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Scattering of orthopositronium off a helium atom
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Scattering of orthopositronium off helium target has been investigated using close-coupling method in the
energy range 0–110 eV. Two basis sets,~a! Ps(1s)1He(1s2, 1s21 s, 1s21 p) and ~b! Ps(1s,2p)
1He(1s2, 1s21 s, 1s21 p), have been employed to find the scattering parameters. Low-order phase shifts,
scattering length, and elastic and excitation cross section up ton52 are reported using close-coupling ap-
proximation. Total cross section is also given by adding other partial cross section and compared with available
measured data and existing theoretical predictions. Our total cross section at zero energy is very close to the
theoretical prediction of Drachman and Houston@J. Phys B3, 1657~1970!# and measured data of Canteret al.
@Phys. Rev. A12, 375~1975!#. Present total cross section is in qualitative agreement with measured data of the
University College London group in the energy range considered. In particular, present predictions are in good
agreement with the UCL group in the energy range 20–30 eV. It has been found that elastic cross section is
dramatically reduced, at zero or near zero energies, with the inclusion of target excitation in the expansion
scheme. Moreover, ionization cross section of the Ps atom is found to be a major contributor to the total cross
section above the ionization threshold.
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INTRODUCTION

We consider orthopositronium (o-Ps)-helium-atom scat
tering at low and intermediate energies. The importance
(o-Ps)-atom scattering was first realized by Massey
Mohr @1# who evaluated the first Born amplitude~FBA! us-
ing only the electron exchange interaction as direct F
vanishes for the processes in which the initial and final sta
of the Ps atom have the same parity. Even for the simp
system, i.e., (o-Ps)-H, theoretical calculation is much mo
difficult than the corresponding electron~positron!-atom
scattering. Added difficulty is due to the fact that both t
atoms~Ps and H! have internal degrees of freedom and o
has to encounter multiparticle and multicenter integrals.
the case of helium the situation is even worse.

Theoretically, study of (o-Ps)-He scattering has been in
tiated by Fraser@2,3# and Fraser and Kraidy@4# using the
static exchange model, in which both the atoms are reta
in their respective ground states while the effect of elect
exchange is properly taken care of. Barker and Brans
@5,6# have investigated the same problem with and with
the adiabatic part of van der Waals’ potential. This lowe
order long-range potential is found to modify the scatter
parameters. Drachman and Houston@7# have investigated
(o-Ps)-He scattering and obtained the values ofZeff and
scattering length using a local exchange model potentia
this investigation they have included the effect of correlat
by taking a close channel wave function having eighty-fo
independent terms and solved the problem by Kohn va
tional method. This paper is expected to provide meaning
results. The Belfast group@8# has applied the target-elast
pseudostate close-coupling method, neglecting the exch
of electrons between both the atoms, to study the problem
which the target helium atom always remains in its grou
state. Sarkar and Ghosh@9# revisited the problem using stati
1050-2947/2001/63~5!/052503~11!/$20.00 63 0525
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exchange model for a wider range of energy. A three-s
@Ps (1s,2s,2p)1He (1s2)# target elastic CCA has been ap
plied by Sarkaret al. @10#. The effect of electron exchang
between the two atoms has been considered by antisym
trizing the total wave function of the system. They have p
dicted elastic and Ps excitation~upto n52) cross sections
using target elastic CCA upto the incident Ps energy 200
Recently, the Belfast group~Blackwoodet al. @11#! has stud-
ied (o-Ps)-He scattering using target elastic coupled ps
dostate~22 states! calculation in the energy range 0–40 eV
This is the most elaborate target elastic coupled channel
culation. Biswas and Adhikari@12# have also studied the
problem using the close-coupling method in which the e
change of electrons between the projectile and target at
has been represented by a tuned nonlocal model poten
Their predicted scattering parameters foro-Ps-He scattering
differ significantly from all the other existing theoretical e
timates.

The positronium atom is an exotic atom and has its o
characteristics. The Ps atom is available both in spin trip
~ortho! and spin singlet~para! states. The lifetime ofo-Ps is
about 103-fold longer than that ofp-Ps. Consequently,o-Ps
~ground state! which is sufficiently long lived, is used as
projectile for the scattering experiments. Due to the av
ability of monoenergetic energy tunableo-Ps beam@13#, it is
now possible to measure (o-Ps)-atom molecule scatterin
parameters in the laboratory. Measurements have alre
been carried out for total cross sections on Ps scattering
He, Ar, O2, and H2 targets using beam techniques@14–18#.
In addition to these beam measurements, some cross se
data have been deduced from observations of the anni
tion rate ofo-Ps in various gases at very low energies@19–
21#. At very low energies, annihilation measurements cor
spond to momentum transfer cross sectionsm , which is
given by
©2001 The American Physical Society03-1
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sm5E ~12cosu!
dsel

dV
dV,

wheredsel /dV is the elastic differential cross section. Th
sm at very low energy~near zero! may be considered to b
the total cross section, sinceS-wave cross section is rathe
essentially the sole contributor to the total cross section
these energies.

The zero~or near zero! energy cross section data obtain
so far by different experimental groups on (o-Ps)-He scat-
tering differs dramatically among themselves. The larg
cross section obtained by Nagashimaet al. @19# is
13(64)pa0

2 using the beam technique, whereas, Skal
et al. @22# measured the lowest value 2.6(60.5)pa0

2 using
the time-dependent Doppler broadening spectroscopy. T
retically, the situation is also not very much different. T
highest theoretical cross section at zero~or near zero! energy
is 14.584pa0

2 as predicted by Sarkar and Ghosh@9#, while
Biswas and Adhikari @12# obtained the lowest one a
2.7pa0

2. The UCL group has measured the total cross sec
for (o-Ps)-He scattering in the energy range 10–110
The predicted values of Sarkar, Chaudhuri, and Ghosh@10#
are in good agreement in the energy range 20–30 eV.
results of Blackwoodet al. @11#, who have performed the
most elaborate calculation, are at variance with the meas
data of the UCL group. However, except at the incident
ergy 10 eV, the results for total cross sections of Biswas
Adhikari @12# are in fair agreement with the measured da
Moreover, their total cross sections differ from all other th
oretical predictions.

From the above discussion it is clear that, the total cr
section at zero~or near zero! energy is an open question
Literature also reveals, at medium energies, the situations
also not very acceptable when comparison between m
sured data and theoretical predictions are made. We h
noticed that the excitation and ionization cross sections o
atom contribute dominantly to the total cross section at th
energies. The contributions, on the other hand, from the
elastic processes of the target atom is not very signific
Considering these, Blackwoodet al. have performed an ex
tensive calculation allowing inelastic processes of Ps ato
in their coupled pseudostate formalism. Below the first ex
tation threshold~5.1 eV!, elastic cross section is the tot
cross section of the system. It has been found that the
energy cross section changes very marginally fr
14.584pa0

2 in the static exchange model@9# to 13.193pa0
2 in

the 22-state target elastic coupled pseudostate method@11#. It
is worth mentioning that the 22-state target elastic calcu
tion incorporates, via pseudostates, the effect of higher
cited states and continuum of the projectile atom. It is e
dent from the above discussion that the zero~or near zero!
energy elastic cross section does not depend much on
virtual inelastic processes of the Ps atom. On the other h
the calculations of Ray and Ghosh@23#, Sinha, Basu, and
Ghosh@24# and Basuet al. @25# on Ps-H scattering show tha
the low-energy elastic cross section reduce drastically, be
the first excitation threshold, due to the inclusion of targ
inelastic channels. Moreover, Drachman and Houston@7#
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have taken the correlation effect via their close channel w
function, which also includes the effect of the target inelas
channels. Their zero energy cross section is 7.73pa0

2, a
change of about 41% when compared with the most ela
rate target elastic CCA prediction of Blackwoodet al. @11#.
We would like to add further that Peach@26# as reported by
the Belfast group@11#, has included the effect of inelasti
channels of the target atom through an adiabatic model
tential and predicted a total cross section of about 3.3pa0

2 at
zero energy. All these findings suggest that below the fi
excitation threshold of the system, target inelastic chann
have to be considered to predict a good estimation to
cross section. It has been noticed, from the static excha
@9#, three-state target elastic@10# and 22-state@11# calcula-
tions, that beyond the ionization threshold of the Ps ato
elastic cross section is reduced due to the loss of Ps inel
flux. Further, van der Waals’ interaction is supposed to p
a vital role in determining the elastic cross section at l
energies@5,6,24#.

Based on the above discussion, we investigate Ps-He s
tering using two basis sets:

~a! Ps~1s!1He~1s2, 1s21 s, 1s21 p!

~b! Ps~1s,2p!1He~1s2, 1s21 s, 1s21 p!.

Our model a will account for the effect of target inelas
channels on the elastic channel. This effect, as mentio
earlier for the case of Ps-H scattering@23,25#, is of key im-
portance in determining the low-energy elastic paramet
In our model b, in addition to the target excitation~up to n
52 singlet state!, we have taken the 2p excitation of the Ps
atom. Our experience on Ps-H and Ps-He scattering s
that inclusion of the Ps 2s-state affects the low-energy ela
tic scattering parameters marginally. Model b also includ
excitation of both the atoms simultaneously to 2p state. This
inclusion partially allows us to include the lowest-ord
long-range force, i.e., van der Waals’ interaction, dynam
cally. In the next section, we briefly describe the theoreti
part of our calculation to make the article self-consistent.

THEORY

The total wave function for the system comprised of
positronium atom and a helium atom should be antisymm
ric and may be expressed as,

C6~rWp ,rW1 ,rW2 ,rW3!5~16P12!(
nn

hv~r1!Fn~rW2 ,rW3!Fnn
1 ~RW 1!,

~1!

where,RW i5
1
2(rWp1rW i) andrW i5(rWp2rW i); i 51,2.

Here, hn and Fn are the eigenfunctions of the positro
nium atom and helium atom, respectively.rW i and rWp are the
position vectors of the electrons and that of positron, resp
tively. All the distances are measured from the center
mass of the system, which effectively lies with the nucleus
the He atom.P12 is the exchange operator.

The total Hamiltonian for the system is given by,
3-2
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SCATTERING OF ORTHOPOSITRONIUM OFF A HELIUM ATOM PHYSICAL REVIEW A63 052503
H52
1

4
“
W

R1

2 1HPs~rW 1!1HHe~rW2 ,rW3!1Vint~rWp ,rW1 ,rW2 ,rW3!,

~2!

whereVint is the interaction potential and is given by

Vint~rWp ,rW1 ,rW2 ,rW3!5
2

r p
2

2

r 2
2

1

urWp2rW1u
1

1

urW12rW2u

2
1

urWp2rW3u
1

1

urW22rW3u
, ~3!

Here, HPsand HHe are the Hamiltonians describing the bou
Ps and He atoms, respectively, and they satisfy the follow
Schrödinger equations,

HPshn5«nhn ,

HHeFn5«nFn .

The three-dimensional coupled integral equation, in
momentum space, for the scattering amplitude, may be
pressed as

^K8n8n8uY6uKnn&

5^K8n8n8uB6uKnn&1(
n9

(
n9

E dKW 9

3
^K8n8n8uB6uK9n9n9&^K9n9n9uY6uKnn&

E2E91 i«
~4!

where

^K8n8n8uY6uKnv&5^K8n8n8uY11uKnv&

6^K8n8n8uY21uKnv&.

Here, the transition matrix element ofY11 stands for the di-
rect channel and the matrix elementY21 is that for the ex-
change channel. A similar expression for the matrix elem
B6 holds good. The transition matrix elements ofB11 and
B21 give the first Born and Born-Oppenheimer amplitud
respectively. Calculation of direct~FBA! are straight for-
ward. The exchange scattering amplitude in the plane-w
approximation, for elastic as well as then52 Ps excitation,
where the He atom is in the ground state, has been evalu
by Sarkar, Chaudhuri, and Ghosh@10#. Here, we provide the
final expression for the projectile-elastic scattering am
tudes up ton52 singlet excitation of the He atom in th
Appendix.

In the atom-atom system both the atoms have inte
degrees of freedom, unlikee2(e1)-atom scattering. There
fore, each channel has three angular momenta and the a
lar momentum has to be conserved due to rotational sym
try. Hence, one does require to employ a coupled-s
representation for the three angular momenta for each c
nel. Keeping this in mind, scattering amplitude may be
panded as@25,27#
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f h8n8;hn
1

~kW8,kW !

5
1

Akk8
(

JMJ1M1J18M18LMLL8ML8
S L8 l p8 J18

ML8 mp8 M18
D

3S J18 l a8 J

M18 ma8 M
D YL8M

L8
* ~ k̂8!TJ6~t8k8;tk!YLML

~ k̂!

3S L l p J1

ML mp M1
D S J1 l a J

M1 ma M D . ~5!

Here,l a andl p are the orbital angular momenta of the bou
target and the projectile atoms, respectively, with projectio
ma and mp . L is the angular momentum of the moving P
atom with projectionML . L combines withl p to yield J1 ,
which again couples withl a to give the good quantum num
ber J with projectionM. All these quantities are referred t
the initial channel. The corresponding final channel com
nents are denoted by primes. Note thatf h8n8;hn

B6 (kW8,kW ) have
similar expressions with TJ6(t8k8;tk) replaced by
BJ6(t8k8;tk).

After the partial-wave analysis, we obtain on
dimensional coupled integral equation forTJ6:

TJ6~t8k8;tk!5BJ6~t8k8;tk!2
1

2p2

3(
t9

E BJ6~t8k8;t9k9!TJ6~t9k9;tk!

kh9v9
2

2k921 i«

3k9dk9, ~6!

where t[(np , l p , na , l a , L, J). Equation~6! is solved by
the matrix inversion technique for each partial wave us
our own numerical code.

The partial wave added CCA cross section in units ofpa0
2

for the transition Ps(1s)1He(1s2)→Ps(np , l p , mp)
1He(1s; na

1, l a , ma) is given by the relation,

sJ
CCA5 (

JJ1* ,L8

2J11

4p2k2 uTI~tk;t0k!u2. ~7!

The elastic phase shift for theJth partial wave is given by

dJ~k!5
1

2
tan21H Re@TJ~t0k;t0k!#

2p2Im@TJ~t0k;t0k!#J , ~8!

where, the ground state of Ps-He is represented ast0
[(1, 0, 1, 0;J, J).

The partial-wave Born cross section is given by a simi
relation as in Eq.~7!,

sJ
B5 (

JJ18L8

2J11

4p2k2 uBJ~tk;t0k!u2. ~9!

The total cross section is the sum of all partial cross s
tions when they are energetically accessible. To compare
3-3
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ARINDAM BASU, PRABAL K. SINHA, AND A. S. GHOSH PHYSICAL REVIEW A63 052503
predictions with the measured data, we do require to ca
late the higher excitations and ionization of the Ps ato
excitations and ionization of the He atom, and excitations
both the atoms simultaneously. We have picked up the
lowing processes to predict the total cross section:

Ps~1s!1He~1s2!→Ps~1s!1He~1s2!→Ps* ~np , l p , mp!

1He~1s2!→Ps~1s!

1He* ~1s; na , l a , ma!

→Ps* ~np l p ,mp!

1He* ~1s; na , l a , ma!

→Psion1He~1s2!/He* ~1s; na l a ma!

→Ps~1s!/Ps* ~np , l p , mp!1Heion.

The superscript* indicates the discrete excitation of th
atom concerned. Here, we neglected the effect of continu
of both the atoms.

We have calculated the elastic cross section as wel
low-lying excitation cross sections and also up ton52 ex-
citations of both the atoms using our CCA model. In calc
lating the ionization cross sections above the ionizat
threshold, we have neglected the electron exchange betw
the atoms. The higher excitation of the projectile and tar
atom is calculated by the first Born-Oppenheimer~B-O! ap-
proximation. Double excitation has also been calculated
B-O approximation for higher excited states.

Expression of the scattering amplitude for the Ps ioni
tion combined with arbitrary excitation of the He atom
given by

f Ps
B~ion!5

4

Q2 ^h~c!ueQW •rW 1/22eiQW •rW 1/2uh1s~rW 1!&3^F1s2rW2•rW3u2

2eiQW •rW22eiQW •rW3uF1s2~rW2•rW3!&, ~10!

whereQW is the momentum transfer.h(c) is the continuum
wave function for the Ps atom.

In calculating the He ionization, in which the exchange
electrons has been neglected, we consider a transition o
Ps atom to ap state in order to make the integral nonvanis
ing. Our final state is comprised of a symmetrized wa
function for the He atom given by

F f5
1

&
@u†~rW3!fKC

~z,rW2!1u1~rW2!fKC
~z,rW3!#, ~11!

where u1(r )5 (l3/2/Ap)e2lx; l52 and fKc
(z,rW)

5xKc
(z,rW)2^xKc

(z,rW8)uF0(rW8)&F0(rW).

Here, xK
c
(z,rW) is the continuum wave function for th

ejected electron in the attractive Coulomb field of nucle
with nuclear chargeZ51.

Expression of the scattering amplitude for the He ioni
tion combined with the Ps excitation top-states is given by
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B~ion!5

4

Q2 ^hnp~rW 1!ueiQW •rW 1/22e2 iQW •rW 1/2uh~rW 1!&

3^F f u22eiQW •rW22eiQW •rW3uF1s2~rW2 ,rW3!& ~12!

Now, the total cross section for Ps-He scattering is giv
by the relation,

sT5sel
CCA1sPs~n52!

CCA 1sHe~n52!
CCA 1sPs~2,n<4!

B-O 1sHe~2,n<4!
B-O

1s ion~Ps!
BG 5s ion~He!

FBA ~13!

where, sel
CCA is the elastic cross section using model~b!;

sPs(n52)
CCA is the Ps(n52) excitation cross sections;sHe(n52)

CCA

is the He(n52) excitation ~singlet! cross sections;
sPs(2,n<4)

B-O is the Ps excitation (n53 and 4! cross section
andsHe(2,n<4)

B-O is the He (n53 and 4! excitation cross sec
tion using first-order Born-Oppenheimer approximatio
s ion~Ps!

BG is the Ps ionization cross section as given by Belf
group @11#, and s ion~He!

FBA is the He ionization contribution
Except for thesel

CCA , the other partial cross sections a
added to the total cross section when they are energetic
accessible.

RESULTS AND DISCUSSIONS

We have solved the one-dimensional coupled integ
equation~6! by matrix inversion method using our own nu
merical code. In solving the integral equation we have
obtain the partial wave Born amplitude for each process.
evaluate Born amplitudes we use singlet wave function
the He atom given by Winter and Lin@28#. As a check of our
program, angle integrated Born cross sections using non
tial wave and partial wave methods have been tested. C
vergence of the integral equation has also been verified
changing the number of integration points between 022k
and 2k2`. We reproduced the results of Sarkar and Gho
@9# from this combined code.

We calculate the CCA cross section forJ5N ~suppose!.
We choose the value ofN such that the partial wave CCA
cross section forJ5N is very close to the correspondin
partial wave Born cross section. The higher partial cross s
tion is replaced by the corresponding Born cross sect
Analytically, it may be expressed as,

sCCA5sJ~5N!
CCA 1sB2sJ~5N!

B . ~14!

At the lowest energy~i.e., 0.068 eV!, we have calculated the
partial wave CCA cross section up toN53, while at the
highest energy~i.e., 110 eV! corresponding value isN512.
We would like to add that, below the first excitation thres
old of the system, convergent results have been obta
with N53. Both the CCA and Born partial wave cross se
tion nearly vanish beyond this partial wave.

We start to present our results with the low-lying pha
shifts. This is because phase shift is a sensitive test for
methodology employed. In Table I, we quoteS-wave phase
3-4
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TABLE I. S-wave phase shifts, in units of radians and scattering length,a0 , using different models.

K ~a.u.!

Static exchange
Sarkar and
Ghosh@9#

3 ST TE CCA
Sarkar, Chaudhuri, and Ghosh@10# Model a Model b

0.1 2.951 2.9514 3.00 3.01
0.2 2.763 2.764 2.86 2.87
0.3 2.582 2.584 2.72 2.73
0.4 2.410 2.412 2.58 2.59
0.5 2.248 2.260 2.44 2.45
0.6 2.100 2.103 2.31 2.32
0.7 1.961 1.966 2.18 2.19
0.8 1.836 1.843 2.06 2.07

Drachman and
Houston

Model a Model b

Scattering length 1.389 1.394 1.360
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shifts using our present two models along with the sta
exchange results of Sarkar and Ghosh@9# and three-state
target elastic results of Sarkar, Chaudhuri, and Ghosh@10#.
Table I also contains the value of scattering length and c
pares those with the result of Drachman and Houston@7#. For
visual display, Fig. 1 representsS-wave phase shifts of Ps-H
scattering as tabulated in Table I. The static exchange
three-state target elastic results differs marginally from e
other. A similar feature has also been obtained by the pre
two models. Difference between the results of model a
model b is below 0.5%. The presentS-wave phase shifts
clearly indicate that it is the effect of the target excitati
that influences the scattering parameters dominantly be
the first excitation threshold and not the projectile excitati
Moreover, van der Waals’ interaction that has been inclu
dynamically in model b is also not found to be significant
these energies, at least for the case of Ps-He scattering.

FIG. 1. S-wave phase shifts. Curves: dot, static exchange; d
three-state target elastic CCA; dash-dot, model a; solid, model
05250
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t
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very interesting to note thatS-wave phase shifts obtained b
our present model, that includes the target inelastic chann
differ significantly from those of Sarkar, Chaudhuri, an
Ghosh@10#. PresentS-wave phase shifts necessarily indica
that the effect of target excitation on the elastic-scatter
parameters is appreciable when compared with those of
jectile excitation. Scattering length obtained using model a
very close to that predicted by Drachman and Houston@7#;
the value of model a being higher. But, scattering leng
predicted by our model b, is slightly lower than the pred
tions of model a as well as that of Drachman and Houst
The present results using model b are expected to be m
accurate than those of model a as model b is theoretic
more sound than model a and is also expected to be m
reliable than those of Drachman and Houston. It is evid
due to the fact that they have included the effect of excha
via the local model exchange potential. However, findings
Blackwoodet al. @11# indicate that inclusion of higher ex
cited states and continuum of the projectile atom may furt
reduce the present scattering length, although not ap
ciable.

There is an anomaly in the theoretical predictions as w
as measured data for total cross section at zero or near
energy. We will come to this point later.

Our P-wave phase shifts using both the present mod
are plotted in Fig. 2. Figure 2 also presents static excha
results of Sarkar and Ghosh@9# and three-state target elast
of Sarkar, Chaudhuri, and Ghosh@10#. Static exchange and
three-state target elastic results are very close to each o
as has also been seen in theS-wave phase shifts. Our prese
model b predicts the highest value whereas static excha
predicts the lowest one. Our model b results differ apprec
bly from the results of Sarkar, Chaudhuri, and Ghosh@10# as
well as model a. Difference between the results of mode
and model b increases with energy below the first excitat
threshold.S- and P- wave phase shifts reported here usi
models a and b are found to be variationally consistent. T
is due to the fact that with the addition of higher excit
states the phase shifts increase, which is a variationally c
sistent phenomenon.

h,
.
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Our D-wave phase shifts using both the present mod
along with static exchange and three-state target elastic
sults are plotted in Fig. 3. The qualitative feature ofS- andP-
wave phase shifts is also present in theD-wave results. Static
exchange and three-state target elastic results are clo
each other, while model a and b results differ margina
Model b predicts the highest values; static exchange res
are the lowest. As in the case of theS- and P- wave, the
D-wave phase shifts are variationally consistent.

Figure 4 depicts the elastic cross sections of present m
els and they are compared with most elaborate target el
results of the Belfast group@11# and those of static exchang
@9#. The Belfast group predicts the results up to the incid
positronium energy 40 eV. Static exchange result, at z

FIG. 2. P-wave phase shifts. Curves: dot, static exchange; d
three-state target elastic CCA; dash-dot, model a; solid, model

FIG. 3. D-wave phase shifts. Curves: dot, static exchange; d
three-state target elastic CCA; dash-dot, model a; solid, model
05250
ls
e-

to
.
lts

d-
tic

t
ro

energy, is 14.584pa0
2 and that predicted by the Belfast grou

is 13.193pa0
2. The results using present models, dramatica

differ from those of the Belfast group@11# as well as Sarkar
and Ghosh@9# and Sarkar, Chaudhuri, and Ghosh@10# ~not
shown!. The elastic cross section, which is the total cro
section at zero energy, is 7.78pa0

2 using model a and 7.4pa0
2

using model b. The result of the Belfast group nearly co
cides with that of projectile elastic prediction of model a
40 eV, whereas, static exchange results coalesce with th
model b above 60 eV. Slope of the elastic cross section
tained by the Belfast group@11# and Sarkar and Ghosh@9# is
more steep than the corresponding slopes of model a an
These suggest that the effect of projectile inelastic chan
influence the elastic cross section appreciably beyond
first excitation threshold, i.e., 5.1 eV. At the incident Ps e
ergy of 110 eV, all the sets of the result are almost identic
As a future reference, we have given the values of ela
results of model a and b in Table II.

Total cross section of Ps-He scattering in the incident
ergy range 0–110 eV is shown in Fig. 5. Our total cro
section using model~b! is depicted here. The present tot
cross section is calculated by relation~13!. In Fig. 6, we
display three partial cross sections so as to make Fig. 5 s
explanatory as well as to avoid complicity and overcrowdi
of curves in the figure. The theoretical prediction for to
cross section by Sarkar, Chaudhuri, and Ghosh@10#, Black-
wood et al. @11#, Peach@26#, and Biswas and Adhikari@12#
are given for comparison. Experimental data of the UC
group in the energy region 10–110 eV and zero or near z
energy predictions of Nagashimaet al. @19#, Canter, McNutt,
and Roellig@20#, Colemanet al. @21#, and Skalseyet al. @22#
are shown in the figure. Theoretical predictions of Drachm
and Houston@7# at zero energy is also shown in the sam
figure.

Let us now start the discussion of zero or near zero ene
cross section. Total cross section up to 5.1 eV is just

h,
.

h,
.

FIG. 4. Elastic cross section. Curves: dot, static exchange; d
Blackwoodet al. @11#; dash-dot, model a; solid, model b.
3-6
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elastic cross section. Measured data of different groups u
time-of-flight technique, do not tally among themselve
Measured data at zero or near zero energies vary betwee
to 13pa0

2. Similarly, theoretical predictions run from 2.7 t
14.5pa0

2. Nagashimaet al. @19# have obtained, at zero en

FIG. 5. Total cross section. Curves: dot, Biswas and Adhik
@12#; dash, Sarkaret al. @11#; dash dot, Peach@26#; dash-double dot,
Blackwoodet al. @11#, short dash, Colemanet al. @21#; solid, model
b; solid circle, UCI group@18#; solid square, Nagashimaet al. @19#;
solid inverted triangle, Canteret al. @20#; cross, Skalseyet al. @22#;
hollow circle, Drachman and Houston@7#.

TABLE II. Elastic cross sections using model~a! and model~b!,
in units of pa0

2.

Energy in eV Model a Model b

0.0 7.78 7.40
2.5 7.40 7.30
4.0 7.21 7.10
5.0 6.89 6.47
6.0 6.67 6.25
7.5 6.32 6.00

10.0 5.74 5.50
15.0 4.55 4.40
20.0 3.48 3.20
25.0 2.39 2.09
30.0 1.56 1.44
35.0 1.08 9.82~21!

40.0 7.70~21! 6.43~21!

45.0 5.72~21! 3.81~21!

50.0 4.52~21! 2.28~21!

60.0 2.94~21! 8.69~22!

75.0 1.66~21! 2.22~22!

90.0 8.52~22! 5.86~23!

110.0 1.34~22! 1.31~23!
05250
ng
.
2.6

ergy, 13(64)pa0
2, which is very close to the prediction o

Sarkar, Chaudhuri, and Ghosh@10# (14.584pa0
2) and Black-

wood et al. @11# (13.193pa0
2). On the other hand, measure

data of Skalseyet al. 2.6(60.5) pa0
2 is close to the theoret

ical predictions of Peach@26# (3.3pa0
2) and Biswas and

Adhikari @12# (2.7pa0
2). Skalseyet al. @22# has used the

time-resolved Doppler broadening spectroscopy to estim
the cross section. Our present results of model a and
shown in Fig. 4, are 7.78pa0

2 and 7.4pa0
2, respectively. The

theoretical prediction of Drachman and Houston is 7.73pa0
2,

which is in very good agreement with the present resu
These values are also very close to measured data of C
et al. @20# (8.460.9pa0

2). Total cross section of Colema
et al. @21#, without error bar, is 9 – 0.5Epa0

2, whereE is the
incident energy. Three-state projectile elastic results
Sarkar, Chaudhuri, and Ghosh@10# is not very much differ-
ent from the 22-state target elastic pseudostate result
Blackwoodet al. @11#. Thus, it is apparent that the loss o
inelastic flux of the Ps atom will not affect the zero ener
cross section significantly. It has been found by us that
effect of target inelastic channels is of key importance
determining zero or near zero energy cross section@23–
25,29#. This has been supported by the work of Peach@26#
who has taken the effect of target inelastic channels thro
an adiabatic model potential. Drachman and Houston@7#,
although they used a model local exchange potential, h
taken the effect of target excitation through their eighty-fo
term close channel wave function. It may be mentioned t
the adiabatic effect is expected to be valid at the asympt
region, whereas for small separation the nonadiabatic ef
plays its part. This may be the reason for low value of cro
section at zero energy as given by Peach@26#. Biswas and
Adhikari @12# has also predicted a low value very close
that of Skalseyet al. @22#. They have used a model nonloc
exchange potential in the calculations. Therefore, it is v
difficult to assess the accuracy of their results. Biswas

ri

FIG. 6. Partial cross sections. Curves: dot, Ps excitation; d
He excitation; solid, Ps ionization.
3-7
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Adhikari @12# has argued about the nonorthogonality of t
exchange channel wave function. We feel this is not t
serious as pointed out by them. In this connection, we re
to e2-atom scattering calculations. In our investigation,
have neglected the effect of continuum of both the atoms.
far the most elaborate target elastic calculation, including
effect of continuum of Ps through pseudostates, Blackw
et al. @11#, have shown explicitly that zero energy cross s
tion is not going to change significantly. We have calcula
the ionization of the He atom by positronium impact usi
the Coulomb Born approximation. It has been found that
He ionization gives a peak at about 35 eV and its value is
the order of 1023 in units of pa0

2. Hence it is not unwise to
assume that effect of target continuum may influence
elastic cross section marginally. Here in the expans
scheme, we have not included the eigenstates beyondn52
for both the atoms. Therefore, inclusion of higher excit
states in the basis set may modify the results slightly n
zero energy. Therefore, zero energy cross section is expe
to lie in the vicinity of the present results.

We define total cross section as given by the relation~13!.
The present total cross section thus defined is plotted
Fig. 5. There is a minimum in the present results near
first excitation threshold. This feature has also been noti
by Peach@26# and Biswas and Adhikari@12#. However, the
values of cross section of Peach@26# and Biswas and
Adhikari @12# are very much different from that of ours. Th
feature has also been noticed by us in our earlier comm
cation @29#. On the other hand, Sarkar, Chaudhuri, a
Ghosh @10# and Blackwoodet al. @11# do not show such
well-defined minimum. However, there is a change of slo
in their predications slightly above this energy. The high
(n.2) partial cross sections for Ps excitation have be
added to the total cross section by Blackwoodet al. @11#,
which is not shown in their Table I@30#. The elastic cross
section decreases with increase in energy while, above
eV the inelastic channels of the Ps atom become ener
cally accessible and the Ps excitation cross sections
added to the elastic cross section. This in turn raises the
cross section. Hence, the minimum in total cross sectio
well expected. Present results are in qualitative agreem
with the measured data of the UCL group above 15 e
Present results are in excellent agreement in the energy r
20–30 eV, while beyond this energy range the predictions
below the measured data. It may be mentioned that pre
results fail to reproduce the humps measured by the U
group in the energy range 30–40 eV and 75–85 eV. All
theoretical models have the same feature. Results of Bl
wood et al. @11#, up to the incident energy 40 eV, are
variance with those of ours. The results of Sark
Chaudhuri, and Ghosh@10# are not very much different from
those of the present in the energy range 15–30 eV. Resul
Peach@26# and Biswas and Adhikari@12#, up to the incident
energy 10 eV, are in fair agreement among themselve
well as are in good agreement with the measured data. In
energy range these results are very much different from o
theoretical predictions. The best agreement between th
and experiment is given by Biswas and Adhikari@12# using
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their phenomenological model. However, above 70 eV th
data deviates appreciably from the measured data.

The ionization cross section of Ps atom plays a cruc
role in predicting the total cross section when it is energ
cally accessible. The ionization of the Ps atom is the m
dominant contributor to the total cross section beyond 50
The elastic cross section is very small beyond 50 eV. Ela
and other excitation cross sections are negligible compa
to the ionization of the Ps atom at about 100 eV. Therefo
to predict a reliable total cross section, the ionization cr
section has to be evaluated with proper care. Good ag
ment between the predictions of Biswas and Adhikari@12#
and measured data of the UCL group up to incident ene
70 eV is due to the fact that their ionization cross secti
using their nonlocal exchange potential, is about twofold t
of Blackwood et al. @11#. However, Biswas and Adhikar
@12# did not calculate the ionization cross section usi
Born-Oppenheimer approximation by antisymmetrizing t
total wave function. The validity of the results has not be
tested. Blackwoodet al. @11#, in their model, have included
the pseudostates to evaluate ionization cross section. T
results are expected to be more reliable than the first B
results. Hence, we have included the ionization of Bla
woodet al. @11# in defining our total cross sections. We ha
extrapolated the results of Blackwoodet al. @11# up to 110
eV, so that we can present our results up to the quoted ra
More exact evaluation of ionization cross section m
modify the results to some extent.

CONCLUSION

We investigate the scattering of Ps atoms off He targe
the incident energy range 0–110 eV. We have emplo
close-coupling approximation using two basis sets. In
first basis set, we allow the excitation of target He atom up
then52 singlet state and restricted the projectile atom to
ground state. In our second expansion scheme, we hav
lowed internal degrees of freedom of both the atoms a
retained up ton52 eigenstates for each atom. At mediu
energies, measured data are due to the UCL group. Howe
at zero or near zero energies, four experimental data
available for comparison, using time-of-flight measureme
@19–21# and Doppler broadening spectroscopy@22#. All the
experimental data are at variance widely among themsel
There is no prior reason to prefer one experimental va
over the other. On the other hand, theoretical estimate
zero or near zero energies differ among themselves, sim
to the case of measured values. However, one can judge
validity and accuracy of the theoretical models employed
calculate zero energy cross section. Sarkar, Chaudhuri,
Ghosh @10# and Blackwoodet al. @11# have restricted the
internal degrees of freedom of the target atom. It is wo
mentioning that model of Blackwoodet al. @11# in the frame-
work of target elastic close-coupling approximation is t
most accurate one. Drachman and Houston@7# have used a
model local exchange potential and solved the equations
ing a close channel wave function having eighty-four term
Their close channel wave function has taken into account
internal degrees of freedom of both the atoms and their c
3-8
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relation effect. Error included in their model is mainly due
the local exchange potential. Proper inclusion of Pauli exc
sion principle will modify their results. It has also bee
pointed in the text that Peach has included the effect of ta
excitation adiabatically. This adiabatic model may vitiate t
results at zero energy. As already pointed out earlier, i
very hard to estimate the accuracy of the results of Bisw
and Adhikari. Literature reveals that the effect of virtual e
citation and ionization of Ps atoms are not the only determ
ing factors for the elastic cross section at zero energy.
present models, as well as work of Drachman and Hous
and Peach, show that the effect of inelastic channels of
target atom is most significant. Our model b includes exc
tion of both the atoms explicitly and the van der Waa
interaction is partially accounted for dynamically. Henc
model b can be considered as the most realistic model so
carried out to investigate Ps-atom scattering. More elabo
calculation using this model may modify the results but o
wisdom tells us that modified results will not be very diffe
ent from the results predicted by the present model.

It has been found that elastic cross section obtained
different models converges at about 100 eV. Predictions
Blackwood et al. suggest that in the intermediate ener
range~5–40 eV! the effect of virtual excitation of Ps atom
may influence the cross sections. In calculating the ioniza
cross section, the exchange effect has not been taken
consideration. The higher excitation cross sections, estim
by the first-order theory, may also be calculated using a m
realistic model. Calculation of the exact value of the Ps io
ization and more reliable partial cross sections, other t
elastic one andn52 excitation ones, is expected to modi
the total cross section at medium and high energies, altho
not expected to be significant. All the theoretical predictio
at medium and high energies differ from the measured d
of the UCL group. This necessarily warrants further expe
mental studies for these processes.

We advocate for a calculation with a larger basis set
lowing internal degree of freedom for both the atoms a
also the partial cross sections of the higher excited states
both the atoms and especially the ionization of the Ps a
should be evaluated using a more theoretically sound mo
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APPENDIX

In the calculation of theo-Ps-He exchange scattering am
plitude we have considered 21 s and 21 p states of the He
atom. Calculation of 21 s matrix element is comparativel
easier than 21 p. Here, we are only giving the exchange Bo
scattering amplitude for the process Ps(1s)1He(1s2)
→Ps(1s)1He(1s21 p). The required exchange Born matr
element is
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f B-O~kW ,kW8!52
m

2p E exp2 i 1
2kW8•~rWp1rW2!

3h1s~ urWp2rW2u!Fn1l
* ~rW1 ,rW3!

3~H2E!expi 1
2kW•~rWp1rW1!

3h1s~ urWp2rW1!F1s2~rW2 ,rW3! drWp drW1 drW2 drW3 .

~A1!

(H2E) operates on the final state total wave function a
takes the form~off the energy shell!,

~E92E!1Vint~rWp , rW1 , rW2, rW3!,

whereVint(rWp , rW1 , rW2 , rW3) is given by Eq.~3!.
Now the wave functions may be expressed as

h1s~r!5
1

A8p
e2a ir; a i50.5,

F1s2~rW,rW8!5u1s~rW !u1s~rW8!,

u1s~rW !5N~1s! (
m51

2

am~1s!e2bm
r
,

F1s21 p~rW,rW8!5
1

&
N~2p!$u1~rW !n2p~rW8!1u1~rW8!n2p~rW !%

u1~rW !5S 8

p D 1/2

e2Znr; Zn52.0,

n2p~rW !5b~2p!rY1m~ r̂ !e2dr .

The parameters of the target wave function are given in R
@28#.

After performing the integration overdrW3 , the scattering
amplitude reduces to the form,

f B-O~kW ,kW8!52
m

2p

1

&
N~2p!@ I 11I 21I 31I 4#, ~A2!

where,m is the reduced mass of the system and is equal t

I 15~E92E!AE C~rWp , rW1 , rW2!drWp drW1 drW2 , ~A3!

I 25AE C~rWp , rW1 , rW2!H 1

r p
2

1

r 2
2

1

urWp2rW1u

1
1

urW12rW2uJ drWp drW1 drW2 , ~A4!
3-9



her.

i.e.,

ARINDAM BASU, PRABAL K. SINHA, AND A. S. GHOSH PHYSICAL REVIEW A63 052503
I 3516A2pN~1s!(
m

am~1s!
1

lm
3 3E H e2lmr p

r p
2

e2lmr 2

r 2

1
lm

2
~e2lmr p2e2lmr 2!J C~rWp , rW1 , rW2!drWp drW1 drW2 ,

~A5!

I 452pN~1s!(
m

am~1s!lmkE E dy y2D~rWp , rW1 , rW2!

3H S e2mnr p

mn
3 1r p

e2mnr p

mn
2 D r pY1m8~ r̂ p!

2S e2mnr 2

mn
3 1r 2

e2mnr 2

mn
2 D r 2Y1m8~ r̂ 2!J drWp drW1 drW2 ,

~A6!

wherelm5bm1Zn andlmk5bm1d2p .
bm andd2p are the range parameters of the 1s and 21 p

states, respectively.

mn5lmkAy, ~A7!

A516A2pN~1s! (
m51

2

am~1s!
1

lm
3 , ~A8!
05250
C[h1s~ urWp2rW2u!h1s~ urWp2rW1u!expi
1

2
QW •rWp

3expS 2 i
1

2
kW 8•rW2D expS i

1

2
kW •rW1D v2p~rW1!u1s~rW2!,

~A9!

D[h1s~ urWp2rW2u!h1s~ urWp2rW1u!expi
1

2
QW •rWp

3expS 2 i
1

2
kW 8•rW2D expS i

1

2
kW •rW1Du1~rW1!u1s~rW2!.

~A10!

Now, integralsI 1 , I 2 , and I 3 are straightforward and given
by Sarkar, Chaudhuri, and Ghosh@10#. Again in I 4 there are
two terms, one can be obtained as a derivative of the ot
r p

2e2mnr pY1m( r̂ p) can be obtain fromr pe2mnr pY1m( r̂ p) by
taking the derivative of the latter with respect tomn . This is
similar for the case in whichr p is replaced byr 2 . Hence, we
are giving the expression for the two fundamental ones,

I „r pe2mnr pY1m~ r̂ p!… and I „r 2e2mnr 2Y1m~ r̂ 2!….

Now, we present the integration results:
I „r pe2mnr pY1m~ r̂ p!…5E expS i
1

2
QW 3rWpD r p exp~2mnr p!Y1m~ r̂ p!v* ~ urWp2rW2u!v~ urWp2rW1u!

3expS 2 i
1

2
kW 83rW2 DexpS i

1

2
kW 3rW1Du1s~rW2!u1~rW1!drWp drW1 drW2

5 i32pA2pN1sa i
2Zn(

m
am~1s!bmE ds s~12s!E dp p~12p!

3S 1

m1

]

]m1
D 2 1

m1
S 1

m2

]

]m2
D 2 1

m2

l

~r21l2!
rY1m~ r̂ !, ~A11!

where

m1
25sZn

21~12s!a i
21

1

4
s~12s!k2,

m2
25pbm

2 1~12p!a i
21

1

4
p~12p!k82,

~A12!

rW 5
1

2
$~11s!kW2~11p!kW8%,

l5mn1m11m2 .
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I „r 2e2mnr 2Y1m~ r̂ 2!…5E expS i
1

2
QW •rWpD r 2 exp~2mnr 2!Y1m~ r̂ 2!v* ~ urWp2rW2u!v~ urWp2rW1u!

3expS 2 i
1

2
kW 8•rW2 DexpS i

1

2
kW •rW1Du1s~rW2!u1~rW1!drWp drW1 drW2

5 i32pA2pN1sa i
2Zn(

m
am~1s!E ds s~12s!E dp p~12p!

3S 1

m3

]

]m3
D 2S 1

m4

]

]m4
D 2 1

m4

l2

~r2
21l2

2!
r2Y1m~ r̂2!, ~A13!

where

m3
25sZn

21~12s!a i
21

1

4
s~12s!k2,

m4
25pm3

21~12p!a i
21

1

4
p~12p!r3

2,

rW 35
1

2
$~11s!kW2kW8%, ~A14!

rW 25
1

2
$p~11s!kW2~11p!kW8%,

l25mn1m31bm .
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