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Ps-He scattering below the first target excitation threshold
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Scattering of a Ps atom off a He target has been investigated in the framework of the close-coupling
approximation using two basis sets:~a! Ps(1s)1He(1s2,1s21s,1s21p) and ~b! Ps(1s,2p)
1He(1s2,1s21s,1s21p). Target inelastic channels reduce the elastic cross sections appreciably near zero
energy. The present results are in good agreement with the theoretical prediction of Drachman and Houston
and the measured data of Canter, McNutt, and Roellig and Colemanet al.and are also in good agreement with
the measured data of the UCL group from 15–20 eV.
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With the advent of monoenergetic energy tunable or
positronium~O-Ps! beam, it is now possible to measure po
itronium atom-molecule scattering parameters. Measu
ments have already been carried out for total cross sect
on Ps scattering off He, Ar, O2, and H2 targets using beam
techniques@1–5#. In addition to these beam measuremen
some cross-section data have been deduced from obs
tions of the annihilation rate of O-Ps in various gases at v
low energies@6–9#. At the very low energies, annihilatio
measurements correspond to momentum-transfer cr
section~MTC!, which is given by,

sm5E ~12cosu!
dsel

dV
dV

where,dsel /dV is the elastic differential cross section. Th
MTC at very low energy may be considered to be the to
cross section sinceS-wave cross section is rather essentia
the sole contributor to the total cross section at these e
gies. The zero~or near zero! energy cross-section data o
tained so far by different groups on Ps-He scattering diff
dramatically among themselves. The largest cross sectio
obtained by Nagashimaet al. @6# as 13(64)pa0

2, whereas
Skalseyet al. @7# give the lowest value as (2.660.5)pa0

2.
Values of cross section due to Colemanet al. @9# and Canter,
McNutt and Roellig@8# are 9pa0

2 and (8.460.9)pa0
2 respec-

tively. No error estimates have been provided by Colem
et al. @9#. The last two measured data are very close to e
other. The direct value measurement of the UCL@1# group at
10 eV, the lowest energy they considered, is around 3.3pa0

2.
Present situations warrant further measurements on
Ps-He scattering system to settle the behavior of cross
tion near zero energy.

Here we consider Ps-He scattering up to the energy be
the first excitation threshold~up to 20 eV! of the He atom.
Our earlier predicted results~Sarkar, Chaudhuri, and Ghos
@10#!, are in excellent agreement with the measured dat
the UCL group@1# in the energy region 20–30 eV. We are
particular more interested about the zero~or near zero! en-
ergy cross section due to anomaly in the experimental
1050-2947/2001/63~4!/042706~5!/$20.00 63 0427
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ues. Theoretically, Ps-He scattering has been initiated
Fraser@11,12# and Fraser and Kraidy@13# using the static
exchange model. The static exchange model has also
used by Barker and Bransden@14,15# and they have also
included van der Waals’ interaction between Ps and He
oms adiabatically in their calculations. Fraser predicted
MTC of 12pa0

2 and Bransden predicted the same as 9.38pa0
2

at 0.272 eV. Recently, Sarkar and Ghosh@16# have also em-
ployed the static exchange model for a wider range of en
gies. Sarkaret al. @10# have also applied a three-sta
@Ps(1s,2s,2p)1He(1s2)# target elastic close-coupling ap
proximation and predicted the results up to 200 eV givi
the near zero energy cross section at 14.584pa0

2. Most re-
cently Blackwoodet al. @17# ~Belfast group! have investi-
gated Ps-He scattering using a target elastic coupled p
dostate~22 states! calculation in the energy range 0–40 e
predicting 13.193pa0

2 as the zero energy cross section. Th
is the most elaborate coupled channel target elastic calc
tion. The zero energy cross section of both groups are c
to each other and also very close to that of Nagashimaet al.
@6#. Drachman and Houston@18# have investigated Ps-H
scattering and obtained the value ofZeff and scattering
length. The exchange of electrons between the atoms
been taken into account by using a local model potent
They included the effect of correlation by taking close cha
nel wave functions having eighty-four independent term
Ultimately the problem is solved by the Kohn variation
principle in the framework of adiabatic approximation. Th
predicted a zero energy cross section of 7.73pa0

2. In a very
recent calculation Biswas and Adhikari@19# have investi-
gated Ps-He scattering using a different version of the clo
coupling method where the exchange of electrons betw
two atoms has been incorporated by using a nonlocal mo
potential. Their results are in good agreement with the U
group and the zero energy cross section is close to the m
surement of Skalseyet al. @7#. However their results differ
appreciably from all other theoretical values predicted so
We would like to add that Peach@20#, as reported by the
Belfast group@1#, has included the effect of inelastic cha
©2001 The American Physical Society06-1
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nels of the He atom through a model potential adiabatic
and predicted a total cross section of about 3.3pa0

2 at zero
energy. Thus we see that the theoretical predictions run f
2.7pa0

2 to 14.584pa0
2. Therefore, zero energy cross secti

is still a complete open question. Further theoretical inve
gations are required to determine the exact behavior of
cross section at very low energies.

Here we consider Ps-He scattering at low energies. As
theoretical as well as experimental predictions for the to
cross section at zero energy differ dramatically among th
selves, we focus our attention on such a low-energy reg
Literature reveals that above 5.1 eV, the dominant contri
tion to the total cross section in the Ps-atom scattering is
to the inelastic channels of Ps@17#. The extensive calcula
tions of Blackwoodet al. @17# show that~Table I in Ref.
@17#! the zero energy cross-section changes very margin
from 14.584 in the static exchange approximation to 13.1
in their 22-state target elastic calculation, a change of 9.
It is worth mentioning that the 22-state target elastic cal
lation incorporates, via pseudostates, the effects of hig
excitations 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
inelastic channels of the Ps atom. On the other hand,
calculations of Ray and Ghosh@21#, Sinha, Basu, and Ghos
@22# and Basu, Sinha, and Ghosh@23# on Ps-H scattering
show that the low-energy elastic cross section reduce dr
cally due to the inclusion of target inelastic channels. Ke
ing this in mind, we include then52 singlet excitation chan
nels of the target He atom in our present calculations. All
He wave functions used are taken from Winter and Lin@24#.
Further, the van der Waals’ interaction is supposed to pla
vital role in determining the scattering parameters in Ps-a

TABLE I. Scattering length for Ps-He in different approxim
tions ~in a.u.!.

Fraser 1.72
Drachman and Houston 1.389
Model ~a! 1.394
Model ~b! 1.360
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scattering@22,25#. Hence, we investigate Ps-He scatteri
using two basis sets,

~a! Ps~1s!1He~1s2,1s21s,1s21p!

~b! Ps~1s,2p!1He~1s2,1s21s,1s21p!.

Our experience on Ps-H@22,23# and on Ps-He@16# scat-
tering shows that the Ps(2s) does not contribute significantly
to the low-energy elastic cross sections. Guided by this
also to save computer time, we do not include the Ps(s)
excitation channel in our model~b!.

The present calculation takes two extra effects for
system under consideration, which have not been consid
earlier: effect of higher excited states of target atom and
van der Waals’ interaction. The van der Waals’ interaction
included dynamically through the inclusion ofp states of
both the atoms in the expansion scheme.

We use the close-coupling approximation~CCA! to solve
the problem using our numerical code. In actual calculat
one has to solve the one-dimensional coupled integral eq
tion,

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

2p2 (
t9

E dk9k9

3
BJ6~t8k8;t9k9!TJ6~t9k9;tk!

kh9n9
2

2k921 i«
,

wheret[(np ,l p ,na ,l a ,J1 ,L). The details of the theory are
given in Refs.@22,25#. These equations are converted in
simultaneous equations and are solved by a matrix inver
technique for each partial wave.

Table I compares the values of the scattering lengths
ing our present models with the other available theoret
predictions. Using a static exchange model, Fraser predi
a high scattering length while the other three quoted res
are much lower and close to each other. The value of Dra
man and Houston lies in between our present results,
value predicted by model~b! being the lowest one.

Table II displays the different predictions for the zero~or
near zero! energy cross sections. This table also carries
tions
TABLE II. Zero energy total cross section for Ps-He in units ofpa0
2.

Theory Experiment
References Cross sections References Cross sec

Sarkaret al. 14.584 Nagashimaet al.a 13~64!

Blackwoodet al. 13.193 Colemanet al. 9.0
Frasera 12.0 Canter, McNutt, and Roellig 8.4~60.9!
Barker and Bransdena 9.38 Skalseyet al.a 2.6~60.5!
Drachman and Houston 7.73
Model ~a! 7.78
Model ~b! 7.40
Peach 3.30
Biswas and Adhikari 2.70

aNear zero energy.
6-2
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outcomes of different annihilation measurements. The low
theoretical value has been predicted by Biswas and Adhi
@19# and is in excellent agreement with the finding of Sk
seyet al. @7#. The estimate of Peach is also very close to t
of Biswas and Adhikari. But their results are far away fro
other corresponding theoretical predictions. The results
Blackwoodet al.and those of Sarkar, Chaudhuri, and Gho
corroborate well with the measured data of Nagashimaet al.
@6#. There are other two nearby@8,9# measured data for zer
energy cross section. Our results, using both the pre
models, are close to the findings of Canter, McNutt, a
Roellig and Colemanet al. Our extrapolated zero energ
cross-sections are 7.78@using model ~a!# and 7.4 @using
model ~b!#. It is evident that the inclusion ofn52 target
states decrease the near zero energy elastic cross sectio
huge amount when compared with otherab initio calcula-
tions. On allowing the target atom to be virtually excited, t
low-energy impinging Ps atom, for small separation betwe
the atoms, feels a wider charge distribution of the tar
atom, which gives rise to a more attractive potential co
pared to the situation where the target is tightly bound to
ground state. This drops the zero energy cross section
proximately by 50%@model ~a!#. The results are lowered
further on inclusion of a virtual excitation of the Ps atom
the expansion basis@model~b!#. The van der Waals’ interac
tion, which we have talked about earlier, arises due to
interaction of induced dipole moments of the colliding a
oms. The effect of induced polarizability is well account
by thep states. Thus our second model takes into accoun
least partially, the van der Waals’ interaction dynamica
through the inclusion ofp states of both the atoms. The a
tractive van der Waals’ interaction reduces the zero ene
cross section further from that obtained in model~a!. In this
connection, it is worth mentioning that the Drachman a
Houston@18# prediction is in fair agreement with ours. In ou
calculation on Ps-H@22#, we avoided the calculation o
Ps(1/2s)2H(1/2s)→Ps(2p)1H(2p) exchange elements o
the ground that the exchange is a short-range interac
while the van der Waals’ interaction is a long-range o
Here we have performed the calculation@model~b!# with and
without Ps(1s)1He(1s2/1s21s)→Ps(2p)1He(1s21p) ex-
change elements and found no significant change in the
energy cross-section, which confirms our earlier assumpt
We also included in our calculation, not quoted, the hig
(n.2) excited states of the He atom in a calculation sim
to model~a! and found a marginal change in the zero ene
cross section. This encouraged us to restrict ourselves to
clude only up ton52 target states in both the models.

In Fig. 1 we compare the integrated elastic cross sec
for O-Ps-He scattering up to incident energy 20 eV us
different theoretical predictions. The three-state target ela
results of Sarkar, Chaudhuri, and Ghosh@10# lie always near
those of static exchange@16,17# predictions. The 22-state
target elastic calculation@17# predicts appreciably lowe
cross sections compared to those of the static excha
model. With increase in energy, the difference between
eigenstate predictions@16,10# and the corresponding pseu
dostate@17# predictions increase gradually. Evidently, th
inclusion of projectile inelastic channels, mainly the effect
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ionization, lowers the elastic cross sections appreciably,
effect increases with increasing energy in the energy ra
considered. The elastic cross sections using our present
models give much lower values compared to target ela
cases at very low energies. The rate of fall of elastic cr
section, using present models, are much slower than tha
the 22-state calculation. Beyond the Ps incident energy o
eV, our present models predict higher values for integra
elastic cross section than those of the 22-state calcula
With the increase in energy the effect ofn52 target singlet
excitation channels decreases and the results of mode~a!
and model~b! approach, respectively, to the predictions
static exchange and three-state target elastic approximat
Obviously, near zero incident energies, it is the target ine
tic channels, mainlyn52 excitation channels, which is th
main factor for the reduction in the elastic cross section,
at relatively higher energies, the projectile inelastic chann
influence the elastic cross sections. We infer that near z
energy, the effect of virtual loosening of the target is ve
important, while at higher energies, the effect of Ps ioni
tion is dominant.

In Fig. 2, we compare the integrated total cross secti
using our present full CCA model@model~b!# along with the
corresponding predictions of Sarkar, Chaudhuri, and Gh
and those of Blackwoodet al. This figure also carries the
measured data of the UCL@1# group in the same energ
range as in figure 1. We define the total cross section as

sT5sel
CCA1sex~Ps:n52!

CCA 1sex~Ps:2,n<4)
B-O 1s ion~Ps!

FBA ,

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

sex~Ps:n52)
CCA is the Ps(n52) excitation cross sections

sex~Ps:2,n<4)
B-O is the Ps excitation cross sections~for n53 and

FIG. 1. Integrated elastic cross sections. Curves: dash-do
dot, static exchange, Ref.@16#; dot, three-state target elastic CCA
Ref. @10#; dash dot, 22-state target elastic CCA, Ref.@17#; dash,
three-state projectile elastic CCA@model ~a!#; solid, full CCA
@model ~b!#.
6-3
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4!, using the Born-Oppenheimer approximation, ands ion~Ps!
FBA

is the Ps ionization cross section evaluated using the
Born approximation. For Ps(2s) excitation cross sections w
use the results of Sarkar, Chaudhuri, and Ghosh@10# and, as
in our present models, the Ps(2s) state is not included. How
ever, except thesel

CCA , the other partial cross sections a
added tosT when they are energetically accessible. Our p
dictions for the total cross sections@Sarkar, Chaudhuri, and
Ghosh and model~b!# show a minimum but this is no
present in the results of Blackwoodet al. This is also in the
calculations of Biswas and Adhikari and Peach. In our m
els the minima are in the vicinity of the Psn52 excitation
threshold. Below 5.1 eV, the total cross section is noth
but the elastic cross section. With increase in energy,
elastic cross section decreases and 5.1 eV onwards, P
elastic contributions to the total cross section give a rais
trend. Thus, a minimum is well expected. The present res
are in fair agreement with the measured data of the U
group @1# beyond 15 eV. We would like to add that Sarka
Chaudhuri, and Ghosh had an excellent agreement with U
data in the energy range 20–30 eV. The difference betw
the two sets of results of our group is due to the fact that
earlier work included the Ps ionization cross section as

FIG. 2. Total cross sections. Curves: dot, three-state target
tic CCA, Ref.@10#; dash dot, 22-state-target elastic CCA, Ref.@17#;
dash, Ps ionization; dash-double dot, Ps (n53 and 4! excitation
cross sections; solid, full CCA@model~b!#; solid circles, measured
data of the UCL group, Ref.@1#.
ev
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tracted by McAlinden, McDonald, and Walters from the
22-state nonexchange calculation@26#. On the other hand
predicted value of the Belfast group are in fair agreemen
15 eV only. All the theoretical predictions, including Biswa
and Adhikari, are at variance with the measured data at
eV. Our present results are expected to be modified by
reasons, first the effects of higher excitations and ionizat
of Ps atoms, which will reduce the elastic cross section
second, proper evaluation of the ionization cross sect
Proper estimates for Ps ionization is expected to yield
larger value than the present one~as cited in Refs.@17#, @26#!
obtained by using the first Born approximation. Effect
ionization of the He target is also expected to reduce the v
low-energy elastic cross section. Our investigation@23# on
Ps-H shows that the continuum of the target reduces
s-wave elastic cross section. These two effects are expe
to more or less compensate each other and the total c
section, as given by us, may be modified at best by 10
Thus, the present paper reports a good estimate to the
cross section near zero energy as well as beyond 10 eV w
compared to measured data. In this connection we like to
that a paper containing the detailed results of the pres
models has already been communicated.

We have investigated Ps-He scattering using two mod
a projectile elastic CCA model~a!, and a more realistic ap
proach in which both the atoms are allowed to be exci
simultaneously, model~b!. We have obtained a dramati
change in the near zero energy elastic cross section by al
ing the virtual excitations of the target. Moreover, the pres
results are in good agreement with the UCL group beyond
eV. Near the zero energy, the total cross section has a
agreement with measured data of Canter, McNutt, and R
lig and Colemanet al. and the theoretical prediction o
Drachman and Houston. Near zero energy the cross sec
obtained by us may be modified if one takes into account
effect of the continuum of the He atom. However, we ha
verified, by inclusion ofn53 target~singlet! states, that the
elastic cross section changes marginally. We expect that
zero energy cross section may be reduced further by 10
all the effects, stated earlier, are considered. Here we h
introduced two effects, the effect of target excitations and
van der Waals’ interaction for the Ps-He system. For a m
meaningful calculation, we advocate for the full CCA, whic
includes the effects of inelastic channels of both the atom

The authors are thankful to the Department of Scien
and Technology, Government of India for financial supp
~SP/S2/K-31/96!. One of us, A.B., is grateful to CSIR, Gov
ernment of India, for his financial support~F. No. 9/80~297!/
99-EMR-I!.
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