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Short communication

Formation of O2+ in collisions between O+ ions and N2 molecules
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Abstract

We report measurements of the total and absolute differential electron loss cross sections of 2.0–5.0 keV O+ ions in collisions by N2 target at
scattering angles between−3.2◦ ≤ Θ ≤ 3.2◦ in the laboratory frame. The behavior of the absolute differential cross sections display an expected
decreasing behavior with increasing angle. The measured total electron loss cross section show a monotonically increasing behavior as a function
of the incident kinetic energy and found to be within the order of magnitude between 10−19 and 10−21 cm2.
© 2005 Elsevier B.V. All rights reserved.
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. Introduction

The importance of charge changing processes in keV atomic
ollisions is well established, and these reactions have been stud-
ed very extensively both experimentally and theoretically. The
ulk of the prior work has, however, focused on the simplest pro-
esses and the most accessible collisions systems, while more
echnically formidable reactions, such as considered here, have
eceived scant attention for the molecular target investigated in
his work. The only measurements of electron loss cross sections
f O+ with N2 are those of Lo and Fite[1] at collisional ener-
ies above 60 keV. Fogel’ et al.[2] considered the possibility of
lectron loss in reactions between O+ and N2 target, although

heir work was concerned in obtaining the equilibrium fractions
or the neutral and charged products. Collisions between atomic
ons and neutral atoms and molecules are of considerable im-
ortance and interest from a fundamental atomic physics point
f view, equally, O+–N2 collisional processes are of importance

o the field of aeronomy[3,5] where O+ is the dominant ion in
heF region of the atmosphere.

The lack of data at low-keV energies for electron loss
cesses limits our ability to determine the chemical process
astrophysical plasmas and planetary objects. O+ ions are pos
sibly present as one of the major magnetospheric ions (b
H+, and N+) near the orbit of Titan[4] and as N2 is the ma
jor species in Titan’s atmosphere up to an altitude of 1700
therefore, in describing Titan’s interaction with magnetosph
or solar wind ions, cross sections of O+ with N2 as the targe
are important. The scattered O2+ ion, which is also of particu
lar importance in ionosphere physics[6], has been studied wi
a large variety of spectroscopic methods, such as Auger
tron spectroscopy[7], double charge transfer spectroscopy[8],
translational energy loss spectroscopy[9], photoion–photoio
coincidence spectroscopy[10] and photoelectron–photoelectr
coincidence spectroscopy[11]. Although our experimental a
paratus is incapable of resolving the different componen
the O+ ions produced by electron bombardment (electron
ergy well above the threshold for excited ion production), an
light of the fact that in almost all the studies on state-selecte+
ions, in which metastable cross sections have been determ
at some level, most of these studies, involved attenuation
technique, which it must be emphasized that it is not as
cise as one would like. The use of such technique to derive
∗ Corresponding author. Tel.: +52 7773297020; fax: +52 7773297040.
E-mail address: fbyousif@servm.fc.uaem.mx (F.B. Yousif).

cross section is a matter of dispute[12] due to elastic scatter-
ing issues as well as due neglect of second-order effects. All
387-3806/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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that, plus the fact there is a complete lack of measured or calcu-
lated differential cross sections within the energies considered
in this investigation, motivated the measurements reported in
this work. Here, we report the measurements of the absolute
differential and total electron loss cross section of the reaction
O+ + N2 → O2+ + · · · in the energy range 2.0–5.0 keV.

2. Experimental apparatus

The experimental apparatus and technique needed to gener-
ate the fast ion beam were recently reported[13]. Briefly, the
O+ ions formed in an arc discharge source containing O2 gas
(99.99% purity) at ion source pressures of 0.04–0.07 mTorr were
accelerated to the desired energy and selected by a Wien velocity
filter. The O+ ions were then allowed to pass through a series
of collimators before entering the gas target cell, which was a
cylinder of 2.5 cm in length and diameter, with a 1 mm entrance
aperture, and a 2 mm wide, 6 mm long exit aperture. The target
cell was located at the center of a rotatable, computer controlled
vacuum chamber that moved the whole detector assembly, which
was located 47 cm away from the target cell. A precision step-
ping motor ensured a high repeatability in the positioning of
the chamber over a large series of measurements. The detector
assembly consisted of a Harrower-type parallel-plate analyzer
and two channel-electron multipliers (CEMs) attached to its exit
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3. Results and discussion

Various reaction channels may be involved in collisions of
O+ ions with N2, some of which are

O+ + N2 → O2+ + · · ·
O+ + N2 → O + N+

2

O+ + N2 → O+ + N+
2 + e, and O+ + N2 → O+ + N2

corresponding to projectile single electron loss (SEL), projec-
tile electron capture, target ionization and elastic process re-
spectively. Our present investigation is concerned with the first
reaction channel (SEL).

Absolute differential cross sections (DCS’s) data for SEL of
O+ ions impinging on N2 target have been obtained at labora-
tory angles−3.2◦ ≤ Θ ≤ 3.2◦ and collision energies 2.0 ≤ E ≤
5.0 keV. Our DCS’s for SEL of O+ in N2 at laboratory energies
of 2.0, 3.0, 4.0 and 5.0 keV are shown inFig. 1, with the error bars
representing the reproducibility of the data. All the DCS’s for
all the energies show a decrease with increasing angle. The SEL
data show slight structures in the DCS’s, which tend to disappear
as the incident energy decreases. The limitation of the present
experimental apparatus do not permit the evaluation of the O+
composition ions as to the2D and the2P low lying excited
states and the ratio of the metastable states to that of the ground
s 2 2 d by
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ends. The O atoms passed straight through the analyzer. S
tion of charged particles occurred inside the analyzer, which
set to detect the O2+ ions (If (θ) particles per unit solid angle p
second detected at a laboratory angleθ with respect to the inc
dent beam direction with the lateral CEM. A retractable Fara
Cup was located 33 cm away from the target cell, allowing
measurement of the incoming O+ ion-beam current (I0 is the
number of O+ ions incident per second on the target). Unde
thin target conditions used in this experiment, the differe
cross sections for the O2+ formation were evaluated from t
measured quantities by the expression:

dσ(θ)

d(Ω)
= If (θ)

I0nl
(1)

wheren is the number of target atoms per unit volume (typic
1.2 × 1013 atoms/cm3) andl is the length of the scattering cha
ber (l = 2.5 cm). The total cross sectionσ12 for the production
of the O2+ particles was obtained by the numerical integra
of dσ/dΩ over all angles measured. Forθ ≥ θm, the differentia
cross sections vanish. Care was taken when the absolu
ferential cross section was measured. The reported value
angular distribution was obtained by measuring it with and w
out gas in the target cell with the same steady beam in ord
eliminate the counting rate due to ionization of the O+ beam on
the slits and those arising from background distributions.
estimated rms error is 15%, while the total cross sections
reproducible to within 15% from day to day. Several source
systematic errors are present and have been discussed in a
ous paper[13]. The absolute error of the reported cross sec
is believed to be less than 15%. This estimate accounts fo
random and systematic errors.
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tate. TheD and the P metastable states has been verifie
umerous groups[14–18] to compose the O+ ions with the4S

round state ions in most of the ion sources employed. Steb
t al. [14] employed an ion source similar to that used in
ork. Their interpretation of the O+ attenuation curve led the

o suggest that the ion beam was composed mainly of gr
tate4S and metastable component2D, subsequent research
ave often agreed with this interpretation. Nevertheless it sh
e noted that if both expected metastable components2D and
P are present and have similar cross sections then the
ndistinguishable. Lindsay et al.[12] confirmed the results o

ig. 1. Differential cross sections for single electron loss of O+ ions in N2

olecular target.
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Stebbings et al.[14] and agreed also with the composition of
the ion beam to be about 65% ground state and about 35% that
of metastable species2D. Since we are employing an electron
bombardment ion source similar to that used by Lindsay et al.,
therefore, it is assumed here that the O+ ions produced in our ion
source are expected to be a mix of ground state and metastables
at some unknown ratio. Our DCS’s at 2.0 keV show a mono-
tonic decrease with a constant slope up to 1.5◦ that is followed
by slower decrease within the flatter region of 1.5 − −2.66◦.
Similar trends are observed for impact energies 3–5 keV with
the limit of the constant slope moving toward smaller angular
limit. This limit is at about 0.5◦ for the higher impact energy of
5 keV.

It is known that charge exchange cross section depend
markedly on the initial electronic state of the oxygen ion. The
O+(2D) metastable excited state is essentially in energy reso-
nance with the N+2 (A2Π) and the charge exchange cross section
is expected to be large, while there is approximately 2 eV be-
tween the O+(4S) ground state energy and that of the nearest
N+

2 state (X2Σ+
g ), resulting in smaller cross section. However,

it is rather difficult to speculate over the above mentioned be-
havior of the DCS’s and to relate the two different regions of
the DCS’s to two different cross sections resulting from ground
and metastable states, since in fact for electron loss cross section
measurements reported here, the 2 eV available to the2D state
is relatively small in comparison to the second ionization energy
( elec-
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Fig. 2. Total cross sections for single electron loss of O+ ions in N2 molecular
target. Solid circles for present measurements, solid squares from Lo and Fite.

O+–N2 system over a wide range of energies (2.0–3000 keV).
Our total cross sections for SEL of O+–N2 system are found to
be of the order of magnitude between 10−19 and 10−21 cm2 and
show a monotonic increase with energy. An extrapolation of the
high energy experimental data of Lo and Fite[1] to low ener-
gies seem to overlap with the present measurements. Although
no quantitative data were measured by Fogel’ et al.[2] for the
electron loss in O+–N2 reactions, yet their finding within the
energy region of 12.3–46.2 keV showed that the relative amount
of the resulting doubly charged oxygen ions increased with the
beam energy in accordance with the monotonic increase in the
cross section observed in this work The expected monotonically
increasing behavior (Massey Criteria[19]) of the non-resonant
O+–N2 system total cross section as a function of the incident
energy would reach a maximum atEmax = 2.93 MeV, to be fol-
lowed by an expected decrease (not shown inFig. 2) in the cross
section as predicted by Massey[19]. This can be understood
in term of momentum transfer and projectile–target interaction
time, for energies smaller thanEmax since smaller momentum
can be transferred to the projectile electrons as the energy of the
projectile decreases.

4. Conclusion

The results of the present work can be summarized as follows:
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35.11 eV) that is required to remove the second electron in
ron loss process. Therefore, unlike the electron capture pro
he influence of the initial state of the ions (ground or metas
tate) on the measured DCS’s is expected to be negligibl
oth ground and excited states cross sections in collisions
2 are expected to be the same. No other experimental or

etical data exist with which to compare these differential c
ections.

The differential cross sections were integrated to yield
lectron loss cross section. Scattered particles for 2 keV
t 2.66◦ correspond to about 3% of those at near zero
rees. Smaller cross section and background effect prev
ny meaningfully measurements at scattering angle highe
.66◦ for this energy. Therefore, an extrapolation of the da
keV to angles higher than 2.66◦ was performed in order
valuate possible contributions to the total cross section a
nergy. The slope of the DCS’s at 2 keV between 1.8 and 2.66◦
as considered in the extrapolation up to 5◦. Integration of ex

rapolated data up to 5◦ yielded a total cross section that was 2
igher than that resulting from the integration of the DCS’s

o 2.66◦. At higher collisional energies the signal at 3.2◦ is of
hree orders of magnitude lower than that at zero degrees.
bove 3.2◦ and up to 5◦ yielded no measurable signals and
ossible contribution to the total cross section at these ene

s expected to be negligible.
The total cross section are shown inFig. 2with that for 2 keV

eing corrected for possible loss of signal. Measurements
nd Fite[1] in the high energy region are also displayed inFig. 2.
he error bars are given to indicate the maximum reproducib
f the data in the present energy range (15%).Fig. 2, manifest the
verall general shape of the curve of SEL cross sections fo
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(a) Absolute differential and total cross sections for SEL in O+–
N2 collisions were obtained at scattering angles betw
−3.2◦ ≤ Θ ≤ 3.2◦ in the laboratory frame and at laborat
energies between 2.0 and 5.0 keV.

(b) The SEL cross sections are found to be of the order of
nitude between 10−19 and 10−21 cm2, and show a mono
tonically increasing behavior as a function of the incid
energy.

(c) The measured total SEL cross sections are expected
independent of the initial state of the O+ ions.
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