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Positronium formation in positron-Li and positron-Na collisions at low energies
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We present the positronium formation cross sections for a positron colliding with lithium and sodium for the
collision energies from 0.01 eV up to 20 eV by the hyperspherical close-coupling method. For Li, our results
agree with the experimental data and with other calculations. Our results for Na remain in agreement with
previous close-coupling calculations, but do not support the latest experimental data for Na below 1 eV. To
validate our model potentials and method in the low-energy regime, the binding energies of positronic lithium
and positronic sodium as well as teavave scattering lengths for positronium scattering fromdrid N& are
also presented.
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[. INTRODUCTION at low energies since the positronic bound states were not
) ) ) ) taken into account and/or the low-energy Ps formation cross
_ Itis well known that positroniuniPs formation plays an  gections may be dependent on the precise details of the
important role in the collision of positrons with alkali-metal \,5qg| potentials.
atoms at very low energies since the Ps chann.el is open at | this paper, we report the results of hyperspherical
zero coII|§|9n energy for all alkali-metal atoms. It is thereforejcIose-coupIing(HSCQ calculations for positron scattering
not surprising that the presence of Ps channels must be ifi;om sodium and lithium at the energy range from 0.01 eV
cluded in the calculations of positron—alkali-metal atoms alyp to 20 eV. The HSCC has been employed in numerous
relatively low collision energie¢1,2]. While such calcula-  yaners for three-body collisions involving particles with dif-
tions are challenging to perform, reasonable agreement bgsrent combination of masses. Here, we use the HSCC vari-
tween experiment and theory has been achieved for almogh geveloped initially for ion-atom collisionf2], which
all the alkali-metal atoms. The notable exceptlon_ to this is fol 35 peen successfully applied to various ion-atom collision
sodium, where measurements of the Ps formation cross Se&ystems(see, for exampld13], and references thergims
tion [3,4] disagree strongly with the most elaborate closeye|| as for collisions involving different combinations of
coupling (CC) calculations(1,2]. _ _ masses such as antiprotonfH{] and muon transfer5]. In
The most recent positronium formation cross sectionghe HSCC method, the collision is treated as a dynamic pro-
measured by Surdutovicet al. [4], in fact, were in good  cess and the hyperradius is considered as an adiabatic vari-
agreement with recent theoretical calculations for lithium,;pie in a similar manner as in the Born-Oppenheii&®)
but not for sodium, for energies near and below 1 eV. Belowapproach for molecules. Any effect of the positronic bound
about 1 eV the measurements showed that, as the energydgytes, therefore, is automatically incorporated in the calcu-
decreaged, the positronium formation cross section increasggions, provided that the appropriate channels supporting the
for sodium but levels out or even decreases for lithium. Iny5nd states o&"'Na ande’Li are included.
contrast, independent CC calculations by the Belfast group The paper is organized as follows. In Sec. Il we describe
[2,5] and by Ryzhikh and Mitroy1] suggest that the posi- he HSCC method and the use of our model potentials. The
tronium formation cross sections should behave similarly foragits are presented in Sec. Il First, to validate our calcu-
both of these alkali-metal atoms and drop at energies beloyiions, the binding energies of the positron-atom bound
about 1 eV. A recent calculation fa&"—Na collisions, t0  giates and the-wave scattering lengths for @s)-Li* and
complicate the situation further, based on an optical potentiq},s(ls)_Na+ interactions are presented. Second, we present
approacti6], predicts that as the collision energy is reduced,the positronium formation cross sections. We find good

the positronium formation cross section risesre rapidly  54reement for lithium with both experiments and other theo-

than the experiment. ries. For the sodium case, at energies below about 1 eV, we

| t.SpecuIatloz Og] the post,JSI?rI]el_ltrr\]Qdequaé:y o:;.the (;C CaICLlﬁnd continuing agreement with the other close-coupling cal-
ations arosg4] because both lithium and sodium have '€ culations and strong disagreement with the experimental

cently been shown to be positronic gto[ﬁ&lO] (i.e., atoms data. The last section contains a summary and conclusion.
that can form bound states with positrons; see Rif| for a

review). There remains the hypothesis that previous calcula-

tions of both lithium and sodium were simply not converged
Il. MODEL POTENTIALS AND THE HSCC METHOD

The e*—alkali-metal collision system is approximated as

*Electronic address: atle@phys.ksu.edu consisting of a positively charged core, an electron, and a
"Faculty of Technology, Charles Darwin University, Darwin, NT positron. The effective interaction among the three charged
0909, Australia. particles is given bw=V,+V,3+V,3; where we use indexes
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1, 2, and 3 to denote the core, the positron, and the electron, To determine the positronium formation cross sections,
respectively. we use the HSSC method. Given the model potentials de-

In this paper, we employ model potentials based on a&cribed above, the three-body problem is then solved in the
semiempirical ansatz that has been used in the description afass-weighted hyperspherical coordinates. In the “molecu-
positronic lithium and positronic sodiufi®]. The electron- lar” frame, the first Jacobi vectgp, is chosen to be the
core interactionV,3 is the sum of a static, a localized ex- vector from the core to the positron, with reduced mags
change potential and an induced dipole core-polarization pcand the second Jacobi vecjmrgoes from the center of mass
tential. In brief, the recipe proceeds as follows: the static cor®f the core and the positron to the electron, with reduced
potential is first obtained from a Hartree-Fock calculationmassu,. The hyperradiuR and hyperangles are defined as
[16]; the effects of electron-core exchange are treated with

the addition of a local potential such that agreement is R= M_1p2+&p2 (4)
reached with an exact exchange calculation of the lowsst ot
and np one-electron energy level®] (including core or-
thogonality. Finally, the polarization potential is added, Lo Pa
which is of the form tang =/ ——, (5)
M1pP1
Vpol(r) = = (ag/2r){1 — exd~ (r/p,)®]}, (1) where is arbitrary. In this paper we choge=uu,. We

3 3 ) ~ further define an anglé as the angle between the two Jacobi

where a4=0.1923%; and 0.998; are the dipole polarizabil- ectors.
ities of the Li" and Nd cores[17,18], respectively. The CUt- The HSCC treats the hyperradiBsas a slow variable in
off radius for each atom was chosen @s0.82%, for Li the similar way the BO approximation treats the internuclear
and p;=1.1%, for Na" so that the lowest few energy levels gistance. Thus we first solve the adiabatic equation with hy-
agreed with experiment.. _ _ perradius R fixed to obtain adiabatic channel functions

For_thg positron-core _mteracthnlz, the static part of th(_a ®,(R; Q) and adiabatic potential energiek;(R). Here v is
potential is the same as W but with opposite sign; there is  {he channel index anidis the absolute value of the projection
no exchange term, and the polarization potential is chosen tg tota) angular momenturd along the body-fixed' axis,
the same as iVy3 [with p(e") =pc(€7)]. For the interaction  aen to be the axis between the core and positron. We solve
between the positron and electrafy;, besides the interpar- this equation by using B-spline basis functions. Typically
ticle Coulomb potential, we also include the so-called dielecypout 160 and 80 grid points are used &iand 6, respec-

tronic correction tively. Special care was taken so that more grid points were
U distributed near the singularities of the Coulomb interactions
Vel = 2 €08 023) VVpol(I o) Vpol(Te), (2 among the three particles.

In the next step we solve the coupled hyperradial equa-
whereb,3 is the angle between the positron and electron withjons using a combination of the-matrix propagatiori21]
respect to the core. This term has the effect of providing thgynd slow and smooth variable discretizati®VD) [22]
correct asymptotic description of the interaction between th@echniques. The hyperradius range was divided into sectors
two “bare” charges and the cofé9]. This model potential ang the SVD was used in each sector. The SVD has the
will be denoted in the paper as FClg (frozen core  agyantage of avoiding the tedious calculations of the nona-
+local exchange +polarizatipn diabatic couplings. It is therefore very suitable for the case

To provide some sense of the sensitivity of the positro\when there are numerous avoided crossings in the potential
nium formation with respect to the model sodium potentialcyrves. TheR matrix is then propagated from one sector to
we also employ a simple model potential, suggested byhe next up to a large hyperradius where the solutions are
Schweizeret al. [20]. The electron-core interactiody3 iS  matched to the known asymptotic solutions to extract the
taken in the form scattering matrix. The calculations were carried out for each

partial wave until a converged cross section is reached. We
Verdr) = _}[1+ 10 exi- ayr) + ar exp(-agn)], (3) refer the reader to Litet al. [12] for more details of the
r method.
wherea;=7.902,a,=23.51, anda;=2.688. This model po-
tential will be denoted in the paper as SKSchweizer-
FalRbinder-Gonzalez-FepeNote that using this potential we ~ Before presenting the Ps-formation cross sections, we
are unable to unravel the different potential contributionspresent calculations validating the present HSCC calcula-
and thus we simply use the positron-core interaction to bejons at low energies.
the samdi.e., V1,=Vsedr)]. The SFG positron-core poten-
tial thus includes an unwanted exchangelike potential contri-
bution, as well as being unable to include any dielectronic
correction. This potential was chosen, however and further- The first few adiabatic potential curves fdx 0 are shown
more, as it can be used to trivially benchmark future calcudin Fig. 1 fore*-Li and in Fig. 2 fore"—Na. Note that there
lations against the present. are no major apparent differences between the sets of curves

Ill. RESULTS AND DISCUSSIONS

A. Validations
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0.0 . . . T TABLE |. Theoretical binding energies of positronic lithium
e'-Li J=0 and positronic sodium[in units of millihartrees relative to
the Pg¢ls)-Li* and P$ls)—Na" dissociation threshold of

E=-0.25 hartreg The columne; gives the single-channel results,
while e; gives the three-channel results. The colummgives the

g -0.1 | 8 s-wave scattering lengtkin ag) for elastic P$ls) scattering from
= the two alkali-metal ions.
g Li(2p)+e”
g MOdel €1 €3 A
g ol LLisyee’ Li present 2.04 2.47 13.1
& Li YEML [10] 2.14
Li SVM/FCSVM [24,25 2.482 12.9
Ps(ts)sli Na present 0.263 0.453 27.9
Na YEML [10] 0.255
03, 20 20 0 20 100 Na FCSVM[23,25 0.473 28.5

Hyperradius (a.u.)

FIG. 1. (Color onling J=0 hyperspherical potential curves for of Mitroy and lvanov[25], and use the same modified
the "~ Li system. effective-range theoryMERT) [26] fitting to extract the
scattering lengthA using
for these two alkali-metal atoms. Note that not shown are the

. . . 1 a’d7Tk Zadkz adk2
curves corresponding to the forbidden core states, which are kcot (k) =- = + >+ In +BKk+CK
neglected throughout the HSCC calculations. A 3A 3A 6
We examined the existence of bound states for both +O(K4, (6)

positronic lithium and positronic sodium. Table | shows the

binding energies in a one-channel approximation which usewherek= V2myoE is the momentum anedq= 7285 is theef-

just the lowest potential curve in Figs. 1 and 2. These valuefective polarizability of P$ls) [25] (determined from low-

are consistent with the one-channel results of Yearal.  energy calculations of Ps-proton scatteri2g]). The MERT

[10]. Table | also includes the binding energy resultant fromis used instead of the effective-range theory because of the

a three-channel approximation, which improves the agredong-range polarization of the Ps atom interacting with the

ment with the latest stochastic variational meth@VM) positive ion From our phase shifts in the rande

and frozen-core SVM results by Mitroy and collaborators=0ag"'~0.22;", we obtained the values of the scattering

[11,23,24. length shown in Table I. These compare very well with the
We have also calculated tlsewave scattering length for results of Mitroy and lvanof25]. The computeds-wave

elastic P§ls) scattering from both [fiand Nd, as it is very  phase shifts and the MERT fits are shown in Fig. 3 together

sensitive to the form of the potential. We first calculated thewith the data from Mitroy and Ivanoj25]. The fact that the

phase shifts, finding excellent visual agreement with the datdlSCC and the independent SVM-based calculations agree so

well in the low-energy region gives us confidence in the

calculations we next present.

0.0 T T T .
\ e+—Na J=0
B. Positronium formation

To calculate the positronium formation cross sections for
-0.1¢ 1 . the e"—Li collision, we used up to 19 channels fbr0,12
Nai3p)e channels fo=1,6 channels fod=2 and two channels for

I =3. To obtain total positronium cross sections, partial waves

up to J=30 have been calculated. For smaller energies few
Na(3s)ec’ partial waves are needed. In fact, for energies below 1 eV,
-0.2r ] mainly J<5 contribute. We match the solutions to the
asymptotic solutions at different hyperradii Rt 2008, and

R R=400, to ensure the stability of the cross sections with
Ps(1s)+Na . .
V respect to the matching radius.
In Fig. 4 we compare our Li results with the experimental
—0-30 20 20 ps 20 100 data from Surdutovictet al. [4] as well as the theoretical
Hyperradius (a.u.) results by Hewittet al. [28] and McAlindenet al. [5]. The
agreement among the theories and experiment is seen to be
FIG. 2. (Color online@ J=0 hyperspherical potential curves for very good across the range of energies. The cross sections of
the e"—Na system. the close-coupling calculations by Hewét al.[28] seem to

Potential energy (a.u.)
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1 b . i . --- Ryzhikh and Mitroy
A Mitroy and Ivanov 80 | . T Howit et ol
—— HSCC (SFG pot.)
s | | - — HSCC (FCLX,,)
[ ]
60 | A
\
-3+ B -
n \\

Ps(1s)-Na*

Phase shift (rad)
o
Ps formation cross section (107 °cm?)

2t

0 0.1 02 0.3 0.4 0.5 Energy (eV)
k (a.u.)

FIG. 5. (Color online Ps formation cross sections fef—Na.
FIG. 3. (Color online s-wave phase shifts for Pk9—-Li* (up- The lower limits of the experimental results as given[#} are
per panel and P$1s)—Na" (lower panel. shown.

be a bit higher at low energies. This is probably due to theather different from these two other close-coupling calcula-
fact that their basis set was not large enough. tions.

To obtain the positronium formation cross sections for the Our calculations have been checked with a smaller basis
sodium case, we used up to 17 channeld f00, 10channels  set, and we have convinced ourselves that the present cross
for I=1,5channels fot =2, and one channel fo=3. In Fig.  sections are converged to better than 5% over the entire en-
5 we show our results for the positronium formation crossergy region presented. In particular, the convergence at
sections together with the experimental data from Surdutovsmaller energies below 1 eV is much better, as the higher
ich et al. [4] as well as the theoretical results from recentchannels are not expected to contribute significantly.
close-coupling calculations. Our results agree very well with  Even though the calculation of Hewét al.[28] suggests
the two CC calculations by Ryzhikh and Mitrdy] and that the cross section continues to rise with decreasing ener-
Campbellet al.[2] for the whole range of energy considered. gies, these results are not supported by calculations with
In other words, our calculations also do not reproduce thdarger basis sef®,7] and therefore should not be considered
experimental data of Surdutoviat al. and our approach is to be converged. Not shown in the figure are the results of

Ke et al.[6] using the optical potential approach, where they

100 ' ' ' predicted a dramatic increase of cross sections for energies
e-Li 4-—-:323?:0::3? etal. below about 3 eV. This method employs some approxima-

.......... ~ McAlinden et al. tions which have not been justified nor tested for other sys-

80 —— HSCC 1 tems, and thus their results should not currently be consid-

ered to support the experimental results.

To check the stability of the cross sections with respect to
60 1 the model potential we slightly modified the cuteffin Eq.
(1) and found that the cross sections are indeed quite stable.
Furthermore, we also employed the simple SFG model po-
tential, as given by Eq.3). The cross sections are plotted as
the red solid curve in Fig. 5. For future reference, the SFG
cross sections at energies of 0.1, 1, and 10 eV were 18.0
X 1071 cn?, 39.1x 10726 cn?, and 17.3< 1071 cn?. Above
0.1 eV, the SFG results are within 20% of the FClpe-
sults. For collision energies higher than about 5 eV, the two
calculations are almost identical, indicating that the potential
details such as the exchange potential and dielectronic cor-

Ps formation cross section (10™ °cm?)

Energy (eV) rection are not important for the Ps formation cross sections

in that energy region. The differences between the two po-

FIG. 4. (Color onling Ps formation cross sections fef-Li.  tentials become more pronounced as collision energy de-

The lower limits of the experimental results as given[#] are  creases. At 0.01 eV, the SFG cross section is about factor of
shown. 2 larger than the FCLY; result.
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Based on these comparisons, it is clear that our resultiteractions have also been calculated using the present
tend to support the conclusions from the close-coupling calHSCC method and they are in agreement with other elabo-
culations and that the experimental results showing an inrate theoretical calculations. This supports our conclusion
crease at lower collision energies below 1 eV ®rNa  that the model potential used in the present calculation is
cannot be reproduced by any current elaborate calculationgdequate and that the positronium formation cross sections
It appears that further experiments are needed to resolve thge optained at low energies should be reliable. Note that the

discrepancy for this system. present HSCC calculations are expected to be more accurate
for lower energies. Further positron-sodium experiments in
IV. SUMMARY AND CONCLUSIONS the difficult low-energy region appear to be needed to re-

We have presented the results of hyperspherical close°!Ve the discrepancy.
coupling calculations for the positron-lithium and positron-
sodium collisions at low energies. A large number of chan-
nels and high partial waves were included to ensure the ACKNOWLEDGMENTS
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