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The low-energy(0—6-e\) behavior of positrons scattering from gaseoyg@olecules is examined through
a computational study which employs a nonempirical modeling of all the relevant interaction (staés,
correlation, and polarization potentialsThere is uncertainty concerning the most appropriate correlation-
polarization potential to use in the study of positron-molecule scattering. Here we have considered two such
potentials which are representative of the potentials which have been proposed for this purpose. The coupled
guantum scattering equations are solved in the body-fixed frame of reference, and the fixed-nuclei approxima-
tion is used to decouple the nuclear motion during the collision. The elastic integral cross sections without
positronium formation exhibit strong one-particle resonances in the very-low-energy region-uped’. The
low-angular-momentum scattering components are shown to be the dominant contributions to trapped state
wave functions. The existence of resonances in positron scattering from molecules is unusual. In the system
studied here there are two types of resonances. First there are angular-momentum barrier resonances with the
positron trapped outside of the;§age. Second, there are resonances of low angular momehtu®) (vith
the positron trapped inside of thedZage by the repulsive interaction between the positron and the nuclei. The
possibility of the experimental observation of these resonances is also disdi&kes0-2947@9)08511-X]

PACS numbegs): 34.85+x

I. INTRODUCTION is an ideal candidate for such processes since both its rather
large spatial extent and the existence of empty sjaside

The study of low-energy positron scattering from mol- the cage of atoms is known to lead easily to the trapping of
ecules has a long history related to the interest in positroglectrons and to the formation of fairly stable, negative ions
annihilation in gases and in the slowing down of positrons inof Ceo [8,9]. It is therefore of interest to see what sort of
several medifl,2]. Due to the additional internal degrees of behavior would be exhibited by positron scattering on the
freedom(e.qg., rotational and vibrational inelastic procegses same system, and how it may be seen by the measurements
molecules are more efficient than atoms for the slowingof the corresponding cross sections at low energies. As we
down of positrons, particularly in the low-energy regimesare not aware as yet of any experimental result regarding
[3,4]. Furthermore, the existence of rather important “reac-positron scattering from theggmolecule, to our knowledge
tive” channels for positron scattering, which are absent inhere we are presenting the first calculations on the positron
electron scattering, makes the study of the positron-moleculgcattering from fullerene in order to both stimulate the ap-
dynamics an intriguing subject at the fundamental level ofearance of possible experiments and to put forward some
investigation. Thus, there exists the possibility that positrounusual results obtained from calculations that should entice
nium (P9 formation creates molecular ions which are ob-€ven more the collection of experimental data on this system.
tained rather “gently,” and therefore can be experimentally The paper is organized as follows: in Sec. Il we briefly
observed for longer times than those formed by impact ionoutline our theoretical treatment, while Sec. Il reports the
ization processes. The particle-antiparticle decay channelesults of our calculations and presents the behavior of the
whereby pickoff of a bound electron leads to the emission ofow-energy elastic cross sections, integral, and differential.
two y photons and to cation formation from the molecular Section IV finally summarizes our conclusions, and suggests
target, is also an alternative channel of marked experiment&lossible routes to experimental detection.
interest[5]. Finally, the possibility of the positron binding to
the molecqlar target, and the consequent formation of a mo- Il. THEORETICAL MODEL
lecular cation, is also a further “reactive” channel that has
received a great deal of attention, both experimentally and When discussing the quantum dynamics of positron colli-
theoretically, albeit escaping observation thus far even fosions with molecular systems at energies below the threshold
the simplest moleculel$]. The analogy with electron scat- for Ps formation, one is required to know the following as-
tering becomes more direct in the case of the positron operpect of the processi) the anisotropic charge distribution of
channel resonances, whereby one-particle trapping is thougttie molecular target, and the corresponding static interaction
to occur without much target excitation but rather via poten-of the target with the impinging positrofij) the short- and
tial shape effects, as is the case of the well-known shapmedium-range descriptions of the electron-positron dynami-
resonances of electron-molecule scattefing cal correlation, andiii ) the long-range behavior of the target

In the case of electron scattering, in fact, thg @olecule  response to the" perturbation, i.e., the polarization poten-
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tial. For simplicity we also assume that the nuclear motion igepresent correctly the true short-range behavior of the full
decoupled from the positron dynamics during the scatteringnteraction and does not contain any effect from both static
process and we thus compute the positron scattering usirand dynamic correlation contributiond9]. Therefore, a
the fixed-nuclei(FN) approximation. while ago, we proposefl6-18,2Q, in order to correct for
The above three points, therefore, need to be taken inteuch failures, to use a local density-functional approxima-
account before the actual dynamics can be investigated. A#on, whereby the dynamic correlation effects that dominate
in our previous work on positron-molecule scatteringthe short-range behavior of th€écg(r,) interaction with
[10,11], the actual evaluation of the static interaction, closed-shell molecular targets can be treated using a density
V(rp), was carried out by expanding the self-consistent{functional theory(DFT) approach within the range of the
field (SCH wave function of the g, molecule at its equilib- target electronic density and can be further connected with
rium geometry(see below for detaijsaround the molecular the asymptotic dipolar form of Ed1) in the long-range re-
center of mas$CM) using symmetry-adapted angular func- gion.
tions which transform with the relevant irreducible represen- We therefore describe the fulNcg(r,) interaction as
tation (IR) of the molecular point group, the icosahedral given by two distinct contributions which are connected at a
groupl;,. The details of the actual procedure we employeddistance,rg [16]
will be given in Sec. Ill. Below the threshold of Ps formation

. " . . DFT
(which is around 1.2 eV in the present cgsnd above it for Y _ Veorr(Tp), rp$r‘; 2
the elastic component of the total integral cross sections, one crlrp)= c )
Vool(fp),  Tp>Tp.

of the most serious questions concerns the clarification of the

role played by long-range polarization forces and by shortFurthermore, as discussed ear[i&6], the short-range corre-
range dynamical correlation effects. Their balanced combitation contributions in Eg(2) can be included either by con-
nation, in fact, turns out to usually yield final cross sectionssidering the correlation effects on an homogeneous electron
which are sensitive to the detailed handling of both aboveyas without reference to the positron projectile, as presented
contributions, especially at an energy around Ps formatiom Ref.[21], or by considering explicitly the positron projec-
[12]. tile as an impurity within the homogeneous electron [@23.

The more direct approach to the inclusion of positron-We have explicitly derived both forms &p, and discussed
electron correlation, usually involves an extensivetheir merits for molecular targets in our earlier work. Both
configuration-interaction expansion of the target electronianodels will be employed in the present work. The potential
wave function over a suitable set of excited electronic conbased on the homogeneous electron gas will be that proposed
figurations and further improvement of the wave function byby Perdew and Zungdi23], and will be referred to as the
adding Hylleraas-type functions which can describe the poselectron correlation potentialECP), Vece(rp). The form
itron wave function within the physical space of the targetbased on the density functional theory for an isolated posi-
electronic charge distributiofil3]. Such expansions, how- tron interacting with an electron gas will be referred to as the
ever, are markedly energy dependent, and usually convergmsitron correlation potentialPCP, Vpcrp), and is a
too slowly to be a useful tool for general implementation for modified version of the PCP2 potential proposed by [2dih
complex molecular targets, where truncated expansions ne&thich was derived from the density-functional energy ex-
to be very large before they begin to be realistic in describingression of Boronski and Nieming¢@2]. We have modified
correlation effect$14,15. As a consequence, over the yearsthis potential to smoothly cut off the potential Bs—« by
we have developed more tractable global models of suchsing function
effects which do not depend on empirical parameters but can

be easily implemented via a simplified, local representation Vv _1)5.7382 3.584
of the correlation-polarizationVcg(r,), interactions[16— cordI's 20 2 g |7 3
18]. s

To begin with, one should note that the asymptotic formwhenr =4.0. The total interaction potential is then given as
of the above interaction is independent of the sign of thehe sum of the static and correlation-polarization potentials
impinging charged particle and, in its simpler spherical form,to yield
is given by the well-known second-order perturbation expan-

sion formula in atomic units, ViolTp) =Vs(rp) +Verlrp), (4)
- whereVp is eitherVgcp or Vpcpas discussed above.
Veelr ):2 __@. 1) The corresponding close-couplin@C) scattering equa-
L = 2r§'+2' tions, in the single-center-expansi@®CE formulation, are

given by the expression
wherer, represents now the scalar positron distance from )
the molecular CM, andy, are the multipolar static polariz- 1d° 10+1)
abilities of the molecule, which obviously depend on the 2dr2 22
nuclear coordinates and on the electronic state of that target. P P
In most cases only the lowest order is kept in the expansion _ pi Py
given in Eq.(1), and therefore the target distortion is viewed _h,l/ Viinr (Fp) Ty (Tp), ®)
as chiefly resulting from the induced dipole contribution with
the molecular dipole polarizability as its coeffici¢it]. The  where E,, is the collision energy, and the positron con-
drawback of the above expansion, however, is that it fails tainuum radial functionsfﬁf‘,,(rp) are the required unknown

+ EcoII fﬁ’lu( r p)
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guantities originating from the symmetry-adapted SCE formpotential for the electron scattering problem. These adiabatic
of the wave function of the scattered particle: potentials have been found to be useful in visualizing the
structure of the potential, and they can also be used as the
_ _1 - basis for solving the scattering problem through a set of
Fp“(rp)_% o fﬁf‘(rp)xﬁ,"(rp). ©) coupled radial differential equations similar to E@) in
which the potential is diagonal but in which the radial cou-
Here (pu) labels the relevant IR, with describing the IR of  pling is not diagonal. In positron-molecule scattering, there
the scattered positron and withbeing one of its component is no nonlocal exchange interaction, so that within the local
andXPf(r,) are the generalized harmonics. The indbefur- correlation-polarization approximation used here, the full po-
ther labels a specific angular basis function for each chosetgntial used in this study is local hence the adiabatic form of
partial wave contributio found in thepth IR under consid- the scattering equation will yield the same scattering states as

eration. The coupling matrix element on the right-hand siddh® form of the scattering equation given in E§). For the
of Eq. (5) is then given by positron-molecule scattering problem, we will refer to the

adiabatic static correlation polarizatigASCP potential as
Vﬁfl:h'|'(rp):<Xﬁ|ﬂ|vtot(rp)|xﬁﬁf>- 7) eit_herVASEcP or VAspdeepend_ing on which form dVC_P is
being used. The ASCP potential also forms the basis for the
The details of the angular products have been describe@nalysis of the resonant state in thg scatterin_g system. For
before[25], and will therefore not be repeated here. Suffice ité@ch resonance, we solve the scattering equations at complex
to say that, when using the static plus correlation plus polarénergies to obtain th& matrix. Then poles of th& matrix
ization (SCP interaction within the SCE formulation and the are located yielding directly the resonance widths and ener-
CC dynamical formalism implied by Eg5), the formulation ~ 9i€s. In addition, we can plot the wave function at the com-
and the corresponding coupled-differential equations ar@Iex energy to examine its qualitative features, e.g., the ma-
solved within the SCP-SCE treatment and finally yield rota-Or partial-wave components.
tionally summed, integral elastic cross sections for each IR
contributing to the scattering process. The total cross section IIl. RESULTS

is therefore simply given as
In order to start the investigation of possible positron scat-

el tering features in the case ofs{Cas a target, we have re-
‘Ttot(Ecoll):E 0, u( Ecol)- (8) stricted the study to the ground electronic state and to the
oy i .
equilibrium geometry of g,. The target is represented by a
The individual K-matrix elements, for eachpg), will also ~ SCF wave function expanded via the 3-21-G basis set as
provide the total elasti¢rotationally summexd differential ~ described in thesAussIAN 94 suite of code$29]. With 360
cross sectionéDCS's) that are again summed over all con- bound electrons we found a SCF total energy of
tributing IR at the considered collision energy. —2259.027868 a. u. The chosen geometry was with C-C
One should mention at this point that the above treatmerffond lengths of 1.450 and 1.391 A[30]. As discussed
does not include any contribution from the process of p&efore, the description of the scattering process includes the
formation. Considering that the ionization potential gy @& €Presentation of the full, nonsph_erlcal nature of the positron
around 7.6 e\[25] and that the binding energy of Ps is 6.8 Interaction with molecular nucle_l and el_ectrons and all the
eV, then one sees that the threshold for Ps formation in thi§alculations were performed using the icosahetifasym-
system is really at very low energy, i.e., around 1 eV. De-Mmetry of the target. One should note the large value of the
spite many experimental attempts for several systems, hovEPherical dipole polarizability of & which is 558.0 a.u?
ever, very few accurate measurements of absolute cross séétl: an aspect of the problem which will be of paramount
tions for this process in atomic and molecular targets havémportance in our discussion below.
become available to date. The general findings from the The Vcp potentials(both VecpandVecy employed here
more recent experiments are that Ps formation in moleculdf addition to the multipolar expansion of th&, naturally
systems usually peaks around 27-30 eV, while its percenf2l2y & very important role in describing the low-energy scat-
age value just above threshold varies significantly with the€ring behavior of the positrons. The matching between the
type of moleculg26]. In the present case, electronic excita- Voo and theVy, of Eq. (2) was done by locating on each C
tion begins also to contribute from around 4 €25], and atom a “polarizable center” with a dipole polarizability
therefore it does not contribute in the region between 1 and %alue equal to 1/60 of the total polarizability ofgand then
eV, where Ps formation should also be still rather smallby treating the resultiny, as the sum of 60 equal contri-
Such general considerations should therefore help us to beputions for the different centers which can be once more
ter understand the significance, and the likely detectabilitydescribed via the SCE form as used to represen¥thand

of the features in the integral cross sectit®S) that we will V2! potentials. This type of modeling, therefore, introduces
be discussing in Sec. Ill. a full nonspherical modeling of all the components ofYhg

An additional tool that we have used to analyze the scatinteraction given in Eq(4).
tering process in electron-molecule scattering is the adiabatic A further aspect of the calculations which should be men-
static model-exchange correlation polarization potentiationed at this point is the level of convergence which has
(ASMECBP [27,28. To obtain the ASMECP potential, the been achieved in the partial-wave expansions of both the
angular part of Eq(5) is diagonalized at each radial point static potential and the scattering wave functions. While in
rp. The eigenvalues then are an effective radial adiabatithe former case the level is controlled by the correct descrip-
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FIG. 1. Comparison of the spherically symmetric components of o
the computed/p model potentials employed in this work. See the g
main text for meaning of acronyms. The dashed lines correspond to (73}
the Vo, potentials, and the solid lines to the fMLp potentials. @ 1000
o]
tion of the nuclear terms off the center of expansion, the &
latter depends on the number of coupled equations employed =
when solving Eq.5). The K-matrix elements in the body- lg
fixed frame were obtained by using a partial-wave expan-
sions of the target wave function and of the scattered- o s

positron continuum function with,,,=40. The interaction
potential included the Coulomb and nuclear contributions to
Vs up to A .- The expansion of th&p interaction was E (eV)
however truncated af,,,=40. The number of coupled equa-
tions, depending on the IR considered, varied from 9 in th%
a, IR up to 77 for theh, IR. The summed, partial contribu-
tions to both ICS’s and DCS’s included thg, au, tig, ti,  gependence but on a log scale and down t0*16V. All values of
tyg, tous 9g» Gu, hg, andh, components of theé, point . .o<s sections are in2A
group. We have tested the stability of the final cross sections
and found that they are converged to within 5-10% withsections on a linear energy scale and up to 6 eV, i.e., above
respect to increasinig,,.. Another convergence parameter is the expected threshold for Ps formation but still close enough
maximum| included in theK matrix, which in the present to it that the elastic component is expected to have a domi-
study wasl ,=30. With this truncation of thé& matrix the  nant role. The lower panel of the same figure shows the same
total cross section is converged to within 0.01% with respectCS calculations on a logarithmic scale. We note the follow-
to increasing the size of th€ matrix. We also note that this ing.
expansion of the&K matrix yields differential cross sections (1) As observed in many molecular systems, the ICS
which are converged to within approximately 1%. shows a marked increase as the collision energy decreases.
In order to test computationally differedcp model po-  This is chiefly due to the dominance of the long-raigsg,
tentials, we have employed the formulation of Perdew andnteraction for a nonpolar target likes&: Hence, because of
Zunger[23] for the Vgcp potential and the modified PCP2 the presence of such a large polarizability, one sees that the
potential of Jain[24] for the Vpcp as discussed above. A cross section tends to a very large finite valsee lower
comparison of the spherical components for the two potenpanel of Fig. 2 and, below about 0.1 eV, becomes enor-
tials is shown in Fig. 1, where we clearly see the muchmous, much larger than in any other measured system thus
weaker nature of th&cp potential and the much stronger far: for the benzene molecule, for instance, the ICS values
values of theVpcpin the inner region of the interaction. We below the same energy are only about 38 [81].
can also see in Fig. 1 how both of these potentials are con- (2) For collision energies around 1 eV and above the
nected to the asymptotic form ¥f.p as described by E@2). present calculations show a very flat behavior of the ICS, as
Figure 2 reports the computational results which em-also surmised by the behavior of other molecular systems
ployed theVgcp modeling of theVp interaction discussed below Ps formatiorf32]. However, the present molecule is
above. The upper part shows the total, elastic integral crossgain quite unique in terms of the average size of such an

0.001 0.01 0.1 1

FIG. 2. Computed total, elastic ICS for positron scattering from
50 Using theVecpin Eq. (4). Top panel: energy dependence of the
ICS on a linear scale up to 6 eV. Bottom panel: same ICS energy
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FIG. 3. Scattering cross sections and eigenphase sums at ener-
gies near the energy of the resonance of Fig. 2: solid line, computed F|G. 4. Absolute square of the most important radial functions
total ICS (rotationally summey dashed line, eigenphase suflim  of the wave function of the, resonance at an energy of 3.238 eV
for the dominantag contribution to the resonance. and a width of 0.0088 eV obtained with tNgcp potential.

ICS: the values remain around 106,4as opposed to aver- due to the repulsive interaction of the positron with the C
age values of 10 Afor the most common diatomics or small nuclei. This electrostatic repuISive pOtential is then able to
polyatomics[33,34]. trap theay resonant state in th€gp calculation.

(3) At the collision energy around 3 eV one clearly sees Resonances in single-particle, open-channel cases have
the presence of a well-marked resonance feature: a narrofeen known for electron scattering off molecules for a long
peak in the ICS over a very limited energy range. The exisiime, and have been the subject of both theoretical and ex-
tence of fa|r|y broad features in a similar energy regionperimental studies for quite a while. Contrary to that situa-
(around 2 eV has been observed experimentally for severafion, however, very little is known about resonances for pos-
polyatomic molecule$33] and attributed there, albeit very itron scattering, in spite of their early prediction by the
qualitatively, to some form of open channel resonance. Wéimple considerations of Massé§4]. Notwithstanding sev-
believe this is the first instance in which calculations have
shown such resonant features for positron-molecule scattet 25 T v T
ing, as we shall discuss further below.

To analyze this feature better, in Fig. 3 we report further
calculations of the ICS values in the peak region over a very
narrow energy range. One clearly sees there that the shape
the resonance is quite distinct and that the enhancement he 15
a peak value which is more than 10% above the background
To look at additional properties of the resonance, we hav
shown the behavior of the eigenphase sum forahesym- o
metry component, the only one which carries a resonant con-—~
tribution to the total ICS at this low collision energy. The X 5
presence of an open-channel shape resonance can be detec
very clearly as theypg,, increases byr radians across the
resonance located at 3.238 eV. Its corresponding Wigne!
width turns out to be very small, i.e., only 8.8 meV, suggest-
ing that such a resonance is unusually long lived and corre: -5
sponds to the trapping of the positron behind a barrier for a
very long time interval before decay-(0.5 ps3.

In Fig. 4 we present the resonant wave function ofahe
resonance obtained with th&cp potential. One can see that r(a.u.)
thel =0 partial wave is dominant and that the state is trapped hn

inside the GO Cage, Wh|Ch iS |0cated at=6.7 a.u.In Flg 5 FIG. 5. Shape of thé=0 symmetry Component of thSECP

we give the form of thd =0 radial effective adiabatic po- andVgpepinteraction potentials. Thedgcarbon cage is located at
tential for theVegcpandVpcppotentials. We can see that both r=6.7 a.u.,r=0 a.u. corresponds to the molecular center of
potentials are very repulsive at the location of thg €age  mass.

20

L
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eral experimental attempts based on positron annihilation de 1000 T T T T T
tection, in fact, their existence has been still only surmised
by circumstantial evidence. Although it is reasonable to ex-
pect that annihilation processes should affect the size ant
energy dependence even of elastic cross sections, very littl
information, either theoretical or experimental, exists on how
much this is present in the low-energy collision processes.
Because of the chiefly repulsive nature of positron |nter-
action with atoms and molecules, in fact, the attractive tail of &
the long-rangeV,, usually creates fairly shallow wells lo- &
cated rather far outside the molecular charge dIStrIbUtI0n<8
[35-37. As a consequence of this feature, the additional
presence of a centrifugal barrier tends to cancel the attrac
tion, thus preventing shape resonances from appearing. O
the other hand, in systems like;{; the existence of a cage
structure of nuclei and electrons away from the center of Eon= 3.237 eV
mass and over a rather large region of physical space, th
corresponding presence of a very large dipole polarizability Ny . . . . .
in the long-range/,, and the absence of nuclear charges at 0 30 60 90 120 150 180
the cage center, could lead to an overall interaction which is 8. (deg)
strongly “shaped” by a marked barrier which appears Ifor em
=0 potential. Furthermore, one can also expect that the ad- FIG. 6. Computed differential cross sections at collision energy
ditional presence of#0 barrier may be able in this system values at and near the resonance presented in Fig. 3.
to produce pseudobound states at fairly low collision ener-
gies for other symmetries, as we shall discuss below. One clearly sees that, in spite of the dominance of the for-
Additionally in Fig. 5, one clearly sees the shape of theward scattering behavior of positron dynamics, the resonant
barrier just before the shallow attractive well outside of theCross sections do show a marked peak in the large-angle
Ceo Cage. As the energy increases the barrier becomes ndiegion of the scattering.
rower and tunneling through it is likely to become more As we mentioned earlier, the modeling of thig;, inter-
rapid, thereby broadening the resonance features. On tt&€tion which is required to complete the description of the
other hand, at the lower collision energy the barrier is wideifull potential of Eq.(4) can also be carried out by consider-
and can more easily support pseudobound states with signifitg @ positron projectile as an impurity within an electronic
cant effects on both cross-section enhancement and decagensity provided by an electron gas, but represented here by
time delay across the bottom of the barrier. our SCF computed electronic density of the bound electrons
It is worth pointing out here the rather special nature ofof the targef22,36. In Figs. 1 and 5 we show that such a
the potential shown in Fig. 5, where the absence of nucleapotential,Vpcp, is markedly stronger than thé-cp potential.
repulsion effects at the core of the cage is the main cause &figure 7 reports the behavior of the total integral cross sec-
the inner potential well at such low energies, where the bottions (over the same range of energies of Fig.cemputed
tom of it follows closely the zero-energy baseline. In a simi-using theVpcp for modeling the correlation-polarization ef-
lar, but smaller, system like benzene, for instance, the corrdects. We clearly see the following.
sponding potential exhibits a small barrier at about 2.5 a. u. (1) The corresponding elastic ICS’s are now markedly
from the center of mas88], but the baseline is about 6 eV larger and reach an average value of nearly 56@Gdove 1
above zero energy and its lowest pseudobound state appe®¥. Clearly at low energy the polarization contributions
around 41 eV, i.e., at much higher energy. dominate and th&/pcp, because of its form, includeg.,,
Thus, the unique spatial features of thg, @olecule are  contributions which cross with th¥, closer to the target
responsible for the correspondingly unique features of s than in the case of th¥gcp models(see Fig. 1
potential, which suggests the presence of a long-lived open- (2) The swave, a4 resonance is now pushed down into
channel resonance in the elastic cross section and at very lotlte region of the bound statégositron trapping by forma-
collision energy where detection would be more likely totion of Cs;" molecules, while new resonances appear in the
occur[33]. same low-energy region and for symmetries where centrifu-
A further indicator of the special nature of the ICS featuregal barriers are also present.
at 3.238 eV can be obtained by evaluating the total differen- (3) The stronger potential causes the appearancetgf a
tial cross sections at that very energy, and by observing itsesonance at 0.02 eV, of, andg, resonances at 0.5 eV, of
behavior with respect to the same cross sections at anothgy andhg resonances at 1.5 eV, and a wegkresonance at
energy value. We have therefore carried out such calcula3.8 eV.
tions for all the IR’s which contribute to the total, elastic  To analyze the resonances in tig-pcalculation further,
DCS’s for positron scattering from ¢g. The results are in Fig. 8 we give the effective radial potentials for Mgspcp
shown in Fig. 6, where we indicate the DCS behavior at thegpotential. One can see both the electrostatic barrier at
energy of the resonanc¢the solid ling and the DCS shape at =6.7 a.u. for all partial waves considered here and angular
a nearby collision energy where no resonant effects are seenomentum barriers outside thedZage for thed =2 radial
(the dashed line The energy value chosen here was 4.0 eV potentials. In Fig. 9 we give the wave function for the reso-
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EeV) the additional broad resonancelgf symmetry which is pre-
FIG. 7. Computed total ICS using thé.cp potential discussed dominantly anl=5 state trapped behind tHe=5 angular
in the main text. The symmetry and positions of the various metamomentum barrier. This angular-momentum assignment is in
stable cations are indicated by line segments and by their correagreement with the number of peaks in the DCS seen at 3.0
sponding IRs. ev.

_ One therefore sees that, contrary to what happens in other
nance ofhy symmetry which occurs at 3.84 eV. We can see

that this is a state which is predominatéty 2 that is trapped . . .
inside of the Gy cage. In Fig. 10 we give the corresponding 1.0000
radial functions for the,, resonance which occurs at 0.47

eV. The probability density of this state is mostly outside of

the G, cage in thd =3 partial wave, and thus this state must

be trapped by thd =3 angular-momentum barrier. The 0.1000 £
analysis of the other resonances leads to the following re-

sults: thet,, resonance at 0.2 eV is an=1 resonance
trapped inside the cage; thg, resonance at 0.5 eVisdn =<

=3 resonance trapped outside of the cage and behintl the 3- 0.0100
=3 angular momentum barrier; tlgg andhg resonances at !
~1.5 eV arel =4 resonances trapped outside of the cage by
thel=4 angular-momentum barrier. :

..........
_____
-
.
-

The effect of these resonances in the scattering using th 0.0010

memmmmn”
am-
»
kY

Vpcppotential on the DCS is examined in Fig. 11, where we ‘ _,-' /=4

give the elastic DCS at an energy in the region ofttheand o iy

gy resonances at 0.5 eV and at another energy of 3.0 eV S

where there is no distinct resonance feature in Fig. 7. One  0.0001 o . 5 . 1'0 1'5

can see the strong backward scattering in the region of the
resonance with two minima which is characteristic oflan r(a.u.)

=3 resonant state. On the other hand, at the nonresonant FIG. 9. Absolute square of the most important radial functions
energy there is mainly the expected strong forward scatteref the wave function of thé; resonance at an energy of 3.84 eV
ing. The oscillatory nature of the 3.0-eV DCS is a result ofand a width of 0.31 eV obtained with thé.cp potential.
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1.0000 [ T T T fore, their strong repulsive nuclear contributions\tg pre-
vent the occurrence of the specific potential “shapes” seen
in the present systertfFigs. 5 and 8

0.1000 IV. CONCLUSION

We have carried out a computational study on the low-
energy behavior for the total elastic ICS’s for positron scat-
- tering from G, in the gas phase. We believe this is the first
time that the interaction of positrons with such a large mo-
lecular species has been considered and, to our knowledge,
no previous results exist, either experimental or theoretical,
for this dynamical process.

/-5 The calculations have found a series of features in the
K cross sections which are both in keeping with what should be
Sarnte,, expected and unusual in terms of some of their properties. In

. Sve e particular, the following chief points could be readily made

5 10 15 and explained from what we have found in our study.
r(a.u.) (1) The very large polarizability of the target appears to
control the overall behavior of the integral cross sections,

FIG. 10. Absolute square of the most important radial functionsespecially within a theoretical treatment which initially dis-
of the wave function of the:,, resonance at an energy of 0.47 eV regards the coupling with nuclear dynamics or with other
and a width of 0.20 eV obtained with thép potential. degrees of freedom of the target.

(2) From collision energies of about 2 eV, and up to about
molecular systems for which positron scattering can be comé eV, the calculations show that the positrog, Cross sec-
puted, the existence of both very large values of the statiions could be much larger in size than those exhibited by
dipole polarizability of the target and of the unusual spatialelectron scattering from the same molec{#®]. The in-
cage of the carbon atoms in theggCmolecule suggest crease in size for the cross sections in the case of either polar
strongly the possibility of low-energy positron trapping ei- or highly polarizable molecules is in keeping with what has
ther inside the cage as in thgcp and Vpcp calculations or  been found before for such systef@S], and indicates once
by the angular momentum barrier outside of the cage agore that for polyatomic targets with many degrees of free-
found with theVpcp potential. As a comparison, smaller but dom, this similarity, to be expected experimentally, can be
highly polarizable systems like Gnd CC), show also very ~confirmed by model calculations such as those carried out
large values of ICS cross sectiof9], but give no indica- here.
tion whatsoever of potential barriers which can support (3) As the collision energy decreases below 2 eV, the
metastable states in the low-energy regions: as discussed be@lculations with theVgcp potential show for the system an

increase of the magnitude of the cross sections which rapidly

10000 . T T T T tend to large finite values &5, goes to zero. This is also in
keeping with what the experimental data have shown for
Vece many polyatomic molecules like benzene, hexane, cyclohex-
ane, etc[32,33. Many of the measurements, in fact, indicate
that the positron scattering cross sections become increas-
ingly larger than the electron scattering cross sections as the
collision energy goes below a certain threshdgldsually
around 3 eV. Here again the calculations show that our
present models are capable of producing such a result in
keeping with expected findings for large, highly polarizable
targets.

(4) Depending on the/cp potential used we see reso-
nances either trapped inside of thg,€age by the repulsive
electrostatic potential or trapped outside of the cage by
angular-momentum barriers. The existence of the resonances
with the positron trapped inside the cage seems fairly certain,
with the energy and symmetry being dependent on the

0.0100

ly ()2

0.0010

=4
1

P

L LR L P

0.0001

1000

100

o

DCS (A2 sr-1)

10

Econ=3.0eV
0.1 L " A A A strength of the attractive correlation potential. The states

0 30 60 90 120 150 180 trapped outside of the cage will only be present if the corre-
lation potential is fairly strong as is the case with Mg-p
Bcm (deg) -
potential.
FIG. 11. Computed differential cross sections at the energy of (5) We have also studied the corresponding electrgn-C
thet,, andg, resonances seen in Fig.(@.4 eV) and at an energy ~scattering systerfd1,40,42. In electron scattering fromgg
where there is no structure in the IS0 eV). the FN cross sections exhibit a highly structured energy



PRA 60 COMPUTATIONAL INVESTIGATION OF POSITRON. . .. 4575

dependencg40,42, with several peaks of varying widths experimental observation either as an enhancement in the
due to a series of metastable one-electron shape resonand€s, or as a structure in the angular distributions or, possibly,

in the low energy regime. In contrast to electron scatteringyia the detection of rather stable molecular ions in their

positron scattering from the same target shows in our calcuground electronic states.

lations a smoother behavior of the ICS over the same energy |n any event, the present model calculations indicate

region, while further suggesting the appearance of a few posather clearly that positron scattering from such large mo-
sible resonances located around 3 eV and bekme Figs. 2 |ecular aggregates can lead to observations of the expected
and 7. The mechanism for the formation of the resonances i%rocesses which, thus far, have only been suggested but not
somewhat different for the electron and positron scatteringfirmly established from positron scattering off smaller poly-
In electron Scattering there are in general onIy very low E|6Cat0mic aggregates in the gas phase. Some unique qualities of
trostatic barriers and the only mechanism for trapping is dyc, (i.e., the large polarizability value and the extended dis-
namical, i.e., the trapping is due to angular momentum bartipution in space as a “closed,” cagelike structuneakes it
riers[27]. In e-Cgq scattering the scattering resonances are alpne of the most likely candidates for finally being able to
characterized by angular-momentum barriers with a majoppserve either positron metastable attachment to molecular
component of the scattered wave havirg? [42]. In posi-  aggregategshape resonancesr positron bonding to a mo-
tron scattering there are electrostatic barriers which can tragcular structure via strong coupling between the resonant
low-angular-momentum states of the positron inside of thestate and the internal degrees of freedom gf tat would
Ceo cage which we found in this study fdr<2. We also  gjlow efficient energy dissipation, successfully competing
found angular-momentum trapped resonances in the positragith the direct tunneling of the resonant decay channel.
scattering due to the strongly attractive polarization potential One open question, which the present calculations have
in the Vpcp case. When compared to the electron-moleculgyrther underlined, is a realistic treatment of short-range
interaction, the the attractive part of the positron-moleculeg|ectron-positron correlation effects. Our model choices
interaction is very weak; thus we again find only low- clearly indicate the strong dependence of results on the
angular-momentum states dynamically trapped in positronstrength of theVp interaction. Similar calculationg39] on
Ceo scattering compared to the high-angular-momentunmcr, and CC} indicate that the true answer may be between
states in the electron scattering. the models which we have employed in the present study.
Itis also worth mentioning at this point that, as a generaljowever, the unique properties ofgas a molecular target
rule, the peaks that appear in the total cross sections due fge clearly shown by eithefp we used here, and should be
Ps formation tend to become weaker or less apparent as th@nfirmed by any other estimates of correlation effects.
size of the target molecul@r the number of the bound elec- A |ast caveat about the possible experimental detection of
trong increase$33]. This is usually understood by a process resonances as found in the present work may come from the
of “positron attachment,” whereby a large number of elec-possible effects o7 values at the low energies. If such
trons surrounds the impinging positron to form a quasistablgyuantities were to be found rather large, as one might expect
“bubble state” within the molecular volume. The excess en-from the behavior of other large polyatomics, then they may
ergy arising from the sum of the particle kinetic energy andgive rise to additional resonant features. However, as none
the molecular positron affinity can then be efficiently distrib- ngyve been detected as explicitly related to annihilation pro-

uted among the many molecular internal degrees of freedomesses, only future experimental data can help us to clarify
which become rapidly more available in the larger moleculaijs point.

system[33]. In the present instance such considerations may
suggest that, although located above the Ps formation thresh-
old (but below the first electronic excitation threshold of
Cso), the feature we are discussing could survive inclusion of
nuclear degrees of freedom, and could also be detectable as aWe are grateful to the NATO Scientific Division for the
resonant feature, separate from possible interference with Rsvard of Collaborative Research Grant No. CRG950552,
formation channels that are deemed to be rather small for th@22/94/JARC501. We also acknowledge the financial sup-
present system at that energy. Eventually, of course, thport of the Italian National Research Coun@@NR) and the
trapped positron will either escape through the tunnelingUniversity of Rome Research Committee. One of(BsR.
leaving a neutral molecule, or annihilate by emitting al.) also wishes to thank the Welch Foundatidtouston for
gamma ray and leaving behind a positive molecular ionits financial support under Grant No. A-1020 and to ac-
Thus, the existence of positron trapping during the scatteringnowledge the support of the Texas A&M University Super-
of slow positrons from gaseousgmay be amenable to computing Facility.
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