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Positronium scattering by atomic hydrogen with inclusion of target excitation channels
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Calculations are reported for positronil9 scattering by atomic hydrogghl) in the energy range 0—-6.5
eV in a coupled-pseudostate approximation in which excitation and ionization channels of both the Ps and the
H are taken into account. The approximation contains an accurate representation of the van der Waals coeffi-
cient. Results are presented for phase shifts, scattering lengths, effective ranges, and various cross sections
including partial wave, total, and ortho-para conversion cross sections. An analysis of the possible spin tran-
sitions is provided and the energy of the positronium hydfidsH bound state is determined. Substantial
differences are found from earlier work within the frozen target approximation, now clearly confirming the
importance of target excitation channels. Good agreement is obtained with recent calculaBevesvefphase
shifts and scattering lengths using the stabilization method. Convergence to the exact binding energy for PsH
appears to be slow. Resonances corresponding to unstable states of the positron orbaiggsden in the
electronic spin singlet partial waves. The importance of thefétmation channel is discussed.
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[. INTRODUCTION found in[26,27]. Static-exchange is but the simplest form of
a coupled-state approximation, see Ej, in which only the
The development of energy tunable positroniUs  single term involving the initial states of the Ps and the atom
beamg[1-15| has fuelled interest in Ps scattering by atomsis retained.
and moleculeq16]. Measurements of total cross sections Swave scattering, which is dominant in the limit of zero
have been made for He, Ar,Hand Q targets[10,13,14  impact energy, has received much attention. Thus, Drachman
and also some rough data have been obtained on differentighd Houstorj28,29 have used the stabilization methf&0]
scattering by He, Ar, and 413,14. Positronium comes in to calculate scattering lengths and effective ranges as well as
two spin states, singlefcalled para p)-Ps| and triplet phase shifts at a few isolated energies. This approach has
[called ortho 0)-Pg|. These states have radically different very recently been updated by lvanov, Mitroy, and Varga
lifetimes, thuso-Ps(1s) has a lifetime of 142 ns while [31]. Scattering lengths have also been calculated by Page
p-Ps(1s) has a lifetime of 0.125 ns. This lifetime results [32] using the Kohn variational principle and, again very
from electron-positron annihilation into photons, predomi-recently, by Adhikari and Mandal33] using a different
nantly two photons in the case pfPs(1s) and three in the variational functional. In the latter case, however, the varia-
case ofo-Ps(1s). As our notation suggests, it is necessarytional result has been compromised by neglect of an off-shell
also to define the electronic state of the Ps, e.g,.,25, 2p, contribution from a Green’s function.
etc. Present day beams consist essentiallyo-#fs in the The Swave symmetry is also of considerable interest be-
ground state, i.e.p-Ps(1s). In addition to the beam mea- cause, in its electronic spin singlet state, it possesses a bound
surements, some low-energy cross-section data have bestate, positronium hydridéPsH, and resonance structure.
deduced by modeling the annihilation@fPs(1s) in various  The existence of PsH was first demonstrated theoretically by
gaseq4,17-21. Ore[34], the most up-to-date value for its binding energy is
The simplest Ps-atom system, and a prototype for all othet.067 eV[35]. Resonance structure in tf®wave was de-
cases, is Ps-H. Besides relative simplicity, it has the advarscribed by Drachman and Houst#8]. Drachmari 36] went
tage that the wave functions of the target, i.e., H, are knowron to interpret this structure as corresponding to unstable
exactly and so results cannot be clouded by issues of inexastates of the positron orbiting the Hon. This interpretation
target representation. It has the disadvantage of not beingxplains why resonances are seen only in the electronic spin
experimentally amenable now, nor seemingly in the immedisinglet channelH™ only exists in the singlet stateit also
ate future. The earliest theoretical foray into Ps-H scatteringmplies that resonances should appealPinD, and higher
[22] goes back to Massey and Mof#3] who tried to make waves, which indeed they d@7,35,37—3% Using the com-
some progress using the first Born approximatibBA). A plex coordinate rotation method, Yan and Ho have identified
more recent first Born study is reported[2¢]. While Mas-  three Swave resonancegs5], two P-wave resonances7]
sey and Mohr realized the importance of electron exchangand one resonance in each of beF, andG waves|[38,39.
in low-energy Ps-H elastic scattering, they also appreciate@hese are but the lowest members of an infinite series of
that this interaction was too strong to be handled within theRydberg resonances in each partial wave converging on to
context of the FBA. A nonperturbative treatment of electronthe H™ formation threshold at 6.05 eV as the model of
exchange was made by Fra$26] who employed the static- Drachman[36] requires. These series have now been made
exchange approximation. More recent applications of thexplicitly visible in recent scattering calculations by Black-
static-exchange approximation to Ps-H scattering may b&ood, McAlinden, and Walterf40]. According to Ho[41]
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there should also be series converging to thresholds for exX65,66|, these show a substantial drop in the low-energy elas-

cited (unstabl¢ H™ formation, e.g., H (2s?), while, ac- tic cross sectioriby a factor of two on the mere addition of

cording to Blackwood, McAlinden, and Waltefd0], there  the two eigenstates He(%) and He(2'P). Here, however,

should be series converging to the Hermation threshold at one must ask questions about sensitivity to the use of ap-

13.3 eV corresponding to unstable Rydberg orbits 6f B proximate wave functions, an issue that was of importance

electronic spin singletabout the proton. even in the simpler problem of positron-He scattering
In recent years the main thrust of theoretical work on[74,75. That issue does not arise in the Pg-H(1s) sys-

Ps-atom scattering has been in the direction of coupled-statem studied here.

methods [16,24,27,42—-7D Here the collisional wave- Throughout this paper we shall use atomic uiésu) in

function W, is expanded in a product of Ps and atom statesvhich #=m,=e=1. The symbola, will denote the Bohr

[see EQ.(2)]. Such methods scaladly) as the product of radius.

the number of Ps states times the number of atom states.

Since Pdionization potential 6.8 e)is usually a more frag- Il. THEORY

ile object than the atom targgt.g., H(1s), ionization poten-

tial 13.6 eV] it has seemed reasonable, at least in the first The coupled-state expansion for Ps-H scattering takes the

instance, to adopt a frozen target approximation, i.e., to reform

tain in the expansion fors only those terms involving the

initial atomic statey,. To complete the picture, the FB@r (Se) — (Se)

Born-Oppenheimer approximatipnvould then be used to b ;) [Gap™ (R1) alta) ¢(r2)

take account of collisions in which the atom is excited or S

ionized[24,27,53,66 The largest calculation of Ps-H scat- +(—1)%G®(Ry) dalts) (1 1)1, (2

tering within the frozen target framework is the @29 state

approximation reported by Campbat al. [27] which in-  where the sum is over Ps staigg and H states),, rp, (r;)

cludes pseudostates to represent ionization channels of tfigthe position vector of the positrdith electron relative to

Ps. This approximation produces a PsH state with a bindinghe proton,R;=(r,+r;)/2 is the Ps(i.e., positron plusth

energy of 0.634 eV, i.e., 60% of the exact va[iB5], and  electron center-of-mass coordinatg=r,—r; is the Ps in-

exhibits resonance structure in the electronic spin sirglet ternal coordinate, an&(=0,1) is the total electronic spin,

P, D, and higher partial waves, but at energies typically 0.5avhich is conserved in the collision. The positron spin is

eV higher than the accurate results of Yan and[B6,37—  separately conserved. The staigs and ¢, may be either

39]. At least at low-impact energies, there is evidence thagigenstates or pseudostates, it is assumed that they satisfy

this 22 state approximation is close to a converged answer

within the context of the frozen target approximation. If this (da(DHpd )| dar (1)) =Eabaar ,
is indeed so, then the substantive discrepancies in the PsH
binding energy and the resonance positions clearly point to (da(D]Pal (1) = Saar )
the importance of the neglected H states, i.e., to target exci-
tation[71], in the expansion foW. (p(NHH(N) | ¢ (1)) = epSpp
It is the purpose of this paper to investigate the signifi-
cance of this omission in Ps§)l+H(1s) scattering in the (p(1) | thpr (1)) = Sppr 4

low-energy region from 0 to 6.5 eV. In this region real exci-
tation of the atom is not possible, but virtual excitation of thewhere
target through the coupled equations can make itself felt

[16]. Virtual target excitation brings in additional physics, in Ho(f)=— V2 } 5
particular it introduce$72] the van der Waals interaction pdt)= tot )
Ce is the Ps Hamiltonian, and
R (2)
— 1 2 1
which is the leading long-range interaction between Bj(1 Hu(=-5Vi—¢ ©®

and H(1s) at separatiofiR. This interaction requires simulta-

neous excitation of the Ps¢l and the H(5F) to intermediate is the Hamiltonian for the H atom.

p states and is therefore not representable within the frozen The full Hamiltonian for the Ps-H system is
target approximation. In atomic unit€g has the value
34.784 73[73] and so is relatively large.

This is not the first investigation into target excitation
effects. Earlier work, most notably by the Calcutta group of
Ghosh et al, may be found in[44,46,47,49,51,56,57,64—
67,70, but is on a much smaller scale than that presented
here. Noteworthy are two recent publications by Ghosh and
collaborators on target excitation o+ Ps(1s)-He scattering where

1
H=— ngl+HPS(t1)+HH(r2)+Vp5(R1, ty; o)

1
== 2 V&, THpdt) +HU(r) + Ved Ry, 1o 1), (7)
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1 1
VpdR, t; 1)= 17 1
‘R'th’ R+§t—r
1 1 8
R 1'[ R 1t ?
—3f Rt

is the interaction between the Ps and the H atom. Coupled

equations for the coefficien@(asbe) in Eq. (2) are obtained by
substituting Eq(2) into the Schrdinger equation, with the
Hamiltonian(7), and projecting withg,(t;) ¥,(r,), we ob-
tain

(V3 +P2)Gu (Ry)

(Se)

=42 Uapan (R)G, 2, (Ry)+4(—1)%
a'b’

(Se)
Labab'(R1,R2)G 1, (R2)dRy,

x 2

a’'b’
€)

where

Pa
—ab+E +8b—E

2 (10

E being the total energy,
Uab,a'b’(Rl)

=(a(t) ()| Vpd Ry, t1; )| ehar(ty) vy (r2))
(11

and

S,
f Labart(R1,Ro) Gt (Ry)dR,

= f da(t) i (1)
fixedR,

(Se)

X (H=E)G¥ (Ry) bar (to) y (r1)dty dr, (12)

where the asterisk stands for complex conjugation. The po- A 16
tential (11) gives the direct Coulombic interaction between

the Ps and the H atom. From E@8) and(11) it is a simple
matter to see that this potential is zero if the Ps stéieand

¢4 have the same parity. This has the consequence of weak-
ening the direct interactiofll) relative to the electron ex-
change interactiof12) between the Ps and the H atom, this

interaction has no zero symmetries.

The coupled Eqs(9) are solved subject to the boundary

conditions[76]
Rlﬂoc

(S e'pale
G,y (R) —— e'PoRig, o8 o+fab (Ry)

R, '
(13
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TABLE I. Cross sections for different spin combinations of Ps
and H.

Cross
Initial staté® Final stat&® sectioff
Ps state  mpg my Ps state  mpg my

p 0 +1/2 p 0 +1/2 A
o] +1 *1/2 2B
0 0 +1/2 B
o} +1  *1/2 o +1  *1/2 C
0 +1 *1/2 p 0 *1/2 2B
0 +1 *1/2 D
0 0 *1/2 2B
o] 0 +1/2 p 0 +1/2 B
0 +1 *1/2 2B
o] 0 +1/2 A

%(p)=ortho (parg.
Pmed Myy) =spin component of PEH).
A, B, G andD are defined in Eqg16)—(19).

where we assume that the Ps in the stggas incident upon
the atom in the staté, with momentump,. Then,f(aie) is
the scattering amplitude in the electronic spin s&telf the
initial spin state of the P&ton) is xq ({y) and its final spin
state isy ({), then it is not difficult to show that the appro-
priate scattering amplitude for a transitigiyyo— ¢, ¢, iS

Gan= 2{<x(p D) xo(P. 1) o)) (FGy + b))

—(X(P. VL2 xo(P D Lo(LYFY - )Y, (14)

where it is assumed that all spin functions are normalized
and wherep, 1, and 2 stand for the spin coordinates of the

positron and the two electrons, respectively. The correspond-
ing differential cross section is

da'ab Pab
dQ Po

(15

| ab|2

Table | shows the cross sectighb) for all possible spin
combinations in the initial and final states. In this table

_ 1 Pa FO g
B=16po o — fab %, (17)
Ioab|f<“| (18)
D= pab|f<°>+f<1>|2 (19)
4 p abl -

Present day-Ps beams are spin polarized. The origin of
this polarization lies with the positron source, usually?Na
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[13], which emits highly polarized positrons. To form a Ps  TABLE Il. PsH binding energies in the different approxima-
beam, these positrons are first moderated to much lower eijons.

ergies and then passed through some suitable gas, &.9., H
[13], to pick up electrons and form Ps. By virtue of the fact Approximation EnergyeV)
that the positrons are polarized, the resultasRs beam is

. s Lo 9Ps1H 0.543
also polarized. However, if this beam is directed at an unpo- 29Ps1H 0634
larized H target and if the spin orientations of the Ps and H in 9PsOH 0.963
the final state are not measured, then from Table | it is easy 14Ps14H 0‘ 994
to show that the appropriate cross sections[@rg :
Exact[35] 1.067
do
©0p)= = PO 12 (20 | |
dQ 16 Po we generate an equivalent set of eigenstates and pseudostates
q of Ps satisfying Eq(3). This set of Ps states has previously
Oa pab (0)[2 (12 been used in frozen target calculations of Ps-H scattering by
dQ (OHO-’_ P)= (|f ol “+ 3[fap] %), @D Campbellet al.[27], consistent with the notation used above

we label this frozen target approximation 9Ps1H. It is inter-
doap do do esting to note that in the 9Ps9H approximation the maximum
gq (0—0)= dQ dQ “(0-p), (22 number of channels for Ps§)-H(1s) scattering is 305,
while in the 9Ps1H approximation it is only 16—the practi-
where the notatiom— p, etc., distinguishes whether the fi- cal reason for adopting the frozen target approximation is
nal state of the Ps is ortho or para. An important point to not&®PVious.
is that results(20) to (22) are independent of the state of [N addition to the 9Ps9H approximation, and ®wave
polarization of theo-Ps beam. For the sake of completenessScattering only, we have used an even larger approximation,
we also note the corresponding cross sections fePa pro- 14Ps14H. The 14H states correspond to tle 2s, 3s, to
jectile 6s, 2p, 3p to 6p and 3d to 5d states of van Wyngaarden
and Walterd80], the 14 Ps states are their counterparts from
dog,p d Eq.(27). These 14 Ps states are a subset of the 22 states used
g0 (P—0)= dQ 5 (0—p), (23 in the frozen target calculations of Campbetlal. [27], we
label that approximation 22Ps1H.
doa, doap It should be noted that the 9Ps9H and 14Ps14H approxi-
90 (p —0+p)= Ty ——(0—0+p), (24 mations both incorporate the van der Waals coeffici€gt,
=34.8 a.u[73] [see Eq(1)], essentially exactly.
oy, do d T_hTz couplid Eq?(?l) ha\:je bbeen sl_olve_d byfcc;lrgersiqn to
a _ partial-wave form, followed by application of thie-matrix
qo (P—P)= dQ — 2 (p—0+p) (pﬂo) (25 techniquel81].

In this case the Ps beam cannot be polarized, since it is a spin
singlet, and the results are independent of the polarization of
the H target. The lowestR-matrix eigenvalue folSwave scattering in

We denote the integrated cross sections corresponding tbe electronic spin singlet state gives the PsH binding energy
Egs. (20—(25) as o,,(0—0+p), etc. The total cross sec- in the approximation. The calculated energies are shown in
tion, i.e., the cross section for all possible outcomes, is giveiTable Il. Clearly, there is a major improvement in the binding
by energy on including excited states of the target atom, but
convergence to the last 10% of the exact energy seems to be
slow, compare 9Ps9H and 14Ps14H with the exact result.

Next, we consider scattering at very low energies. In this
regime effective range theorfERT) should be applicable.
and is the same whether the projectiledsPs orp-Ps. For Swave scattering the ERT expansion takes the fi2&)

The primary approximation reported in this paper em-
ploys nine H states and nine equivalent Ps states in the ex-
pansion(2), we label it 9Ps9H. The nine H statef,(r), are
1s, 2s, and 2 eigenstates and ti8s, 4s, 3p, 4p, 3d, and . o )
2d pseudostates of Foet al. [78], they satisfy Eq(4). The wheredy is the_Swave phase shifa is the scattering Ieng_th,
main function of the pseudostates is to represent ionizatio ndr the effective range. Our results farandr are given in

- o - ble 11l for both singlet and triplet scattering. The present
channels. By rescaling and renormalization accordi a . :
y g g e calculations, 9Ps9H and 14Ps14H, are in very good agree-

1 ment with each other and very close to the scattering lengths
$a(t) = —= ¥,(t/2) (27)  obtained by Ivanov, Mitroy, and Vard®1], but about 15%
\/§ smaller than the scattering lengths of the 22Ps1H frozen tar-

Ill. RESULTS

crm=a2b Uab(0—>0+l3)=;) Tap(p—0+p)  (26)

11,
pocot(50)=—a+§rpo+---, (28)
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TABLE IIl. Swave scattering length@) and effective ranges 0.0 — T

(r) in units of ag. Electronic spin singleftriplet) quantities are ~0.5 [ Triplet _
denoted by at+ (—) subscript. = .

€ 10} -

22Ps1H 9Ps9H 14Psl14H Ré¢B1] Other ;

= 15| L -
a, 520 448 4.41 43 4%5.84° 3.49 o Singlet
r, 252 228 219 (2.08° 222290 g 20 " .

(213° £ el x ]
a_ 2.45 2.06 2.06 2.2 2.352.32" 2.46 '
r. 132 147 147 1.3P° -3.0 L
0 0.2 0.4 0.6 0.8

aStabilization calculation of Drachman and Hous{@s,29. P (a.u.)
PKohn variational calculation of Pad&2]. _ o .
c\/ariational” calculation of Adhikari and Mandaf33]. FIG. 1. Swave phase shifts for electronic spin singlet and triplet

scattering: curves, 14Ps14H approximation; solid triangles, Ivanov,
Mitroy, and Varga[31]; crosses, Drachman and Hous{@3,29.

_[(1-r/a)—V1-2r/a]
= > )

2r

dEstimated accuracy 10%.
€Calculated from formulg30) as described in the text.

get approximation. Pagg32], who gets somewhat larger E,
scattering lengths using the Kohn variational principle,

points out that the Kohn principle gives an upper bound ONJsing the values ofi, andr, given in Table Il for the
the scattering length. While, strictly speaking, tRenatrix — 14ps14H approximation we obtai,=1.19 eV which is
method that we use here does not guarantee an upper bouno, higher than the number actually calculated in the ap-
if only because of the Buttle correction approximat{@ai], roximation, see Table Il. From Table Il we see that the
in actual practice it probably does. We have seen in Table ltatio 2r, /a, is close to unity. The problem is that in this
that the 14Ps14H approximation gives a PsH binding energyjtyation the formula29) is very sensitive to the values of
that is 70/_0 too small. 'I_'he _S|gn|f|cance of this bound state 'Foa+ andr . . Contrariwise, if we know accuratel, and one
Swave singlet scattering is that it corresponds to a pole iy ejther the scattering length or the effective range, then Eq.
the scattering matrix at an impact energy equal to minus th@zg) gives us an accurate way to getting the third value. Now,

binding energy. The closer this pole to zero energy, i.e., thg,e have much more confidence in our valuesdorthan for
smaller the binding energy, the larger the zero energy cross, . |nverting Eq.(29) to read

section, i.e., 4a>, is likely to be, see Fig. 2. We therefore

(29

expect that our 14Ps14H value far , i.e., 4.41a,, is prob- av4E,—1
ably marginally too large and so we would recommend the r= TEb’ (30)

value 4.3, of Inanov, Mitroy, and Varg431] as more rea-

sonable. The quite low resut, =3.49+0.20a, of Adhikari  and usingEy, from Table Il anda,, from Table Il we calcu-
and Mandal[33] is not to be regarded as better since, adate, in the 14Ps14H approximation, that a more accurate
stated in the introduction, their variational calculation isvalue forr, in this approximation might be,=2.13 a.u.
compromised by the approximation of a Green’s function.using the exact binding energy, from Table Il and the
For triplet scattering we recommend our own numberpreferred scattering length of Ivanov, Mitroy, and Varga from
a_=2.06ay. Table Ill, we obtainr , =2.08 a.u. These numbers differ by
The effective range values. in the 9Ps9H and 14Ps14H no more than 5% from the fitted result =2.19 a.u. of the
approximations shown in Table Ill have been obtained by14Ps14H approximation, which is a comforting level of
fitting formula(28) to the calculated low-energy phase shifts. agreement. It should be noted for triplet scattering that the
Various fits have been tried, including higher powerpgf  ratio 2r _/a_>1, Table I, and so no bound state is possible
but because we do not know the range of validity of &) according to Eq(29), which is indeed the case.
and because it is difficult to get adequate numerical accuracy |n Fig. 1 we compare our 14Ps14Biwave phase shifts
at low po, the resultant numbers, we estimate, are only acfg2] for electronic spin singlet and triplet scattering with the
curate to about 10%. For. we get agreement with the much numbers obtained by Ivanov, Mitroy, and Varf@l] and
earlier estimate, 2.2,, of Drachman and Houstof28], a  Drachman and Houstd28,29 who have both used the sta-
number which is smaller than the 22Ps1H frozen target valugilization method. There is good agreement with the phase
of 2.52a,. By contrast, our present value for. is 12%  shifts of Ivanov, Mitroy, and Varga although our singltp-
larger than that of Drachman and Houst®9], the latter |et) phase shifts tend to lie marginally lowénighep. The
agrees very well with the 22Ps1H result. phase shifts of Drachman and Houston sit noticeably below
It is a well-known fact that at a bound-state pole in thethe results of lvanov, Mitroy, and Varga and the present pa-
scattering matrix caf=i [28]. At the polep,=i4E, where  per, especially for singlet scattering. While, as noted in con-
Ey is the binding energy. Assuming that the two-term for-nection with Table Ill, theR-matrix method does not guar-
mula (28) is adequate for extrapolation to the pole, we findantee a rigorous bound, in practice it almost certainly gives
that, an accurate lower bound on the phase shift.
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TABLE IV. S, P-, andD-wave phase shiftés,, J;, andd,). &, has been calculated in the 14Ps14H approximatfrand &, in the
9Ps9H approximation. A superscript(—) indicates singlettriplet) scattering. Units are radians. Powers of ten are indicated by superscripts.

Po (au) 8 5 81 o1 55 2
0.05 -0.219 —0.103 0.2642 -0.7634 0.601°° 0.416°°
0.1 —0.434 —0.206 0.2131 —0.9532 0.1462 0.848 4
0.2 —0.834 -0.414 0.175 -0.1221 0.3152 0.1152
0.3 —-1.178 —-0.624 0.545 —0.4561 0.1651 0.284°2
0.4 —1.467 -0.838 0.908 —-0.104 0.4951 0.237°2
0.5 —1.704 —-1.037 1.068 -0.178 0.108 —0.466 2
0.6 —1.890 -1.213 1.103 —-0.247 0.194 —-0.185*1
0.7 —2.018 —-1.367 1.099 —-0.295 0.302 -0.327°%

For future reference, we give in Table IV a tabulation of 9Ps1H, and 22Ps1H approximations. Consider Fig. 2 for
our S, P-, andD- wave phase shifts in the incident momen- Swave scattering in the singlet state. Here we see that the
tum rangep,=0.05 to 0.7 a.u. Noteworthy is the sign changezero energy cross section in the 9Ps9H approximation is only
in the tripletD-wave phase shifty, , indicating a competi- 74% of the 22Ps1H frozen target value. This is consistent
tion between a net attractive interaction at Ipyy i.e., large-  with the higher PsH binding energy in the 9Ps9H approxi-
impact distance, and a net repulsive interaction at smallemation, see Table II, which results in the bound-state pole in
impact distances, i.e., higheg. the scattering matrix being further away from zero impact

We turn now to the elastic partial-wave cross sectionsgnergy. At higher energies, Fig(l, we see a single reso-

a.élse)(\]), in the electronic spin singlet and triplet states. Ourhance in a!l three approximations. As described by Drach-
conventions are such thigee Eqs(13) and (15)] man|[36] this corresponds to an unstable bound state of the

positron orbiting the H ion. In the 9Ps9H approximation

= this resonance lies at an enerBy, of 4.37 eV[83], some

> Uife)(\])zf |ff)(s)e)|2d0, (31) 0.18 eV below the resonance in the frozen target 22Ps1H
J=0 approximation, but still substantially, by 0.36 eV, above the
first resonance predicted by Yan and F8&]. The widthI’,,

of the resonance in the 9Ps9H approximation is 0.10 eV, the
corresponding Yan and Ho prediction being 0.095 eV.

whereJ labels the total orbital angular momentum. Figs. 2,
3, and 4 show results for ttg P, andD waves in the 9Ps9H,

120 —————1—
R @

50

90

N
o

w o)}
o (&)
e
o O O

N
(4}

Cross Section (units of ta, )
Cross section (units of na,’)
o

20 F (b) |
15 | -
10 | -
I L .
5 F Mmoo
i .«*///b(__*
A ) 1 0 Tt
3 4 5 6 0O 1 2 3 4 5 &6

Energy (eV) Energy (eV)

FIG. 2. Electronic spin singles-wave cross section for elastic FIG. 3. Electronic spin singlet partial-wave cross sections for
scattering. Approximations: solid curve, 9Ps9H; dashed curveglastic scattering{a) P wave; (b) D wave. Approximations: solid
9Ps1H; dash-dot curve, 22Ps1H. curve, 9Ps9H; dashed curve, 9Ps1H; dash-dot curve, 22Ps1H.
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O 71T T T be an infinite series of Rydberg resonances in each singlet
| (a) partial wave converging on to the threshold for Kbrma-
] tion, i.e.,
20

PstH—e"+H" (32

1
0 at 6.05 eV. In a recent papf40] the present authors have

shown this explicitly by adding on to the 22Ps1H frozen
target approximation the H formation channel32). That

only one resonance appears in each partial wave in the
present paper and in the frozen target approximations indi-
cates that the product expansi@®) is, in practical terms,
inadequate for describing the resonant structure. For a proper
description of the resonances explicit inclusion of the H
formation channel is essential. As shown[#0] the single
resonance of the 9Ps9H approximation would appear to give
an “average” through the resonance structure.

The significance of the H formation channel goes
deeper, however. In connection with Table 1l we have noted
the seemingly slow convergence of the present approach to
the PsH binding energy, thus the 14Ps14H approximation is
still 7% off the exact value. 1p4Q] it is shown that the mere
0.5 — : : : : : inclusion of the H channel improves the binding energy in

o o ! ! the 22Ps1H approximation by 34% to 0.850 eV. This sug-

Cross Section (units of naoz)

04 - - gests that the absence of an explicit representation of the H
B T TN formation channel in Eq.2) may be at the heart of this slow
03 |- VAl " convergence. Further, it is found that the addition of the H
B V4 . channel to the 22Ps1H frozen target approximation produces
0.2 /’ — a singletP-wave cross section very comparable to that of the
- o - 9Ps9H approximation shown in Fig(&3.
0.1 -~ / — In short, the results d#40] strongly suggest that the main
- A/ - effect of the excited H states in the 9Ps9H approximation for
0 0 = ” L Pa— L "1 L é L 5 spin singlet scattering is to replicate a virtual lehannel, a

channel that would be better included explicitly in the ap-
Energy (eV) proximation. This is an avenue for future work. What is very
satisfying is the way40] seems to corroborate what is pre-
elastic scatteringta) Swave: (b) P wave: (c) D wave. Approxima- sented here. There is another point concerning spin singlet

tions: solid curve, 9Ps9H; dashed curve, 9Ps1H; dash-dot c:urves,catterlng which .may t.)e of some importance and which has
29Ps1H. not so far been investigated, to the best of our knowledge.

Besides H formation, we also have the possibility of Ps

The changes in th®-wave singlet cross section on in- formation in singlet scattering. The threshold for this process
cluding excited target states are even more spectacular, Figp 13.3 eV. While virtual Ps formation may not be as im-
3(a). Here we see that the 9Ps9H cross section rises mugbortant as H formation, it may still be significant and infi-
more rapidly from threshold than the frozen target cross semite series of Rydberg resonances converging on to the Ps
tions and reaches a peak, near 1 eV, over two times largeformation threshold might priori, be reasonably expected.
Again, a single resonance is seenEat=4.66 eV of width  This is a matter worthy of investigation.
I',=0.084 eV. This compares with the frozen target 22Ps1H Let us now look at the spin triplet partial-wave cross sec-
resultE,=4.88 eV,I',=0.058 eV and the firdP-wave reso- tions, these are shown in Fig. 4. Here we see a marked dif-
nance of Yan and Ho[37] with E,=4.28eV, I',  ference between the 9PsOH numbers and those of the frozen
=0.044 eV. target approximations. There is no obvious physics, such as

In the energy range shown, Fig(l3, the D-wave singlet  virtual H™ or Ps formation, to which these differences
cross section is very much dominated by the resonance. lgould be attributed. We have remarked in connection with
the 9Ps9H approximation the resonance is much more prdhe phase shifé, of Table IV on a competition or cancella-
nounced than in the frozen target approximations, its positiotion between attractive and repulsive interactions. This com-
and width areE,=5.16 eV,I',=0.15 eV. In the 22Ps1H ap- petition would seem to be at the heart of the reduced 9Ps9H
proximationE,=5.28 eV, I',=0.47 eV while the result of cross sections seen in Fig. 4. In the triplet state we expect a
Ho and Yan[38] is E,=4.71eV,I',=0.093 eV. repulsive contribution from electron exchange as it tries to

As pointed out in the Introduction, there should actuallyprevent two electrons with the same spin occupying the same

FIG. 4. Electronic spin triplet partial-wave cross sections for
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FIG. 5. Total cross sectiomr,,; see Eq.(26). Approximations: FIG. 7. Integrated cross sections correspondingt&, andD

solid curve, 9Ps9H; dashed curve, 9Ps1H; dash-dot curve, 22Ps1Hf Egs.(16), (18), and(19) for elastic scattering: dashed cuns,
solid curve,C; dash-dot curveD.
space. For an attractive interaction the van der Waals poten-

tial (1) is an obvious candidate. This potential can bemuch larger peak, coming from the singltwave of Fig.

“switched off” by setting 3(a), and larger resonance structure coming from the singlet
D wave of Fig. 3b).
Ussisnpmd R1) =Unpmpisis(R1) =0 To complete the picture we show in Fig. 7 the integrated

9Ps9H cross sections correspondingAtdC, andD of Egs.

in Eq. (9) for all p-statesnp andmp of the Ps and H atom, 16), (18), and(19) for elastic scattering. These together with

respectively. This was found to have an insubstantial effect. : . . :
on the 9Ps9H cross sections of Fig. 4. Obviously the situat—rlg' 6Lcorresponding to Eq17)] specify all possible elastic

S X ansitions between spin substates of the Ps and the atom, see
tion is more complex. Finally, as expected, we see no resor.

nances in the triplet cross sections in Fig. 4. able I.
In Fig. 5, we show the total cross sectiog, of Eq. (26).
Below 5.1 eV this is just the elastic cross sectiopn; (0 IV. CONCLUSIONS

—0+p). At zero energy this cross section is 30% smaller in We have computed cross sections for R$¢H(1s) scat-
the 9Ps9H approximation than in the frozen target apprOXitering in the impact energy range from 0 to 6.5 eV using a

mations. Whereas the frozen target cross sections fall rapidly,,yjed-state approximation which includes excited states of
and monotonically with increasing impact energy, the 9PsOH, 1 the ps and the H atom. This is, by far, the largest cal-
cross section exhibits a dip at 0.3 eV and a maximum at 0.8,ation so far undertaken within this formalism. With the
eV. This maximum is clequy a result of th_e rapid rise andexception ofSwave scattering, where an approximation em-
large peak in the>-wave singlet cross section of Fig(&8  pioying 14 states on each cent@4Ps14H has also been
Above 2 eV there is a fair degree of similarity between the,saq the calculations have been carried out using nine Ps

frozen target and 9Ps9H cross sections except that the resguas and nine H staté8Ps9H. These nine states may be
nance structure is a little more pronounced in the 9P59I-(lJescribed asd, 2s, 3s, 4s ae A~ ad

approximation, primarily as a result of the largerwave o 3s, 4s, 2p, 3p, 4p, 3.d’ andad, where
resonance in t'he singlet cross section of Figg) 3 a “bar” |nd|cates.a pseudostate, t_he_pnmary purpose of the
Figure 6 shows theo-Ps(1s)— p-Ps(ls ) . pseudostates being to represent ionization channels.
9 : —P-Ps(1s) conversion Good agreement has been obtained v@tvave scatter-
cross sectiorrig(0—p), see Eq.(20). The 9Ps9H cross

> SR SISt ing lengths and phase shifts recently calculated by lvanov,
section is distinguished from the frozen target results by %ﬁroy, %nd Varga?Bl] using the stabiliyzation method),/ while

substantial differences are seen from earlier frozen target re-
sults. It is clear that inclusion of excited target states is ab-
solutely necessary.

For electronic spin singlet scattering it is found that con-
vergence to the exact PsH bound-state energy is slow, that
resonance positions are too high compared with the accurate
calculations of Yan and H§35,37—-39, and that only one
resonance, rather than an infinite Rydberg series, appears in
each partial wave. It is shown elsewhédd] that these de-
fects are due to lack of an explicit representation of the H

o 1 2 3 4 5 6 formation channel. Whereas Hformation is implicitly in-
Energy (eV) cluded_ in the gxpansm(ﬂ) _vv_hen a complete set of states is
used, in practice only a finite humber of states can be de-

FIG. 6. Cross section fob-Ps(1s) to p-Ps(1s) conversion. ployed and the product expansion format is then inadequate
Approximations: solid curve, 9Ps9H; dashed curve; 9Ps1H, dasHo the task. Much of the effect of excited target states in
dot curve, 22Ps1H. singlet scattering at low energies seems to be directed to-

N w N o

—

Cross Section (units of 1a,’)

o
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wards virtual H formation. Another formation channel in has been presented here, neither is complete in itself. Thus
singlet scattering is Ps this opens up at 13.3 eV, some 7.3 [40] deals only with singlet scattering and is then only a
eV above H formation. While we would expect PSorma-  frozen target approximation, 22Ps1H, with the ldhannel
tion, whether real or virtual, to be less important than H added. It cannot, therefore, represent target excitation effects
formation, it may yet exert a significant enough effect onoutside real or virtual H formation and it tells us nothing
low-energy Ps-H scattering and, presumably, also has its owabout triplet scattering. On the other hand, the present calcu-
series of Rydberg resonances converging on to 13.3 eV. Inations deal clumsily with virtual H formation and fail to
vestigation of this channel is recommended. produce the correct Rydberg resonance structure converging
For electronic spin triplet scattering there are also largeon to the H formation threshold at 6.05 eV, although they
differences on frozen target calculations but here it is diffi-do give an average through this struct[#6]. It is now clear
cult to pin the differences on to an identifiable physical effectthat a definitive assault on Ps-H scattering should include
such as H or Ps* formation which are only possible in excited states of both the target and the Ps as well as explicit
singlet scattering. For triplet scattering there seems to be gpresentation of the Hformation channel and possibly also

cancellation going on between attractive and repulsive partsf the Ps channel. That is a task for the future.
of the interaction. The repulsive part, presumably, derives

mainly from the electronic antisymmetry which prevents two

electrons with the same spin from occupying the same point ACKNOWLEDGMENTS

in space. The attractive part does not appear to come signifi-
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