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Effect of target inelastic channels in positronium-hydrogen scattering

Arindam Basut, Prabal K. Sinh& and A. S. Ghosh
IDepartment of Theoretical Physics, Indian Association for the Cultivation of Science, Jadavpur, Calcutta-700032, West Bengal, India
Department of Physics, Bangabasi College, 19, Rajkumar Chakraborty Sarani, Calcutta-700009, West Bengal, India
(Received 25 February 2000; published 1 December 2000

Projectile elastic close-coupling method is employed to investigate the positronium-hydrogen scattering
using different basis sets to find the rate of convergence with added eigenstates and pseudostates. $//e report
p-, andd- wave phase shifts below the first positronium excitation threshold and also integrated elastic and
excitation cross sections along with the corresponding Born-Oppenheimer results up to the incident positro-
nium energy 200 eV. The present pseudostate singlet and tsijplate phase shifts are in good agreement
with those of Drachman and HoustpR. J. Drachman and S. K. Houston, Phys. Re\l2A885(1975]; [R.

J. Drachmanjbid. 19, 1900 (1979] and 22-state target elastic pseudostate close-coupling predictions of
Campbellet al.[C. P. Campbelkt al, Phys. Rev. Lett80, 5097(1998]. The effect of the inelastic channels

of the target atom on the elastic one at low energies is found to be significant in studying positronium-atom
scattering.

DOI: 10.1103/PhysRevA.63.012502 PACS nuntder36.10.Dr, 34.50-s

[. INTRODUCTION gated the system using projectile elastic three-state
[Ps(1s),H(1s,2s,2p)] CCA where the Ps atom always re-
The positronium(P9 atom is an exotic atom and has its mains in the ground state. It has been found by them that the
own characteristics. The Ps atom is available both in spirffect of the excitation of the target atom on the elastic scat-
triplet (ortho, 0-) and spin singletpara,p-) states.o-Ps an-  tering is appreciable. The most elaborate calculation of the
nihilates into three photons anEPs into two photons. The Ps-H scattering in the framework of target elastic CCA has
lifetime of o-Ps is 1G-fold longer than that op-Ps. Conse- been carried out by the Belfast grol¥] in which they have
quently, theo-Ps (1s statg, which is sufficiently long-lived, retained 22 states out of which the first three are eigenstates.
is used as a laboratory projectile. Now a monoenergetic enfheir results are in good agreement with those of DH. They
ergy tunable beam is available and it is possible to perfornihave concluded that the dominating contribution to the cross
scattering experiments with anaPs aton1]. However, itis  section is due to the inelastic channels of the Ps atom. More-
now only possible to measure the total cross section for scatver, they have also obtainsdvave resonances, though at a
tering of Ps off atomic and molecular targets,(HHe, Ar,  slightly different energy as had been predicted by DH. Bis-
and Q) [2-5]. We consider here the scattering®Ps (1s)  was and Adhikar{18] have performed a coupled-state cal-
with the ground state of a hydrogéH) atom. Theoretically, culation for the same system in which electron exchange
Ps-atom scattering is much more difficult than the correbetween the two atoms is represented by a model nonlocal
sponding electron or positron-atom scattering. This is due téuned exchange potential. They have predicted the existence
the fact that both Ps and H atoms have internal degrees @ff resonances in which the positron orbits the idn. How-
freedom[6,7]. An added complication is the fact that it is a ever, their cross sections differ appreciably from the other
four-body problem. Because of the coincidence of the massxisting theoretical predictions. Most recently, Sinha, Basu,
and the charge centers, for the process in which the initishnd Ghosh19] have performed a six-state close-coupling
and final states of Ps states have the same parity, the directlculation in which the lowest three eigenstates of each
Born-scattering amplitudéFBA) vanishes regardless of the atom are retained. This calculation takes the effect of the van
fact that the parity of the initial and final target states mayder Waals force, which is considered to be important in the
differ. The importance of this system was first realized byatom-atom scattering. We hasten to add that this model has
Massey and Mohf8], who evaluated the FBA using only been used by Sinha and GhdsH, neglecting electron ex-
electron exchange interaction. Fraf@rand Fraser and Hara change.
[10] calculated the Ps-H scattering for the first time using the We investigate in this paper P)l+ H(1s) scattering us-
static exchange model. Drachman and Hougfid) [11,12]  ing the projectile elastic close-coupling method as done by
have provided realistic estimates of thevave scattering us- Ray and Ghoslil6]. Here we employed different basis sets
ing a variational method. In the S-wave, phase shifts DHo find the relative importance of each state of the target
have predicted resonance in the singlet scattering due to tteom. Moreover, we include the effect of higher excited
fact that positron orbits around the 'Hon. Recently, Ray states of the H atom and continuum via pseudosf{@@21.
and Ghosh13,14] have estimated scattering parameters oveit has been assumed by McAlinden and co-work&47]
a wider energy range using the static exchange model. Sinttaat in Ps-atom scattering, the Ps excitation channels are the
etal. [15] have employed target elastic three-statedominant processes in predicting reliable estimates for the
[Ps(1s,2s,2p),H(1s)] close-coupling approximatiofCCA),  elastic cross sections at low energibslow 10 eV} and the
where the H atom always remains in the ground state, tinelastic channels of the target H atom are not expected to
investigate the system. Ray and Ghddl6] have investi- contribute appreciably below 10 eV. Our motivation of this
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paper is to find the role played by the inelastic channels ofK'n’v’|Y*|Knv)
the H atom in Ps-H scattering.
In Sec. Il, we briefly describe the theoretical model as

employed by us. In Sec. IIl, we present the results up to 200 :<K’”'U’|Bt|Knv)+2 EN dk”
eV for scattering parameters using different basis sets and mov
compare them with the existing theoretical results. In conclu- (K'n"v’|B*|K"n"v"){(K"n"v"| Y~ |Knv)
sion, in Sec. IV we explain the reason for the choice of the X E—-E'tic . (D
basis sets and discuss merits of different models.
where
Il. THEORY (K'n"v’|Y*|Knv)=(K'n"v'|Y14|Knv)

We briefly describe the theoretical model employed here
in order to make the article self-consistent. The total wave

function for the system of a positronium and a hydrogenHere, the transition matrix element f, stands for the di-
atom should be antisymmetric and may be written as rect channel and the matrix elemev; is that for the ex-
change channel.
U R R A similar expression for the matrix eleme&™ holds
\P_(rp'rl’rZ):A% Pn(M2) 7,(p)Fny(Re), (D good. The transition matrix element f@&" gives the first
Born and Born-Oppenheimer amplitudes.
Assuming the delta function normalization, one can ob-

S _ 172 > T . . i . .

whereR; =3 (F,+ 1) andp;=Fp—F;; i=12. _ tain the coupled integral equation for the scattering ampli-

Here, I, are the position vectors of the electrons with ,4e as follows:
respect to the proton arg is that of the positronA is the
antisymmetrizing operator and is given =1*P,,, N 2, > B+ - 1 -,
whereP, is the exchange operator. nrorno(KGK)=T00 (K K) = 22 2 dK

The total Hamiltonian of the system in the initial channel me
is given by fE;v/ o vn(lz’,lz")fﬁfvn N

K2, ,—K"2+ig

n/lv/l

i(K'n’v'|Y21|Knv>.

(K",K)

H= V& +Hp,(51) + Hu(72) +Vin(7p F1,72), (D o

whereVi,(f,,f1,7,) is the interaction potential and is given  In the present calculations, we assume that the positro-
by nium atom always remains in the ground state. We term this
model as projectile elastic close-coupling approximation
101 1 1 (CCA).
Vind(Fp,F1,72)= ot [f-Fl + 71y () The scattering amplitude™ can be expanded as

I - . L. 1 L 1 J
Here,Hps andH are the Hamiltonians describing the bound frr (K K= —= ( , , )
Ps and H atoms, respectively. The total wave function must ' VKK’ IMLM_L'M/|Iml"m’ M m" M
satisfy the Schidinger equation for the system,

xY’[,ML(R’)TJi(T'R',TR)

(L [ J
X
M, m M

H\I,t(rp!FI!FZ):ElPt(FparlvFZ)- (4)

The wave functions of the hydrogen and positronium atoms YLML(K)' ©

satisfy the following Schidinger equations:

A similar expression fofB= can also be written as

H(F2) @n(F2) = en®n(F) 6 B ®K)

and 1 L 1 J .
~ KK > (M’ m’ M)Y:'ML(K/)
- N - IMLM_L"M/Im"m’ L
Hed 1) 70(51) =57, (B1), (6) s
L 1 J
JE 1! 1e ”

wheres!! ande"® are the binding of the hydrogen and posi- XB ('K 7K) (ML m M)YLML(K)' (10

tronium atoms, respectively.

The exact coupled integral equation in three dimensions Here,l is the angular momentum of the initial target atom.
for the transition amplitude for the H and Ps atoms in theL is the angular momentum of the moving Ps atom with
momentum space may be expressedi7ds projectionM . L combines with to give the good quantum
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TABLE |. s-wave phase shifts, scattering leng#h and range parameterY) at selected energies for the
different modelsK; is the momentum of the incident positronium atom.

PE TE
results results
N=3 N=4 N=3 9 ST 22 ST DH
eigen eigen pseudo pseudo pseudo variational
K? (McAlinden and  (McAlinden and
(a.u) co-workers co-worker$

(a) Singlet scattering

0.1639 1.38 1.41 1.47 1.44 1.50 1.52
0.2478 1.15 1.18 1.26 1.22 1.28 1.27
0.3975 0.90 0.93 0.98 0.96 1.03 1.00
0.5588 0.72 0.74 0.78 0.81 0.89 0.81
a 5.84 5.64 5.22 5.51 5.20 45
o 291 2.83 2.74 2.74 2.52 2.2
(b) Triplet scattering
0.0651 —0.611 —0.610 —0.603 —0.611 —0.610 —0.591
0.0878 —0.700 —0.698 —0.689 —0.704 —0.702 —0.6845
0.2315  —1.089 —1.088 —1.084 —1.091 —1.086 —1.051
0.2898  —1.188 —1.186 -1.182 -1.199 -1.191 -1.161
0.5064 —1.487 —1.486 —1.482 —1.493 —1.486 —1.445
a 2.45 2.44 241 2.45 2.45 2.36
o 1.36 1.35 1.32 1.33 1.32 131

numberJ with projectionM. All these quantities are referred  The scattering parameters are calculated by standard rela-
to the initial channel. The primed quantities are for the finaltion. In the present calculations we use the following
channel. basis sets: (8 H(1s,2s,3s,2p,3p,3d)+Ps(1s), (b)

By proper algebraic manipulation of the three equationsH(1s,2s,3s,4s,2p,3p,4p,3d,4d) + Ps(1s), (c) H(1s,2s,2p,
(8), (9), and(10), T's andB's, the resulting one-dimensional 35,3p,3d) + Ps(1s). In the basis setc), we use three pseu-
coupled inhomogeneous integral equation after the partia&iostates%‘, 3p, and 3. We take the S, 3p from Burke

wave analysis takes the form —
et al.[21] and A from Damburg and Karul€20]. Our mo-

T . 3 e 13 3 1 5 tive of including simple pseudostates is to estimate the effect
T (7K 7K =B ('K, 7K) — 2—7722 dK"K” of higher excited states and of continuum of the target atom.
s Use of some more accurate pseudostates prepared specially
B (7K', 7K T (K", 7K) for this system may give more  accurate
X , (1)  results.

2 .
K2, —K"2+is

wherer=(n,l,L). Il. RESULTS AND DISCUSSIONS

To solve this integral equation we require the values of
B* for each transition. The first Born direct and exchange The one-dimensional coupled integral equatidd) is
amplitude are given, respectively, as follows: solved numerically using the matrix inversion method. Nu-
merical code as employed by Ray and Ghpké] and Sinha
et al.[15] is extended and used. As a check of our program,

M —ik'-R - =
fB=— e " RU(PD) Prr (F2) Vi three-state target elasti®E) and projectile elasti¢PE) re-
_ sults of Sinhaet al. and Ray and Ghosh are reproduced. We
X €% Rin1(51) Pl F2)dRydf1d T, (12  emphasize that inclusion af states of the H atom, either
eigen or pseudo, has a marginal effect on the elastic scatter-
8 o KR _ - ing parameters, but influences the inelastic channels.
9=—5_|¢© 2115(P2) Py (M) The swave phase shifts below the Ps excitation threshold

- are given in Table I. This provides validity and accuracy of
X[H—E]eik‘Rlﬂls(ﬁl)‘l’mm(rz)dderldrz- (13 our model in predicting scattering parameters. Table | con-
tains sswave singlet(a) and triplet(b) phase shifts of our
Evaluation offB is straightforward and in Appendix A. We three projectile elastic models. This table also includes the
evaluate exchange amplitude for the transitionn®f corresponding scattering phase shifts using target elastic
—n’'l'm’). CCA (9 ST and 22 ST of McAlinden and co-workers at

012502-3



ARINDAM BASU, PRABAL K. SINHA, AND A. S. GHOSH PHYSICAL REVIEW A63 012502

TABLE Il. p-wave elastic phase shif{sadians.

K Eigenstates Pseudostates
(a.u) N=1 N=2 N=3 N=4 N=3
(a) Singlet scattering
0.1 7.98-3) 9.15-3) 9.32-3) 9.31-2) 9.59-2)
0.2 6.14—-2) 7.16-2) 7.29-2) 7.34—-2) 7.58-2)
0.3 1.88-1) 2.21(-1) 2.25-1) 2.26-1) 2.36-1)
0.4 3.94-1) 4.18-1) 4.25-1) 4.28-1) 4.51(—-1)
0.5 4.77-1) 5.69-1) 5.80—-1) 5.83-1) 6.15—-1)
0.6 5.36—1) 6.36—1) 6.50—1) 6.54—1) 6.81—1)
0.7 5.38—1) 6.41(—1) 6.57—1) 6.62—1) 6.93—1)
0.8 5.08—-1) 6.11-1) 6.29-1) 6.35—1) 6.63—1)
(b) Triplet scattering

0.1 —-5.03-3) —-4.71-3) —4.66—-3) —4.65-3) —4.62-3)
0.2 —-3.52-2) -3.31(—-2) -3.271-2) —-3.21-2) —-3.25-2)
0.3 -9.80—2) —9.24-2) -9.18-2) -9.16-2) -9.12-2)
0.4 —-1.86-1) -1.76-1) -1.75-1) -1.79-1) —-1.74-1)
0.5 -2.871-1) -2.72-1) —-2.71-1) -2.70-1) -2.69-1)
0.6 —-3.90-1) -3.70-1) -3.68-1) -3.671-1) —-3.66-1)
0.7 —4.89-1) —-4.61—-1) —4.58-1) —-4.58-1) —4.58-1)
0.8 —5.74-1) —-5.40-1) ~5.36—1) ~5.35-1) ~5.36—1)

available energies. The corresponding phase shifts of Draclib) phase shifts. At low energies the magnitude of phase
man and HoustoriDH) are also cited for comparison. We shifts, either singlet or triplet, are very small. With the in-
hasten to add that the scattering length and effective range efease of energy, phase shifts of different models change as
all the theoretical models are also shown. From the table it ixpected. As there are no existing P-wave phase shifts, we
apparent that present PEwvave singlet phase shifts mono- cannot compare our results. D-wave singlet and triplet phase
tonically increase with addition of eigenstates or .addition ofshifts are tabulated in Table (8) and I1(b), respectively. In
pseudostates as expected at the energies considered. In {{g case of singlet phase shifts, the results increase with the
case of triplet scattering, the trend is found to be similaryygition of states, results of the pseudostate being the high-
although marginal. This feature has also been noticed by similarly, triplet phase shifts also increase with the ad-
McAlinden and co-workers as well as by Sinégal. (ST). ~  ition of states and the pseudostate results being the highest.

Now we compare our present resuits with those of TE CCAThus we see inclusion of higher excited states and continuum

results of McAlinden and co-workers and the variational P influences the low-energy scattering parametensave and
dictions of DH that are considered as realistic ones. Presen .
-wave phase shifts are tabulated as a future reference.

N=4 eigenstate singlet phase shifts are definitely an im- Figure 1 displays the integrated elastic cross sections up
rovement over th&l=3 eigen results, when compar - . .
provement over thél =3 eigenstate results, when compa edto the incident Ps energy 5 eV. In the inset of Fig. 1, the

with variational predictions of DHN=3 pseudostate singlet ) . .
phase shifts are a further improvement over the eigenstal%LaSt'C cross sections for the different sets below 1 eV are

results.N=4 eigenstate PE results are very close to the 9 sPHown. W't.h the increase .Of eigenstates or pseudostat_es n
TE results of McAlinden and co-workers wherebks=3 the expansion basis, elastic cross sections decrease signifi-

pseudostate PE results are close to 22 ST TE results ntly. N=3 pseudostate results decrease by about 30%

McAlinden and co-workers. Here we have used very simple o™ 2the static exchange resultN{1 cross section is
pseudostates available in the literat{6,21). Use of more ©878 and N=3 pseudostate cross section reduces to
suitable pseudostates of the H atom for this particular systemOTrag) at the lowest incident energy considered. It may be
may improve the results appreciably. Our scattering lengtimentioned that the results of Biswas and AdhiKa8] are

and effective range are also found to improve with additionabout 40—45 % less than the present pseudostate results at
of eigenstates or pseudostates. The triplet scattering phatlfee lowest energy, but it differs from other theoretical find-
shifts do not vary appreciably with different basis sets at thengs. With the increase in energy, the difference between the
energies considered here. These have also been noticed #ifferent models decreas¢$able 1V). At about 80 eV, the
McAlinden and co-workers. However, obi=3 pseudostate elastic cross section using different basis sets coalesce
PE results are in the closest agreement with the corresponémong themselves.

ing predictions of DH. The presestwave phase shifts indi- Table V presents H (&2s) PE excitation cross sections
cate that excitation of the H atom is also very important inusing different models along with the Born-Oppenheimer
investigating Ps (&) + H(1s) scattering. (BO) cross sections. Here, we recalculate PE2 state cal-

In Table Il, we present oup-wave singlet(a) and triplet  culations as performed by Ray and Gh¢&B]. The present
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TABLE lll. d-wave elastic phase shiftsadians.

K Eigenstates Pseudostates
(a.u) N=1 N=2 N=3 N=4 N=3
(a) Singlet scattering
0.1 3.1§-5) 3.29-5) 3.55-5) 3.59-5) 3.59-5)
0.2 9.17-4) 9.44—4) 1.0X-3) 1.11(-3) 1.16-3)
0.3 5.87-3) 6.06-3) 6.45-3) 6.51(—3) 6.53-3)
0.4 1.97-2) 2.04-2) 2.15-2) 2.16-2) 2.171-2)
0.5 4.54-2) 4.69-2) 4.90-2) 4.96-2) 4.99-2)
0.6 8.09-2) 8.31-2) 8.70—2) 8.85—2) 8.90—2)
0.7 1.19-1) 1.24-1) 1.28-1) 1.29-1) 1.31(—1)
0.8 1.52-1) 1.58-1) 1.64-1) 1.65-1) 1.671-1)
(b) Triplet scattering

0.1 —3.00-5) —-2.81(—-5) —2.60-5) —2.58-5) —2.58-5)
0.2 —8.56—4) —8.01(—4) —7.45-4) —7.44-4) —7.43-4)
0.3 -5.371-3) -5.02-93) -4.73-3) -4.69-3) —4.68—3)
0.4 -1.76-2) —1.64-2) -1.56-2) -1.55-2) —1.54-2)
0.5 -3.95-2) -3.70-2) —-3.55-2) -3.52-2) —-3.51—-2)
0.6 -7.03-2) —6.55-2) —6.33-2) -6.24-2) —6.22-2)
0.7 —1.06-1) —-9.85-2) —9.56~2) —9.44-2) —9.46-2)
0.8 -1.42-1) -1.32-1) ~1.28-1) —-1.27-1) —1.26-1)

N=2 state results differ slightly from Ray and Ghosh as the
presents coupled integral equation is solved using two large

sets of Gaussian points {K, and XK,—=). However, TABLE IV. Integrated elastic, H(4)+Ps(is)—H(1s)

present elastic re.sul'ts do not differ from those of Ray 'andJr Ps(1s), CCA cross section (units ofra2). The figure in paren-
Ghosh. Table V indicates that the effect of higher excitedpeses indicates power of 10.

states influences the H$12s) cross sections. This feature

has also been noticed in the HY-Bs) PE excitation cross Energy N=3 N=4 N=3
section(Table VI). We also estimate the H 614s) PE re- (eV) eigen eigen pseudo
sults (Table VI) for future reference. In all the cases, BO
cross sections coalesce with the CCA predictions at energies  9-068 46.53 44.77 40.94
80 eV and above. In absence of any other theoretical data we 0-272 35.47 34.81 33.17
0.612 26.34 26.17 25.68
.50 " T T T T T T 1.088 20.48 20.45 20.44
© b % ' ' ‘ 1.700 16.69 16.63 16.80
G 0 "".3. E“h i 2.448 13.98 13.86 14.10
-‘g . ém- 3.332 11.86 11.68 11.98
g § ol ] 4.352 10.11 9.87 10.21
=% : - 5.508 8.59 8.31 8.67
2 § il ] 6.000 8.04 7.75 8.10
2 ¥ - 6.800 7.23 6.91 7.27
§ Energy in units of eV 10.0 4.30 3.98 4.25
5] 15.0 2.06 1.43 1.28
2"r -3 20.0 1.04 7.16-1) 9.37-1)
% 1 25.0 5.51-1) 4.31-1) 5.86—1)
00 . 1' . ; . ; . ; . s 30.0 3.39-1) 1.73-1) 3.51-1)
40.0 2.23-2) 5.30—-2) 1.671-1)
Energy (eV) 50.0 3.19-2) 3.01-2) 1.08-1)
FIG. 1. Elastic cross sections up to 5 eV of different basis sets. 600 3.58-2) 3.69-2) 3.09-2)
Dashed curve represerits=3 eigenstate results, dotted curve rep-  80.0 2.98-2) 3.03-2) 2.86-2)
resentsN=4 eigenstate results and the solid curve represhints  100.0 2.18-2) 2.171-2) 2.16-2)
=3 pseudostate results. In the inset, elastic cross sections up to 0.8 150.0 9.64—3) 9.63—-3) 9.62—-3)
eV for the different basis sets are shown. The curves depict the 200.0 4.76-3) 4.76-3) 4.75-3)

basis sets as stated above.
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TABLE V. H(1s-2s) excitation cross sections{a3). Ps always Table IX presents the H@&3d) and H(1s-4d) CCA
remains in & state. The figure in parentheses indicates power of 10results along with the corresponding BO cross sections.
H (1s-3d) results have the same pattern as d-(Np) re-

Energy CCA CCA CCA sults. N=3 and N=4CCA predictions for the H (4-3d)
(eV) B-O N=2 N=3 N=4 transition coalesce at the incident energy at 80 eV and above.
15.0 411-1) 3.06-1) 2.71(~1) 1.50—1) In the present case, BO results differ significantly from both

20.0 2.34-1) 2.30~1) 2.29-1) 232-1) sets of CCA results. With the increasing energy, the differ-
B B ence between the BO and CCA results decreases. However,

25.0 1.2%-1)  1.39-1) 1.49-1)  1.93-1) X )

at the highest energy consider@d0 eV) the BO result does
30.0 6.57—2) 8.50—2) 1.06-1) 1.07-1) . . .

not coalesce with either of the CCA predictions. In the case
40.0 1.79-2) 1.34-2) 1.49-2) 2.271-2) o .
50.0 407-3  421-3) 419-3  6.20-3) of H(1s-4d) excitation cross sections the present CCA re-
60.0 1.48-3) 1.42-3) 1.42-3) 163-3) sults differ throughout the energy range from the correspond-

ing BO cross section.
80.0 4.57-4) 4.86—4) 4.89—4) 4.56—4)
100.0 4.32-4) 4.46—4) 4.47—4) 4.371—4)
150.0 2.98-4) 294—-4) 294—4) 2.94-4) IV. CONCLUSION
200.0 1.64—4) 1.64—4) 1.64—4) 1.64—4)

In this paper, we investigatedPs(1s) + H(1s) scattering
using projectile elastic close-coupling approximation
cannot compare our coupled state results. (PE CCA. Three different basis sets(a) Ps(Is)

Now we discuss H (4-Np) PE excitation cross sections +H(1s,2s,3s,2p,3p,3d), (b) Ps(1s)+H(1s,2s,3s,4s,2p,
that we have obtained using different models. Table VII pre-3p 4p,3d,4d), (c) Ps(1s)+ H(1s,25,2p,3§3E3€), are em-
sents three sets of H §12p) CCA results along with the BO  ployed to find the relative importance of higher excited states
results. Below 30 eV, with the addition of eigenstatgs 2 and continuum in predicting the scattering parameters of the
cross sections decreases=4 state results being the lowest. elastic channel and of lower excitation channels. We report
Different sets of results indicate the cross section varies witlthe s-, p-, and d-wave singlet and triplet phase shifts for
added eigenstates. However, as in the case ofsH\3) incident energies below the Ps-excitation threshold. It has
excitation (N# 1) transitions, the magnitude of the cross sec-been found that the higher excited states of the target H atom
tion is low. In the case of H (4-3p) transition(Table VIII),  influences the low-energy phase shifts appreciably. The rate
a similar pattern to H(4-2p) has been noticed. However, of convergence of the elastic phase shifts decreases with
the influence of higher excited states on the cross section &dded eigenstates in the expansion scheme. The effect of the
not as significant as in the case of Hs(2p). This may be continuum on the elastic channel is also very prominent. We
due to the fact that we have neglected highér-@)p states compare the presestwave phase shifts at selected energies
in the calculations. In all the cases, BO results are found tavith the corresponding theoretical predictions of DH and the
be in close agreement with CCA results at about 80 eV9-ST and the 22-ST target elastic pseudostate CCA of the
Table VIII also contains H (4-4p) results along with BO. Belfast Group(BG). The presenN=4 CCA results are in
At low energies as in the case of other transitions, BO resultfir agreement with the corresponding 9-ST results of BG
differ from CCA predictions appreciably. The BO results for whereas our pseudostate CCA results agree well with the
H (1s-4p) excitation cross sections coalesce with those oR2-ST predictions of BG. The present pseudostate predic-
CCA at 150 eV. tions tally well with the variational calculations of DH. The

TABLE VI. H(1s-3s) and H(1s-4s) excitation cross sectionsnag). Ps always remains inslstates.
The figure in parentheses indicates power of 10.

H(1s-3s) H(1s-4s)
Energy
(eV) B-O CCAN=3 CCAN=4 B-O CCAN=4
15.0 1.04-1) 5.55—2) 6.35—2) 3.94-2) 2.27—2)
20.0 7.05—-2) 6.22—-2) 6.86—2) 2.94-2) 2.75-2)
25.0 4.12-2) 4.20—-2) 5.47-2) 1.78-2) 2.30—2)
30.0 2.31-2) 2.31-2) 3.11-2) 1.02-2) 1.34-2)
40.0 6.92-3) 6.43—3) 7.72-3) 3.16-3) 3.49-3)
50.0 2.06-3) 2.00—3) 2.14-3) 9.64—4) 1.00-3)
60.0 6.3%—4) 6.21(—4) 6.34—4) 3.02—4) 3.02—4)
80.0 1.26—4) 1.30—4) 1.29-4) 5.41(—5) 5.48-5)
100.0 9.87-5) 1.02—-4) 1.03-4) 3.83-5) 4.00-5)
150.0 7.18-5) 7.22-5) 7.23-5) 2.81(—5) 2.85-5)
200.0 4.07-5) 4.08-5) 4.09-5) 1.62-5) 1.63-5)
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TABLE VII. H(1s-2p) excitation cross sectionsr@3). Ps always remains inslstate. The figure in
parentheses indicates power of 10.

Energy CCA CCA CCA
(ev) B-O N=2 N=3 N=4
15.0 3.95-1) 5.32-1) 4.82-1) 3.72-1)
20.0 1.87-1) 3.74-1) 3.69-1) 2.171-1)
25.0 8.2%-2) 2.29-1) 2.26-1) 1.82-1)
30.0 4.87-2) 1.61-1) 1.63-1) 1.72-1)
40.0 3.4%-2) 3.01—2) 3.12-2) 5.93-2)
50.0 2.8%5-2) 2.56-2) 2.53-2) 2.85-2)
60.0 2.23-2) 2.13-2) 2.12-2) 2.09-2)
80.0 1.27-2) 1.26-2) 1.26-2) 1.25-2)
100.0 7.38-3) 7.31-3) 7.31—3) 7.27—3)
150.0 2.27-3) 2.271—-3) 2.27-3) 2.27—-3)
200.0 9.21-4) 9.24—-4) 9.22—-4) 9.21(—4)

TABLE VIII. H(1 s-3p) and H(1s-4p) excitation cross sections-reg). Ps always remains inslstates.
The figure in parentheses indicates power of 10.

H(1s-3p) H(1s-4p)
Energy
(eV) B-O CCAN=3 CCAN=4 B-O CCAN=4
15.0 9.33-2) 2.96-1) 1.57-1) 2.76-2) 5.66—2)
20.0 7.11-2) 1.94-1) 1.42-1) 3.03—-2) 6.69—2)
25.0 3.22-2) 9.11(—2) 8.85—-2) 1.58-2) 3.95-2)
30.0 151-2) 4.55-2) 5.31-2) 7.52-3) 6.771—3)
40.0 7.36—3) 6.89—3) 1.40-2) 3.21(-3) 3.14-3)
50.0 6.20-3) 5.38—-3) 6.40—3) 2.59-3) 1.80—3)
60.0 5.20-3) 4.89-3) 4.90-3) 2.12-3) 1.871-3)
80.0 3.22-3) 3.18-3) 3.16-3) 1.19-3) 1.03-3)
100.0 1.98-3) 1.92-3) 1.91-3) 6.05—4) 6.04—3)
150.0 6.18—4) 6.13—4) 6.13—4) 1.15—-4) 1.15-3)
200.0 2.50-4) 2.50—4) 2.50—4) 2.63-5) 2.63—4)

TABLE IX. H(1s-3d) and H(1s-4d) excitation cross sectionswa(z)). Ps always remains inslstates.
The figure in the parentheses indicates power of 10.

H(1s-3d) H(1s-4d)
Energy
(eV) B-O CCAN=3 CCAN=4 B-O CCAN=4
15.0 5.50—2) 3.26—1) 1.68—1) 2.42-2) 4.80—1)
20.0 3.79-2) 2.04—1) 1.52—1) 2.21—2) 5.02—1)
25.0 1.18-2) 8.28-2) 8.43-2) 8.03-3) 3.20-1)
30.0 4.70-3) 3.13-2) 4.19-2) 2.49-3) 1.82-1)
40.0 1.11-2) 1.33-2) 1.75-2) 4.50-3) 4.01-2)
50.0 1.56—2) 1.871-2) 1.91(—2) 7.04-3) 2.69-2)
60.0 1.53-2) 1.84-2) 1.87-2) 7.25-3) 2.49-2)
80.0 1.07-2) 1.32-2) 1.32-2) 5.30-3) 1.66—2)
100.0 6.87-3) 8.43-3) 8.42-3) 3.45-3) 1.04—2)
150.0 2.49-3) 2.99-3) 2.99-3) 1.26—3) 3.27-3)
200.0 1.11-3) 1.31(—3) 1.31(—3) 5.64—4) 1.32-3)
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agreement between our results and those of DH are accept- APPENDIX
able. Ourswave triplet phase sh|fts, like othe(@H and The expression for the scattering amplitude of Ps-H scat-
BG), do not vary appreciably with added eigenstates. Re- . " S

: . tering for the transition from the initial state@Q0) of the H
portedp- andd-wave phase shifts carry the signature of the ) - )
added eigenstates. Regarding the angle integrated elasfom having momenturk to the final staterf’l'm’) of the
cross section, it is found that at incident energy 0.01 Ry, théd atom having momenturk’ is given here. We hasten to
cross section decreases steadily fromﬂgg (static ex- add that the Ps atom remains fixed in its ground state
change modglwith the addition of eigen or pseudostates in throughout the transition. The direct scattering amplitude for
the expansion basis, the lowest cross sedtidut 407a2)  this transition is straightforward. _
at this energy is obtained in the preseit3 pseudostate We provide here the analytical expression for the Born-
calculation, a decrease of about 30% whereas the 22-ST c4pppenheimer amplitude for this transition. The Born-
culation of BG predicts this value to be 4@s estimated Oppenheimer scattering amplitude is given by
from their figurg—a decrease of about 20%. In the calcula-
tion, the simple-minded pseudostates due to Betkal. [21]
and Damburg and Karulg20] have been used. Our motiva- o R E L e .
tion is not on?y to get numbers. The pseudostates are used togB: T om e (WK Tptra) 71(P2) Py (T1)
perceive the effect of the target continuum on the elastic .
channel. The use of more refined pseudostates specially de- X (H—E) 7,4(p1)® e Fo) €YK (oI dF dF, dF,.
veloped for this system may decrease the elastic cross sec-

tion further and the singlet phase shifts are expected to un- (A1)
dergo modification so as to reduce the differences with

estimates of DH. It has been shown by BG that the projectilel_h. . b d

inelastic channels influence the elastic cross section domit "> €XPressIon can be expressed as

nantly. The present calculations show that the target excita-

tions also play an important role in predicting the elastic

cross section. It is worthwhile to study the target and projec- 8_ _ * —I(UDK' - (Fy+Fp) % (= \dy* >

. o - g € P 7715(P2)q)nr|rmr(r)

tile excitation processes to revel the dynamics of the system. 2w

It is worthwhile to study the effect of target and projectile e
excitations explicitly on the same footing. This will reveal X{Vinet (B = E)} 715(p1) P Fp) € V2K (TpF 1)
the dynamics of the system. It is not unwise to mention that X dFdF,dF,. (A2)

for Ps-He scattering below 15 eV, where the 22-ST TE CCA
calculation of BG[1] differs from the measured data appre-
ciably, theoretical predictions being higher. 3 ST TE CCA of
Sults of Sarkart a. ate in good agreement with the mea. (€M (€'~ E) wil contibute in the second term of the nte-
sured data at energies above 20 eV and above. Biswas ! equationd) on the right-hand side. Thereforg; con-
Adhikari [23] as in the case of H, are in fair agreement with SIStS_)Of five terms. In performmg th? calculgtlon, |rltegrat|on
the measured data at low energies. However, their resul tdrl is done after performing the integration o, and
differ significantly from both Sarkaet al. and BG. In Ps- 2. . . . .
atom scattering below 5.1 eV, the total cross section is noth- . The wave function of the H atom in an arbitrary state is
ing but the elastic one. Our study on Ps-H indicates that thg!ven by

low-energy elastic cross section is reduced by about 30% on

considering the target excitations in the expansion scheme.

Please note, on the physical energy shdl,{ E)=0. The

ni—1-1
Moreover, Sinheet al. [19] have found that the cross sec- o (H=> cinli (_ i) ! re By, (f
tions at low energies are reduced further when simultaneous nim( 1) 2 (nk:p ap im(T)
excitations of both the target and the projectile atoms are (A3)

taken into account. Therefore, we advocate strongly for the
study of the Ps-He system using projectile elastic CCA and a
full CCA (allowing an internal degree of freedom of both the  The wave function of the Ps atom in the ground state is

target and projectile atoms given by
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B ’LL —i -/- r r > = -> = i ~. r r. = = >
Onirmns™ ~ 2 (BB f o WA 2 (o) PR (F) Mo p) Dl F) €/ V2K (0712 dT T, . (AS)

Here, u is the reduced mass of the system and its value is 2.
The final expression after performing the integration is given by

ni—1
It ne E"—E)==i"272 T (1" +2) s (E" — E)E C(nSJ)( a(;)]

<3 ey )( 2)“1 lBJ dy y(1-y)
x [[dza1- z)( ’ )Z(ii)zi;,p"wm@), (A6)
My dpa) \po dpa) pa (p?42\2)"+2
where
pi=yal+(1-y)af+3y(1-y)Q? Q=K-K', pi=2zp}+(1-2)ui+2(1-2)p3,

p1=3yK—=(1+y)K'}, N=po+B;, p=3{(2—y+ynK—(1-y+z+y2K'}. (A7)

a; and «; are the range parameters of the Ps atom in its initial and final states, respectively.
The final expression for the scattering amplitude involving the potential terpis.given by

n—ll

Bdeyl y)

xfle(l a)21(1 a)l A1 (50 A8)
Z A A~ r ’ y
0 w3 dpa) ma\pma Ipal Ha (p2+2\2)" +2p4 P

1 g \"i~
gr‘?’l’m’,ns(rp)_IHZ\/—2| ra’ +2)a'a'f2 C(nsU( 5B|) ]}: C(n I’a] )( ﬂ)

where
pi=yal+(1—-y)BE+1y(1-y)K'2, ui=za?+(1-2)ui+2(1-2)p3, ps=3K—-(2—y)K'},

MN=puat B, Pa=31(2-2K—(1-2)(2—y)K'}. (A9)

The final expression for the scattering amplitude involving the potential tergnidgiven by

1 g \Mi™ g \nj,—1-1" 1
gﬁ,,,m,vns(6)=—| 2m2" T (1" +2 aafE C(nSJ)( r?ﬁ.) JE c(n'l’;j’ )( {w) ’ fodyy(l—y)

XJldz(l a)(l 6)21 N Y1) (AL0)
Z - - _—, 4 ’ y
0 M1 dpy) \ps dps) ps (p2+2\3) 2P TrmriPs
where
pi=zpi+(1-2) B+ 2(1-2)p3, No=us+Br, Ps=3{(2-yDK—(2-2-y2)K'}. (A11)
The final expression for the scattering amplitude involving the potential tdrr?p—lv’ﬂ, is given by

n,—ll

Oovovne| =] = ! o2 (I’ +2)af2 Cinsij)| - 55 ch(m -5 BJ dyy
<J ae ol )( - )21 ok Vi) (A12)
z N P R m’ ,
2 B ﬁm 1o Is) Mo (p2+agd) T2 e ™ Pe
where
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=22+ (1-2)ui+2(1-2)p3, po=3{(1-y)K—(2-y)K'},

Ns=pet Br, Po=3{(1—y+z+yz)K—(2—y+y2)K'}. (A13)

The final expression for the scattering amplitude involving the potential teip-17,| is given by

g \"~ g\ -1l
O ns W)" 2Vm2' T+ 2) a2 C<ns1>( m) JZC(” 1k )( B) deyl y)
2( ) 1 1 J |1 A R
Jd w1 dps) pa\ pg dpg ,U~2( 2+)\2)"+2p Vi (P). (A4)

Here, the expressions @f;, us, p, and\ are as stated before.
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