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Dynamic electron correlations in single capture from helium by fast protons
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We employ the four-body continuum distorted-wave~CDW-4B! method to compute thetotal cross sections
for the single electron-capture process H11He(1s2)→H(1s)1He1(1s) at incident energies ranging from 20
to 20 000 keV. The purpose of the present work is twofold:~i! to verify whether the CDW-4B approximation
for one-electron transfer is as successful as for double charge exchange in fast proton-helium collisions and~ii !
to search for evidence of dynamic electron correlation effects as a function of increased projectile energy. The
validity of our findings is critically assessed in comparisons with the available experimental data in the quoted
impact energy range.@S1050-2947~97!01311-5#

PACS number~s!: 34.70.1e, 82.30.Fi
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I. INTRODUCTION

The simple four-body problem of the basic single cha
exchangep1He(1s2)→H(1s)1He1(1s) offers an intrigu-
ing task of establishing the relative importance of the int
electron and electron-projectile potentials. In principle, b
interactions can lead to one-electron capture, but the invo
mechanisms differ considerably from each other. The in
action Vp1 of the ‘‘active’’ electrone1 to be captured with
the incident protonp leads to single charge exchange a
forms the basis of the so-called ‘‘velocity-matching’’ mech
nism@1#. This mechanism can be best conceived by resor
to the transition probability in terms of the initialw̃ni l imi

and

final w̃nf l fmf
bound-state wave functions in momentum spa

When a fast impinging protonp of massmp passes by the
helium target with a large momentummpvW p and velocityvW p ,
the electrone1 of massme!mp , which is orbiting about the
a particle with the classical velocityve1

!vp , could be cap-

tured via a single binary collisionp-e1 only if considerable
momentum, of the order ofmevW p , is imparted ontoe1 . Since
this displacementmevW p in the momentum components o
w̃nf l fmf

will increase with augmentation ofvp , it is clear that
only the largest components of the momentum-space w
functions would be able to provide the ‘‘velocity matching
which should yield a nonvanishing overlap of the initial a
final orbitals. Nevertheless, the resulting probability is e
ceedingly small, giving a cross section with the typical b
havior vp

21222l i22l f for large vp , since both orbitalsw̃ni l imi

andw̃nf l fmf
fall off too rapidly with increasing values of thei

momentum variables. A large momentummevW p could be
transferred toe1 only if the impinging protonp comes close
to electrone1 , which possesses a very small initial mome
tum in the target (meve1

!mevp). Hence, the velocity-
matching mechanism is expected to be operative mainl
small impact parametersr. This is a common feature of a
first Born-type models@2#.

One can alternatively choose the potentialVp1 as a per-
turber of the asymptotic stateF i in the entrance channe
561050-2947/97/56~5!/3675~7!/$10.00
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with F i given by the product of the two-electron target wa
functionw i and the plane wave for the relative motion of th
projectile. This is accomplished through the usual multip
cation of the channel stateF i by the appropriate Coulomb
wave and an automatic cancellation ofVp1 from the entrance
channel perturbationVi in the transitionT matrix. This pro-
cedure is reminiscent of the four-body continuum distorte
wave ~CDW-4B! theory @3–6#, which represents a rigorou
first-order approximation of the Dodd and Greider@7,8#
distorted-wave perturbation expansion without any diverg
cies, such as disconnected Feynman diagrams and the lik
the CDW-4B model, the projectile does not directly impar
large momentum of the order;mevW p onto the ‘‘active’’
electrone1 . Instead, this momentum is transferred indirec
via the long-range distortion effects and, hence, close
counters betweenp and e1 are not mandatory any longe
This illustrates that the small size of the impact parameter
cannot be used as an unambiguous signature or a chara
ization of the velocity-matching mechanism. A much clea
situation emerges from the analysis of recoiled particle H1

of the target remainder. Namely, in order to conserve
total momentum of the whole four-body collision system, t
residual He1 ion in the exit channel must recoil in the bac
ward direction. This is readily observed by means of t
well-established experimental technique known as the
coiled ion momentum spectroscopy~RIMS! @9,10#.

Additionally, the interactionVp2 of the presumably ‘‘pas-
sive’’ electrone2 with the projectile can also lead to captu
of electrone1 . Here, electrone2 receives a large momentum
mevW p , which is afterwards transferred ontoe1 . This is pos-
sible only if the static correlation of the two electrons in t
helium target plays a non-negligible role. The relative imp
tance ofVp2 as a perturbation in aT matrix has not been
previously estimated and this will be thoroughly investigat
in the present work by means of the CDW-4B method.

We shall mainly focus on the role of the interelectron
(e1-e2) potential V12 from the dynamicpoint of view. To
achieve this goal within the CDW-4B method, one ought
employ the ‘‘post’’ formalism with the appropriate full per
3675 © 1997 The American Physical Society
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turbationVf in the exit channel. A contribution fromV12 to
single capture in thep-He collisions has not been previous
assessed and it is our main goal to bridge this gap with
help of the CDW-4B model. The mechanism of the dynam
electron correlation does not necessitate close encou
with a projectile. Moreover, when the dynamic correlatio
are operating, the target remainder He1 is at rest as a mere
spectator, in sharp contrast to the backward recoil in
velocity-matching mechanism@11#.

The above-listed mechanisms should be completed by
another pathway, commonly known as the Thomas@12#
double scattering (p-e1-a). In this two-step mechanism o
thep-He single capture, the electrone1 first collides with the
incident proton p and then scatters elastically on thea
particle of the target, acquiring finally the ejection mome
tum mevW p , which is sufficient to form atomic hydrogen
Such a mechanism operates only at very high energies, y
ing thev211 Thomas-type behavior of the cross section. T
is correctly predicted by the CDW-4B theory. The pure
classical mechanism of the Thomas double encounte
comprised of two consecutive Rutherford scatterings e
yielding the vp

24 behavior of the cross section. When th
ensuing resultvp

28 is further multiplied by the volume ele
ment vp

23 of momentum space, the overall Thomas cro
section vp

211 is obtained. The second-Born approximati
describes this classical effect by means of the transition
eratorVa1G0

1Vp1 . Here,Va1 is the Coulomb interaction be
tween thea particle ande1 , whereasG0

1 is the free-particle
Green’s operator. A slower decrease of the Thomas c
section with rising vp in comparison with the velocity-
matching mechanism can be mathematically interpreted
an enlarged overlap between the initial and final bou
states. This is also expected from the physical viewpo
since the stringent condition for velocity matching in t
p-e1 encounter is partially relaxed via the subsequente1-a
collision, where the target nucleus could carry some exc
of energy. Clearly, this surplus of energy and moment
taken by thea particle is severely limited by the heavy ma
of the target nucleus. A much more pronounced reduction
the cross section, however, is expected if the energy exce
taken by, e.g., a photon, which indeed yields thevp

25 behav-
ior @13# of the cross sections for the ensuing radiative el
tron capture~REC!. A similar argument could be evoked t
anticipate a considerably weaker dependence than thevp

211

asymptote of the second Born cross section@14# for transfer
ionization~TI! in thep-He collision, wheree1 is captured by
the proton ande2 is simultaneously ionized. Here, the seco
electrone2 could readily carry away the excess of ener
and momentum and, therefore, maximally relax the st
velocity-matching requirement. Indeed, a very recent exp
ment by Mergelet al. @15# provides evidence that the tota
cross section for TI in thep-He collision behaves like
vp

27.461.0 with increasingvp at impact energies ranging from
300 to 1400 keV.

Atomic units will be used throughout unless stated oth
wise.

II. THEORY

It is important to investigate the influence of the dynam
electron correlation effects ontotal cross sections for single
e
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capture in thep-He collision, particularly with respect to th
increasing values of the incident proton velocityvp , but still
below the region of the dominance of the Thomas dou
scatteringp-e1-a. In this way, one could monitor an inter
play between thesingle-step velocity-matching mechanism
and the dynamic electron correlations and, hence, determ
their relative importance. Here, the electron dynamics en
the composite process under investigation via atwo-step
p-e1-e2 Thomas-type mechanism, which corresponds to
propagatorV12G0

1Vp1 of the second Born approximation
The first p-e1 step in the CDW-4B method is not accom
plished directly via an explicit appearance of the the elec
static interactionVp1 in the transitionT operator, but rather
indirectly through dressing of the unperturbed statesF i and
F f with the Coulomb waves centered onp and a, respec-
tively. The transfer of large momentummevW p from p to e1 ,
mediated by these long-range distortions of the asympt
channel states, enables the two electrons to interact stro
in the seconde1-e2 step of the abovep-e1-e2 mechanism
via the explicitV12 potential in theVf perturbation of the exit
channel. Althoughe2 remains on the target rest He1, as op-
posed to TI, thee1-e2 scattering should be able to conside
ably relax the velocity-matching condition of the precedi
p-e1 step. Our goal is to determine whether such an eff
could be detected already on the level of the total cross
tions, since these observables are easier to measure ex
mentally. There exist several measurements of differen
cross sections for the Thomas double scatteringp-e1-ZT in
the p-He or p-H2 single capture at high energies@16,17#.
These data indicate that the width of the Thomasp-e1-ZT
peak is larger forp-He or p-H2 than in the case of thep-H
collision. Such a phenomenon could be due a broader
mentum distribution of the initial state of the ‘‘active’’ elec
tron in p-He than in p-H case. In addition, the dynami
correlation effect might change the shape of the conventio
Thomas peak in thep-e1-ZT encounter. This is supported b
our preliminary computation forp-He single charge ex-
change within the the CDW-4B method, which shows th
the Thomas peaks for the doublep-e1-e2 andp-e1-a colli-
sions occur at the same critical angle.

In a search for the signature of thep-e1-e2 mechanism in
the p-He single-electron transfer, we will also be in a po
tion to verify whether a four-body distorted-wave formalism
such as the presently used CDW-4B model for this proce
would be of comparable adequacy in regard to the result
a previously reported study on double charge exchange
the same colliding system@3#. This is important in view of
some evidence within another four-body formalism know
as the forced impulse approximation~FIA!, which is success-
ful for double ionization, but has very recently been repor
to break down for single ionization inp-He collisions@18#.

In all the previous studies of a general one-electron c
ture from a heliumlike atomic systems of the nuclear cha
ZT by a completely stripped projectile of the chargeZP :

ZP1~ZT ;e1 ,e2! i→~ZP ,e1! f 11~ZT ,e2! f 2 , ~1!

the electrone2 has been considered as being ‘‘passive’’
the sense of occupying the same orbital before and after
lision. Moreover, all the residual interactions ofe2 with ZP
ande1 in the formVp2 andV12 mentioned in the Introduction
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56 3677DYNAMIC ELECTRON CORRELATIONS IN SINGLE . . .
have systematically been neglected from distorted-w
models in order to bypass several complicated bound-
multicenter atomic form factors with Coulomb function
The net result of such a ‘‘frozen-core’’ approximation is
explicit reduction of the four-body formalism to essentially
three-body problem@19,20#. Here, the electrone2 is de facto
‘‘phased out’’ from the otherwise onset four-body starti
point. This is customarily accomplished by using, e.g.,
Slater-screened hydrogenic wave function@21# for a helium-
like target: w i(xW1 ,xW2)5(l3/p)exp@2l(x11x2)#, where l
5ZT2lS andlS50.3125. In such a way, all the interestin
features of the pure dielectronic dynamics are washed
from the four-particle formalism, which, therefore, does n
introduce anything new with respect to a pure three-bo
problem. If instead of the hydrogenic wave functions@21#,
some more elaborate orbitals are used via configuration
teractions~CI! to describew i(xW1 ,xW2), one will end up with a
reduction of a four-bodyT matrix to a linear combination o
three-bodyT matrices and again no new insight would
gained on the electronic dynamics@22#. Moreover, such a
four-body formalism that neglectsVp2 andV12 would be, in
a sense, equivalent to the independent particle model~IPM!,
which discards the dynamic electron correlations from
t

an

u-
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e

e
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t
y

n-

e

onset@23,24#. Nowadays, however, with the advent of fa
computers, there is no need any longer to overlook the c
tributions fromVp2 andV12. Taking the Fourier transforms
of these residual potentials, one finally arrives at conven
distorted-wave four-bodyT matrices for Eq.~1! in terms of
some readily manageable triple numerical integrations
similar technique has already been implemented in dou
charge exchange@3#, resonant or nonresonant transfer ex
tation @4,5# and in transfer ionization@6# treated by means o
the CDW-4B approximation. For this reason, there should
no need to give here any details of the derivation, but mer
to quote the final expressions of the total cross sections
the process~1! in the prior (Qi f

2) and post (Qi f
1) forms:

Qi f
6~a0

2!5E dhW URi f
6~hW !

2pv U2

, ~2!

wherehW is the usual transverse momentum transfer anvW
5vW p is the incident velocity (hW •vW 50). The integralsRi f

2(hW )
and Ri f

1(hW ) in Eq. ~2! are given by the following matrix
elements with thecompleteprior Vi and postVf perturba-
tions, respectively:
Ri f
2~hW !5NPTE E E dRW dxW1 dxW2 eiqW •sW11 ipW •xW1w f 1

* ~sW1!w f 2
* ~xW2!1F1~ inT ;1;ivx11 ivW •xW !@Viw i~xW1 ,xW2!

3 1F1~ inP ;1;ivs11 ivW •sW1!#, ~3!

Vi5DVP22¹W x1
lnw i~xW1 ,xW2!•¹W s1

, ~4!

DVP25VP22VP2
` , VP252

ZP

s2
, VP2

` 52
ZP

R
, ~5!

Ri f
1~hW !5NPTE E E dRW dsW1 dsW2eiqW •sW11 ipW •xW1w i~xW1 ,xW2!w f 2

* ~xW2!1F1~ inP ;1;ivs11 ivW •sW1!@Vfw f 1
* ~sW !1F1~ inT ;1;ivx11 ivW •xW1!#,

~6!

Vf5DVP21DV122¹W s1
lnw f* ~sW1!•¹W x1

. ~7!

DV125V122V12
` , V125

1

x12
5

1

uxW12xW2u
, V12

` 5
1

x1
, ~8!
iv-

ns
ing

oth

e
nce

el
The symbol 1F1 in Eqs. ~3! and ~6! denotes the confluen
hypergeometric Kummer function, whereasw i and w f j

( j
51,2) are the initial and final bound-state orbitals. The qu
tity NPT in Ri f

6(hW ) is given by NPT5N1(nP)N2* (nT)
and N6(nK)5G(17 inK)exp(pnK/2) (K5P,T), where
N1(nP) and N2(nT) are the standard normalization Co
lomb constants with the Sommerfeld parametersnP5ZP /v
andnT5(ZT21)/v. The two momentum transferspW andqW
in Eqs.~3! and ~6! are defined as follows:

qW 5hW 2S v
2

2
DE

v D vW , pW 52hW 2S v
2

1
DE

v D vŴ ,

DE5Ei2~Ef 1
1Ef 2

!, ~9!
-

whereEi andEf 1,2
are the initial~helium! and final~hydro-

genic! binding energies, respectively. In the course of der
ing Eq. ~2! from the correspondingT matricesTi f

6(hW ), the
term r2iZP(ZT21)/v disappears from the total cross sectio
Qi f

6 . This phase, however, is present in the correspond
differential cross sectionsdQi f

6/dV, describing theZP2ZT
Rutherford internuclear scattering@1#. Notice that theZP-e2
Coulomb interaction of the ‘‘passive’’ electrone2 at finite
and infinite distances is present in the same fashion in b
Vi and Vf from Eqs. ~4! and ~7! through DVP2 . This is
because the potentialVP2 is chosen as inactive in the cours
of dynamic distortion of total scattering states in the entra
and exit channels. However, thee1-e2 potential appears only
in Vf , sinceV12 emerges in the definition of the exit chann
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perturbation through the difference between the total inte
tion V5ZPZT /R2ZP /s12ZP /s22ZT /x12ZT /x211/x12
and the binding potentials in the noninteracting hydroge
atomic systems (ZP ,e1) f 1

and (ZT ,e2) f 2
. Additionally, a re-

sidual potentialV12
` 51/x1 , as the limiting value ofV12 at

infinitely largex1 and finitex2 , consistently appears inVf .
This is because at infinitely largex1 , the ‘‘active’’ electron
e1 from (ZP ,e1) f 1

cannot discern the individual constituen

in (ZT ,e2) f 2
, which is, therefore, conceived as the net cha

ZT21. In order to account for this correct screened nucl
charge, the genuine potentialVT152ZT /x1 is written as
2(ZT21)/x111/x1[2(ZT21)/x11V12

` . Here, the term
2(ZT21)/x1 is used to produce the distortionG(1
1 inT)epnT/2

1F1( inT ;1;ivx11 ivW •xW1) with nT5(ZT21)/v,
whereas the potentialV12

` is joined together withV12 to yield
DV12. On the other hand, the termV12 does not appear in
Vi , since thee1-e2 interaction is, in principle,exactly in-
cluded in the initial eigenvalue problem: (2¹x1

2 /22¹x2

2 /2

2ZT /x12ZT /x211/x122Ei
ex)w i

ex(xW1 ,xW2)50. In practice,
however, the exact wave functionw i

ex(xW1 ,xW2) is unavailable
and the nonzero termOi[(2¹x1

2 /22¹x2

2 /22ZT /x12ZT /x2

11/x122Ei
ex)w i(xW1 ,xW2)Þ0 should be incorporated inVi as

an additional perturbation for any particular approximati
w i of w i

ex @25#. For example, using the Slater-screened
drogenic wave function@21#, we shall haveOi5(1/x12

2lS /x12lS /x21Ei2Ei
ex)exp@2l(x11x2)#, where Ei5

2l2 andEi
ex is the ‘‘exact’’ initial binding energy, the bes

estimate of which is given by the CI ansatz of Drake@26#. In
this way,V12 would also appear inVi , but only in the role of
static electron correlations. The initial eigenvalue correct
Oi was recently found to be negligible at high energies
a-He transfer ionization treated by means of the CDW-
method @6#. Assuming that this will also be the case wi
single-electron capture~1!, we shall not consider the correc
tion Oi in the present work.

It is clear now from Eqs.~3! and ~6! that the use of the
uncorrelated closed-shell (1s)2 Slater-screened hydrogen
wave function@21#, accompanied with the neglect ofDVP2
and DV12, will effectively reduce the matrix elements o
the CDW-4B method to those of its three-body counterp
i.e., the CDW-3B model. In the present computatio
however, we shall employ the radially correlated CI wa
function (1s1s8) of Silverman et al. @27# for w i defined
as w i(xW1 ,xW2)5(N/p)@exp(2ax12bx2)1exp(2bx12ax2)#,
whereN2252@(ab)231(a/21b/2)26#. Despite this very
simple form of the open shell of the helium ground-sta
wave function@27#, the radial correlations are taken into a
count to a very high degree of the order of nearly 95%.

III. THE RESULTS

With the purpose of illustrating the CDW-4B method, w
shall consider single-electron capture from helium by f
protons:

H11He~1s2!→H~1s!1He1~1s!. ~10!

The results of the computations of prior and post total cr
sections for the process~10! are summarized on Figs. 1–5. I
c-

ic

e

r

-

n
r

t,
,

t

s

our discussions, emphasis will be placed upon the rela
role of various terms in the full priorVi and postVf pertur-
bations from Eqs.~4! and ~7!, along the lines traced in the
Introduction. The simplest forms of the perturbationsVi and
Vf , used in all the previous computations of the CD
method for Eq.~10!, as well as for other processes of th
general type~1!, are given by

Vi'2¹W x1
w i~xW1 ,xW2!•¹W s1

, Vf'2¹W s1
w f* ~sW1!•¹W x1

.
~11!

In comparison with the full prior perturbationVi from Eq.
~4!, the choice~11! corresponds to neglect ofDVp25Vp2

2Vp2
` 521/s211/R, where P5p for ZP51. However,

keeping only the scalar product of the gradient operators
the interactionVf via the selection~11!, will result in a more

FIG. 1. Total cross sections for single capture from helium
protons as a function of the laboratory impact energyE computed
in the four-body continuum distorted wave~CDW-4B! approxima-
tion. The symbolS represents the summation over all the bou
states of atomic hydrogen~H!. The explicit computations ofQ1s

6

[Q
i f

6 are carried out only for the ground state of H(1s) and the
n23 Oppenheimer scaling law is used for H(n) to estimate the
contribution from the whole spectrum of the excited states H~S! via
Q651.202Q1s

6 . The initial wave functions (w i) of Silvermanet al.
@27# is used. The full and the dashed lines correspond to the c
where the potentialsDVp21DV12 and DVp2 are neglected in the
abbreviated Vi andVf according to Eq.~11!, in a test of the post-
prior discrepancy.
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severe post approximation through omission ofDVp2
1DV12. The extent to which the dynamic electron corre
tion termDV125V122V12

` 51/x1221/x1 is ignored can be a
once seen on Fig. 1. It follows that above 100 keV, where
CDW-4B model is expected to be valid, the so-called ‘‘po
prior’’ discrepancy betweenVi andVf from Eq. ~11! is seen
as huge. In this region, the post cross sections are alw
smaller than those of the prior form. The discrepancy
creases with augmentation of the incident energy. This in
cates that the role of the dynamic electron correlation ef
DV12 becomes more prominent at higher incident energ
Such an indication will be checked subsequently when
limit ourselves exclusively to the post approximation, co
sidering the caseswith andwithoutDV12. Once the complete
perturbationsVi and Vf are retained in the computation
according to Eqs.~4! and ~7!, the full CDW-4B model
emerges with the feature of a dramatically reduced post-p
discrepancy~see Fig. 2!. This is an excellent property of th
method, since the same physical assumptions are involve
both prior and post forms. Although the difference betwe
the post and prior results with the completeVi and Vf is
small, it should be noticed that the two curves in Fig. 2
not parallel to each other. This difference becomes mo
significant at higher energies, where the post results
larger than the prior ones, as opposed to the preceding
ation in Fig. 1. Despite the fact that the post-prior discre
ancy with the completeVi andVf from Eqs.~4! and~7! does

FIG. 2. The same as in Fig. 1, except for thecompletepertur-
bationsVi andVf , according to Eqs.~4! and ~7!, respectively.
-

e
-

ys
-
i-
ct
s.
e
-

or

in
n

e
e
re
tu-
-

not exceed 15%, the trend of this discrepancy is significa
indicating again an increasing role of the dynamic electr
correlations at higher energies. Next we examine the role
the ‘‘passive’’ electron by displaying the results with an
without DVp2 in Figs. 3 and 4. Above 100 keV, the cros
sections accounting forDVp2 in Vi and Vf are smaller by
some 10% than those neglecting this term. However, th
difference remains constant with increasing impact ener
In order to critically assess the usefulness of the pres
model, a comparison with measurements is required, and
is carried out on Fig. 5. One can see from Fig. 5 that t
CDW-4B approximation is in excellent agreement with th
available experimental data, provided that the full perturb
tion Vf is included in the post formulation. This compariso
which extends over three orders of magnitude of the imp
energy E(20– 20000 keV), where the cross sections va
within 12 orders of magnitude (10215– 10227 cm2), estab-
lishes validity of the CDW-4B method atE>70 keV. More-
over, it can be observed from Fig. 5 that the dynamic ele
tron correlations are essential, since exclusion of the relev
term DV12 from Vf yields results that grossly underestima
the experiments at all energies above 100 keV.

IV. CONCLUSION

We have studied single charge exchange in proton-heli
collisions at intermediate and high impact energies. This

FIG. 3. The same as in Fig. 1, except for the limitation to th
prior results only. The full and the dashed lines correspond to
case where the potentialDVp2 is included or excluded fromVi ,
respectively.
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accomplished by using the four-body continuum distort
wave ~CDW-4B! theory, which was originally formulated
for two-electron transitions, such as double charge exchan
transfer excitation, and transfer ionization. The obtained to
cross sections for investigatedp-He one-electron capture ar
presently found to be in excellent agreement with the ava
able experimental data. Such a finding could also be use
an a posteriori justification of the physical assumptions o
the original formulation of the CDW-4B model for more
complex problems involving two active electrons. This is n
surprising, since the four-body version of the CDW appro
mation is obtained as a direct extension of its well esta
lished three-body counterpart. Both three- and four-body f
malisms of the same CDW theory are consistently derived
a first-order approximation of their respective Dodd-Greid
perturbation developments. Such power series expans
are free from singular terms and this guarantees a meanin
interpretation of their first-order estimates. However, the e
ployed CDW-4B method for thep-He single electron trans-
fer is not unique, due to a multitude of choices for distortin
potentials, and hence the need for a judicious choice of
prior and post perturbationsVi andVf . The present selection
of these perturbations, which are responsible for the tran
tion under study, is guided by the correct boundary con
tions as well as by the relative role of the competitive mech

FIG. 4. The same as in Fig. 1, except for the limitation to t
post results only. The full and the dashed lines correspond to
case where the potentialDVp2 is included or excluded fromVf ,
respectively.
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nisms of ‘‘velocity matching’’ ~electron-projectile! and
dynamic correlation effect~electron-electron interaction!.
The reported theoretical data provide evidence of the preva
ing importance of the interelectron potential over th
electron-nucleus interactionat high impact energies. This in-
validates the widely accepted concept of considering t
noncaptured electron as being ‘‘passive’’ in proton-helium
single charge exchange. We emphasize that the present c
clusion is reached on the level of thetotal cross sections.
Since these observables are easier to measure, it is hoped
our findings would motivate further experimental studies o
similar collisional systems at high energies, especially b
means of storage rings equipped with the recoiled ion m
mentum spectroscopy.

e
FIG. 5. Total cross sections for single capture from helium b

protons as a function of the laboratory impact energyE. The sym-
bol S represents the summation over all the bound states of atom
hydrogen~H! and helium ion (He1) as measured experimentally. In
the computations of the displayed post cross sectionsQ1 only the
ground states of H(1s) and He1(1s) are accounted for. However,
all the excited states H~S! of atomic hydrogen are approximately
included via 1.202Q1s in terms of then23 Oppenheimer scaling law
for H(n). The initial wave functionw i of Silvermanet al. @27# is
used. The full and the dashed lines obtained by means of the fo
body continuum distorted-wave~CDW-4B! method correspond to
the case where the potentialDV12 is included or excluded from the
complete perturbationVf , respectively. Experimental data:,:
Schryber@28#; n: Shahet al. @29#; s: Shah and Gilbody@30#; L:
Berkneret al. @31#; m: Williams @32#; d: Horsdal-Pedersenet al.
@33#; .: Martin et al. @34#; l: Welshet al. @35#.
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