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Computing positron annihilation in polyatomic gases: An exploratory study
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The rates of positron annihilation in molecular gases are known to depend on the nanoscopic structural
features of the ambient molecules. The aim of the present study is to explore the possible relationships that
exist between some of the most salient molecular structural features and the ensuing positron annihilation rates
at room temperature. Quantum dynamical calculations are applied to a broad variety of polyatomic targets
using a parameter-free model interaction with the impinging positrons. TheZeff values, as well as the integral
elastic cross sections, are computed for such systems over the relevant range of collision energies. The
dynamical treatment is shown to yield realistic values for the cross sections and to produceZeff values whose
agreement with the few existing measured data varies greatly from one system to another.
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I. INTRODUCTION

The annihilation of low-energy positron beams in molec
lar gases, always a process of fundamental interest in ato
and molecular physics@1#, has received considerable atte
tion in the last few years because of the expanded exp
mental capabilities that have improved both the quality of
data and the intensity of the positron beams available for
measurements@2,3#. Thus, stored positrons are providing
broadening of the experiments that have become avail
and the generation of collimated positron beams with nar
energy spreads is suggesting a new class of scattering ex
ments@4#.

The historical definition of the annihilation rate for pos
trons in a given ambient gas is usually given via a dim
sionless parameterZeff

Zeff5
l

pr 0
2cn

, ~1!

wherel is the observed rate of annihilation,r 0 the classical
radius of a single electron,c the speed of light, andn the
number density of atoms or molecules at the conditions
the ambient gas@5#. The above definition comes from th
original formulation given by Dirac for a positron in a fre
electron gas. It represents a modification of it in the se
that the parameterZeff gives the effective number of elec
trons of the target molecule in the gas contributing to
annihilation process@6#. Such an approximation is, howeve
rather crude and is not really holding out even for atom
hydrogen@5#. It is even less realistic for molecular system
from the simpler diatomics whereZeff values are already
found to be larger than the number of bound electrons@7#, to
the bigger polyatomic systems whereZeff values up to five
orders of magnitude larger than the totalZ were observed
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@8,9#. Thus, it becomes very interesting, from a fundamen
point of view as well as for the numerous applications
positron processes in molecular gases, to be able to pro
some general explanation, at the nanoscopic level, for
findings on positron annihilation at room temperature. It
already clear that the uncorrelated dynamical picture imp
by Eq. ~1! is insufficient to explain the experimental obse
vations, especially when the size of the molecules of
ambient gas increases@9#. An earlier phenomenologica
analysis of the data suggested an empirical linear sca
between the natural logarithm ofZeff with the atomic ioniza-
tion potentials minus theEps formation energy of 6.8 eV
@10#, hence conjecturing that a highly correlated electro
positron pair is created and moves in the field of the result
molecular ions. Simple empirical relations between m
suredZeff values and molecular properties have been s
mized and critically analyzed in recent work@9,10,11#. Ad-
ditional studies @12# of polyatomics have put forward
phenomenological modelings that consider two chief mec
nisms.

~i! Direct annihilation of the incoming positron with on
of the molecular electrons, a process dominant for atoms
small molecules and possibly related to the existence of l
lying, virtual states of a weakly bound positron to the m
lecular target.

~ii ! Enhanced annihilation that occurs when the imping
positron undergoes resonant capture within one of the vib
tionally excited, Feshbach-type resonances of the (ta
1e1) complex that are formed during the scattering proce
This latter mechanism was suggested to dominate for la
molecules and for systems with high densities of vibratio
states. On the whole, however, very little work has been d
from first principles to obtainZeff values for large molecules
and employing the full interaction and quantum dynamics
the positron-molecule scattering process. Some earlier ca
lations of ours have examined diatomic molecules@13# ~and
a linear molecule like CO2 @7#! agreeing reasonably we
with the existing experimental data but still finding discre
ancies with some of them. Da Silva, Germane, and Lima@14#
have also analyzed with anab initio method the case o
acetylene but found values that still disagree with the exp

ge,
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ments. In other words, the theoretical and computatio
treatment of positron annihilation processes for large, n
linear polyatomics gases has not been attempted as yet u
nonparametric methods and therefore our knowledge of
most likely molecular mechanism is still not secure
founded on a rigorous, and physically convincing expla
tion.

The aim of the present work is therefore that of providi
anab initio, parameter-free, model for the quantum treatm
of positron annihilation in small polyatomic gases at roo
temperature, with the hope of obtaining some insight on
molecular properties that are likely to control the process
correlate best with either observed or computedZeff values.
Whenever possible, we will also carry out a comparison w
experiments and therefore try to assess the reliability of
method. As we shall see below, no unique answer on
most likely mechanism comes out of our analysis but
dominance of specific molecular properties will be fair
clearly established by our calculations and will support,
most of the molecules examined, the direct mechanism m
tioned before.

In the following Sec. II we will outline our quantum
dynamical treatment while Sec. III reports the compu
quantities and compares them, whenever possible, with
periments. Section IV finally summarizes our present conc
sions.

II. THE QUANTUM DYNAMICS

A. The theoretical model

When discussing the quantum dynamics of positron co
sions with molecular systems at energies below the thres
for P’s formation one wishes to know the following aspe
of the process:~i! the anisotropic charge distributions of th
molecular targets and the corresponding static interaction
their electronuclear structures with the impinging positro
~ii ! the short-range and medium-range description of
electron-positron dynamical correlation, and~iii ! the long-
range behavior of the target response to thee1 perturbation,
i.e., the polarization potential. For simplicity we shall a
sume that the nuclear motion is for the moment decoup
from the positron dynamics during the scattering process
we shall compute the scattering attributes of the proc
within the fixed-nuclei~FN! approximation. This simplifica-
tion will, of course, prevent us from testing in this study t
possible presence of nuclear-excited Feshbach resona
@12#, an alternative that will be considering in our futu
work.

The above three points, however, have to be taken
account to carry out the quantum dynamics. As in our pre
ous work on positron-molecule scattering@16,17#, the actual
evaluation of the static interaction,Vst(rp), is done by ex-
panding the self-consistent-field~SCF! wave function of
each target molecule at its equilibrium geometry~see below
for details! around the molecular center of mass~c.m.! using
symmetry-adapted angular functions that transform with
relevant irreducible representation~IR! of the molecular
point groups to which each molecule belongs. The detail
the actual procedure will be given in the following sectio
03271
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Below the threshold ofPs formation, and above it for the
elastic component of the total integral cross sections, on
the most serious questions concerns the clarification of
role played by long-range polarization forces and by sho
range dynamical correlation effects. The final cross sectio
in fact, turn out to be very sensitive to the detailed handl
of both of the above contributions, especially at energ
below Ps formation @17#.

The direct approach to the inclusion of positron-electr
correlation usually involves an extensive configuratio
interaction expansion of the target electronic wave funct
over a set of excited electronic states and possibly a fur
improvement by adding Hylleraas-type functions that can
scribe the positron within the physical space of the tar
electronic charge distribution@18#. Such expansions, how
ever, are markedly energy dependent and usually conv
too slowly to be a useful tool for general implementation
complex molecular targets, where truncated expansions n
to be very large before they get to be realistic in describ
correlation effects@19#. As a consequence, we have dev
oped over the years more tractable global models that do
depend on empirical parameters but can be easily im
mented via a simplified, local representation of the posit
correlation-polarization interactions,Vpcp(rp) @20,21#.

To begin with, one should note that the asymptotic fo
of the above interaction is independent of the sign of
impinging charged particle and, in its simpler spherical for
is given by the well-known second-order perturbation exp
sion formula~in atomic units!

Vpcp~rp!5(
l 51

`

2
a l

2r p
2l 12 , ~2!

where r p represents now the scalar positron distance fr
the molecular c.m., and thea1 are the multipolar static po
larizabilities of the molecule, which depend obviously on t
nuclear coordinates and on the electronic state of that ta
In most cases only the lowest order is kept in the expans
given in Eq.~2! and therefore the target distortion is viewe
as chiefly resulting from the induced dipole contribution w
the molecular dipole polarizability as its coefficient@22#. In
particular, we will be including only the spherical compone
of the above tensor quantity, i.e., thea0 term. The drawback
of the above expansion, however, is that it fails to correc
represent the true short-range behavior of the interaction
does not contain any effect from both static and dynam
correlation contributions. Therefore, a while ago, in order
correct for such failures, we proposed@15,16,20,21# to use a
local density-functional approximation whereby the dynam
cal correlation that dominates the short-range behavior of
Vpcp(rp) in closed-shell molecular targets can be treated
ing a density-functional theory~DFT! approach within the
range of the target electronic density and can be further c
nected with the asymptotic dipolar form of Eq.~2! in the
long-range region by ensuring the physically correct conti
ous behavior of theVpcp potential over its whole range o
action.

We therefore describe the fullVpcp(rp) interaction as
given by two distinct contributions that are connected a
5-2
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distancer p
c generated by the continuity constraints and n

therefore, as a dispensable parameter.@21#

Vpcp~rp!5$Vcorr
DFT~rp!, r p<r p

c Vpol~rp!, r p.r p
c
. ~3!

As discussed earlier@16#, the short-range correlation con
tributions in Eq.~3! can be included either by considering th
correlation effects on a homogeneous electron gas with
reference to the positron projectile, as presented in Ref.@23#,
or by explicitly considering the positron as an impuri
within a homogeneous electron gas@24#. We have derived
both forms of Vpcp and discussed their merits for sever
molecular targets in our earlier work: only the latter mod
will be employed here. The form based on the dens
functional theory for an isolated positron as an impurity
the electronic cloud will therefore provide here the chos
Vcorr

DFT(rp) interaction@25#. It was first derived following the
density-functional expression of Boronski and Niemin
@24# and we have further modified its behavior beyond
matching region (r p.4.0a0) to smoothly extend it, asr p
→`, via Eq. ~3!.

The total interaction potential is then given as the sum
the static and correlation-polarization potentials, the la
being given by Eq.~3! while the former is calculated exactl
from the target electronic density@16#,

Vtot~rp!5Vst~rp!1Vpcp~rp!. ~4!

The corresponding close-coupling~CC! scattering equa-
tions, in the single-center-expansion~SCE! formulation, are
therefore given by the following expression:

H 1

2

d2

drp
22

l ~ l 11!

2r p
2 1EcollJ uhl

pm~r p!

5(
h8 l 8

Vhl,h8 l 8
pm

~r p!uh8 l 8
pm

~r p!, ~5!

where Ecoll is the collision energy and the positron
continuum radial functionsuh8 l 8

pm (r p) are the required un
known quantities originating from the symmetry-adapt
SCF form of the wave function of the scattered particle:

Fpm~rp!5(
hl

r p
21uhl

pm~r p!Xhl
pm~ r̂ p!. ~6!

Here pm labels the relevant IR, withp describing the IR of
the scattered positron andm being one of its component. Th
Xhl

pm( r̂ p) are the generalized harmonics. The indexh further
labels a specific angular basis function for each partial w
contribution l in the pth IR under consideration. The cou
pling matrix element on the right-hand side~rhs! of Eq. ~5! is
then given by

Vhl,h8 l 8
pm

~r p!5^Xhl
pmuVtot~rp!uXh8 l 8

pm &. ~7!

The details of the angular products have been descr
before@26# and will therefore not be repeated here. Suffice
to say that, when using the static1correlation1polarizatic
~SCP! interaction within the SCE formulation and the C
03271
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dynamical formalism of Eq.~5! the corresponding coupled
differential equations~CDE! are solved to yield rotationally
summed, integral elastic cross sections for each contribu
IR. The total cross section is therefore simply given as

s tot~Ecoll!5(
p,m

sp,m
el ~Ecoll!. ~8!

The individualK-matrix elements, for eachpm, will then
provide the total elastic~rotationally summed! cross sections
that include all contributing IR at the considered collisio
energy.

One should mention at this point that the above treatm
does not include any contribution from the Ps formatio
Considering that the first ionization potentials are oft
around 10 eV and that the binding energy of Ps is 6.8
then one sees that the threshold for Ps formation in m
systems is really only of a few eV, in most cases well bel
10 eV. Despite many experimental attempts, however, v
few accurate measurements of absolute cross sections fo
process have become available to date for molecular targ
The general findings from the more recent experiments
thatPs formation in molecular systems usually peaks arou
27–30 eV while its percentage value just above thresh
varies significantly with the type of molecule@27#. Hence,
considering that the measuredZeff refer to a very low range
of collision energies, we qualitatively expect that this exc
sion in our model should not be very significant.

In the following analysis we will see how realistically th
present modeling of the interaction, and its use within
quantum formulation of the scattering, can obtain total el
tic cross sections for a broad range of polyatomic molecu
of medium size below the threshold of Ps formation, or rig
above it. The comparison with the existing experiments w
in fact, reveal that the presentab initio modeling of the elas-
tic scattering is able to yield dynamical observables in f
accord with the measured data. This is not an idle point si
the calculation ofZeff , which is one of the main objects o
the present study, is closely related to the evaluation of
scatteringK matrix, as we shall show below, and therefore
the cross sections given by Eq.~8!. If one considers, in fact,
one of the mechanisms put forward to explain the anomal
Zeff values in polyatomic molecules, i.e., the direct bina
collision mechanism@12# ~one of the main objects of the
present study! one sees that it is closely related to the eva
ation of theK matrix. It is the scope of the present study ju
to see how well the description of annihilation within a F
treatment of molecular motion can performab initio Zeff es-
timates for the broad range of medium-size molecules
cussed below.

B. The Zeff calculation

As mentioned in the Introduction, theZeff parameter is a
measure, at a given relative energy or for a given tempe
ture of the ambient gas, of the effective number of electro
that take part in the annihilation process when the molec
target interacts with an impinging positron. According to e
lier models@5,6#, when the relative energy increases and
5-3
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Born approximation is expected to hold, the positron wa
function is approximated by a plane wave impinging on
single-particle, free-electron wave function at a time. Hen
Zeff tends toZ, the number of bound electrons which are
treated as ‘‘free’’ electrons@6#. The actual physical situation
of the interacting electrons bound in a molecular enviro
ment is however different from this simple picture and the
fore Zeff should be more properly defined as

Zeff~kuR!5(
i 51

Z E dr1 ,¯drZ

3d~r i2r p!uC0~r1¯rZ ,rpuR!2drp, ~9!

where the nuclear coordinateR is temporarily considered a
a fixed parameter in the FN approach,r i labels each elec
tronic coordinate of the molecule andZ is the number of
bound electrons in the target.C0 is the total wave function
of the full system ~Z electrons,M nuclei, one positron!
which, at the simplest level of description, could be writt
as

C0~r1¯rZ ,rpuR!5x0~r1¯rZuR!w~rpuR!, ~10!

where we are considering for the moment only the norm
ized electronic ground state of the target moleculex0 andw
is the single-positron continuum function. One can furth
write

Zeff~kuR!5E drpr~rpuR!uw~rpuR!u2, ~11!

where

r~rpuR!5ZE ux0~r1 ,r2¯rZuR;rp!u2dr1 ,dr2¯drZ

~12!

is the target electron density evaluated at the same poin
space where the positron is considered to be locatedrp and
provides the probability distribution for finding any of th
electrons and the positron at the annihilation position. H
the target wave function is written down as a sing
determinant~SD!, expanded over the occupied one-partic
molecular orbitals~MOs!, and normalized so thatux0u2 inte-
grated over all space is equal to unity.

It is important to remark at this point that the simplifie
expansion~10! merely indicates that, within the present trea
ment, the electronic target wave function does not unde
any excitation into different final electronic states after t
positron leaves the system. In other words, it simply tells
that the annihilation process we are considering in our mo
will not cause permanent electronic excitations of the tar
after its occurrence. However, since this is too simple
physical picture, we have shifted into the computation of
continuum positron scattering states the effects of the ta
response to it, as discussed below.

The continuum functionw(rpuR), which is part of it@see
Eq. ~10!#, in fact, refers here to the scattered positron un
the full action of the force field created by the molecu
03271
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electrons and by their response to the impinging projectile
given in the preceding section. Hence, the scattering eve
described by our model as realistically as possible and
deed includes the target distortion during the collision p
cess to the extent that it is realistically provided by theVpcp
model potential discussed above Eq.~4!. Furthermore, the
multiple cusp features expected from the electron-posit
correlated motion are here replaced by the DFT model s
gested in@24#, whereby the positron impurity is made t
correlate with an homogeneous electron gas that has the
sity of our electronic target molecule.

Following the expansion~6!, that FN form of the con-
tinuum positron can be used to describe a specificupm& state
of the scattered positron, the ensuing radial solution
therefore the following asymptotic form

uhl,h8 l 8
pm ;

r p→`
Ahl$sin~krp2 1

2 lp!dhl,h8 l 81Khl,h8 l 8

3cos~krp2 1
2 lp!%, ~13!

where the boundary conditions give us theAhl normalization
term @13#.

A more general radial solution of the scattering problem
further given by

uh8 l 8~r puR!5(
hl

ahluh8 l 8,hl
pm

~r puR!, ~14!

since the coupled differential equations eventually yield a
of independent solutions labeled byh8l 8. The coefficients
ahl are now chosen from the asymptotic form of thew(rpuR)
of Eq. ~11!

w~rpuR!r p→`eik•rp1 f ~ k̂• r̂ p!
eik•rp

r p
. ~15!

The replacement ofw(rpuR) into Eq. ~10! via its
asymptotic form of Eq.~15!, and the further integration ove
dk̂ of the result, yields the following expression:

Zeff~kuR!5(
pm

Zeff
pm~kuR!, ~16!

where, for a target in itsA1 electronic state,

Zeff
pm~kuR!5Z

4p

k2 (
h̄9 l̄ 9,h9 l 9

(
h̄8 l̄ 8,h8 l 8

(
h̄ l̄

~11K2!
h̄9 l̄ 9,h9 l 9

21
ghl

pm

3~h8l 8,h̄8 l̄ 8!shl
pm~h8l 8,h9l 9,h̄8 l̄ 8,h̄9 l̄ 9! ~17!

here K is the scatteringK matrix of which theh8l 8,h9l 9
element is indicated, theg’s are the angular coefficients re
lated to the potential terms of Eq.~7! ~see Ref.@13#! and the
s’s are defined~always for theA1 symmetry! as follows:

shl
pm~h8l 8,h9l-,h̄8 l̄ 8,h̄9 l̄ 9!

5E
0

`

bhl
G ~r puR!uh8 l 8,h9 l 9

pm
~r puR!u

h̄8 l̄ 8,h̄9 l̄ 9

pm
~r puR!drp ~18!
5-4
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and theb’s come from an additional multipolar expansion
the target electronic density of Eq.~12!, taken to belong to
the A1 symmetry

rA1
~rpuR!5(

hl
bhl

A1~r puR!Xhl
Al~ r̂ puR!. ~19!

Since the quantities that are experimentally measured
ally come from averaging over the positron-velocity dist
bution v the final evaluation ofZeff(k) from Eq. ~9! now
needs to be further convoluted over a Boltzmann-type dis
bution function, f (vuT) to obtain a temperatureT depen-
dence of the annihilation parameter

Zeff~TuR!5E
0

`

Zeff~kuR! f ~vuT!dv, ~20!

from which one gets

Zeff~TuR!5
4A3/2

Ap
E

0

`

Zeff~kuR!k2 exp~2Ak2!dk, ~21!

where, in atomic units:

A5
1

2kBT
, ~22!

with kB the Boltzmann constant.
Finally, since we have also seen that in the high ene

limit the annihilation process should approach the Dirac
timate of the actual number of target electrons@6#, we can
further introduce an asymptotically normalized annihilati
rate

Zeff
N 5

Zeff~T!

Z
, ~23!

which allow us to quickly assess the departure of the m
lecular gas behavior to positron annihilation from its simp
asymptotic limit of the independent electron picture for
bound molecular electrons.

In the following analysis we shall try to see more in det
that: ~i! the present modeling of the positron-molecule int
action appears to yield realistic estimates of the elastic i
gral cross sections for positron scattering from ambient m
lecular gases with polyatomic components at energy be
the Ps formation threshold;~ii ! the ensuing calculations fo
Zeff values as a function of the ambient temperature reve
fairly clear correlation with the molecular properties of t
gases examined, although it is not entirely clear as yet wh
would be the chief nanoscopic cause of the large values;~iii !
the use of the FN approximation, albeit simpler from t
computational standpoint, decouples the positron dynam
from the molecular rovibrational states and therefore
cludes for the moment the possibility of consideri
resonant-annihilation mechanisms@12#; and ~iv! the study
therefore focuses on the direct-annihilation mechanism
examines its validity for a broad range of small, nonline
polyatomic gases.
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III. COMPUTED AND MEASURED OBSERVABLES

As mentioned in the preceeding section, the present
culations have followed as much as possible a fullyab initio
approach, in the sense that we have always solved the
quantum-coupled equations for the dynamics, genera
K-matrix elements to attain both the elastic cross sections
a variety of small polyatomic targets and to construct,
such elements, the annihilation process in the form of
dimensionlessZeff parameter as a function of temperatur
On the other hand, the collision dynamics was treated wit
the fixed-nuclei scheme and therefore no dynamical coup
with molecular rotovibrational degrees of freedom has be
included. Furthermore, the positron-molecule interaction
not include thePs formation channels and thee1-e2 dy-
namical correlation was treated through a model, local in
action within a DFT scheme@13,20,21#.

The dipole polarizabilities employed~as well as the mo-
lecular geometries! were always those known experime
tally.

A. The computed cross sections

A first comparison could be obtained by computing t
low-energy elastic cross sections and the correspondingZeff
as a function of collision energy. We have therefore cal
lated both quantities using the same code and implemen
the SCE of the bound and continuum particles~electrons and
scattered positron, respectively! at the same level of numeri
cal convergence. Thus, all the target wave functions w
treated as near-Hartree-Fock SD’s expanded over multice
Gaussian orbitals~GTO’s! at the molecular equilibrium ge
ometries. The basis sets employed were those given by
GAUSSIAN 98 package@28#. The bound MO’s were expande
up to lmax values ranging from 10 to 50, ensuring conve
gence of the statistic potential terms within about 2–5
Likewise, the potential multipoles were expanded up to tw
the relevantlmax value and the scattering wave function
the positron was expanded up tolmax values that yielded
K-matrix elements converged within 5%. All the details f
the target properties and the scattering calculations are g
in Table I.

The results shown in Fig. 1 report the computed cro
sections of three molecular gases for which experimental
tal cross sections were also available: those for CH4 from
Ref. @29#, those for NH3 from Ref. @30#, and those for H2O
are from@31#. The comparison between our computed~solid
lines! and experimental data~filled in circles! clearly show
that the calculations of the scattering observables yield
ues that are all reasonably close to the experimental d
with the exception of H2O, where the calculations increas
with decreasing collision energy much more rapidly than
experimental data. The role of permanent dipole momen
water, however, was not properly corrected in our body-fix
treatments, as is well known to be needed for polar targ
@32#. This effect is particularly important at low collision
energies and for systems with larger dipole moments, a
the case for water. On the other hand, the present treatm
for nonpolar targets could be seen to be fairly realistic wh
compared with experiments. In Fig. 2, we show, in fact, t
computed and measured elastic integral cross sections
5-5
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TABLE I. Some properties of the set of molecules examined in this work and details of the scat
calculations~all values in a.u.!. @GTO, Gaussian orbital basis set.ESCF, equilibrium energy from SCF calcu
lations. SCE,lmax of the MO’s single-center expansions. MCOP, multipolar coefficients of the static po
tial (2lmax). PPWE,lmax for the positron partial wave expansions.m, molecular permanent dipole momen
~Debye!.#

Molecule GTO ESCF SCE MCOP PPWE m

H2O cc-pVTZ 276.061 12 24 12 1.8473
H2S D95** 2398.646 12 24 12 0.978
O3 D95(3d f ,p) 2224.329 36 72 12 0.534
SO2 D95** 2547.203 36 72 12 1.633
NH3 D95** 256.209 42 84 12 1.47
PH3 6-31111G 2342.478 24 48 10 0.574
AsH3 6-31111G** 22235.877 10 20 10 0.16
CH4 D95 240.185 12 24 12
SiH4 D95** 2291.230 20 40 20
GeH4 6-311G 22077.607 20 40 20
CF4 D95* 2435.765 45 90 12
SiF4 D95* 2687.053 45 90 12
CCl4 D95* 21875.720 45 90 12
SF6 6-311G(2d,2p) 2994.220 42 84 12
rg
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CF4 ~from Ref. @33#! and for SF6 ~from Ref. @34#!. In both
cases we see that the multielectron nature of the two ta
gases yield larger cross sections than in the case of CH4, the
effect being even more marked for SF6 where our results
suggest very large values, larger than those found for C4.
Further tetrahedral target molecules are shown in Fig
where we report the elastic cross sections for GeH4, CCl4,
and SiF4. The target with the largest number of electron
CCl4, shows indeed the largest elastic cross sections.
latter appear to be much larger than those shown by the4
molecule, a possible reason for which may be related to
more diffuse electronic density of the external chlorine ato
03271
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,
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with respect to the more compact fluorine atoms. The dist
behavior of fluorinated compounds will be further discuss
below when we shall analyze the values found for theirZeff

coefficients.
Further computed cross sections are shown in Fig. 4

systems where, unfortunately, no experimental data could
found for comparison. The cross sections are now seen t
very large indeed for all the molecular targets reported
both panels. One further notices the enhancing effects
duced by the permanent dipole moments: the SO2 molecule
yields the largest cross sections, while both PH3 and AsH3
~where only H atoms are located away from the expans
d

FIG. 1. Computed~elastic! and measured~total! cross sections for positron scattering from methane~left panel!, from ammonia~middle

panel!, and from water~right panel!. The experimental data are, from left to right: Refs.@29,30,31#. The inset shows the energy an
temperature behavior of the annihilation rates,Zeff . The experiments, from left to right, are from Refs.@2,8,9#. Their values have been
multiplied by 0.5.
5-6



COMPUTING POSITRON ANNIHILATION IN . . . PHYSICAL REVIEW A64 032715
FIG. 2. Same quantities as in Fig. 1# but for
carbon tetrafluoride~left panel! and for sulfur
hexafluoride~right panel!. The experimental total
cross sections are from Refs.@33# and@34#, while
the experimentalZeff values are from Refs.@2,
8,9. They have been mulitplied by 2.0.
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centers! show smaller cross sections, as is also the case
the O3 molecule that has a fairly small value~0.53 D! for its
permanent dipole moment.

B. The computed annihilation parameters

The corresponding values of the annihilation parame
Zeff are also shown for all the molecules reported in Fi
1–4, where their temperature dependence is given
where, whenever possible, the existing experimental va
are also shown for comparison. The actual numerical va
at 300 K are reported in Table II for all the molecules exa
ined in the present work.

The following comments could be made from a perusa
the results.

~i! The temperature dependence of all the computedZeff
values shows a decrease asT increases.

~ii ! From some molecular gases we also report theZeff
dependence on collision energy. We see for all system
dramatic drop of the values over the very-low range of
ergy ~<1.0 eV!. This effect suggests that the slower positr
projectiles can more efficiently undergo multiple scatter
within the spatial region of the target electron densiti
thereby making the annihilation process more efficient,
least for the systems where it appears that the dir
annihilation mechanism discussed before@12# is the domi-
nant one.

~iii ! For all the molecular gases studied here theZeff are
found to be larger than the corresponding totalZ value of
each individual molecule~see Table II!. This result suggests
therefore, that the FN modeling, which we have used,
which implies the direct-annihilation mechanism to be t
only possible one, indicates already an efficient annihilat
behavior of the most of molecules examined, in agreem
with the experiments.

~iv! The comparison with the available experiments
shown in Fig. 1 for H2O, NH3 and CH4. The measured val
ues have been halved in order to make them fit on the s
scale of those computed. The experimental error bars are
reported@2,4,8,9#. It is interesting to note that the NH3 mol-
ecule shows the largest measuredZeff at 300 K and our cal-
culations confirm this finding. Hence, in spite of the calc
lated values being smaller than those measured for all t
03271
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molecules, we find that our model yields data that have
same order of magnitude of the experiments and give
same relative ordering along the series of molecules.

~v! We further see that the two fluorinated gases repor
in Fig. 2 yield fairly smallZeff values, only slightly larger
than their corresponding totalZ: the SiF4 molecule of Fig. 3
shows aZeff /Z ratio of only 1.86. Such findings are in keep
ing with the experiments available for other fluorinated co
pounds@8,9#. We see, in fact, in Fig. 2 that the measur
values for CF4 and SF6 need now to be multiplied by 2 or 3
in order to be on the same scale of the calculations. In o
words, experiments tell of a marked quenching of the an
hilation efficiency when the molecular target contains flu
rine atoms@9,12#: our present calculations also follow th
same behavior as we see from the data in Figs. 2 and 3

~vi! The Zeff calculations for the CCl4 gas, on the other
hand, indicate that our results are about nine times sma
than the experiments. This finding suggests that for the C4

FIG. 3. Same as in Figs. 1 and 2 but for three different mole
lar gases: CCl4 ~solid lines!, GeH4 ~short dashes!, and SiF4 ~long
dashes!. The experimental value ofZeff is from Ref.@9#.
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FIG. 4. Same as in Fig. 1 but for a differen
set of molecules. Only calculated results. Le
panel: SO2 ~solid lines!, O3 ~short dashes!, H2S
~long dashes!. Right panel: PH3 ~solid line! and
AsH3 ~long dashes!.
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molecule, with the highest density of vibrational states
unit of energy, our model presumably describes incorre
the mechanism for its annihilation rate when the FN appro
mation is employed. In other words, the marked enhan
ment of theZeff value of this gas suggests that the dire
annihilation mechanism should be replaced here by so
other, more efficient, resonant-coupling dynamical mec
nism that is not included within our modeling. Hence t
marked underestimation of the experimental rates by
computation.

~vii ! With the exception of the fluorinated molecules, t
results for the multielectron gases shown in this work~see
Table II! indicate nearly always enhancement ofZeff with
respect to their corresponding totalZ values although the
ratio ranges from about 167 for PH3 to only 4 for GeH4. In
other words, all cases suggest that the efficiency of the di
mechanism can vary markedly with the microscopic str
tural properties of the relevant molecule in the gases. Be
we therefore shall try to analyze in detail such correlat
by trying to link the computed parameters to specific m
lecular features.
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IV. CORRELATING Zeff TO MOLECULAR PROPERTIES

As mentioned in previous sections, the molecules a
lyzed in the present work do not exhibit the orders-o
magnitude increase ofZeff that have been experimentally de
tected in, say, the larger hydrocarbons@5,8,9#. Thus, the FN
calculations suggest~with one exception! that the direct-
annihilation mechanism is the most likely to act in the m
lecular gases that we have examined here. What we foun
that analysis is also a marked dependence of theZeff values
on the characteristics of the molecular gas, i.e., the variat
of Zeff along the series of molecules do not follow a simp
pattern, although clearly showing to be very much molec
dependent.

In Fig. 5 we have collected the molecules that belong
the tetrahedral symmetry point groupTd and have shown in
the four panels of the figure how the computedZeff values
behave as a function of:~a! total Z, ~b! the spherical dipole
polarizabilities of the targeta0 , ~c! the energy threshold fo
Ps formationEPS, and~d! the equilibrium distancesReq be-
tween the central atom and the outer atoms in each molec
k. See
e

TABLE II. Computed and measured annihilation rates for the set of molecules examined in this wor
text for meaning of symbols.@dZeff5(Zeff

th 2Z)/Z andDZeff5(Zeff
exp2Zeff

th )/Zeff
exp. The percentage error for th

quotedZeff
exp values@8,9# is 620%.#

Mol Z Zeff
th Zeff

th /Z Zeff
expt/Z Zeff

exp6DZeff
exp a0 ~a.u.! EPs

~eV! Req ~Å! dZeff DZeff

H2O 10 167.22 16.72 31.9 319663.8 9.78 5.81 1.81 15.72 0.48
H2S 18 285.17 15.84 25.51 3.65 1.42 14.84
O3 24 193.14 8.04 21.66 5.63 1.28 7.05
SO2 32 378.93 11.84 26.32 5.52 1.42 10.84
NH3 10 564.82 56.48 130 13006260 15.25 3.36 1.001 55.48 0.57
PH3 18 3020.1 167.78 32.66 3.07 1.407 166.78
AsH3 36 269.66 7.49 25.95 3.78 1.497 6.49
CH4 10 64.7 6.47 14 140628 17.56 5.71 1.083 5.47 0.55
SiH4 18 102.42 5.69 30.40 4.85 1.480 4.69
GeH4 36 120.78 3.35 34.40 4.53 1.530 2.35
CF4 42 98.5 2.34 1.29 54.4610.8 19.60 9.40 1.319 1.35 20.81
SiF4 50 75.41 1.51 19.40 8.90 1.560 0.87
CCl4 74 1140.6 15.41 128.78 953961906 70.50 4.67 1.766 14.41 0.88
SF6 70 319.93 4.49 1.38 97619 44.13 8.53 1.560 3.57 22.29
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COMPUTING POSITRON ANNIHILATION IN . . . PHYSICAL REVIEW A64 032715
FIG. 5. Behavior of the computedZeff values in tetrahedral mol
ecules as a function of different molecular properties. The d
shown in each panels are correlated with the experimental value
each property.

FIG. 6. Same correlation diagrams as in Fig. 5 but for molecu
of C2v symmetry.
03271
The following findings are worth mentioning.
~1! All molecules appear to have annihilation paramet

larger than theirZ values. They also show the lowestZeff /Z
ratios for the fluorinated gases and the largest ratio for
CCl4 molecule~upper left panel!.

~2! Both the polarizability values and the size of theReq’s
~directly related to the electronic density spatial extensi!
clearly indicate CCl4 the candidate gas for the largest ann
hilation parameter values, as indeed found experiment
@4,9#.

~3! The Ps energy thresholds suggest that the fluorina
compounds should have the least efficient annihilation kin
ics, as found by the measurements, while the behavior of
CCl4 target gas indicates that its kinetics is probably co
trolled by a different molecular mechanism from the one
have employed in this study.

That the molecular symmetries could be a possible co
lation parameter is also shown by the results presente
Figs. 6 and 7, where we have gathered the sameZeff depen-
dence seen in Fig. 5 but this time for the polar targets ofC2v
symmetry~Fig. 6! and ofC3v symmetry~Fig. 7!.

We see there that the less symmetrical situations ind
blur the overall picture and make it more difficult to identi
simple patterns. For instance, theZeff /Z ratios become,
broadly speaking, larger than those for theTd molecules: a
factor of about 2 for theC2v set and of about one order o
magnitude for theC3v group, with the exception of the
AsH3 case.

One further gathers from the last two figures that the
pole polarizability plays an important role and clearly corr
lates, as in theTd group, with the computedZeff . The role of
energy thresholds and of molecular electron density ‘‘v

ta
of

s

FIG. 7. Same correlation diagrams as in Fig. 5 but for molecu
of C3v symmetry.
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umes’’ is, however, not as clear as before.
Since theC2v andC3v symmetries refer to polar gases,

is of some use to try to correlate the computed annihilat
efficiency with their permanent dipole moments, as shown
Fig. 8. Both panels indicate only a qualitative correlati
betweenZeff and m but not any straightforward increase
annihilation rates as the molecular dipole increases. A
matter of fact, the experimentalZeff for ammonia turns out to
be about four times that of water, while the magnitudes
their permanent dipole moments are very similar~see Tables
I and II!.

A further attempt at correlating the computed parame
with some molecular property common to all the molecu
symmetries we have studied here is given in Fig. 9, wh
the compounds examined are grouped by symmetry to s
the dependence of theirZeff values on their correspondin
spherical dipole polarizabilities. The correlation is now mu

FIG. 8. Correlation between computed annihilation rates~at 300
K! and molecular dipole moments. Top panel:C2v molecules.
Lower panel:C3v molecules.

FIG. 9. Correlation diagram between computedZeff values~at
300 K! and experimental molecular dipole polarizabilities~spheri-
cal terms!. The molecules are grouped together by their point-gro
symmetries, as shown in previous figures.
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clearer and we see that, within each group of molecule,
largestZeff values go with the target that has the largest
pole polarizability. It is interesting to also note that the CC4
molecule shows one of the largest values for both quanti
but still a marked discrepancy with experiments~see Fig. 3!.
Thus, its largea0 value at equilibrium geometry could als
point at possible large effects coming from low-energy vib
tional couplings dynamics, as we shall briefly discuss bel

A possible alternative mechanism suggested to occur
the cases whereZeff reaches much larger values than tho
discussed here is that of its enhancement through vi
tionally excited core resonances induced by some more
cient positron trapping@9,12#.

A simple numerical model for the above effect is report
in Fig. 10, where we show in the upper panel the change
Zeff at room temperature, for the methane molecule, when
dipole polarizability is arbitrarily varied from its experimen
tal value, also marked in the figure. One sees there that
tained variations ofa0 ~by about 20%! can causeZeff varia-
tions of the same order of magnitude, i.e., not particula
dramatic. On the other hand, the lower panel in the sa
figure shows that, when the molecular ‘‘size’’ is varied b
changing theRC-H distance~with its experimental value also
marked in the figure! of about the same amount, the corr
spondingZeff calculated at the differentTd geometries~only
the breathing mode was considered, for simplicity! varies by
nearly one order of magnitude. This startling result indica
that, at least for nonlinear polyatom gases, the inclusion
nuclear motion effects could drastically modify theZeff val-
ues and could help to explain the different behavior of
CCl4 gas. With the same token, and considering the fair

p

FIG. 10. ComputedZeff dependence on two molecular properti
for the case of the CH4 molecular gas. Upper panel: changes
annihilation rates as a function of the dipole polarizability valu
Lower panel: changes of the computedZeff as a function of the
RC-H distances in the tetrahedral structure.
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cord with experiments afforded by the FN calculations
methane~see Fig. 1!, we can also suggest that resonan
effects play a minor role in this case and that the dir
mechanism is likely to be the dominant one for this gas a
for nearly all the molecules examined here.

V. CONCLUSIONS AND OUTLOOK

In the present work we have analyzed, using quant
dynamics with parameter-free interaction potentials, the lo
energy elastic scattering of positrons from polyatomic ga
and their corresponding annihilation rates at room temp
ture. The set of molecules examined involves only nonlin
polyatomics of small and medium size, from 10-electron s
cies~e.g., H2O,CH4,NH3, etc.! up to carbon tetrachloride an
sulfur hexafluoride.

The aim of this work was to test the validity of a quantu
treatment in which the internal degrees of freedom associ
with the nuclei~e.g., rotations and vibrations! and the per-
manent excitation of electronic states are essentially
cluded from the dynamics. Furthermore, the correlation c
tributions from electron-positron interactions were includ
via a global DFT formulation at the local-density approxim
tion level @24#, a procedure already found by us to be qua
tatively acceptable for calculating other scattering obse
ables@35#.

The evaluation of the elastic cross sections, in compari
with the available experiments, suggests that the present
cedure is able to provide a fairly realistic representation
the scatteringK-matrix elements, a key factor for the eval
ation of theZeff rates in the molecular gases.

On the strength of this general agreement with availa
experiments, the ensuing evaluation of the annihilation ra
allowed us to reach the following, albeit preliminary, conc
sions.

~i! The calculated rates, in the cases where compar
with experiment was possible, turned out to be in qualitat
agreement with existing data, with the exception of the C4
gas.

~ii ! The absence of including closed, Feschbach-type,
brational channels in the scattering equations sugg
that for most of the above gases the annihilation occ
via a direct process essentially driven by the targets’ lin
response to the perturbing projectile via its dipole polar
ability.
an

et

B

03271
r
e
t
d

m
-
s

a-
r
-

ed

x-
-

-
-
-

n
ro-
f

le
s

on
e
l

i-
ts

rs
r
-

~iii ! The reduced rates for fluorinated compounds, a f
ture found both by experiments and by our calculations
explained qualitatively by the greater electronegativity of t
F atom that therefore reduces in size the electronic den
and increases the electron localization near such nuclei. A
consequence of it, positron-annihilation samples a redu
spatial region with non-negligible electron population.

~iv! The strong enhancement of theZeff values for the
CCl4 gas in comparison with the experiments suggests t
at least for this system, the FN dynamics does not real
cally describe the dynamical positron coupling with the m
lecular nuclei during the annihilation process. Hence,
present calculations indirectly suggest for this system an
nihilation mechanism that might involve nuclear-excit
close-channel resonances@12#. This conjecture is also sug
gested by the computed effect of nuclear geometry chan
on enhancingZeff values, as seen from the test calculatio
on methane reported in Fig. 10.

On the whole, therefore, the still preliminary results fro
this study underline the crucial importance of including d
tailed analysis of the molecular properties when setting u
theoretical modeling for positron-annihilation rates in po
atomic gases. One should also note that a great deal of w
still needs to be done on the fullab initio treatment of dy-
namical correlation effects for positron scattering and on
important issue of the binding properties of these molecu
gases with low-energy positrons. Neither of the above f
tures has been included here, where our aim has bee
achieve a more heuristic description of the forces at play
order to provide, to our knowledge for the first time, a no
empirical account of the dynamics relevant to positro
annihilation processes in polyatomic molecules. The inf
mation gathered from the present findings is hopefully go
to be important for guiding further developments inab initio
treatment of positron dynamics in polyatomic gases.
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