Available online at www.sciencedirect.com

SGIENCE@DIHEGT’
PHYSICS LETTERS A

ELSEVIER Physics Letters A 344 (2005) 247-252

www.elsevier.com/locate/pla

Positron impact ionization of CO and GO

R.l. Campeané*, V. Chis®, L. Nagy®, A.D. Stauffer

@ Department of Physics and Astronomy, York University, Toronto, Canada
P Faculty of Physics, BalseBolyai University, str. Kaglhiceanu nr. 1, 3400 Cluj, Romania

Received 18 June 2005; received in revised form 1 July 2005; accepted 4 July 2005
Available online 11 July 2005

Communicated by B. Fricke

Abstract

We have applied our CPE distorted wave model using Gaussian target representations to the heteronuclear molecules CO an
CO». We found that this theoretical model works well for CO, but forL§etter agreement with experimental measurements
is obtained in the “independent atoms” model.
0 2005 Elsevier B.V. All rights reserved.

1. Introduction CO, and have investigated the results obtained using a
simple ‘independent atom’ model as well.

Total cross sections for ionization by positrons have
been measured forH1,2], N2 [3], Oz [4], CO[5],
CO, [5,6] and for a number of organic moleculgs.

So far calculations for this process have been lim- g caicylational method for electron impact ion-

ited to homonuclear molecular targets using the dis- ;a4ion of a homonuclear molecule has been described
torted wave approach. Recent papers by Campeanu ey, jeyaj) elsewher¢8,9]. Below we give a brief de-

al. [8-10] showed that good agreement with experi- ¢cintion of the method and emphasize the differences
mental measurements can be obtained with the CPE ¢ ye resent calculations for heteronuclear mole-

(Qoulomb plus plane waves with fuII_energy range) cules from those previously applied to homonuclear
distorted wave model, using Gaussian target wave diatomic molecules

functions. We have applied this approach in the cur-
rent study of positron impact ionization of CO and

2. Theory

The triple differential cross section for the ioniza-
tion of a molecule by positron impact may be written
as
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whereE; is the energy of the incident positroB, the
energy of the ejected electron, whie andk ; stand

for the direction of the momenta of the ejected electron
and scattered positron, respectively. The summation o, (12) =

over r is done over all occupied molecular orbitals.
The amplitude can be written as

fr=(br D (r2)|V (r12)| ¢ (r1)r (r2)), )

where¢; and¢ » stand for the wavefunction of the in-
cident and scattered positron respectively,is the
wavefunction of the ejected electron, whige de-
scribes the initial state (orbital) of the active electron.
In the above amplitude; is the position vector of the
positron, whiler, stands for the position vectors of the
active electron.

In our previous worK8,9] we found that our CPE
model gave reliable results for positron impact ion-
ization of homonuclear diatomic molecules. The CPE
model [11] is a simple model in which the ejected
electron moves in the field of the positive charge of
the residual ion, while the scattered positron is rep-
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We expand these orbital as previoufdy in terms of
Legendre polynomials

> ¢}, (r2, R) Py, (COswp),
Iy

wherew, stands for the angle betweep andR, the
latter being the molecular axis. The expansion coeffi-
cients can be expressed with the following integral

+1
/ d(COSwp) Py, (COS02) o, (12).

' (5)
In order to separate the angular dependencies on the
position of the electron and the orientation of the mole-
cular axes, the Legendre polynomial is expanded in
terms of spherical harmonics

(4)

¢y, (r2, R) =

2[1,—{-1
2

Py, (COSwp) = > Y, (R Yym, (F2).  (6)

myp

21+1

By this method we have expressed thenolecular

resented as a free particle. In this model we make a Orbital as a sum of products of a one-center (atomic)
partial wave expansion of the wavefunctions of the in- Wavefunctions characterized by an angular momen-
cident projectile, the scattered positron and the ejected tUm/, and a spherical harmonic expressing the depen-
electron. Further, in the calculation of the total cross dence on the orientation of the molecular axes
section, one has to integrate over the angles of the out- A

going electron and positron as well as the energy of o, (2) = Z 2l C]b (r2, R)Ylbmb(rZ)Ylbml R).

the electron as described|ibl]. This model assumes
that the electron orbitals in the residual molecular ion

are the same as in the target molecule during the time

of the collision.

We have used Gaussian wavefunctions for the de-

scription of the ground state of the CO and £18ole-

cules with a basis set of 3 basis functions as described®x (r2) =

in [8,9].

In the case of CO the following molecular orbitals
have been considered for the ionization process;
05, T2p, s W2p, ANdoz, . These orbitals are analogous
to those of the N molecule without the symmetries
characteristic of the orbitals of a homonuclear mole-
cule.

The o orbitals are written as a linear combination
of the C and O atomic orbitals

o, (12) = Cop(rs) + Ccoi(rS), (3)

rS andr§ being the electron coordinates relative to the
O and C nuclei, respectivelg and¢g aresp; hy-
brid orbitals obtained from Gaussian wavefunctions.

lpmy

)

As described if9], the method forr orbitals is
slightly different, because they do not have spherical

symmetry. Performing the expansion one obtains

2

X ZYlbﬂ(rZ)Dll«mh(a’ ﬂ? y)a

1,0 lpym
Z e (r2, Ro)C;010C501m

2 +1

8

where C" " are the usual Clebsch-Gordan coeffi-

cients andefmh (a, B, y) stands for the matrix ele-
ment of the rotation operator which rotates the molec-
ular frame through the Euler anglés, 8, y) into the
laboratory frame.

In the usual experimental setup the orientation of
the molecule in the laboratory frame is not detected,
and for comparison with experiment we have to av-
erage the cross section over the angles of the molec-
ular axis(1). By this procedure, taking into account
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the orthogonality properties of the spherical harmon- Table 1
ics (for o orbitals) and of the rotation operator matrix ~Contributions to the ionization cross section of CO at 100 eV

elements (fotr orbitals), the differential cross section  orbital I Total orbital
may be written as a sum of cross sections character- 0 1 2 3
ized by a certain angular momentum of the initial state o9 028 003 004 3x10% 035
—5

3 4 o} 008 032 011 3x10 0.51
s A d UAAV = Z Z (2r) ‘ flome |2. 9) Topy +72p, O 064 0008 0.04 0.69
dkydk.dE, = Ei 7' 2p. 110 013 027  0.001 1.50

. Totallj, 146 112 043 0.04 3.05

In the expression above we have denoted‘,ﬁﬂ”/b the
partial scattering amplitude for orbitalwith the an- Table 2

gular momentum of the initial state characterizedpy
andmy.

The method for the linear and symmetric triatomic
molecule, CQ, is similar. In the case of C£4he mole-
cular axisR corresponds to the distance between the o2 039 045 107 Q03 195
two oxygen atoms, which is about twice as long as the ZZS i 8‘39 ?gi 8(5)8 8225 igi
internuclear distance in CO (4.4 a.u. versus 2.16 a.u.). /<" "2/ 134 022 096 0004 253
For this molecule the valence orbitals taken into ac- '

Contributions to the ionization cross section of CO at 1000 eV

Orbital 1 Total orbital
0 1 2 3

92p;

count in the ionization calculation are3 20,, 4oy, Totally 213 266 262 052 793
30y, I, and Ir,.

Table 3

Contributions to the ionization cross section of £& 100 eV
3. Results and discussion Orbital I Total orbital

0 1 2 3
Because CO does not have the symmetry of the pre- 35, 0394 0 0.178 0 0.572
viously studied homonuclear molecules, every termin 2ou 0 0279 0 0.005  0.284
the expansion over the angular momentyrmakes a gg 8'072 8721 8'347 8165 8-‘8‘22
S L : ) » : . .

contr|b_ut|on to the |oq|zat|on_of each orbital (\.Nlth. the 1r, 0 266 0 0043 2703
exception of ther orbital, which has no contribution 17, 0 0 0.94 0 0.94

for [, = 0). Itis interesting to analyze the contribution
from each orbital and each angular momentiynto
the total cross sectiofiables 1 and st these contri-

butions for two different impact energies, 100 eV and 'able4 o :
. Contributions to the ionization cross section of £& 1000 eV
1000 eV, respectively.

Totall, 0.466 3.66 1.465 0.213 5.804

Taking into account only thé, = 0 term is equiv- ~ Orbital I Total orbital

alent to the spherical averaging of the wavefunction 0 1 2 3
which was used ifil2]. For the ionization of H this 3o 0.044 0 0365 0 0.409
averaging did not introduce an appreciable error but 20u 0 0.049 0 0.339  0.388
in the case of CO terms with, > 0 contribute sig- dog 0.007 0 0318 0 0325

" ! . 3oy 0 0117 0 0.17 0.287
nificantly to the total cross section. Also, the relative 0 0862 0O 0.047  0.909
contribution of different, terms vary with the im- L, 0 0 0263 0 0.263

pact energy. At higher energies the contributions from
largerl, values gain in importance as is evident in the
comparison of the results ifables 1 and 2In addi-
tion, at the lower impact energy (100 eV) the contri- characteristic to the orbital, while at the higher impact
bution of the various orbitals to the total cross section energy (1000 eV) the influence of the ionization po-
increases with the decrease of the ionization potential tential on the contribution is less important.

Total 0.051 1.028 0.946 0.556 2.581
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A similar analysis is done ifTables 3 and 4or Given that the CPE model produces reliable results
CO,. As explained previously for the Nmolecule for smaller, diatomic molecules, the likely reason for
[9], in the expansion of, for gerade orbitals only the  the disagreement for CQs the fact that while the ini-
terms with everi, are nonzero, while for ungerade or- tial wavefuction is a multicentered function, the final
bitals only orbitals with odd; contribute. Moreover,  state has been described by a Coulomb function cen-
the first nonzero contribution of the, orbital occurs tered at the origin. A possible solution would be to rep-
for I, = 2, thel, = 0 term being zero for orbitals with  resent the ejected electron as a coulomb multicentered
this symmetry. function, but that would make the calculations much

As expected for a long molecule such as Che more difficult. Here we have tried a simpler approach,
contribution of thel;, = 0 term is very small even for  the “independent atoms” CPE model. In this model
small impact energies. A notable feature is the big con- the cross sections for ionization of each of the con-
tribution coming from the %, molecular orbital. This stituent atoms has been calculated separately within
term contributes almost a half of the total cross sec- the CPE approximatiofi1], using the same Gaussian
tion. wave functions as for the molecular calculation, and

Figs. 1 and Zhow our total ionization cross sec- the cross section for the molecule has been obtained
tions results compared with the experimental measure- by summing the atomic contributions. In the “indepen-
ments of Bluhme et a[5]. We did not plot the CQ dent atoms” model the wavefuctions of the initial state
measurements of Laricchia and MoxdB] as they and the final state have the same center of reference
correspond to impact energies below 25 &i. 1 since we move the center of each atom to the origin of
shows that the CPE model produces very good agree-the coordinate system. The results of the “independent
ment between our theoretical data and experimental atoms” CPE model, included iRig. 2, are in better
data for CO. However, for C&the CPE model results  agreement with the experimental data than the molec-
are nearly 50% above the experimental measurementsular CPE calculations for impact energies higher than
as shown irFig. 2 100 eV.
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Fig. 1. Total cross sections for positron impact ionization of CO as a function of the positron impact energy. The experimental points are from
Blume et al[5]. Our molecular and independent atoms CPE model results are represented by the continuous and dashed curves, respectively.
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Fig. 2. As forFig. 1 but for the positron impact ionization of GO

In order to check the validity of the “independent CO. For the larger C® molecule, where the CPE
atoms” model we have also applied this to the ion- molecular model appears to break down, better results
ization of CO.Fig. 1 shows that in this case the in- for impact energies higher than 100 eV are obtained
dependent atoms model gives results which for im- with an “independent atoms” CPE approximation. In
pact energies above 200 eV are slightly higher than the case of CO the “independent atoms” model pro-
the molecular model but still in reasonable agreement duces ionization cross sections which, particularly for
with the experiment. For impact energies lower than energies lower than 200 eV, are in worse agreement
200 eV the independent atoms model produces ion- with the experiment than the molecular model. Further
ization cross sections which are much higher than the study is required to determine whether these outcomes
molecular model and the experimental results. apply more generally to other molecular systems.

Looking at the two figures it is interesting to ob-
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