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Abstract: Energy-gain spectra for single-electron capture by O,> ions colliding with Ar,
He and N, have been measured at an impact energy of 100 eV and 0° scattering angle by
means of translational energy-gain spectroscopy. In O, - Ar and N, collisions, only one
peak is observed at the energy-gain around 3.5 eV, which is correlated with non-
dissociative single-electron capture from ground state (X '%,") of O,°" ions into the A °TI,
state of O,". However, for the O,*" - He collision system, the dominant channels are due to
capture into the ground state X 21'[g of O," from W °A,, B * I1, and B’ *%, metastable states
of the O,*", respectively. A reasonable description of the dominant final states is obtained
qualitatively in terms of the reaction windows, which are calculated using the Landau-
Zener (LZ) model and the extended version of the classical over-the-barrier (ECOB)
model. Differential cross sections for single-electron capture by 100 eV 0,* ions from Ar
have also been measured. The results are quantitatively explained by semi-classical model
based on Coulomb potential energy curves.
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Introduction

Experimental and theoretical
investigations of electron capture processes
occurring in collisions between doubly
charged molecular ions and atomic/molecular
targets have recently received considerable
attention. The need to understand ion-
atom/molecule  collision  processes  is
important in a number of applications, such
as: material science, plasma science -where
low temperature plasmas play a key role in
determining characteristics of target materials
and of plasma behavior- and astrophysics.
Also, atmospheric molecular ions (O,", N;',
CO" and CO,") are important constituents of
the earth’s upper atmosphere. Information on
mechanisms responsible for their excitation is
crucial to a complete understanding of
atmospheric  phenomena [1-4].  Single-
electron capture by doubly charged molecular

ion O,>" from atomic targets has been studied
previously in the keV region [5]. However, in
the case of molecular targets, the only
experimental measurement at low-energy
collisions has been recently made by Kamber
[6]. In his work, the translational energy-gain
spectroscopy technique has been used to
measure the energy gain spectra of 100 eV
0,”" ions with O, and Ne at different
scattering angles.

Presented herein are energy-gain spectra
for state-selective non-dissociative single-
electron capture in collisions of O, recoil
ions with N, Ar and He targets at a
laboratory impact energy of 100 ¢V and 0°
scattering angle.
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spectrometer, which has been fully described
previously [7]. Briefly, doubly molecular
oxygen ions were produced in a recoil ion
source from oxygen molecules by using 25
MeV F*" ions from the Western Michigan
University tandem Van de Graaff accelerator
as a pump beam. After being mass analyzed
by a 180° double-focusing magnet, the ions
were guided with the aid of horizontal and
vertical parallel deflection plates into the
entrance of a gas cell containing a low-
pressure target gas. The projectile ions that
had undergone capture were energy analyzed
by means of a 90° double-focusing
electrostatic analyzer (ESA). These ions were
scattered through a nominal angle 6 into a
solid angle (AQ) of about 3 x 107 sr. The
scattering angle € is selected by means of an
aperture located in front of the ESA. The
analyzed ions were then detected by a one-
dimensional position sensitive channel-plate
detector located at the focal plane of the ESA.

Results and Discussion

When doubly charged molecular oxygen
ions collide with atomic/molecular targets, a
variety of reaction channels is possible
through which electron capture may take
place.  Non-dissociative  single-electron
capture has been found the most probable
event as a result of low-energy ion-
atom/molecule collisions. This process of
charge transfer, by which an electron from a
neutral target is captured to a doubly charged
ion, can be presented by the expression:

0,"+X >0, +X"+Q, (1)

where Q is the energy gained by the projectile
ion during the collision. In classical two-body
dynamics, the energy gained by the projectile
ion during a collision can be expressed as the
difference between the final kinetic energy E
of the scattered projectile ion and the initial
kinetic energy E, of the incident projectile
ion, Q = E,— E(. However, the relationship of
the energy gain Q to the energy defect AE,
which is defined as the difference in the
binding energies of the collision products, is
found to be [8]:

Q=AE-AK )

where AK, defined below, is the translational
energy given to the target and AE is
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calculated from spectroscopic data according
to the following formula:

AE =1,(0,") - [(X) - Ey, 3)

where 1,(0,") and 1(X) are, respectively, the
ionization energies of the projectile product
ion (O,") and the target atom/molecule X,
with the target atom/molecule being assumed
to be in its ground electronic state and the
captured electron being in the most loosely
bound orbital and E, is the excitation energy
of the x™ level of the projectile product ion
(0,") or the target product ion X'. The
general expression of the translational energy
AK given to the target is given by [9]:

AK = M (l—cose)[szo —AE}
M+m M+m
2 bl
M(AE
+Mcos9

4mE,

(4)
where M and m are, respectively, the
projectile and target masses, E, is the
laboratory translational energy of the
projectile and 0 is the laboratory scattering
angle of the projectile. It should be pointed
out that for these collision systems, the
calculated values of AK are very small and
can be neglected, giving Q = AE. Therefore,
the energy spectra are expressed in terms of
the Q values. The energy levels for O,*" and
O, ions used in calculating the energy defect
of the reaction were taken from published
tables [10-14].

The reaction channels observed in the
measured energy gain spectra have been
labeled according to the notation previously
described by Kamber et al. [15]. The
designations I, II and III represent,
respectively, the ground, first and second
electronically excited states of O,>"; o, p and
vy represent the ground and subsequent
electronically excited states of O, ion; X
represents the ground state of the target
product (see Table 1). In the following
sections, the results for single-electron
capture processes in collisions of O,*" ions
with Ar, N, and He are presented and
discussed.
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TABLE 1. Description and nomenclature of O, ionic states and ionized target states.

Projectile O,"" 0," Products Target Products
State Symbol  State  Symbol State Symbol
X'z, I X 11, o Ar (3p° 2P°%)) X
AL II a ‘I, B Ar (3p°°Syp) A
WA, 11 A I, y Ny (CZ) X
B I, v bz, & N, (I1,) A
Bz, \Y% B°’Y, € He" (1s *S)») X
1°A, VI C*z, ¢ He' (2p) A

Sources: [10-14].

I.0,2" + Ar Collisions

Fig. 1 shows the translational energy-gain
spectra obtained for single-electron capture
by 100 eV O,*" ions from Ar at different
scattering angles. At 0° scattering angle, only
one peak is clearly seen at energy-gain
around 3.5 eV. This peak is correlated with
non-dissociative  single-electron  capture
reaction channel from the ground state of (X
'$,") of 0, ions into the A °TI, state of O,".
There are smaller contributions due to capture
into the B °Z, and b *X, states of O," from the
low-lying metastable state A %, of the 0,*"
ions via reaction channels [leX and II3X. It is
of interest to compare our data with the
earlier spectrum of Hamdan and Brenton [5].
The spectrum was measured at O, incident
energy of 6 keV. Their measurements
disagree with the present results for which the
dominant peak was observed to be due to
electron capture by O,° (A *Z,") excited state.
This is attributed to the high collision energy
they used in their measurements, since the
reaction window depends modestly on the
collision energy.

As the scattering angle is increased, the
IyX channel remains dominant and
contributions from reaction channel 11eX and
II6X remain the same with increasing the
scattering angle. At a scattering angle of
1.87°, peak IyX is observed to be shifted
toward a larger Q-value due to the
populations of different vibrational states of
the A °Il, state of O,". The amount of the
energy given to the target in this collision
system is very small (less than 0.1 eV, see
equation (4)). Also shown are our calculated
reaction windows, the range of Q wvalues
where the probability for single-electron
capture is large, using both a single-crossing
Landau-Zener (LZ) model [16-18] and the
extended version of the classical over-the-
barrier (ECOB) model [19]. Calculated peak
values have been normalized to our observed
peak values in the energy spectrum. The
reaction window based on a single-crossing
LZ model predicts the IyX channel to be the
dominant process, since its Q value lies very
close to the maximum of the reaction
window. The reaction window based on a
single-crossing ECOB model accommodates
the IyX channel and favors larger Q values
compared to the dominant channel.
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FIG. 1. Translational energy-gain spectra for single-electron capture by 100 eV O,*" ions from Ar at
different projectile laboratory scattering angles. Also shown are reaction windows calculated on the
basis of a single-crossing LZ model (full curve) and the ECOB model (dashed curve). Smooth lines

are drawn to guide the eye.

The experimental differential cross
sections (do/dQ)) for single-electron capture
by 100 eV O,*" ions from Ar were found
using the translational energy-gain technique,
by calculating the area under the peaks (total
intensity) in the energy-gain spectra at
different projectile laboratory scattering
angles using curve fitting program. The
general features of the distributions are
qualitatively explained in terms of a semi-
classical model based on Coulomb potential
curves [20]. The traditional two-state model
has been used to estimate the critical angle 6.,

12

which corresponds to capture at an impact
parameter equal to the crossing radius, by
assuming that capture occurs at a localized
curve crossing between the potential energy
curves for entrance and exit channels. For
small laboratory scattering angles, 0. = Q/2E,,
where Q is the exoergicity of the collision
and E, is the laboratory impact energy. This
angle separates the events scattered at smaller
angles due to capture on the way-out and
events scattered at larger angles due to
capture on the way-into the collision. The
experimental differential cross sections and
the theoretical calculations folded with the
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experimental resolution are shown in Fig. 2.
The value of the largest calculated cross
section has been normalized to the
experimental value of the peak observed in
the spectrum. The calculation is performed
assuming that capture through IyX channel is
the only dominant reaction channel with the
[IeX channel strongly promoting the entrance

forward peak inside the critical angle 6, =
1.01°, which corresponds to the IyX capture
channel. The forward peak clearly represents
contributions from electron capture that takes
place on the way-out of the collision. The
calculated distribution shows a peak lying
near 0, and underestimates the contribution
from capture on the way-out of the collision.

channel. The experimental data show a
T I T I T r T q T
20000 1 o =
_ O, -Ai
] —-—————

™ ; i _- -~ 100 eV :
= . T
C = B - - | N ~~
3 150004 . - ~ -
D‘ = ~
S
S ~ a
_g T %

10000 + .
- .
: L 3
e ~

5000 A ]
T I T I T [ T ] T
0.0 0.5 1.0 1.5 20 2.5
0 (deg)

FIG. 2. Experimental and calculated differential cross sections (do/dQQ) for single-electron capture by 100
eV 0,>" ions from Ar. m, present results; the broken curve is the theoretical calculation folded with

experimental resolution.

I1.0,>" + N, Collisions

Fig. 3 shows the translational energy-gain
spectrum obtained for single-electron capture
by O,*" ions from N, at zero-degree scattering
angle. The shape and the peak position are
almost the same as those for the Ar target.
The peak in the spectrum is due to the non-
dissociative single-electron capture from the
ground state of (X 1Eg+) of incident ions into
the A °Il, state of O, . The reaction channel
IyX is positioned near the center of the
reaction windows based on the ECOB model
and LZ model. Both reaction windows
accommodate most of the observed features
in the spectrum.

I11. 0,2 + He Collisions

Fig. 4 shows the translational energy-gain
spectrum for the formation of O," ions from

the reaction of 100 eV O,*" ions with He at
zero-degree projectile scattering angle. The
spectrum shows only one peak centered at
about 5.8 eV. This peak correlates with non-
dissociative single-electron capture into the
ground state X “TI, of O," from W °A,, B °I1,
and B’ *Y, metastable states of the 0,
respectively. Again, the comparison with the
results of Hamdan and Brenton [5] at 6 keV
impact energy shows good agreement with
the present measurements. The reaction
window based on a single-crossing LZ model
favors Q values smaller than those observed
and is positioned near the dominant reaction
channel IloX, while the reaction window
based on the ECOB model provides the best
description of the observed spectrum.
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FIG. 3. Translational energy-gain spectrum for single-electron capture by 100 eV O,*" ions from N, at
zero-degree projectile laboratory scattering angle. Also shown are reaction windows calculated on the
basis of LZ model (full curve) and the ECOB model (dashed curve). Smooth line is drawn to guide the
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FIG. 4. Translational energy-gain spectrum for single-electron capture by 100 eV O,>" ions from He at
zero-degree projectile laboratory scattering angle. Also shown are reaction windows calculated on the
basis of LZ model (full curve) and the ECOB model (dashed curve). Smooth line is drawn to guide the
eye.
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It is interesting to note that the Q-scale
distribution of translational energy gain for
single-electron capture by 100 eV O,”" ions
from Ar and N, appear Gaussian whereas the
distribution from He is Pearson or Lorentzian
in shape. This is probably due to the fact that
for Ar or N, only one reaction channel
contributes to the capture process, while for
the He target, more than one channel
contribute to the capture process.

Conclusion

The main objective of the present
investigation has been to study single-
electron capture in low-energy collisions of
0,*" ions with Ar, N, and He by means of
translational ~ energy-gain  spectroscopy.
Translational energy-gain spectra for single-
electron capture by O,°" ions from Ar and N,
indicated that the dominant reaction channels
were correlated with non-dissociative single-
electron capture from the ground state (X
'$,") of 0,”" ions into the A °TI, state of O,",

while for He target the dominant channel is
due to capture into the ground state X 2Hg of
0," from W *A,, B 3Hg and B’ *S, metastable
states of the O,”", respectively. The energy-
gain spectra were interpreted qualitatively in
terms of the reaction windows, which are
calculated using the single-crossing LZ model
and the ECOB model. The reaction windows
based on the ECOB model provide the best
description of the observed spectra.
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