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2eÀ transfer and excitation formalism in ion-atom collisions at high energies
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An analytical expression for the transition amplitude is obtained by means of the continuum distorted-wave
approximation of Cheshire, in order to study the double capture and excitation process. The Dodd-Greider
formalism is used to provide a way of connecting the diagrams in the subseries by introducing an intermediate
channel. This expression, so derived, is a rigorous first-order term of a perturbation series.
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I. INTRODUCTION

A great deal of work on the simultaneous transfer a
excitation occurring in ion-atom collisions has appeared
recent years: Shakeshaft and Spruch@1#, Tanis et al. @2#,
Brandt @3#, Feaginet al. @4#, Itoh et al. @5#, Swensonet al.
@6#, Tanis @7#, Stolterfohtet al. @8#, Hahn @9#, Zouroset al.
@10#, and Gayet and Hanssen@11#.

The process of transfer and excitation appears as follo
the two-electron transition in which a target electron is tra
ferred and a projectile electron is excited at the same tim

Recently, a four-body approach is derived by means of
continuum distorted-wave treatment of resonant and n
resonant modes, where a doubly excited state is formed
the projectile, which invokes a two-electron process at
lowest order of perturbation.

In this work, we study a different approach by using t
continuum distorted-wave formalism@12# which is presented
at the first order of a five-body perturbation series. Thr
electron transition is necessary for transfer and excita
processes to occur in atomic collisions. A large number
observations and several reviews of transfer excitation
available~Tanis @13#, Richard@14#, Graham@15#, and Mok-
ler @16#!.

In the sample, transfer and excitation process~Taniset al.
@2#! discovered a resonance in the total cross section.
observed resonance was interpreted as an inverse Auger
cess~or dielectronic recombination!, in which the projectile
electron is excited by interaction with a captured target e
tron. This process occurs when the kinetic energy of the p
jectile electron matches the transition energy, i.e., a reso
condition in the collision velocity. This process has be
referred to as resonant transfer and excitation~RTE!. In some
cases RTE dominates the total cross section for transfer
citation. Pepmilleret al. @17# observed a nonresonant proce
for transfer and excitation~NTE! occurring when the transfe
and excitation occur due to an independent interactions~Zer-
arka @18#! of the two electrons with the nuclear chargesZP
and ZT of the projectile and the target, respectively. Thu
RTE is a process with electron correlation and NTE is
uncorrelated process. Other applications have been test
this direction, for instance, Bachauet al. @19# have studied
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the transfer excitation for the case of S1511H collision, who
observed the effect of the interference between RTE
NTE modes. Atomic units are used throughout unless oth
wise stated.

II. THEORY

In this formalism, we consider a hydrogenlike project
with a nuclear chargeZP and a helium atom or a heliumlike
ion target of nuclear chargeZT , the collision may be written
as follows:

~ZP ,e1
2!1~ZT ,e2

2 ,e3
2!→~ZP ,e1

2 ,e2
2 ,e3

2!*** 1ZT ,
~1!

wheree1
2 is the electron initially bound to the projectile,e2

2

ande3
2 are the electrons initially bound to the target.

The complete Hamiltonian may be written as

H5Hi1Vi5H f1Vf , ~2!

whereHi and Vi (H f and Vf) are, respectively, the Hamil
tonian and the perturbation interaction in the initial~final!
channel.

In the entrance channel, let us write

Hi52(
j 52

3
1

2mi j
¹X j

2 2
ZT

x2
2

ZT

x3
1

1

r 23
2

1

2m1
¹s1

2 2
ZP

s1

2
1

2m i
¹ r i

2 1
~ZP21!~ZT22!

r i
, ~3!

Vi5
ZPZT

R
2

ZT

x1
2

ZP

s3
1

1

r 12
2

ZP

s2
1

1

r 13
2

~ZP21!~ZT22!

r i
~4!

and for the exit channel,

H f52(
j 51

3 S 1

2mf j
¹Sj

2 1
ZP

sj
D1

1

r 12
1

1

r 13
1

1

r 23
2

1

2m f
¹ r f

2

1
~ZP23!ZT

r f
, ~5!

Vf5
ZPZT

R
2

ZT

x1
2

ZT

x2
2

ZT

x3
2

~ZP23!ZT

r f
. ~6!
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The coordinates are represented in Figs. 1 and 2:

s15S1 ,

s25S21O~1/M P!,

s35S31O~1/M P!,

x15X1 ,

x25X2 ,

x35X31O~1/MT!,

R5r i1O~1/MT!52r f1O~1/M P!.

In expressions~3! and ~5!,

mi j 5
MT1 j 22

M P1 j 21
, j 52,3,

m15
M P

M P11
,

m i5~M P11!~MT12!/M ,

FIG. 1. P ~T! is the projectile~target! nucleus.e1
2 is the electron

initially bound to the projectile nucleus.e2
2 ande3

2 are the electrons
initially bound to the target nucleus.

FIG. 2. Representation of coordinatesS2 , S3 , X3 , r i andr f with
respect to the center of mass~CDM!.
03271
mf j5
M P1 j 21

M P1 j
, j 51,2,3,

m f5~M P13!MT /M ,

whereM5MT1M P13.
We introduce two versions of the kinetic-energy opera

for the relative motion of particles:

T55 2
1

2m i
“ r i

2 2
1

2m1
“s1

2 2(
j 52

3
1

2mi j
“X j

2

2
1

2m f
“ r f

2 2(
j 51

3
1

2mf j
“Sj

2 .

~7!

In the configuration space, the wave function of theHi
(H f) in the initial ~resp final! channel isF i (F f), thus one
has

HiF i5EF i , ~8!

H fF f5EF f , ~9!

where

F i~r i ,s1 ,x2 ,x3!5wP~s1!wT~x2 ,x3!F1ki

1 ~r i !, ~10!

F f~r f ,s1 ,s2 ,s3!5C f~s1 ,s2 ,s3!F2kf

2 ~r f !, ~11!

E5
ki

2

2m i
1« i5

kf
2

2m f
1« f . ~12!

In the frame of the center of mass of the whole systemki
(kf) is the momentum of the reduced particle in the entra
~exit! channel.

F6ki , f

6 are the Coulomb functions normalized

(2p)3d(k2k8), expressed by

F1ki

1 ~r i !5Nl i

1exp~1 ik i•r i !1F1~2 il i ;1;1 ik i r i2 ik i•r i !,

~13!

F2kf

2 ~r f !5Nl f

2 exp~2 ik f•r f !1F1~1 il f ;1;2 ik f r f1 ik f•r f !,

~14!

where

Nl i , f

6 5G~16 il i , f !expS 2
p

2
l i , f D ,

l i5~ZP21!~ZT22!/v,

l f5~ZP23!ZT /v,

v is the relative velocity ofP andT.
In the initial channel,wT (wP) is the target~projectile!

bound state with the energy«T («P). In the final channel,C f
are the excited states on the projectile.

It appears clearly that in the Dodd-Greider@20# formalism
post and prior forms of matrix elements are
1-2
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Ti f
15^F f uUi f

1uF i&, ~15!

Ti f
25^F f uUi f

2uF i& ~16!

and one has to first order of perturbation,

Ui f
1.v f

2†~Vf2Wf
†!~11gx

1Vi !, ~17!

Ui f
2.~11gx

2Vf !†~Vi2Wi !v i
1 , ~18!

where the Green functionsgx
6 are given by

gx
65~E2H1vx6 i«!21.

Here,vx is an intermediate potential,Wi andWf are distort-
ing potentials,

v i
1511gi

1Wi ,

v f
2511gf

2Wf ,

wheregi , f
6 are defined by the following expressions:

gi , f
6 5~E2Hi , f2Wi , f6 i«!21.

We may see that for obtaining the transition amplitu
expression, we have the liberty to choose form~17! or ~18!.
The electronic interactions always appear in the distort
wave equation for the initial channel in the integral equat
Ui f

1 .
In order to avoid the mathematical difficulties, it is impo

tant to take form~18! in which the electronic interaction
term is introduced in the equation of the final excited sta

In order to calculateTi f
2 given by expression~16!, let us

set

uz f
2&5~11gx

2Vf !uF f&. ~19!

In the limit «50 and from Eq.~2! and gx
6 , z f

2 and F f

satisfy the equation

~E2H1vx!uz f
2&5vxuF f&.

We choosevx an operator such that

vxuF f&50 ~20!

and for uz f
2& the form

uz f
2&5uC f~s1 ,s2 ,s3!hf

2&. ~21!

From choices~20! and ~21!, Eq. ~19! may be written as

C fFE2T2« f2
ZTZP

R
1ZTS 1

x1
1

1

x2
1

1

x3
D Ghf

21vx~C fhf
2!

1(
j 51

3
1

mf j
“Sj

C f•“Sj
hf

250. ~22!

Let us now choosevx as an operator, when it is applied
an arbitrary functionf, one has
03271
-
n

.

vxf 52(
j 51

3
1

mf j
“Sj

C f•“Sj S f

C f
D ~23!

and hf
2 an independent function of the coordinates of t

electron 1.
Note also that only small values ofs1 contribute signifi-

cantly to the amplitude since the electron (e1) stays on the
projectile. Therefore, we can write

x15uR2s1u.R.

These two choices, associated with the approximation ofx1,
Eq. ~22!, become

FE2T2« f2
ZT~ZP21!

R
1(

j 52

3
ZT

xj
Ghf

250. ~24!

We take the first form of Eq.~7! for T , then the solution
is a product of three Coulomb wave functions.

hf
25Nlk

2 Nl2

2 Nl3

2 exp~ ik•r i1 ik2•x21 ik3•x3!

31F1~ ilk ;1;2 ikr i2 ik•r i !

31F1~ il2 ;1;2 ik2X22 ik2•X2!

31F1~ il3 ;1;2 ik3X32 ik3•X3!, ~25!

where the wave vectorsk, k2, andk3 are entirely determined
by the asymptotic conditions~see the Appendix!.

For X2 , X3, and r i simultaneously large,hf
2 must have

the asymptotic behavior ofF2kf

2 (r f) and the energy must b

conserved.
These conditions transform expression~25! as follows:

hf
2.NN

2~NT
2!2e1

2 ik f•r fF1~ ilN ;1;2 ik f r i2 ik f•r i !1F1

~2 ilT ;1;2 ivx22 iv•x2!1F1~2 ilT ;1;2 ivx3

2 iv•x3!, ~26!

where

lN5ZT~ZP21!/v,

lT5ZT /v,

NN
25G~12 ilN!e2(p/2)lN,

NT
25G~11 ilT!e1(p/2)lT.

Let us now set

uL i
1&5v i

1uF i&.

In the limit «50, one has

~E2Hi2Wi !uL i
1&50. ~27!

Let Ui5Vi2Wi and uL i
1&5uwPwTyi

1&.
Expression~27! becomes
1-3
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~E2H2Ui !uL i
1&50

from the first form~7! of the kinetic-energy operatorT and
through the two following choices:

~i! The operatorUi is such that applied to a functionf , it
gives

Ui f 5S 1

r 12
1

1

r 13
2

1

s2
2

1

s3
2

ZT

x1
1

ZT

R D f

2(
j 52

3
1

mi j
“X j

wT•“X j S f

wT
D . ~28!

~ii ! The functionyi
1 is independent of coordinates of th

electron 1, then it satisfies the equation:

FE2T2« i2
ZT~ZP21!

R
1

ZP21

s2
1

ZP21

s3
Gyi

150.

~29!

Now, the second version of Eq.~7! is introduced into Eq.
~29!, it appears clearly that this equation can be separa
The solution is
b
th
e

io
ar
t
d

-

03271
d.

yi
1.NN

1~NP
1!2e1

1 iki•r iF1~2 ilN ;1;ik i r f1 ik i•r f !

31F1~ ilP ;1;ivs21 iv•s2!

3 1F1~ ilP ;1;ivs31 iv•s3!, ~30!

where

lP5~ZP21!/v,

NP
15G~12 ilP!e(p/2)lP and NN

15~NN
2!* .

The motion of nucleus is reduced to the term (mrv)2ilN

~Gayet @21#!. However, in the eikonal approximation, th
factor (mrv)2ilN, @where lN5ZT(ZP21)/v] also features
the interaction betweenT and (P1e), and may be ignored in
the evaluation of the total cross section which depends
uTi f

2u2.
Finally, the transition amplitude may be written as
Ti f
25^z f

2uUi uL i
1&5~NT

1NP
1!2E dRdr1dr2dr3~mrv !2ilNC f* ~s1 ,s2 ,s3!e1 i (ki•r i1k f•r f )

31F1~ ilT ;1;ivx21 iv•x2!1F1~ ilT ;1;ivx31 iv•x3!

3$VwP~s1!wT~x1,x2!1F1~ ilP ;1;ivs21 iv•s2!1F1~ ilP ;1;ivs31 iv•s3!

2wP~s1!1F1~ ilP ;1;ivs31 iv•s3!“x2
wT“s2 1F1~ ilP ;1;ivs21 iv•s2!

2wP~s1!1F1~ ilP ;1;ivs21 iv•s2!“x3
wT“s3 1F1~ ilP ;1;ivs31 iv•s3!%, ~31!
xci-
ur
s an
de-
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gle
n,
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o-
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where

V5
1

r 12
1

1

r 13
2

1

s2
2

1

s3
2

ZT

x1
1

ZT

R
and NT

15~NT
2!* .

Note that the factor (mrv)2ilN may be omitted in the
expression of total cross section which is not influenced
the internuclear interaction. This remark suggests that
interaction does not contribute to the double capture and
citation.

III. CONCLUSION

In summary, we may conclude that expression~31! repre-
sents a transition amplitude form of a first-order perturbat
for the double transfer and excitation collisions. There
other versions ofTi f

2 which are, from the computational poin
of view, very involved. In this work, we have only expose
the more adequate form of the transition amplitude.

We may see that result~31! of Ti f
2 contains coherent con
y
e
x-

n
e

tributions from resonant and nonresonant transfer and e
tation. It is also worthwhile to mention that, according o
calculations, the mode NTE can always be considered a
uncorrelated process, it could be evaluated through an in
pendent electron model.

For the sake of completeness we would like to point o
that a dominance of multiple electron capture over sin
capture in close collisions, which are relevant for excitatio
has been reported by Andriamonje,et al. @22# and
Schlachter,et al. @23#. Note that the double Auger process
a known and established phenomenon~Carlson, and Krauss
@24#, and Aberg,@25#!, a consideration of an invariance und
time reversal leads to a new process. Resonant captur
two ~or more! electrons with a correlated excitation of a pr
jectile electron, i.e., double~or multiple! RTE, was postu-
lated by Warczak,et al. @26# and Liesen,et al. @27# as a
possible explanation for the origin of structures observed
the impact parameter dependence of characteristic x
emission.

In a future publication, we can test this formalism, f
instance, H-like Ge with Ne where the capture of two targe
1-4
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electrons and the simultaneous excitation of oneK-shell
electron of the projectile.
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APPENDIX

In this appendix we show how the solutionhf
2 Eq. ~25!,

can be reduced to form~26! and we also confirm that th
energy is conserved.

The asymptotic behavior ofhf
2 , that is, that ofF2kf

2 (r f),

implies

hf
2→F2kf

2 ~r f !, ~A1!

r i→`,

X2→`,

X3→`.

This condition imposes the following phase conditions:

2k f•r f5k•r i1k2•X21k3•X3 , ~A2!

2l f ln~2kfr f1k f•r f !1c52lNln~2kir i1k i•r i !

1l2ln~2k2X22k2•X2!

1l3ln~2k3X32k3•X3!,

~A3!

wherec is a constant.
The energy must be conserved,

kf
2

2m f
5

k2

2m i
1

k2
2

2mi2
1

k3
2

2mi3
, ~A4!

the vectorr f may be written in a more convenient form

r f52
~M p11!

~M p13!
r i2

M

~M p13!~MT11!
X2

2
M

~M p13!~MT12!
X3 , ~A5!
a-
ev

nd

03271
r.
e

whereX25x2 andX35x32@1/(MT11)#x2.
Introducing the expression~A5! of r f into Eq.~29! and by

identification, one has

k5
~M p11!

~M p13!
k f ——→

M p→`

k f , ~A6!

k25
MT

~MT11!

k f

m f
——→
MT→`

k f

m f
5v, ~A7!

k35
MT

~MT12!

k f

m f
——→
MT→`

k f

m f
5v. ~A8!

In the limit (M p , MT)→` hf
2 may be rewritten as expres

sion ~26!.
In order to verify the conservation of the energy, we r

place the wave vectorsk, k2, andk3 in Eq. ~A4!, we obtain

k f
2

2m f
5

k f
2

2m f

MT~M p11!12M

~M p13!~MT12!
5

k f
2

2m f
.

In Eq. ~A3!, the constantc may be evaluated by remarkin
that z f

2 containsC f(s1 ,s2 ,s3), thus only small values ofs1 ,
s2, ands3 give an appreciable quantity to the functionz f

2 .
Under these considerations the constantc in Eq. ~A3! is

given by

c.2
ZT

v
ln m f

2 .

In a way similar to that of the solutionhf
2 , it is easy to show

that the asymptotic conditions foryi
1 , i.e.,

yi
1→F1ki

1 ~r i !, ~A9!

r f→`,

S2→`,

S3→`,

enable us to verify the conservation of energy. In this cas
is necessary to use the following relation:

r i52
MT

MT12
r f2

M

MT12 S 1

M p12
S21

1

M p13
S3D .

~A10!
tt-
ev.
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