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Positronium scattering by helium
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Coupled-state calculations are presented for 8stHe(1'S) 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 Apfiikei
Rev. A59, 363(1999] and Peacliunpublished 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.
[S1050-294{@9)04212-2

PACS numbs(s): 36.10.Dr, 34.50-s

I. INTRODUCTION Ps. Because of these difficulties, progress in the theoretical
treatment of Ps-atom collisions has been s[éM The ar-
With the advent of monoenergetic energy tunable positrochetypical system is RsH, which is also a classic example
nium (P9 beams[1-13] a whole new area of atomic colli- of the Coulomb four-body problem. This system has a his-
sion physics has been opened up. Positronium is special idry going back to the pioneering work of Massey and Mohr
that it is alight neutral projectile. The states of Ps fall into [21]. The first realistic calculation of electron exchange in
two classes, orthéo) and para ), depending upon whether Ps-H scattering was made by Fra§gR,23 in the static-
the electron and positron are in a spin triplet or spin singlekxchange approximation. In the 1970s Drachman and Hous-
state, respectively. The significance of this classification lieson [24,25 published some results dhwave scattering, us-
in the different lifetimes of these spin states against annihiing the variational method, and Drachm&®] predicted the
lation of the electron and positron into photons. Thus, in itsexistence of resonances in which the positron orbits the H
electronic ground level, Psg], o-Ps has a lifetime of 142 jon. In more recent times the static-exchange approximation
ns and decays predominantly into three photons, whiRRs  has been revisited by Ray and Ghd&7,28 and coupled-
has a lifetime of 0.125 ns and decays predominantly into twastate calculations have started to appear in the literfe
photons[14,15. Similar to a hydrogen atonfH), positro-  33]. The largest of these has been performed by Campbell
nium can be created in any electronic statenfPs1). It is et al. [33]. These authors have used a coupled-pseudostate
therefore necessary that the electronic condition of the beampproximation employing 22 Ps states to produce a picture of
be defined. In the present state of the art, Ps beams consist@$-H scattering over the energy range 0—-40 eV. Resonances
essentiallyo-Ps in the ground 4 state[13], p-Ps(1s) istoo  were found in the electronic spin singlet partial waves up to
short lived to be transportable as a beam. Experimental cad wave, consistent with the suggestion of Drachnh2],
pability is presently at an early stage and, except for a verand the fate of the Ps, whether to be elastically scattered, or
limited amount of rough data on differential scatter[ig], excited, or ionizedthe main process at higher energjesas
is confined to total cross section measurements. So far, suefescribed. One important restriction on this coupled-state ap-
measurements have been made for Ps scattering by He, Asroximation was the assumption that the H atom remained in
H,, and Q [9-13. In addition to the beam measurementsits ground state. Allowance for reébut not virtua) excita-
there are also some cross section data at very low energi¢éi®sn and ionization of the H atom was made by using the first
deduced from observations of the annihilation rate ofBorn approximatiori20].
0-Ps(1s) in various gasef4,16—19. In this paper we announce the extension of the approxi-
From a theoretical viewpoint, Ps scattering is a very dif-mation of Campbelet al. [33] to Ps scattering be Het$).
ficult problem. Unlike electron and positron scattering, theThe motivation for this work is provided by the existence of
projectile, Ps, now has internal degrees of freedom whiclexperimental dat#10,13,16—19 which can be used to test
must be taken into account as well as those of the target, thtsie model, an opportunity so far denied to the Ps-H system.
is a significant complicatiorj20]. Because the center of For Ps-He scattering there are already static-exchange calcu-
charge of the Ps coincides with its center of mass, the diredations by Frasef34,35, Fraser and Kraid{36], Barker and
Coulomb interaction between the Ps and the atomic or moBransden[37,3§, and Sarkar and Ghodl39]. Barker and
lecular target is very much weakened compared with thaBransden[37,38 have also investigated the importance of
arising from electron exchange. However, the exchange prahe van der Waals interaction between the Ps and the He
cess is very difficult to calculate since it involves electronatom. A model potential calculation has been made by
swapping between two different centers, the target, and thBrachman and Houstof40]. More recently, Biswas and
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Adhikari [41] and Sarkaret al. [42] have made three-state where
[Ps(1s,2s,2p) + He] close-coupling calculations. These have

been augmented in various wagt® be described latgrto

also take account of ionization of the Ps and excitation of the

Ps to states with principal quantum number3. The

present work is a much larger coupled-pseudostate approxi- _( 1 n 1 . E
mation (22 stateswhich uses the same Ps states as Campbell [ro—ral [rp—ral rp
et al. [33] and as an earlier nonexchange calculation of

McAlinden et al. [20]. This approximation includes, in a gives the interaction between the Ps and the atom.
self-consistent way, both ionization and excitation of the Ps. Substituting Eq.(1) into the Schrdinger equation with
Finally, we note the presence in the literat{it®,13 of un-  the Hamiltonian(6), projecting with ¢,(t;) ¢,(r»,r3), and
published theoretical results by Peach. using Eqgs.(2) and(3), leads to the coupled equations

1 1 2)

. — _l’_ —
VFpirarz.ra) (|r1—r2| [ri—rsl 1y

)

Il. THEORY

(VE&+p2p)Gap(R)=4 2

a’,b’

Vab,a’b’(R)Ga’b’(R)
The approximation we use may be described as follows

[43]. We expand the collision wave functio# for the

Pst+He system in Ps states, and He states), according to _j Lab,ao'(R,R")Garp (RNAR" |,

8
W=A2, Gap(Ry) dalty) ho(r2,13)x(s1)
a.b wherep,, is the momentum of the Ps in thealy” channel
1 and
XE[“(SZ)B(Ss)_a(33),3(32)], 1) Vaoart(R)

whereR;=(r,+1;)/2 is the position vector of the Ps center ~ ={®a(t1)¥p(r2.13)|V(rp:iri.r2.ra)|dar (t) o (r2.13)).

of masst=r,—r; is the Ps internal coordinate,(r;) is the (9)
position vector of the positronith electron, all position

vectors are referred to the atomic nucleus as origirs the  The local potentiald/p o/ (R) give the direct Coulombic
antisymmetrization operatory and 3 are the usual spig- interaction between the Ps and the atom. The nonlocal cou-
functions,x (=a or p) is the spin function for the electron in- plings Ly 4/p(R,R"), which we do not quote explicitly
the positronium, and we need not make explicit mention ohere, arise from electron exchange between the Ps and the
the positron spin which, under the Hamiltoniés), is con-  atom and describe how the statg ¢, is converted into
served in the collision. In writing Eq1) we have restricted ¢, by this process. It is not difficult to show that
the expansion to spin singlet statgg of the atom. A con- v, ..., =0 if the Ps stateg, and¢,, have the same parity.
sequence of this is that an-Ps projectile cannot be con- In particular this implies tha¥,p, .,=0 so that the direct
verted intop-Ps or vice versa and so the collision crossCoulomb interaction is nondiagonal. This property has the
sections foro-Ps andp-Ps are the same. In general the setsconsequence that the direct term is weakened relative to the
of states¢, and ¢, will consist of both pseudostates and exchange interaction which has nonzero diagonal elements

eigenstates satisfying

<¢a(t)|HPs(t)| ¢a’(t)> = Eaaaa’ ' <¢a(t)| d’a’(t)) = 5aa’ (12)

((r2.13)[HA(r2,r3) [/ (r2,73)) = €, 8ppy

(p(r2,13) | (r2,13)) = Sppy 3

whereHpis the Ps Hamiltonian

1
Hps(t)z—vf—? 4)

andH, is the atomic Hamiltonian

1 2 2 1

Ha(r r)s—ivz——vz————+—
azs 2°2 2% 1, 13 rpmrgl”
The Hamiltonian for the collision system we take to be

©)

1
H=— 7 VR +Hpdt) +Ha(r2,15) +V(15ir1,05,15),
(6)

Laban(R,R"), hence the pronounced importance of ex-
change in Ps-atom scattering. EquatidBs are solved in
partial wave form. For the solution of the partial wave equa-
tions we have adopted tHematrix techniqud44].

From Eq.(1) it is clear that the scale of the calculation
grows rapidly as the product of the number of Ps staigs
times the number of He statef,. In order to contain the
size of the calculation we follow Campbedkt al. [33] and
keep only the He ground state in the expangibn For the
He ground state wave function we have used the Hartree-
Fock representation of Clementi and Rogds] which gives
a ground state energy 6f2.8617 a.u., the exact energy be-
ing —2.9037 a.u[46]. We report results in three levels of
approximation.(i) The static-exchangéSE) approximation
in which only the Ps(%) and He(1S) states are retained in
the expansioiil)—this approximation is driven solely by the
exchange interaction since, see abo¥g, ,p="0. (ii) A nine
[47] state approximatiof@ST) consisting of the &, 2s, and
2p eigenstates of Ps together wBis, 4s, 3p, 4p, 3d, and
4d pseudostatef48], these pseudostates are the Ps conter-
parts [49] of the H states used by Foat al. [50] for
electron-H scatteringiii) A 22-state approximatiof22ST)
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FIG. 1. Total cross section far-Ps(1s) +He(1'S) scattering. FIG. 3. Total cross section far-Ps(1s)+ He(1'S) scattering.

Theoretical results: solid Curve, ZZST;. Ion_g-dgshed curve, 9STyneoretical results: solid curve, 22ST; long-dashed curve, Biswas

dash-dot curve, SE. Expenmgntal data: solld_cwc_les, Geenat. and Adhikari[41]; dash-dot curve, Peadb5]. Experimental data:

[10,13}; solid square, Nagashimet al. [18]; solid triangle down, solid circles, Garneet al. [10,13; solid square, Nagashinmet al.

Canteret al. [16]; cross, Skalset al. [19]; short-dashed curve, [18]: solid tr’iangle down. Canteet al. [16]; Cross Skalsegt al.

Colemanet al.[17] (no error estimates are given by these authors [19]; short-dashed curvé, Colema al. [1’7] (no érror estimates
are given by these authors

3s—7s, 3p—7p, 3d-7d, and4f-7f pseudostatef20]. o1, i.e., the sum of cross sections in which the target is
excited or ionized. This estimate turns out to be negligible
. RESULTS compared with the cross sections shown in Fig. 1, although

o . at higher impact energies target inelastic scattering does be-
Our results are shown in Fig. 1-3. Although the captions;ome very importanf20]. We therefore regard the theoreti-
refer to scattering ob-Ps by He, in the approximations .4 cyrves in Fig. 1 as giving the full total cross sectiep
adopted here, the cross sectionsdePs andp-Ps scattering I

et : _ 9 =gIF+ 07, in the energy range 0—40 eV. It should also be
are identical(see above The experimental data in the fig- noter thaTt the SE totalg():/rossgsection is the same as the SE
ures correspond to-Ps. Figure 1 compares the_ total Crossg|aqtic cross section since this is the only process that is
section o1 calculated in our three apprOX|mat|ons_, ZZST'represented in this approximation.
9ST, apd SE, over the energy range 0-40 eV. Since these Figure 1 shows excellent agreement between the two
?‘F’Pfox'ma“ons do _not allow the He atom to be e>_<C|Fed Orpseudostate calculations, 9ST and 22ST, in the energy range
'OU'Zed’ in thg termmolggy of McAhryd:em al.[20], this IS, up to 10 eV. To the extent that our approximation of retain-
St{gtly speaking, the “target elastic” total cross section i, o1y the He ground state in E€L) is valid, this inspires
or_. Using the first Born approximation, McAlindegt al.  .ongjderable confidence in the 22ST results. In the same en-
[20] have estimated the “target inelastic” total cross sectlonergy range, it is also seen that there is not a great difference
between the pseudostate calculations and the SE approxima-
tion. This suggests that the exchange interaction is dominant
and that coupling to states of Ps other thas; i not so
significant at these impact energies. We think that this is yet
3 another example of the Pauli exclusion mechanism discussed
~~~~~~ * ¥ by Walters[51] and manifested at low impact energies in
L I o e ] triplet Swave e™ + H(1s) and Ps(%)+H(1s) elastic scat-
10° E e - tering and inSwave e~ +He(1'S) elastic scattering, this
E g ] mechanism leads to insensitivity at low energies to the form
C e ) of the approximation beyond the static-exchange I€5&].
“““““ Above 10 eV differences between the two pseudostate ap-
proximations, 22ST53] and 9ST, become apparent. How-
i 1 ever, it is seen that the 9ST cross section curls around the
. . 22ST result and is “on average,” in agreement with the
20 30 40 latter. This is a pattern of behavior that has already been
Energy (eV) noted in e’ -atom scatteringd54,55 where a lesser pseu-
) dostate approximation averages to the result of a better cal-
FIG. 2. Cross sections in the 22ST approximation: solid curveculation. In this sense the 9ST calculation continues to sup-
total cross section; short-dashed curve, elastic scattering; dash-d@@rt the 22ST cross section. Above 15 eV the SE cross
curve, Ps ionization; long-dashed curve, s@) excitation; solid  section begins to fall well below the pseudostate curves. Two
circles, total cross section measurements of Gaehait. [10,13. factors contribute to this decline. First, as noted above, the
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SE approximation can only describe elastic scattering. As weell et al.[33] in Ps(1s) + H(1s) scattering. At high energies
shall see from Fig. 2, inelastic effects, principally ionizationionization is dominant, while at any energy Rs(2) exci-
of the Ps, become dominant with increasing energy. Seaation is unimportant.
ondly, the SE approximation is driven exclusively by elec-  Figure 3 compares our 22ST total cross section with the
tron exchange, with increasing impact energy this will fadetheoretical calculations of Biswas and Adhikg4il] and of
away in comparison with the direct couplingg, ', Which  peacH57], and again with the experimental data. Unlike the
are active in the pseudo;tate approximations. Unlike the casgesent work, these two theories predict a down turn in the
of Ps(1s)+H(1s) scattering[33] there is a noteworthy ab- 5] cross section at low energies and both are in agreement
sence of resonances in Fig. 1. On the basis of the model Q)i the 10 eV measurement of Garnet al. [10,13 and
the Ps-H resonance$26], i.e., a positron orbiting the H  yith the point of Skalsejet al. [19]. At higher energies the
ion, we would not expect resonances in the BJ(1 ¢ross section of Biswas and Adhikari is in particularly good
+He(1'S) system since He does not support a stable Oggreement with the measurements of Gaetealwhile the
metastable negative ion with total electronic spi But it result of Peach lies close to the 22ST curve. It is therefore
does have a metastable negative ion with total electronimportant to understand the difference between these calcu-
spin=3 [56] and so we would expect resonances if the Pations and the present work.
were scattered off He(B), say. . . _ Asin the present work, the approximation of Biswas and
In Fig. 1 we also compare our calculations with the avail-adhikari does not take account of excitation/ionization, ei-
able experimental data. These consist of some cross sectiofier real or virtual, of the He atom. The approximation of
at very low energies from Cantet al.[16], Colemanetal.  peacH58] does not allow for real excitation or ionization of
[17], Nagashimat al.[18], and Skalsegt al.[19], deduced  the He atom either but does include virtual excitations, in
from observations of the annihilation rate@fPs(1s) in He,  glastic scattering, through the use of model potentiséz
and of beam measurements at higher energies by Garngglow). For excitation and ionization of the Ps Peach uses a
etal.[10,13. While, technically speaking, the very low en- yersjon of the first Born approximation and so do Biswas and
ergy annihilation measurements may correspond to the Maxdhikari except that they calculate the Rs(2) excitations

mentum transfer cross section, see R&8] and[19], in their three-state close coupling approximation. By contrast
our approach is completely nonperturbative but relies on the

dog Ps pseudostates in the expandibnto carry these processes.
O'm:f (1—cos#) T dQ, (100 At the higher energies, where ionization of the Ps dominates

the total cross section, see Fig. 2, all three approximations
give similar results. Where the 22ST approximation is most
wheredo,/d() is the elastic differential cross section afid  different from the other two theories is in the estimate of the
is the scattering angle, in effect, at such low impact energiesg|astic cross section. In the other two approximations this is
we may treat the cross section as being the total elastic croggry much smaller than the 22ST prediction, this is clear
section (= o7 at these energigssince the scattering is al- from Fig. 3 where, below 5.1 eV, the total cross section is
most entirelyS wave. The measurements of Garredral.  just the elastic cross section. When the inelastic channels
[10,13 are straight measurements of the total cross sectiorswitch on at 5.1 eV the extra addition to the comparatively
From Fig. 1 we see that there is considerable disagreemeBnall elastic cross section of the other two approximations
between the low energy measurements, with the most receBhuses a sudden rise in their total cross sections, this is the
of these, by Skalsegt al.[19], being by far the smallest. The origin of the down turn in these theories on going below 10
largest cross section, that of Nagashietaal. [18] is (13  eV. In the 22ST approximation, on the other hand, the in-
+4)maj and agrees very well with our pseudostate calculaelastic contribution adds to an already large, but rapidly de-
tions. Above 15 eV the pseudostate cross sections generaltyeasing, elastic cross section and so results only in a shoul-
lie below the measurements of Garretral. [10,13 but are  der in the total cross section near 5 eV. The primary
close. An intriguing situation is presented by the point ofdifference between the 22ST approximation and the other
Garneret al.at 10 eV. This suggests a down turn in the crosstwo theories therefore rests upon the elastic cross section.
section at lower energies, perhaps towards the measurementin the work of Biswas and Adhikari the elastic cross sec-
of Skalseyet al,, a trend that would be totally at variance tion is calculated in a three state Ps(ds,2p)-+He close-
with our calculations. coupling approximation. This, as the paper of Sar&gaal.
Figure 2 shows the total cross section for the 22ST apf42] clearly shows, should result in an elastic cross section
proximation dissected into its principal components, i.e., thenot very different from the SE approximation given in Fig. 1.
elastic cross section, the Ps ionization cross sectignrand  However, Biswas and AdhikafB2,41] argue that there is an
the Psf=2) excitation cross section. The ionization cross“orthogonality” problem with the exchange term in the
section has been extracted in the usual }W&y55 by taking  coupled-state approach. They therefore modify the
Ps(1s,2s,2p) + He approximation to remove this “orthogo-
nality problem,” the result is a very different approximation
0'1=E faoa, (1))  with a very much smaller elastic cross section. We do not
a subscribe to the view that there is an “orthogonality prob-
lem” and we regard the modification of the coupled-state
whereo, is the cross section for exciting the Ps stéteand  approximation as unfounded.
f, is the fraction of this state overlapping the Ps continuum. In the approximation of Peadl58] the Ps-He system is
The pattern of Fig. 2 is the same as that obtained by Campmodelled as a three-body problem, i, e and a He core.
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TABLE I. Cross sectionsin units of 7ra3) in the SE and 22ST
approximations.

228T

E(eV) SE Elastic  Psfi=2) lonization Total

Cross Section (units of naoz)

8 0.0 14584  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

0 ! ' L = 1 5.0 8.640 7.089 7.089

0 10 20 30 40 55 8355 6493  0.239 6.732

Energy (eV) 6.0 8085 6.124 0.416 6.540

FIG. 4. Total cross section far-Ps(1s)+ He(1*S) scattering 70 7987 5435 0.486 0.055 6.157
Theoretical resul'ts: solid curve, 2_28'_I’; long-dashed curve, Sarkar 8-0 ;igi 2;12 8‘5133 82;2 282;

et al. [42]. Experimental data: solid circles, Garnetral. [10,13; ) ) ’ ) ) ’

solid square, Nagashimet al. [18]; solid triangle down, Canter 9.0 6.717 4.260 0.509 0.565 5.946
et al. [16]; cross, Skalsewt al.[19]; short-dashed curve, Coleman 10.0 6.332 3.773 0.512 0.795 >.818
et al.[17] (no error estimates are given by these authors 110 5975  3.353 0.510 1.056 5.687
12.5 5.483 2.912 0.497 1.505 5.487
Model potentials, which include “polarization” terms up to 15.0 4.764 2.415 0.437 1.895 5141
1/r® are constructed for the interaction of thé ande™ with 20.0 3.622 1.534 0311 2.067 4.269
the He core, this is achieved by matching as closely as pos-25'O 2.776 1.016 0.221 2.210 3.794
sible knowne™ + He ande™ + He scattering datf59,60. In 30.0 2.038 0.992 0.181 2.310 3.685
addition, three-body terms that depend upon the He “polar- 350 ~ 1.214  0.888 0.151 2.197 3.467
ization” are added to the interaction. An adiabatic potential 400~ 0.636  0.757 0.117 1.950 3.239

curve for the Ps(8) in the field of the He core is then gen-
erated by diagonalizing the model Hamiltonian for the sys-
tem in a basis consisting of Ps states as well as the unphydgntial was constructed to represent electron exchange be-
cal He(1s®) state which is supported by the model potential.tween the Ps and the atom. This potential was arranged so
Phase shifts are then calculated for Ps scattering in the adithat the[corrected(see Ref[40])] static-exchange results of
batic potential. Fraser and Kraidy[36] were reproduced in the static-
This approach to the elastic Ps)- He(1S) cross sec- €xchange limit. This approximation does not allow for dis-
tion differs in two substantive ways from the present work.tortion of the atom and in physical content is therefore ex-
First, the approximation of Peach allows for virtual actly the same as 22ST. However, unlike the model potential
excitation/ionization of the He by employing model poten- calculation, 22ST does not resort to a local approximation to
tials that replicate the full interaction between tge™ and ~ €xchange but treats it properly in its correct nonlocal form.
the He; in our approximation neither real nor virtual For this reason the 22ST apprOXimation is to be prEferred.
excitation/ionization of the He is permitted. Secondly, PeacH-or future reference, we give in Tabl a sample of our SE
treats the scattering problem from an adiabatic viewpointand 22ST results. The SE cross sections are in excellent
whereas our approximation to the scattering is fully dynamicagreement with those reported by Sarkar and Gh@shalso
At the present time it is hard to assess the merits and disad!sing a Hartree-Fock wave function for the ground state of
vantages of these differences between the two theories. He.
In Fig. 4 we compare our 22ST total cross section with
the total cross section of Sarkar al. [42] and with the ex-
perimental data. Sarkat al. use a three-state close-coupling IV. CONCLUSIONS

approximation[Ps(1s,2s,2p) +He(1'S)] to calculate the The comparisons made in this paper highlight some very
elastic and Ps(= 2) cross sections. To obtain the total crossserious problems in our understanding of Ps-He collisions.
section they add on the ionization cross section of McAlin-While above 15 eV the theoretical calculations and the only
denet al. [20] which was calculated in the same 22ST ap-available experiment, that of Garner al.[10,13, might be
proximation as here but neglecting exchange. Although thelescribed as being more or less mutually compatibkse
general trend of the two approximations of Fig. 4 is roughlyFig. 3 and 4, below this energy there is total discord both on
similar, particularly at low energies, there are noticeable difthe experimental side and on the theoretical front. As far as
ferences in detail. the present work is concerned, it is the contrast with the
Finally, we remark upon the model potential calculationtheories of Biswas and Adhikafi4l] and of Peach58]
of Drachman and HOUStOfﬂO] This gives a zero energy which is the most disquieting. The latter disagree markedly
cross section of 7.%8a3 which is almost half of our 22ST  with the present work at low energies by predicting a much
result of 13.19ra§. In this approximation a local model po- smaller elastic cross section. At very low energies the mea-
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sured cross sections vary by a factor of 5, ranging fromapproximation of Peach58|, there are two points of con-
(13+4) a3 (Nagashimaet al. [18]), which is in excellent trast. The first is her adiabatic treatment versus the fully dy-
agreement with our 22ST calculation, to (2.6.5)7ra3 namic approach adopted here. The second is the restriction
(Skalseyet al. [19]), which is in very good agreement with Of the present approximation to one undistorted atom state
the work of Biswas and Adhikari and of Peach. A tantalizingcompared with Peach’s allowance for distortion of the atom
question is how the higher energy beam measurements gtrough the use of model potentials. At the present time we
Garneret alwill connect up with the low energy datavhich do not know the importance of either of these factors. The
are based on observation of the annihilation probe'gbe main criticism of the present work undoubtedly lies in the
datum point of Garneet al. at 10 eV suggests a down turn in restriction of the expansiofi) to the He ground state. Yet,
the total cross section at low energies which could then welwe find it hard to believe that allowance for all He states,
continue towards the point of Skalsey al. Clearly, what both singlet and triplet, in Eq1) would lead to so substan-
happens in the energy range below 15 eV is critical and it idial a change in the 22ST cross section as to give agreement
here where future experiments should be concentrated. ~ With the lowest of the measurements shown in Fig. 3, that of
In Sec. 11l we discussed the relative merits of the theoriesSkalseyet al.[19], however, only a fully fledged calculation
compared in Fig. 3. To summarize, our opinion was that the&éan substantiate this prejudice.
approximation of Biswas and AdhikafB2,41] was based

upon an unfounded modification of the three-state ACKNOWLEDGMENTS
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culation at low energies. In comparison with the of the measured RsHe total cross section.
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