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Single-electron capture and transfer ionization in collisions of Li3¿ ions with helium

Ivan Mančev
Department of Physics, University of Nisˇ, P. O. Box 224, 18001 Nisˇ, Yugoslavia

~Received 14 June 2000; published 6 June 2001!

The total cross sections for single-electron capture and transfer ionization are computed for Li311He
collisions in a four-body distorted-wave formalism. The contribution from thee-e interaction during the
collision is evaluated. Comparison between the present theoretical results and measurements at 50–5000
keV/amu yields satisfactory agreement. The continuum distorted-wave four-body method employed can pro-
vide information about the relative significance of the dynamic interelectron interaction in the collisions under
study.
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I. INTRODUCTION

In the past decade much attention has been paid
electron-electron correlation effects in ion-atom collision
The simplest case where we can study these effects is a
lision in which a bare nucleusP of chargeZP is impinging
upon a heliumlike atomic system consisting of two electro
e1 and e2 initially bound to the target nucleusT of charge
ZT , i.e., ZP1(ZT ;e1 ,e2) collisions. In such collisions, one
electron~electron capture, excitation, ionization! as well as
two-electron transitions~double capture, double ionization
double excitation, simultaneous transfer and ionization,
multaneous transfer and excitation! can occur. Some two
electron processes are not negligible compared to sin
electron transitions, in particular for multiply charge
projectile ions. For example, the ratio of transfer ionizati
to single captureR5sTI /sSC for F91 incident on He@1# is
2.65, 1.75, and 1.0 at impact energy 0.5, 1.0, and 1.5 M
amu, respectively. The majority of the theoretical artic
that have consideredZP1(ZT ;e1 ,e2) collisions employed
the independent-particle model~IPM!. In this model, there
are many ways to approximate the wave function of a h
umlike atom. The approach in which an active electron of
two-electron target moves in an effective potential genera
by a target nucleus and passive electron has frequently
used. Thus, in the IPM, the four-body problem is reduced
a three-body problem. Probabilities for one-electron tran
tions were combined to calculate cross sections for vari
one- and two-electron processes@2,3#. The main failure of
the IPM is that dynamic~scattered! correlation effects are
completely discarded from the outset. Hence, if we wan
evaluate the role of the electron-electron interaction corr
tion we must deal with a four-body problem. Such four-bo
theories have been developed within the continu
distorted-wave~CDW-4B! formalism for double-electron
capture @4–6#, simultaneous transfer and ionization@7,8#,
and simultaneous transfer and excitation@9–11#. In addition
to these two-electron transitions, the CDW-4B approxim
tion was used in Refs.@12,13# for description of single-
electron capture. The four-body first Born approximati
with the correct boundary conditions~CB1-4B! was carried
out for double-charge exchange@14,15#, as well as for
single-electron capture in collisions between two hydrog
like atoms, where we can also evaluate the correlation eff
@16,17#. There are second-order four-body hybrid theor
1050-2947/2001/64~1!/012708~8!/$20.00 64 0127
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that are intermediate between the CDW-4B and CB1-4B
proaches for double-charge exchange, termed the bound
corrected continuum intermediate state@18# and Born
distorted-wave methods@19#. The common property of al
the quoted four-body theories is that these methods s
systematic agreement with experimental data at intermed
and high impact energies.

In the present work, we shall apply the CDW-4B meth
to calculate total cross sections for single capture~SC! and
transfer ionization~TI! for the following processes:

Li311He→Li211He1 ~SC!, ~1.1!

Li311He→Li211He211e ~TI!. ~1.2!

The reaction~1.1! has been theoretically treated previous
by a number of authors using various methods. For exam
the IPM and Roothan-Hartree-Fock~RHF! target screening
were adopted within the corrected first Born theory of Belk´
@20#. This gave good agreement with experimental data
intermediate and high impact energies. Belkic´, Gayet, and
Salin @21# originally introduced the RHF method for single
electron capture from a multielectron target within t
CDW-3B approximation of Cheshire@22#. This RHF model
and the CDW-3B approach were used by Saha, Data,
Mukherjee@23# for the charge-changing reaction~1.1! in the
energy interval 0.2–4 MeV/amu. For the same collision s
tem, theoretical total cross sections have also been obta
by Busnengo, Martinez, and Rivarola@24#, using the
continuum-distorted-wave–eikonal-initial-state~CDW-EIS!
and the continuum-distorted-wave–eikonal-final-st
~CDW-EFS! as well as the CDW-3B methods. These mod
treat the process~1.1! as a three-body problem and still th
CDW-EIS model correctly predicted the behavior of t
measured cross sections even at lower energies, while si
taneously achieving good agreement with high-energy
periments. Gravielle and Miraglia@25# studied reaction~1.1!
using the prior form of the eikonal impulse approximatio
and assumed the IPM for the helium target. Sidorovich,
kolaev, and McGuire@2# have applied the approximation o
Bassel and Gerjuoy@26# to calculate the charge-changin
cross sections in collisions of H1, He21, and Li31 ions with
He atoms in the energy region of 0.025–4 MeV/amu in t
independent-electron approximation. The IPM and the un
rized distorted-wave approximation, which is based on
©2001 The American Physical Society08-1
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atomic-orbital expansion, were used by Suzuki et al.@27# for
description of the reaction~1.1!. However, in their method
the correlation term is simplified, according toZT /r 1
2ZT /r 211/r 1252a/r 12a/r 2 where a is the effective
charge, so that their model cannot yield any informat
about the correlation effect. The reaction~1.2! was one of the
subjects of investigation in Refs.@3#, @2#, @28# where an IPM
was used.

Despite the availability of several theories, the contrib
tion from the electron-electron interaction during the co
sion in Li311He scattering has not been previously asses
Therefore, the main goal of the present work is an evalua
of the relative significance of the dynamic interelectron
teraction in Li311He collisions by means of the CDW-4B
theory. With regard to previous work@12,13#, where a major
influence of electronic correlations on electron capture to
ground state inp1He, He211He, and p1Li1 collisions
was found, in the present paper the calculation is exten
for charge exchange to the excited states, with the purpos
r-
te
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-
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determining whether electronic correlations remain imp
tant. In our discussion, emphasis will be placed upon
relative role of various terms in the full priorVi and postVf
perturbations.

Atomic units will be used throughout unless otherwi
stated.

II. THEORY

Let sW1,2 and xW1,2 be the position vectors of the electron
e1,2 relative toZP andZT , respectively. Lete1 be captured
ande2 be simultaneously ionized in the case of TI, where
for SCe2 stays bound to the target nucleus. We denote bRW
the position vector ofT with respect toP. The distance be-
tween electrons will be denoted byr 12. The transition am-
plitudes in the prior~2! and post~1! forms for transfer
ionization and single capture in the CDW-4B theory can
written as@7,12#
Ti f
2~TI!5NE E E dRW dsW1dsW2eiaW •sW11 ibW •xW12 ikW •xW2w f 1

* ~sW1! 1F1~ inT,1,ivx11 ivW •xW1! 1F1~ i z,1,ipx21 ipW •xW2!

3@VP~R,s2! 1F1~ inP,1,ivs11 ivW •sW1!w i~xW1 ,xW2!2¹W x1
w i~xW1 ,xW2!•¹W s1 1F1~ inP,1,ivs11 ivW •sW1!

2 1F1~ inP,1,ivs11 ivW •sW1!~Ei2HT!w i~xW1 ,xW2!#, ~2.1!

Ti f
1~TI!5NE E E dRW dxW1dxW2eiaW •sW11 ibW •xW12 ikW •xW2w i~xW1 ,xW2! 1F1~ inP,1,ivs11 ivW •sW1! 1F1~ i z,1,ipx21 ipW •xW2!

3$@VP~R,s2!1V~r 12,x1!# 1F1~ inT,1,ivx11 ivW •xW1!w f* ~sW1!2¹W s1
w f* ~sW1!•¹W x1 1F1~ inT,1,ivx11 ivW •xW1!%, ~2.2!

Ti f
2~SC!5NPTE E E dRW dxW1dxW2eiaW •sW11 ibW •xW1w f 1

* ~sW1!w f 2
* ~xW2! 1F1~ inT,1,ivx11 ivW •xW1!@VP~R,s2!w i~xW1 ,xW2!

3 1F1~ inP,1,ivs11 ivW •sW1!2¹W x1
w i~xW1 ,xW1!•¹W s1 1F1~ inP,1,ivs11 ivW •sW1!2 1F1~ inP,1,ivs11 ivW •sW1!

3~Ei2HT!w i~xW1 ,xW2!#, ~2.3!

Ti f
1~SC!5NPTE E E dRW dxW1dxW2eiaW •sW11 ibW •xW1w i~xW1 ,xW2!w f 2

* ~xW2! 1F1~ inP,1,ivs11 ivW •sW1!

3$@VP~R,s2!1V~r 12,x1!#w f 1
* ~sW1! 1F1~ inT,1,ivx11 ivW •xW1!2¹W s1

w f 1
* ~sW1!•¹W x1 1F1~ inT,1,ivx11 ivW •xW1!%, ~2.4!
where

VP~R,s2!5ZPS 1

R
2

1

s2
D , V~r 12,x1!5S 1

r 12
2

1

x1
D .

~2.5!

The symbol1F1(a,b,x) stands for the usual Kummer hype
geometric function. The momentum vector of the ejec
electrone2 with respect to its parent nucleusT is denoted by
kW . The wave function of the initial bound state is labeled
w i(xW1 ,xW2), whereasw f 1

(sW1) is the single-electron hydrogen
d

like wave function of the Li21 ion in the exit channel. The
final bound state of He1 in reaction ~1.1! is described by
w f 2

(xW2). The remaining quantities inTi f
6(TI) and Ti f

6(SC) are
defined as follows:

N5~2p!23/2N2* ~z!NPT ,

NPT5N1~nP!N2* ~nT!,

N2~z!5G~11 i z!epz/2,
8-2
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SINGLE-ELECTRON CAPTURE AND TRANSFER . . . PHYSICAL REVIEW A 64 012708
N2~nT!5G~11 inT!epnT/2, N1~nP!5G~12 inP!epnP/2,

nP5
ZP

v
, nT5

ZT21

v
, z5

ZT

p
, pW 5vW 1kW .

The momentum transfersaW andbW are given by

aW 5hW 2S v
2

2
Q

v D vŴ , bW 52hW 2S v
2

1
Q

v D vŴ ,

where hW is the transverse momentum transfer vector w
propertiesaW 1bW 52vW andhW •vW 50, and the impact velocity
vectorvW is directed along theZ axis. TheQ factor of inelas-
ticity is defined asQ5Ei2(Ef 1

1Ek) for TI and Q5Ei

2(Ef 1
1Ef 2

) for SC, whereEi and Ef 1
,Ef 2

are the initial

and final binding energies, andEk5k2/2.
The prior transition amplitudes~2.1! and ~2.3! contain a

term with the factor (Ei2HT)w i(xW1 ,xW2) with HT

52(1/2b)¹x1

2 2(1/2b)¹x2

2 2ZT /x12ZT /x211/r 12, where

b5mT /(mT11) andmT is the mass of the target nucleus.
the bound-state wave function for helium were known e
actly, the functionw i8(xW1 ,xW2)[(Ei2HT)w i(xW1 ,xW2) would
vanish identically. Since such an exact wave function is
available, the contribution fromw i8(xW1 ,xW2) is not equal to
zero. This implies that this term, in principle, should be ke
throughout the computation within the prior transition amp
tudesTi f

2(SC) and Ti f
2(TI) . This correction was suggested b

Belkić @15# within the CB1-4B approximation for double
electron capture. However, numerical computations
double-electron capture@15# and for TI@7# in a-He collisions
show that this correction is negligible at high impact en
gies. For this reason we shall not consider this term in
present paper.

The triple differential cross sections for TI read

Qi f
6~TI!~kW ![

dQi f
6~TI!

dkW
5E dhW UTi f

6~TI!

2pv U2

, ~2.6!

whereas the total cross sections are given by

Qi f
6~TI!5E dkW Qi f

6~TI!~kW !. ~2.7!

The post and prior total cross sections for SC in
CDW-4B theory are

Qi f
6~SC!5E dhW UTi f

6~SC!

2pv U2

. ~2.8!

As shown in Ref.@7#, after analytical calculations per
formed by means of the standard Nordsieck technique,
expressions for total cross sections for TI can be reduced
seven-dimensional numerical integral. In the case of sin
charge exchange, the total cross sections are expre
@12,13# via a four-dimensional numerical quadrature.

III. RESULTS AND DISCUSSION

The numerical results for the post (Qi f
1) and prior (Qi f

2)
total cross sections for electron capture from He(1s2) to the
ground state of Li21 in reaction ~1.1! are summarized in
Table I and Figs. 1 and 2. In Fig. 1 post and prior cro
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sections obtained from the one-parameter orbital
He(1s2),

w i~xW1 ,xW2!5
l3

p
e2l~x11x2!, l51.6875, ~3.1!

are plotted. In this case the post-prior discrepancy does
exceed 26% in the considered energy interval. If the grou
state of the helium atom is described by the two-param
wave function@29#

w i~xW1 ,xW !5
N

p
~e2a1x12a2x21e2a2x12a1x2!,

N5F 1

a1
3 1

1

a2
3 1

16

~a11a2!3G21/2

, ~3.2!

the post-prior discrepancy is less significant and does
exceed;10% ~see Table I!. The reason for the decrease
discrepancy is the fact that the function~3.2! includes some
radial static correlations. The discrepancy would disappea
the exact wave function for helium were available.

The CDW-4B total cross sections for the ground-t
ground transition in reaction~1.1! obtained by means of the
one-parameter orbital~3.1! and the two-parameter radiall
correlated orbital~3.2! are very close, as can be seen fro
Table I. In the case of the post form, the difference betwe
the two corresponding results is less than 7%, while for
prior form the difference is greater, up to 16%~see Table I!.
The prior cross section is more sensitive to the accuracy
the initial state than the post form, because the expression
the prior amplitude~2.1! does not contain the term 1/r 12,
which explicitly accounts for the dynamical correlations.

In Fig. 2, the theoretical post total cross sections for SC
the ground state in Li311He collisions are plotted~full line!
together with the experimental data of Shah and Gilbo
@30# and Woitkeet al. @31#. As can be seen, the compute
cross sections are in satisfactory agreement with the exp
mental measurements. Our CDW-4B curve lies slightly b
low the experimental findings, due to the fact that t
CDW-4B results displayed include capture only in t
ground state, while the contribution from the excited state
accounted for by the factor 1.202 which additionally mul
plies the total cross sections. When we neglect the relev
term for dynamic correlationsV(r 12,x1) from Eq. ~2.4!, we
obtain cross sections~denoted byQ12

1 in Table I! that grossly
underestimate the experimental data~see the dashed curve i
Fig. 2!. This provides evidence that the dynamic correlatio
play an important role for electron capture to the grou
state, especially at higher impact energies.

In the next stage of investigation we extended t
CDW-4B theory for electron capture to the excited stat
i.e., for the reaction

Li311He~1s2!→Li21~nf l f !1He1~1s!, ~3.3!

where the values of the quantum numbersnf l f in this paper
are restricted to 1s, 2s, 2p, 3s, 3p, and 3d. The analytical
calculations are carried out separately for each subshel
means of the partial differentiation technique of the Nord
8-3
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TABLE I. Total cross sections~in cm2! in the CDW-4B model for single-electron capture to the grou
state in Li311He collisions, as a function of incident energyE ~keV/amu!. The columns labeledQi f

1 andQi f
2

correspond to the post and prior results obtained with the complete perturbation potentials according
~2.3! and~2.4!, while the dataQP

6 denote the post~1! and prior~2! cross sections obtained without the ter
VP(R,s2); the symbolQ12

1 refers to the results obtained without the perturbationV(r 12,x1) in Eq. ~2.4!. The
computations carried out by means of the wave functions~3.1! and ~3.2! are labeled by~a! and ~b!, respec-
tively. The results obtained are multiplied additionally by a factor of 1.202 in order to include the con
tion from the excited states. The number in square brackets represents the power of 10.

E ~keV!/amu Qi f
1 Qi f

2 QP
1 QP

2 Q12
1

50 ~a! 1.66@216# 1.55@216# 1.15@216# 1.02@216# 1.58@216#

~b! 1.62@216# 1.63@216# 1.14@216# 1.14@216# 1.61@216#

60 ~a! 1.40@216# 1.31@216# 8.69@217# 7.65@217# 1.27@216#

~b! 1.38@216# 1.39@216# 8.76@217# 8.82@217# 1.29@216#

70 ~a! 1.26@216# 1.19@216# 7.61@217# 6.76@217# 1.08@216#

~b! 1.24@216# 1.26@216# 7.69@217# 7.80@217# 1.09@216#

90 ~a! 1.05@216# 1.01@216# 6.67@217# 6.11@217# 8.22@217#

~b! 1.02@216# 1.04@216# 6.65@217# 6.79@217# 8.12@217#

100 ~a! 9.14@217# 9.14@217# 6.24@217# 5.78@217# 7.16@217#

~b! 9.14@217# 9.33@217# 6.16@217# 6.31@217# 7.01@217#

150 ~a! 5.31@217# 5.18@217# 4.00@217# 3.81@217# 3.59@217#

~b! 5.01@217# 5.13@217# 3.87@217# 3.97@217# 3.43@217#

200 ~a! 2.97@217# 2.91@217# 2.42@217# 2.33@217# 1.88@217#

~b! 2.79@217# 2.86@217# 2.34@217# 2.40@217# 1.78@217#

300 ~a! 1.06@217# 1.04@217# 9.56@218# 9.23@218# 6.17@218#

~b! 1.00@217# 1.02@217# 9.29@217# 9.49@218# 5.80@218#

400 ~a! 4.49@218# 4.38@218# 4.27@218# 4.11@218# 2.42@218#

~b! 4.23@218# 4.32@218# 4.19@218# 4.26@218# 2.27@218#

500 ~a! 2.14@218# 2.07@218# 2.12@218# 2.02@218# 1.08@218#

~b! 2.02@218# 2.05@218# 2.09@218# 2.12@218# 1.01@218#

600 ~a! 1.11@218# 1.07@218# 1.14@218# 1.08@218# 5.36@219#

~b! 1.05@218# 1.07@218# 1.13@218# 1.15@218# 4.99@219#

700 ~a! 6.24@219# 5.91@219# 6.58@219# 6.15@219# 2.85@219#

~b! 5.91@219# 5.98@219# 6.56@219# 6.60@219# 2.65@219#

800 ~a! 3.70@219# 3.46@219# 3.98@219# 3.69@219# 1.62@219#

~b! 3.51@219# 3.53@219# 3.99@219# 4.00@219# 1.50@219#

900 ~a! 2.30@219# 2.12@219# 2.52@219# 2.31@219# 9.63@220#

~b! 2.18@219# 2.19@219# 2.53@219# 2.53@219# 8.91@220#

1000 ~a! 1.48@219# 1.36@219# 1.65@219# 1.50@219# 5.98@220#

~b! 1.41@219# 1.41@219# 1.66@219# 1.66@219# 5.52@220#

1500 ~a! 2.51@220# 2.18@220# 2.93@220# 2.56@220# 8.68@221#

~b! 2.39@220# 2.34@220# 3.00@220# 2.93@220# 7.95@221#

2000 ~a! 6.56@221# 5.49@221# 7.90@221# 6.67@221# 2.04@221#

~b! 6.30@221# 6.04@221# 8.14@221# 7.82@221# 1.86@221#

3000 ~a! 9.01@222# 7.13@222# 1.12@221# 9.05@222# 2.43@222#

~b! 8.71@222# 8.12@222# 1.16@221# 1.09@221# 2.20@222#

4000 ~a! 2.08@222# 1.59@222# 2.63@222# 2.06@222# 5.14@223#

~b! 2.02@222# 1.85@222# 2.74@222# 2.54@222# 4.65@223#

5000 ~a! 6.52@223# 4.85@223# 8.27@223# 6.37@223# 1.52@223#

~b! 6.37@223# 5.75@223# 8.67@223# 7.94@223# 1.38@223#
ar
0

se
ieck integrals. As an illustration numerical computations
performed for incident projectile energies 60, 800, and 40
keV/amu. The results for the state-selective partial cross
tions Qnf l fmf

6 for process~3.3! are given in Table II. Also
01270
e
0
c-

reported are the total cross sectionsQtotal
6 obtained by means

of the Oppenheimer (nf)
23 scaling law

Qtotal
6 5Q1

61Q2
612.081Q3

6 , ~3.4!
8-4
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SINGLE-ELECTRON CAPTURE AND TRANSFER . . . PHYSICAL REVIEW A 64 012708
where the notationQnf

6 impliesQnf

6 5S l f ,mf
Qnf l fmf

6 . All cross

sections given in Table II are obtained assuming the o
parameter orbital~3.1! for He(1s2). We have found that
electronic correlations remain important for excited states
well. It should be noted that the contribution from the te
V(r 12,x1) to the total cross section for the excited sta
retains a similar trend to that for capture to the ground st
For example, if we compare the post total cross secti
computed with and without the termV(r 12,x1), namely,Qnl

1

versusQ12
1 , we obtain, respectively, for 1s, 2s, and 3s at

4000 keV/amu the valuesQnl
1/Q12

1 54.05, 4.10, and 4.10
These ratios at 800 keV/amu are 2.28, 2.24, and 2
whereas at 60 keV/amu they are 1.10, 1.66, and 1.48.
ratio Qnl

1/Q12
1 exhibits similar behavior also for other excite

states that are considered in this paper.
The values of the total cross sections (Qtotal

1 ) are displayed
in Fig. 2 via the symboln at three selected impact energie
As expected, the contribution from the excited states
comes less important as the impact energy increases. H
ever, at lower energies, total cross sections (Qtotal

6 ) signifi-
cantly overestimate experimental data in a fashion typical
the CDW approximation. The reason for such behavior
be understood from the following arguments.

~i! The ionization channels dominate over charge
change at high energies. Therefore, to properly describe e
tron capture to a final bound state, in the limit of high en
gies, the electronic-continuum intermediate state must

FIG. 1. The total cross sections of the CDW-4B approximat
~in cm2! as a function of the laboratory incident energyE ~keV/
amu! for the reaction Li311He→Li211He1. The post cross sec
tions are shown by the full line, while the dashed line represents
prior results. The ground state of the target atom He(1s2) is de-
scribed by means of the one-parameter wave function~3.1!.
01270
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included. This is fully accomplished in the CDW-4B theor
through introduction of the on-shell electronic Coulom
waves centered atZP and (ZT21). At lower energies, how-
ever, charge exchange dominates over ionization chann
This time, electronic-continuum states represent a drawb
since they overaccount for the intermediate ionization pa
of the reaction. Such an observation is supported by the
spection of the Coulomb waves, whose normalization c
stant increases as the incident energy is decreased. U
these arguments, one can conclude that the CDW me
will yield unphysically large cross sections at lower energi
Thus, we should expect, without resorting to any numeri
computations, that the neglect of the electronic intermed
ionization states in the channel where distortion is stron
will lead to considerably smaller cross sections, especiall
low energies. Such one-channel distorted-wave approa
have been developed for different charge-changing react
~see, for example, Refs.@32–35#, @24#, @18#, @19#!. In our
case, the interaction of the projectile (Li31) with the cap-
tured electron is stronger than the interaction betweenZT
21) and the captured electron, so that the distortion of
initial bound state is greater than that of the final sta

e

FIG. 2. The total cross sections~in cm2! as a function of the
laboratory incident energyE ~keV/amu! for the reaction
Li311He→Li211He1. The full and the dashed lines represent t
post cross sectionsQi f

1 of the CDW-4B method with the complet
perturbation potential and without the potentialV(r 12,x1), respec-
tively. The symboln refers to theoretical post total cross sectio
(Qtotal

1 ) obtained from Eq.~3.4!. The curves correspond to captu
into the ground state, while the contribution from the excited sta
is accounted for by the factor 1.202 which additionally multipli
the total cross sections. The displayed results are obtained by m
of the orbital~3.1! for the ground state of the helium target atom
Experimental data:j Shah and Gilbody@30#; d Woitke et al. @31#.
8-5



-

out
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TABLE II. Total cross sections~in units of cm2! for reaction~3.3!, computed in the CDW-4B approxi
mation. Column labelednf l fmf refers to the state-selective~partial! cross sectionsQnf l fmf

6 . Here we adopt the

spectroscopic notation, i.e.,Qnf p
6 5Qnf10

6 12Qnf11
6 , Q3d

6 5Q320
6 12(Q321

6 1Q322
6 ). Column labeled ‘‘total’’

represents the cross sectionsQtotal
6 for reaction~3.3!, where the summation over the final states is carried

by means of the Oppenheimer (nf)
23 scaling law: Qtotal

6 5Q1
61Q2

612.081Q3
6 . The number in square

brackets represents the power of 10.

nf l fmf

E ~keV/amu!

60 800 4000
post prior post prior post prior

100 1.14@216# 1.07@216# 3.08@219# 2.88@219# 1.73@222# 1.32@222#

200 2.11@216# 2.28@216# 7.17@220# 7.00@220# 2.60@223# 1.99@223#

210 7.07@216# 7.47@216# 3.19@220# 3.05@220# 3.93@224# 2.82@224#

211 2.65@216# 2.50@216# 1.07@220# 8.89@221# 1.58@224# 1.03@224#

2p 1.24@215# 1.25@215# 5.33@220# 4.83@220# 7.09@224# 4.88@224#

300 1.32@216# 1.39@216# 2.44@220# 2.41@220# 8.04@224# 6.15@224#

310 2.63@216# 2.75@216# 1.23@220# 1.19@220# 1.40@224# 1.03@224#

311 1.07@216# 6.69@217# 4.44@221# 3.40@221# 6.20@225# 3.81@225#

3p 4.77@216# 4.09@216# 2.12@220# 1.87@220# 2.64@224# 1.79@224#

320 1.16@216# 1.20@216# 1.38@221# 1.31@221# 4.54@226# 2.95@226#

321 1.44@216# 1.28@216# 1.81@221# 1.37@221# 2.50@225# 1.35@225#

322 1.36@216# 2.67@217# 6.15@222# 3.21@222# 2.57@226# 7.89@226#

3d 6.76@216# 4.29@216# 6.23@221# 4.69@221# 5.97@225# 4.57@225#

Total 4.24@215# 3.62@215# 5.41@219# 5.05@219# 2.30@222# 1.74@222#
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Therefore, Busnengoet al. @24# found good agreement with
experimental data including the low-energy region for re
tion ~3.3! in the framework of the three-body one-chann
distorted-wave model~CDW-EIS!, when they replaced the
continuum distorted factor in the entrance channel by
corresponding logarithmic eikonal phase. The lower limit
application of the CDW-3B theory was established in R
@21#.

~ii ! It should also be noted that at low energies the imp
velocity is smaller than the velocity of the electron in theK
shell of the target, and thus some molecular effects may
come increasingly important. The CDW-4B method does
account for any molecular effects and so it is not expecte
be valid at low impact energies.

~iii ! The normalization problem of the CDW states cau
the total cross sections to be overestimated at intermed
and low energies@36#. This problem is less significant a
sufficiently high impact energies. Thus, the CDW-4B mod
gives reliable cross sections at high velocities where ren
malization of the theory is not necessary.

The cross sections for charge exchange to the ground
in reaction~1.1!, obtained without the termVP(R,s2) in Eqs.
~2.3! and ~2.4!, are denoted in Table I byQP

6 . The compu-
tations are carried out with wave functions~3.1! and ~3.2!
using the post (QP

1) and prior (QP
2) forms. The influence of

the potentialVP(R,s2) becomes more important with in
creasing impact energies. For example, the difference
tween total cross sections obtained with and without t
term at 500, 1500, and 5000 keV/amu is 3.4%, 25.2%,
38.1%, respectively, if the wave function~3.2! is utilized for
the ground state of helium. A very similar dependence
01270
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VP(R,s2) is observed for the orbital~3.1! ~see Table I!. We
can conclude that for SC to the ground state in Li311He
collisions the contribution of the perturbationVP(R,s2) var-
ies by up to 40%. In the case of SC, thex2 coordinate is
small, because the electrone2 remains bound for the targe
nucleus, and we can developZP(1/R21/s2) in a
power series according to VP(R,s2)5ZP(1/R21/
s2)5ZP(1/usW22xW2u21/s2)5ZP@1/s21xW2•sW2 /s2

31¯21/s2#
.ZPxW2•sW2 /s2

3. Therefore, the perturbationVP(R,s2) should
yield a greater contribution to the total cross sections for
than for SC. Our computations~see Table III and Fig. 3! for
process~1.2! confirm that fact; for example, the total cros
sections computed with (Qi f

2) and without (QP
2) @the term

VP(R,s2)# in the prior transition amplitude~2.1! differ from
each other by at most 67% at 50–5000 keV/amu. The p
and prior total cross sections for TI in reaction~1.2!, derived
with the full perturbations according to Eqs.~2.1! and ~2.2!,
are plotted in Fig. 4, where the experimental findings fro
Refs. @30#, @31# are also displayed. The CDW-4B theory
found to be in good agreement with the experimental da
The post cross sections lie below the prior ones at imp
energies between 100 and 3000 keV/amu, with the reve
behavior outside this energy interval. Since the computati
for TI are carried out for transfer to the ground state, t
agreement with measurements at lower impact ener
should be understood in the sense of the previous discuss
devoted to the validity of the distorted-wave models for S
in the low-energy region. The theoretical results of Bhat
charyyaet al. @28# are also depicted in Fig. 4. Their cros
sections were computed within a relativistically covaria
8-6
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FIG. 3. The total cross sections~in cm2! as a function of the
laboratory incident energyE ~keV/amu! for the reaction
Li311He→Li211He211e. The full and dashed curves correspo
to the prior total cross sections obtained with the full perturbat
potential and neglecting the termVP(R,s2)5ZP(1/R21/s2), re-
spectively. The ground state of the target atom He(1s2) is described
by means of the wave function~3.1!.

TABLE III. The prior Qi f
2 ~cm2! and postQi f

1 ~cm2! total cross
sections in the CDW-4B theory as a function of the laborat
incident energyE ~keV!/amu for transfer ionization in Li311He
collisions. The column labeledQP

2 corresponds to the results ob
tained with the assumptionVP(R,s2)50 in Eq. ~2.1!. The ground
state of the helium atom is described by the wave function~3.1!.
The number in square brackets represents the power of 10.

E ~keV!/amu Qi f
2 Qi f

1 QP
2

50 1.2@216# 1.6@216# 8.6@217#

70 9.2@217# 1.1@216# 6.7@217#

100 6.0@217# 6.2@217# 4.4@217#

150 3.1@217# 2.7@217# 2.3@217#

200 1.6@217# 1.3@217# 1.2@217#

400 2.4@218# 1.6@218# 2.0@218#

600 5.8@219# 3.7@219# 5.1@219#

750 2.4@219# 1.5@219# 2.3@219#

1000 6.9@220# 4.7@220# 7.3@220#

1500 1.0@220# 8.0@221# 1.3@220#

2000 2.6@221# 2.1@221# 3.4@221#

3000 3.1@222# 3.1@222# 4.8@222#

4000 6.9@223# 7.4@223# 1.1@222#

5000 2.1@223# 2.5@223# 3.5@223#
01270
field approach using the second-order Feynman diagrams
can be seen from Fig. 4, their results greatly overestimate
experimental measurements.

IV. CONCLUSION

We have investigated the problem of single-electron c
ture and transfer ionization in the Li311He collisions by
means of the CDW-4B approximation. Numerical compu
tions of the post and prior total cross sections are carried
at impact energies from 50 to 5000 keV/amu. The CDW-
model explicitly includes the dynamic electronic correlatio
through the dielectronic interactions 1/r 12 in the transitionT
operator. The relative importance of the various terms in
perturbation potentials is evaluated. The results obtained
dicate that the dynamic electron correlations are very imp
tant for capture to the ground state as well as to exc
states. The theoretical CDW-4B cross sections for sing
electron capture and for transfer ionization are in good ag
ment with the measurements.
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FIG. 4. The total cross sections~in cm2! as a function of the
laboratory incident energyE ~keV/amu! for the reaction
Li311He→Li211He211e. The full and dashed lines represent, r
spectively, the priorQi f

2 and post Qi f
1 cross sections of the

CDW-4B approximation with the complete perturbation potentia
The dotted curve refers to the theoretical results of Bhattacha
et al. @28#. Experimental data: j Shah and Gilbody@30#; d

Woitke et al. @31#.
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@4# Dž. Belkić and I. Mančev, Phys. Scr.45, 35 ~1992!.
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