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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(ls)+He(1s?1s2's,1s2'p) and (b) Ps(is,2p)
+ He(1s?,1s2%s,1s2p). 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 Coleinainand 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 orthaies. Theoretically, Ps-He scattering has been initiated by
positronium(O-P9 beam, it is now possible to measure pos-Fraser[11,12 and Fraser and Kraid13] using the static
itronium atom-molecule scattering parameters. Measureexchange model. The static exchange model has also been
ments have already been carried out for total cross sectiongsed by Barker and Bransd¢fh4,15 and they have also
on Ps scattering off He, Ar, ©and H targets using beam included van der Waals’ interaction between Ps and He at-
techniqueq1-5]. In addition to these beam measurementspoms adiabatically in their calculations. Fraser predicted a
some cross-section data have been deduced from observgTc of 127aZ and Bransden predicted the same as 88
tions of th(_a annihilation rate of O-Ps in various gases a@ Verhi 9 272 ev. Recently, Sarkar and Gh@4h] have also em-
low energies6-9]. At the \c/jery low energies, anm?llatlon loyed the static exchange model for a wider range of ener-
gi%i?}r(?\ﬂmr%])tswﬁi% rk:ei:pg;\r/]en Lc; momentum-transier Crosgies. Sarkaret al. [10] have also applied a three-state

' ' [Ps(1s,2s,2p) + He(1s?)] target elastic close-coupling ap-
dog proximation and predicted the results up to 200 eV giving
Um:f (1—coséh) FTo) dQ the near zero energy cross section at 147!:%4 Most re-
cently Blackwoodet al. [17] (Belfast group have investi-
where,do/dQ is the elastic differential cross section. The gated Ps-He scattering using a target elastic coupled pseu-
MTC at very low energy may be considered to be the totadostate(22 statey calculation in the energy range 0—40 eV
cross section sinc&wave cross section is rather essentially predicting 13.19%a3 as the zero energy cross section. This
the sole contributor to the total cross section at these enefs the most elaborate coupled channel target elastic calcula-
gies. The zerdor near zerp energy cross-section data ob- tion. The zero energy cross section of both groups are close
tained so far by different groups on Ps-He scattering differ§o each other and also very close to that of Nagashtra.
dramatically among themselves. The largest cross section §]. Drachman and Houstof.8] have investigated Ps-He
obtained by Nagashimet al. [6] as 13(-4)maj, whereas scattering and obtained the value @fy; and scattering
Skalseyet al. [7] give the lowest value as (2:80.5)maj.  length. The exchange of electrons between the atoms has
Values of cross section due to Colengtral.[9] and Canter, been taken into account by using a local model potential.
McNutt and Roellig 8] are 97-ra§ and (8.4 0.9)7-ra(2, respec- They included the effect of correlation by taking close chan-
tively. No error estimates have been provided by Colemamel wave functions having eighty-four independent terms.
et al.[9]. The last two measured data are very close to eacblltimately the problem is solved by the Kohn variational
other. The direct value measurement of the UC].group at  principle in the framework of adiabatic approximation. They
10 eV, the lowest energy they considered, is arounak8§3 predicted a zero energy cross section of 77'.5%’; In a very
Present situations warrant further measurements on thecent calculation Biswas and Adhikdr9] have investi-
Ps-He scattering system to settle the behavior of cross segated Ps-He scattering using a different version of the close-
tion near zero energy. coupling method where the exchange of electrons between

Here we consider Ps-He scattering up to the energy belowwvo atoms has been incorporated by using a nonlocal model
the first excitation thresholfup to 20 eV} of the He atom. potential. Their results are in good agreement with the UCL
Our earlier predicted resul{Sarkar, Chaudhuri, and Ghosh group and the zero energy cross section is close to the mea-
[10]), are in excellent agreement with the measured data cfurement of Skalsegt al. [7]. However their results differ
the UCL grougd 1] in the energy region 20—30 eV. We are in appreciably from all other theoretical values predicted so far.
particular more interested about the zéoo near zerpen-  We would like to add that Peadt20], as reported by the
ergy cross section due to anomaly in the experimental valBelfast group[1], has included the effect of inelastic chan-
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TABLE |. Scattering length for Ps-He in different approxima- scattering[22,25. Hence, we investigate Ps-He scattering

tions (in a.u). using two basis sets,
Fraser 1.72 (a) Pg1s)+He(1s?,1s2's,1s2p)
Drachman and Houston 1.389
Model (a) 1.394 (b) Pg1s,2p)+ He(1s?,1s2%s,1s21p).
Model (b) 1.360

Our experience on Ps-f22,23 and on Ps-H¢16] scat-
tering shows that the Ps¢§p does not contribute significantly

nels of the He atom through a model potential adiabatically0 the low-energy elastic cross sections. Guided by this and
and predicted a total cross section of aboutr@3 at zero ~ &lSO t0 save computer time, we do not include the Bp(2
energy. Thus we see that the theoretical predictions run froff*citation channel in our modeb).

2.7ma2 to 14.5847a2. Therefore, zero energy cross section  'he Present calculation takes wo extra effects for the
is still a complete open question. Further theoretical investiSyStem under consideration, which have not been considered

gations are required to determine the exact behavior of th§2rier: effect of higher excited states of target atom and the

cross section at very low energies. van der Waals’ |r_1teract|on. The van_der Waals’ interaction is
Here we consider Ps-He scattering at low energies. As th cluded dynam.|cally through the inclusion gf states of

theoretical as well as experimental predictions for the tota oth the atoms in the expansion schgme_.

cross section at zero energy differ dramatically among them- We use the close-coupling approximati®CA) to solve

selves, we focus our attention on such a low-energy regio _he problem using our numerical code. In actual calculation

Literature reveals that above 5.1 eV, the dominant contribu®"€ has to solve the one-dimensional coupled integral equa-
tion to the total cross section in the Ps-atom scattering is dulion

to the inelastic channels of B47]. The extensive calcula- 1

tions of Blackwoodet al. [17] show that(Table | in Ref. T (7K k) =BY* (7K i 7k) — == > | dK'K”

[17]) the zero energy cross-section changes very marginally 2

from 14.584 in the static exchange approximation to 13.193 5 Lt sdE
in their 22-state target elastic calculation, a change of 9.5%. XB (kKT (K" 7K)
It is worth mentioning that the 22-state target elastic calcu- kf?,,y,,—k”2+is

lation incorporates, via pseudostates, the effects of higher

excitations and continuum of the projectile atom. It is evi-wherer=(ny,l,,n,,l4,J;,L). The details of the theory are
dent from the above discussion that the z@onear zerp  given in Refs.[22,25. These equations are converted into
energy elastic cross section does not depend much on tlmultaneous equations and are solved by a matrix inversion
inelastic channels of the Ps atom. On the other hand, thiechnique for each partial wave.

calculations of Ray and Gho$B1], Sinha, Basu, and Ghosh  Table | compares the values of the scattering lengths us-
[22] and Basu, Sinha, and Gho$B3] on Ps-H scattering ing our present models with the other available theoretical
show that the low-energy elastic cross section reduce drastpredictions. Using a static exchange model, Fraser predicted
cally due to the inclusion of target inelastic channels. Keepa high scattering length while the other three quoted results
ing this in mind, we include the= 2 singlet excitation chan- are much lower and close to each other. The value of Drach-
nels of the target He atom in our present calculations. All theman and Houston lies in between our present results, the
He wave functions used are taken from Winter and[l24].  value predicted by modéb) being the lowest one.

Further, the van der Waals’ interaction is supposed to play a Table Il displays the different predictions for the zéow

vital role in determining the scattering parameters in Ps-atommear zerp energy cross sections. This table also carries the

TABLE Il. Zero energy total cross section for Ps-He in unitsmf%.

Theory Experiment

References Cross sections References Cross sections
Sarkaret al. 14.584 Nagashimat al? 13(*4)
Blackwoodet al. 13.193 Colemaret al. 9.0
Frasef 12.0 Canter, McNutt, and Roellig §#40.9
Barker and Bransdén 9.38 Skalseet al? 2.6(+0.5
Drachman and Houston 7.73
Model (a) 7.78
Model (b) 7.40
Peach 3.30
Biswas and Adhikari 2.70

aNear zero energy.
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outcomes of different annihilation measurements. The lowest 15
theoretical value has been predicted by Biswas and Adhikari S
[19] and is in excellent agreement with the finding of Skal-
seyet al.[7]. The estimate of Peach is also very close to that
of Biswas and Adhikari. But their results are far away from
other corresponding theoretical predictions. The results of
Blackwoodet al. and those of Sarkar, Chaudhuri, and Ghosh
corroborate well with the measured data of Nagasheitnal.

[6]. There are other two nearl),9] measured data for zero
energy cross section. Our results, using both the present
models, are close to the findings of Canter, McNutt, and
Roellig and Colemaret al. Our extrapolated zero energy
cross-sections are 7.7@ising model(a)] and 7.4[using
model (b)]. It is evident that the inclusion afi=2 target
states decrease the near zero energy elastic cross section by
huge amount when compared with ottedy initio calcula-
tions. On allowing the target atom to be virtually excited, the
low-energy impinging Ps atom, for small separation between '

the atoms, feels a wider charge distribution of the target Energy (eV)
atom, which gives rise to a more attractive potential com-
pared to the situation where the target is tightly bound_ to 'tsdot, static exchange, RefL6]; dot, three-state target elastic CCA,
ground state. This drops the zero energy cross section a|

Pz-ef [10]; dash dot, 22-state target elastic CCA, Rdf7]; dash
prOXImater by .50 A)[mOdel @] The .reSU|tS are Iowereq three-state projectile elastic CCAnodel (a)]; solid, full CCA
further on inclusion of a virtual excitation of the Ps atom in

. e [model (b)].
the expansion basfsnodel(b)]. The van der Waals’ interac-

tion, which we have talked about earlier, arises due to th
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FIG. 1. Integrated elastic cross sections. Curves: dash-double

) ; . ) L fonization, lowers the elastic cross sections appreciably, the
g‘ﬁsra(_:l:[r']oene?:e::rldgfcﬁ%l?ézgle (;Faor?z]gtr)]itﬁt O{str\;\/ee|(|:c§:;lggnl?ntaez effect increases with increasing energy in the energy range
: P y considered. The elastic cross sections using our present two

by thep st_ates. Thus our second mPQeI take_s Into acco_unt, %odels give much lower values compared to target elastic
least partially, the van der Waals' interaction dyr]"’“n'(:a”ycases at very low energies. The rate of fall of elastic cross

through the inclusion o,p'states of both the atoms. The at- section, using present models, are much slower than that of
the 22-state calculation. Beyond the Ps incident energy of 5
deV, our present models predict higher values for integrated
elastic cross section than those of the 22-state calculation.
With the increase in energy the effectof 2 target singlet
excitation channels decreases and the results of m@glel
and model(b) approach, respectively, to the predictions of
Latic exchange and three-state target elastic approximations.
‘Obviously, near zero incident energies, it is the target inelas-

cross section further from that obtained in mo@®! In this

connection, it is worth mentioning that the Drachman an
Houston[18] prediction is in fair agreement with ours. In our
calculation on Ps-H22], we avoided the calculation of
Ps(1/2) —H(1/2s)—Ps(2) + H(2p) exchange elements on
the ground that the exchange is a short-range interactio
while the van der Waals’ interaction is a long-range one

Here we have performed the calculatonodel(b)] with and tic channels, mainhn=2 excitation channels, which is the

H 2 1 1
without Ps(X)+He(1s°/1s2"s)—Ps(2) +He(1s2"p) ex- main factor for the reduction in the elastic cross section, but

change elements gnd fou_nd no s_|gn|f|cant cha_mge in the zerg relatively higher energies, the projectile inelastic channels
energy cross-section, which confirms our earlier assumptio

We also included in our calculation, not quoted, the highe?hﬂuence the elastic cross section;. We infer that near zero
(n>2) excited states of the He aton,"n ina calculeition similar.energy’ the effect Of. virtual Ioo;enmg of the target IS very
: ) important, while at higher energies, the effect of Ps ioniza-
to model(a) and f(_)und a marginal change in the zero energy. o is dominant.
cross section. This encouraged us_to restrict ourselves to in- In Fig. 2, we compare the integrated total cross sections
Clude only up ton=2 target states in both the models. using our present full CCA modé@model(b)] along with the

In Fig. 1 we compare the integrated elastic cross Sectio@orresponding predictions of Sarkar, Chaudhuri, and Ghosh

fqr O-Ps-He scattering up to incident energy 20 eV USN%nd those of Blackwoodt al. This figure also carries the
different theoretical predictions. The three-state target elastic, .. <\ ed data of the UCLL] group in the same energy

results of Sarkar, Chaudhuri, and Gh¢&b] lie always near - : :
those of static exchangii6,17 predictions. The 22-state range as in figure 1. We define the total cross section as

target elastic calculatiol7] predicts appreciably lower _ CCA, _CCA B-O FBA

cross sections compared to those of the static exchange 7T~ el T TexPsn=2)T Textps:2<n=4) T Tion(ps -

model. With increase in energy, the difference between the cCA - _ . _

eigenstate predictiongl6,10 and the corresponding pseu- Where o™ is the elastic cross section using modb),
dostate[17] predictions increase gradually. Evidently, the (rgcﬁsmg) is the Ps(=2) excitation cross sections,
inclusion of projectile inelastic channels, mainly the effect Ofo—g((Ps:KnsM is the Ps excitation cross sectidffisr n=3 and
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L i T y T tracted by McAlinden, McDonald, and Walters from their
8 \ 7 22-state nonexchange calculatif?6]. On the other hand,

; ’ 1 predicted value of the Belfast group are in fair agreement at
15 eV only. All the theoretical predictions, including Biswas
and Adhikari, are at variance with the measured data at 10
eV. Our present results are expected to be modified by two
reasons, first the effects of higher excitations and ionization
of Ps atoms, which will reduce the elastic cross section and
second, proper evaluation of the ionization cross section.

Total cross section (in units of nazo)

4r T Proper estimates for Ps ionization is expected to yield a
7] larger value than the present of@es cited in Refd.17], [26])
3r T obtained by using the first Born approximation. Effect of
i ionization of the He target is also expected to reduce the very
2r ] low-energy elastic cross section. Our investigati@B] on
e ST ] Ps-H shows that the continuum of the target reduces the
r - e T s-wave elastic cross section. These two effects are expected
0 i ) . _,—” L . ) . 1 to more or less compensate each other and the total cross
0 5 10 15 20 section, as given by us, may be modified at best by 10%.
Thus, the present paper reports a good estimate to the total
Energy (eV) cross section near zero energy as well as beyond 10 eV when

compared to measured data. In this connection we like to add

FIG. 2. Total cross sections. Curves: dot, three-state target ela%ﬁat a paper containing the detailed results of the present

tic CCA, Ref.[10]; dash dot, 22-state-target elastic CCA, R&f]; .
dash, Ps ionization; dash-double dot, Ps=@ and 4 excitation models has alread.y been communlcatt_-:‘d. . .
cross sections; solid, full CCAmodel(b)]; solid circles, measured We have investigated Ps-He scattering using two models:
data of the UCL group, Refd]. a prOJec_tlle el_astlc CCA modeéh), and a more realistic ap-
proach in which both the atoms are allowed to be excited

4), using the Born-Oppenheimer approximation, a’ﬁﬁ:s simultaneously, model(b). We have_obtained a_dramatic

is the Ps ionization cross section evaluated using the firdh@nge in the near zero energy elastic cross section by allow-
Born approximation. For Ps&2 excitation cross sections we "9 the wrtqal excitations of the target. Moreover, the present
use the results of Sarkar, Chaudhuri, and GHash and, as results are in good agreement with the UCL group beyond 10

in our present models, the Ps2state is not included. How- eV. Near the_ zero energy, the total cross section has a fair
CCA agreement with measured data of Canter, McNutt, and Roel-

ever, except therg ™", the other partial cross sections are i d Col Cal d the th tical dict ;
added too when they are energetically accessible. Our pre—Ig an olemanet al. an € theoretical prediction o

dictions for the total cross sectiohSarkar, Chaudhuri, and Drac_hman and Houston. Negr Z€ro energy the cross section
Ghosh and modelb)] show a minimum but this is not obtained by us may be modified if one takes into account the

present in the results of Blackwoad al. This is also in the effect of the continuum of the He atom. However, we have

calculations of Biswas and Adhikari and Peach. In our mod-veriﬂ?d’ by inclusjon oh=3 target(ginglei) states, that the
els the minima are in the vicinity of the Rs=2 excitation elastic cross section changes marginally. We expect that near

threshold. Below 5.1 eV, the total cross section is nothing <0 €NErdy Cross section_may be redu_ced further by 10% if
but the e.lastic croés seétion With increase in energy, th Il the effects, stated earlier, are considered. Here we have

elastic cross section decreases and 5.1 eV onwards, Ps introduced two effects, the effect of target excitations and the

elastic contributions to the total cross section give a raisin%_‘an dgr Waals mter action for the Ps-He system. For a r_nost
trend. Thus, a minimum is well expected. The present result eaningful calculat|on,'we ad_vocate for the full CCA, which
are in fair agreement with the measured data of the UCl_lncludes the effects of inelastic channels of both the atoms.
group[1] beyond 15 eV. We would like to add that Sarkar, The authors are thankful to the Department of Science
Chaudhuri, and Ghosh had an excellent agreement with UChnd Technology, Government of India for financial support
data in the energy range 20—30 eV. The difference betwee(t6P/S2/K-31/9% One of us, A.B., is grateful to CSIR, Gov-
the two sets of results of our group is due to the fact that ouernment of India, for his financial suppdf&. No. 9/8@297)/

earlier work included the Ps ionization cross section as ex99-EMR-I).

[1] A. J. Garner, G. Laricchia, and A. Qzen, J. Phys2® 5961 [5] A. J. Garner, A. Ozen, and G. Laricchia, Nucl. Instrum. Meth-

(1996. ods Phys. Res. B43 155(1998.
[2] N. zafar, G. Laricchia, M. Charlton, and A. Garner, Phys. Rev. [6] Y. Nagashima, T. Hyodo, F. Fujiwara, and I. Ichimura, J.
Lett. 76, 1595(1996. Phys. B31, 329(1998.
[3] G. Laricchia, Hyperfine Interacf.00, 71 (1996. [7] M. Skalsey, J. J. Engbrecht, R. K. Bithell, R. S. Vallery, and
[4] A. J. Garner and G. Laricchia, Can. J. Phy4, 518(1996. D. W. Gidley, Phys. Rev. Let80, 3727(1998.

042706-4



Ps-He SCATTERING BELOW THE FIRST TARGE. . . PHYSICAL REVIEW A 63 042706

[8] K. F. Canter, J. D. McNutt, and L. O. Roellig, Phys. Rev. A J. Walters, Phys. Rev. A0, 4454(1999.

12, 375(1975. [18] R. J. Drachman and S. K. Houston, J. Phys3,B657(1970.
[9] P. G. Coleman, S. Rayner, F. M. Jacobsen, M. Charlton, anfl19] P. K. Biswas and S. K. Adhikari, Phys. Rev.58, 363(1999.
R. N. West, J. Phys. B7, 981 (1994. [20] G. Peachunpublishey, as quoted in Ref.2].
[10] N. K. Sarkar, P. Chaudhuri, and A. S. Ghosh, J. Phy82B [21] H. Ray and A. S. Ghosh, J. Phys. 3, 4427(1998.
1657(1999. [22] P. K. Sinha, A. Basu, and A. S. Ghosh, J. Phys38 2579
[11] P. A. Fraser, Proc. Phys. Soc. Londp® 721(1962. (2000.

[12] P. A. Fraser, J. Phys. B, 1006(1968.

[13] P. A. Fraser and M. Kraidy, Proc. Phys. Soc. Lon@9n533
(1966.

[14] M. I. Barker and B. H. Bransden, J. Phys.1831109(1968.

[15] M. I. Barker and B. H. Bransden, J. Phys.2B730(1969.

[16] N. K. Sarkar and A. S. Ghosh, J. Phys3B, 4591(1997.

[17] J. E. Blackwood, C. P. Campbell, M. T. McAlinden, and H. R.

[23] A. Basu, P. K. Sinha, and A. S. Ghosh, Phys. Reutdbe
published.

[24] T. G. Winter and C. C. Lin, Phys. Rev. 22, 434(1975.

[25] P. K. Sinha and A. S. Ghosh, Phys. Rev58, 242 (1998.

[26] M. T. McAlinden, F. G. R. S. McDonald, and H. R. J. Walters,
Can. J. Phys74, 434(1996.

042706-5



