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S-, P-, and D-wave resonances in positroniuralithium-atom scattering
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We investigate ortho-positronium—lithium-atofRs-Li) scattering using static-exchange and three-Ps-state
coupled-channel calculations. The present three-Ps-state scheme, while closely agreeing with the resonance
and binding energies in the Ps-H system, prediet®-, andD-wave resonances at 4.25 eV, 4.9 eV, and,,, 5.25
eV, respectively, in the electronic spin-singlet channel of Ps-Li scattering. The present calculation also yields
a Ps-Li binding in this attractive singlet channel with an approximate binding energy of 0.218 eV, which is in
adherence with the recent findings of a chemically stable PsLi system using stocastic variational and quantum
Monte Carlo calculations. We further report elastic, B3(2and Ps(D)-excitation cross sections at low to
medium energie$0.068—30 &Y.

PACS numbegs): 36.10.Dr

Positronium (P9, having an internal charge and masstrons(one of Ps and three of LiWe devote the present work
symmetry, is believed to be capable of providing interestingo study the binding and the possibility of associated reso-
and new dynamical information from its scattering with mat-nances of the ortho-Ps-Li system employing a coupled chan-
ter after the fundamental electron and positron impact studiegel formalism in the framework of the momentum-space
[1]. Positronium-beam studies now play an important role inLippmann-Schwinger equation.
the domain of both physics and chemistry and especially in In the calculations for ortho-Ps scattering from a hydro-
the study of condensed-matter physics and surface physi@en atom, the resonance is found to be manifested with the
[2,3]. The neutral character of Ps and the intimate interactiofnclusion of Ps-excitation channels in a coupling scheme
affinity of its positron with matter make it attractive as a [6,7]. Itis also found that no resonance appears in a coupled-
probe. However, to have a reliable conclusion of these studgchannel calculational scheme with the target excitation chan-
ies one needs to have a fair understanding of the positron arfiéls taken as a basis 4&127]; nor are the resonances get
positronium interaction dynamics with the atomic species indestroyed with the addition of target-excitation channels in
cluding the resonance behavigt—7] and the formation of the Ps-state coupling scherfid. However, the inclusion of
Ps or Ps-target bound staf@s-18|, respectively. target excitation channels in the Ps-state expansion scheme

Among positronium impact studies, Ps-H is the mostlyhas been found to improve the Ps-H binding energy by about
visited system that is found to form resonaride 7] in the ~ 7—8%, and their effect on the resonance position and low-
Swave singlet channel of two electrofsf Ps and of Hand ~ energy elastic cross section is not very significant compared
form a chemically stable positronium hydrigesH bound to the inclusion of Ps-excitation channg®. This is quite a
state[6—10,13,14,1p The resonance formation in Ps-H has reasonable feature owing to the high polarizability ofag%6
been interpreted, by Drachm&8], as a consequence of the for the Ps atom. The recent finding of a correlation between
attachment of the Rydberg states of the positron to the sirresonance and binding energies in PsH using coupled-
glet H™ ion. Recently P- and D-wave resonances have also channel Lippmann-Schwinger equations with model ex-
been reportef6] in the singlet channel of Ps-H scattering, in changd 7] and the consistency of these results with the mea-
addition to theSwave resonance reported earlier in severalsurements and variational predictions on resonance and
calculationg4,5]. On the other hand, the next highly visited binding energies prompts us to visit the Ps-Li system for a
system is Ps-Hg19-22, where the attractive electronic similar study of resonance and binding and the scattering
spin-singlet scattering channel does not exist and no resalynamics.
nance or binding aspect has been reported in this closed-shell The Ps-Li scattering has the most complications of a
atom[23] and also in Ne and Af24]. After hydrogen, the many-body problem, but few-body techniques can be em-
next open-shell atom is lithium. In recent studies, using stoployed for its solution. As already mentioned in previous
chastic variational and quantum Monte Carlo calculationsyorks [6,7,22,24,28,2p the underlying charge and mass
lithium is reported to form a bound state with Pssymmetry of the Ps atom renders the elastic and all even-
[11,12,15,17. Also there are other calculations as well in the parity state Ps-excitation channel potentials zero and rein-
Ps-Li systen] 25,26 investigating its chemical stability. The forces the exchange interaction to play a predominant role in
existing singlet or triplet channel of the four electrons of theits low-energy scattering from a neutral target. Nevertheless,
ortho-Ps(k)—-Li(1s%2s) system basically corresponds to polarizability of Ps is very high (3&‘8) and it is of crucial
the singlet or triplet channel of the pair containing the va-importance to include Ps-excitation channels in any of its
lence electron of lithium and the electron of Ps, since thecalculational schemes to get a reliable prediction. We ad-
core of Li(1s?2s) is in a singlet state. In that sense the dress the present work to study the resonances and binding in
dynamics of the ortho-Ps-Li scattering could bear close rethe electronic singlet channel of the ortho-Ps-Li system.
semblance to the Ps-H case and could lead to resonance aAtso, we focus our attention on whether the shifting of the
binding features in the attractive singlet channel of four elechinding energy towards a lower value, with the growing size
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of the target from hydrogen to lithium, associates with anytron with any core electron leading to the core excitation of
shifting of the Swave singlet resonance position or not. In Li are excluded as the lithium excitation will not be consid-
the present work we restrict ourselves to target elastic proered in this calculation. To analyze the effect of the core, for
cesses, keeping the target frozen to its initial state, and wthis neutral Ps projectile, we also present results for the 3-Ps-
employ static-exchange and three-Ps-state models. This trustate model where the exchange with the core, which is a
cation of the expansion scheme, which can be justified fronpurely repulsive potential here in the absence of any target
the vulnerability of Ps to excitation and our present motiva-excitation (exchange between like spinss neglected. This
tion of addressing the possible resonances in Ps-Li and itwill give an estimation of the effect of the core in the binding
possible correlation with the binding aspect, it should be exand resonance feature. In the above equati®dh,are the
tended in the future with the inclusion of target excitationpotentials for the singlet+) and triplet (~) channels, re-
channels for a precise determination of the medium energgpectively. The direct amplitudes of this equation are exactly
total cross section, binding energy, and scattering length. the Born amplitudes given by

In general, expanding the Ps-Li system wave function
with respect to the Pg() and Li(¢,) states, and antisym-
metrizing it with respect to the Ps and target electron coor- Byur v
dinates, we represent the total wave functio@&s

(kf,k)———f dr,dr,drgdr dx e ki -Pa

XX (12) 3, (F1,T 2,7 3) Viny

V=2 D {F (P X () D (11,21 s) XXt b1 1T rg)eki P (2)
v
+(=1)SaF t Falol In the present case we shall not consider excitation of
(D™ Fu(p)xs(t) u(Tarl2.13) lithium, and both the indices andx’ would correspond to
+(— 1)542FVM(p2)XV(t2)¢M(rl,r4,r3)} the Li(1s22s) ground stateY, is the Coulomb interactions
s between Ps and Li and is given by
+(_1) 43Fv,u(p3)Xv(t3)¢,u(rl7r21r4)1
13 1 1 21
wherer,r,,r; are the electron coordinates of the lithium Vig=—— 2, -
X =alx=rjl oty Siry

andx,r, are the coordinates of the positron and electron of
the Ps atom. IndiceS,;, j=1,2,3, represent the total spin of L
the pair of electrons, andr; andt;=x—r;, p;=(x+1,)/2. wherer,;=r,—r; and the total Hamiltonian is given by
The spin of the positron will conserve separately and the
electron exchange profile of the Ps-Li system corresponds
exactly to thee™ —Li system. In the above expression, spin Changing the set of variablds,r,} to {p,,t,} and inte-

parts of th_e wave functlc_)n are not explicitly shown. grating the Born amplitude ovep,, we can rewrite it as
Averaging over spin-states, we recast the tlme-[ 1,39

independent Schdinger equation into the following
momentum-space Lippmann-Schwindke8) scattering inte-

. i 4
gral equatior{30]: By (ke ki) = ¥(¢M/(r1,r2,r3)|3

H:HPS+HLi+Vint-

For i ou(Ke KD

viu', vu 3 .
1 _jgl e|Q'fj|¢M(r1’r2'r3)>
:B;/M,v’/#(kf’ki)_ﬁg E

w X (X (tg) |02 — 192y (1)),
Bi/ o k 1k fjf ” k”vk' 3
fdk,,yﬂyﬁif )ZVMW( .), n 3
W ,,—k” +i0 wherek; ks are the initial and final momentum of the Ps
atom with respect to the center of mass, which is fixed at the
where = represent the singldt+) and triplet (—) ampli-  Jithium nucleus, andj=k;—k; . In the lowest-order approxi-
tudes corresponding to the four-electron Ps-Li systemmation of static exchang(BD becomes exactly zero, as can
K o =2m/h*(E—€,—~Y ,») with €, and Y, are the be verified from the Ps-form factor of the above equation,

bmdmg energies of the mtermedlate Ps and L| stateis;the  and the LS equation is solely governed by the nonorthogonal
reduced mass of Ps arfitlis the total energy of the system. exchange kerneBP becomes also zero for other even-parity
As the core of the lithium ground state is in a singlet statetransitions ¢’ v) of Ps and the solution of the above LS
and we are not considering any excitation of Li, the four-equation becomes very slowly convergent with respect to the
electron system could be either in a singlet or in a tripletaddition of channels due to the dominance of the nonor-
state depending on whether the pair containing the Ps elethogonal exchange kernel or the short-range exchange force.
tron and the valance electron of Li is in a singlet or triplet We overcome this situation by introducing a model exchange
state, respectively. In the summation over final spin stategotential in theab initio framework of CCA. In general, the
the two-electron singlet-state exchange terms of the Ps elecodel potential for a particular exchange term where the Ps
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electron (,) undergoes exchange with a target electngi, ( S LA L L I
sayrs, is derived from

- - - - 3-Ps-St.(WCE)
3-Ps-State

1 .
gff(i)',w(kf Ki)=— ;J drdr,drsdr,dx e iki-ps

— — Stat-Ex

* * 1
XX (13) (11,72, T ) —
43

><Xv(t4)¢M(rl!r21r3)eiki‘p4' (4)

The development of a nonlocal model exchange potential
from the above expression has been elaborated in[R2.
and here we quote the final result for such a term leading to

S-wave Singlet Phase Shifts (in radian)
N

IIIIIIIIIIIIIIIIIIIlIIII]I
a general exchange betweenandr;: 00 1 2 3 4 5
el (a) Incident Ps Energy (eV)
- 4(-1)
BE, (ki k)= ——
V'/.L’,V/.L L 2 4|||||||||||||||||||||
Q: T T T T
><<¢;L’(rlrr21r3)|eiq'rj|¢M(rlvr2!r3)>
iq-t; -Ps-S
X (o (1)1 x, (1)), (5 L T et

where  Qf=(kf+kP)/8+CH[ o, () +a%(i) 12+ (B,
+,8§)/2}. Superfixj=1,2,3 runs over target electrons. Indi-
cesl andl’ are the orbital angular momenta of the initial and
final Ps states. Expressioni(j)lz, ai,(j)/z represent the
binding energies of theth andw’th slater orbital of theth
target electron in atomic units, respectivejy(u’') corre-
sponds to quantum states. Expressiﬁﬁs ,Bi, are the bind-
ing energies of the initial and final Ps states in atomic units ol b b L b
(a.u), respectively.C is the only parameter of the model ! 2 s 4 5
exchange potential which is normally equal to 1 and can be (b) Incident Ps Energy (eV)

varied from unity to yield a precise fitting of any low-energy

scattering parameter. In the present case of Ps-Li scatterin%,Cident Ps energgin eV). The jump in the phase shift by radian

we keep the normal value @=1 as there were no precise at Ps energy of 4.25 eV and 3.95 & and at 4.9 eVib) corre-

Iow-ener_gy Scatt.ermg data available for the system until th%ponds to Ps-Li resonances for tBeand P-wave scatterings, re-
submission of this work.

. spectively. Stat-Ex stands for static exchange; WCE stands for
We use exact wave function for the Ps atom and for P y g

o . without core exchange.

lithium we use the Hartree-Fock wave functions of Clem-

menti and Roetti33]. After a partial-wave decomposition of  First we analyze the phase shifts for resonances and bind-
the three-dimensional LS equation, the coupled equations fang aspects. In Figs.(4) and 1b), we display the preser®

the singlet and triplet channels are solved by the method ofind P-wave singlet phase shifts for Ps-Li using static-
matrix inversion [30]. The maximum number of partial exchange and 3-Ps-state models. As anticipated, from the
waves included in the calculation is eightedn<0—17). A very similarity of the Ps-Li system with the Ps-H system,
contribution of higher partial waves to the cross sections wasesonances appear in both tBeandP-wave phase shifts for
included by corresponding partial wave Born terms. It shouldhe 3-Ps-state model. In Fig(a)l we also plot theS-wave

be mentioned here that the convergence of the results witsinglet phase shift for the 3-Ps-state model where the repul-
respect to partial wave contributions is very slow compareaive exchange term with the core is dropped from the
to the corresponding Ps-H case. For example, at 0.068 e\écheme. This shifts the resonance position to lower energies
the lowest energy considered, the Ps-H system result cof 3.95 eV and we shall see in the next paragraph that it
verges up to the fourth significant digit with a contribution simultaneously shifts the binding energy towards higher val-
from only one partial wavel(=0), whereas for the Ps-Li ues(more negative valye Compared to the nature of the
system it requires two partial wavek£€0,1) to achieve the corresponding resonances in Ps-H scattering, presemtve
same level of convergence. At 30 eV, the Ps-H results conresonance in Ps-Li is very sharp. TRewave resonance is
verge up to the fourth significant digit with =11, less sharp compared to tf®wave one. We also obtain a
whereas for the present Ps-Li case, the same level of conveD-wave resonance but this is more diffused, as in the case of
gence requires 5= 18. the Ps-H systenfi6]. So, we plot the corresponding singlet

P-wave Singlet Phase Shifts (in radian)
[\
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\

o
o

FIG. 1. S and P-wave singlet phase shif{gn radian$ versus
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FIG. 2. D-wave singlet cross sectiori units of a3) versus
incident Ps energyin eV). The jump in the cross section around
5.25 eV corresponds to resonance in Bvvave Ps-Li scattering.

Incident Ps Energy (eV)

FIG. 4. Elastic cross sections for Ps-Li scattering using static-
exchanggStat-Ex, three-Ps-state couplin@-Ps-statg and three-

cross section in Fig. 2. The sharp structure in the CroSS Se@ss_state coupling without core excharigePs-stWCE)] versus in-
tion around 5.2 eV corresponds to the resonant behavior Qfigent ps energy.

the D-wave phase shifts. Thg, P-, andD-wave resonances
are found at 4.25 eV, 4.90 eV, and 5.25 eV, respectivelyculations. From a negative energy extrapolation, and from
The accuratéSwave resonance position in Ps-H is at 4-.01thet-matrix pole conditionk cot(57) —ik=0, we obtain the
eV and the newly reporte®- and D-wave resonance posi- pinding energy of the PsLi system as 0.218 eV for the 3-Ps-
tions in Ps-H are at 4.88 eV and 5.28 eV, respectiV8lyIn  state coupling model compared to the variational prediction
Ps-Li, this is the first prediction on resonance and we coultyf 0.316 eV[12]. Results for the binding energy improve
not compare these positions as no other prediction was avaigigniﬁcanﬂy from almost zero-leveéD.008 eV} at the static-
able. . ] o exchange approximation to 0.218 eV for the 3-Ps-state cou-
To have a credible understanding of the variation of phasgying, indicating the importance of the inclusion of the
shifts from the binding aspect of PsLi, we therefore plothighly polarizable Ps states in the coupling scheme. The sin-
k cot(8;) and ik versusk’ in Fig. 3 (5, is the Swave glet and triplet channel scattering lengths for these phase
singlet phase shiffs This plot immediately suggests a shifts are 8.08, and 1.8y, respectively. In another study,
chemically stable PsLi system as was recently found byo estimate the effect of the core, we drop the exchange term
Ryzhikh and Mitroy using a variational calculatiphl,12,  with the core of Li, which is purely repulsive in the absence
and by Yoshida and Miyakfl5] and Bressaninet al. [17] ~ of core excitation. In this case, we get the singlet and triplet
and Carlet al. [23] USing quantum Monte Carl(]QMC) cal- channel Scattering |engths as 6380and 1.7&0' respec-
tively. The binding energy arising from the phase shifts of

0'6_' B L L '_0'6 this later model neglecting exchange with core electrons is
0.5 05 0.318 eV, which is incidentally very close to the fixed core
0.4 i 04 SVM (stochastic variational methpgrediction of 0.316 eV
il 1 by Rizhikh and Mitroy[12].
0.3 Stat-Ex— 0.3 The present result for the binding energy including ex-
i T change with core is expected to increase further with the
0.2 —H02 — ) 4 e )
x | i 5 inclusion of target excitation channels, as we have seen in
01 —01 5 the case of PsH7], where it was found to increase by
L 3-Ps-St. | o .
0.0l oo = 7-8%. In order to achieve further convergence for the low-
L 1~ energy scattering parameters, including resonance and bind-
0.1 -1-0-1 ing energies, we need to add excited states of lithium as well
02k J.02 in the coupling scheme. However, present investigations
L | | | . | with and without the effect of core exchange emphasize that
_0‘3 L L1 11 1 1 | - | I | | I I | 1 u 3 = H H
210 005 000 005 010 015 for Ps scattering, which possibly can move very close to

2 lithium due to its neutral aspect, the importance of the core
k T ! e
effect could be significant in the prediction of low-energy
FIG. 3. kcots andik (in units of a, ') versusk? (in units of ~ scattering parameters and binding _energies, as _has already

ay2). The corresponding abscissa of the meeting point of negativ®een commented upon by Bressangtial. [17]. This pre-
energy extrapolation ok cot 8 curve withik curve represents the vents us, for the time being, from including the Li-excitation
binding energy of the Ps-Li system for breaking into Ps and Li inchannel in the present calculation, as the complication will
a.u.(Energy=6.8 eV.) be enhanced enormously with a full three-active-electron
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Pl I I LN B scattering in this energy region. A similar feature of the elas-
tic cross section was also observed in Ps-H scattéfiid.

In Fig. 5, we plot Ps(8) and Ps(®) excitation cross
sections along with the elastic results from the 3-Ps-state
model. In this figure, we also plot the total cross section
(broken curveé comprising the elastict+ Ps(X)+ Ps(2p)
cross sections. The total cross section agrees with the major
experimental trend found in different Ps-scattering processes
of having a peak around 20-25 eV and a lowering trend of
the cross section thereafter with decreasing eng3dy The
different sets of theories and experiments in Ps-impact scat-
tering collectively suggest a minimum in the cross section
around the Ps-excitation threshold. This feature is also no-
ol b Tt = ticed in the present calculation but at lower energies. In the
0 5 10 15 20 25 30 absence of any prediction or measurement of partial and total
cross sections in Ps-Li, we could not make any direct com-
parison of the present cross sections.

FIG. 5. Elastic and Ps@- and Ps()-excitation cross sections In conclusion, we investigate Ps-Li scattering employing
and total cross sections comprised of elastic plus §)s(@us  static-exchange and the 3-Ps-state CCA calculation using a
Ps(2p) excitations in Ps-Li scattering using the three-Ps-statenonlocal model exchange potential. The 3-Ps-state scheme,
model (3-Ps-statp while closely reproducing the resonance and binding in
Ps-H, predictsS., P-, and D-wave resonances in the attrac-
Tive singlet channel of the ortho-Ps-Li system and also ad-
heres to the recent variational and quantum Monte Carlo

o . . yredictions of a chemically stable PsLi bound state. This
shell-atom system binding at negative energies for th

Swave electronic singlet channel is associated with resol 0" SU9gests that for a general Ps-open-shell-atom system,
9 the binding in theSwave electronic singlet channel might be

Eﬁ:ﬁﬁ at )E’iof':'vre;ni:g?ﬁi’ pfredtlc?s tihat IEOIZ reviolr;anc;ebala sociated with resonances in the scattering solution of the
lish d%neths POH s : .vfm 657]ea ure 1S already well esta “corresponding channel, as has already been found and estab-
she € 'SH Systens,o, [l. lished in Ps-H[6,7]. The presence of both the binding and

Next, we consider the angle-integrated cross sections fotresonances in Ps-Li reconfirms the chemical stability of the

the elastic scattering. In Fig. 4, we present results for thregystem from the above-mentioned binding-resonance corre-
sets of approximations{i) static exchanggStat-E4, (ii) lation. Omission of the repulsive core-exchange part from

tr;;i?ézséztgé:;sséﬁag-lfsn-dS(E\lll\ll)CtEr;Ee?r_Ees_sétgsEV;n?roges_ the 3-Ps-state scheme has been found to increase the binding
9 9 ’ energy and simultaneously decrease #wave resonance

sections appear highly nonconverged at low energies Come'nergy, which emphasizes the need for accounting for the
pared to the 3-Ps-state and 3-P&/BCE) models. The struc- effect of the core for the neutral Ps atom scattering.

ture in the elastic cross section for the 3-Ps-state and 3-Ps-
S{WCE) models near 4-5 eV, compared to the Stat-Ex The work was supported by the Fundaale Amparo a
model, appears from the resonance behavior of the Ps-IResquisa do Estado dedRaulo of Brazil.

-
o

o
LI I T T 7T | T 1T

Cross Sections (units of naoz)
=

Incident Ps Energy (eV)

and hope it will be possible in the very near future. The
present study, which focuses on whether for the Ps-ope
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