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Positronium scattering by helium
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Coupled-state calculations are presented for Ps(1s)1He(11S) scattering in the energy range 0–40 eV. Up
to 22 Ps states are employed but only one He state is retained. Pseudostates are used to represent the Ps
continuum. First Born estimates of cross sections in which the He is excited or ionized are found to be
negligible in the chosen energy range. Calculation shows that ionization of the Ps is the main process at the
higher energies. Comparison is made with available experimental measurements of the total cross section and
with other theories. At low energies there is not only serious conflict between different experiments but also
between the different theoretical approximations. In particular, the calculations of Biswas and Adhikari@Phys.
Rev. A 59, 363 ~1999!# and Peach~unpublished! predict a much smaller elastic cross section at low energies
than that obtained in the present work. The relative merits of the different approximations are discussed.
@S1050-2947~99!04212-2#
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I. INTRODUCTION

With the advent of monoenergetic energy tunable posi
nium ~Ps! beams@1–13# a whole new area of atomic colli
sion physics has been opened up. Positronium is speci
that it is a light neutral projectile. The states of Ps fall in
two classes, ortho~o! and para (p), depending upon whethe
the electron and positron are in a spin triplet or spin sing
state, respectively. The significance of this classification
in the different lifetimes of these spin states against ann
lation of the electron and positron into photons. Thus, in
electronic ground level, Ps(1s), o-Ps has a lifetime of 142
ns and decays predominantly into three photons, whilep-Ps
has a lifetime of 0.125 ns and decays predominantly into
photons@14,15#. Similar to a hydrogen atom~H!, positro-
nium can be created in any electronic state Ps(nlm). It is
therefore necessary that the electronic condition of the b
be defined. In the present state of the art, Ps beams cons
essentiallyo-Ps in the ground 1s state@13#, p-Ps(1s) is too
short lived to be transportable as a beam. Experimental
pability is presently at an early stage and, except for a v
limited amount of rough data on differential scattering@13#,
is confined to total cross section measurements. So far,
measurements have been made for Ps scattering by He
H2, and O2 @9–13#. In addition to the beam measuremen
there are also some cross section data at very low ene
deduced from observations of the annihilation rate
o-Ps(1s) in various gases@4,16–19#.

From a theoretical viewpoint, Ps scattering is a very d
ficult problem. Unlike electron and positron scattering, t
projectile, Ps, now has internal degrees of freedom wh
must be taken into account as well as those of the target,
is a significant complication@20#. Because the center o
charge of the Ps coincides with its center of mass, the di
Coulomb interaction between the Ps and the atomic or
lecular target is very much weakened compared with t
arising from electron exchange. However, the exchange
cess is very difficult to calculate since it involves electr
swapping between two different centers, the target, and
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Ps. Because of these difficulties, progress in the theore
treatment of Ps-atom collisions has been slow@4#. The ar-
chetypical system is Ps1H, which is also a classic exampl
of the Coulomb four-body problem. This system has a h
tory going back to the pioneering work of Massey and Mo
@21#. The first realistic calculation of electron exchange
Ps-H scattering was made by Fraser@22,23# in the static-
exchange approximation. In the 1970s Drachman and Ho
ton @24,25# published some results onS-wave scattering, us-
ing the variational method, and Drachman@26# predicted the
existence of resonances in which the positron orbits the2

ion. In more recent times the static-exchange approxima
has been revisited by Ray and Ghosh@27,28# and coupled-
state calculations have started to appear in the literature@29–
33#. The largest of these has been performed by Camp
et al. @33#. These authors have used a coupled-pseudos
approximation employing 22 Ps states to produce a pictur
Ps-H scattering over the energy range 0–40 eV. Resona
were found in the electronic spin singlet partial waves up
H wave, consistent with the suggestion of Drachman@26#,
and the fate of the Ps, whether to be elastically scattered
excited, or ionized~the main process at higher energies!, was
described. One important restriction on this coupled-state
proximation was the assumption that the H atom remaine
its ground state. Allowance for real~but not virtual! excita-
tion and ionization of the H atom was made by using the fi
Born approximation@20#.

In this paper we announce the extension of the appro
mation of Campbellet al. @33# to Ps scattering be He(11S).
The motivation for this work is provided by the existence
experimental data@10,13,16–19# which can be used to tes
the model, an opportunity so far denied to the Ps-H syst
For Ps-He scattering there are already static-exchange c
lations by Fraser@34,35#, Fraser and Kraidy@36#, Barker and
Bransden@37,38#, and Sarkar and Ghosh@39#. Barker and
Bransden@37,38# have also investigated the importance
the van der Waals interaction between the Ps and the
atom. A model potential calculation has been made
Drachman and Houston@40#. More recently, Biswas and
4454 ©1999 The American Physical Society
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PRA 60 4455POSITRONIUM SCATTERING BY HELIUM
Adhikari @41# and Sarkaret al. @42# have made three-stat
@Ps(1s,2s,2p)1He# close-coupling calculations. These ha
been augmented in various ways~to be described later! to
also take account of ionization of the Ps and excitation of
Ps to states with principal quantum numbern>3. The
present work is a much larger coupled-pseudostate app
mation~22 states! which uses the same Ps states as Camp
et al. @33# and as an earlier nonexchange calculation
McAlinden et al. @20#. This approximation includes, in
self-consistent way, both ionization and excitation of the
Finally, we note the presence in the literature@10,13# of un-
published theoretical results by Peach.

II. THEORY

The approximation we use may be described as follo
@43#. We expand the collision wave functionC for the
Ps1He system in Ps statesfa and He statescb according to

C5A(
a,b

Gab~R1!fa~ t1!cb~r2 ,r3!x~s1!

3
1

&
@a~s2!b~s3!2a~s3!b~s2!#, ~1!

whereRi[(r p1r i)/2 is the position vector of the Ps cent
of mass,t i[r p2r i is the Ps internal coordinate,r p(r i) is the
position vector of the positron (i th electron!, all position
vectors are referred to the atomic nucleus as origin,A is the
antisymmetrization operator,a and b are the usual spin-1

2

functions,x ~5a or b! is the spin function for the electron i
the positronium, and we need not make explicit mention
the positron spin which, under the Hamiltonian~6!, is con-
served in the collision. In writing Eq.~1! we have restricted
the expansion to spin singlet statescb of the atom. A con-
sequence of this is that ano-Ps projectile cannot be con
verted into p-Ps or vice versa and so the collision cro
sections foro-Ps andp-Ps are the same. In general the s
of statesfa and cb will consist of both pseudostates an
eigenstates satisfying

^fa~ t!uHPs~ t!ufa8~ t!&5Eadaa8 , ^fa~ t!ufa8~ t!&5daa8 ,
~2!

^cb~r2 ,r3!uHA~r2 ,r3!ucb8~r2 ,r3!&5ebdbb8 ,

^cb~r2 ,r3!ucb8~r2 ,r3!&5dbb8 , ~3!

whereHPs is the Ps Hamiltonian

HPs~ t![2¹ t
22

1

t
~4!

andHA is the atomic Hamiltonian

HA~r2 ,r3![2
1

2
¹2

22
1

2
¹3

22
2

r 2
2

2

r 3
1

1

ur22r3u
. ~5!

The Hamiltonian for the collision system we take to be

H52
1

4
¹R1

2 1HPs~ t1!1HA~r2 ,r3!1V~r p ;r1 ,r2 ,r3!,

~6!
e

xi-
ll
f

.

s

f

s

where

V~r p ;r1 ,r2 ,r3!5S 1

ur12r2u
1

1

ur12r3u
2

2

r 1
D

2S 1

ur p2r2u
1

1

ur p2r3u
2

2

r p
D ~7!

gives the interaction between the Ps and the atom.
Substituting Eq.~1! into the Schro¨dinger equation with

the Hamiltonian~6!, projecting withfa(t1)cb(r2 ,r3), and
using Eqs.~2! and ~3!, leads to the coupled equations

~¹R
21pab

2 !Gab~R!54 (
a8,b8

FVab,a8b8~R!Ga8b8~R!

2E Lab,a8b8~R,R8!Ga8b8~R8!dR8G ,
~8!

wherepab is the momentum of the Ps in the ‘‘ab’’ channel
and

Vab,a8b8~R!

[^fa~ t1!cb~r2 ,r3!uV~r p ;r1 ,r2 ,r3!ufa8~ t1!cb8~r2 ,r3!&.

~9!

The local potentialsVab,a8b8(R) give the direct Coulombic
interaction between the Ps and the atom. The nonlocal c
plings Lab,a8b8(R,R8), which we do not quote explicitly
here, arise from electron exchange between the Ps and
atom and describe how the statefa8cb8 is converted into
facb by this process. It is not difficult to show tha
Vab,a8b850 if the Ps statesfa andfa8 have the same parity
In particular this implies thatVab,ab50 so that the direct
Coulomb interaction is nondiagonal. This property has
consequence that the direct term is weakened relative to
exchange interaction which has nonzero diagonal elem
Lab,ab(R,R8), hence the pronounced importance of e
change in Ps-atom scattering. Equations~8! are solved in
partial wave form. For the solution of the partial wave equ
tions we have adopted theR-matrix technique@44#.

From Eq.~1! it is clear that the scale of the calculatio
grows rapidly as the product of the number of Ps statesfa
times the number of He statescb . In order to contain the
size of the calculation we follow Campbellet al. @33# and
keep only the He ground state in the expansion~1!. For the
He ground state wave function we have used the Hart
Fock representation of Clementi and Roetti@45# which gives
a ground state energy of22.8617 a.u., the exact energy b
ing 22.9037 a.u.@46#. We report results in three levels o
approximation.~i! The static-exchange~SE! approximation
in which only the Ps(1s) and He(11S) states are retained in
the expansion~1!—this approximation is driven solely by th
exchange interaction since, see above,Vab,ab50. ~ii ! A nine
@47# state approximation~9ST! consisting of the 1s, 2s, and
2p eigenstates of Ps together with3s, 4s, 3p, 4p, 3d, and
4d pseudostates@48#, these pseudostates are the Ps con
parts @49# of the H states used by Fonet al. @50# for
electron-H scattering.~iii ! A 22-state approximation~22ST!
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4456 PRA 60BLACKWOOD, CAMPBELL, McALINDEN, AND WALTERS
involving the 1s, 2s, and 2p eigenstates of Ps as well a
3s–7s, 3p–7p, 3d–7d, and4 f –7 f pseudostates@20#.

III. RESULTS

Our results are shown in Fig. 1–3. Although the captio
refer to scattering ofo-Ps by He, in the approximation
adopted here, the cross sections foro-Ps andp-Ps scattering
are identical~see above!. The experimental data in the fig
ures correspond too-Ps. Figure 1 compares the total cro
section sT calculated in our three approximations, 22S
9ST, and SE, over the energy range 0–40 eV. Since th
approximations do not allow the He atom to be excited
ionized, in the terminology of McAlindenet al. @20#, this is,
strictly speaking, the ‘‘target elastic’’ total cross sectio
sT

TE . Using the first Born approximation, McAlindenet al.
@20# have estimated the ‘‘target inelastic’’ total cross sect

FIG. 1. Total cross section foro-Ps(1s)1He(11S) scattering.
Theoretical results: solid curve, 22ST; long-dashed curve, 9
dash-dot curve, SE. Experimental data: solid circles, Garneret al.
@10,13#; solid square, Nagashimaet al. @18#; solid triangle down,
Canteret al. @16#; cross, Skalseyet al. @19#; short-dashed curve
Colemanet al. @17# ~no error estimates are given by these autho!.

FIG. 2. Cross sections in the 22ST approximation: solid cur
total cross section; short-dashed curve, elastic scattering; das
curve, Ps ionization; long-dashed curve, Ps(n52) excitation; solid
circles, total cross section measurements of Garneret al. @10,13#.
s

,
se
r

sT
TI , i.e., the sum of cross sections in which the target

excited or ionized. This estimate turns out to be negligi
compared with the cross sections shown in Fig. 1, altho
at higher impact energies target inelastic scattering does
come very important@20#. We therefore regard the theoret
cal curves in Fig. 1 as giving the full total cross sectionsT

5sT
TE1sT

TI , in the energy range 0–40 eV. It should also
noted that the SE total cross section is the same as the
elastic cross section since this is the only process tha
represented in this approximation.

Figure 1 shows excellent agreement between the
pseudostate calculations, 9ST and 22ST, in the energy ra
up to 10 eV. To the extent that our approximation of reta
ing only the He ground state in Eq.~1! is valid, this inspires
considerable confidence in the 22ST results. In the same
ergy range, it is also seen that there is not a great differe
between the pseudostate calculations and the SE approx
tion. This suggests that the exchange interaction is domin
and that coupling to states of Ps other than 1s is not so
significant at these impact energies. We think that this is
another example of the Pauli exclusion mechanism discus
by Walters @51# and manifested at low impact energies
triplet S-wave e21H(1s) and Ps(1s)1H(1s) elastic scat-
tering and inS-wave e21He(11S) elastic scattering, this
mechanism leads to insensitivity at low energies to the fo
of the approximation beyond the static-exchange level@52#.
Above 10 eV differences between the two pseudostate
proximations, 22ST@53# and 9ST, become apparent. How
ever, it is seen that the 9ST cross section curls around
22ST result and is ‘‘on average,’’ in agreement with t
latter. This is a pattern of behavior that has already b
noted in e1-atom scattering@54,55# where a lesser pseu
dostate approximation averages to the result of a better
culation. In this sense the 9ST calculation continues to s
port the 22ST cross section. Above 15 eV the SE cr
section begins to fall well below the pseudostate curves. T
factors contribute to this decline. First, as noted above,

T;

,
dot

FIG. 3. Total cross section foro-Ps(1s)1He(11S) scattering.
Theoretical results: solid curve, 22ST; long-dashed curve, Bis
and Adhikari@41#; dash-dot curve, Peach@55#. Experimental data:
solid circles, Garneret al. @10,13#; solid square, Nagashimaet al.
@18#; solid triangle down, Canteret al. @16#; cross, Skalseyet al.
@19#; short-dashed curve, Colemanet al. @17# ~no error estimates
are given by these authors!.
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PRA 60 4457POSITRONIUM SCATTERING BY HELIUM
SE approximation can only describe elastic scattering. As
shall see from Fig. 2, inelastic effects, principally ionizati
of the Ps, become dominant with increasing energy. S
ondly, the SE approximation is driven exclusively by ele
tron exchange, with increasing impact energy this will fa
away in comparison with the direct couplingsVab,a8b8 which
are active in the pseudostate approximations. Unlike the c
of Ps(1s)1H(1s) scattering@33# there is a noteworthy ab
sence of resonances in Fig. 1. On the basis of the mode
the Ps1H resonances@26#, i.e., a positron orbiting the H2

ion, we would not expect resonances in the Ps(1s)
1He(11S) system since He does not support a stable
metastable negative ion with total electronic spin5 1

2 . But it
does have a metastable negative ion with total electro
spin5 3

2 @56# and so we would expect resonances if the
were scattered off He(23S), say.

In Fig. 1 we also compare our calculations with the ava
able experimental data. These consist of some cross sec
at very low energies from Canteret al. @16#, Colemanet al.
@17#, Nagashimaet al. @18#, and Skalseyet al. @19#, deduced
from observations of the annihilation rate ofo-Ps(1s) in He,
and of beam measurements at higher energies by Ga
et al. @10,13#. While, technically speaking, the very low en
ergy annihilation measurements may correspond to the
mentum transfer cross section, see Ref.@18# and @19#,

sm5E ~12cosu!
dsel

dV
dV, ~10!

wheredsel /dV is the elastic differential cross section andu
is the scattering angle, in effect, at such low impact energ
we may treat the cross section as being the total elastic c
section (5sT at these energies!, since the scattering is al
most entirelyS wave. The measurements of Garneret al.
@10,13# are straight measurements of the total cross sect
From Fig. 1 we see that there is considerable disagreem
between the low energy measurements, with the most re
of these, by Skalseyet al. @19#, being by far the smallest. Th
largest cross section, that of Nagashimaet al. @18# is (13
64)pa0

2 and agrees very well with our pseudostate calcu
tions. Above 15 eV the pseudostate cross sections gene
lie below the measurements of Garneret al. @10,13# but are
close. An intriguing situation is presented by the point
Garneret al.at 10 eV. This suggests a down turn in the cro
section at lower energies, perhaps towards the measure
of Skalseyet al., a trend that would be totally at varianc
with our calculations.

Figure 2 shows the total cross section for the 22ST
proximation dissected into its principal components, i.e.,
elastic cross section, the Ps ionization cross sections I , and
the Ps(n52) excitation cross section. The ionization cro
section has been extracted in the usual way@54,55# by taking

s15(
a

f asa , ~11!

wheresa is the cross section for exciting the Ps statefa and
f a is the fraction of this state overlapping the Ps continuu
The pattern of Fig. 2 is the same as that obtained by Ca
e
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bell et al. @33# in Ps(1s)1H(1s) scattering. At high energies
ionization is dominant, while at any energy Ps(n52) exci-
tation is unimportant.

Figure 3 compares our 22ST total cross section with
theoretical calculations of Biswas and Adhikari@41# and of
Peach@57#, and again with the experimental data. Unlike t
present work, these two theories predict a down turn in
total cross section at low energies and both are in agreem
with the 10 eV measurement of Garneret al. @10,13# and
with the point of Skalseyet al. @19#. At higher energies the
cross section of Biswas and Adhikari is in particularly go
agreement with the measurements of Garneret al.while the
result of Peach lies close to the 22ST curve. It is theref
important to understand the difference between these ca
lations and the present work.

As in the present work, the approximation of Biswas a
Adhikari does not take account of excitation/ionization,
ther real or virtual, of the He atom. The approximation
Peach@58# does not allow for real excitation or ionization o
the He atom either but does include virtual excitations,
elastic scattering, through the use of model potentials~see
below!. For excitation and ionization of the Ps Peach use
version of the first Born approximation and so do Biswas a
Adhikari except that they calculate the Ps(n52) excitations
in their three-state close coupling approximation. By contr
our approach is completely nonperturbative but relies on
Ps pseudostates in the expansion~1! to carry these processe
At the higher energies, where ionization of the Ps domina
the total cross section, see Fig. 2, all three approximati
give similar results. Where the 22ST approximation is m
different from the other two theories is in the estimate of t
elastic cross section. In the other two approximations thi
very much smaller than the 22ST prediction, this is cle
from Fig. 3 where, below 5.1 eV, the total cross section
just the elastic cross section. When the inelastic chan
switch on at 5.1 eV the extra addition to the comparativ
small elastic cross section of the other two approximatio
causes a sudden rise in their total cross sections, this is
origin of the down turn in these theories on going below
eV. In the 22ST approximation, on the other hand, the
elastic contribution adds to an already large, but rapidly
creasing, elastic cross section and so results only in a sh
der in the total cross section near 5 eV. The prima
difference between the 22ST approximation and the ot
two theories therefore rests upon the elastic cross sectio

In the work of Biswas and Adhikari the elastic cross se
tion is calculated in a three state Ps(1s,2s,2p)1He close-
coupling approximation. This, as the paper of Sarkaret al.
@42# clearly shows, should result in an elastic cross sect
not very different from the SE approximation given in Fig.
However, Biswas and Adhikari@32,41# argue that there is an
‘‘orthogonality’’ problem with the exchange term in th
coupled-state approach. They therefore modify
Ps(1s,2s,2p)1He approximation to remove this ‘‘orthogo
nality problem,’’ the result is a very different approximatio
with a very much smaller elastic cross section. We do
subscribe to the view that there is an ‘‘orthogonality pro
lem’’ and we regard the modification of the coupled-sta
approximation as unfounded.

In the approximation of Peach@58# the Ps1He system is
modelled as a three-body problem, i.e.,e1,e2 and a He core.
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Model potentials, which include ‘‘polarization’’ terms up t
1/r 6 are constructed for the interaction of thee1 ande2 with
the He core, this is achieved by matching as closely as p
sible knowne21He ande11He scattering data@59,60#. In
addition, three-body terms that depend upon the He ‘‘po
ization’’ are added to the interaction. An adiabatic poten
curve for the Ps(1s) in the field of the He core is then gen
erated by diagonalizing the model Hamiltonian for the s
tem in a basis consisting of Ps states as well as the unph
cal He(1s3) state which is supported by the model potenti
Phase shifts are then calculated for Ps scattering in the a
batic potential.

This approach to the elastic Ps(1s)1He(11S) cross sec-
tion differs in two substantive ways from the present wo
First, the approximation of Peach allows for virtu
excitation/ionization of the He by employing model pote
tials that replicate the full interaction between thee1/e2 and
the He; in our approximation neither real nor virtu
excitation/ionization of the He is permitted. Secondly, Pea
treats the scattering problem from an adiabatic viewpo
whereas our approximation to the scattering is fully dynam
At the present time it is hard to assess the merits and di
vantages of these differences between the two theories.

In Fig. 4 we compare our 22ST total cross section w
the total cross section of Sarkaret al. @42# and with the ex-
perimental data. Sarkaret al.use a three-state close-couplin
approximation @Ps(1s,2s,2p)1He(11S)# to calculate the
elastic and Ps(n52) cross sections. To obtain the total cro
section they add on the ionization cross section of McAl
den et al. @20# which was calculated in the same 22ST a
proximation as here but neglecting exchange. Although
general trend of the two approximations of Fig. 4 is rough
similar, particularly at low energies, there are noticeable
ferences in detail.

Finally, we remark upon the model potential calculati
of Drachman and Houston@40#. This gives a zero energ
cross section of 7.73pa0

2 which is almost half of our 22ST
result of 13.19pa0

2. In this approximation a local model po

FIG. 4. Total cross section foro-Ps(1s)1He(11S) scattering.
Theoretical results: solid curve, 22ST; long-dashed curve, Sa
et al. @42#. Experimental data: solid circles, Garneret al. @10,13#;
solid square, Nagashimaet al. @18#; solid triangle down, Canter
et al. @16#; cross, Skalseyet al. @19#; short-dashed curve, Colema
et al. @17# ~no error estimates are given by these authors!.
s-
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tential was constructed to represent electron exchange
tween the Ps and the atom. This potential was arrange
that the@corrected~see Ref.@40#!# static-exchange results o
Fraser and Kraidy@36# were reproduced in the static
exchange limit. This approximation does not allow for d
tortion of the atom and in physical content is therefore e
actly the same as 22ST. However, unlike the model poten
calculation, 22ST does not resort to a local approximation
exchange but treats it properly in its correct nonlocal for
For this reason the 22ST approximation is to be preferr
For future reference, we give in Table I a sample of our SE
and 22ST results. The SE cross sections are in exce
agreement with those reported by Sarkar and Ghosh@39# also
using a Hartree-Fock wave function for the ground state
He.

IV. CONCLUSIONS

The comparisons made in this paper highlight some v
serious problems in our understanding of Ps-He collisio
While above 15 eV the theoretical calculations and the o
available experiment, that of Garneret al. @10,13#, might be
described as being more or less mutually compatible~see
Fig. 3 and 4!, below this energy there is total discord both o
the experimental side and on the theoretical front. As far
the present work is concerned, it is the contrast with
theories of Biswas and Adhikari@41# and of Peach@58#
which is the most disquieting. The latter disagree marke
with the present work at low energies by predicting a mu
smaller elastic cross section. At very low energies the m

TABLE I. Cross sections~in units of pa0
2) in the SE and 22ST

approximations.

E~eV! SE

22ST

Elastic Ps(n52) Ionization Total

0.0 14.584 13.193 13.193
0.5 13.114 12.256 12.256
1.0 12.175 11.394 11.394
2.0 10.912 9.920 9.920
3.0 10.003 8.849 8.849
4.0 9.268 7.953 7.953
5.0 8.640 7.089 7.089
5.5 8.355 6.493 0.239 6.732
6.0 8.085 6.124 0.416 6.540
7.0 7.587 5.435 0.486 0.055 6.157
7.5 7.355 5.116 0.494 0.278 6.087
8.0 7.134 4.814 0.500 0.366 6.053
9.0 6.717 4.260 0.509 0.565 5.946
10.0 6.332 3.773 0.512 0.795 5.818
11.0 5.975 3.353 0.510 1.056 5.687
12.5 5.483 2.912 0.497 1.505 5.487
15.0 4.764 2.415 0.437 1.895 5.141
20.0 3.622 1.534 0.311 2.067 4.269
25.0 2.776 1.016 0.221 2.210 3.794
30.0 2.038 0.992 0.181 2.310 3.685
35.0 1.214 0.888 0.151 2.197 3.467
40.0 0.636 0.757 0.117 1.950 3.239
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sured cross sections vary by a factor of 5, ranging fr
(1364)pa0

2 ~Nagashimaet al. @18#!, which is in excellent
agreement with our 22ST calculation, to (2.660.5)pa0

2

~Skalseyet al. @19#!, which is in very good agreement wit
the work of Biswas and Adhikari and of Peach. A tantalizi
question is how the higher energy beam measurement
Garneret al.will connect up with the low energy data~which
are based on observation of the annihilation process!. The
datum point of Garneret al.at 10 eV suggests a down turn
the total cross section at low energies which could then w
continue towards the point of Skalseyet al. Clearly, what
happens in the energy range below 15 eV is critical and
here where future experiments should be concentrated.

In Sec. III we discussed the relative merits of the theor
compared in Fig. 3. To summarize, our opinion was that
approximation of Biswas and Adhikari@32,41# was based
upon an unfounded modification of the three-st
Ps(1s,2s,2p)1He(11S) close-coupling approximation. Th
work of Sarkaret al. @42# shows clearly that it is this modi
fication which accounts for the substantial discrepancy
tween the Biswas-Adhikari approximation and our 22ST c
culation at low energies. In comparison with th
n,

T.

s.

r-

ct.

ev

-

ev

s.

A

an

J.
of

ll

is

s
e

e

-
l-

approximation of Peach@58#, there are two points of con
trast. The first is her adiabatic treatment versus the fully
namic approach adopted here. The second is the restric
of the present approximation to one undistorted atom s
compared with Peach’s allowance for distortion of the at
through the use of model potentials. At the present time
do not know the importance of either of these factors. T
main criticism of the present work undoubtedly lies in t
restriction of the expansion~1! to the He ground state. Yet
we find it hard to believe that allowance for all He state
both singlet and triplet, in Eq.~1! would lead to so substan
tial a change in the 22ST cross section as to give agreem
with the lowest of the measurements shown in Fig. 3, tha
Skalseyet al. @19#, however, only a fully fledged calculatio
can substantiate this prejudice.
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