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Positronium formation in positron-metastable-helium collisions
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Positronium formation in the transfer-excitation reaction of positrons impacting on singlet and triplet meta-
stable He(1s2s) is studied at intermediate and high impact energies within the framework of a four-body
version of the continuum distorted wave-final state model. Cross sections for selective final states of the
residual target as well as total cross sections and polarization fraction of the 2p21s multiplet line of He1 are
computed by using a partial-wave technique. For 2p final states of He1 cross sections exhibit interference
patterns.
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I. INTRODUCTION

In the last years, collisions of positrons impacting on
oms ~ions! have been the subject of intense theoretical a
experimental research@1,2#. The availability of more intense
and stable positron beams has partially promoted th
works. The formation of positronium atoms~bound system
consisting of a positron and an electron! through electron
capture is one of the possible final channels of the positr
atom reaction. This reaction is of interest in many fields su
as astrophysics, atomic physics, and material science.

In particular, a three-body continuum distorted wave-fin
state~CDW-FS! model was developed to study charge e
change with positronium formation in collisions of fast po
itrons with hydrogenic@3–5# targets. A similar approxima
tion was previously developed to treat the case of hydro
targets@6#. Later, the CDW-FS approximation was employ
to study alkaline-earth-metal targets@7# and compared with
success to available experimental data. A four-bo
Coulomb-Born approximation~CBA! was also introduced
@8# to analyze the positronium formation by impact of po
trons on helium atoms in their ground state showing als
good agreement with the experiment. In addition to the
perimental work@9,10#, several theoretical models were d
veloped to treat this collision system. Among them, class
trajectory Monte Carlo techniques@11#, distorted-wave ap-
proximations @12#, and close coupling approximation
~CCA! @13–17#. In a recent work~hereafter I! @18#, a four-
body CDW-FS-4b model has been developed to study p
tronium formation in the transfer-excitation process with h
lium and alkaline-earth metals in their ground state.

Here, the CDW-FS-4b model is applied to the case
helium targets in the 21S(1s2s) ~singlet! and 23S(1s2s)
~triplet! excited states. Ionic metastable states are commo
all quasi-two-electron systems. In the case of He-like io
the 23S term presents a long lifetime (t>1024 s for species
with nuclear chargeZT,10) decaying into the ground sta
11S(1s2) through magnetic dipole transitions@19#. These
excited states may be obtained in a considerable am
through excitation by electron impact@20#. They may also be
1050-2947/2000/63~1!/012705~7!/$15.00 63 0127
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prepared by using crossed beam devices although in this
the relative proportions of metastable states are quite low
Finally, beams of metastable states of weak intensity may
produced through electron capture by impact of slow H1

over alkaline targets. By choosing conveniently the alkalin
earth-metal atoms, the beams may be prepared even
definite spin state.

CDW-FS-4b and CBA differential and total-cros
sections for positronium formation in the ground state
calculated for metastable singlet and triplet states of hel
targets by using a partial-wave technique previously dev
oped in Ref.@4#. The CDW-FS-4b approximation is expecte
to be valid for at high impact energies, i.e., for impact v
locities larger than the mean initial orbital velocity of th
target electrons. Atomic units will be used except as oth
wise stated.

II. THEORETICAL METHOD

Let us consider the electron-capture process w
positronium-formation in positron-metastable helium co
sions at intermediate and high impact energies. The CD
FS-4b approximation introduced in I is used to study t
reaction. The initial wave function is chosen as@4#

Sja
(1)5 SFa„r1 ,r2…Fka

(1)~R! ~1!

Coordinates are sketched in Fig. 1.MT indicates the nuclea
target mass (MT@1).

SFa is the initial bound wave function of metastable h
lium corresponding to the triplet (S51) or singlet (S50)
state and is given by

SFa~r1 ,r2!5
1

A2
$Sw1s~r1!Sw2s~r2!

1~21!S Sw1s~r2!Sw2s~r1!% ~2!
©2000 The American Physical Society05-1
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HANSSEN, HERVIEUX, FOJO´ N, AND RIVAROLA PHYSICAL REVIEW A 63 012705
Sw i ( i 51s,2s) is the one-electron variational wave functio
of the triplet or singlet metastable state of helium obtain
by Winter and Lin@21#. The functionFka

(1) is written as

Fka

(1)~R!5exp@ ika•R#. ~3!

The final wave function is chosen as@4#

Sjb
(2)5SFb~r1 ,r2 ,r1 ,r2!Fkb

(2)~R! ~4!

with

SFb~r1 ,r2 ,r1 ,r2!5
1

A2
$Cb~r1!Fkb

(2)~r1!w̃NfL f M f
~r2!

1~21!SCb~r2!Fkb

(2)~r2!w̃NfL f M f
~r1!%.

~5!

Sjb
(2) describes the positronium atom and the residual ta

bound state in the final channel of the reaction and dis
tions are introduced through the Coulomb wave functio
Fkb

(2) . Cb is the final bound wave function of the positro

FIG. 1. Coordinates used in the text.
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nium atom@only the ground state Ps(1s) is considered in the
present paper# and w̃NfL f M f

is the wave function of He1 in

the state with quantum numbers (Nf ,L f ,M f). The Fkb

(2)

Coulomb wave functions are given by

Fkb

(2)~R!5Nb1
expF i

kb

mb
•RG 1F1S ib1 ;1;2 i

kb

mb
•R

2 i
kb

mb
RD , ~6!

Fkb

(2)~r j !5Nb2
expF i

kb

mb
•r j G 1F1S 2 ib2 ;1;2 i

kb

mb
•r j

2 i
kb

mb
r j D , j 51,2, ~7!

ka andkb being the wave vectors for the reduced positron
the entry channel and for the reduced positronium atom
the final channel, respectively. Moreover, the followin
quantities have been defined@4#,

b1.b25
~Z11!mb

kb
, ~8!

where Z is the ionicity of the target. In this paper,Z50
~neutral target!. This is why the functionFka

(1)(R) in Eq. ~1!

reduces to a plane wave. The reduced masses arema.1 and
mb.2 and the normalization factorsNb6

are given by

Nb6
5G~17 ib6!expS 7

p

2
b6D . ~9!

Finally, the perturbation potential and the CDW-FS-4b m
trix element are given by

Va5
2

R
2

1

r1
2

1

r2
~10!

and

STab
(2)5^Sjb

(2)uVauSja
(1)&. ~11!

In particular, the CBA approximation is obtained by setti
b15b250.

The CDW-FS-4b matrix element may be rewritten as

STab
(2)5St 1s2s1~21!S St2s1s, ~12!

St i j 5E dRFkb

(2)* ~R!SVT
i j ~R!Fka

(1)~R! ~13!

and
5-2
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SVT
i j ~R!5E dr1Cb* ~r1!Fkb

(2)* ~r1!S 1

R
2

1

r1
D Sw i~r1!

3E dr2w̃NfL f M f
* ~r2!Sw j~r2!

1E dr1Cb* ~r1!Fkb

(2)* ~r1!Sw i~r1!

3E dr2w̃NfL f M f
* ~r2!S 1

R
2

1

r2
D Sw j~r2!

5H E dr1Cb* ~r1!Fkb

(2)* ~r1!S 1

R
2

1

r1
D Sw i~r1!J

3^NfL fM f uS j&

1 H E dr1Cb* ~r1!Fkb

(2)* ~r1!Sw i~r1!J
3SKNfL f M f

j ~R!5SVT2cap
i j ~R!1SVT2exc

i j ~R!.

~14!

According to this, the matrix elementSt i j may be expressed
as

St i j 5Stcap
i j 1Stexc

i j . ~15!

The matrix elementsStcap
i j and Stexc

i j may be obtained replac
ing SVT

i j in Eq. ~13! by SVT2cap
i j and SVT2exc

i j , respectively.
As it was explained in I, the present CDW-FS-4b appro

mation describes capture and simultaneous excitation of
target. Considering Eqs.~13! and ~14!, it can be seen tha
both processes are produced simultaneously at eachR posi-
tion. In other words and within a time-dependent represe
tion, capture and excitation are produced in a simultane
way, time to time, during all the collision reaction.

As both electrons are indistinguishable, the matrix e
ment STab

(2) in Eq. ~12! is the coherent sum of two terms
St2s1s describes the capture by the incident positron of
electron initially in the 2s state of the helium atom to form
Ps(1s) with simultaneous excitation of the electron initial
in the 1s state of the target to a final state He1(NfL fM f).
For future reference, this process is labeled byf. In an analo-
gous way, St1s2s describes the capture of a 1s electron to
form Ps(1s) with simultaneous excitation of a 2s electron to
the same final state (NfL fM f) of He1 and the process is
labeled byg. Both processesf andg lead to same final stat
and therefore are summed coherently. These processe
sketched in Fig. 2.

In order to evaluate the CDW-FS-4b matrix element
partial-wave expansion technique has been used. By u
Sw i(r )5SRi(r )Y00( r̂ ) with i 51s or 2s, w̃NfL f M f

(r )

5R̃NfL f
(r )YL f M f

( r̂ ), andCb(r)5R5 1s(r)Y00(r̂) and the fol-
lowing development,

Fk
(6)~r !5(

lm
4p~ i ! le6 id l

1

kr
Fl~kr !Ylm* ~ k̂!Ylm~ r̂ ! ~16!
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the quantitySKNfL f M f

i appearing in Eq.~14! may be rewritten

as

SKNfL f M f

i ~R!5SLNfL f

i ~R!YL f M f
* ~R̂! ~17!

with

SLNfL f

i ~R!5A4pL̂ fE
0

`

drr 2R̃NfL f
~r !

3S r
,

L f

r
.

L f11 2
dL f0

R D SRi~r !, ~18!

where we use the conventionl̂ 52l 11, r ,5min(r ,R), and
r .5max(r ,R).

Differential and total cross sections for an excited elect
of quantum numbersNfL fM f are given by

F ds

dVG
NfL f M f

S

5
1

4p2

kb

ka
mambuSTab

(2)u2 ~19!

and

SsNfL f M f
5E dVF ds

dVG
NfL f M f

S

. ~20!

FIG. 2. Processesf andg.
5-3
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We have also

SsNfL f
5(

M f

SsNfL f M f
. ~21!

Finally, the polarization fraction of the 2p21s multiplet line
of He1 is given by

SP5

Ss2p0
2Ss2p1

Ss2p0
1Ss2p1

. ~22!

Two cases have to be considered.

A. L fÅ0

In this case, the scalar product^NfL fM f uS j& with j 51s
or 2s is zero and only the second part of the expression~14!
must be evaluated, i.e.,Stexc

i j . We have

STab
(2)5Stexc

i j 1~21!S Stexc
j i , ~23!

STab
(2)5

1

2
B(

l i L
i l ieid l i l̂ i L̂

1/2@SŨl i L
1s2s

1~21!S SŨl i L
2s1s#YL2M f

~ k̂b! ~24!

with

B5
~4p!3/2

kak1k2
~25!

and

SŨl i L
i j 5(

l l f

i 2 l 2 l fei (d l1d l f
)~21! l 1 l fÃl i L

lL f l f SR̃l i l l f

i j ~26!

with

Ãl i L
lL f l f5 l̂ l̂ f S l l f L

0 0 0D S l i L f L

0 2M f M f
D

3F(
L̃

~21! L̃L̂̃S l L f L̃

0 0 0
D S l f L̃ l i

0 0 0
D

3H l i L f L

l l f L̃
J G , ~27!

SR̃l i l l f

i j 5E
0

`

dRFl f
~k1R!SṼl

i j ~R!Fl i
~kaR!, ~28!

SṼl
i j ~R!5H E

0

`

drrF l~k2r !J̃l~r ;R!SRi~r !J LNfL f

j ~R!,

~29!

J̃l~r ;R!5
1

2E21

11

duR̃̃1s~r!Pl~u!, ~30!

and
01270
r5~r 21R222rRu!1/2. ~31!

The functionsFl(k6r ) andFl(kar ) are the Coulomb radia
functions with the Sommerfeld parametersh5b6 and h
5na50 ~in this case, the Coulomb function reduces to
plane wave!, respectively@see Eq.~8!#. The phase shifts,d l
are the usual Coulomb phase shiftsd l5argG( l 111 ih) and
Pl indicates the Legendre polynomial of degreel.

B. L fÄ0

In this case, the scalar product^NfL fM f uS j& with j 51s
or 2s is not zero and the two parts of the expression~14!
must be evaluated. However, due to the selection rules of
Clebsh-Gordon coefficients, the difficulty is reduced sin
L5 l i . We have

Stcap
i j 5B(

l i
i l ieid l i l̂ i

1/2SUl i
i j Yl i0

~ k̂b! ~32!

with

SUl i
i j 5(

l l f

i 2 l 2 l fei (d l1d l f
)Al i

l l f SRl i l l f

i j ~33!

with

Al i

l l f5 l̂ l̂ f S l i l l f

0 0 0D
2

, ~34!

SRl i l l f

i j 5E
0

`

dRFl f
~k1R!SV l

i j ~R!Fl i
~kaR!, ~35!

and

SV l
i j ~R!5H E

0

`

drrF l~k2r !Jl~r ;R!SRi~r !J SWNf

j ,

~36!

with

Jl~r ;R!5
1

2E21

11

duR5 1s~r!S 1

R
2

1

r D Pl~u! ~37!

and

SWNf

j 5^NfL fM f uS j&. ~38!

Similary, the expressionStexc
i j reduces to

Stexc
i j 5B(

l i
i l ieid l i l̂ i

1/2SŨl i
i j Yl i0

~ k̂b! ~39!

with

SŨl i
i j 5(

l l f

i 2 l 2 l fei (d l1d l f
)Al i

l l f SR̃l i l l f

i j ~40!

leading to
5-4
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St i j 5Stcap
i j 1Stexc

i j 5B(
l i

i l ieid l i l̂ i
1/2STl i

i j Yl i0
~ k̂b! ~41!

and

STab
(2)5

1

2
B(

l i
i l ieid l i l̂ i

1/2@STl i
1s2s1~21!S STl i

2s1s#Yl i0
~ k̂b!

~42!

with

STl i
i j 5SUl i

i j 1SŨl i
i j . ~43!

In particular

Ss2s5C(
l i

l̂ i uSTl i
1s2su21C(

l i
l̂ i uSTl i

2s1su2

12C~21!S(
l i

$Re@STl i
1s2s#Re@STl i

2s1s#

1Im @STl i
1s2s#Im@STl i

2s1s#% ~44!

with

C5
4pkbmamb

ka
3k1

2 k2
2

. ~45!

Note that Ss2s has the formu f 1(21)Sgu2 revealing inter-
ference effects between the processesf andg. Unfortunately,
it was not possible to reduceSs2pm

to a similar simple ex-
pression.

III. RESULTS

In Figs. 3~a!, 3~b!, 3~c!, and 3~d!, CDW-FS-4b and CBA
total Ps(1s) cross sections~TCS! with metastable helium
targets as a function of the impact energy are presented
the 1s,2s,2p0, and 2p1 final states of the residual targe
He1, respectively.

It can be seen from the figures that there is no thresh
for the transfer-excitation process studied if the final resid
target is left in a 1s state. On the contrary, for finaln52
states, there is a threshold at about 40 eV. The threshold
be obtained by using the energy-conservation law resul
in 38 and 39 eV for the initial singlet and triplet term of th
target, respectively.

In general, for a given target initial term~singlet or triplet!
and a given final residual target state, the CDW-FS-4b cr
sections are lower than the CBA ones as the impact en
increases. It may be also seen from the figures that excep
the He1(1s) final residual target state, cross sections cor
sponding to triplet states dominate over the ones corresp
ing to singlet states at high impact energy.

In Figs. 4~a! and 4~b!, the contribution of the processesf
and g aboved defined to the CDW-FS-4b TCS is analyz
for the 2s and 2p0 final states of the residual target, respe
tively, for the case of the triplet initial term. For the 2s final
state, the processf is negligible being the processg almost
01270
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responsible for the TCS. This may be explained in the f
lowing way. In the processf, the 2s target electron is cap
tured and the 1s target electron has to be promoted to as
state of He1. On the contrary, in the processg the 1s target
electron is captured and the remaining 2s target electron re-
laxes to a 2s state of He1, which is more convenient taking
into account the overlap between initial and final wave fun
tions. Although not shown here, the same is true for init
singlet terms and for CBA TCS. For final state He1(1s), the
situation is the opposite: the processf dominates over the
processg. In considering the 2p0 final state, bothf and g
processes may be, depending on the incident energy, o
same magnitude, and the total cross section resulting f
their coherent sum evidences an interference effect.
same is true for the 2p1 final state.

Let us consider now the cross sections as the impact
ergy increases. It can be seen from the Fig. 3 that the l
value of the CDW-FS-4b or CBA cross sections at the hig
energies considered is different for the singlet or triplet i
tial term. However, the difference is quite small for the 1s
final state of the residual target and bigger for the 2s and 2p
final excited states of He1 being much more pronounced i
the latter ones. For 2p final states, the gap between the TC
corresponding to singlet and triplet initial terms, resembl
in some way, the behavior of the TCS for excitation of h
lium atoms by electron impact. For instance, the excitatio
corresponding to the transitions 21S→31P and 23S→33P
@22# have different TCS as the impact energy increases
though the singlet term dominates the TCS whereas in
paper the inverse is true.

FIG. 3. Total Ps (1s) cross sections for several He1 final re-
sidual target states.~a! He1(1s). Initial singlet state: CDW-FS-4b
full line; CBA, dashed line. Initial triplet state: CDW-FS-4b, dotte
line; CBA, dashed and dotted line.~b! Same as~a! but for He1(2s)
final residual target state.~c! Same as~a! but for He1(2p0) final
residual target state.~d! Same as~a! but for He1(2p1) final residual
target state.
5-5
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As the energy impact increases, the transfer process l
ing the residual target in a 2s state becomes dominant ind
pendently of the initial target term. As explained above,
the final 2s (1s) state the processg ~f! dominates the reac
tion. In particular, TCS for the final He1(1s) state are lower
than the ones corresponding to He1(2s). This may be un-
derstood by using matching velocity arguments for the c
ture process and taking into account the overlap of initial a
final wave functions given by the term̂NfL fM f uS j& @both
terms of Eq.~14! collaborate in this case asL fÞ0]. As it is
well known @7#, electron capture at intermediate and hi
impact energies is more probable to occur when the pro
tile velocity is close to the mean orbital velocity of the ele
tron to be captured. Then, capture from an 1s orbital is more
favorable at energies higher than the ones correspondin
capture from a 2s orbital. Therefore, as the impact energ
increases, capture from the 1s orbital of the initial (1s2s)
electronic configuration of the helium atom becomes do
nant. The remaining electron is left in an excited 2s state of
the He1 residual target that overlaps the 2s orbital of the

FIG. 4. f and g processes in the CDW-FS-4b approximatio
Results for initial triplet term and for~a! He1(2s) and ~b!
He1(2p0) final states. CDW-FS-4b, full line. TCS corresponding
f process, dashed line. TCS corresponding tog process, dotted line
01270
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helium atom in a better way than the 1s state of He1.
This behavior of the cross section is different from t

one observed for positronium formation with an (1s2) elec-
tronic initial configuration of the helium atom leaving th
residual target in a 2s state. This process has been studied
I and it has been shown that it is almost negligible as
impact energy increases. The reason is that in that case
of the electrons is captured essentially by re-arrangem
~the overlap between 2s final and 1s initial states is rather
small! while the other must be excited to an 2s state through
an optically forbidden transition. In the present case, the n
captured electron is in a 2s state of the helium atom~as
discussed above, processg is dominant in this case! and
suffers a transition to a 2s state of the He1.

In relation to 2p final residual target states, the polariz
tion fraction of the 2p21s multiplet line of He1 defined in
Eq. ~22! may be useful in experiments to be made. By me
suring the polarization of the light emitted through the d
caying of the residual target to its ground state, informat
about the population of the 2p final states produced durin
the collision may be obtained. In Figs. 5~a! and 5~b!, the
CDW-FS-4b and CBA predictions for the polarization fra

FIG. 5. Polarization fraction.~a! Initial singlet state.~b! Initial
triplet state. CDW-FS-4b, full line. CBA, dashed line.
5-6
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tion of the 2p21s multiplet line of He1 are shown for the
initial singlet and triplet terms, respectively. In the case o
singlet, CDW-FS-4b and CBA results are similar in sha
On the contrary, they are quite different for the triplet ter
In both cases, the polarization fraction is always positive

IV. CONCLUSIONS AND PERSPECTIVES

The CDW-FS-4b model has been applied to study po
tronium formation in ground state through charge trans
and simultaneous excitation of helium targets initially in t
21S ~singlet! and 23S ~triplet! metastable states by impact
fast positrons. For He1(2p) final residual target states, inte
esting interference effects in the TCS have been found. It
been shown that at high impact energies, the channel lea
to He1(2s), as a final residual target, becomes preferent
The same reaction was studied in I for helium atoms in
ground state. In this case, the preferred residual target
He1(1s). At the higher impact energies studied, TCS for t
analyzed metastable states of the target are at most 5–10
the ones corresponding to helium atoms in a ground state
discussed in I, the contribution of the transfer-excitation p
r-
ler

io

A

A

. A

ys

or
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cess to the Ps(1s) formation is more important for otherns2

targets such as the alkaline-earth metals. The contributio
the Ps(1s) formation coming from excited states of the
targets may also play a more prominent role than they do
helium. This could be also the case for other two-active el
tron systems such as multicharged ions for which metast
species are present in a high proportion in the obtai
beams@19#. This is matter of future work.
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