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Energy-gain spectra for single-electron capture by O 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 (2p32P) excited state of O+. 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 (EBIS),? 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 O>* from He has received ex-
tensive theoretical attention since 1980 because of the
importance of this reaction in atmospheric and astro-
physical plasmas. This reaction is potentially a very im-
portant mechanism for the destruction of O*% in the ter-
restrial ionosphere and an important source of Het and
metastable O 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
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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
O’* 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 O% 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 O** from He have generally been
limited to high'! and thermal energies. !> Hasted er al.'?
have measured angular distributions for single-electron
capture in collisions of C2*, N2+, and O** 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 O>" beam of the
long-lived 2p2'S and 2p2'D excited states of O>T.
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 O?* with He at 2-keV impact energy show
a broad peak with a maximum at Q =5.5 eV due to cap-
ture into 2P state of O, with contributions from capture
into *S and 2D 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 O™" 4S, 2D, and %P
states. Kamber et al.!’ have measured the translational
energy spectra for single-electron capture by O** collid-
ing with He, H,, and N, over energy ranges of 2—8 keV.
For the He target they found that capture populates
nearly equally the 2P and 2D states of O* 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 O?*-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 er al.'® and Tunnell et al.!” and
will be only briefly described here.

II. TRANSLATIONAL ENERGY-GAIN
SPECTROSCOPY

A. Doubly differential energy-gain spectrometer

Ions were produced in a recoil ion source (see Fig. 1).
A water vapor target at a pressure of 5X 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 41 (Imm diameter) in front
of the ESA.
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FIG. 1. Schematic diagram of the doubly differential
energy-gain spectrometer. D1 and D2 are electrostatic
deflectors, A1 is the angular selection aperture, ¥y is the re-
tarding grid, MCP labels the microchannel plates, and PSA is
the position-sensitive anode.

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

Ve =V, 40.75(V, — V) . (1)

In the present experiment (V| —V,) was always less than
3V.

B. Results

Measurements for O?*-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 OF from the
02*(2p?3P) 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 O*(2p**S) ground state and
O7"(2p32D) 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

‘s 0%*-He
E=80eV
300 - f‘ G- 0°
-
2 S
§ 200 i3
O £P¥D %S
R “
100 - el
& 03
- 1. .
o + L¢ + ’. ‘,o - - .
200 +— »' EE— I
2 . |
2, 6=20
o’f
150 P
1 L
4-"’
% P
E 1004 K
3 s
(&) . #
50 - 72
pee v LG e .
o LTS SaNacen
o 5 10 15

ENERGY GAIN (eVv)

FIG. 2. Energy-gain spectrum for single-electron capture by
80-eV O’* ions from He at scattering angles of 0° and 2.0°.
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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 2D states appears at any angle. A small shift
in the energy of the 2P is observed, which is attributable
to the kinetic energy transfer to the target. The energy
gained by the projectile is equal to AE —AK, where AE
is the energy defect of the reaction and AK is the
translational energy given to the target. From classical
two-body kinematics, !’

AK =[m (1—cos0)/(m +M)]{[2ME,/(m +M)]—AE}
+[m (AE)*cos0]/4ME,, , @)

where m and M are, respectively, the projectile and tar-
get masses, E 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 AK =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 er al.® predict that at
our energy, capture preferentially populates the
O7*(2p*?P) state. This is in agreement with the present
measurements. The experimentally confirmed result that
only the 2P 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.

III. DIFFERENTIAL SINGLE-ELECTRON-CAPTURE
CROSS SECTIONS

A. Experimental apparatus

The O?* 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
Vace to 2V ., allowing separated measurements of the
direct beam, the O product, and the neutral atom. For
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FIG. 3. Schematic of the apparatus used for angular distri-
bution measurements. Vj 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 X-Y position array, and converted off-line
todo /d6.
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FIG. 4. Typical unsmoothed data (a) and smoothed

differential cross sections (b) for single-electron capture by O**
from He at 247 eV.
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FIG. 5. Differential cross sections for single-electron cap-
ture into 2P state of O*, by O** ions from He, at various labo-
ratory energies.

To check the linearity of the detector and establish a
position calibration for the detector, we placed a per-
forated diaphragm with holes of 1 mm diameter,
separated by 3.2 mm, in front of the detector. The recoil
beam was then scanned across the detector surface and
the resulting hole pattern on the X-Y array was used to
calibrate the detector. Small changes of linearity were
observed near the edges of the microchannel plates.
This barrel distortion is expected for a two-dimentional
resistive anode.?® We minimized the effect of this distor-
tion on our data by using only the central portion of the
plates. The overall angular resolution of the primary
beam with no gas in the collision cell was approximately
0.2° (FWHM).

As an example of the unsmoothed data collected in
this experiment, Fig. 4(a) shows the differential cross sec-
tion for single-electron capture by O? from He at 247
eV. These data are the result of subtracting from the
O™ distribution a background contribution evaluated by
diverting the He into the target region near the gas cell
but bypassing the cell itself. A somewhat more aestheti-
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FIG. 6. Adiabatic potential curves of the 1°Il, 2°II, and
3311 states of HeO?* calculated by Butler er al. (Ref. 8). At
large R, states 3°II, 2°II, and 1°Il go to the channels
02" (2p2P)+He, O*(2p*?P)+He*, and O*(2p32D)+He™, re-
spectively.

cally pleasing presentation of the distributions was ob-
tained by a smoothing procedure whereby a running
quadratic least-squares fit was done over every seven ad-
jacent data points and each central data point was re-
placed by the fit result. The result of this smoothing is
shown in Fig. 4(b). Absolute cross-section scales were
assigned to the data by normalizing our results to the to-
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FIG. 7. Differential cross sections for capture from He plot-
ted versus the reduced angle 7. (a) Experimental differential
cross section for E =247 eV, (b) theoretical differential cross
section for E =50 eV (Ref. 10).
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FIG. 8. Energy dependence of the reduced angles for the first maximum in the differential cross sections for single-electron cap-
ture in O?*-He collisions. Experiment: @; theory: -———8; taken from Heil and Sharma (Ref. 10).

tal cross section measurements of Champion et al.?!
This procedure is approximate only, since it can be seen
from Fig. 4 that the angular range of our detector is
shorter than the range of the angular distribution. Espe-
cially at lower collision energies, the detector is not large
enough to collect the entire cross sections. Thus the
fraction of the cross section occurring outside the region
of our measurements was estimated by extrapolation.

B. Results and discussions

Figure 5 shows the smoothed measured differential
cross sections for single-electron capture into 2P state of
O™ at laboratory energies between 126.5 and 303.4 eV.
The data show an oscillatory structure. Similar
electron-capture oscillations by multiply charged ions
were observed by Cocke et al.?? in the differential cross
sections and by Cederquist et al.?> in the energy gain
spectra for double-electron capture by C** from He.
These oscillations were well reproduced and described as
Stiickelburg oscillations by Barany et al.?* using a two-
state curve-crossing model, and most recently by Tan
et al.,® using a quantal two-channel molecular orbital
close coupling expansion method and semiclassical ap-
proximation.

Calculations of Butler et al.® demonstrate that the
capture takes place when a close approach occurs be-
tween the 3°3IT molecular state of HeO?*, which corre-
lates to the incident channel, and the 2 3II which corre-
lates to the He™ +O™ 2P final state (see Fig. 6). A weak-
er interaction occurs with the 1311 state, which separates
into O* 2D and He*. Heil and Sharma!® have discussed
the difficulty of applying a two-state model to this case,
since all three states are involved and the diabatic energy
curves do not cross as a two-state model would predict.
Over our energy range, however, the problem can be dis-
cussed as a two-channel one in the sense that the 1°IT
state is not populated, although this channel does have a

strong influence on the 3°I1-2°Il potentials and cou-
plings. Bearing in mind the limitations of this interpre-
tation, we may use a semiclassical language to identify
the observed oscillations as due to interference between
scattering amplitudes developed from transitions be-
tween the 3°I1 and 2°Il adiabatic curves, with transi-
tions occurring on the way in or out.

The fully quantal calculations by Heil and Sharma!®
go beyond such qualitative interpretations. Unfortunate-
ly, their published calculations do not overlap our bom-
barding energy range. Thus no direct comparison be-
tween experiment and theory can yet be made. A quali-
tative comparison between our distribution at E =247
eV and the calculations of Heil and Sharma'® at 50 eV is
shown in Fig. 7. In making comparisons, we have plot-
ted the cross sections versus the reduced angle 7, the
product of impact energy E, and the scattering angle 6,
rather than 6. This presentation makes some compensa-
tion for the fact that the two distributions correspond to
different energies. This comparison clearly must be in-
terpreted as only approximate. A quantitative compar-
ison awaits completion of theoretical calculations for the
experimental energies. 2%

A further comparison between experiment and theory
is made in Fig. 8. This figure shows the reduced angle r,
for the first maximum in the differential cross sections
for different impact energies together with the theoreti-
cal predictions of Heil and Sharma.!® The data show a
weak dependence of the reduced angle on the impact en-
ergy, and are in good agreement with the theory, partic-
ularly at the lower impact energies.

IV. CONCLUSION

The main objective of the present investigation has
been to study single-electron-capture collisions of O**
ions with He by means of translational energy spectros-
copy and differential collision cross sections. The experi-
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ment confirms the theoretical predictions that, in this
collision energy range, single-electron capture into the
2p32P state of O from the ground state 2p2°P of O**
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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