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We present a theoretical study of low-energy positrehtC scattering using the Schwinger
multichannel method. We calculated integral cross sections and the annihilation parZmefer
positron impact energies from 0.001 to 6 eV. We have used up to 23112 configurations in abfully
initio calculation. Our results are in excellent agreement with available experimental data. As seen
experimentally, at low energies, our calculatég and cross sections are very large. We attribute this
behavior to virtual positronium formation. [S0031-9007(96)00794-6]

PACS numbers: 36.10.Dr, 34.50.Gb

Techniques of stabilization of positron clouds for stud-the total energy minus the full Hamiltonian of the system,
ies of annihilation rates of positrons in molecular environ-N is the total number of electrons in the targét,is a
ments have been successfully developed in these last fegvojector onto the energetically open electronic states of
years [1]. In these experiments [2] it is found that for the target and onto the closed states, ai@” is the
some molecular systems the positron annihilation paramgreen’s function projected on thig space. TheZ.
eterZes is much larger than the expected classical valueparameter is related to the probability of an electron and a

(proportional toZ, the number of electrons in the mole- positron to be found in the same position [7], i.e.,
cule). Surprisingly, for some molecules the ratg;/Z

N
gets close tol0*3 at thermal energies [2]. Up to date, 7 (k) = G e 18G;, — 7
no complete theoretical explanation has been given to this otr (ki) J;< i wTp) 180 = 1)
phenomena. Motivated by these experiments and by the % |\Ir](;+)(;’l’___’;’N,;’p)>. (3)

fact that positron beams are becoming very dense and
stable (allowing crossed beam experiments which may© obtain this parameter for,&; we used the SMC
furnish differential and integral cross sections [3,4]), we(N + 1)-particle scattering wave function [6],

have developed and implemented a Schwinger multichan-

nel (SMC) method for positrons [5] and computer codes I‘I’;:)> = > ) A N xal VIS (@)
to evaluateZ.s from the SMC wave function [6]. Our ' m.n
method was successfully applied to He ang Bystems In low-energy positron-molecule (or -atom) scattering

with Z.ss/Z equal to 2 and 7, respectively. In this Letter polarization effects and positronium formation play very
we present the first application of the method to a polyimportant roles. We classify the positron-molecule
atomic molecule, €H4, which experimental rat&.s/Z  interactions in three different levels. (1) Static: due

was found to be equal to 75 [2]. to proton-positron and electron-positron Coulombic
In the SMC method the expression for the scatteringootentials, assuming that the target is frozen during the
amplitude [5] is given by collision process (all electrons are kept in their molecular

. . 1 orbitals). (2) Long range polarization potential: the
Lf(ky, ki)] = ~ 3 Z<S];/.|V|Xm>(A(+)_1)mn</\/n|V|S];i>’ positron creates a temporary dipole on the target by
T mn (1) attracting the electronic molecular cloud towards itself
(this is the well-known, always attractive,/r* poten-
) Ap B +) tial). (3) Short range polarization potential: the positron
AT =QHQ + PVP = VG,V (2)  reaches the inner region of the electronic charge, loses its
In these equations; is a product of a target state and energy by causing virtual or real electronic excitation of
a plane wavey is the interaction potential between the the molecule (it may also participate in the formation of a
positron and the molecular targgt, is a(N + 1)-particle  temporary composite systesi + molecule). Electronic
wave function used as a variational trial functidii,is  excitations by positron impact can be done to bound and

where
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to continuum states of the molecule and may be relatedTABLE I. Frozen orbital ionization potential (IP) energies.
to two types of positronium formation: real and virtual.
When the incoming positron has sufficient energy, it mayort?-e
: ital la, by, 2a, 2by, 1by, 3a, 1bs, 1b3,
extract one electron and take it away from the target;
forming a positronium in the asymptotic region. This is!P (eV) 306.00 305.97 28.33 21.58 17.66 15.97 13.77 10.26
the so-called real positronium formation. If the incoming
positron is too slow, there is not enough energy to take
the electron away from the molecular target, and in this
case the positronium is virtual. good agreement with the experimental value 3.7 eV. That

The description of the positron-molecule collision means, for energies below 3.46 eV, the real positronium
process in the SMC method is done in the followingformation is forbidden, for energies between 3.46 and
way: (1) The static approximation is obtained by defining6.97 eV only electrons taken from thi;, orbital can
P = |®g)(Dy|, where |Py) is the ground state of the give rise to real positronium formation, from 6.97 to
target, O is made equal to zero, and the set of trial9.17 eV only electrons from thébs, and 153, orbitals
functions{ y,,} is obtained by simple products ¢f,) contribute to this phenomenon, and so on. Since real
and one-particle scattering functions. (2) Short and longositronium formation is not described in the SMC
range polarization effects [5] are included by definingmethod, our results are expected to be reliable below
0 = D¢ |®e)(D¢| where|d,) are excited states of the 3.46 eV and whenever the real positronium formation
target (only those which are energetically forbidden) ancthannel is less important than the virtual one.
the set of trial functiong x,,} is expanded from the static ~ Figure 1 shows our calculated elastic integral cross sec-
situation by including all simple products dfb;) and tions in the static-plus-polarization approximation along
one-particle scattering functions. In the present versionvith the experimental results of Ref. [10]. This figure also
of the SMC method, real positronium formation (dueshows the cross sections obtained exclusively fromithe
to electronic excitations of the continuum states of thesymmetry. This symmetry is responsible for a Ramsauer-
target) is not taken into account. On the other hand, alTownsend minimum at around 2 eV. At the static level
electronic excitations to bound states of the target can bef approximation for a molecule as,B4, a repulsive po-
included in the calculation either in the space (if the tential is expected for all energies (inside the electronic
states are energetically open) or in t@espace (if they charge, the positron experiences the potential of a net
are energetically closed). Virtual positronium formation
(defined here as a positronium bounded to a molecular
ion) is thus fully accounted in the method. Below real 10000 : . :
positronium formation thresholds, the main restriction of
the method is due to the natural limitation in size of the
trial basis sef y..}.

In our procedures the target wave function is obtained
by a Hartree-Fock calculation using a set of Cartesian
Gaussian functionf9s5p /4s2p) for the C atoms [8] in-
cremented by (0.03) andp (0.02) functions. For the H
atoms we have used %/3s set [9] with an additional
p (0.2) function. All virtual orbitals obtained in the self-
consistent-field (SCF) calculation plus a set of additional
s (0.05) andp (0.085) functions placed on the center of
mass of the molecule and another set at the corners of
a square of sid@.6a, (perpendicular to C-C bound) are
used in the construction of the configuration space. We
have chosen the size of the square and the exponents of
the functions on its corners & 0.108 and p = 0.016)
through an analysis of the bound state spectra of the com-
posite systemd" + C,H,). In the SCF calculation we
used the equilibrium geometry of the ground st&ed =
1.339 A, Rcy = 1.086 A, H-C-H = 117.6°). 0.001 o ol : "

Table | shows all the ionization potential energies of Impact Energy (eV)

C;Hj in a frozen core approximation. Considering that_, . | Integral cross sections fer-C,H, scattering. Solid
the ground state of a free positronium is 6.803 eV, €afne: our results including 23112 configurations; dashed line:

positronium formation can happen in our model onlyouyr results including 3294 configurations of the symmetry;
for positron impact energies above 3.46 eV. This is insquares: experimental data of Ref. [10].
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positive charge). At the asymptotic region the long rangeagreement of our cross sections with the experimental
potential of GH, is due almost exclusively to polarization data is a good indication that ouN (+ 1)-particle wave
effects, and therefore it is attractive. The polarization pofunction is reasonably well described and can be used in
tential strongly depends on the impact energy. Thereforéhe calculation of the annihilation parameg&g;.
when these effects are taken into account the overall po- Figure 2 presents our annihilation paramefgf as a
tential may become on average attractive for low-energyunction of the impact energy of the incoming positron.
scattering and repulsive as energy is increased. Althoughhe only available experimental result [2] was obtained
not shown in this Letter, we have confirmed this situationat room temperature (0.0257 eV). To compare our re-
by analyzing the sign of the scatterlng e|genphases In facsults_with this experimental value we have averaged the
here, the Ramsauer-Townsend minimum is attributed to Zeff(k ) of Eq. (3) over all directions of The solid line
change in sign of the eigenphase (partial wave transitiom Fig. 2 represents our calculation including all symme-
{€ =0,m = 0} — {¢/ = 0,m' = 0}) and can be seen as a tries. The dashed line is a calculation with only 3294 con-
change of the overall potential from attractive to repulsivefigurations of symmetryt,. TheA, symmetry dominates
at around 2 eV. Usually, the Ramsauer-Townsend minicompletely the low-energy region as one could expect. In
mum is attributed to a potential that became so strong ibrder to annihilate, the positron needs to get close to the
pulls the eigenphase towards= 7 causing a zero con- molecule, and to do so it needs to overcome all angular
tribution to the cross section (which depends orf&jn  momentum barriers. Thé, symmetry is the only sym-
In the present case, the phase shift caused by the attractiveetry that allows the positron to get close to the electronic
potential region is counterbalanced by the shift caused bgharge independently of how small is the impact energy.
the repulsive potential region (the positron sees on averagkhis is because, in a partial wave decomposition,Ahe
a potential equal to zero). symmetry has contributions from tie= 0 wave (which
Our overall integral cross sections agree very well withprovides no angular momentum barrier). The domination
the experimental data of Ref. [10]. We only obtain such eof the A, symmetry over all the others at low energies is
good agreement when we include all symmetries (23 112lso seen in the cross sections, as shown in Fig. 1. Our
configurations) in our calculation. The other symmetriegesults are in excellent agreement with the experimental
contribute strongly to the cross sections in this energyoint at room temperature and suggest that the annihila-
region, smoothing out the minimum structure shown intion parameter depends strongly on the temperature of the
the A, symmetry (3294 configurations). The excellentpositron gas.
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FIG. 2. Annihilation parameteZ.; in e"-C,H, scattering.
Solid line: our results including 23 112 configurations; dashed-IG. 3. Annihilation parametef.; in e*-C,H, scattering at
line: our results including 3294 configurations of the, different levels of approximations (see text); circle: experimen-
symmetry; circle: experimental result of Ref. [2]. tal result of Ref. [2].
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10000 . . . 3a, hole orbitals. This first set of calculations indicated
all 5 holes that the large increase in ti#&y; is probably due to ab;,
el ',;g:flt':""“d 10y, electron captured by the positron, forming a positronium
«--<only hole 1b,, in the molecular ion field. To confirm this assumption we
A -4 only hole 3a, carried out a second set of calculations considering only
%—% only hole 1b,, . . .
»—> only hole 2b,, one hole orbital at a time. These results are shown in
. — - static Fig. 4. Again a simple perturbation theory would almost
~ 1000 © Experiment 1 . .
~ predict the correct order of importance of each hole. The
5 surprising result is that excitations out of thes, orbital,
:,E‘_f when forming theQ space by themselves, account only
& for 10% of theZ.¢s at low energies. Excitations out of the
g b e . other orbitals are very important and can be interpreted as
;if a deformation of the molecular ion to better accommodate
E 1 | S . 1 the virtual positronium in the ion field. The molecule acts
as a trap of positrons.
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