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Metastable trapping of low-energy positrons by cubane: A computational experiment
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Quantum-mechanical calculations of low-energy collisions of positrons with cubane (CgHg) molecules are
carried out using a model interaction potential and solving the corresponding scattering equations. The possible
presence of low-energy resonances is analyzed in detail and one of them is found to reside largely inside the
carbon frame of the cubane. The consequences of this finding are discussed and analyzed.
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I. INTRODUCTION

The study of low-energy scattering of positrons from
molecular gases and solids has received a great deal of at-
tention in the past few years, both experimentally and theo-
retically [ 1-3]. This interest has been prompted by the broad
range of applications that have been found for thermal or
subthermal positron beams. Such studies have been facili-
tated by the marked improvements in the technology that
have provided better sources and better beam capabilities [4]
and by the corresponding advances in the computational
models which can describe positron processes involving
large molecular systems [5]. Due to the presence of a much
higher density of internal states in molecular systems, mol-
ecules provide a more efficient environment than atoms for
slowing down positrons. Furthermore, the positron-molecule
interaction has a richer variety of possible channels com-
pared to when electrons are used as probes of molecular
systems. For example, there is the possibility of forming pos-
itronium (Ps) compounds which suggests that molecular ions
can be prepared in a “gentle” manner, i.e., with fairly little
internal excitation of the final cations, and therefore could be
experimentally manipulated for longer times than those
formed by electron impact ionization techniques. Addition-
ally, the particle-antiparticle decay channel, whereby the
pick-off of a bound electron by the positron leads to the
emission of two <y photons and again to cation formation
in a molecular gas, is also an additional channel in the case
of positron projectiles which becomes very interesting in a
molecular environment [3].

The analogy with electron scattering can be extended to
complex molecular systems, e.g., benzene or sulfur hexafluo-
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ride, where the experiments and the calculations for low-
energy collision processes [6,7] have revealed a great variety
of resonant processes which cause marked enhancement in
the corresponding elastic and inelastic cross sections and
which also dominate the subsequent “unimolecular”-type de-
cay with fragmentation of the initial species and frequent
electron attachment to one of the fragments (for a recent
review see, e.g., Ref. [8]). In such instances, in fact, the
likely existence of precursor states that correspond to elec-
tron trapping by dynamical angular momentum effects
(shape resonances) has been suggested in many cases [5-7]
and has provided a useful rationalization of a broad variety
of experiments involving low-energy electrons [9].

Because of the differences which exist, at the nanoscopic
level, between the types of forces which drive the above-
mentioned processes with electrons and the similar dynamics
with slow positrons, it is certainly intriguing to investigate
how many of the possible outcomes from positron scattering
off the more complicated polyatomic gases could be either
explained, or predicted, by considering the dynamical trap-
ping at low energies by the molecule. In recent studies on
simple polyatomics, we have shown that positrons form vir-
tual states with vibrationally excited molecular species
[10,11] and that such states have marked consequences for
the features associated with, for example, the annihilation
parameters of the ambient gas.

In the present computational analysis, therefore, we inves-
tigate whether a realistic model of the interaction forces be-
tween et and the cage structure of the cubane molecule de-
picted in Fig. 1 can lead to the possible trapping of a positron
by the molecule and indicate where within that structure the
positron density will be localized. In the next section, we
outline our theoretical and computational model while we
present our results in Sec. III. Our present conclusions are
given in Sec. IV.
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FIG. 1. Three-dimensional view of the equilibrium structure of
cubane, showing the atoms of the carbon cage and the outer hydro-
gen atoms.

II. THE THEORETICAL MODEL

In this study, we represent the interaction potential be-
tween the impinging positron and the molecular target with a
local form. The potential contains contributions from the
electrostatic interaction of e* with the molecular nuclei (kept
fixed at their equilibrium geometry) and the bound molecular
electrons plus the correlation effects from the short-range
dynamical couplings between the bound electrons and the
positron, V.., that evolve for the long-range region of large
e*-molecule distances into the dipole polarization potential
Vot We shall consider two different correlation-polarization
potent1als

Vpcp = Vcorr + Vpol’ (1)

which have been used for polyatomic targets, and the corre-
sponding differences in scattering attributes.

A. Single center expansion equations

In our approach, any three-dimensional function, being
either one of the bound state orbitals ¢,(r) for one of the N
bound electrons or the scattering wave function ¢(r,) de-
scribing the impinging positron, is written as a single-center
expansion (SCE) located at the center of mass of the
molecule,

() = 3 WD), 2)
in
PH) = Ew ()X (3)

where i labels a specific, multicenter occupied orbital, which
belongs to a specific irreducible representation (IR) of the
point group of the molecule. The index p labels a relevant IR
and u indicates one of its components. The index & labels a
specific angular basis function for a given partial wave [,
used within the uth component of the pth IR. The symmetry-
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adapted angular functions in Egs. (2) and (3) are defined by
lh (l’) 2 blnfhylm(r) (4)

The details about the computation of the transformation ma-
trices b}, have been given before and will not be repeated
here [12].

We assume that the interaction potential can be written in
a local form Vj(r,) (here the static and correlation-
polarization potentials) for a positron-molecule collision.
The SCE then results in the following set of radial differen-
tial equations:

2
L,d— WD kz}e/f’“() 2E[vloc,k<r>ﬁ,<r)]
P P

(5)

where indices i,j,k represent pairs of angular channel indi-
ces (1,h).

The required full interaction potential in Eq. (5) can be
written as

Vloc(rp) = Vpcp(rp) > (6)

where V(r,) is the familiar static potential between the im-
pinging positron and the target (bound electrons+nuclei) and

Voep describes the short-range and long-range correlation-
polarization interaction forces [5]. The SCE equations can
then be solved using standard methods for solving ordinary
differential equations [13].

A rigorous approach for the inclusion of positron-electron
correlation is to use an extensive configuration-interaction
expansion of the target electronic wave function over a suit-
able set of excited electronic configurations and further im-
provement of the wave function by adding Hylleraas-type
functions which can describe the positron wave function
within the physical space of the target electronic charge dis-
tribution [14]. Such expansions, however, are markedly
energy-dependent, and usually converge too slowly to be a
useful tool for a general implementation with complex mo-
lecular targets, where truncated expansions need to be very
large before they begin to be realistic in describing correla-
tion effects [15,16].

As a less computationally intensive alternative, we have
developed global models of the correlation-polarization ef-
fects which do not depend on empirical parameters but can
be implemented via a simplified, local representation of the
correlation-polarization interactions, V., (r,).

Vsl(rp) +

B. The distributed positron model

One model correlation-polarization potential we have
used to V., in Eq. (6) is the distributed positron model
(DPM) potential, VECI;M [17,18]. The form adopted here for
the VpD f;M is based on a modification of the adiabatic polar-
ization effect which makes use of quantum chemistry tech-
nology to provide a variational estimate of the polarization
potential. In the adiabatic approximation to that potential, in
fact, the positron is treated as an additional “nucleus” (a
point charge of +1) fixed at location r, with respect to the
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center of mass of the atomic or molecular target. The target
electronic orbitals are allowed to relax fully in the presence
of this fixed additional charge and the energy lowering due to
the distortion is recorded. This energy lowering represents
the adiabatic polarization potential at one point in space. Of
course, in order to represent fully the spatial dependence of
this interaction, many such points must be computed.

However, due to nonadiabatic and short-range correlation
effects, e.g., virtual Ps formation, the adiabatic approxima-
tion can overestimate the strength of the polarization poten-
tial for smaller values of r,, where the positron has pen-
etrated the target electronic cloud. The present model
corrects for this by treating the positron as a “smeared out”
distribution of charge rather than as a point charge. If the
scattering particle really were an additional point charge,
then the dominant short-range correlation effect would be
virtual hydrogen atom formation into ground and excited
states, and the J-function distribution of positive charge at
the center of mass would be correct. But, for a Ps atom, the
positive charge is not localized at the center of mass, and to
mimic this effect in computing the polarization potential
we represent the positron as a spherically symmetric distri-
bution of charge. This leads to a polarization potential that
more closely reflects the correct physics and that smoothly
reduces to the expected result for larger values of r, without
any need to select a crossover distance or make additional
ad hoc corrections.

Within the DPM one can, in principle, choose any reason-
able distribution that approximates the positive charge for
virtual Ps embedded in the near-target environment. How-
ever, it is our experience that the results are fairly sensitive to
the effective size of the distribution. In our initial proof-of-
concept studies [17,18], we selected two very simple uni-
form spherical charge distributions based on the radius of the
positive charge (with respect to the Ps center of mass) of
1.0 bohr, the maximum in the radial distribution, and the
average radius of 1.5 bohr. Both cases provided scattering
results that were in significantly better agreement with mea-
sured values than those obtained with the adiabatic polariza-
tion potential, with the larger radius distribution being better
for molecular targets. To implement the model for poly-
atomic target molecules [19,20], we construct the positron
charge distribution from a 1s STO-3G basis function with the
tighter Slater exponent of ¢=1.24 that is recommended [21]
for a molecular environment. The STO-3G distribution
yields scattering results close to that of the larger uniform
spherical distribution, but is much easier to implement nu-
merically. Once the VPDC};M potential is calculated, it is com-
bined with the static potential to yield the total local interac-
tion potential of Eq. (6).

Subsequent to our development of the DPM to account
for nonadiabatic polarization effects in positron-molecule
scattering, a somewhat similar scheme was proposed by
Bouferguene et al. [23] for low-energy electron-H, collisions
in which the polarization interaction is computed by replac-
ing the impinging electron with a spherical Gaussian distri-
bution of charge —1. Like the DPM for positron scattering,
this has the effect of reducing the overestimation of the adia-
batic potential near the target and can be very efficiently
implemented within a quantum chemistry framework.
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FIG. 2. Computed correlation-polarization potential using the
DPM model, VEL};M, shown along three different directions.

However, for electron scattering, the overestimation of the
adiabatic polarization potential arises from an increase in the
local kinetic energy of the scattering electron when near the
target [22] to a value that invalidates the adiabatic assump-
tion that the rapidly moving target electrons adjust fully to
the presence of a slow projectile electron. Thus, rather than a
single fixed distribution, Bouferguene er al. [23] found it
necessary to use a distribution that varies with the distance of
the scattering electron from the molecular center of mass and
involves a semiempirical parameter. In extending this
method to electron-N, scattering, Feng er al. [24] had to
introduce additional ad hoc dependences on the orientation
of the target nuclei with respect to the projectile and on the
internuclear separation distance.

In contrast, we have been able to obtain good agreement
with various measured positron-molecule scattering results
within the DPM using essentially the same procedure (i.e.,
without needing to adjust for details of the target molecule)
on a variety of systems [17-20] as diverse as H, and SF.
This past success is the chief motivation for including the
DPM in the current study.

To implement the model for polyatomic target molecules
[19,20], we construct the charge distribution from a ls
STO-3G basis function with Slater exponent £=1.24. Once
the VI?CI:)M potential is calculated, it is combined with the
static potential to yield the total local interaction potential of
Eq. (6).

C. The DFT correlation-polarization model

A second model for V., is the VECI;T potential, which has
been applied to positron scattering earlier [25] and is based
on the correlation energy € of a localized positron in an
electron gas. The quantity £°” was originally derived by Ar-

ponen and Pajanne [26,27] from the theory that the incoming
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FIG. 3. Computed dominant adiabatic potentials for positron
scattering from cubane with the A;, (upper panel) and Ty, (lower
panel) IR’s.

positron is assumed to be a charged impurity at each fixed
distance r, in a homogeneous electron gas, which is in turn
treated as a set of interacting bosons which represent the
collective excitations provided by the random-phase approxi-
mation. Based on their work, Boronski and Nieminen [28]
gave the interpolation formulae of £°” over the entire range
of the density parameter r, which satisfies the relationship of
;iwr? p(r)=1. The relationship between the short-range corre-
lation potential, V.., and &P, which is consistent with
the local-density approximation and a variational principle
for a total collision system with the size of the target, is
given by [29]

d
Vori(r,) = d—p{pup)se-p[p(rp)]}, (7)

where p denotes the undistorted electronic density of the
target. This quantity provides the probability for finding any
of the electrons near the impinging positron.

The Vg,l:[r potential, however, does not have the correct
asymptotic form as r,—o, which is important for low-
energy scattering. We note that the asymptotic form of the
interaction is independent of the sign of the impinging

charged particle and, in its simpler spherical form, is given
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FIG. 4. Same as in Fig. 3 but for the E, (upper panel) and 75,
(lower panel) IR’s of the octahedral symmetry of the scattering
potential.

by the well-known second-order perturbation expansion for-
mula (in atomic units),

[}

@
Vpol(rp) -~ E - 27’2”2’ (8)
P

rp—®=1

where r, represents the distance from the center of mass of
the molecule, and ¢; are the multipolar static polarizabilities
of the molecule. In most cases, only the lowest order is kept
in the expansion above, and therefore the target distortion is
viewed as chiefly resulting from the induced dipole contri-
bution with the molecular dipole polarizability as its coeffi-
cient. The drawback of the above expansion, however, is that
it fails to represent correctly the true short-range behavior of
the full interaction and does not contain any contributions
from dynamic correlation. Therefore, in order to correct for
such failures, one needs to model the dynamical correlation
effects that dominate the short-range behavior by a potential
such as VPET eiven in Eq. (7).

We therefore describe the full V., (r,) interaction as given
by two distinct contributions which are connected at a
distance, r;,

VDFT VDFT

vep (Tp) = Voo (1) for r, <1,
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FIG. 5. Computed partial cross sections for all the IR’s that make a significant contribution to the total elastic cross sections.

)

=Vpai(r,) forr,>r.

In the present case, the value for r; is around 4.1 a.u.

The total local interaction potential, VBIST, as defined in
Eq. (6), is then given by the sum of the exact static interac-
tion between the impinging positron and the components of
the molecular target, V,, (for detail forms, see, for example,
[12]), and the Vi,

It is difficult at this stage to decide which of the two
models is likely to be more realistic. The past record of the
DFT modeling on polyatomic targets has been more exten-
sive because it is easier to generate in terms of computational
cost and has provided thus far good accord with available
experiments (e.g., see Refs. [10,11]). On the other hand, the
DPM approach is physically more appealing and is being
tested increasingly more often with available experiments
with reasonable success (e.g., see Refs. [19,20]).

II1. RESULTS

The calculations were carried out largely following the
numerical details already reported in our previous work on
cubane [9]. The molecular structure was taken at its equilib-
rium geometry of the octahedral structure, using 1.078 A for
the eight C—H bonds and 1.557 A for the twelve C—C
bonds. A pictorial view of the 3D structure is shown for
clarity in Fig. 1.

The single-determinant (SD) electronic structure calcula-
tions were carried out, as in Ref. [9], using a cc-pVTZ ex-
pansion, producing a spherical polarizability of 70.321 a.u.>.
The anisotropic contributions to the long-range potential in
Eq. (9) were generated by equally partitioning that value
over the eight carbon centers and then expanding the overall
polarization potential over the center of mass of the above
structure. The Hartree-Fock (HF) orbitals were also ex-
panded up to [,,, =40 multipolar terms and the ensuing static
and correlation contributions to Eq. (6) were expanded up to
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FIG. 6. Computed eigenphase sum and cross
sections below 10 eV for the A, and T, partial
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Amax=80. The range of radial integration depended on the
collision energy considered and went from about 95 a.u. at
the higher collision energy of 20—40 eV to more than
10° a.u. for the lower energies of a few meV.

The chief aim of the present study is to see if the simula-
tion of positron scattering from such a cage structure could
lead to the presence of trapped, metastable positron states
inside the carbon network because of the special interplay of
attractive-repulsive contributions of the full interaction with
this molecule. Our earlier study on the Cg, carbon cage [5]
has indeed suggested that such resonant states exist in the
low-energy region, due to barrier trapping generated by the
Coulomb potential of the carbon nuclei forming the fullerene
structure. It would be of interest to see if the present, smaller,
cage structure could lead to a similar effect. The spatial lo-
cation of the carbon atoms from the center of mass is, in this
case, at about 2.0 a.u. and we shall therefore see that the
overall size of the present “cage” plays a significant role in
the possible trapping of a positron.

In Fig. 2, we report the behavior of our computed VE;M
potential along three distinct directions of approach to the
target molecule. It is interesting to note that, as expected, the
strongest attractive well occurs as the impinging projectile
follows the C—H bond and therefore we see a marked local
correlation distortion of the hydrogen atom around 5 a.u. fol-
lowed by the stronger carbon atom correlation contribution
with its maximum effect just below 3.0 a.u. On the other
hand, the other two directions of approach, where no atomic
centers are encountered by the impinging positron, clearly
show only the long-range attractive features of the large mo-
lecular polarizability of the system that goes to a constant
value near the center of the cage.

A more transparent way of analyzing the spatial features
of the positron-molecule interaction, especially in the case of

highly symmetric systems as in the present instance, is to
employ an adiabatic angular basis set expansion of the form

ZPM(x,) = 2 XD, Crpulry), (10)
hl

where the expansion coefficients Cy ,(r,,) are given by a ma-
trix eigenvalue equation

S VI () Coplr,) = Vi) Coprie(r,). (11)

hl

The adiabatic eigenvalues V) therefore depend on the
positron-molecule distance and provide a set of adiabatic po-
tentials for each irreducible representation (IR) of the mo-
lecular point group. The nonadiabatic coupling terms can be
included when the coupled radial equations are solved (see,
for details, our earlier work [30-32]) leading to the same
results as would be obtained if one solved the usual SCE
equations. The adiabatic potentials can provide a fairly com-
pact description of the dominant features of the positron-
molecule interaction.

Figures 3 and 4 report the dominant multipolar compo-
nents for the adiabatic representations of e*-cubane interac-
tion for four of the dominant IR’s associated with the equi-
librium geometry, which has octahedral symmetry.

The calculations reported in the two figures clearly show
the dominant partial waves, which are active within the
range of energies of our present study, i.e., roughly the re-
gion from threshold up to about 30 eV. The following con-
siderations could be made by inspecting the potential fea-
tures reported there.

(i) Essentially all adiabatic potentials turn out to be domi-
nated by repulsive forces (nuclear static contributions plus
centrifugal terms) as the positron approaches the center of
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FIG. 7. Computed eigenphase sums for the same symmetry contributions to the cross section reported in Fig. 5.

the cage, with only a very weak indication of long-range
attractive features clearly located outside the carbon cage.

(ii) The totally symmetric component A, is the only adia-
batic interaction with an s-wave contribution which gives
rise to a clear barrier at the boundary of the carbon atom
network. This is obviously not a dynamical effect from an-
gular momentum conservation but rather a feature related to
the spatial properties of the full interaction that is a balance
of the attractive V., potential with the strongly repulsive V
interaction of Eq. (6).

We therefore expect that the A;, symmetry component
might be the most likely contribution to the total elastic cross
section which could provide evidence for metastable trap-
ping of low-energy positrons by the carbon cage of cubane.

In Fig. 5, we report all the computed components of
the total elastic (rotationally summed) cross sections using
the VI?;M interaction described in the previous section. It
is interesting to see that the largest cross-section contribu-
tions come, at low energies, from the T},, T, E,, and

and that there are several cross-section
energy range we have examined that
also correspond to a marked rising behavior in their
eigenphase sums, as discussed later. The most notable indi-
cators of resonant behavior can be seen from the strong
peaks, in Fig. 6, of the A, and T, cross sections which
correspond to steady and strong increases (around the same
energies) of their corresponding eigenphase sums. They fur-
ther show, at such energies, poles of the S matrix in the
complex plane, from which resonance properties can be
extracted.

To analyze such components in greater detail, we report in
Fig. 6 the low-energy behavior of the A, and T, contribu-
tions, showing in the left panels the eigenphase sums and in
the right panels the corresponding cross sections. The fol-
lowing considerations could be made.

(1) The partial cross section for the A, contribution is
finite and large at zero energy and falls monotonically down
to the high-energy resonance, while the structure seen at low

A, components
peaks over the
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FIG. 8. Computed resonant wave functions for the two S-matrix
poles of A, (upper) and T, (lower panel) symmetries. Only the
dominant partial-wave components are shown.

energy in its cross section is due to the eigenphase sum going
through a multiple of 7 around 1 eV.

(ii) By analyzing the low-energy behavior of the dominant
[=0 phase shift (eigenphase sum), one obtains the corre-
sponding scattering length of 43.62 bohr. Since it is a posi-
tive quantity, there is no virtual state for positron scattering
at vanishing collision energies.

(iii) The T,, component shows a marked increase of the
eigenphase sum around 1 eV and a corresponding increase
of the cross section. As we shall show later on, it corresponds
to an “above-the-barrier” resonant behavior with negligible
positron localization.

The results of the eigenphase sum calculations for all the
contributing partial symmetries are shown by Fig. 7.

The corresponding scattering wave functions are shown in
Fig. 8, where we report the dominant component of the A,
resonance in the upper panel and the dominant partial wave
for the T, resonance in the lower panel. The results of this
figure are rather interesting in that they clearly show the
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FIG. 9. Three-dimensional view of the A, resonant orbital with
superimposed carbon cage structure of cubane.

presence of an e*-CgHg complex with a strong amplitude
contribution inside the C cage and supported at around
23 eV by the potential barrier seen in Fig. 3. One also sees,
however, that the corresponding widths from our fixed-nuclei
calculation are really very broad. Although one should ex-
pect that the inclusion of nuclear dynamics may markedly
modify the features of this metastable complex, it is difficult
to imagine that such a large amount of excess energy could
be efficiently transferred to the carbon cage without also
opening up molecular breakup channels.

A pictorial, three-dimensional view of the corresponding
resonant orbital is reported in Fig. 9, where the carbon-
hydrogen cage structure is shown with the wave function:
it is clear from the results presented in Figs. 8 and 9 that
the resonant state does correspond to trapping the positron
inside the cage, although both width and energy position
do not cause this resonance to be physically very likely to
occur because of the large amount of positive energy which
needs to be disposed of during the very short lifetime of the
metastable state.

The low-energy resonance observed for the 7', symmetry
(lower panel of Fig. 8) is, on the other hand, much narrower
and corresponds to a longer lifetime for the trapped positron.
The resonant wave function shown in that figure, however,
indicates this state to be dominated by p-wave dynamical
trapping of the scattered positron well outside the carbon
cage. It is therefore seen as a very diffuse shape resonance
with the positron density distributed around the cage struc-
ture and well outside it. As discussed before, since we are
dealing with a resonance state above the barrier, the corre-
sponding scattering wave function is still very diffuse and
will be very difficult to represent as localized within the car-
bon cage structure.

In the upper panels of Fig. 10, we further report the be-
havior of the total cross sections obtained as a sum of the
contributions already shown by Fig. 5 and computed by us-
ing both the DPM and DFT potentials discussed in this work.
The log scale for the cross sections in the upper right-hand
panel helps us to better see the very low-energy behavior of
such cross section and the very marked increase of this value
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FIG. 10. Computed total cross sections (upper panels) obtained using the model interactions of the present work. Solid lines: calculations
via the VDCPM; dashes: calculations via the VEC];T potential. Lower panels: same comparison for cross section (left) and the eigenphase sum

(right) for the totally symmetric contribution, A,.

as the collision energy decreases. We also see that the VDCFT
(given there by the dashed curves labeled DFT), which is the
stronger of the two potentials, provides larger cross sections
but does not change the general energy dependence of the
cross sections. This is also confirmed by the results reported
in the lower two panels, where we compare the cross sec-
tions and the eigenphase sums computed using both potential
models for the A;, IR contribution.

We see in the lower panel, in fact, that the shoulder
around the resonance position is given by both calculations
and so is the Ramsauer-Townsend minimum, although there
are shifts in their location. In a similar fashion, the resonance
feature of the eigenphase sum is moved to lower energies by
the stronger DFT model but it remains present in the A,
symmetry.

A quantitative comparison between two specific cuts of
the positron-cubane interaction is reported by Fig. 11, where
the direction along the C—H bond is shown for both of
them: the VI[J)CIET is clearly much stronger in the short-range
region, an area of interaction which is sampled by the lower
partial waves which dominate the scattering at the lower col-
lision energies: hence the cross-section behavior of Fig. 10.
As mentioned before, it is difficult to decide which of the
two potentials is more likely realistically to provide the cor-
rect interaction, although the DPM is physically more ap-
pealing and may be able in the future also to yield competi-
tive agreement with scattering observables.

IV. GENERAL CONCLUSIONS

In this work, we have analyzed in some detail whether it
would be physically possible to form temporary, metastable
states of positrons trapped inside the carbon cage provided

0.0

V(r) (au)

-1.0

PR S [ T N S N S

0 2 4 6 8 10
r(a.u.)

FIG. 11. Comparison of the computed V,,., model potentials of
the present work. The direction shown is the one along the C—H
bonds from the center of mass of the cage.
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by the octahedral structure of the cubane (CgHg) molecule in
its isolated form. The motivation, besides the fundamental
interest in studying the possible existence of positron-
molecule complex formation in the gas phase, stems also
from the potential interest related to the construction of mo-
lecular devices that can be employed to store positrons for
fairly long times. In particular, carbon atom networks where
the net charge inside the closed structures (“cages”) is usu-
ally zero can be thought of as possible nanocontainers,
whereby final bound states could be attained after complex
stabilization through the extra-energy dissipation within the
nuclear vibrational modes.

The system that we have studied here, however, has been
considered in a preliminary stage where the nuclear motion
is decoupled from the scattered positron, and therefore the
chief aim here was to establish whether our theoretical mod-
els of the forces at play can suggest the presence of such
metastable, trapped-positron states at relatively low energies.

We have considered two different ways in which the
short-range electron-positron correlation-polarization effects,
Viep(T,), could be included within our quantum dynamical
calculations: the DPM and DFT models discussed in Sec. II.
Although both models were once compared in the past by us
[19,20] and have provided very similar results for elastic
integral and differential cross sections for small polyatomics,
we feel that to describe the positron “cloud” as a spatial
entity rather than a pointlike structure is possibly a more
realistic model. In the present study, we have therefore fo-
cused mainly on the results from the DPM calculations and
only compared some of the final observables with those ob-
tained when using the V2FT model potential. It turned out
that both model treatments, although differing in the details,
essentially provide the same physical picture for the process
we are considering, i.e., they both indicate positron trapping
inside the cage not to be very likely to occur.

The search for a trapped state has shown in fact that,
although the positron-molecule interaction is essentially re-
pulsive in the short and intermediate distances, and that

PHYSICAL REVIEW A 72, 032724 (2005)

fairly shallow attractive regions exist only far away from the
carbon cage of the cubane, the totally symmetric component
of that interaction, the A, IR, may be capable of providing a
Coulomb barrier located in the region of the carbon cage and
that the impinging positron can be trapped behind that bar-
rier. It would, however, give rise to a broad metastable state
at a fairly high-energy region around 20 eV. If a more real-
istic dynamical coupling between such a state and the
nuclear vibrations could possibly be included, one would fur-
ther expect that some of the metastable complex structures
could decay into a finally bound state of the positron, al-
though the competition with the cage break-up channels
would also be very strong. In any event, if that stabilization
channel were to survive, it could be providing a sort of nano-
scopic molecular mechanism for such a positron trapping
process to occur.

Another interesting property of the dynamics of positron
scattering off cubane which could be compared with the be-
havior of electrons is the value of its scattering length, A,
which could be obtained from [33]

oo ~ 4mAL. (12)
k—0

The value for positron scattering is found to be positive
and fairly large: 43.62 bohr, to be compared with
~=3.4 bohr for electron scattering [9]. We therefore see that
no virtual state is estimated to exist for positron scattering, as
opposed to the electron scattering feature, and that the
s-wave contribution to the cross section at low kinetic energy
turns out to be fairly large.
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