
PHYSICAL REVIEW A VOLUME 36, NUMBER 12 DECEMBER 15, 1987

State-selective differential single-electron-capture cross sections for 02+-He co&visions
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Energy-gain spectra for single-electron capture by 0 + ions colliding with He have been mea-
sured at laboratory energies between 60 and 200 eV, and scattering angles between 0' and 4'. The
spectra indicate that the predominant exit channel is the (2p' P) excited state of 0+. Differential
cross sections for capture into the ('P) state were also measured. The data show an oscillatory
structure. The measurements are in qualitative agreement with recent theoretical calculations
based on a full quantum-mechanical description.

I. INTRODUCTION

The study of low-energy state-selective electron-
capture processes has shown spectacular growth in the
last few years. This interest has been stimulated by their
relationship to natural atmospheric and physical phe-
nomena such as charge balance in the ionosphere' and
by instrumental developments including high-energy
resolution, translational energy spectrometry, recoil,
electron beam ion source (ERIS), and electron cyclotron
resonance (ECR) ion sources, and other experimental
tools. These processes are of importance in applications
to other research fields such as controlled thermonuclear
fusion. Measured values of state-selective cross sections
for electron capture from H and He by impurity ions
present in hot plasmas are needed to estimate radiation
losses, and are the basis for spectroscopic measurements
of ion transport in plasmas. Finally, electron capture
into excited states of multiply charged ions followed by
the radiative decay of these states is a well-recognized
plasma-cooling mechanism.

Measurements of the angular distribution of the pro-
jectile products generally give more information about
the nature of the electron-capture process than do mea-
surements of the total cross sections. For example,
differential measurements provide the possibility of relat-
ing the scattering angle to a classical impact parameter.
Establishment of this connection depends on the
knowledge of the potential energy curves of the incom-
ing and outgoing channels that participate in the col-
lision, and the avoided crossings at which transitions
take place.

The case of capture by 0 + from He has received ex-
tensive theoretical attention since 1980 because of the
importance of this reaction in atmospheric and astro-
physical plasrnas. This reaction is potentially a very im-
portant mechanism for the destruction of 0 + in the ter-
restrial ionosphere and an important source of He+ and
metastable 0+ ions. The astrophysically interesting in-
cident energy ranges from thermal to about 10 eV/amu,
which represents typical low-temperature astrophysical
plasmas.

Ab initio structure calculations for this system have
been carried out by Butler et al. State-selective cross

sections were calculated from resulting potential curves
and coupling matrix elements by Beinstock et al. Very
recently Heil and Sharma' have presented quantal cal-
culations of angular distributions for electron capture by
0 + from He at center-of-mass energies from 1 to 100
eV. Their angular distribution at 100 eV is strongly
peaked in the forward direction with the first peak near
0.32 and negligible scattering outside 2 . At 10 eV,
they calculate that significant amounts of 0+ ions are
scattered out to a maximum angle of 19, and that little
flux is present inside 1'.

Experimentally, studies of the state-selective single-
electron capture by 0 + from He have generally been
limited to high" and thermal energies. ' Hasted et al. '

have measured angular distributions for single-electron
capture in collisions of C +, N +, and 0 + with He, Ne,
and Ar over the impact energy ranges 1 —3 keV and for
scattering angles between 0.25 and 2 '. Oscillatory
structure in inelastic scattering was observed after
deconvolution of the data. Their measured probabilities
for single-electron capture for collisions of O + with He
were dominated by the presence in the 0 + beam of the
long-lived 2p 'S and 2p 'D excited states of O +.
Makhdis et al. ' have measured the kinetic energy dis-
tribution of the product ions and differential single-
electron-capture cross sections for O +-He, C +-He, and
C +-Ne collisions at 2 keV. The energy-gain spectra for
collisions of 0 + with He at 2-keV impact energy show
a broad peak with a maximum at Q =5.5 eV due to cap-
ture into P state of O+, with contributions from capture
into S and D states. The transition probabilities for
O +-He collisions at 3 keV show three groups of oscilla-
tions terminating at impact parameters for which avoid-
ed crossings arise between the incident channel and the
single-capture channels of He+ and 0+ S, D, and P
states. Kamber et al. ' have measured the translational
energy spectra for single-electron capture by 0 + collid-
ing with He, H2, and N2 over energy ranges of 2 —8 keV.
For the He target they found that capture populates
nearly equally the P and D states of 0+ at 2 keV.
They also found that, as the collision energy increases,
reaction channels with higher energy gain are favored.

We report here on translational energy spectra and
differential inelastic cross sections for 0 +-He collisions.
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The experimental results in this paper have been ob-
tained on two types of apparatus. First, a differential
energy-gain spectrometer was used to measure energy-
gain spectra at low angular resolution. This spectrome-
ter was constructed for the measurement of electron-
capture cross-section differential in both in angle and en-
ergy at very low projectile energy. Second, an angular
distribution apparatus was used to record high-
resolution angular distributions. The two pieces of ex-
perimental apparatus have been previously described re-
spectively by Kamber et al. ' and Tunnell et aI. ' and
will be only briefly described here.

II. TRANSLATIONAL ENERGY-GAIN
SPECTROSCOPY

A. Doubly di8'erential energy-gain spectrometer

Ions were produced in a recoil ion source (see Fig. 1).
A water vapor target at a pressure of 5&(10 Torr was
bombarded by a fast Cu beam from the Kansas State
University (KSU) tandem Van de Graaff accelerator.
The recoil ions were extracted perpendicular to the
pump beam and directed into a 180 double focusing
magnet. After momentum analysis the beam passed
through a gas cell 3 mm long with 1- and 2-mm diame-
ter entrance and exit apertures, respectively. The scat-
tered ions that had undergone capture were energy ana-
lyzed by means of a 90 double focusing electrostatic
analyzer (ESA). The ions were then detected by a one-
dimensional position-sensitive channel plate detector lo-
cated at the focal plane of the ESA. The detector device
is made of two 3.25-cm microchannel plates followed by
a position-sensitive anode. The scattering angle is select-
ed by means of an aperture A 1 (lmm diameter) in front
of the ESA.

Cxiese et al. ' have found experimentally that the best
energy resolution occurs when operating with V, close
to Vz (see Fig. 1). In this case, the effective acceleration
potential is given by

V„,= V2+0. 75( V, —V~ ) .

In the present experiment ( VI —Vz ) was always less than
3 V.

B. Results

Measurements for 0 +-He collisions were carried out
for impact energies in the range 60—200 eV and scatter-
ing angles between 0 and 4 '. Figure 2 shows the
energy-gain spectra at an impact energy of 80 eV and
scattering angles of 0 and 2'. At 0' scattering angle,
capture into the 2p P excited state of 0+ from the
0 +(2p P) ground-state incident ion is overwhelmingly
dominant. This process is exothermic by 5.21 eV, with
an avoided crossing at R, =5.22 a.u.

When the apparatus is set at 0', only the largest im-
pact parameter collisions play an important part. Thus
avoided crossings at small internuclear separation cannot
be reached, and make no contribution to the spectrum.
For capture into the 0+(2p S) ground state and
0+(2p D) excited state, the crossing radii are at 2.57
and 3.75 a.u. , respectively. The scattering angles, es-
timated on the basis of Coulomb potentials, for impact
parameters equal to these crossing radii are 4.43 and
2.95, respectively, substantially outside the angular ac-
ceptance (1.6') of the ESA. Thus one does not expect
these channels to give appreciable contributions at this
impact energy. No clear evidence of metastable states
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+ [m (bE) cosB]/4MEo, (2)

where m and M are, respectively, the projectile and tar-
get masses, Eo is the laboratory energy of the projectile,
and 0 is the scattering angle. For zero scattering angle,
and at an impact energy of 80 eV, the translational ener-

gy given to the target AE =0.33 eV, while at a scatter-
ing angle of 2', AK =0.69 eV. This difference of 0.36
eV was found to be enough to be observed as shift in the
energy spectrum.

The calculations of Bienstock et al. predict that at
our energy, capture preferentially populates the
0+(2p P) state. This is in agreement with the present
measurements. The experimentally confirmed result that
only the P state is populated at these energies allowed
us to proceed to the measurement of high-resolution an-
gular distributions without simultaneous selection of the
final state.

'D and 'S in the incident beam was observed.
At a scattering angle of 2 where one might expect

contributions from avoided crossings at smaller radii to
become important, the dominant reaction channel
remains the same. Thus no evidence for population of
the S and D states appears at any angle. A small shift
in the energy of the P is observed, which is attributable
to the kinetic energy transfer to the target. The energy
gained by the projectile is equal to AE —AE, where AE
is the energy defect of the reaction and bE is the
translational energy given to the target. From classical
two-body kinematics, '

6K =[m (1 —cosB)/(m +M)]I [2MED/(m +M)]—bE I
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FIG. 3. Schematic of the apparatus used for angular distri-
bution measurements. VR is the retarding grid, MCP labels
the microchannel plate, and 2D-PSA is the two-dimensional
resistive anode.

each event the position information and the grid voltage
were recorded by a PDP-11/34 computer with mul-

tiparameter data-acquisition capabilities. The data were

recorded as an J-F position array, and converted off-line
to do /dB.

III. DIFFERENTIAL SINGLE-ELECTRON-CAPTURE
CROSS SECTIONS

A. Experimental apparatus

The 0 + ions, formed in a recoil ion source (see Fig.
3), were extracted and mass analyzed by a 180 ' magnetic
mass separator and directed into a 2.5-cm-long helium
gas cell, with entrance and exit apertures, respectively,
of 1.5 and 2.5 mm. The target gas pressure in the col-
lision cell was measured by a capacitance monometer,
and was typically &1mTorr, to avoid multiple scatter-
ing processes. After emerging from this cell, they were
detected downstream by a two-dimensional position-
sensitive detector. The incident beam was separated
from the scattered ions that had undergone capture by
means of an electrostatic retarding grid located in front
of the detector. The collimation of the ion beam was
achieved by the exit aperture of the magnet (2 mm diam-
eter) and the entrance aperture of the gas cell. The
detector assembly was composed of two microchannel
plates, followed by a two-dimensional resistive anode
with four equally spaced contact electrodes. The analog
signals were converted to position coordinates using a
charge-division technique. For each measurement the
grid voltage ( V~ ) was scanned typically over the range
V„, to 2V„„allowing separated measurements of the
direct beam, the 0+ product, and the neutral atom. For
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ment confirms the theoretical predictions that, in this
collision energy range, single-electron capture into the
2p P state of 0+ from the ground state 2p P of 0 +

is the dominant process. Oscillatory structure is clearly
seen in the differential cross sections, and the rainbow
angle appears close to the scattering angle predicted by
the theoretical calculations. The theoretical calculations
are not yet available for exactly the impact energies we
have been able to do in the experiment. The experimen-
tal data appear to have their major peak at an angle
which is in good agreement with the theory, and the
theoretical oscillation frequency similar to that found ex-
perimentally.
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