m
5e51 are used throughout the paper unless indicates ot
wise!:

i
]

]t
c~r ,t !5H~ t !c~r ,t !, ~1!

with

H~ t !52
¹2

2
1V~r ,t !1Vext~r ,t !, ~2!

r~r ,t !5c* ~r ,t !c~r ,t !, ~3!

Vc~r ,t !5E r~r 8,t !

ur2r 8u
dr 8, ~4!

Vn~r !52
2

r
, ~5!

and

V~r ,t !5Vn1Vc1Vxc@r,r#2Vxc@r,0#. ~6!

Here, Vxc is the local-spin exchange-correlation potent
@28# andc(r ,t) is the single-electron wave function. We a
sume that the total two-electron wave function is a prod
of the two single-electron wave functions~single determinate
approximation!. Note that the time-dependent effective p
tential in Eq.~6! is a special case of the optimized effecti
potential with self-interaction correction for a two-electro
system. Equation~1! can be solved by the second-order sp
03270
n-
-
l

ons
se-
l

d

-
g

o-
es
p-
ri-

d

-

er-

l

t

operator method with a generalized pseudospectral grid
the energy representation@22,25,26# as

c~ t1Dt !5e2 iH 0Dt/2e2 iṼ(t)Dte2 iH 0Dt/2c~ t !, ~7!

where

H052
¹2

2
1Vo~r !, ~8!

Ṽ~ t !5V~r ,t !2Vo~r !1Vext~r ,t !. ~9!

Here, Vo(r ) is an effective potential without the time
dependent external field, which is of a spherical symme
To propagate the wave function in Eq.~7!, we use spherica
coordinates and the radial part is discretized by the gene
ized pseudospectral grid method@29#. The first step is to map
the semi-infinite domain@0,̀ # or @0,r max# into the finite
domain @21,1# using a nonlinear mappingr 5r (x), fol-
lowed by the Legendre pseudospectral discretization. A s
able algebraic mapping for atomic structure calculations
provided by the following form:

r 5r ~x!5L
11x

12x1a
, ~10!

whereL and a52L/r max are mapping parameters. The in
troduction of nonlinear mapping usually leads to either
asymmetric or a generalized eigenvalue problem. Such
desirable features can be removed by the use of a symm
zation procedure@29#. Thus by defining

f l~r !5Ar 8~x!x l@r ~x!#, ~11!

one finds the transformed Hamiltonian possesses the foll
ing symmetrized form:

Ĥ l
o~x!52

1

2

1

r 8~x!

d2

dx2

1

r 8~x!
1Vl@r ~x!#, ~12!

whereVl5@ l ( l 11)#/2r 21Vo(r ), leading Eq.~12! to a sym-
metric eigenvalue problem. In the Legendre pseudospec
method, the collocation points$xi% are the roots of the poly-
nomialsPN118 (x), whereN is the total number of grid points
used in the discretization. In such a discretized scheme,
HamiltonianĤ l

o(x), Eq. ~12!, can be represented by the fo
lowing matrix form:

@Hl
o# i j 5~D2! i j 1Vl~xi !d i j , ~13!

with

~D2! i j 5
1

r 8~x!

~N11!~N12!

6~12xi
2!

1

r 8~x!
, i 5 j , ~14!

~D2! i j 5
1

r 8~x!

1

~xi2xj !
2

1

r 8~x!
, iÞ j . ~15!
9-2
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SINGLE IONIZATION OF HELIUM BY . . . PHYSICAL REVIEW A 66, 032709 ~2002!
The eigenvalues and eigenfunctions ofĤ l
o will be denoted by

$«k( l )% and $xki( l )%, respectively. The propagation of th
wave function can be performed in Eq.~7!.

The advantages of the numerical method are that~1! we
use a nonequal space grid with a denser grid in the physic
important region~interaction region! and wider grid in the
outer region to save the computer time;~2! we propagate the
time-dependent wave function in the energy representa
that is more effective and accurate than that in the kin
representation@30,31#. The detailed numerical procedure ca
be found in Refs.@22,25,26#. With the impact-parameter ap
proximation, the interaction between the antiproton and e
trons is written as

Vext~r ,t !5
1

uR~ t !2r u
. ~16!

Here, we assume that the trajectory of the antiproton i
straight line. We propagate the wave function fromt50
→T, with an impact parameterb along thex direction and a
projectile velocityv along thez direction starting fromz0.
The initial wave function is located in the target ground st
1s2. When the projectile passes through the target or is
from the target, we can obtain the single-electron survi
probability as

P~T,b!5(
i

u^c~T!uw i&u2, ~17!

with w i , the time-independent bound-state wave funct
centered at the target He atom. The corresponding single
double cross sections can be estimated as

s152pE P1~b!b db, ~18!

s2152pE P21~b!b db, ~19!

with

P1~b!52@12P~T,b!#P~T,b!, ~20!

P21~b!5@12P~T,b!#2. ~21!

Note that the limitation of Eqs.~20! and ~21! will be dis-
cussed in Sec. III for a comparison of our present meth
with the close-coupling method. If we choose

Ṽ~ t !5Vext~r ,t ! ~22!

in Eq. ~9!, we will return to the single active electron~SAE!
model @8,32,33#. In the SAE model, the electron-electro
dynamic correlation,V(r ,t)2Vo(r ) in Eq. ~9! is ignored. To
study the dynamic correlation effect, we will compare t
single- and double-ionization cross sections calculated w
TDDFT/OEP-SIC and SAE/OEP-SIC methods.
03270
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III. RESULTS AND DISCUSSION

Based on the TDDFT/OEP-SIC method, we have cal
lated the single-ionization cross sections of He atoms by
tiprotons over a wide energy range~from 5 to 1000 keV!. All
the calculations were performed in a 4 PCLinux cluster with
a Pentium III 400-MHz CPU. To check the numerical stab
ity, we first turn off the external potentialVext and propagate
the wave function. The normalization of the time-depend
wave function changes less than 1029 after 5000 time steps
The numerical convergence has also been checked by ch
ing the number of the partial waves and the number of g
points. Figure 1 shows the convergence of the sing
ionization cross sections against the partial waves at
100-, and 1000-keV impact energies, respectively. For
lower impact energy~10 keV!, we can get the converge
results with a few partial waves (l ,5). For the higher im-
pact energy~1000 keV!, we need more partial waves to g
the converged results. All these are consistent with our co
mon sense that for a higher impact energy, we need m
partial waves in the calculation. The final results presen
here are calculated with 12 partial waves and 128 radial g
points with 1000–3000 time steps. For the lower impact
ergy, we use more time steps.

Figure 2 shows the single-ionization cross sections ca
lated by the TDDFT/OEP-SIC~thick solid line! and SAE/
OEP-SIC~thick dashed line! methods. It is very interesting
to see that the two results are in agreement with each oth
the high-energy regime (E.200 keV). The SAE/OEP-SIC
results are larger than that of the TDDFT/OEP-SIC as
impact energy decreases. This can be understood as fo
high impact energy, the interaction time is short and
electron-electron dynamic correlation is smaller than that
the low impact energy case. This observation is in agreem
with the comparison of the independent particle model a
one active electron model reported by Igarashiet al. @8# as
also shown in Fig. 2. But our results are significantly low
than their results in the medium-to-low energy regim
Physically speaking, due to the partial ionization of ele
trons, the remaining electrons are bounded tightly by
nucleus. The SAE/OEP-SIC calculation does not take i
account such dynamic correlation effects. Therefore,

FIG. 1. Single-ionization cross sections of He atoms by antip
tons as a function of the number of partial waves included in
calculation by the TDDFT/OEP-SIC method.
9-3
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SAE/OEP-SIC results are larger than the TDDFT/OEP-S
results as shown in Fig. 2. A similar behavior has also b
observed in the high-order harmonic generation~HHG! of
He atoms in intense laser fields@18#. The HHG yield of
TDDFT/OEP-SIC and SAE/OEP-SIC shows a large discr
ancy in an intense laser field than in a relative weak field

Figure 3 shows our calculated results compared with
experiment@3# as well as other theoretical calculations. O
results are in good agreement with the experiment for
energy above 200 keV. Large discrepancies between our
culation and the experiment appear in the peak posi
~around 100 keV!. Comparing with other theoretical work
shows that all the theoretical works agree with each othe
the high-energy regime (E.300 keV). Agreement betwee
our results and the forced impulse method~FIM! @10# ex-
tends to a further lower energy (E.150 keV). The CC re-
sults @7,8# are in agreement with CDW-EIS results@4# from
high-energy regime to the peak position. Our results
lower than the CC results. In the low-energy regimeE
,20 keV), our results decrease much slower than the

FIG. 2. Single-ionization cross sections in the collision betwe
He atoms and antiprotons calculated by TDDFT/OEP-SIC
SAE/OEP-SIC. The calculations of the independent particle mo
and the single active electron model from Ref.@8# are also pre-
sented for comparison.

FIG. 3. The single-ionization cross sections of He atoms
antiprotons. Our calculated results are presented as TDDFT/O
SIC. The experimental results are from Ref.@3#. Other theoretical
works: CDW-EIS calculation from Ref.@4#, FIM calculation from
Ref. @34#, and CC calculation from Ref.@7#.
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periment as the impact energy decreases, and our result
closer to the CC results.

Now let us estimate the ratio of double to single ioniz
tion of He atoms by antiprotons from Eqs.~18! and~19!. The
double ionization can be produced through~a! the shake-off
mechanisms, which are related to the static correlation
~b! dynamic correlation, which are strongly dependent on
projectile, its impact velocity, and so on. In principle, th
double ionization should be studied with a highly correlat
wave function. The double ionization cross section, Eqs.~19!
and ~21!, in the TDDFT/OEP-SIC method is an approxim
tion. We have no idea how good or bad it is so far. Figure
shows the ratio of double to single ionization calculated
the TDDFT/OEP-SIC and SAE/OEP-SIC methods. In t
high-energy regime (E.200 keV), the two results are in
good agreement with each other. As the energy decreases
SAE/OEP-SIC results increase much more rapidly than
TDDFT/OEP-SIC results. Our calculated ratios are in re
sonable agreement with the experiment in the high-ene
regime as well as in the lower-energy regime as shown
Fig. 5. In all other parts, our results are larger than the
perimental one by almost a factor of 2, but the general tre
is right. In the low-energy regime, the results of the clos

n
d
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y
P-

FIG. 4. Ratio of double to single ionization of He atoms b
antiprotons calculated by TDDFT/OEP-SIC and SAE/OEP-S
methods.

FIG. 5. Comparison of our calculated ratio of double to sing
ionizations with other theoretical works and the experiments.
periment 1 from Ref.@3#; experiment 2 from Ref.@1#; CFCA and
IEM from Ref. @12#; FIM from Ref. @10#; and MOCC from Ref.@9#.
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SINGLE IONIZATION OF HELIUM BY . . . PHYSICAL REVIEW A 66, 032709 ~2002!
coupling method with molecular-orbital one@9# are in fair
agreement with the experiment, as shown in Fig. 5. In
high-energy regime, all the calculations@10,12# are in agree-
mental with the experiment measurement@1#. The ratio in-
creases as the impact energy decreases, while the si
ionization cross section has a peak around 100 keV. We
study the ionization probability as a function of the impa
parameterb, as shown in Fig. 6. We choose three impa
energies, 100 keV, the peak position, 15 and 310 keV
which the single-ionization cross section are almost
same. Figure 6 clearly shows that the single-ionization pr
ability extends to the large impact parameter regime. T
double-ionization probability is dominant in the small impa
parameter regime, which explains that the ratio increase
the impact energy decreases. Such observation is consi
with intuition.

Now, let us compare our method with the close-coupl
method from a more fundamental point of view. For a co
sion involving one electron, namely, H atoms by antiproto
or protons, our method is equivalent to the close-coupl

FIG. 6. ~a! The single- and~b! double-ionization probabilities a
a function of the impact parameterb with three impact energies.
.P
d

.P
d
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method with one-center completeL2 basis set. Since our on
atomic orbital forms a ‘‘complete’’ basis set and we do n
need to calculate the overlap and the interaction matrix in
time propagation, our method is more efficient than t
close-coupling method. For a two-electron system,
use a single determinant wave functionC(r1 ,r2)
5c(r1 ,t)c(r2 ,t), with single-electron wave functions ex
panded over one-center completeL2 basis set. Although all
the two-electron configurations are taken into account in
single determinant, the coefficients are not independen
we partition the single-electron wave function into

c5Cbcb1Cccc , ~23!

with cb andcc representing the excited and continuum wa
functions, the single determinant wave function will be wr
ten as

C~r1 ,r2 ,t !5Cb
2cb~r1!cb~r2!1Cc

2cc~r1!cc~r2!

1CbCc@cb~r1!cc~r2!1cc~r1!cb~r2!#.

~24!

The second and third terms in Eq.~24! are the double and
single ionization wave functions, that are not independe
This results that the two independent processes~single and
double ionization! are described by a single parameter
Eqs. ~20! and ~21!. Even with such a drawback, our calcu
lated single- and double-ionization cross sections are sti
reasonable agreement with the experiments. Unlike
close-coupling method, we cannot choose each individ
configuration within the single-determinant approximatio
To overcome the limitation of the present method, a multid
terminant is needed.

To summarize, the single-impact ionization cross secti
of He atoms by antiprotons has been studied by the TDD
OEP-SIC method in a wide energy range~from 5 to 1000
keV!. Our calculated single-ionization cross sections are
good agreement with the experiment in the high-energy
gime (E.300 keV), but significantly lower than the rece
CC calculations@7,8# in the peak region (E;100), which
were in agreement with the experiment@3#. The possible
reasons of the discrepancies between our results and th
cent close-coupling results are the limitation of the pres
theoretical model. Our estimated ratios of double to sin
ionization are in agreement with the experimental measu
ments within a factor of 2 over the whole energy rang
Although the TDDFT shows an improvement over the SA
model, it still needs an improvement in considering the d
namic correlation more correctly.
.P.
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