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Positronium formation and target excitation in positron-helium scattering have been investigated using the
close-coupling approximation with realistic wave functions for the positronium and helium atoms. The follow-
ing eight states have been used in the close-coupling schemesHg(He(1s2's), He(1s2'p), He(1s3's),
He(1s3p), Ps(s), Ps(%), and Ps(p), where Ps stands for the positronium atom. Calculations are reported
of differential cross sections for elastic scatering, inelastic target excitation tosPf)land He(®2'p)
states, and rearrangement transition to Bg(Ps(%), and Ps(®) states for incident positron energies be-
tween 40 and 200 eV. The coincidence parameters for the transition to thep}]state of helium are also
reported and briefly discussd&1050-29478)05101-4

PACS numbsdis): 34.90+q

I. INTRODUCTION angle-integrated partial cross sections for elastic and differ-
ent target inelastic channels. Here, we present results for dif-
Of late, there is a renewed interest in positron-atom scatferent differential cross sections and coherence parameters
tering due to the improvement in the nature of positronnot only for the relevant elastic and inelastic channels but
sources and the positron beaftrj. Among all positron-atom also for the rearrangement channels.
systems, the positron-helium system is of special interest to Recently, we have reported results for angle-integrated
experimentalist$2,3] and is widely studied as it has all the partial cross sections for elastic, inelastic, and Ps-formation
complicated features of a many-body system, but few-bodgross sections at medium energies for positron-helium scat-
techniques can be employed conveniently as in the positroriering [11,12 using the above-mentioned CCA scheme for
hydrogen system. Moreover, due to the difficulty in obtain-incident positron energies between 25 eV and 400 eV. The
ing an atomic hydrogen target, the experimental activity iscalculated cross sections were in good agreement with the
limited in the case of positron-hydrogen scattering. On theavailable experimental results. Two promin&hivave reso-
other hand, there have been many experimental studies ofinces have also been reported in the positron-helium sys-
target excitation and positronium formation in low and me-tem at 19.27 eMwidth 0.001 eV [12] and at 30 eMwidth
dium energy positron-helium scattering. 2-3 eV) [13]. However, a study of the differential cross
Besides the experimental work®,3], there are numerous sections and the coincidence parameters is necessary for a
theoretical studies of positron-helium scattering using vari-complete description of scattering. Here we report the differ-
ous theoretical methods, such as the classical trajectomntial cross sections for elastic scattering, inelastic target ex-
Monte carlo techniquéCTMC) [4], the random phase ap- citation to He(52's) and He(k2'p) states, and rearrange-
proximation[5], the distorted wave approximatidé], and  ment transition to Ps(€), Ps(Z), and Ps(p) states for
the close-coupling approximatid@CA) [7—13]. This allows incident positron energies between 40 and 200 eV. We also
us to compare different theoretical treatments with experipresent the results for the coincidence parametei@nd y
ment and assess their usefulness. Of all the approximatidior excitation to the He(42p) state.
schemes mentioned above, only the CCA fully includes the The positron-helium system is one of the simplest systems
effect of coupling between various target states. The CCAvhere the total capture cross sections to the Ps atom states
provides a practical framework for treating electron-atom orare comparable to elastic and inelastic cross sections. Hence
positron-atom scattering and handles the elastic, excitatiornab initio dynamical description of the Ps formation in this
and rearrangement channels in a unified way. It is of use isystem using realistic wave functions is most welcome.
positron-atom scattering for both small and large atptdd  However, because of the two-centered nature of the final
and yields a calculational scheme which can, in principle, bestate in the Ps-formation channel and of the presence of two
improved upon by including more functions in the basis setactive electrons, the theoretical description of Ps-formation
We perform a detailed study of medium energy positrondin positron-helium scattering is a difficult task. This is why
helium scattering in the framework of eight-state CCA in-most of the CCA calculations for this system have either
cluding two dynamically active electrons and using realisticneglected the Ps-formation sta{&s10] or treated them ap-
wave functions for the helium and positroniufR9 atom  proximately by employing an effective one-electron model
states for incident positron energy between 40 eV and 20€r helium and also simplified wave functions for the posi-
eV. The eight states included in the present CCA study are a&sonium atom[8].
follows: He(lsls), He(1s2's), He(1s2'p), He(1s3%s), In Sec. Il we present a theoretical description of our
He(1s3'p), Ps(1s), Ps(&), and Ps(D). Most of the other  study. We present the details of the wave functions as well as
theoretical studies on this system only presented results fahe partial-wave scattering Lippmann-Schwinger-type CCA
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equations used in the present study. In Sec. Il we report the S 5 1

numerical results for differential cross sections for elastic, ~ Tpa(7'k",7K) =B (7'K", k) + 5— > J K"dk”
inelastic, and rearrangement collisions and for coincidence 8
parameters for inelastic transition to the Hs21p) state. BJBK( 7'k, KT (7K, 7K)

Finally, in Sec. IV we present a summary of our study. K2 12=i0 , (2.5
Il. THEORY with
In the CCA, the total wave function for the positron- 5 (kk’)? o
helium system is written as BTk, 7K)= S5 > (LIMm M)
MMM mm’
V(P Tg)= 2 @,(F1.F5)F (Fa)xa(3,2D X<L'MmlJM>f dkdk'Y{y (K')
XY m(K)Bga(K' K). (2.6)

+2 YD) 7129 GL(Rog) x1(1,23
" HereTf;a(r’k’,rk) is thet matrix for transition from chan-
nelato B, k andk’ are the relevant wave numbetsandM

+G2A(Roa) x2(1,23]+ X P11 7,(19) are the orbital angular momentum and the projection quan-
“ tum number of the relative motion, respectivdlygndm are
X[Gi(ﬁls)xl(ll@—GS(|§13)X2(2,13)], the angular momentum and the projection quantum number

of the atomic states, respectively, andtands for the collec-
(2.1)  tive quantum numbersn(l,m) of the atomic states) being
the principal quantum number. The off-shell parts of the
CCA Born terms for all the rearrangement channels are in-
cluded in the calculation.
The elastic unitarity relation is given by

with rij=|Fi—Fj|, ﬁij=|Fi+Fj|/2, wherer; (i=1,2) are the
coordinates of the atomic electrons anglis the positron

coordinate. Herab (ry,r,) and 7,(r;;) are therth andth
eigenstates of the helium and the Ps atoms, respectively. The ; 1 5

ground-state wave function of the residual helium ion after IMm[ T3k, k) 1= 5 — T2k K)[%, (2.7
positronium formation iSIJIS(ﬂ) (i=1,2); FV(FS) describes

the motion of the incident positron a,(R;;) describes the Where Im stands for the imaginary part and the elastic chan-
relative motion between the Ps atom and the helium ion. Th&el is denoted by suffixx=g=1.

superscript©D and P on G denote the Ps atom in the spin-  The helium wave functions used in the present calculation
triplet (ortho) and spin-singletparg states, respectivelyy,  are taken from Ref{15]. These wave functions are fairly
and y, are appropriate spin functions. The capture probabilf€alistic and produce accurate energies not only for the
ity of a positron by an atomic electron in the ortho state isground state but also for the excited states of the helium
three times that in the para state, so t&=v3GP, and atom. Of the different ground-state wave functions presented
these two possibilities are summed in our treatment. there, we used the one given by E@7). Exact analytic

i r1fo.T isfi ; functions were used for the Ps atom states.
The wave function®(ry,r,,rs) satisfies the following “V&Ye , _ |
Schralinger equation: The partial-wave CCA equation@.5) for the t matrix

were solved by the standard matrix-inversion technique
[7,16]. This yields the various on-shell scattering amplitudes

(H=E)¥=0, (2.2 in the momentum space. The differential cross sections have
been obtained by using the standard relations.
where the full HamiltoniarH of the system is given by In addition to calculating the differential cross sections,

we also calculated the positron impact coherence parameters
for the excitation to the He(€2!p) state of the helium atom
and rearrangement transition to the Rs)(3tate of the pos-
M ' itronium atom. There have been previous calculations of co-
herence parameters for excitation to the H&(*p) state of
the helium atom in electron-helium and positron-helium scat-
tering, respectively10,17.
For a detailed understanding of the transition to a non-
1 _, zé e? s-wave atomic state, for example, the HeRip) state of
)—2 - (2.4 helium, in addition to the differential cross section, a study
of the coherence parameters is necessary. In this case the
final state is a coherent superposition of degenerate magnetic
After a partial-wave projection, the coupled Lippmann-sublevels:
Schwinger-type scattering integral equations of the CCA be-
come[7] |UY=a,|11)+ag|10)+a_4]1—1), (2.9

(_ivg_g

with
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FIG. 1. Differential cross section@n units of ag) for elastic

(=] =
scattering of helium by positron at different incident energies in the 1o ) ]
CCA approach. The curves are labeled by different incident ener-
gies. B .

10 .

where the amplitudey,, describes the excitation to the par-
ticular subleve|J=1,M) of the He(1s21p) state. Assuming
azimuthal symmetry of the scattering process, one has

il v ndned

Differential cross section (units of a 2)

a;=—a_;. The differential cross section for the excitation 1074 <
of the He(1s2'p) state is the sum of the three possibilities : \10\0\
and is given by I N R
0 30 60 90 120 150 180
1 Scattering angle(degree)
o= 2 |aul®=2lay*+|agl?, (2.9 . . . 2 .
M=-1 FIG. 2. Differential cross sectior(g units ofag) for excitation

to the He(k2's) state in positron-helium scattering employing the
where|a,,|? is the differential cross section for exciting the following CCA basis sets:(a) He(lsls), He(1s2's), and

angular momentum state of projection. He(1s2'p) states; (b) He(1sls), He(1s2's), He(1s2!p),

The amplitudesa,,, M=—1,0,1 are the outputs of the He(1s3's), He(1s3'p), Ps(ls), Ps(Z), and Ps(®) states. The
dynamical CCA calculation. In general, these amplitudes areurves are labeled by the energy of the incident positroia)ithe
complex. The differential cross sectidd.9) does not pro- solid lines are the present results and the dotted lines are taken from
vide completely detailed information about these amplitudesWillis et al.[10].

Two more parameters and y have been introduced for this | . . . . .

purpose. These dimensionless parameters, in addition to tﬁQX equation of d'me”S'Of? 400. "? n@waves, the dimen-

differential cross section, provide a better description of the’'o" of the complex matrix equation Is 5.50' L .

final state of scattering. The parametgorovides the relative The results for angle-mtegrated parna] elastlc., inelastic,
and rearrangement cross sections of positron-helium scatter-

phase betweea, anda, and is defined by17] ing were reported in Ref12]. For obtaining convergence of

a the angle-integrated cross section, (18) angular momenta
2= Zlexpiy). (2.10  J states were needed for energies up to 80200 e\). For
8 |8 the differential cross sections andand y parameters it was

more difficult to obtain convergence. For elastic scattering
and rearrangement scattering to the R¥(dtate, 15 angular
momenta were needed for obtaining convergence. For tran-
SN Lo S— (2.1  sitions to He(k2's), He(1s2'p), He(1s3's), He(1s3'p)
2|ay|*+|a states of helium and Ps¢p and Ps(®) states of positro-

) nium, 30 angular momentum states were employed. The con-
In the present study we calculate these parameters for inelagihytions of higher partial waves not included in the CCA

The parametek is defined by

|ag|?

tic excitation to the He(22"p) state. dynamical calculations were approximated by the respective
Born terms and added to the results of the dynamical calcu-
I1l. NUMERICAL RESULTS lations.

First, we present the results for various differential cross
sections. In particular, we consider elastic and inelastic cross

The momentum-space CCA equations were first dissections to He(41s), He(1s2's), He(1s2p), He(1s3's),
cretized by using Gauss quadrature points and then solved and He(k3p) states of helium and rearrangement cross
the matrix-inversion technique. Some 50 Gauss points wergections to Ps(d), Ps(%), and Ps(p) states of the positro-
needed in each channel for obtaining convergenceSIn nium atom. Differential cross sections for transitions to
wave, the eight-state CCA equations lead to a complex maHe(1s3's) and He(%3!p) states are found to be negligible

A. Differential cross section
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FIG. 3. Differential cross sectior(@ units ofa(z)) for excitation FIG. 5. Differential cross sectiorii units ofa(z)) for rearrange-

to the He(k2'p) state in positron-helium scattering employing the ment transition to the Psg2 state in positron-helium scattering
present eight-state CCA scheme. The curves are labeled by differeamploying the present eight-state CCA scheme. The curves are la-
incident positron energies. beled by different incident positron energies.

in comparison to that for He@R's) and He(®k2!p) states. different from the eight-state results. This shows the neces-
Hence, these transitions are not considered here. sity of the positronium atom states for obtaining convergence

In order to show the general trend of the result, we perof the elastic and inelastic positron-helium scattering cross
formed calculations at the following incident positron ener-sections.
gies: 40 eV, 60 eV, 80 eV, 100 eV, and 200 eV. The differ- Finally, we present the differential capture cross sections
ential cross sections for elastic scattering of helium byto the Ps(3%), Ps(%), and Ps(d) states in positron-helium
positron obtained by the eight-state CCA scheme are plottesicattering using the present eight-state CCA scheme in Figs.
in Fig. 1. 4,5, and 6, respectively.

Next, we present results for different inelastic differential At higher energies the differential cross sections for elas-
cross sections. There have been previous calculations for ittic and inelastic positron-helium scattering are expected to be
elastic transitions to the He§2's) state employing the similar to that of the electron-helium system, where the ef-
three-state  CCA scheme with the states HAE), fect of exchange is expected to be small. By comparing our
He(1s2's), and He(®2p) [10]. Hence, we find it appro- results with those of Ref§10, 17 we find that this general
priate to compare our results with those of R&0] employ-  trend holds in the present calculation.
ing the same three states of helium and we do that in Fig.

2(a). The agreement between the two calculations at 100 and B. Coincidence parameters
200 eV is very satisfactory. In Fig.(® we present the re-
sults of the present eight-state CCA calculation for inelastic[h

transitions to the He(@2's) state. In Fig. 3 we plot the dif- . R ) L

) ) o scattering. While differential cross section is the measure of
ferential cross section for excitation to the HeRip) state o ST O .
) ; : . ) . the probability of scattering in different directions, the di-
in positron-helium scattering employing the present eight-

state CCA. We find that, in general, the three-state results arr(r;ensmnless coincidence parameters describe the state of the

We also studied the coincidence parameterand y as
ey are equally important for the complete determination of
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FIG. 4. Differential cross sectiorig units ofag) for rearrange- FIG. 6. Differential cross sectiorigé units ofag) for rearrange-

ment transition to the Psg]l state in positron-helium scattering ment transition to the Ps(d state in positron-helium scattering
employing the present eight-state CCA scheme. The curves are l@mploying the present eight-state CCA scheme. The curves are la-
beled by different incident positron energies. beled by different incident positron energies.
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FIG. 8. Alignment parameter(y) for excitation to the

He(1s2p) state in positron-helium scattering at incident positron He(1s2'p) state in positron-helium scattering at incident positron

energies 40 and 80 eV employing the three- and eight-state C

CAnergies 40 and 80 eV employing the three- and eight-state CCA

schemes of Fig. 2. The curves are labelled by different incidenschemes of Fig. 2. For notations, see Fig. 7.

positron energies; 3st—present three-state CCA, 8st—present three-

state CCA, 80w—three-state CCA from REZO0].

atoms after the collision. We calculatédand y following
Eminyanet al.[17] for transition to the He(421p) state. In

Figs. 7 and 8 we plot tha and y parameters, respectively,
for transition to the He(42'p) state employing the present

IV. SUMMARY

We have performed an eight-state CCA calculation for
positron-helium scattering at medium energiéé eV—-200
eV) employing realistic wave functions for helium states
[15] and exact Ps-atom wave functions. We present results
for differential cross sections fafa) elastic scattering(b)
inelastic transition to He(@2's) and He(k2!p) states of

eight-state CCA scheme as well as the three-state CCRgjiym, and(c) rearrangement transition to Ps)1 Ps(%),

scheme employing the following states: Hsl$),
He(1s2's), and He(®2'p). For comparison we also

and Ps(®) states of the positronium atom. In addition, we
present results for the coherextand y parameters for in-

present the results of the three-state CCA calculation of Reklastic transition to the Heg€Rp) state of helium. The re-
[10]. The present three-state result is in reasonable agresults of the present study are consistent with the three-state

ment with that of Ref[10].
The nature of the alignment paramejeaccording to our
three-state CCA scheme at 80 eV agrees well with that

Ref.[10] only up to #=30°. We also got a broad maximum

at 30° as in Ref[10], however, with a slightly higher value.

calculation of Ref[10].
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