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STATE AND ANGULAR RESOLVED ELECTRON CAPTURE
IN A MERGED-BEAMS APPARATUS
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An important feature of the merged-beams technique is that the heat of a reaction
in the center-of-mass frame is kinematically amplified when transformed to the
laboratory frame. A multi-grid energy analyzer is used in a merged-beams appa-
ratus to study state-selective cross sections and angular distributions for electron
capture between multicharged ions and atomic D at eV /u collision energies. Prod-
uct D* energy spectra are measured for Si** + D at collision energies 3.6 eV /u to
98.6 eV /u, and for 03+ + D at 17.1 eV /u. Comparison is made to state-selective
and angular scattering calculations where possible.

The experimental, unambiguous identification of underlying transition mech-

anisms in collision reactions often requires that measurements go beyond total
cross sections to differential measurements. At low energies (0.02-5000 eV /u),
total capture cross sections for multicharged ions on atomic H (or D) have
been measured using the merged-beams technique!. Low energy partial cross
section measurements®? with atomic H are difficult and state-selective infor-
mation has only recently been reported* at eV/u energies using a technique
based on vacuum ultraviolet Photon Emission Spectroscopy in an RF octopole
trap. State-selective measurements® using the merged-beams technique take
advantage of the fact that the heat of reaction is amplified when kinematically
transformed from the center-of-mass frame to the laboratory frame. This am-
plification increases with decreasing collision energy. Extracting state-selective
cross sections at very low eV /u energies is complicated by angular scattering
which decreases the energy shift. While this reduces the effective energy reso-
lution for low energy collisions, it does provide angular scattering information.

The experiment was carried out at the Oak Ridge National Laboratory
Multicharged Ion Research Facility using the ion-atom merged-beams appara-
tus!'S. Briefly, a multicharged ion beam produced by a CAPRICE Electron
Cyclotron Resonance (ECR) ion source is electrostatically merged with a neu-
tral D beam of 7-9 keV, obtained by photodetachment of a D~ beam as it
passes through the resonant cavity of a 1.06 um cw Nd:YAG laser. After a
47 cm interaction region, the primary and product beams are magnetically

demerged. The product D ions are sent through an energy analyzer and then

detected by a channel-electron multiplier. The energy analyzer is a five-grid
potential retarding system similar to the one adopted by Newman et al® where
the center three grids are held at the desired retarding potential. Deuterium
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Figure 1: Energy shift spectra for single capture by Si** from D. The symbols are the
experimental data and the lines are fits to the distributions. The locations for the expected
positions for the captured states are also indicated.

was used instead of hydrogen in order to maximize the angular collection of
the signal ions. No isotope effects” are expected above 2 eV /u for the ions
presented here.

Differential yields of the D¥ produced as a function of retarding potential
applied to the energy analyzer were measured for collisions of Si*t with D
at center-of-mass energies of 3.6-98.6 eV/u. The spectra are put on an ab-
solute scale by normalizing to experimental total cross sections’. The data
indicate that the capture proceeds into both the Si3+(3d) and Si3*(4s) states
with more Si®>*(3d) contribution at higher energies (see Figure 1). With the
decrease of collision energy, the contribution of the 3d state decreases and the
4s state becomes more favored. The general picture observed is consistent with
theoretical predictions”8. '




ta

L} L) ¥
A Experiment
o*+D>0"+D* 4p 43 |—— Theory:sum
O5F g =17.1eViu | ] |2 e ds
E, = 9.065 keV

Relative Intensity
e o
w »

R

0.0
0

) w0 200
Energy Shift (eV)

Figure 2: Energy shift spectra for single capture by 0%t from D. The sysmbols are the ex-
perimental data and the lines are model distributions converted from the theoretical angular
differential cross sections.

For collisions at 50.6 and 98.6 eV /u, we extracted partial cross sections for
the 3d and 4s population. Although there is no angular scattering calculation
available, the calculation® for the system of O+ on H suggests that the angular
scattering at these energies should be smaller than a few degrees in the center-
of-mass frame. Since the difference in energy shift at such small scattering is
negligible in comparison to the experimental resolution (22 eV), we neglected
the effect of angular scattering in the energy shift spectra, and the experimental
resolution was directly used as the shape for the 3d and 4s distributions to fit
the data. The positions and heights of the distributions were kept as free
parameters. The resulting distributions are plotted in Figure 1 and show good
agreement with the experimental points. From the fitting, the ratio of the 3d
partial cross section over the 4s is found to be 1.3 and 1.8 for collisions at 50.6
eV/u and 98.6 eV /u, respectively. The estimated error due to the fit is 15%.
The results are significantly lower than the theoretical predicted values of 2.3
and 3.278, respectively.

At the lowest energies, 3.6 eV/u and 9.9 eV/u , the dominant capture
channel is observed to be the Si>*(4s) state. The measured energy spectra
(not shown) are broad, indicating the large angular scattering typical at these
low energies. A simple transformation converts the energy spectra to angular
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distributions indicating that at 9.9 eV/u the scattering extends to 35° and
increases to 45° at 3.6 eV/u . No theory exists for comparison.

Theoretical calculations® for the angular distributions do exist for O%+
+ D . Product energy spectra were measured for O5* + D at 17.1 eV/u .
For comparison, energy shift distributions were calculated by transforming the
angular differential cross sections to the energy-shift differential cross sections
and then folding in the experimental resolution. The resulting “theoretical”
distributions are compared to the measured distribution in Figure 2. The
agreement is reasonable, especially at the highest energy shifts.
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