
PHYSICAL REVIEW A NOVEMBER 1998VOLUME 58, NUMBER 5
Elastic cross sections and annihilation parameter fore1-H2 scattering using
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We report detailed results for positron-H2 collisions obtained with the Schwinger multichannel method. Our
calculations include annihilation parameter, differential, integral, and momentum transfer cross sections for
energies below the positronium formation threshold. The calculations were carried out in the static-plus-
polarization approximation with symmetry-resolved cross sections. Energy~temperature! dependence and
symmetry-resolved contributions for the annihilation parameterZeff are also reported. Ourab initio integral
cross sections are found to be in good agreement with the experimental data.@S1050-2947~98!04409-6#
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I. INTRODUCTION

With the appearance of reliable magnetic traps, studies
low-energy matter-antimatter interactions have gained in
est in the last few years. Particularly, substantial progress
been made in obtaining cross sections and annihilation r
for positron-molecule~atom! collision processes. Positron in
teractions with molecules can cause a variety of intrigu
phenomena different from the electron case. The reaso
that positrons can annihilate with an electron of the tar
during the process. The Coulombic attraction between p
trons and electrons makes an enormous difference from
always repulsive interaction between electrons. As a resu
such an attraction, positrons may form virtual positroniu
inside the molecule and if they have enough energy they
produce real positronium in the asymptotic region. Depe
ing on the probability of finding a positron in the same p
sition of an electron, the annihilation process can be wea
or stronger. The polarization potentials are always attrac
and somehow always trying to put positrons and electr
together. Description of polarization interaction is very se
sible because the static potential has opposite sign to
polarization potential. Therefore the positron-molecule pr
lem is indeed more difficult to solve than the electron ca
making the theoretical task of describing the phenom
very challenging. So, a suitable theory should be capabl
dealing with several important aspects of the problem s
as polarization effects, resonances, electronically inela
scattering with several open and closed channels, pos
nium effects, and, if possible, applicable to nonlinear targ
A series of experiments involving positron impact with mo
ecules has been done recently~see Refs.@1–3#! so that the
theoretical calculations are extremely important for an
equate comparison. In particular, for the system analy
here,e1-H2 scattering, some methods, such as theR-matrix
~RM! method@4#, the Kohn variational method~KVM ! @5#,
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the distributed positron model~DPM! @6#, and the Schwinger
multichannel~SMC! method@7# have been used to calcula
elastic integral cross sections. Accurate elastic differen
cross sections~DCS! still remain an important and challeng
ing endeavor. To test the potential of the SMC method
have calculated cross sections of molecules such as H2 @7–
9#, CH4 @7#, and C2H4 @10# by positron impact of low en-
ergy. In a recent paper, da Silvaet al. @9# reported results for
elastic integral cross sections and calculated theZeff , anni-
hilation parameter of elastic positron-H2, using the SMC
method at the static-plus-polarization level of approximatio
In this present work we extend our previous calculations@9#,
to report on DCS, momentum transfer cross section~MTCS!,
integral cross section~ICS!, and the annihilation paramete
Zeff . As we will see, our results are in very good agreem
with available experimental data. In the present calculat
we have used a more suitable procedure to choose the
pansion basis functions to account for polarization effec
The SMC method does not incorporate real positronium f
mation, but it explicitly considers virtual positronium forma
tion. In fact, full coupling of virtual positronium states i
accounted for in the formalism. The precision depends o
on how flexible the basis set is. Usually the molecular fra
is the best frame to describe the collision process. Positr
ums are better described in their center of mass. To rem
this problem, we have introduced several additional cen
around the molecule. The choice of center positions and t
of functions is a judicious choice and in some sense a
trary. The strategy we are following involves the search
the lowest bound state of the composite~positron plus mol-
ecule! system. The remainder of this paper is organized i
three sections. Section II gives a summary and some rele
theoretical details of the method. Section III describes det
and results of our calculations on H2, and finally, Sec. IV
presents our conclusions. Atomic units will be assum
throughout this paper, unless otherwise specified.
3502 ©1998 The American Physical Society
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II. SCHWINGER MULTICHANNEL METHOD

Details of the SMC method have been discussed e
where@7#. Here we will review a few important aspects
the method, which are essential to our present application
the SMC method, the expression for the scattering amplit
is given by

@ f ~kW f ,kW i !#52
1

2pS (
mn

^SkW f
uVuxm&~d21!mn̂ xnuVuSkW i

& D ,

~1!

where

dmn5^xmuQĤQ1PVP2VGp
~1 !Vuxn&. ~2!

As in the original Schwinger principle for electrons@11#, the
trial scattering functions do not need to satisfy spec
boundary conditions and hence they can be expanded i
L2 basis~square integrable basis!. In these equations,SkW i

is a

product of a target state and a plane wave,V is the interac-

FIG. 1. Cubic distribution of extra basis function centers.
e-

In
e

c
an

tion potential between a positron and the molecular targetxn
is an (N11)-particle wave function used as variational tri
function,Ĥ is the total energy minus the full Hamiltonian o
the system,N is the number of electrons in the target,P is a
projector onto the energetically open electronic states of
target andQ onto the closed states, andGp

(1) is the Green
function projected on theP space. In our calculations, th
static approximation can be obtained by definingP
5uf0&^f0u, whereuf0& is the ground state of the target~for
static approximationQ is made equal to zero!. The polariza-
tion effects are included by definingQ5( l uf l&^f l u, where
uf l& are excited states of the target, and the trial function
xn is expanded from the static situation by including
simple products ofuf l& and one-particle scattering function
~see Ref.@7#!. The wave function obtained by the SM
method can be used to calculate the annihilation param
Zeff . Remembering that the annihilation parameter is rela
to the probability of an electron and a positron to be found
the same position we can write

Zeff~kW i !5(
j 51

N

^CkW i

~1 !
~rW1 , . . . ,rWN ,rWp!ud~rW j2rWp!uCkW i

~1 !

3~rW1 , . . . ,rWN ,rWp!&. ~3!

This quantity can be evaluated with the help of the SM
(N11)-particle scattering wave function which is given b
@9#

uCkW i

~1 !
&5 (

m,m8
uxm8&~d21!mm8^xm8uVuSkW i

&. ~4!

As in Ref. @9#, the reported annihilation parameters are o
tained through an angular average of Eq.~3!.

III. PROCEDURE AND RESULTS

For impact energies below real positronium formation, t
SMC method carries the important aspects of the collis
process, including the possibility of virtual positronium fo
mation. As mentioned before, positroniums are better
scribed in their center of mass and not in the molecular c
ter. To remedy this problem we have introduced seve
d
FIG. 2. Optimization of the cube size an
choices ofs andp functions.
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TABLE I. Differential cross sections for positron-H2 collisions ~in units of a0
2).

Angle ~deg! 0.136 eV 1.36 eV 2.72 eV 3.5 eV 4.08 eV 4.5 eV 6.9 e

0 4.001 1.705 1.848 1.738 1.621 1.454 1.31
10 3.981 1.664 1.771 1.654 1.536 1.223 1.21
20 3.922 1.547 1.554 1.423 1.304 0.904 0.96
30 3.892 1.369 1.240 1.096 0.981 0.575 0.64
40 3.707 1.150 0.890 0.744 0.641 0.299 0.34
50 3.563 0.918 0.564 0.431 0.349 0.115 0.13
60 3.404 0.698 0.308 0.203 0.147 0.026 0.03
70 3.238 0.510 0.140 0.071 0.041 0.010 0.01
80 3.072 0.363 0.055 0.022 0.012 0.035 0.05
90 2.909 0.257 0.027 0.024 0.029 0.072 0.10
100 2.756 0.185 0.027 0.046 0.061 0.104 0.15
110 2.614 0.138 0.037 0.069 0.091 0.124 0.17
120 2.486 0.107 0.04 0.084 0.109 0.134 0.19
130 2.375 0.087 0.05 0.090 0.117 0.137 0.19
140 2.282 0.072 0.05 0.092 0.119 0.138 0.20
150 2.208 0.061 0.05 0.092 0.118 0.138 0.20
160 2.154 0.054 0.06 0.092 0.117 0.137 0.21
170 2.122 0.049 0.06 0.094 0.117 0.137 0.21
180 2.111 0.048 0.06 0.096 0.117 0.137 0.22
ICS 37.173 5.773 3.564 3.130 2.974 2.770 2.63
MTCS 33.275 2.820 1.232 1.276 1.458 1.472 2.06
d

d
C

nc
w

Fi
tr

p

of
n-

e
o-
be.
ed.
as

-

pa-

ved
of

t and
pos-

s
rom

n
me
e
e-

. In
be

f

f.
additional centers around the molecule. With this in min
we have established~arbitrarily! a cubic distribution of cen-
ters with the molecule inside it~see Fig. 1!. In principle the
adopted geometrical figure could be anything. We use
cubic distribution because it is more convenient for the SM
computer code in terms of symmetry exploration. The fu
tions used for each center are chosen by searching the lo
bound state of the composite~positron plus molecule! sys-
tem. The idea can be better understood with the help of
1. First, we considered the molecule inside of a cubic dis
bution of basis function centers situated atB1, . . . ,B8 posi-
tions. We then place Cartesian Gaussian functions of ty

FIG. 3. Elastic integral cross sections~ICS! for e1-H2. Present
results: solid line; results of the SMC method of Ref.@9#: dashed
line; results of DPM method of Ref.@6#: dot-dashed line; results o
the Kohn variational method~KVM ! of Ref. @14#: dotted line; ex-
perimental data of Ref.@15#: full squares; experimental data of Re
@13#: triangles.
,

a

-
est

g.
i-

es

‘‘ s’’ and ‘‘ p’’ on each corner (B1, . . . ,B8) of the cube. With
the cube in the initial position, we optimized the values
the s and p exponents, through the minimization of the e
ergy of the composite positron plus molecule system~by
simple diagonalization of the Hamiltonian matrix of th
composite!. The optimized values for the Gaussian exp
nents were then used to find a new ‘‘best size’’ of the cu
This procedure is repeated until convergence is achiev
With this approach, we have found the corner of the cube
X51.0a0 , Y51.0a0 , Z51.0a0 and the exponents of func
tionss andp as 0.15 and 0.39, respectively~see Fig. 2!. The
three curves, in Fig. 2, were obtained by varying each
rameter~size of the cube ors or p exponents! with the other
two parameters fixed in their best values. We have obser
that the optimization of these extra center positions and
the Cartesian Gaussian exponents represent an importan
necessary step in obtaining converged cross sections for
itron scattering@16#. Our calculations for H2 were made con-
sidering theD2h point group and we included contribution
to the cross sections and to the annihilation parameters f
all eight symmetries,Ag , Au , B1u , B2u , B3u , B1g , B2g ,
andB3g of this group. In this work, the target wave functio
was obtained by a Hartree-Fock calculation using the sa
basis set of Ref.@9#. For the description of scattering wav
function and of polarization effects we included the abov
mentioneds andp functions in the cube and oned function
with exponent 0.005 at the center of mass of the molecule
our basis, the induced polarizability was determined to

TABLE II. Values of Zeff at room temperature.

Expt. ~Ref. @13#! SMC ~Ref. @9#! Our result
14.7 13.63 14.82
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FIG. 4. Elastic differential cross sections~DCS! for thee1-H2 at 1.36, 2.72, 4.08, and 5.44 eV. Present results~SMC!: solid line; results
of DPM method of Ref.@6#: dashed line; results of theR-matrix method of Ref.@4#: dotted line.
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5.221a0
3. Again, this result compares favorably well with th

theoretical result 5.173a0
3 of Ref. @6# and the experimenta

result 5.179a0
3 of Ref. @12#. In the present calculation w

used 78 Cartesian Gaussian functions and a total numb
7312 configurations~in our earlier paper@9# we used 64
functions and a total of 4096 configurations! to expand the
scattering wave function. In order to check the numeri
integrations in the momentum space of the present SMC
plication, we tested the results with several quadratures u
full convergence was achieved. The DCS for several en
gies are listed in Table I with the total integrated cross s
tions obtained when contributions from all eight symmetr
are included. In Fig. 3 we show our ICS obtained with t
SMC method in comparison with experimental and oth
theoretical results. Our ICS agree better with the experim
tal data of Hoffmanet al. @15#. Figure 3 shows that the
present results~obtained with the same SMC! are consider-
ably different from those obtained in our earlier calculatio
@9#, but they are in better agreement with other theoret
results. We believe this is an indication that our choice
basis functions is now more adequate. Furthermore, as a
sequence, our annihilation parameterZeff is now also very
good in comparison with experimental datum at room te
perature~see Table II!. Since we are interested also in com
puting DCS fore1-H2 at low impact energies, a compariso
of SMC with other theoretical results would be useful.
Figs. 4~a!, 4~b!, 4~c!, and 4~d!, we present our results of DC
for energies 1.36, 2.72, 4.08, and 5.44 eV, respectively.
of
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these energies we compared the SMC results with the D
@6# and the RM@4# methods. With this good agreement b
tween our ICS and DCS with other theoretical results,
have an encouraging indication that the physics assumpt
involved in our procedures are substantially correct.

Finally in Fig. 5, we present the energy dependence
symmetry-resolved annihilation parameter. The symmet
B2u andB3u , andB2g andB3g are degenerate and only on
of them is shown in the figure. As we have found

FIG. 5. Energy dependence of symmetry-resolved annihila
parameterZeff .
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3506 PRA 58LINO, GERMANO, da SILVA, AND LIMA
e1-C2H4 scattering@10# the main contribution for theZeff
comes from theAg symmetry.

IV. CONCLUSIONS

In this paper we have reported an application of
Schwinger multichannel method to low-energy positron c
lisions with the target H2. Using this system we have deve
oped a procedure of making a judicious choice of the exp
sion basis set for the description of polarization effec
Differential cross sections at the static-plus-polarization le
of approximation have been reported for energies below p
itronium formation. Our results were found to be in go
agreement with other theoretical results and with the exp
up

ct

ys
e
-

n-
.
l
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i-

mental data of Hoffmanet al. @15#. The existing discrepancy
between experimental data sets needs further investiga
The present study helps to demonstrate the utility of t
approach and represents considerable progress toward
taining ab initio differential cross sections and theZeff pa-
rameter for a variety of other molecular targets.
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