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State-selected studies of the electron capture by Ne3¿ and Ne4¿ ions from N2 and O2 molecules
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State-selective differential cross sections for single-electron capture processes in collisions of Neq1 (q53
and 4! ions with N2 and O2 have been studied experimentally at laboratory impact energies between 75 and
600 eV and scattering angles between 0° and 8° by means of a translational energy-gain spectroscopy
technique. For the N2 target, zero-angle translational energy spectra show that the capture occurs mainly into
3s and 3d states of the projectile product Ne(q21)1, respectively, for the ion charge statesq53 and 4. For the
O2 target, the dominant reaction channels are due to capture into 3p and 3d8, respectively, for charge states
q53 and 4. In collisions of Ne31 with N2 and O2, contributions from processes commencing with a long-lived
metastable state Ne31(2p3 2D) are detected. Other channels due to capture accompanied by target excitation
are found to open at large scattering angles. The angle and energy dependence of cross sections for single-
electron capture by Neq1 (q53 and 4! ions from N2 and O2 are also measured.

DOI: 10.1103/PhysRevA.63.022701 PACS number~s!: 34.70.1e, 82.30.Fi
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I. INTRODUCTION

The study of single-electron capture in very slow co
sions of multiply charged ions with molecular targets h
recently received considerable theoretical and experime
attention. Such processes are of importance in application
the studies of low- to high-temperature astrophysical plas
and properties of the earth’s atmosphere. They are also
evant to diagnostics of plasma parameters, plasma hea
and modeling of the comparatively cool edge of the fus
plasma, where effective control and removal of impurities
of crucial importance.

Translational energy spectroscopy has been extensi
used to study state-selective single-electron capture by m
tiply charged neon ions from rare-gas atoms and atomic
molecular hydrogen. However, in the case of N2 and O2
targets, there have been no previous experimental mea
ments of cross sections, differential in translational ene
gain and projectile scattering angle, for state-selective sin
electron capture at low energies, to our knowledge.

In our previous work we used a differential energy-ga
spectrometer@1,2#, capable of measuring simultaneously t
scattering angle and the energy gain of projectile product
ion-atom collisions, for the study of state-selective sing
electron capture from atomic targets by Arq1 (q54 – 6) and
Neq1 (q53 – 5) ions at laboratory impact energies betwe
150 and 600 eV. In the work reported here we have exten
our measurements to molecular targets. Briefly, multi
charged neon ions were produced in a recoil ion source
using 25 MeV F41 ions from the Western Michigan Univer
sity tandem Van de Graaff accelerator as a pump beam
einzel lens was used to focus the ion beam extracted from
source into a 180° double-focusing magnet. After mom
tum selection, the ion beam was again focused by two p
of deflectors and directed into a gas cell containing lo
pressure target gas to ensure single-collision conditions.
scattered through a nominal angleu into a solid angle (DV)
of about 331023 sr were energy analyzed by means of a 9
double-focusing electrostatic analyzer~ESA!, and then de-
tected by a one-dimensional position sensitive channel-p
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detector located at the focal plane of the ESA. The scatte
angleu is selected by means of an aperture~1 mm diameter!
in front of the ESA.

FIG. 1. Translational energy-gain spectra for single-elect
capture by 75 eV Ne31 ions from N2 and O2 at different projectile
laboratory scattering angles.
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TABLE I. Single-electron capture reaction channels for collisions of Ne31 ions with N2 and O2.

Reactants and initial states Product final states DE ~ev!
Designation of
reaction process

Ne31 (2p3 4S)1N2(X 1(g
1) Ne21 (3s 5S)1N2

1(X 2(g
1) 8.93 IzX

Ne21 (3s 3S)1N2
1(X 2(g

1) 8.28 IhX
Ne21 (3s 5S)1N2

1(A 2)u) 7.81 IzA
Ne21 (3s 5S)1N2

1(B 2(u) 5.77 IzB

Ne31 (2p3 2D)1N2 (X 1(g
1) Ne21

„2p3 ( 2P)3s 3P…1N2
1(X 2(g

1) 6.54 IImX
Ne21

„2p3 ( 2P)3s 1p…1N2
1(X 2(g

1) 5.87 IInX

Ne31 (2p3 4S)1O2(X 3(g
2) Ne21 (3p 5P)1O2

1(X 2)g) 7.67 IuX
Ne21 (3p 3P)1O2

1(X 2)g) 7.16 IkX
Ne21 (3s 5S)1O2

1(a 4)u) 8.41 IzA
Ne21 (3s 5S)1O2

1(b 4(g
2) 6.3 IzC

Ne31 (2p3 2D)1O2(X 3(g
2) Ne21

„2p3( 2P)3s 3P…1O2
1(X 2)g) 9.95 IImX

Ne21
„2p3( 2P)3s 1p…1O2

1(X 2)g) 9.28 IInX
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II. RESULTS AND DISCUSSION

In the process of single-electron capture by multip
charged ions from atomic or molecular targets, the projec
gains an amount of energy~Q! that depends on the partic
pating electronic states, masses of the projectile and ta
and scattering angle of the projectile ions. In a classical tw
body collision, the translational energy of an ion undergo
inelastic scattering differs from the impact energy of the p
jectile ion E0 by

Q5E2E05DE2DK, ~1!

whereDE is the energy defect of the reaction, andDK is the
translational energy given to the target and is given by

DK5
mP

mP1M
~12cosuP!F 2ME0

mP1M
2DEG

1FmP~DE!2

4ME0
GcosuP , ~2!

wheremP and M are, respectively, the projectile and targ
masses, anduP is the final laboratory scattering angle of th
projectile@3#. However, for these collision systems values
DK calculated on the basis of zero and nonzero scatte
angles are found to be small. This indicates that we
assume thatQ5DE. In the present measurements, the tra
lational energy spectra are expressed in terms of theQ values
and no correction~i.e., DK) was added to the measured e
ergy gain.

The energy levels used in calculating the energy de
(DE) were taken from Moore@4#, Bashkin and Stoner@5#,
and other sources@6,7#. The product states are identified b
the energy gainQ, measured from the translational energ
gain spectra obtained with a differential energy-gain sp
trometer. The energies (DE) were calculated assuming th
the molecular targets and their product ions were at the l
est vibrational levels (n50). The observed reaction channe
are labeled according to the notation previously used by
02270
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mber et al. @8#. The designations I and II represent th
ground and first metastable states of the incident ion, res
tively, while a,b,g, . . . represent the ground and succe
sive higher excited states of the projectile produ
X,A,B, . . . represent the ground and higher excited state
the target product. To identify the reaction channels
volved, the energy-gain spectra for Ne31-Ar and Ne41-Ar
collision systems@2# were used as a standard to calibrate
Q scale for the Ne31,41-N2 and -O2 systems. In the latter
collision systems, single-electron capture spectra are
served to be broader. This is probably due to the vibratio
states of the target products N2

1 and O2
1 , which are smaller

than the present energy resolution of 1.1 eV. The spe
were normalized to the same target densities and t
amount of pump beam charge collected at the Faraday
after it passed through the interaction region in the recoil-
source.

In the following sections the results for single-electr
capture processes in collisions of Neq1 ions (q53 and 4!
with N2 and O2 are presented and discussed. The data
classified according to the translational energy-gain spec
differential cross sections, and energy dependence total c
sections measurements.

A. Translational energy-gain spectra

1. Ne3¿ collisions with N2 and O2

Figure 1 shows the translational energy-gain spectra
the formation of Ne21 ions from the reaction of 75 eV Ne31

ions with N2 and O2 at different projectile laboratory scat
tering angles. The possible exit channels following sing
electron capture are listed in Table I.

In Ne31-N2 collisions, the observed collision spectrum
0° scattering angle is dominated by a peak due to cap
from the ground state Ne31(2p3 4S) ions into the 3s 5,3S
excited states of the Ne21 product ions with production of
N2

1 in the ground state (X 2Sg
1) via reaction channels IzX

and IhX. Contributions from capture accompanied by t
1-2
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excitation of the target product via the reaction channel IzA
cannot be ruled out.

The broad peak, centered aroundQ56.5 eV, is due to
capture from the metastable state 2p3 2D of Ne31 into the
2p3(2P)3s states of Ne21 via IImX and IInX channels.
There can also be contributions due to transfer excitation
the reaction channel IzB.

At a scattering angle of 4.85°, single-electron capture i
the 3s state of Ne31 remains dominant, but the relative im
portance of the reaction channels correlated with the p
ence of the metastable state 2p3 2D in the Ne31 ion beam
decreases. This indicates that the angular distribution
capture into the 3s state is peaked in the forward direction
Ne31-N2 collisions.

In Ne31-O2 collisions, the dominant peak at 0° scatteri
angle corresponds to capture from ground state incid
Ne31(2p3 4S) into the 3p 5,3P states of Ne21 with produc-
tion of O2

1 in the ground state (X 2Pg) via IuX and IkX
channels, with contribution from the transfer excitati
channel IzA. The structure (IzC) on the lower-energy
side of the dominant peak corresponds to capture
3s 5S states with target excitation to the (b 4Sg) state of
O2

1. The smaller peak at about 10 eV correlates with c
ture from the metastable state 2p3 2D of Ne31 into the
2p3( 2P)3s states of Ne21 via IImX and IInX channels. As
the angle is increased, capture into the 3p states of Ne21

remains dominant, whereas the relative importance of
reaction channels IImX and IInX is strongly decreased, an
the small peak completely disappears for scattering an
u>5.6°.

2. Ne4¿ collisions with N2 and O2

Figure 2 shows the translational energy-gain spectra
single-electron capture by 100 eV Ne41 ions from N2 and O2
at different projectile laboratory scattering angles, and
possible reaction channels following single-electron capt
are listed in Table II. For the Ne41-N2 system, the zero-
degree spectrum shows only one peak; this peak corre
with single-electron capture into the 3d excited state of
Ne31 from the ground state Ne41 (2p2 3P) ion with produc
tion of N2

1 in the ground state (X 2Sg
1) via the reaction

channels IpX. There is also some contribution from an u
resolved reaction at about 11.5 eV, involving transfer ex
tation into the 2p2(1D)3p 2F state of Ne31 accompanied by
excitation of the target product into the excited state (A 2Pu)
of N2

1 ~channel IoA).
At the scattering angle of 7.83°, single-electron capt

into the 3d state remains dominant, but the relative impo
tance of capture into the 2p2(1S)3s and 3p states gradually
increases. This indicates that the angular distribution for c
ture into 3d is more strongly peaked in the forward directio
than for the process associated with capture into 2p2(1S)3s
and 3p states.

For the Ne41-O2 collisions, the observed spectrum at 0
scattering angle is dominated by reaction channel IsX with
unresolved contributions from the transfer excitation IpA
channel. The peak at around 6.5 eV is due to the reac
channel InX, while the long tail located atQ>12 eV is due
02270
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to capture into the 3p state of Ne31 with the production of
O2

1 in the excited states a4Pu , A 2Pu , andD 2Sg (ImA,
ImB, . . . channels! ~see Fig. 2!.

As the scattering angle increases, single-electron cap
into the 2p2(1D)3d state of Ne31 (I sX) remains dominant.
However, the importance of capture into 3p accompanied by
excitation of the target product (ImA and ImB channels! in-
creases, and the relative importance of the reaction cha
InX decreases. In this collision system, we observed a
ticularly interesting feature of the scattering angle dep
dence of single-electron capture spectra. With increas
scattering angles, contributions from avoided crossings
smaller internuclear separations~large Q values! become
gradually more important, as one would expect. In gene
at forward scattering or smaller angles, the larger imp
parameter collisions play an important role in the electr
capture process since the avoided crossings at small inte
clear separation cannot be reached and make no contribu
As the angle is increased, contributions from successiv
smaller internuclear separation regions make their app
ance.

FIG. 2. Translational energy-gain spectra for single-elect
capture by 100 eV Ne41 ions from N2 and O2 at different projectile
laboratory scattering angles.
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TABLE II. Single-electron capture reaction channels for collisions of Ne41 ions with N2 and O2 .

Reactants and initial states Product and final states DE ~eV!
Designation of
reaction process

Ne41 (2p2 3P)1N2(X 1(g
1) Ne31 (3p 4S)1N2

1(X 2(g
1) 15.5 ImX

Ne31
„2p2( 1S)3s 2S…1N2

1(X 2(g
1) 13.2 InX

Ne31
„2p2( 1D)3p 2F…1N2

1(X 2(g
1) 12.6 IoX

Ne31
„2p2( 1D)3p 2F…1N2

1(A 2)u) 11.5 IoA
Ne31 (3d)1N2

1(X 2(g
1) 8.8–10.2 IpX

Ne31
„2p2( 1D)3d 2D…1N2

1(X 2(g
1) 6.5 IsX

Ne41 (2p2 3P)1O2(X 3(g
2) Ne31 (3p)1O2

1(a 4)u) 15–16.1 ImA
Ne31 (3p)1O2

1(A 2)u) 14–15.1 ImB
Ne31 (3d)1O2

1(X 2)g) 12.3–13.6 IpX
Ne31 (3p)1O2

1(D 2(g) 11.3–12.4 ImE
Ne31

„2p2( 1D)3d…1O2
1(X 2)g) 8.8–10 IsX

Ne31 (3d)1O2
1(a 4)u) 8.6–9.6 IpA

Ne31 (3d)1O2
1(A 2)u) 7.3–8.6 IpB

Ne31 (4s 4P)1O2
1(X 2)g) 6.5 InX
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B. Differential cross sections

The experimental total differential cross sectio
(ds/dV) for single-electron capture by Neq1 ions from N2
and O2 for q53 and 4 are shown in Fig. 3. The dash
curves in Fig. 3 are to guide the eye. The differential cr
sections were found using the translational energy-gain te
nique, by calculating the area under the peaks~total inten-
sity! in the energy-gain spectra at different projectile labo
tory scattering angles. The general features of
distributions are qualitatively explained in terms of a sem
classical model based on Coulomb potential curves@9#. The
traditional two-state model has been used to estimate
critical angleuc , which corresponds to capture at an impa
parameter equal to the crossing radius, by assuming that
ture occurs at a localized curve crossing between the po
tial energy curves for entrance and exit channels. For sm
laboratory scattering angles,uc5Q/2E0, whereQ is the exo-
ergicity of the collision andE0 is the laboratory impact en
ergy. The calculations of differential cross sections usua
show a minimum atuc . This angle separates the events sc
tered at smaller angles due to capture on the way out
events scattered at larger angles due to capture on the
into the collision.

For 75 eV Ne31-N2 collisions ~see Fig. 3!, the distribu-
tion maximizes near the critical angleuc53.3°, which cor-
responds to the 3s 3S capture channel at an impact parame
equal to the crossing radius. The forward peak clearly rep
sents the contribution from capture into the final channel
the way out from the collision.

For 75 eV Ne31-O2 collisions, the distribution increase
belowuc52.9° for capture into the 3p state of the Ne21 ion,
with a significant peak located near 3.8°~see Fig. 3!. The
structure belowuc represents contributions from capture
the way out from the collision with a valley located nearu
51.5°, which is a rainbow effect caused by 4s promotion of
the entrance channel. The peak occurring at larger an
~i.e., u>2.9°) is almost entirely contributions from captu
02270
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that take place on the way into the collision, i.e., the up
branch of the deflection function.

For 100 eV Ne41-N2 collisions, the data show that th
distribution for capture into the 3d state is peaked in the
forward direction and is a relatively smooth function. F
100 eV Ne41-O2 collisions ~see Fig. 3!, the measurement
show that the projectile products are distributed forward
side the critical angleuc52.7°, indicating that capture too
place on the way out of the collision.

C. Total cross sections

The measured total cross sections for single-electron c
ture by Neq1 ions (q53 and 4! from N2 and O2 at labora-
tory collision energies between 25 and 150 qeV are show
Fig. 4. For these measurements, an angular acceptanc
about710° was used after removing the angular selecto
front of the ESA. The absolute scales for the cross secti
were evaluated by normalizing to the total amount of f
beam charge collected and by using the total single-elec
capture cross section measurements of Justinianoet al. @10#
for Neq1-He collisions.

For Ne31 ions, the total cross sections oscillate with i
creasing collision energy about averages values of 40
60310216 cm2, respectively, for O2 and N2 targets, a behav-
ior that is well documented for such collisions at low ene
gies. This is attributed to the availability of many captu
channels, which are situated nearly at the center of the r
tion window. For Ne41 ions, the total cross sections slow
increase with the collision energy. This can also be und
stood from the reaction window, which gets broader w
increasing energy, and therefore capture channels with la
Q values get an increasing probability.

III. CONCLUSION

Doubly differential cross sections, in energy and ang
for single-electron capture by very low-energy Neq1 ions
1-4
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(q53 and 4! from N2 and O2 have been studied by means o
translational energy-gain spectroscopy. In addition to p
single-electron capture channels, we also detected we
channels due to transfer excitation~i.e., capture accompanied
by target excitation! and the presence of the metastable st
Ne3(2p3 2D) in the primary ion beam. In these collision sys
tems, no clear evidence of molecular dissociation was

FIG. 3. Experimental differential cross sections (ds/dV) for
single-electron capture by 75 eV Ne31 and 100 eV Ne41 ions from
N2 and O2. Smooth lines are drawn to guide the eye.
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served. We have also studied differential cross sections
single-electron capture processes in the collision syste
mentioned. For Ne31-N2 and -O2 collisions, the angular dis-
tribution spectra contain a main peak lying just inside a cr
cal angleuc , corresponding to capture at an impact para
eter equal to the crossing radius of the dominant reac
channel. The peaks are qualitatively explained by a two-s
model and are attributed to a capture process on the way
from the collision. For collisions of Ne41 with N2 and O2,
the mean peaks of the distributions lie at angles greater t
uc , which represent contributions from capture that tak
place on the way into the collision. The energy depende
of cross sections for single-electron capture by Neq1 ions
(q53 and 4! from N2 and O2 were also measured. No dat
on state-selective single-electron capture by low-ene
Neq1 ions from N2 and O2 are, however, available for com
parison.

FIG. 4. Total cross sections for single-electron capture by Neq1

ions (q53 and 4! from N2 and O2.
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