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a b s t r a c t

We report calculations of the cross-sections for electron impact detachment of the diatomic anions B2
−,

O2
−, BO−, and CN− using the DM formalism. The calculations use ‘ionic’ weighting factors to adequately

represent the ionic character of the target and in each case a Mulliken population analysis of the anion and
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the neutral molecule was carried out in an effort to localize the ‘extra’ electron in the anion compared to
the neutral molecule. When compared with available experimental data, the calculated DM cross-sections
were found to exceed the measured data by factors ranging from 1.6 to 5.5.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

The dynamics of a collision between an incident electron and
molecular anion are much more complicated than the collision
etween an electron and an atomic anion [1]. Various approx-

mations have been used to describe the long-range Coulomb
nteraction between the incident electron and the weakly bound
xtra target electron in an atomic anion (see e.g. Pedersen et al.
2,3]). The extra electron in molecular anions, on the other hand, has
ften valence character. Diatomic anions are of particular interest
ecause of their comparatively simple structure. Electron-induced
etachment of a diatomic anion AB− is often the dominant break-up

hannel (reaction (1a)), but dissociation may also occur (reaction
1b)):

− + AB− → AB + 2e− (1a)

∗ Corresponding author at: Department of Physics, Polytechnic University, Six
etroTech Center, Brooklyn, NY 11201, USA. Tel.: +1 718 260 3608.
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− + AB− → A + B + 2e− (1b)

A second dissociation pathway, ion pair formation (reaction 1c),
s also possible:

− + AB− → A− + B+ + 2e− (or A+ + B− + 2e−) (1c)

Experimental studies of electron interactions with various
iatomic anions such as B2

−, C2
−, O2

−, BN−, BO−, and CN− were
arried out by Pedersen et al. [2,3] and Andersen et al. [4]. These
uthors described their measured cross-section � as a function of
he electron energy E by a formula of the form:

(E) = p�R2
th

(
1 − Eth

E

)
with Eth = EA + 1

Rth
(2)

here p is an empirically determined constant (which is close to
ne), EA is the electron affinity, and 1/Rth denotes the Coulomb

nergy lost by the electron at distance Rth.

In this paper, we present the results of a calculation of the
lectron-induced detachment of the four diatomic anions B2

−, O2
−,

O−, and CN− using a recently published variant of the semi-
lassical Deutsch-Märk (DM) formalism [5,6], which was derived

http://www.sciencedirect.com/science/journal/13873806
mailto:kbecker@poly.edu
dx.doi.org/10.1016/j.ijms.2008.04.027
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or the ionization of singly positively charged ions. Based on a com-
arison of the quantum chemically calculated molecular orbital
opulations of the neutral molecule and the molecular cation
he position of the ‘missing’ electron in the positively charged

olecular ion compared to the neutral molecule was localized.
urthermore, ‘ionic’ weighting factors (see below) rather than the
orresponding neutral weighting factors were used to describe the
ionic’ component of the target. Here we extend this concept to
he electron-induced detachment of the diatomic anions B2

−, O2
−,

O−, and CN−. As part of the calculations, population analyses of the
iatomic anion and the corresponding neutral diatomic molecule
ere carried out in each case in an effort to localize the ‘extra’ elec-

ron in the diatomic anion. Furthermore, for reasons of comparison
alculations for the ionization cross-sections of the correspond-
ng neutral molecules (B2, O2, BO, ands CN) were also carried out.
he calculated detachment cross-sections were found to lie signif-
cantly above the measured data [2,3] by factors ranging from 1.6
o 5.5.

. Background

The DM formalism was originally developed for the calculation
f atomic ionization cross-sections [7] and has been modified and
xtended several times (see e.g., Ref. [5]). The DM formula expresses
he atomic ionization cross-sections � as the sum over all partial
onization cross-sections corresponding to the removal of a sin-
le electron from a given atomic sub-shell labeled by the quantum
umbers n and l as

(u) =
∑
n,l

gnl�r2
nl�nlb

(q)
nl

(u)
[

ln(cnlu)
u

]
(3)

here rnl is the radius of maximum radial electron density in the
tomic sub-shell characterized by quantum numbers n and l (as
isted in column 1 in the tables of Desclaux [8]) and �nl is the num-
er of electrons in that sub-shell. The sum extends over all atomic
ub-shells labelled by n and l. The factors gnl are weighting factors
hich were originally determined from a fitting procedure [7,9,10]
sing reliable experimental cross-section data (H, He, C, Ne, Mg, Al,
g). The quantity u refers to the “reduced” energy u = E/Enl, where
denotes the incident energy of the electrons and Enl is the ioniza-

ion energy in the (n, l) sub-shell. The function b(q)
nl

(u) in Eq. (3) has
he form:

(q)
nl

= A1 − A2

1 + (u/A3)p + A2 (4)

here the four quantities A1, A2, A3, and p are constants that were
etermined from reliable measured cross-sections for the various
alues of n and l [10]. The superscript “q” refers to the number of
lectrons in the (nl) sub-shell. The constant cnl in Eq. (3) was found
o be identical to one for s-, p-, and f-electrons.

The DM formula can be extended for the case of a molecu-
ar ionization cross-section calculation provided one carries out

Mulliken (or other) molecular orbital population analysis [11]
hich expresses the molecular orbitals in terms of the atomic

rbitals of the constituent atoms. Various orbital population anal-
ses can be obtained routinely using standard quantum chemistry

odes, many of which are available in the public domain. These
odes can also be used to obtain the necessary molecular structure
nformation in cases where this information is not available accu-
ately otherwise. The application of the DM formalism to positively
harged molecular ions as described in our recent publications [5,6]
equired several modifications as well as additional assumptions
nd approximations:

1
s
t
g
d
e
o
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(i) The energy-dependent part in formulas (3) and (4), which was
derived for neutral targets, was extended to the positive ions
in a straightforward fashion by replacing the neutral ionization
energy Enl by the corresponding ionization energy of the ion.
This neglects the fact that the Coulomb interaction between the
incident electron and the target may affect the impact energy.
However, this is not expected to be a serious problem, except
perhaps for impact energies very close to the ionization thresh-
old.

ii) The weighting factors gnl for the ionic component of the molec-
ular ion were derived semi-empirically from a fitting procedure
using well-established ionization cross-sections of atomic ions
[5].

Therefore, the ionic character of the target was reflected (1)
n the population analysis of the molecular orbitals as a ‘missing’
lectron, which resulted in different populations �nl and different
nergies Enl and (2) in the ionization of the ionic constituent.

In an earlier paper, we introduced a remedy to some of the
imitations of the approach described above for cations. In the
resent paper, we extend this approach to case of anions. In a
rst step, we carry out a Mullikan population analysis for both
he negative molecular ion and the neutral molecule in an effort
o “localize” the additional electron in the molecular anion. As an
xample, in the present case of BO−, this means trying to iden-
ify whether the ionic character can be associated with a B− ion
n the target or an O− ion. If the ionization can be localized in this
ashion, the second step involves the determination of the weight-
ng factors for the corresponding atomic ion. This can be done by
pplying the DM formalism to experimentally determined cross-
ections for the ionization of the corresponding singly charged ion.
uch a comparison yields a value for the product (r2

nl
gnl) for the

tomic ion, which, in turn, yields directly a value for the weight-
ng factors gnl for the atomic ion, if the ion radii rnl are known.
f these radii are not known, they must be estimated in order to
btain the gnl values. With this information, the DM formalism
an now be applied to the ionization of a molecular ion with far
ewer assumptions and approximations compared to our previous
pproach.

. Application of the DM formalism to the detachment of
egative molecular ions

Here we discuss the application of the DM formalisms to the
lectron-induced detachment of the four negative molecular ions
2

−, O2
−, BO−, and CN−, for which experimental data are available.

he required molecular data are shown only for B2
− and BO− to

llustrate the methodology; for O2
− and CN−, we only present the

alculated cross-sections.
The results of the pertinent molecular population analyses for

2
−/B2 and BO−/BO are summarized in Tables 1 and 2, respectively.

n the case of B2
−/B2 (Table 1), the ‘extra’ electron in B2

− is localized
n an outermost (2p)-orbital, orbital 4. This has the following conse-
uences for the values of the parameter �nl in Eq. (3): for orbital 4, �nl
s attributed to B− (100%), whereas for orbitals 1–3, �nl is attributed
qually to B− (50%) and B (50%). It is only for the outermost orbital
orbital 4) that we need an additional reduced weighting factor,
nlEnl (see Ref. [1]). The reduced weighting factors for the orbitals
–3 are the same as those for the neutral B2. Table 2 shows the
ame data for BO− and BO. Here, the extra electron in BO− is added

o the outermost orbital, orbital 7, which is populated by only a sin-
le electron in the neutral molecule. If one looks at the population
ifferences between BO− and BO in orbital 7 (Table 3), it is appar-
nt that the extra electron is localized to 92% near the B atom and
nly to 8% near the O atom. The values of the reduced weighting
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Table 1
Mulliken analysis of the MO populations of B2 (top) and B2

− (bottom)

B2 Orbital 1 Orbital 2 Orbital 3

B(2s) 1.65 1.13 –
B(2px) – – 2.00
B(2py) – – –
B(2pz) 0.35 0.87 –

Sum 2.00 2.00 2.00

B2
− Orbital 1 Orbital 2 Orbital 3 Orbital 4

B(2s) 1.70 0.91 – –
B(2px) – – 2.00 –
B(2py) – – – 1.00
B(2pz) 0.30 1.09 – –

Sum 2.00 2.00 2.00 1.00

See text for details.

Table 2
Mulliken analysis of the MO populations of BO (top) and BO− (bottom)

BO Orbital 3 Orbital 4 Orbital 5 Orbital 6 Orbital 7

B(2s) 0.25 0.13 – – 0.52
B(2p) 0.29 0.09 0.44 0.44 0.41
O(2s) 1.36 0.27 – – 0.02
O(2p) 0.10 1.51 1.56 1.56 0.05

Sum 2.00 2.00 2.00 2.00 1.00

B(2s) 0.24 0.18 – – 1.20
B(2p) 0.28 0.09 0.36 0.36 0.65
O(2s) 1.42 0.22 – – 0.03
O
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Fig. 1. Detachment cross-section for B2
− as a function of electron energy. The cal-

culated cross-section (solid squares) is compared with the experimental data from
Ref. [3] (open squares) and the scaled experimental cross-section (open triangles;
see text for details). Also shown (solid circles) is the calculated B2 ionization cross-
section.

Fig. 2. Detachment cross-section for O2
− as a function of electron energy. The cal-

culated cross-section (solid squares) is compared with the scaled experimental data
from Ref. [3] (open squares; see text for details). Also shown (solid circles) is the
calculated O2 ionization cross-section.
(2p) 0.06 1.51 1.64 1.64 0.12

um 2.00 2.00 2.00 2.00 2.00

ee text for details.

actors for B− and O− in the outermost orbital are taken from Ref.
1], whereas in analogy to B2

−, the reduced weighting factors for
ll other orbitals are those for the neutral atoms. For the Enl values
f the outermost orbitals, we used the experimentally determined
alues [2–4].

The results of the calculated detachment cross-sections are pre-
ented in Figs. 1–4. For each negative molecular ion, we show the
alculated detachment cross-section as well as the calculated ion-
zation cross-section of the corresponding neutral molecule for
easons of comparison and the experimental detachment cross-
ections.

In the case of B2
− (Fig. 1), the experimental B2

− detachment
ross-section is smaller than the calculated cross-section by about
factor 3 at all energies for which experimental data are available

up to 25 eV) and exceeds the maximum value of the B2 ionization
ross-section by about a factor of 2 (notwithstanding the expected
ifference in the cross-section shape and the threshold value). If
he experimental detachment cross-section is multiplied by a fac-

or of 3, the resulting cross-section (shown in Fig. 1 as the open
riangles) shows an energy dependence that is reproduced reason-
bly well by the DM calculation for electron energies, for which
xperimental data were reported. A slight shift in the experimen-
al data towards higher electron energies is somewhat exaggerated

able 3
ifference in the BO− and BO MO populations in the outermost orbital (orbital 7)

rbital BO− − BO

(2s) 0.681
(2p) 0.235
(2s) 0.016
(2p) 0.068

Fig. 3. Detachment cross-section for BO− as a function of electron energy. The cal-
culated cross-section (solid squares) is compared with the experimental data from
Ref. [4] (open squares) and the scaled experimental cross-section (open triangles;
see text for details). Also shown (solid circles) is the calculated BO ionization cross-
section.
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Fig. 4. Detachment cross-section for CN as a function of electron energy. The cal-
c
R
s
s

b
d
c
f
m
(
O
c
o
m
e
s
g
l

s
5
a
b
s
e
i

F

h
i
t
t
v
e
i
W
r
a
c
A

4

e
a
C
m
b
l
c
m
±

A

O
i
t
t
s
D

A

t
v
e

ulated cross-section (solid squares) is compared with the experimental data from
ef. [4] (open squares) and the scaled experimental cross-section (open triangles;
ee text for details). Also shown (solid circles) is the calculated CN ionization cross-
ection.

ecause of the logarithmic energy scale. We note that this kind of
iscrepancy between the calculated and measured B2

− detachment
ross-section (a factor of 3) is much larger than the discrepancy
ound for the ionization cross-sections of essentially all neutral

olecules and positive ions. Fig. 2 shows the same data for O2
−

and O2). However, the authors of Ref. [3] do not provide an absolute
2

− detachment cross-section, but give only a relative cross-section
urve. If we normalize the reported relative O2

− detachment to
ur calculated cross-section at 25 eV, we find reasonable agree-
ent in the cross-section shapes for all electron energies, for which

xperimental data are available (up to 30 eV), notwithstanding a
light shift in the experimental data towards lower electron ener-
ies (which again appears somewhat exaggerated because of the
ogarithmic energy scale).

In the case of BO− (Fig. 3), the experimental detachment cross-
ection lies below the calculated cross-section by a factor of about
.5. If the experimental data are multiplied by this factor (shown
gain as the open triangles in Fig. 3), there is good agreement

etween the scaled experimental data and our calculated cross-
ection up to its maximum at about 40 eV, which is the highest
lectron energy for which experimental data have been reported. It
s noteworthy that the experimental BO− detachment cross-section

ig. A1. Calculated detachment cross-section for N− as a function of electron energy.

g
F
N

R

[

[
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as a maximum value that is almost identical to the calculated BO
onization cross-section (see Fig. 3). Lastly, in the case of CN− (Fig. 4),
he DM detachment cross-section lies again above the experimen-
al data, but only by a factor of about 1.6, and both curves show a
ery similar energy dependence in the energy range covered by the
xperiment as can be seen from a comparison of the scaled exper-
mental data (shown as the open triangles) with the calculation.

e note that the calculation of the CN− detachment cross-section
equires formally a calculation of the detachment from the N−

nion, which is not a stable atomic anion. The procedure for the
alculation of a detachment cross-section for N− is discussed in an
ppendix A.

. Conclusions

In this paper, we report calculated cross-sections for the
lectron-induced detachment of the diatomic anions B2

−, O2
−, BO−,

nd CN− using the DM formalism. For the three ions B2
−, BO−, and

N−, for which experimental data are available, we found that the
easured data lie significantly below the calculated cross-sections

y factors ranging from 1.6 to 5.5. Such a discrepancy is much
arger than any discrepancy between measured cross-sections and
alculated DM cross-sections for neutral molecules and positive
olecular ions, where the level of agreement is typically better than
30% [5,6,11]. We have no simple explanation for this discrepancy.
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ppendix A. Calculation of a N− detachment cross-section

We determined a N− detachment cross-section by extrapola-
ion using the data presented in Ref. [5]. This results in estimated
alues of the electron affinity Ea = 1.34 eV, the orbital binding
nergy Enl = 2.3 eV and a value of the reduced weighting factor of
nlEnl = 123, which is the same value that we used for C−, O−, and
−. The result of the calculation of a detachment cross-section from
− is shown in Fig. A1.
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