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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(%2s) 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 opth@é2multiplet line of He" are
computed by using a partial-wave technique. Ferfihal states of Hé cross sections exhibit interference
patterns.
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I. INTRODUCTION prepared by using crossed beam devices although in this way
the relative proportions of metastable states are quite lower.

In the last years, collisions of positrons impacting on at-Finally, beams of metastable states of weak intensity may be
oms (ions) have been the subject of intense theoretical androduced through electron capture by impact of slow He
experimental researdhi,2]. The availability of more intense over alkaline targets. By choosing conveniently the alkaline-
and stable positron beams has partially promoted thesearth-metal atoms, the beams may be prepared even in a
works. The formation of positronium atongbound system definite spin state.
consisting of a positron and an electyathrough electron CDW-FS-4b and CBA differential and total-cross-
capture is one of the possible final channels of the positronsections for positronium formation in the ground state are
atom reaction. This reaction is of interest in many fields suct¢alculated for metastable singlet and triplet states of helium
as astrophysics, atomic physics, and material science. ~ targets by using a partial-wave technique previously devel-

In particular, a three-body continuum distorted wave-finaloped in Ref[4]. The CDW-FS-4b approximation is expected
state (CDW-FS model was developed to study charge ex-to be valid for at high impact energies, i.e., for impact ve-
change with positronium formation in collisions of fast pos- locities larger than the mean initial orbital velocity of the
itrons with hydrogenid3-5] targets. A similar approxima- target electrons. Atomic units will be used except as other-
tion was previously developed to treat the case of hydrogehise stated.
targetd 6]. Later, the CDW-FS approximation was employed
to study alkaline-earth-metal targdfs] and compared with
success to available experimental data. A four-body Il. THEORETICAL METHOD
Coulomb-Born approximatioiCBA) was also introduced | et us consider the electron-capture process with
[8] to analyze the positronium formation by impact of posi- yositronium-formation in positron-metastable helium colli-
trons on helium atoms in their ground state showing also &jons at intermediate and high impact energies. The CDW-
good agreement with the experiment. In addition to the exgs.4p approximation introduced in | is used to study this
perimental work[9,_10], sgyeral theoretical models were d_e— reaction. The initial wave function is chosen[d3
veloped to treat this collision system. Among them, classical
trajectory Monte Carlo techniqud41], distorted-wave ap-
proximations [12], and close coupling approximations SEH=50 (ry,r) FA(R) (1)
(CCA) [13-17. In a recent work(hereafter ] [18], a four- ‘
body CDW-FS-4b model has been developed to study posi-
tronium formation in the transfer-excitation process with he-Coordinates are sketched in Fig.My indicates the nuclear
lium and alkaline-earth metals in their ground state. target massNi>1).

Here, the CDW-FS-4b model is applied to the case of Sd , is the initial bound wave function of metastable he-
helium targets in the 25(1s2s) (singley and 2S(1s2s)  lium corresponding to the tripletS=1) or singlet §=0)
(triplet) excited states. lonic metastable states are common igfate and is given by
all quasi-two-electron systems. In the case of He-like ions,
the 22Sterm presents a long lifetimer=10"* s for species
with nuclear charg&<10) decaying into the ground state
11S(1s?) through magnetic dipole transitiofd9]. These
excited states may be obtained in a considerable amount
through excitation by electron impg@0]. They may also be +(=1)%%14(r2) Spps(r 1)} 2

1
SP(rq,rp)= E{S(Pls(rl)S‘PZs(rZ)
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nium atom[only the ground state Ps§l is considered in the
present papérandi}a,\,foMf is the wave function of He in
the state with quantum number${(,L;,M(). The f(k;)
Coulomb wave functions are given by

k k
H)(R)= i B io ea._i B
I(ﬁ(R) Nmex;{lﬂﬁ R}1F1(|,B+,l, Ir“ﬁ R
kg

—|—R), (6)
Kp

_ _k : Kk
ff(B)(rj)zNﬂf exp{|M—Z-rJ}1Fl<—|/B —i-Lor,

Hp
k
—iLr|, j=12 @
Hp
e k, andk being the wave vectors for the reduced positron in

the entry channel and for the reduced positronium atom in
the final channel, respectively. Moreover, the following
guantities have been defingd,

T Z+1
i po=p =2 (®
B

where Z is the ionicity of the target. In this papeZ,=0
(neutral target This is why the functionﬁf(”(R) in Eq. (1)
reduces to a plane wave. The reduced masseg arel and
=2 and the normalization factoNBi are given by

FIG. 1. Coordinates used in the text.

NB+=F(1:iﬁt)exp(:gﬂt). 9

Se; (i=1s,2s) is the one-electron variational wave function
of the triplet or singlet metastable state of helium obtainedrinally, the perturbation potential and the CDW-FS-4b ma-

by Winter and Lin[21]. The function7{") is written as trix element are given by
FO(R)=extlik, R]. 3 2 1 1
- Vymom === (10
R p1 p2

The final wave function is chosen p4]
3¢ =S 411,291,902 F (R) (4 o
with ST = eIV, (12)
In particular, the CBA approximation is obtained by setting

1 _ ~
SD4(r1,r2,01,02)= E{\Pﬁ(pl)ﬂﬁ)(rl)‘PNfoMf(r2) B+=p-=0.
The CDW-FS-4b matrix element may be rewritten as

+(_1)S\Pﬁ(p2)f(k;)(rZ)ENfoMf(rl)}' STg;g)ZSt132S+(_1)S §2sls, (12)
5
s§%—) describes the positronium atom and the residual target S ZJ dRA* (R)SVI(R)A(R) (13)
bound state in the final channel of the reaction and distor- ks T Ka

tions are introduced through the Coulomb wave functions
}*k;). W, is the final bound wave function of the positro- and
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1 1
SV?(R)—fdrflf (p)A) <r1)(——p—) ¢i(ry) © o
®— s
XJ drz&ﬁfL,Mf(rz)s@j(fz)
+f drlq’Z(Pl)ff(;)*(rl)SSDi(rl) |
-, 1 1), ——
der2¢NfoMf(r2)(§_E) j(ra)
(2) He(1s2s) §3)

1 1
[Jdrlq’ﬁ(m)ﬁ *(ra) (R E) SQDi(rl)]

X (N¢L¢M¢|S])

Udrl‘l’ (p)F “(u)%.(rl)]

XKML (R)= VA oo R) +5VE_ o (R). .

14

According to this, the matrix elemerit') may be expressed
as -

St =St St (15
The matrix elementSt!, , and StJ, . may be obtained replac- He'ml) + Ps(1s)
ing SV in Eq. (13) by SV{_ . and SV, respectively.

As it was explained in |, the present CDW-FS-4b approxi-
mation describes capture and simultaneous excitation of the S _— ,
target. Considering Eq€13) and (14), it can be seen that the quantity"Ky, v appearing in Eq14) may be rewritten
both processes are produced simultaneously at Bapbsi-  as
tion. In other words and within a time-dependent representa- _ _ R
tion, capture and excitation are produced in a simultaneous SIC'Nfo,\,“(R):SE}\,fo(R)Y’,_‘f,\,,f(R) a7
way, time to time, during all the collision reaction.

As both electrons are indistinguishable, the matrix ele-with
ment ST in Eq. (12) is the coherent sum of two terms.

Sy2sts descrlbes the capture by the incident positron of an S pi N

electron initially in the 2pstate of the helium a['som to form ENfo(R)_ WLff drr RNfo(r

Ps(1s) with simultaneous excitation of the electron initially

in the 1s state of the target to a final state H&:L{M;). ( rL<f 5L [0

FIG. 2. Processekandg.

For future reference, this process is labeled.ty an analo- T SRi(r), (18
gous way, 3t1s?s describes the capture of & Electron to r>

form Ps(1s) with simultaneous excitation of aszlectron to

the same final stateN;L;M;) of He" and the process is Where we use the conventidrr 2|+ 1, r -=min(r,R), and
labeled byg. Both processetandg lead to same final state '>=max(,R).

and therefore are summed coherently. These processes areDifferential and total cross sections for an excited electron
sketched in Fig. 2. of quantum numberbl;L{M; are given by

In order to evaluate the CDW-FS-4b matrix element, a

partial-wave expansion technique has been used. By using d_U S 1 kg ST 19
Sei(N)=5R(NYoo(r) with i=1s or 2s, oy, .m.(r) d _4 2k, MaMB| | (19
= ~ = N UL N¢L My
=Ry, (1) Ye,m,(r), and¥ 5(p) =Rys(p) Yoo p) and the fol-
lowing development, and
1 s _J’ 40 do s 20
fff)(r)=|2 4m(i)'e* 21— F (kD) Yiin(R) Yim(F) (16) TNLM = al . (20
m e f
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We have also

SUNfo:% SoN,L M- (21)
f
Finally, the polarization fraction of the®- 1s multiplet line
of He" is given by

s S

O2p,~ 92p,

Sp= = s (22
O'2p0+ (szl

Two cases have to be considered.

A. Li#0

In this case, the scalar produ@d¥;L:M¢|Sj) with j=1s
or 2s is zero and only the second part of the express$iah
must be evaluated, i.e%! .. We have

STC) =St +(— 1)L, 23)

ST&_)=£BE i|ieia,iii|:1/2[§(:{|;sL25
ko271 i

—1)s %{ZSIS]YLfo(Rﬁ) (24

with
- (47)3? -
_kak+k_ 29

and
SZ{HL: ” i~ g8+, )( 1)|+|fA|Lf|fS‘R| i (26)

f
with

i, Ly L
x[ .y EH (27)
87’é:gl'f:J‘:dRF|f(k+|:2)s']‘}ij(R)Fli(ko‘R)' (28

SW(R>=H:drrF|<kr)%(r:R)SRmr)}ﬁ"Nfo(R),
29

- 1(+1 =
ﬂ(r;R)=EfflduRls(p)PKU), (30)

and
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p=(r>+R?>-2rRu)*2 (31

The functionsF(k.r) andF(k,r) are the Coulomb radial
functions with the Sommerfeld parameters= 8. and 7
=v,=0 (in this case, the Coulomb function reduces to a
plane wave respectively{see Eq.(8)]. The phase shiftsg,

are the usual Coulomb phase shifissardl’(I +1+i ) and

P, indicates the Legendre polynomial of degtee

B.L;=0

In this case, the scalar produgd¥;L;M;|Sj) with j=1s
or 2s is not zero and the two parts of the expressiad)
must be evaluated. However, due to the selection rules of the
Clebsh-Gordon coefficients, the difficulty is reduced since

=|;. We have

Cap—BZ i'ie! T2V, ok p) (32)

with
f ] . Ifel(élhsl)“‘tllstl ill¢ (33

f
with
IR NE

Ali—llf(o 0 0), (34)
SR, = J dRF (k,RSVI(R)F| (kR), (35

and

SVP(R)={f:drrﬁ(k_r)j,(r;R)SRi(f)}SWJva
(36)

with
P I 1 1
aeR=3 [ skl 5 SJPw @

and
W, = (NiLiM{[S)). (38)
Similary, the expressiorit!, . reduces to
gXC—BZ i'ie! T2 Y ok g) (39
with
) = ” i~ lgi(at 4, >A”fSR| , (40)
f

leading to
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. - - s AR5 .
%'J:Stgapﬁtgxc:@ iie! 25Ty, (k) (41)
and
BN S . 5
ST&B):EBZ I||el (Slil ilIZ[S/ZiliSZS_F ( _ 1)8 S]ﬁSlS]YIiO( kB) g
| 42§
with %
e
y - , S
STH =+ Uy @y z
&
In particular £
=
SO_ZS:CIE Ti|s/]|1iszs|2+clz Ti|sfz-|2isls|2
i i ©
+20(-1)S> {Re[S’Z"liSZS]Re[S’IIZiSls] 0 80 100 120 140 60 8 100 120 140
[ Impact Energy (eV) Impact Energy (eV)
+1Im [Sﬁszs]lm[s’]ffls]} (44) FIG. 3. Total Ps (%) cross sections for several Hdinal re-
sidual target statea) He*(1s). Initial singlet state: CDW-FS-4b,
with full line; CBA, dashed line. Initial triplet state: CDW-FS-4b, dotted
line; CBA, dashed and dotted linga) Same aga) but for He" (2s)
Ak it ot final residual target statéc) Same aga) but for He' (2p,) final

P12 (45) residual target statéd) Same aga) but for He" (2p,) final residual
a ™t = target state.
Note that 5o, has the form|f+ (—1)5g|? revealing inter-
ference effects between the processasdg. Unfortunately, ~ responsible for the TCS. This may be explained in the fol-
it was not possible to reducdr,, to a similar simple ex- lowing way. In the proces§ the 2 target electron is cap-
pression. tured and the § target electron has to be promoted to s 2
state of H&. On the contrary, in the procegshe 1s target
Il RESULTS electron is captured and the remaining target electron re-
' laxes to a 2 state of Hé, which is more convenient taking

In Figs. 3a), 3(b), 3(c), and 3d), CDW-FS-4b and CBA into account the overlap between initial and final wave func-
total Ps(®) cross section§TCS) with metastable helium tions. Although not shown here, the same is true for initial
targets as a function of the impact energy are presented fainglet terms and for CBA TCS. For final state Hés), the
the 1s,2s,2py, and 2, final states of the residual target situation is the opposite: the processlominates over the
He', respectively. processg. In considering the @, final state, bothf and g

It can be seen from the figures that there is no thresholg@rocesses may be, depending on the incident energy, of the
for the transfer-excitation process studied if the final residuafame magnitude, and the total cross section resulting from
target is left in a % state. On the contrary, for finm=2  their coherent sum evidences an interference effect. The
states, there is a threshold at about 40 eV. The threshold ma&ame is true for the [2; final state.
be obtained by using the energy-conservation law resulting Let us consider now the cross sections as the impact en-
in 38 and 39 eV for the initial singlet and triplet term of the ergy increases. It can be seen from the Fig. 3 that the limit
target, respectively. value of the CDW-FS-4b or CBA cross sections at the higher

In general, for a given target initial terfainglet or triplef ~ energies considered is different for the singlet or triplet ini-
and a given final residual target state, the CDW-FS-4b crostal term. However, the difference is quite small for the 1
sections are lower than the CBA ones as the impact energinal state of the residual target and bigger for tisead 2o
increases. It may be also seen from the figures that except féinal excited states of Hebeing much more pronounced in
the He™ (1s) final residual target state, cross sections correthe latter ones. For2final states, the gap between the TCS
sponding to triplet states dominate over the ones corresponderresponding to singlet and triplet initial terms, resembles,
ing to singlet states at high impact energy. in some way, the behavior of the TCS for excitation of he-

In Figs. 4a) and 4b), the contribution of the processés lium atoms by electron impact. For instance, the excitations
and g aboved defined to the CDW-FS-4b TCS is analyzedcorresponding to the transitions@— 3P and 2S—3°P
for the 2s and 2p, final states of the residual target, respec-[22] have different TCS as the impact energy increases al-
tively, for the case of the triplet initial term. For thes Znal  though the singlet term dominates the TCS whereas in this
state, the processis negligible being the procegsalmost  paper the inverse is true.
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FIG. 4. f and g processes in the CDW-FS-4b approximation.
Results for initial triplet term and for@ He'(2s) and (b)

Polarization fraction

FIG. 5. Polarization fraction(a) Initial singlet state(b) Initial
triplet state. CDW-FS-4b, full line. CBA, dashed line.
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T FeE

He' (2p,) final states. CDW-FS-4b, full line. TCS corresponding to
f process, dashed line. TCS corresponding pocess, dotted line. helium atom in a better way than the $tate of Hé .
This behavior of the cross section is different from the

As the energy impact increases, the transfer process leagne observed for positronium formation with ansf)L elec-
ing the residual target in as2state becomes dominant inde- tronic initial configuration of the helium atom leaving the
pendently of the initial target term. As explained above, forresidual target in a@state. This process has been studied in
the final X (1s) state the process (f) dominates the reac- | and it has been shown that it is almost negligible as the
tion. In particular, TCS for the final He{1s) state are lower impact energy increases. The reason is that in that case one
than the ones corresponding to H&s). This may be un- of the electrons is captured essentially by re-arrangement
derstood by using matching velocity arguments for the capfthe overlap between<2final and Is initial states is rather
ture process and taking into account the overlap of initial angmal)) while the other must be excited to as &tate through
final wave functions given by the tergiN:L{M|Sj) [both  an optically forbidden transition. In the present case, the non-
terms of Eq.(14) collaborate in this case a5#0]. Asitis  captured electron is in as2state of the helium atontas
well known [7], electron capture at intermediate and highdiscussed above, procegsis dominant in this cageand
impact energies is more probable to occur when the projecsuffers a transition to astate of the Hé.
tile velocity is close to the mean orbital velocity of the elec- In relation to 2 final residual target states, the polariza-
tron to be captured. Then, capture from anatbital is more  tion fraction of the — 1s multiplet line of He" defined in
favorable at energies higher than the ones corresponding ®q. (22) may be useful in experiments to be made. By mea-
capture from a 8 orbital. Therefore, as the impact energy suring the polarization of the light emitted through the de-
increases, capture from thes Dbrbital of the initial (1s2s) caying of the residual target to its ground state, information
electronic configuration of the helium atom becomes domi-about the population of the@final states produced during
nant. The remaining electron is left in an excitesl2ate of  the collision may be obtained. In Figs(ab and Zb), the
the He" residual target that overlaps thes ®rbital of the ~ CDW-FS-4b and CBA predictions for the polarization frac-
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tion of the 20— 1s multiplet line of He" are shown for the cess to the Ps() formation is more important for others?
initial singlet and triplet terms, respectively. In the case of atargets such as the alkaline-earth metals. The contribution to
singlet, CDW-FS-4b and CBA results are similar in shapethe Ps(X%) formation coming from excited states of these
On the contrary, they are quite different for the triplet term.targets may also play a more prominent role than they do in
In both cases, the polarization fraction is always positive. helium. This could be also the case for other two-active elec-
tron systems such as multicharged ions for which metastable

IV. CONCLUSIONS AND PERSPECTIVES species are present in a high proportion in the obtained

) ‘beamd[19]. This is matter of future work.
The CDW-FS-4b model has been applied to study posi-

tronium formation in ground state through charge transfer
and simultaneous excitation of helium targets initially in the
2'S (singled and 2S (triplet) metastable states by impact of
fast positrons. For Hg(2p) final residual target states, inter-  Fruitful discussions with Gear Rammez are acknowl-
esting interference effects in the TCS have been found. It hasdged. This work was partially supported by the French-
been shown that at high impact energies, the channel leadimyrgentinean ECOS-Sud prografiNo. A98E0§. O.A.F. and

to He'(2s), as a final residual target, becomes preferentialR.D.R also acknowledge support from the Agencia Nacional
The same reaction was studied in | for helium atoms in ale Promocia Cientfica y Tecnolgica (BID 802/0C-AR
ground state. In this case, the preferred residual target waICT No. 03-04262and the Consejo Nacional de Investiga-
He™ (1s). At the higher impact energies studied, TCS for theciones Cienficas y Tenicas de la Rephalica Argentina. The
analyzed metastable states of the target are at most 5—10% atfithors would like to thank the CINE&enter Informatique
the ones corresponding to helium atoms in a ground state. ANational de I'Enseignement Superi¢uor providing free
discussed in I, the contribution of the transfer-excitation pro-computer time.
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