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Elastic collisions and rotational excitation in positron scattering from CO2 molecules

F. A. Gianturco* and P. Paioletti
Department of Chemistry, The University of Rome, Citta` Universitaria, 00185 Rome, Italy

~Received 25 June 1996!

Full quantum calculations are carried out for the elastic~rotationally summed! integral and differential cross
sections in low-energy collisions of positrons with rigid rotor CO2 molecules. The interaction includes an
expansion of the exact Coulomb potential on a single-center~SCE! and a parameter-free correlation-
polarization (VCP) potential given in local form via density-functional theory~DFT! with gradient corrections.
State-to-state rotationally inelastic cross sections~integral and differential! are also presented and their behav-
ior is discussed in relation to what is known from similar experiments with electrons as projectiles. The
agreement found between computed and measured elastic integral cross sections is rather good and confirms
the realistic quality of a DFT treatment for short-range dynamical correlation effects.
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PACS number~s!: 34.90.1q, 34.10.1x
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I. INTRODUCTION

The low-energy scattering processes involving positr
as projectiles and simple molecular targets in the gas ph
have gained a great deal of importance in the last ten yea
so because of the various areas of chemistry and phy
where they are considered to be relevant@1,2#. The variety of
processes for which such projectiles are studied parallel
for electron collisions with molecular targets, where elas
scattering excitations of molecular degrees of freedom, re
tions that alter the final nature of the molecular targets h
been observed in increasingly greater detail@3#. In addition,
the possibility of positronium~Ps! formation into various
excited states presents both experiments and theoretical
eling with a further challenge and a new set of interest
final channels@4#.

Even when one limits the analysis to energies below
Ps formation and only studies elastic and inelastic~subreac-
tive! processes, the use of positrons as projectiles is ab
produce final cross sections that are markedly different fr
those observed and computed for electrons as projectiles
over a similar range of collision energies. Thus, it becom
important to be able to complement the increasing qua
and variety of experimental data with a similar analysis fro
theoretical models and computational results.

Within a theoretical context, in fact, positrons repres
on one hand simpler projectiles to handle from the point
view of their interactions with atomic and molecular sy
tems, since the lack of the antisymmetry requirement for
total, fixed-nuclei~FN! wave functions eliminates the pre
ence of nonlocal exchange interaction with the bound e
trons. On the other hand, they also pose a different type
challenge when describing as best as possible the correl
and polarization effects coming from the response of the
get electronic density to the perturbation from the imping
positrons. In this case, in fact, the repulsive nature of

*Author to whom correspondence should be addressed. F
139-6-49913305. Electronic address: FAGIANT@CASPUR.IT
551050-2947/97/55~5!/3491~13!/$10.00
s
se
or
ics

at
c
c-
e

od-
g

e

to

nd
s
y

t
f

e

c-
of
ion
r-

e

nuclear Coulomb forces tends to keep the low-energy p
trons, in a classical sense, outside the short-range regio
the molecular target and therefore, in the interaction, the
namical correlation effects from the intermediate-range
gion are more important than the more conventional st
correlation contributions as given by the well-known co
figuration interaction~CI! expansions@5#. This also means
that the capability of the positrons to transfer their energy
internal nuclear degrees of freedom, e.g., to molecular r
tions and vibrations, is going to be rather different from th
of the electrons for similar molecules and for similar en
gies.

In the present study we therefore decided to carry
such an analysis for the CO2 molecular target and to apply
computational scheme that we have already tested succ
fully for atomic targets@6,7# and for simpler molecular tar
gets@8#. In particular, we analyze below the effect of vario
ways to model the short-range correlation forces and
long-range polarization forces on the final, elastic integ
cross sections below the Ps formation threshold. We a
analyze the elastic differential cross sections and both
integral and differential cross sections~DCS! for rotationally
inelastic collisions. In the next section we briefly remind t
reader of our theoretical model while in Sec. III we see t
specific forms of the local correlation-polarization potentia
employed for the CO2 molecule. Section IV reports the elas
tic integral cross sections while Sec. V describes the rotat
ally inelastic processes. Our general conclusions are sum
rized in Sec. VI.

II. THE THEORETICAL MODEL

When discussing the quantum dynamics of positron co
sions with molecular systems at energies below the thres
for positronium~Ps! formation one needs to know the fo
lowing aspects of the whole process:~i! the anisotropic
charge distribution of the molecular target and the cor
sponding static interaction of it with thee1 projectile;~ii ! the
short-range and long-range correlation forces between
bound electrons of the target and the impinging positron;~iii !
:
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the actual couplings between the motion of the projec
within the interaction region and the nuclear degrees of fr
dom of the molecular target~rotations and vibrations!. Each
of the above ingredients obviously plays an important role
defining the size and behavior of the final total cross s
tions, integral and differential, and it is therefore important
realize that different levels of approximation for each
them have to be carefully compared and assessed. We
start by assuming the usual fixed-nuclei approximat
~FNA!, whereby the vibrational motion and the rotation
degrees of freedom are factored out during the dynamics@8#
and it is assumed that the corresponding cross sections
be obtained by considering the molecular geometry as b
fixed in space and nonvibrating during the scattering time
more detailed study on the vibrational-rotational motion a
on its effect on total cross sections will be discussed e
where@9# but will be considered for the moment outside t
scope of the present paper.

The first two points mentioned above, on the other ha
still need to be taken into account and we have carried
the actual evaluation of the static interactionVst(r p), by ex-
panding the self-consistent-field~SCF! wave function of the
molecule at its equilibrium geometryReq around the molecu-
lar center of mass~CM!

Vst~r p ,g;Req!5 (
l50

lmax

Vl
st~r p ; Req!Pl~cosg!, ~1!

whereg5arccosR̂eq• r̂ p within the body-fixed~BF! frame of
reference with the molecular axis being chosen as theẑ axis.
In the present case the above expansion only involves e
values ofl and the electronic wave function was expand
beforehand around the same CM, using a number of term
least equal tolmax, as we shall describe more extensively
the next section, while an even larger number of terms w
used for the nuclear part of the static interaction. Below
threshold of Ps formation, the most serious of the questi
about the above point~ii ! concerns the clarification of th
role played by long-range polarization forces and by sh
range correlation effects: the models employed to treat p
itron scattering, in fact, turn out to yield final cross sectio
that are sensitive to the detailed handling of both the ab
contributions, especially at collision energies below a few
@10,11#.

The more direct numerical approach is to employ an
tensive CI expansion of the target electronic wave funct
over a suitable set of excited electronic configurations an
implement it via Hylleraas-type functions that can descr
the positron wave function within the molecular charge d
tribution @12#. On the other hand, such expansions are of
very energy dependent and converge usually too slowly to
a useful tool for general implementation to complex mole
lar targets, where truncated expansions could be too sma
be realistic@13#. As a consequence, there has been consi
able interest in recent years in developing alternative tr
ments, which generate global modelings of correlatio
polarization ~CP! forces that do not depend on empiric
parameters but can be implemented more easily via s
simplified local representation of theVCP(r p) interactions
@14–16#.
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The asymptotic expression for such a field is independ
of the sign of the impinging charge and, for the simp
spherical component, is given by the well-known secon
order perturbation expansion formula

VCP
l50~r p! ;

r p→`
Vpol

~2!~r p!5 (
l 51

` a l q
2

2r p
2l 12 , ~2!

wherer p represents the positron coordinate,q its charge, and
the a l are the multipolar~here geometry-dependent! static
polarizabilities of the target@17#. In most scattering treat
ments@18# only the lowest-order term is usually kept in th
expansion~2!, thereby viewing the distortion of the targe
electrons as chiefly resulting from the induced dipole t
leads to the familiarr p

24 asymptotic form ofVpol
(2) with the

molecular dipole polarizabilityaD as its only coefficient in
the sum on the right-hand side of Eq.~2!.

The main drawback of this equation, however, is tha
fails to correctly represent the true short-range behavio
the full interaction and does not contain any effect from bo
static and dynamical correlation contributions@19#. In order
to correct for such failures we have proposed a while a
@20,21# the use of a local density functional approximatio
whereby the dynamic correlation effects that dominate
short-range behavior of theVCP(r p) for closed-shell molecu-
lar targets can be treated via a gradient-corrected den
functional formula@22#, which globally depends on the an
isotropic charge density of this bound molecular electr
Such an approach, for the details of which we refer to o
earlier papers@20,21#, has turned out to work rather well fo
low-energy electron-molecule scattering processes@23,24#
and has also provided good results for positron scatte
from H2 and N2 molecules@8,9#.

It is important to point out that the density-function
theory ~DFT! formulation of the short-range correlation e
fects within theVCP(r p) is employed within the range of th
target electronic density and produces an analytic expres
in local form that is energy independent in terms of the sc
tering process. However, because of the special choice o
correlation factorf c in the expression of the correlation en
ergy @6#, Ec is given by

Ec~N!52
1

2E PHF
~2!~r ,R! f c~r ,R!

dr dR

2
, ~3!

one introduces implicitly nonadiabatic effects in the corre
tion energy@25#. HerePHF

(2) is the second-order Hartree-Foc
density matrix without spin,R5 1

2(r11r2), r5(r12r2), and
r1 ,r2 refer to the coordinates of the correlated bound el
trons. The factorf c(R,r ) deals with the dynamic correlatio
and assumes that, to begin with, the bound electron syste
well described by a single determinant~SD!, Hartree-Fock
wave function. Furthermore, the DFT formulation for th
above factor is equally applicable to electrons and positr
as perturbing projectiles since it deals solely with correlat
effects caused by theN bound electrons at a given point i
space

VCP
DFT~r p!5

]

]rN~r p!
Ec„rN~r p!… ~4!
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55 3493ELASTIC COLLISIONS AND ROTATIONAL . . .
within the short-range~SR! interaction region.
Such a choice, on the other hand, implies that it is pl

sible to define a local functional form for the correlatio
potential without introducing the distinctions between t
nonadiabatic effects that electrons and positrons have as
jectiles on the target wave functions@26#. It will be shown
below that in the present full formulation of theVCP(r p)
interaction the long-range~LR! region is obtained rather sim
ply by directly finding a specific radial value,r c , outside of
which the interaction is given by theVpol expression of Eq.
~2! for each of the contributing multipolar terms of Eq.~1!.
In other words, the present modeling ofVCP(r p) over the
whole range of action is obtained by the DFT formulation
Eq. ~4! in the nonadiabatic SR region and by the lowe
perturbative contributions to Eq.~2! in the LR region. Since
this is done for each multipolar coefficient, differentr c

l

crossing radii are found depending on the functional fo
used for thef c factor of Eq.~3! @8#. Since such choices tur
out to be different for electrons and positrons@6#, one may
argue that the present model has a built-in way to correct
the necessary differences betweene1 ande2 as projectiles
when describing SR correlation effects.

To give more specific examples of such differences
therefore discuss in the following section the possi
choices for the positron interaction with the CO2 molecule.

III. THE INTERACTION POTENTIAL

In the DFT formulation of the short-range correlatio
forces@21#, the f c factor in Eq.~4! requires the choice of an
exponent,b(re), which is related to the excluded volume
the bound electron,Vel . The latter quantity describes tha
spatial region where the electron-electron~positron! correla-
tion functions are appreciably different from zero and is
lated, in the DFT treatment, to the total electron density
the target systemr:

Vel54pE
0

`

exp~2b2r 2!r 2dr5
p3/2

b3 5kr21. ~5!

Here k represents the average number of electrons wi
Vel @27#. One could therefore further write that

b~rel!5
p1/2

k21/3r1/35qr1/3. ~6!

The factor q can now be obtained from the exact tw
electron correlation energy in the He atom@28,22#. This
choice will be described in our work as the Lee-Yang-P
@22# ~LYP! form of the VCP(r p) interaction. On the othe
hand, it was also suggested that it may be more realisti
select the correlation energy of the excited states of the s
atomic system@29# and therefore a different value of th
factor q could be obtained. Since we have also tried suc
choice in the present calculations, we shall call it t
Carravetta-Clementi@29# ~CC! form of theVCP(r p) interac-
tion.
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A simpler approach to the evaluation of the short-ran
correlation effects, on the other hand, can also come fr
treating the impinging positron in the SR region as be
immersed in a free-electron gas from theN bound electrons
that can in turn provide a direct analytic form of th
VCP(r p) interaction@15,23#. We shall call the latter option
the FEG correlation-polarization potential. In the case
positron projectiles, it was further pointed out that the FE
formulation should be modified to account for the attract
static effects that the latter projectile experiences within
volume of the bound electrons@30,31# and therefore the FEG
form can be further corrected into the positron correlat
potential~PCOP! expression for the presentVCP(r p) interac-
tion. As we shall see below, a comparison of the relat
shapes of such correlation-polarization potentials can ind
help us to see more clearly the most effective modeling
such forces for low-energy positron scattering off more co
plicated molecular targets. The resulting cross sections,
their comparison with the existing experiments, are in fac
rather sensitive test on the quality of such models.

The bound electron density for the ground state was
tained for a fixed nuclear geometry ofReq52.19440a0 and
obtained from an SCF calculation over an extended
of Slater-type orbitals @32#. The total energy of
2187.70366 eV was rather close to the Hartree-Fock~HF!
limit. The further single-center expansion of the occupi
molecular orbitals was carried out as described before@8#
and the maximum value retained in the single-center exp
sion ~SCE! evaluation waslmax516. The highest multipolar
coefficient of Eq.~1! that was kept in the calculations wa
thereforelmax516.

The long-range static contribution forl52 yielded a
value of the molecular quadrupole of23.63ea0

2, which com-
pares well with the experimental value of23.908ea0

2. The
values of the dipole polarizabilities that we employed in t
potential of Eq.~2! were those given in Ref.@33#: 17.9a0

3 for
a0 and 9.19a0

3 for a2. These are the same values employ
in a model calculation carried out earlier on positron-C2
scattering@34#. To make the comparison visually less diffi
cult, we report in Fig. 1 only the lowest two coefficients
the expansion for theVCP(r p) interaction, i.e., thel50 and
l52 coefficients of Eq.~1!. In the upper part of the figure
we show the spherical term, while the quadrupolar term
shown in the lower part of the same figure. The followin
comments could be readily made by examining the vari
forms of VCP(r p) potentials:~i! the r c values of the inner-
most crossings between short-range correlation poten
and long-range polarization potentials are all very simi
and are located around 4a0, in keeping with earlier values
for polyatomic systems@35# interacting with electrons;~ii !
the LYP and CC potentials from the gradient-corrected D
formulation go rapidly to a ‘‘damped’’ finite value at th
origin and are rather close to each other both in size
behavior and for both thel50 and thel52 contributions;
~iii ! the correlation-polarization models, which employ t
simpler free-electron gas approach, the FEG and PCOP
tentials, are both going to a finite value, asr P→0, much
more slowly than the former potentials. The PCOP is se
here to be by far the strongest correlation potential mode
the inner region;~iv! the DFT modeling used here treats th
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FIG. 1. Computed correlation-polarization po
tentials for the present system. Upper part,V0

component of Eq.~1!; lower part,V2 component
of Eq. ~1!. The labels of the DFT forms are dis
cussed in the main text.
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dynamic correlation effects from positrons in the same w
as that for electrons, while the differences are introduced
different choices for ther c values produced by long-rang
polarization@6#, as we shall discuss below.

It is, in fact, important to note that the two forms of DF
correlation models differ in another aspect when combin
with the long-range polarization potential. This is shown
Fig. 2, where both coefficients of Fig. 1 are reported on
enlarged energy scale. We see that thel50 components of
the LYP and the CC forms show a similar inner cross
with the polarization potential around 4a0, but they also
show secondary outer crossings that are, however, very
ferent: the outer LYP value is around 5a0, i.e., not much
different from the inner one, while the outer CC value h
moved to about 8a0. The expanded exclusion volume of th
CC form appears therefore to affect the strength of the
namic correlation by making it larger, asr p increases, than
that from the LYP form. The same features are found for
l52 coefficients of the lower part in Fig. 2.

These differences of behavior can be seen, combined
y
y

d

n

if-

s

y-

e

ith

the stronger static interaction of the positron with the nuc
and the bound electrons, in the plots reported in Fig. 3. T
lower part of the figure shows that the different choices
the correlation factor within the DFT formulation of th
short-range correlation forces lead to fairly small differenc
betweenVCP(r p) potentials. By selecting the inner cuto
into the polarization region the two models, in fact, sho
very similar forms for the lowest two multipolar coefficien
of expansion~1!, with the larger differences appearing in th
anisotropic term. Thus, we expect that they will in turn affe
little the behavior and values of the final cross sections.

The upper part of the same figure shows, for the LY
model, the effect of selecting the outer crossing of the D
correlation potential into the polarization region of Eq.~2!.
For this specific form ofVCP(r p) we now find that the two
crossing points are rather close to each other and make
difference in the strength of the spherical term. The ani
tropic interaction, on the other hand, becomes stronger in
‘‘well’’ region as expected from the behavior of Fig. 2. I
other words, we see that the selection of either of the cro
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FIG. 2. Spherical and nonspherical comp
nents of the computedVCP(r p), as discussed in
the main text, for two different choices of th
correlation factors: LYP from Ref.@22# and CC
from Ref. @29#.
g
iz
or
h
d
ec

os
i

th

in
io
tra
n

ar
-
r
-

-

ing radii ~determined by the interplay between short-ran
DFT correlation and values of the molecular dipole polar
abilities! makes a difference in the angular strength of c
relation and its effects on the final cross sections, as we s
see in the next section, can help us to better understan
role for positron projectiles as opposed to its effects for el
tron scattering processes, where the innerr c values were
always chosen@23,24#.

IV. INTEGRAL AND DIFFERENTIAL CROSS SECTIONS

For nonpolar molecules the scattering of low-energy p
itrons from molecular targets can be treated within the fam
iar fixed-nuclei approximation even more safely than in
case of electron projectiles@36,37#. In this instance, in fact,
to consider the rigid molecule as being fixed in space dur
the scattering process may be more valid at low collis
energies than for electron projectiles since the latter pene
more deeply into the molecular target charge distributio
and therefore experience longer interaction times.
e
-
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-
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s

The FNA Hamiltonian is now invariant under the line
molecule rotations@18# and therefore the continuum solu
tions for each molecular geometryR can be expanded ove
eigenfunctions of theL2 andLz angular momentum opera
tors, at the chosen collision energyE, and the corresponding
radial coefficients can be obtained@18# from the familiar set
of coupled equations

H d2

drp
2 1

l ~ l 11!

2r p
2 2~E2E0!J m

l ,l 0

E` ~r p!

1(
l 8

Vl l 8
`

~r puR!m
l ,l 0

E` ~r p!50, ~7!

where` is the allowed eigenfunction ofLz along the mo-
lecular bond axis for eachl value,E0 is the reference en
ergy equal tok0

2/2, andE the actual collision energy. The
corresponding coupling potential can be written as
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FIG. 3. Complete shape of the full interactio
(Vst1VCP) computed with the DFT model. Up
per part,V0 andV2 components using the LYP
form and two different crossing radii; lower par
comparison between LYP and CC forms.
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Vl l 8
`

~r puR!5(
l

Vl~r p ;R!

3E Yl 8`
* ~ r̂ p!Yl0~ r̂ p!Yl `~ r̂ p!dr̂p , ~8!

where the coefficients outside the angular averaging
those discussed before and given by the expansion~1!. From
the usual boundary conditions imposed on them l ,l 0

E` (r p) ra-

dial solutions@18# one recovers the BFT matrix, which is in
turn related to the realR matrix by the usual expression

T=5@1=1R= #@12 iR= #21. ~9!

The solutions of the radial equation~7! are therefore
searched for by solving the corresponding integral equat
over the range of action of the potential, i.e., by integrat
re

ns
g

out to 140a0 at the lowest energies and by numerically s
bilizing the integral by testing several step choices@38#. In
particular, we have employed Newton-Coates quadrature
mulas in the region where all interaction is far from i
asymptotic value while further on asymptotic forms we
used for the lowest-l coefficients~0 and 2!. The higher val-
ues were given by fitting the static interaction to the us
multipolar forms

Vl
st~r p!5

Cl

r p
l11 . ~10!

Convergence of the final cross sections were tested by v
ing lmax, lmax, andr p

max values. The set of values that gav
the best converged results werelmax520, lmax516, and
r p
max5140a0. The included` contributions involved the

Sg , Su , Pg , Pu , Dg , andDu components. No higher val
ues of` contributed simplificantly to the cross sections.
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FIG. 4. Comparison between measured a
computed elastic integral cross sections. The
periments are from Ref.@43# (1), Ref. @41#
(h), and Ref.@42# (L). The present calculations
use the DFT forms from LYP and CC discusse
in the main text.
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The usual adiabatic nuclei-rotation~ANR! approach sug-
gested long ago@39,40# evaluates the transition amplitud
between initial and final rotational states of a linear rig
rotor molecule,G i[( j i ,mi) and G f[( j f ,mf), from the
quadrature

f G iG f
~V8uE!5^G f u f ~V8,EuR,b!uG i&. ~11!

The solid angleV8 defines here the direction of scattering
a space-fixed~SF! frame of reference andb labels the three
Euler angles,b[(a,b,g), which specify the molecular ori
entationR̂ with respect to the space-fixed frame. Thus,
g
BF
on
i
in
-

e

scattering amplitudef within the quadrature of Eq.~11! re-
fers also to a space-fixed reference frame but has been
tained from scattering parameters evaluated in the BF fra
of reference@40#. The corresponding DCS can therefore
written as

ds

dV
~ j i→ j f !5

kj i , j f
22

4~2 j i11!(L AL
~ j i , j f !~E!PL~cosq!,

~12!

where
AL
~ j i , j f !~E!5~2 !L~2L11!~2 j i11!~2 j f11! (

l i l f

l i8l f8

~2 !l2l8i l i2l f2l i82l f8@~2l i11!~2l f11!~2l i811!~2l f811!#1/2

3S l i l i8 L

0 0 0
D S l f l f8 L

0 0 0
DTl i l fl T

l
i8l f8
* l (

n
~2 !n~2n11!S j i j f n

0 0 0D
2S l i l f n

l 2l 0D
3S l i8 l f8 n

l8 2l8 0
D H l i l i8 L

l f8 l f nJ . ~13!
-
ere
dif-
he
la-
ac-
at
The 3-j , 6-j , and 9-j coefficients have the usual meanin
@18# and theT-matrix elements are those evaluated in the
frame of reference by solving the set of coupled equati
~7!. Another quantity of interest related to the above DCS
the momentum-transfer cross section given by the follow
expression~in the FNA approximation!

sm~E!5E ds

dV
~12cosq!dV. ~14!
s
s
g

The computed elastic integral cross sections~rotationally
summed! are then obtained directly from the BFT-matrix
calculations@18# of Eq. ~9! and are shown in Fig. 4 in com
parison with various experimental data. What is shown th
is the result of the present calculations carried out using
ferent forms of the correlation part for the modeling of t
VCP(r p) interaction in the scattering problem. Thus, CC
bels the DFT calculations using one type of correlation f
torin Eq. ~6! @29#, while LYP uses the same factor as th
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3498 55F. A. GIANTURCO AND P. PAIOLETTI
employed in Ref.@22#. At the same time, the curves labele
‘‘inner’’ refer to the smaller values ofr c that connect the
correlation potential with the LR dipole polarization intera
tion, while those labeled ‘‘outer’’ use the largerr c values for
this connection. We see that the differences between the
and CC models of correlation factors play a rather small r
compared with the selection of a differentr c value: the latter
choice invariably produces larger correlation effects, es
cially at the lower collision energies.

Thus, considering the rather large spread of the availa
experimental points@41–43# one can conclude that th
present calculations reproduce at best the measured v
when using the LYP correlation potential and its inner rad
connection values with the long-range dipole polarizat
forces. Interestingly enough, this was also the result fo
for electron scattering from similar targets@4#, where only
the weaker correlation-polarization potential was deeme
be more realistic.

A further comparison with experiments of the comput
elastic~rotationally summed! integral cross sections is show
in Fig. 5, where we also report the results obtained using
DFT model in its simpler version of a free-electron-gas e
pression for the correlation-polarization potential: the FE
calculations use the analytic form applicable to electro
@15# while the PCOP calculations include the local correct
for a positron as a perturbing projectile@30,31#. Finally the
earlier calculations of Ref.@34# are also reported and labele
‘‘Darewych’’ in the figure. They correspond to FNA calcu
lations in the BF frame of reference using a parametric cu
of the polarization potential, adjusted to give agreem
withmeasurements at 5 eV. We see the following from
shown comparison.~i! As expected the LYP, FEG, an
PCOP behave similarly at low collision energies, where
polarization part of theVCP potential dominates but differ a
the collision energy increases because the short-range pa
the correlation becomes more important during collisio
~ii ! The LYP and FEG formulations produce very simil
results over the whole range of energies in spite of th
different shapes at short distances seen in Fig. 1. Obvio
such differences are made less important by the domin
static interaction, while the fact that both potentials show
P
e

e-

le
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l
n
d

to

e
-

s

ff
t
e

e
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.

ir
ly
nt
a

similar value ofr c is causing the behavior of the scatterin
cross sections to remain essentially the same.~iii ! The PCOP
potential within the free-electron-gas model produces
smallest cross sections, in agreement only with the exp
ments of Ref.@42# but markedly smaller than those from
Refs.@41# and@43#. This is at variance with the earlier resul
for atomic systems@6#, where the integral cross sections th
were obtained from the PCOP model potentials were m
larger than the other cross sections at all energies below
formation. It is worth noting, however, that all the DFT ca
culations shown here are to our knowledge the first atte
to compute cross sections frome1 scattering from CO2 since
the earlier empirical model of Ref.@34# was employed. The
present results clearly indicate, as already seen for H2 and
N2, that this modeling of theVCP interaction without any
adjustment to experiments produces a rather good des
tion of the short-range correlation forces with a very limit
computational cost. It therefore becomes useful to ext
their use to the evaluation of the ANR differential cross s
tions following Eq.~12! and over the same range of collisio
energies examined by the FNA integral cross sections.

The results reported in Fig. 6 show, in the upper part
the figure, the behavior of the rotationally summed angu
distributions as a function of collision energy, going from
up to 7 eV across the range examined by the integral c
sections of Figs. 4 and 5. We clearly see from the calcu
tions that the forward scattering region dominates at
lower collision energies where our results suggest the
few only scattering angles to be relevant for maximum p
itron flux. On the other hand, as the collision energy
creases and the projectile samples the inner region of
interaction we see that the maximum scattered flux mo
now at larger scattering angles, thus making its detec
experimentally easier in a different range of angular dis
butions.

V. ROTATIONALLY INELASTIC COLLISIONS

It is well known that the natural extension of FNA calc
lations to what is called the ANR approximation@44,45#
merely implies a transformation from a body to a spa
-
la-

m
in
FIG. 5. Comparison of measured and com
puted elastic integral cross sections. The calcu
tions are Darewych, from Ref.@34#; LYP, present
results with correlation form of Ref.@22#; FEG,
present results with correlation form of Ref.@15#;
and PCOP, present results with correlation for
of Ref. @31#. The experiments are the same as
Fig. 4.
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FIG. 6. Computed differential cross section
~DCS! at different collision energy. LYP form of
correlation potential. Lower part: maximum va
ues of partial DCS in the stated angular range a
as function of collision energy.
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frame of reference without changing the dynamics of
collision problem. Thus, if the physical approximation of
interaction timet shorter that the rotational timet r is valid at
the considered energies, then one can simply use for
state-to-state differential cross sections associated to
tional excitations the expression given by Eq.~12! in which
the BF-FNA results for theT matrix are transformed via th

SF-ANR approximation@45#. Thereby making theAL
( j j 8) co-

efficients now dependent on the initial and final rotation
states of the target through the SFT-matrix elements tha
appear in it and that come from a simple geometri
(BF→SF) transformation@40,46#.

Examples of such partial differential cross sections
shown in Fig. 7 at two different collision energies: at 1 e
~upper part of the figure! and at 5 eV~lower part of the
figure!. The range of intensity values is so large that they
presented on a logarithmic scale for transitions involving
citations from the ground rotational level. We can read
notice the following points.~i! The inelastic transitions, a
the lower collision energies, are not showing the forwa
e

he
ta-

l

l

e

e
-

d

scattering features observed before in the total DCS. On
other hand, the (0→0) cross sections show here a stro
forward peak, which also persists at the higher collision
ergy ~lower diagrams in Fig. 7!. Thus, we can see that an
low-energy forward scattering mostly comes from the elas
component.~ii ! Of the inelastic processes, the (0→2) exci-
tation is the only one that is comparable in size with t
elastic DCS: all other excitations with higherD j transitions
are much smaller by various orders of magnitudes. This f
ture persists even at the higher collision energies. We
therefore say that rotational excitation by positron scatter
is a rather inefficient process due to the little penetrat
~perturbation! caused by the latter projectile into the molec
lar volume.

The dependence of the partial cross section maxim
value on the chosen collision energy could be seen m
clearly in the lower part of Fig. 6. We report there, as
function of collision energy, the maximum values of th
state-to-state DCS in order to indicate which deflect
angles would be more amenable to detection. Thus, the e
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FIG. 7. Partial elastic and inelastic DCS com
puted at two different collision energies: upp
part, at 1 eV; lower part, at 5 eV. LYP correlatio
and ANR dynamics.
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tic DCS maxima are seen to always peak in the forw
direction over the whole range of examined energies. T
inelastic DCS, on the other hand, are localized within a m
narrow angular cone of ‘‘maximum flux’’ over the whol
energy range. Thus, the inelastic maxima now vary only
about 2 orders of magnitude from the elastic DCS and m
be more amenable to detection within each particular ang
range.

From the previous equation we know that the correspo
ing state-to-state integral partial cross sections can be
tained as@46#

s j→ j 8~E!5
pkj

22

2 j11
A0

~ j , j 8! ~15!

5
pkj

22

2 j11 (
Jl l 8

~2J11!uTj 8l 8, j ,l
J u2, ~16!
d
e
e

y
y
ar

-
b-

where theT-matrix elements are now given in the SF fram
of reference@47#. The corresponding momentum transf
quantities are also obtained in terms of theAL coefficients:

s j→ j 8
m

~E!5
pkj

22

2 j11 FA0
~ j , j 8!2

1

3
A1

~ j , j 8!G ~17!

and can be readily computed from the ANR transformat
discussed before. Both the above quantities will be a m
sure of the general efficiency of positron projectiles in brin
ing about the rotational excitation of the CO2 target.

In the upper part of Fig. 8 we therefore report the ene
dependence of the partial integral cross sections for the e
tic and the two largest inelastic excitation process
(0→2) and (0→4). We see that the elastic process clea
dominates the collisional encounters, with the lowest t
excitations being 1 and 2 orders of magnitude smaller. F
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FIG. 8. Partial integral cross sections as
function of collision energy. Upper part, elas
tic and two inelastic contributions from Eq
~15!; lower part, same for the momentum
transfer cross sections. The totalsm at Eq.
~14! is shown by the solid line.
te
rg

lso
y
e
o

tic
F
on

ns
on

uch
the
s as

olli-
col-
ns
thermore, their energy dependence within the observed in
-val appear to be rather weak and show an increase of la
D j inelasticity asE increases.

The same general behavior is shown by thes j→ j 8
m , re-

ported in the lower part of Fig. 8. The solid line shows a
the total sm of Eq. ~14!, which clearly appears to nearl
coincide with the elastic cross section. Here again one s
that the inelastic contributions increase with increasing c
lision energy.

A more expanded view of the behavior of the inelas
cross sections could be had by the calculations shown in
9. The upper part of the figure reports, at different collisi
energies, the values of the inelastic cross sections withD j
values up to 12, i.e., with very large values of energy tra
ferred during collisions. As expected, such cross secti
r-
er

es
l-

ig.

-
s

span 4 orders of magnitude and are at all energies m
smaller than the elastic process. Thus, if one now defines
average energy transfer in rotational excitation processe
given by

^Erot&05

(
j 850

jmax

s0→ j 8DE0 j 8

(
j 850

jmax

s0→ j 8

~18!

for collisional heating of the molecules out of thej50 level,
one can represent the above quantity as a function of c
sion energy to get some idea about the efficiency of the
lisional excitation. The results from the present calculatio



ic
nd
-
of

3502 55F. A. GIANTURCO AND P. PAIOLETTI
FIG. 9. Upper panel, partial integral inelast
cross sections at different collision energies a
as a function ofD j transitions; lower panel, aver
age computed energy transfer as a function
collision energy.
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are shown in the lower part of Fig. 9, where the^Erot& values
as plotted over the range of energy below the Ps thresh
One clearly sees there that the amount of energy being tr
ferred is really very small and drops very rapidly, because
the increase withE of the elastic process, in the low-energ
range while slowly increasing asE reaches the 7-eV thresh
old. In other words, the positron projectiles are indeed
less efficient than electrons for the excitation of rotatio
levels in this system since the latter projectile shows m
larger values of such cross sections at the same energie
indicates the strong influence of the resonant processes@48#
in producing inelastic probabilities.

VI. SUMMARY AND CONCLUSIONS

In the present work we have reported a detailed study
the collision of low-energy positrons~below the threshold of
Ps formation! with a linear polyatomic target, the CO2 mol-
ld.
s-
f

r
l
h
and

n

ecule. The computational approach has been that of usin
ab initio, nonempirical modeling of correlation-polarizatio
forces and of treating both the FNA and ANR dynami
within a single-center-expansion development. The result
the present calculations show the following.~i! The elastic
integral cross sections~rotationally summed! agree rather
well with available experiments and suggest that the D
modeling of correlation forces provide, with a limited com
putational effort, a realistic description of the scattering p
cess.~ii ! The nature of the positron-molecule static intera
tion is such that the SCE expansion yields converged c
sections more rapidly than in the case of electron scatte
with the same system@49#. ~iii ! The angular distributions are
dominated by the forward-scattering elastic compone
while inelastic DCS show maximum values only within lim
ited angular cones away from the small-q region. ~iv! The
size of the inelastic cross sections is generally very small
strongly decreases with increasing energy transfer, thus i
cating that positrons are much less efficient projectiles t
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electrons at the same collision energies@48#, in producing
molecular heating in the gas.

In conclusion, we have presented a more detailed pic
of both elastic and inelastic collisions at low energies
positrons with a polyatomic target. In this picture the pres
interaction model appears to yield results that are in reas
ably good accord with the available experiments. The ext
sion of the ANR approach to vibrationally inelastic proces
,

y

ev

ys

ys
re
f
t
n-
n-
s

is presently under study and will be discussed elsewh
@50#.
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