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Electron exchange model potential: Application to positronium-helium scattering
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The formulation of a suitable nonlocal model potential for electron exchange is presented, checked with
electron-hydrogen and electron-helium scattering, and applied to the study of elastic and inelastic scattering
and ionization of orthopositroniufP9 by helium. The elastic scattering and the2 excitations of Ps are
investigated using a three-Ps-state close-coupling approximation. The higha8) (excitations and ionization
of Ps atoms are treated in the framework of the Born approximation with present exchange. Calculations are
reported of phase shifts and elastic, Ps excitation, and total cross sections. The present target elastic total cross
section agrees well with experimental results at thermal to medium endig§i350-2947©9)04201-§

PACS numbd(s): 34.10+x, 36.10.Dr

I. INTRODUCTION sured[2]. However, it is of serious concern that dynamical
calculations with the reliable and widely used static-
The neutral Ps beam provides a great deal of advantagexchange model with usual antisymmetrizatidn-6] fail se-
over charged projectiles as a probe to study the structure oferely yielding very large total cross sections compared to
atoms, molecules, and surface. Recently, there has beentt® measured dafd,2], especially at low energies. The ex-
great deal of interest in positroniuniPs) atom scattering periments of Refs[1,2] are consistent among themselves.
due to the improvement of Ps sources and Ps beams. Totahey collectively suggest a lowering trend of cross sections
scattering cross sections of ortho-Ps, which has a larger liférom a peak at 20 eV towards lower energies. This trend is
time than para Ps, have been measured for various targatsissing from all previous published calculations. Moreover,
[1,2] with an objective of understanding the Ps-interactiondue to the large error bar on the measured cross section at 10
dynamics with matter. Among all Ps-atom systems, theeV of Ref.[1] and the absence of data near Ps excitation and
positronium-hydrogefPs-H system is the simplest and is of ionization thresholds, it is not clear whether the cross section
special theoretical interef8]. However, due to experimental has a minimum or not in this energy region. The present
difficulties in obtaining a nascent-hydrogen atomic targetstudy also addresses this feature from a theoretical point of
there has been no experimental study of Ps-H scattering. Thaew.
next most complicated Ps-atom system is the positronium- The proper inclusion of the exchange effect is a major
helium (Ps-Hég system in which there are good experimentstechnical obstacle in performing dynamical calculations in
on total cross sectiornd,2]. However, there are no theoret- complex systemf9]. The effect of electron exchange is usu-
ical studieg4-7] which can account for the measured totalally accounted for in a quantum dynamical calculation
cross sections of ortho-Ps-He scattering. We address thterough the antisymmerization of the wave function, which
present study towards an understanding of the measured totatroduces nonorthogonal functions to these calculational
cross sections of Ps-He scattering at low and medium eneschemes including the usual static-exchange model. These
gies using a suitably developed model exchange potential. antisymmetrization schemes with nonorthogonality defects
The interaction of a neutral Ps atom with a neutral atomlead to overcompleteness in the Hilbert space and associated
or molecule is very much different from that of charged elec-theoretical and numerical difficulties in the CCA and related
trons and positrons with neutral targ¢8&. In any Ps-atom formalisms. Moreover, when short-ran@xchanggcorrela-
scattering, the elastic and even-parity state transition diredtons are important, the CCA converges very sloyig].
amplitudes to the close-coupling approximati@CA) are  Several discussions and prescriptions to remedy this defect
zero[3] due to internal charge and mass symmetry of Ps. Irhave appeared in the literature in connection with electron
addition, the adiabatic polarization potential is also zero andmpact scatterind9]. This problem has been overcome to
the electron-exchange mechanism appears as the main driseme extent in electron-impact scattering using different
ing force at low energies apart from the correction expecteanethodologies—with an essentially exaeariationa) treat-
from polarization and the Van der Waals foféd. This was  ment of exchange in simpler cases, with effective correlation
not the case for electron-impact scattering, where both thand suitable model potentiald1] for larger targets. Gross
direct and exchange interactions play a role in determiningleviations of previous calculatiofi$—6] on Ps-He scattering
the solution of the scattering equations. The Ps-atom systefrom measurements at low energigd could be a conse-
allows the possibility for studying the effect of exchange inquence of the nonorthogonality defect and/or the inadequacy
an environment characteristically different from that of theof the correlation effect in exchange-dominated Ps-impact
electron-atom system due to the composite nature and thexattering, especially at low energies.
underlying charge and mass symmetry of Ps. Recently, in To address this problem, we choose to remove the nonor-
addition to the total cross section at medium to high energiethogonality from the exchange kernel of the momentum-
[1], thermalization of Ps in gaseous He has also been meapace CCA equation by using a suitable model potential. The
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additional simplicity of the present exchange potential makes
it very attractive for performing dynamical calculations in g(kfaki)NJ dr ¢* (r)u(r.ki k) é(r), (2.2
many-electron systems. The exchange model is shown to be

readily applicable to electron- and Ps-impact scattering probgnere the form ofU is to be determined. We consider the
lems. In order to test the generality and reliability of thentegration over the coordinate of the final projectile electron
exchange mode_l, we apply it to glectmn-hyQogeﬁ—(H) r, of Eq. (2.1 below. Using &(r) = 2432 exp(- ar),

and electron-heliume(”-He) scattering, in addition to Ps-He taking Fourier transformation, and performing the integration

scattering. _ . overr,, we obtain
We present a theoretical study of ortho—Ps-He scattering

employing a three-Ps-state CCA scheme in momentum space
where the usual nonorthogonal exchange kernel arising from
antisymmetrization is replaced by the present model ex-
change potentials. The helium atom is always assumed to be 52 ) .
in its initial ground state and the P} Ps(2), and Ps(®) _Aa exp(—iki -rp) expliq-ra) 2.3
states are included in the coupled-channel calculation. Being 77 q (ki—q)?  (g°+a®)?" '
the lightest atom, Ps is more vulnerable to excitation than the

inert helium atom in Ps-He scattering. Also, the Ps-excitation _ 2. .
thresholds are the lowest ones ingthis system. Hence, th'%ny average value prescription fok{(~q)” in Eq. (2.3) will

resent three-Ps-state model seems to be a reasonable oner duce Eq(2.]) to form (2.9). Then, in the model exchange
P ?ential, the final- and initial-state wave functions will be

describe Rs—He scattering f.rom low to medlym Energies. .Thgxpressed in terms of the same coordinates. Recalling that
cross sections for higher discrete and continuum eXC|tat|ontsne internal kinetic energy of qu/z) is given bya2/2 in

of Ps atoms are calculated in the framework of the first Bomatomic units, we take the average aff as o2, and set k,

approximation including present exchange. These Born cross
bp gp g g)zw(kf2+ o?), where the average value of the scalar

sections are added to the above three-Ps-state cross section . . .
to predict the target elastic total cross section. product is assumed to be zero. After taking an inverse Fou-

The plan of the paper is as follows. In Sec. Il we presenlrier transformation in Eq(2.3), the final model exchange

the model exchange potential for electron-impact scatterimﬁ’o'[em'al takes the following simple form:
and numerical results for electron scattering by H and He. In

1 .
IEJ’ dr, r—12¢>(r1)exp(—|kf -rq)

Sec. lll we present the model exchange potential for Ps- -2 . )

impact scattering and numerical results for Ps scattering by ~ 9(Ks ,ki)wm f ™ (r2)expiQ-rz) ¢(rp)dry,
He. Finally, in Sec. IV we present a summary of our find- f (2.4)
ings. .

whereQ=k;—k; . Although we derived Eq.2.4) for elastic
Il. EXCHANGE POTENTIAL FOR ELECTRON-IMPACT scattering, this result is straightforwardly extendable to in-
SCATTERING elastice™ -H scattering to a final H(22p), H(3s,3p,3d),
etc. orbital. In such cases the final model exchange potential
Although we are mostly interested in developing an ex-for the transition from state to »’ becomes

change potential for Ps-impact scattering in this work, first

we illustrate and check our model in the case of electron- 2

atom scattering where the exchange potential is well under, | N f * ‘0.

control. We develop the present exchange modeleforH 9urki ki) K?+a? ,/(12)8XRIQT2) ,(r2)drz,

elastic scattering using a H§) orbital and finally extend it (2.9

to the case of inelastic scattering by a complex target de-

scribed by a Hartree-FockHF) wave function. The ex- \here the parameter, refers to the initial state. The form
change potentials are derived from the following nonor-g¢ this notential is not time-reversal symmetric: for a sym-

thogonal exchange transition amplitufdel]: metric form, see the discussion after £}.9).
Similar model potentials were derived by Ochkur and also

1 . 1 by Rudge[12]. Ochkur’s result is obtained by setting=0

9(ky,ki)=— o f drydra¢*(rp) r_u¢(rl) in the prefactor of Eq(2.5). Rudge’s result corresponds to
taking the prefactor 2+ ?) ~*=(k;—ia) 2. The model

xXexdi(ki-ra—=Ke-rq)], (2.1)  exchange potentigR.5) has the following desirable physical

properties. This potential is the strongest at the lowest pos-
where the position vector of the incidefiarge} electron is ~ sible energy k;=0) for the weakest bound atomic orbital
r, (ry). Here ¢ is the wave function of Hk; (k) is the (a,—0). Hence, the effect of exchange is more pronounced
initial (final) momentum of the incident electron, and at low energies for the loosely bound orbitals.
ri,=r,;—r,. Amplitude (2.1) is the leading term of the ex-  For a general HF wave functionj(rq, ... rj, ... Iry)
change amplitude at large energié@®] and also the usual =A[H}\':1¢j(rj)], whereA is the antisymmetrization opera-
starting point for deriving model exchange potentigld].  tor and the position vectors of the electrons are |
To remove the nonorthogonality aspect, we seek an ex=1,2,...,N, and the atomic orbitalg;(r) have the follow-
change potential of the form ing form:
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Summing over appropriate target electrgnand allowing o F N .
for inelastic channels, the full exchange potential is given by & N .
2a,a,; s [\ :
a, a = \
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'j ﬁ L\ i
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DKK " [k2+ C(KJ] (28) 1 1 1 ] 1 L I | ! 1 1 ]
0 40 80 120
where¢,;(r) is the kth function of thejth electron andv,; Energy (eV)
refers to the initial state angi (=0,=1) has to be chosen
according to the spin symmetry. FIG. 1. Elastic electron-hydrogen cross section: present static

The model potential2.7) with prefactorD,,; of Eq.  exchange modebashed—double-dotted lingresent Borr{dashed
(2.9 is not time-reversal symmetric. However, if we perform line); present H(%,2s,2p) model (full line); total first Born with
the integration over the initial projectile electrop in Eq.  Oppenheimer exchang@lashed-triple-dotted ling polarized or-
(2.2) first, and carry on a similar procedure we obtain ex-bital model by Temkin and Lamkin[10] at lower energies
change potential2.7) with D ... | (k2+a ) wherea,| (<10 eV) and CCA model by Callawall5] at higher energies

dashed-dotted line experiment (solid circles, Ref. [14])
refers to the final state. These two p055|b|I|t|es suggest th (15,25,2p) CCA model results by Burke and Schio] are very
following symmetric prefactor:

close to Temkin and Lamkin and are not shdgwn

2
D = [(KIH+KF)/2+ (e +a 2] (2.9 (2.7) and (2.9, where we exhibit the exchange Born, static-

exchange, and H{E2s,2p) cross sections without variation

in Eqg. (2.7). The two possibilitieg2.8) and(2.9) correspond  of the parametes. In this figure we compare the low-energy
to two averages. At high energies, the model exchange p@ross sections with experimental resiitgf| and the calcu-
tential (2.7) with different averaging prescriptions leads to lations by Temkin and Lamkifil0]. At medium energies the
the Oppenheimer exchange potenfidB]. However, at low results are compared with an essentially converged calcula-
energies the cross section is sensitive to the averaging préion of Callaway[15]. We also plot the total first Born cross
cedure and the value of the parametéen prefactorg2.8) or ~ section with Oppenheimer exchanfiE3]. At low energies
(2.9). This sensitivity may well be exploited to tune the pa- the present H(4,2s,2p) cross sections are an improvement
rametera of a particular averaging procedure in order toover the present static-exchange cross sections. At higher
obtain a better fit with experiment at low energies. energies they are essentially identical and only the static-

Although the model potentia(2.7) is derived for the exchange results are shown. At large energies, as expected,
ground state of the atomic target, it is straightforward to se¢he present cross sections tend to the total first exchange—
that the same result is also valid for target excitations in th&Born (Born+Oppenheimer exchanpgeesults. Both at low
final state using a similar averaging prescription. Henceand medium energies the agreement of the present cross sec-
model potential(2.7) is equally valid for both elastic and tions with the results of other workers is encouraging. We
inelastic scattering by the target. verified that both the exchange Born and static-exchange

We have used the exchange potenfal) in e -H and  cross sections are sensitive to the variation of the parameter
e -He scattering and calculated the elastic cross sectiong in the prefactor(2.9). We demonstrate the effect of such
We also demonstrate the effect of different averagingvariation at low energies in the study ef -He scattering
procedures—symmetric and nonsymmetric—and the variawhere it seems more relevant.
tion of the parametewr whenever relevant. In the case of In Fig. 2 we plot the present static-exchange cross section
e~ -H scattering, we exhibit the results for an elastic crosof electron-helium scattering for the model exchange poten-
section in a coupled H(2s,2p) model using the above tial given by Eqs.(2.7) and(2.9) with the HF helium wave
exchange potential in the symmetric fo 9 with the ex-  function of Ref.[16]. In this case we present results for first
act value of the parametew. For e -He scattering we exchange—Born and static-exchange elastic cross sections
present results for an elastic cross section in the statiowith the exact parametergs. Here we also present results
exchange model using the symmetric fo(n9). In the case for static-exchange cross sections with modified value for the
of He we present a variation of the parameter so as to obtaiparametersy [ (q?) = (0.4a)?] in the prefactor(2.9) for both
a better fit with experiment. x and «’ corresponding to initial and final states, respec-

In Fig. 1 we present results fer -H scattering using Egs. tively. [The parameters in the helium wave function under
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where U is to be determined. We consider the integration
over the coordinate of the final projectile electngnof Eq.
(3.1) below. Using ¢(r)=m"2a%? exp(~ar) and x(t)

=~ 12832 exp(— pt), taking Fourier transformation, the in-
tegralZ overr, is given by

1
7= [ druxt (1) - dtrex—ik; -5,
12

4(apB)®? exp(—iks -r5/2)
= f dpdg ——F—— 7
™ (ki2—=p+q)

expig-tp) explip-rp)

(3.3
FIG. 2. Elastic electron-helium cross section: present static ex-

B (P
change with exact parametess(dashed-dotted line present Born . s
with exacta (dashed ling present static exchange with modified Again vge employ an a\_/eragg value prescription flf/2
(full line); He(1s,2s,23s,2p,2%p) CCA calculation of Burke P71 d)” in Eq. (3.3 which will reduce Eq.(3.1) to form
et al. (dashed—double-dotted line, RefL8]); experiment (solid (3.2. Recalling that the internal kinetic energies of(tép-
circles and crosses, Réfl7]). resented byp2/2m, m:].) and Ps q2/2m, m:l/Z) are
given by &?/2 and 82 in atomic units, we take the averages

the integral in Eq(2.7) are left unchanged, as they should Of P> and g as a® and g, respectively, and sek{/2—p
be] The results are compared with experimental results and-@)>~ (k{/4+a*+ %) in Eq. (3.3, where the average val-
the five-statg He(1s,2's,23s,21p,23p)] CCA calculation ues of the scalar products are assumed to be zero. After
of Burke et al. [18] using the model exchange potential.  taking an inverse Fourier transformation in E§.3) and

The present static-exchange cross sections agree reasdfansforming the set of variablesr,,r, to t,,ry,r,, where
ably with experimenf{17] at medium to high energies. The the Jacobian is unity, the final model exchange potential be-
variation of the parametet in this case has led to good COmMeEs
agreement with experiment and the CCA calculation of ,
Burke et al. [18] at lower energies. For obtaining a better 4(—1)t+t
agreement with experiment, the effect of excitation and po- gk ki)~— K24+ a?+ B2
larization of the target should be taken into account. This
could be done by considering a coupled-channel calculation
with helium excitations as in the electron-hydrogen scatter-
ing considered above. With this reliability achieved in the
e -H ande™ -He systems, we extend this exchange model to
Ps impact cases.

Xf d* (rp)exp(iQ-ry) ¢(ry)dr,

xfX*(tz)exp(iQ~t2/2)X(t2)dt2, (3.9

wherel (1) is the angular momentum of the initidinal) Ps
state and Eq(3.4) has been multiplied by—1). This pro-
vides the correct sign of the exchange potential given by
formal antisymmetrization for elastic and all Ps excitation

. channels. This exchange potential could be considered to be
~ Here, we first develop the present exchange model poteny generalization of the Rudge-type exchange Born amplitude
tial for Ps-H elastic scattering using a H{)lorbital and  [12] for electron-impact scattering to more complex situa-
finally exten_d it to inelastic Ps scattgring by a many—bodytions_ For a general HF orbitdP.6), summing over appro-
target described by a HF wave function. We start with theyjate target electrong and allowing for inelastic Ps chan-
following nonorthogonal exchange transition amplitdidia]: nels, the(target-elasticmodel exchange potential is given by

I1l. EXCHANGE POTENTIAL
FOR POSITRONIUM-IMPACT SCATTERING

A. Formulation

1 1
ki k) ==+ [ dxdnded () 80 B -3 5

X x(texdi(k s~k )], (3. da e (—1)
KRk’

|3z

where the position vector of the electr@oositron of Ps is

r, (x). Heresj=(x+r;)/2, t;=(x—r;), j=1,2, andy (¢) is

the wave function of PgH). As in the preceding section, to
remove the nonorthogonality defect we seek an exchange
potential of the form

kk']
xf %, (DEXHiQ- 1) byg(r)dr

X f X (DEXRiQ-t2)xn(Ddt, (3.5
g(kf,ki>~f dr dte* (N)x* (DU(rtk; k) d(r)x(t),

(3.2 with
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D ) =[KZ/4+ a?, + 82,1, (3.6)  change potentia3.5) with D j=[ k/4+ ai,j + B2]. These
two possibilities suggest the following symmetric prefactor:

whereu=nl (x'=n’l") are the initial(final) Ps quantum > 12 2 9 2 )
numbers,¢,;(r) is the xth function of thejth electron for D i =L(Kf+ k)8 (i + i )12+ (B, + Br) /2]
the atomic ground state, angl,, corresponds to the final 3.7
inelastic Ps state, for which the derivation of the model pofor the Ps-He system both choicés6) and (3.7) lead to
tential is similar and leads to the same res8l#) or (3.5.  good numerical results. At high energies the results are in-
For Ps ionization, the constaﬁﬁ, , Which corresponds to the dependent of this choice. At low energies they are sensitive
final Ps-state binding energy, is taken as 0 in 6. to the choice and the value of the parameten Egs.(3.6)

As noted in Sec. Il, the exchange potential given by Eqsand(3.7). In this work we shall present only results of choice
(3.5 and(3.6) is not time-reversal symmetric. However, if (3.6) with the original and modified value of the parameter
one performs in Eq(3.1) the integration over the coordinate a.
of the initial projectile electronr, first with a similar The target-elastic direct Born Ps-He amplitude for Ps
average-value prescription as above, one will obtain extransition from statew to u’ is given by[7]

J XZ,(t)[exp(iQ-t/Z)—exp(—iQ~t/2)]XM(t)dt.
(3.9

4
BD,,U,Akf,ki):@{z—E > aKjaK,,-f b (NEXiQ-1) (r)dr

wr' )

With the present prescription, the Ps-impact exchange poterbp, 5d, 5f, and ) and ionization cross sections of Ps in
tial is written in the form of a product of projectile and target the first Born approximation keeping the target frozen to its
form factors, as the direct potential above. This simple forminitial ground state using the present exchange model.

of the amplitudes facilitates numerical calculations. In Fig. 3 we plot the present target-elastic total cross sec-
tion [Ps(1s,2s,2p) three-Ps-state cross section plus target-
B. Numerical application to Ps-He scattering elastic total Born cross sections foE=3 Ps excitations and

) . Ps ionization. The experimental total Ps-He cross sections

In the case of target-elastic Ps-He scattering, electron X o different groups—recent low-energy cross section of
change between the incident Ps and target He is only pogef. [2] and medium- to high-energy cross sections of Ref.
sible between like spins. Consequently, only the spin-triplet11__are also plotted. For comparison we also plot the static-

sta;e of the elt_actrons undergoing egchgnge is possible-. @xchange and 22-coupled-pseudostatéthout exchange
define appropriately symmetrized spin-triplet “Born” ampli- ~,oss sections of Ref§6] and [7], respectively. The mea-

tudes, B, via B, (K ki) =Bp 1. (Ks ki) = Be uru(Ks Ki). sured Ps-impact total cross section of Ref] has a peak

The appropriately symmetrized scattering amplitddgatis-  pear 20 eV and a lowering trend below this energy, and the
fies the following momentum-space Lippmann-Schwinger

scattering integral equatidi®]:
fuu(K'K)=B, (K" K)
-y ﬂBM,#,,(k’,k”)fﬂ,,ﬂ(k”,k)
7 ) 2m° E—e€,—K?4+i0
o
(3.9

o

L
-

o

B

wheree,,» is the total energy of the Ps and He states in the
intermediate statg” andE is the total energy of the system.
The differential cross section is defined bglof/dQ}) . ,
=(k’/k)|fM,H(k’,k)|2.

We performed static exchandwith ©”=Pg1s) in Eq. 0 20 40 60
(3.9] and three-Ps-statwith wn”=Ps(1s,2s,2p) in Eq. Energy (V)
(3.9)]_calcullations using exact wave fu.nctions for P,S a,nd HF FIG. 3. Total Ps-He cross sections at different positronium en-
atomic orbitals for Hg 16]. After a partial-wave projection, ergies: present target-elastic result from three-Ps-state model plus
Eq. (3.9 was solved by the method of matrix inversion. The yresent first exchange Born fae=3 excitations and ionization of
maximum number of partial waves included in the calcula-ps(dashed ling present target-elastic result with modified param-
tion was 10. Contribution of higher partial waves t0 Crossetera?; in the prefactorfull line); static-exchange model of Sarkar
sections was included by corresponding Born terms. To preand Ghosh(dashed-dotted line, Ref6]); 22-coupled-pseudostate
dict the cross sections at medium energies, we also calcunodel of McAlindenet al. (dashed—double-dotted line, R¢T)):;
lated the discrete excitation $33p, 3d, 4s, 4p, 4d, 4f, experiment(square, Ref[2]; circle, Ref.[1]).

N

Total Cross Section (10 18 cm2)
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FIG. 4. Swave elastic Ps-He phase shifts at different positro-  F|G. 6. Angle-integrated Ps-He elastic cross section at low pos-
nium energies: present three-Ps-state madiell line); present tronjum energies: present three-Ps-state matigl line); present
static-exchange mode{dashed ling static-exchange model of static exchange modétiotted ling; present static exchange with
Sarkar and Ghostdotted line, Ref[6]). unmodified parametera (dashed—tripple-dotted lije Fraser

(dashed—double-dotted line, Ref4]); Barker and Bransden
recent measurement around 1 eV of Ref] is consistent (dashed-dotted line, Ref5]); Sarkar and Ghoskplus, Ref.[6]);
with this trend. However, due to the large error bar of theexperiment shown by the rectangeef. [2]).
measurement of Refl] at the lowest energyl0 eV) and
due to inadequate data in this energy region, it is not clear So far we have parametrized the model potential from a
from experiment whether the total cross section has a miniphysical argument and presented results with it. In(Bd),
mum near the Ps-excitation threshold or not. This question ig,;’s are parameters of HF orbitals. In Fig. 3 we also exhibit
addressed in the present theoretical investigation. At energiéBe consequence of a small variationaf; in the prefactor
below the Ps-excitation thresholds, the elastic cross section {&{/4+ a?; +B2,)"* of Eq. (3.5). The full line, providing an

found to be a monotonically decreasing function of energyopverall better agreement with experiment, is obtained by

as is usually found in many similar scattering problems. Invarying parametersy,;'s in the prefactor(3.6), which is
the narrow energy band between 5.1 and 6.8 eV, all theaken as

Ps-inelastic channels open up causing a sharp increase of the

total cross section, as can be seen in Fig. 7, resulting in a D .i=[KZ/4+(0.88x 2+ B2 (3.10
minimum of total cross section near the Ps-excitation thresh- el “ "

old. With this feature of the cross section, the present calcu
lation bridges the two different experimental findings and
points out a minimum in total cross section near the Bs(2

threshold. This feature is also noticed in the unpublishe
theoretical work of PeacH19]. While the 22-coupled- with experiment

pseudostate calculatidi@], which includes the Ps excitation Next we preéent an account of phase shifts and angle-
and ionization effects through pseudostates, completely dg;ioqrated partial cross sections with modified prefactor

nies this trend; the static-exchange cross secfidr$] are (3 1 The present static-exchange and three-Ps-state elastic
too large to match the measurement near Bs(Breshold.

in both the static-exchange and three-Ps-state calculations.
Unless specifically mentioned, all results presented here are
alculated with this modified prefactor. The above reduction
n the average value ofp?) has led to a better agreement

0.00

o~

n

w

LA e e
/

-0.04

-0.08

Partial Cross Section ( Traoz)

P- and D-wave Elastic Phase Shifts (Radian)

-0.12
Energy (eV)
FIG. 7. Angle-integrated Ps-He partial cross sections at different
016 7 1' e é = é = "'t‘ e positronium energies with exaet present elastic from three-Ps-
Energy (eV) state model(full line) and Ps(3+2p) excitation (dashed-dotted

line) from three-Ps-state model, present is@) excitation
FIG. 5. P- and D-wave elastic Ps-He phase shifts at different (dashed—double-dotted lineand Ps ionizatioridashed ling using
positronium energies: notations are the same as in Fig. 4. first Born approximation with present exchange.
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TABLE I. Angle-integrated Ps-He partial cross sectionsn'mﬁ at different positronium energies: EB, first Born with present exchange;
PSE, present static exchange; SE, static exchange of §eflPS, three-Ps-state with present exchange.

Energy Ps(1s) Ps(X) Ps(2p) Ps(1s) Ps(1s) Ps(1s) Ps(2) Ps(2p) Ps(h=3) Psion
(eV) EB EB EB SE PSE TPS TPS TPS EB EB
0.068 13.73 14.4 3.73 2.70
0.612 10.88 12.9 3.34 2.36
1.088 9.05 12.1 3.07 2.13
17 7.31 11.3 2.80 1.88
2448 5.79 10.5 2.52 1.62
4352 357 9.0 1.99 1.09
5 3.10 1.85 0.89
5,508 2381 0.80t1) 151 1.75 0.81 0.49¢1) 0.83
6 2.56 0.10 1.87 1.66 0.81 0.70() 1.16
6.8 2.22 0.12 1.98 7.7 1.53 0.81 0.74() 1.39 0.69
8 1.84 0.11 1.86 1.35 0.79 0.64() 1.44 0.86 0.74
10 1.39 0.91¢1) 154 1.11 0.73 0.52¢{1) 1.31 0.78 2.05
15 0.80 0.54¢1) 1.00 0.71 0.55 0.45(1) 0.94 0.52 3.67
20 0.52 0.35¢1) 0.72 3.6 0.49 0.41 0.33(1) 0.68 0.38 4.10
30 0.27 0.17¢1) 0.44 2.0 0.26 0.24 0.18(1) 0.43 0.23 3.96
40 0.16 0.10¢1) 0.31 0.6 0.16 0.15 0.131) 0.30 0.16 3.52
50 0.11 0.65¢2) 0.23 0.11 0.10 0.68¢2) 0.23 0.11 3.09
60 0.751) 0.45(-2) 0.19 0.8¢-1) 0.75(-1) 0.72(-1) 0.46(-2) 0.18 0.93¢1) 2.72
80 0.41(-1) 0.24-2) 0.13 0.1¢1) 0.41(-1) 0.40(-1) 0.25-2) 0.13 0.63¢1) 2.14

100 0.25¢1) 0.14(=2) 0.98(-1) 0.2(-2) 0.25+1) 0.25(-1) 0.14(-2) 0.98-1) 0.49-1) 1.74

scattering phase shifts for different partial waves below theperiment[5]. The present three-Ps-state cross sections are
lowest excitation threshold are shown in Figs. 3 Wave smaller than the static-exchange cross sections and are well
and 5 (P andD waves. The present phase shifts are differ- within the experimental error bar.

ent from those of previous calculatiop$-6], as is expected In Fig. 7 we exhibit the different angle-integrated partial
from the cross-section pattern. However, for comparison weross sections for the three-Ps-state calculation. Here we
show the phase shifts of the recent work by Sarkar angdhow the Ps(4) and Ps(2+2p) cross sections from the
Ghosh[6] in Figs. 4 and 5. At these energies the S-wavethree-Ps-state calculation and B=(3) excitation and Ps-
phase shifts alone control the elastic cross section. Thpnization cross sections using the present total first Born
present low-energy elastic S-wave phase shifts are expectedodel. At medium energies the Ps-ionization cross sections
to be more plausible to those of the previous calculations agre the largest and dominate the trend of the total cross sec-
from Fig. 3 we find that the present cross sections are ifion of Fig. 3. This feature has also been observed by Camp-
better agreement with experiment. bell et al.[7] in Ps-H scattering.

In Fig. 6 we plot the present low-energy elastic cross The angle-integrated partial cross sections are of crucial
sections for static-exchange and three-Ps-state calculationgaportance and are presented in Table I. These partial cross
We compare these cross sections with the recent sophistéections are calculated with the modified prefa¢st0 and
cated low-energy experimental cross section of Rdfmea-  |eads to total cross sections in better agreement with experi-
sured using time-resolved Doppler broadening spectroscopyent. These cross sections should be considered to be the
and the previous static-exchange cross sections of Reffost realistic results of the present model study except near
[4-6]. Here, for experimental purposes, we also plot thezero energy, where van der Waals force might play a crucial
present static-exchange cross section calculated with the exole, which is not taken into account. In addition to the three-
act parameter in the prefactor. The present three-Ps-stateps-state cross sections, we also present our first Born and
cross sections are significantly smaller than previous theorettatic-exchange results in Table | with modified prefactor
ical cross sections and are in close agreement with exper{3.10). For comparison we also show the static-exchange re-
ment. The present exchange Born cross sections are als@its of Sarkar and GhogB]. The present elastic Born cross
smaller than those of previous calculations. For examplesections are much smaller than those of R&f. The present
Sarkar and Ghosh6] obtained the first Born elastic cross three-Ps-state elastic cross sections are smaller than the
sections 131.8aj and 12.5ra5 at 0.068 eV and 1 eV, com- present static-exchange cross sections, which demonstrates
pared to the present first Born elastic cross sectionghe effect of large polarizability of Ps. The present exchange
13.73rra§ and 9.0-ra§, respectively. This implies that the Born (EB) results are in close agreement with three-Ps-state
resulting repulsive potential of the present model is muchresults for energies greater than 20 €ée Table )l So
weaker compared to previous ones. This, in turn, would alpresent EB cross sections for ReX3) excitations and ion-
low the Ps to be closer to the He atom, which is expected tization are expected to be close to converged ones beyond 20
lead to a higher value of as required to satisfy the ex- eV. The nonconvergence of these cross sections near 6—15
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eV is responsible for the overestimation of the total crossand three-Ps-state calculations for Ps-He scattering at low

section at these energiésee Fig. 3. and medium energies. To exhibit the usefulness of the
present exchange at medium energies, higher excitations and
IV. SUMMARY ionization of Ps are calculated using the first Born model

. ) with present exchange. The present target-elastic total cross
We have presented simple model exchange potentials fQfections agree well with experimeftt,2] both at low and
electron- and Ps-impact scattering suitable for performingnedium energies.

dynamical calculation in many-electron systems and checked
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