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Single-electron-capture cross sections have been measured for boron jons B?* with initial charges ¢ = 2, 3,
and 4 incident on helium, molecular hydrogen, and argon gas targets. The cross sections show little
dependence on the-incident ion energy for the range studied, 6g-23¢q keV. Also reported are double-electron-
capture cross sections for B** incident on H, and Ar and for B** incident on He, H,, and Ar, as well as a
survey of single-electron-capture cross sections for ions of carbon (2 <gq <4), nitrogen (2<q <5), and oxygen
2<q <6) at the single energies 8g keV incident on He and Ar targets. In general, it is found that the cross
sections do not vary monotonically with the initial charge state, for a fixed colliding atomic species. Each
reaction depends in detail on the level structures of both the incident ion and the target atom or molecule.

I. INTRODUCTION

The study of electron capture by multiply charged
ions during collisions with atoms or molecules has
grown tremendously in the last few years, pri-
marily because it has been recognized that in
such collisions the electron is most likely captured
into an excited state,' which may then decay via
photon emission, and also because the cross sec-
tions for such processes may be quite large. It
is evident, therefore, that electron capture may
play an important role in the behavior of high-
temperature plasmas as an energy-loss mechan-
ism®?® and may also be a technologically feasible
means of producing population inversions for x-
ray lasers.*® Electron capture has a direct in-
fluence on the heating of plasma by injection of
neutral beams, which is of immediate interest in
the fusion energy program.®”’

It has also been recognized recently that electron
capture may be the dominant mechanism govern-
ing the loss of certain multiply charged ion species
observed in the interstellar medium.®® This has
had a rather dramatic effect on the choice of
theoretical models used indirectly to infer the
cosmic x-ray and high-energy-particle fluxes in
the interstellar medium; prior to this discovery
it had been assumed that radiative recombination
was the dominant loss mechanism for these ions.

In 1956 Hasted and Smith'® reported the first

experimental determination of cross sections for
electron capture by a multicharged slow ion (i.e.,
one with a velocity v small compared to v,, the
characteristic velocity of the electron in the hydro-
gen ground state). Since then Hasted and co-
workers'' have carried out much additional work
generally limited to ions with ¢ <3 and kinetic
energies below those of the present work. In the
1960s Fite et al.'? studied electron-capture
collisions of He®* with certain target gases in-
cluding atomic hydrogen. Shah and Gilbody** and
Bayfield and Khayrallah'* have reported additional
experimental studies with He* ions. Experiments
were performed in the late 1960s and early 1970s
by Zwally and Koopman'® on the C* + Arand C* + He
systems and by Zwally and Cable’® on the B* + He
system. Work has been done on Ar® + Ar collision
systems by Klinger et al.'” Work has been per-
formed very recently by Crandall et al.'® for
ions of carbon, nitrogen, and oxygen with charges
greater than 3 incident on H,, and by Crandall'® on
the heliumlike ions of boron, carbon, nitrogen,
and oxygen incident on He. Last year Nutt et al.
reported results for C2* and Ti*" on H, (Ref. 44).
The primary purpose of this paper is to report
experimental values for the single-electron-cap-
ture cross sections for B ions, 2<¢<4, at
laboratory kinetic energies in the range 0.55q—
2.1q keV/amu incident on the gases H,, He, and
Ar. With the single exception of B3+ He (Ref. 16,
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19), these collision systems had notbeen studied pre-
viously. Alsoreportedare capture cross sections for
C* (2sg<4), N* 2sg<5), and O (2<¢g<86) ions
at the single energies 8¢ keV incident on He and
Ar. Double-electron-capture cross sections for -
B®** and B** are also reported here. Attempts will
be made in Sec. V of this paper to correlate the
observed trends in the measured cross sections
with trends in the energy-level structures of the
initial and final collision partners. Studies in-
volving these same ions incident on atomic hydro-
gen will be described in a subsequent article.

II. THEORETICAL BACKGROUND

Atomic collisions with relative velocities v <v,
are often treated within an impact-parameter
formalism with the internuclear motion assumed
to follow some well-defined trajectory (often a
straight line). The two colliding atoms are viewed
as forming a transient quasimolecule with well-
defined electronic eigenstates and corresponding
eigenenergies for each value of the internuclear
separation R. The eigenenergies are therefore
parametric functions of R and are usually called
“potential-energy curves.” Transitions of the
system from one potential-energy curve to another
(i.e., transitions between the system’s eigenstates)
may be induced not only by the “perturbation”
caused by the nuclear motion but also by any
additional perturbation potentials neglected in the
original diagonalization of the electronic Hamil-
tonian.

Calculational methods based on this approxi-
mation have been of two main types, multistate
close-coupling and potential-energy curve-crossing
calculations. The former involves the detailed
calculation of eigenfunctions, eigenenergies, and
transition-matrix elements for all the “important”
molecular states. This method has therefore been
limited to the treatment of problems where only a
relatively small number of states need be con-
sidered. To date the multicharged ion-atom pro-
blems that have been treated in this manner are
He?'+H (Ref. 21), C*'+He and B**+ He (Ref. 22),
C*'+H and B**+H (Ref. 23), and C®" +H (Refs. 24,
25). As will be pointed out below, there are many
other cases where the number of important states
can be quite large.

Curve-crossing methods and their variants have
been used extensively to estimate cross sec-
tions.?®"27 Their utility hinges on finding simple
approximation procedures for determining the re-
quired potential-energy curves and transition-
matrix elements. In the case of multicharged-
ion-atom electron-capture collisions, the
methods of Bates and ‘Moiseiwitch® and others?”2®

may be employed to determine approximate po-
tential-energy curves. Here the initial-state po-
tential curve is approximated by a constant term
plus an attractive induced-polarization term. The
final-state curves are approximated by constant
terms plus a Coulomb-repulsion term. Each
curve-crossing point R, is then easily determined,
and each transition-matrix element is calculated
only at the relevant R,. These approximate curves
and matrix elements are then used in either
Landau-Zener, * ionic-covalent, *° or exponential-
model®' calculations and cross sections determined.
Estimates based on these methods often ignore
interference effects associated with multiple
crossings. Transitions induced by the rotation of
the internuclear axis are not treated by means of
these model approaches.

When a large number of curve crossings exist
within a small range of internuclear separation,
an “absorbing-sphere approximation”3*3% may
be used to estimate the cross section. The total
transition probability is assumed to be unity for
impact parameters less than some average
crossing distance R, characteristic of the multiple
crossing, and near zero otherwise. The cross
section is then simply set equal to nmRZ. Despite
its simplicity, this procedure places reasonable
upper bounds on the cross sections.

III. EXPERIMENTAL METHODS AND PROCEDURES

Cross sections in the present work were mea-
sured by means of a standard beam—gas-target
method. Gas molecules or atoms were dissociated,
ionized, and extracted from an ion source. After
acceleration by a known potential difference, an
ion beam whose charge, mass, and energy were
all well known was tightly collimated and allowed
to pass through a gas target of well-known com-"
position and thickness. The scattered ions were
then analyzed according to charge and energy and
finally collected.

The source of the highly charged ions used in
the present experiment was the Oak Ridge Penning
ion-source test stand.>»3%® This source-accelera-
tor is capable of production and acceleration of
ions of practically any element which can be put
into a gaseous compound. The accelerating voltage
is limited to a~30-kV maximum by high-voltage
breakdown. The~5-kV mimimum value is limited
by ion-optical trajectory considerations. The
accelerated ions are deflected by the same static
magnetic field used to confine the dc arcs that
produce the ion source plasma so that, below about
5 kV, the accelerated ions are deflected too much
to be transmitted. For the same reason, H'
beams are not produced by this source. Until
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recently the only totally stripped ion species
successfully extracted from the source and used in
experiments have been “*He?* and *He?*. A weak
B’* beam was observed by us in 1976, but its
magnitude was insufficient for experimentation.
The only hydrogenlike ions that have been suc-
cessfully extracted and used in experiments have
been He* and B* and in rare instances C®*. Ions
of first-row elements with two or more electrons
are routinely available.

A schematic diagram of the experimental ap-
paratus is shown in Fig. 1. Ions with a particular
mass-to-charge ratio were delivered by the test-
bench source-accelerator and entered the experi-
mental apparatus through a long, small-bore
differential pumping tube. All vacuum seals in the
experimental apparatus employed metal gaskets,
and the base pressure was typically (1-3) x 10°®
Torr. During data acquisition the pressures on
either side of a first differential pumping tube
were typically (1-2)x10~%and 10~® Torr. It was ob-
served that a test-bench pressure of 10™* Torr
was required to raise the pressure in the first
part of our experimental apparatus to 2 X 1078
Torr. Immediately after entering our experimental
apparatus, the ion beam was reanalyzed magneti-
cally in order to remove lower-charge-state com-
ponents produced by charge-changing collisions
with the background gas in the lastmeter or so of
the test bench. This purified beam was collimated
to a beam spot with a diameter at the target of
0.6 mm and with a half-angular divergence of
0.5 mrad. The collimated beam entered the
scattering cell where it underwent predominantly
single collisions with the target species.

Scattered beams emerging from the cell traveled
between various electrostatic steering electrodes
and into a large parallel-plate electrostatic
analyzer.*®%” The analyzer dispersed ions with
different charges, with a particular charge-state
component ¢’ transmitted through its exit aperture
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FIG. 1. Schematic of the
apparatus used to mea-
sure electron-capture
cross sections. A beam of
ions from the test bench
entered from the left, was
charge-state analyzed by
a 60° magnetic bend,
collimated, and allowed to
interact with the target.
Ions leaving the target
were charge-state analy-
zed in a parallel-plate
electrostatic analyzer and
detected with a Johnston
Laboratories Model MM1
particle multiplier.
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when the voltage V;;, onthe analyzer was given by

Vepa = a(q/ql)Vacc ’

where g is the charge state of the ions in the in-
cident beam, V, . is the acceleration voltage, and
a is a constant depending on the analyzer geometry.
For our analyzer a was found experimentally to
be equal to 0.4. The charge state of the incident
beam was determined simply by taking ratios of
the values Vpp, needed to transmit various charge-
exchange-produced charge states, with other ex-
perimental parameters held constant.?® These
ratios must always be ratios of integers; for
example, Vpp,(q)/Vepalg-1)=(q-1)/q.

After leaving the analyzer, ions traveled bet-
ween additional steering electrodes and were
finally deflected either into a Faraday cup or onto

~ the cathode of a Johnston MM1 particle multiplier.

All cross section data were taken with the particle
multiplier operating in a pulse counting mode. The
pulse-handling electronics system, consisting of
unmodified NIM modules, is shown schematically
in Fig. 2. It was checked experimentally that this
circuitry could handle periodic pulse rates as

high as 1.5 MHz without pulse loss. During data
acquisition, beam-particle average pulse rates
were kept below 10 kHz.

Transmission of the ion beam through the paral-
lel-plate analyzer was checked in two ways. The
first was a direct one. A relatively intense N°*
beam was passed through the gas cell and the ions
then deflected into a biased Faraday cup located
off axis just past the scattering cell. This ion
current was then compared with that measured
when the N** beam was deflected into another off-
axis biased Faraday cup located beyond the paral-
lel-plate analyzer. Greater than 95% transmission
was observed. Measurements were also made
with N** ions formed by electron-capture collisions
of N* ions in the scattering cell. Greater than 95%
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transmission was found for these ions as well.
The second transmission check was done by elec-
trostatically scanning a beam across the entrance
to the analyzer. Such scans exhibited flat tops
for deflections both perpendicular to and in the
dispersion plane of the analyzer. Such flat tops
are characterisitic of total transmission and
collection of the scattered-beam angular distri-
butions. They also indicate that the inverse of the
resolution of the analyzer, determined from the
geometry to be about 5%, was larger than the
fractional energy spread in the ion beam. This is
consistent with an earlier measurement which
obtained a value of 50-100 eV per unit of charge
for the beam energy spread.®®

The gas-handling system for the target consisted
of a stainless-steel reservoir equipped with
appropriate gas feed and pumpout valves, a ther-
mocouple gauge tube, and a mechanical pressure
gauge. A forepump with copper mesh and liquid-
nitrogen-cooled foreline traps was used to evacuate
the reservoir to pressures below 10°® Torr. The
reservoir leak-up rate with the gas bottles and
forepump valved off was below 5 x 10~® Torr/min.
Regulated by a Varian leak valve, the gas flow
could be directed either to the scattering cell or
bypassed around it into the vacuum system. Thus
the data could be corrected for those scattering.
events produced by gas outside the cell simply by
subtracting the signal with the bypass valve open
from that with it closed, a well-established ex-
perimental technique.®® All the target gases used
were at least 99.99% pure. Considering the re-
lative sizes of the cross sections for the various
gases, it is believed that impurity levels as high
as 1% would affect the quoted cross section values
negligibly, except for certain specific cases.
Cross sections were often measured at more than
one target density, to verify that multiple-collision
effects were negligible (< 2%). Larger effects
did arise in some two-electron-capture cross sec-

tion measurements, where signals from two one-
electron-capture collisions were < 10% of the two-
electron-capture signal. In such cases our results
contain appropriate corrections.

Data acquisition procedures are outlined below.
A particular ion beam was extracted from the
source and tuned through the apparatus. Beam
tuning was considered satisfactory when all steer-
ing voltages past the scattering cell were reduced
to zero, with the exception of the parallel-plate
analyzer and the final ion-beam deflector. Under
these conditions the collimated beam transmission
through the entire apparatus was = 95% because
of prior precise optical alignment of the entire
apparatus. The reservoir, gas lines, and gas
tank regulator were evacuated below 10°2 Torr,
whereupon the regulator was valved off and a gas
bottle opened to charge the regulator. The re-
servoir and gas lines were ‘evacuated further to
below 10% Torr, whereupon appropriate valves
were closed. The reservoir was carefully filled
with gas until the mechanical pressure gauge read
a particular value, usually 5 psig (about 1000 Torr
absolute). The leak valve was opened, with the
bypass valve closed, until (1-5)% of the incident
ion beam was converted to lower charge states.
Measurements were made of the intensities I,
I,.,, and I _, of the three main charge-state com-
ponents of the scattered ion beams by manual
scanning of the voltage on the parallel-plate analy-
zer and recording the output pulse rate of the
particle multiplier. The gas bypass valve was
opened and the measurements repeated. Several
cycles of closed and open bypass valve were done
for each ion and gas.

The reservoir was then evacuated as outlined
above and filled with a different gas to the same
mechanical gauge pressure. The leak valve was
not readjusted. For molecular flow conditions the
particle density of gas in the scattering cell was
independent of gas type for fixed leak-valve setting
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and fixed absolute reservoir pressure.'* Hence
the target thickness was a constant, independent
of gas type, and direct comparisons of relative
cross sections for different ions and gases could
be made simply by comparing scattering signals.
Finally, one could determine the target thickness
by measuring a scattering signal for a reaction
with a well-known cross section (such as He? + Ar
~ He' + Ar').

One of the important technical problems asso-
ciated with these experiments was beam insta-
bility. The average intensity of beams emitted by
the test-bench source often changed by as much
as (10-20)% over a time period of 30 sec, the time
needed to make one manual scan of the parallel-
plate analyzer. To combat this the sweeping of
the parallel-plate analyzer voltage was automated
with the circuit shown in Fig. 3. Its output, a
staircase waveform consisting of three steps with
independently adjustable amplitudes and widths,
was used to program the Spellman high-voltage
supply which provided the voltage for the parallel-
plate analyzer. A pulse synchronized with the
beginning of each complete three-step cycle trig-
gered the mutlichannel scaler (MCS) to step se-
quentially through 256 channels and to reset to
channel zero. The dwell time per channel and
overall cycle period were adjusted to reset the
MCS a small fraction of a second before the end
of the three-step cycle. By appropriate adjustment
of the step amplitudes the voltage on the parallel-
plate analyzer would be made to step from the
center of the transmission peak of the incident
charge state ¢ to the center of each of two other
transmission peaks, usually g —1 and ¢ - 2. Many
complete cycles, each of about 12 sec duration,
could therefore be taken in order to average out
incident-beam-intensity variations.
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ratios of 1:2:4. In this
way the system spent pro-
gressively greater time
counting the less intense
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About 50% of the data presented here was taken
by the automated system outlined above. The
remaining data were taken manually. No datum
taken manually was considered acceptable if the
incident-ion count rate had changed by more than
5% from the beginning to the end of an analyzer
scan.

A typical cross section 0} _ (X) for ions of
atomic species Y with initial charge ¢ incident on
gas type X was determined by means of the single-
collision regime formula

0 o1 (X)=[SY ., (X)/SHe/Ar)]oEe(Ar)

where Siq_l(X) is a charge-capture signal defined
below and He® + Ar — He* + Ar* is shown as the

normalization reaction. The signal SY __ (X) is
given by
SY IY L in
LX) = ‘Y“P“'——r‘>
werr &) <1q+1q_1+1q_2 &)
IY dump
- _Y—}’MT> x),
(lq + L, +1g,

where 1}' refers to the intensity of ions of atomic
species Y and charge state j entering the particle
detector. The superscripts “in” and “dump” refer
to gas X entering the cell and bypassed into the
vacuum system, respectively.

An additional technical problem was the observa-
tion that the test bench did not produce purely dc
beams. Although the arcs used to generate the
source plasma were presumably dc, the ions
generated by the source were sometimes found to
come in pulses with repetition rates of 50-100 kHz
and “beam-off” to “beam-on” time ratios as large
as 50 for some ion species and source conditions.
Therefore a low average beam intensity did not
ensure that the instantaneous count rate was also



low. Since the particle multiplier and accompany-
ing electronics were nonlinear at high instantaneous
count rates, there was concern over possible
systematic errors associated with comparing

data taken for different ions or different source
conditions. Such errors would lead to the observa-
tion of artifically high scattering-signal ratios,
since the detection efficiency of the high-intensity
incident charge state would be lower than the
detection efficiency of the low-intensity lower
charge states. During an experimental run made
subsequent to the collection of much of the data,

a systematic study of the beam-pulsing phenomenon
led to the conclusion that one could not reliably
compare data taken for different incident ion ’
species if the average incident beam intensity were
larger than about 2 X 10° sec™!. At higher count
rates the beam pulsing could produce systematic
errors in cross section values that might be as
large as 15% for 10* sec™!. By careful adjustment
of the source arc conditions one could usually
reduce the beam-off to beam-on time to a level
undetectable by an oscilloscope monitoring the
output of the pulse amplifier. The bulk of the data
(here called “early” data) had, however, been
taken with incident-ion count rates around 10* sec™!.
Thus it was decided that our early data should be
used only for cress section comparisons from one
target species to another, since scattered beam
intensities were more than an order of magnitude
smaller than incident beam intensities, which
differed little from one target gas to another. For
data taken with incident-ion count rates below 2
kHz, one could compare different ion species as
well as different targets.

IV. DATA NORMALIZATION PROCEDURES

A measurement was made of the scattering
signal for incident *He* ions with an energy of
16 keV producing *He* after scattering in an Ar
gas target. The cross section for this He®* pro-
cess has been measured independently by Shah
and Gilbody'?® and by Bayfield and Khayrallah, 4
who fould it equal to (9.8 +1.0) and (9.3+1.1)
X 10"'® cm?®, respectively. Measurements were
then made of the scattering signals for incident
B* and C*, both at energies of 32 keV, producing
B®* and C3*, respectively, when incident on the
same Ar target. The cross sections c3(Ar) and
0$;(Ar) were thus normalized to c22(Ar). This
procedure was followed with full knowledge and
monitoring of the beam-pulsing problem. Incident-
ion-beam average intensities were kept below
10° sec™, and no beam pulsing could be discerned.
The cross section 0$,(Ar) determined in this way.
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was found to be equal to that reported by Crandall.®
Cross sections for the other target gases H, and

He were determined from cross section ratios

H, to Ar and He to Ar calculated by means of early
data. The cross sections 05 (He), 03 (H,), 0S,(He),
and 0$,(H,) were therefore determined for the
single incident-ion energy of 32 keV. The cross
section 0$,(H,) was found to be in close agreement
with the measurement of Crandall et al.®

The remaining cross sections for C, N, and O
ions with charge ¢ >2 incident on He and Ar were
determined by direct normalization to corres-
ponding values for H, given in Ref. 18, Besides
our present measured values of GES(HZ) there are
additional measurements indicating that the cross
sections determined by Crandall et al.*® for H,
targets are accurate to within about + 10%.%°

The cross sections for C**, N**| and O incident
on Ar, H,, and He were normalized by comparing
each 2+ -incident-ion scattering signal to all the
scattering signals at the same nominal target
thickness for the various previously listed ions
incident on H,. Residual effects (=< 15%) associated
with undetermined beam pulsing thus persist in
these data. The quoted errors for each of these
2+ cross sections were enlarged to account for
the possible remaining systematic error. Our
value of 10.2+ 2.8 A% for oS, (H,) at 16 keV com-
pares well with that of Nutt ef al. of 9.2 +0.6 A2
at 14 keV.*

The cross sections for B* and B* incident on
Ar at 24 and 16 keV, respectively, were deter-
mined by a normalization to the cross section for
B* incident on Ar at 32 keV as determined above.
These comparisons were done at “low” count rates
where beam pulsing effects were negligible. The
cross sections for B** and B* on H, and He were
determined by normalization to the respective
values determined for an Ar target. The data for
the various boron ions at energies other than
8q keV were normalized to the cross sections for
the respective ions at 8¢ keV incident on Ar.

The various double-electron-capture cross
sections were normalized to single-capture cross
sections measured simultaneously for the same
incident-ion species, ion beam intensity, and
target gas. Thus o3 (Ar) is normalized to 0B,(Ar),
0%:(H,) to 0S,(H,), etc. ’

Estimates of the errors in a typical quoted cross
section value are tabulated according to source
in Table I. The total error was obtained by com-
bining the individual errors in quadrature.

V. RESULTS AND DISCUSSION

The cross sections for boron ions incident on
Ar, H,, and He are shown in Fig. 4, 5, and 6,
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TABLE I. Sources of error and their maximum magnitudes.

Single-electron-capture cross sections (+%)

(i) Absolute cross section scale: 15%
(ii) Statistical uncertainty of cross section ratios: 10%
(iii) Possible beam-pulsing systematic effects: 15% for the 2+ ions
(except boron) and 5% for all other ions
(iv) Impurity of target gases: 0.1% :
(v) Incomplete collection of scattered ion angular distributions: 5%

TABLE II. Energy defects and initial-state—final-state crossing distances for capture into
various states in the collision systems B?*+ Ar, B?* +H,, and B%* + He for ¢=2,3, and 4.
Crossing distances were estimated using the methods of Bates and Moiseiwitsch (Ref. 26).
Dipole polarizabilities were taken to be 1.4 a.u. for He and 11 a.u. for Ar (Ref. 46). The
polarizability of H, was taken to be 6.94 and 4.82 a.u. for ion-molecule separation vectors
parallel to and perpendicular to, respectively, the molecular internuclear axis (Ref. 51).

Final ionic state ‘Helium Argon Molecular hydrogen
AE R, AE R, AE R,

B**(1s22s 2S) incident

B*(1s22s2'S) 0.6 4.5 9.4 4.3 9.7 3.8-4.0
B*(1s22s2p°P) -4.1 . 4.8 6.5 5.1 5.9—6.0
B*(1s22s2p1P) -8.5 0.3 91 0.6 45
B*(1s22p2°P) -2.9 -2.6

B*(1s2'S) incident

B2 (15225 2S) . 13.3 4.4 22.2 4.1 22.5 3.6-3.8
B (1s22p °P) : 7.3 7.6 16.2 4.8 16.5 4.3-4.5
B (1225 2S) 8.7® 7.1

B*(1s%2p°P) 272 20

B*(1523s25) . -0.2 0.1 54
B*(1s22s21s) —16 20 4.3 32 3.0-3.3
B*(1s22s52p°P) 15 5.0 27 3.3-3.5
B*(1s?252p 1 P) 11 6.0 22 3.6-3.8
B*(1s22535°S) 3 18 14 4.7-4.9
B*(1s22s3s 15) 2 30 14

B*(1s22s3p°P) 2 27 14

B*(Ls?2s3p'P) 2 14

B*(1s22p23P) 1.4 39 13 4.9-5.1
B*(1s22p2%D) 1.0 54 13

B*(1s22p21D) 0.5 110 12 5.2-5.4
B*(1s%2545°S) ~0.9 11 5.6=5.7
B*(1s%2s4s"S) 11

B*(1s%2s4p°P) 10 6.0—6.2
B*(1s22s4d°D) 10

B*(Ls22p?1s) 9.6 6.2—6.4

B4(1s25) in-ident

B(1s2's) © 935 1.3 244 2.2 244 1.8-2.0
B?*(1s2s3S) 36 2.9 45 3.8 45 3.2-3.5
B *(1s2s 's) 32 3.1 41 3.9 4 3.4-3.6
B¥*(1s2p°P) 32 41 41

B*(1s2p P) 30 3.3 38 4.0 38 3.5-3.7
B3 *(1s3s°S) 1.4 58 10 . 8.8 10 8.5-8.6
B3*(1s3s 1S) 0.2 410 9 9.6 9 9.4-9.5
B3*(1s3p°P) 0.2 9 9

B*(1s3p 1P) -0.6 8 11 8 10.4-10.5
B3*(1s34°D) —0.4 8 9
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TABLE II. (Continued)
Final ionic state Helium Argon Molecular hydrogen
AE R, AE R, AE R,
B*(Ls3d'D) 0.4 8 , 9
B**(1s4s°S) -10 -1 -1
B (15225 S) 218 1.4 254 2.2 266 1.8-1.9
B*(1s2s22S) 18 6.2 54 3.7 66 2.9-3.1
B**(1s2p(3P)2s) 15 7.4 51 3.8 63 3.0-3.2
B**(1s2s(%5)2p) 14 7.9 49 3.9 61 3.0-3.3
B2 (1s2p(1P)2s) 13 8.5 48 3.9 60 3.1-3.3
B**(1s2s(15)2p) 10 11 45 4.0 57 3.1-3.3
B**(1s2s(35)3s) -2.6 33 4.7 45 3.5-3.7
B2*(1s2s(15)3s) —6.8 29 5.0 41 3.7-3.9
B**(1s2s(35)3p) —4.2 31 4.8 43 3.6-3.8
B*(Ls3s27s) -37 -1 10 11.0-11.1
B (1s21s) 2302 2.2
B* (1525 3S) 322 4.3
B*(1s2s 1S) 272 4.7
B*(1s2p® P) 272
B**(1s2p LP) 252 4.9
B3*(1s3s°%9) _32

2The final Ar* ion left in its first excited state.

respectively. Except for B*' + He, the data show
little dependence on the collision energy in this
range. The lack of a monotonic dependence of the
cross sections on incident-ion charge ¢q is dis-
played by the opposite ¢ ordering of the cross
sections for He compared to those for Ar and H,.
It may be further noted that the cross sections for
H, and Ar are strikingly similar, the ones for H,
being uniformly lower than those for Ar by about
20%.

The energy defects for certain final-state chan-
nels for the various collision partners are pre-
sented in Table IL.*° Binding energies of the

)
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FIG. 4. Electron-capture cross sections for boron
ions in argon. Solid data points are ¢ 43 (squares), o3,
(triangles), and o4 (dots); open data points are o4
(squares) and o3 (triangles). The cross sections
clearly show little dependence on the collision energy.
Furthermore, the single-capture cross sections do not
increase monotonically with increasing initial charge
state. Note that o3> 0.80 3, indicating that multiple-
electron effects are important.

various boron-ion states were taken from Eidels-
burg?! for the B** case and from Moore*® for the -
B®* and B* cases. The B* + He collision is almost
resonant for capture into the ground state, but
the B* + Ar and B* + H, collisions each have three
exothermic final states. The methods of Bates
and Moiseiwitsch®® can be used to calculate final-
state crossing points with the initial state, which
for B2* + Ar occur at internuclear separations of
4, 6.5, and 90 a.u., respectively. For the colli-
sion velocities here, it is expected that the two
inner crossings are the important-ones.
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FIG. 5. Electron~capture cross sections for boron
ions in molecular hydrogen. Symbols for data points as
in Fig. 4. Note that these data closely parallel those for
argon.
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(Continued)

TABLE III.

Cross section (X107 c¢m?)

Hasted and Smith®

Crandall et al.? Zwally et al.® Goldhar et al.© Nutt ef al. ¢

Present data

Reaction

175 + 6.0 40 keV

26

0% +He

ELECTRON-CAPTURE COLLISIONS AT keV ENERGIES... . L. ...

Ar
0O +He

11.8+1.8f 49.2 keV

104 + 2.8 48 keV

50

+ 14

Ar

3References 18, 19, and 48.

bpeferences 15, 16, and 45.

®Reference 47.

dReference 44.

¢ Reference 10,

f Reference 19.

€ Reference 16.

hReference 45.

i Reference 18.

i References 15 and 45.

kReference 48.
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Since many possible exothermic final states are
possible for the B*" collision processes, for these
cases there are probably a large number of im-
portant curve crossings. In particular, those
leading to a captured electron in the n=3 states of
B*" should be most important for H, and Ar. These
are expected to have crossings in the vicinity of
9a,. For He, the n=3 states of B* have crossings
at internuclear separations in excess of 50q,. Since
the relative velocity of the colliding particles is
also fairly large (v=0.3 a.u.), one expects little
contribution to the cross section from these far
crossings. Therefore the cross section is most
likely determined by the crossing with n=2 states
of B*, which occur at around 3a,. One should
note that multielectron processes such as

B* + He - B®*(1s?) + He** + e”,
B* + Ar - B¥*(1s?) + Ar® + 2¢, etc.

are also exothermic and contribute to the apparent
single-capture cross sections. Kishenevskii and
Parilis®® have performed calculations for such
Auger ionization processes as the first reaction
listed above. With estimated cross sections of
order 107*~107'®* cm?, they can be an important
contribution to the overall measured cross sec-
tions.

With a much smaller number of exothermic
channels, the B®*' + Ar problem is much simpler
than the corresponding B*" problem. The double-
electron-capture states B*(1s22s2) and B*(1s*2p2s)
are important final channels and have crossings
with the initial state at distances comparable to
the single-capture B?*(1s%2s) and B?*(1s22p) final
states. The experimental consequences are that
0,,(Ar) is only ~20% lower then 0,,(Ar) throughout

2)
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FIG. 6. Electron-capture cvoss sections for bovon
ions in helium,. Present data are the solid points labeled
as in Fig. 4. Values of 03 from other work are A Cran-
dall (Ref. 19) and V Zwally and Cable (Ref. 16). The
heavy solid curve is the theoretical result of Shipsey
et al . (Ref. 22).
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the energy range investigated.

The B* + He collision is probably the simplest
electron-capture process in the present experi-
mental study. From a curve-crossing point of
view, there are only two important, well-separated
crossings. According to a close-coupling calcu-
lation for this problem in the present energy
range, ?* capture takes place predominantly into
the B®*(1s%2s) ground state; less than 10% goes
into the B*(1s22p) excited state. The results of
this calculation are shown with the data in Fig. 6.

The present B** + He data are somewhat lower
than the results of two previous measurements!® !®
but are not inconsistent with them when (nonstatis-
tical) 90%-confidence error bars of all the mea-
surements are considered. The differences in
‘these measurements are discussed further below.

Our survey results for the ions C*% %, N3 45"
and O%*3%%6* jncident on Ar, He, and, in some
cases, H, are presented in Table III together with
values for some of these cross sections measured
by other workers. Since the present data were
taken at a fixed acceleration potential of 8 kV, the
velocities of the incident ions, which scale with
the square root of the charge-to-mass ratio, range
from 4.4 X 107 cm/sec for O* to 7.6 X 107 cm/sec
for the most energetic ion, O°*. As was the case
with boron, there is no monotonic variation of
the cross sections with incident charge for fixed
target species. However, a gross trend toward
larger cross sections for larger incident charge
is apparent. )

The present results compare well with those of
other investigators. There is, for example, good
agreement with a very slight energy extrapolation
of the results of Nutt et al.,** for C** + H,. There
is also good agreement with the results of Zwally*®
for C** + Ar and C?* + He. However, the results of
Zwally and Koopman'® for C* + He and C* + Ar are
in marked disagreement with the present results,
which are consistent with those of Crandall.'® The
C* data of Zwally*® and Zwally and Koopman!® were
taken by means of an instantaneously intense pulsed

ion source. Low-intensity continuous beams of

several ion species including C?* were used in a
rather special particle-detector calibration pro-
cedure® that was then extrapolated to C** and C3*
ions. The agreement between Zwally’s C** data
and the present C** data thus suggests that the
extrapolation of the calibration procedure to C*
and C* was in some way inaccurate.

" The present cross sections for C**, N°, O*,
and O°%* (as well as B*) ions colliding with helium
atoms agree with those of Crandall'® when 90%-
confidence error bars are considered. The pre-
sent values, however, are always lower than those
of Ref. 19 for these collision systems. In the
present experiment, data were taken for each
incident ion beam for the three target gases He,
Ar, and H, in rapid succession. Thus the present
experimental cross section ratios for fixed inci-
dent-ion species but different target species are
determined more accurately than the individual
cross sections themselves. Such ratios of cross
sections for a He target to those for a H, target
for the ions B*, C*, N*, 0%, and O% are listed
in Table IV along with similar ratios calculated
with the results of Crandall et al.'® and Crandall.*®
The errors quoted for cross section ratios were
determined for these data by combining the in-
dividual errors in quadrature. The ratios deter-
mined from the present data are systematically
smaller than those determined from Refs. 18 and
19, although in every case there is agreement
of varying degrees when all experimental errors
are considered. When ratios of the cross section
ratios are calculated and averaged, one obtains
the number 1.26 for the ratios of Crandall divided
by present ratios, with a standard deviation of
0.17. This suggests that there may be a real
systematic shift between the two sets of data.

Vi. SUMMARY

Cross sections for single-electron capture by
multiply charged boron ions incident on Ar, H,,

TABLE IV. Comparison of cross section ratios for He and H, targets.

%4q-1 (He)/oq, q-1 (HZ)

Incident ion Present data

References 18 and 19

Column 3/column 2

B 1.60 +0.24
ct* 0.081 + 0.012
N°* 0.50 +0.07
o 0.27 +0.04
o8+ 0.29 +0.04

2.00 +0.41% 1.25
0.116 +0.024 1.43
0.52 +0.11 1.05
0.39 +0.08 1.44
0.33 +0.07 1.14

Average= 1.26
Standard deviation= 0.17

2This ratio was determined with a value for G?Z(HZ) and its error determined from Ref, 40.



and He at keV energies have been determined ex-
perimentally. Also measured were double-capture
cross sections for B** incident on Ar and H, and
for B* incident on Ar, H,, and He. The cross
sections for these processes can be understood
qualitatively by means of a molecular potential-
energy curve-crossing model of the collisions.
Double-electron-capture cross sections are often
a sizeable fraction of those for single-electron
capture.

Single-capture cross sections were also deter-
mined for C* (2<¢g<4), N* (2<¢<5), and
O% (2<q<6) incident on Ar and He. These data
were taken at collision energies of 8¢ keV. In
general only an overall tendency toward larger
cross sections for larger incident-ion charge is

20 ELECTRON-CAPTURE COLLISIONS AT keV ENERGIES... . I.... 771

found. The cross sections are found not to de-
pend monotonically on the incident charge.

In cases previously studied by other investi-
gators, agreement within errors is generally

‘found. An exception, that the present results for

B3* + He are significantly lower than those of
earlier work suggests the existence of a few in-
consistencies in the existing data bank of multiply-
charged-ion electron-capture cross sections.
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