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Single- and double-electron-transfer cross sections have been measured for B3*, C**, N°*, and O%* in
collision with He at velocities between 0.5 and 1.2 X 10® cm/sec. The single-electron-capture cross sections
peak near 15X 107'¢ c¢m? for each case except C**,where single capture is anomalously low. The double-
capture cross sections are about 3 X 107'® cm? except for B**, where the highest observed value is
1.5X 10716 cm?. These measurements for B>+ and C** compare well with existing experiments and theory,
except for C** single capture. Within the narrow range tested, C** and B** cross sections exhibit variation
with velocity, but N°* and O®* cross sections remain constant.

INTRODUCTION

Electron capture by multicharged ions in colli-
sion with neutral atoms is a fundamental process
of intrinsic interest. In addition, the significance
of such electron transfer to plasma behavior and in
diagnostics is gaining recognition.’ Because of its
comparatively large cross sections, electron
transfer is sometimes the fastest recombination
process affecting ion charge state of the multi-
charged ions created in high-temperature plas-
mas — particularly in some astrophysical situa-
tions where the high ion charge states are produced
by photon impact.”*®* For multicharged ions, elec-
tron transfer occurs primarily into excited states
which will radiate, dissipating energy and present-
ing a useful source of light for plasma diagnostics.
Additionally, electron capture into excited states is
potentially useful to the development of short-
wavelength coherent light sources (x-ray lasers).*®
Helium is an interesting collision target since it is
one of the neutral species frequently encountered in
environments where multicharged ions exist. Also,
it is readily formed into a collision target and has
an electronic structure simple enough to treat in
collision models.

Calculations of electron transfer at velocities be-
low 2 X 10® cm/sec are usually based on a quasi-
molecular model in which the colliding system is
represented in terms of molecular stationary
states. For multicharged ions, the initial state of
the ion plus neutral atom is slightly attractive at
large internuclear separation, while the states re-
sulting from electron transfer consist of two ions
which have long-range Coulomb repulsion. As the
internuclear separation decreases, the potential of
the two-ion states increases, resulting in avoided
crossings of these states with the initial state of
ion plus neutral. For ions of higher charge, there
are usually more avoided crossings. Electron
transfer is a transit of the colliding system from
the initial state to one of the two-ion final states,
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and is most likely at the avoided potential curve
crossings. In the Landau-Zener model, the trans-
fer occurs only at these crossings, but more de-
tailed calculations that include couplings away from
crossings are generally necessary for accurate re-
sults.

This approach to calculations has been applied
for cross sections of B¥, C* +He (Refs. 7,8); and
some experimental data®'° already exist for these
systems. The present work verifies previous re-
sults and extends experimental studies to higher
charge states and to the capture of two electrons.

EXPERIMENTAL METHOD

A schematic diagram of the apparatus is present-
ed in Fig. 1. This apparatus has been described in
detail previously.'!2 A beam of ions was selected
at the adjustable slit for mass/charge, was passed
through a gas cell, and was electrostatically
charge-analyzed after the gas cell. Cross sections
were obtained from the expression

Ny;=N, o, nl,

where N; is the increase in the number of ions ina
given final charge state f, due to addition of He to
the gas cell; N, is the number of incident ions in
charge state ¢g; #» is the He density in the gas cell;
and ! is the gas cell effective length. Precise de-
termination of all these quantities was discussed in
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FIG. 1. Schematic of the apparatus.
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Ref. 11.

Figure 2 shows the count rate at one of the de-
tectors for 80-keV N°* incident on 1.04 X 103 Torr
of He in the cell, and with the cell evacuated (less
than 3 X 107 Torr). Cross sections can be extract-
ed directly from Fig. 2, but were obtained by two
other procedures. For double electron transfer,
cross sections were determined by using one de-
tector and changing the analyzer voltage so as to
detect alternately the primary beam of charge g,
and the two-electron capture charge component of
charge (¢ —2). Most of the single-electron-transfer
data were acquired using both detectors, so that the
the ions of the initial charge state ¢ were incident
on one detector and, simultaneously, the ions of
reduced charge (¢ — 1) were incident on the other
(see Ref. 11).

The uncertainties pertinent to the experiment are
the same as those discussed in Ref. 11. The re-
producibility of the present data is not as good as
that of previously reported data.!! For the present
single-electron transfer, five repeats of a particu-
lar data point gave a standard deviation of +6.4%.

A reproducibility of +13% (approximately 90% con-
fidence level) is taken to apply to all single-elec-
tron capture data. Table I lists a summary of the
uncertainties. Systematic uncertainties have been
estimated conservatively so that the absolute error
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FIG. 2. Count rate at one detector as a function of
analyzer voltage for incident N°"; fine line is background,
heavy line is with 1.04 X107 3- Torr He in gas cell.
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TABLE I. Summary of uncertainties.

Single Double

transfer transfer
Source %) %)
Reproducibility (90% CL) +13 +15
Pressure + conductance +10 +10
Temperature (+8 °C) + 3 + 3
Effective length of gas cell + 5 +5

Gas purity (maximum effect on

cross section) + 5 + 5
Incident beam (N,) + 4 + 7
Relative counting efficiency + 5 + 5

Quadrature sum +19% +22%

should be within the limits to a high confidence —
equivalent to 90% confidence level on statistics.

RESULTS AND DISCUSSION
A. C** + He

Figure 3 presents the available data and theory
for single and double electron capture for C** +He.
With the exception of the data of Goldhar et al.,'
these data have been discussed previously.® The
calculations™® employ accurate ab initio molecular
potentials, and evaluate both radial and rotational
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FIG. 3. Single- and double-electron capture by ct
incident on He. Open circles, present data for single
transfer o,3; crosses, present data for double transfer
0495 solid circles, 0,3 from Ref. 9; circled point and
circled cross, 043 and 04,, respectively, from Ref. 13;
solid curve and dashed curve, calculation of 043 and 0y,
respectively, from Refs. 7 and 8.
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coupling for collision distance, —10a,<#%<10a, for
the states considered. At the lowest velocities, o,,
is larger than o,; due to a strong avoided crossing
at internuclear separation 7 =~2.7a,, where the 'Z,
state tending to C*+ He interacts with the 'Z, state
tending to C(1s22s2)?* + He**. The double capture is
dominated by this one potential curve crossing, and
the theory and experiments are in excellent agree-
ment even though double-capture excited states
having crossings about 7 ~5a, have been neglected.
For double capture, the initial to final-state cou-
pling is strong only for small 7 so that the neglect-
ed crossings near 7 =5a, are expected to be diaba-
tic for velocities above 2 X 107 cm/sec. For o,,, a
clear discrepancy exists between present data and
the theory. The calculation involves several states
with both radial and rotational coupling. Most sin-
gle transfer must proceed through transfer first to
the 'Z, double-capture potential curve, then by a
subsequent transfer to a single-capture molecular
curve. Thus, the o, cross section is small and
difficult to calculate. The theory omitted electron
transfer to the C(1s?3s)* + He" final state (and high-
er C* states) because the molecular curves cross
at 34a,, and the coupling is so weak that the colli-
ding system should transit diabatically through the
crossing with no probability of transfer. This as-
sumption may not be fully valid at the lowest colli-
sion velocities, since even small coupling of the
states at a large radius could contribute signifi-
cantly to the cross section. However, for the ve-
locities of the present experiment, any inadequacy
of the theory for single capture is probably due to
incomplete description of the coupling of states
which were included.

The independent measurements of o , do not
agree. The work of Zwally and Koopman® relied on
a pulsed discharge ion source which produced up to
10° C* particles in 2 usec at the final detector.
Performing an experiment with such an ion beam is
difficult. The most easily postulated reason for
discrepancy between our work and that of Zwally
and Koopman is that the number of incident parti-
cles in their experiment was underestimated, due
either to nonlinearity of the detector or failure to
transmit all of the incident ions to the detector sur-
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face. Their experiment was carefully analyzed and
performed, and they report no evidence for non-
linearity of detection for the intense short-duration
pulses. However, all aspects of their work and our
experiments are highly similar except for the type
of detector and nature of the ion source. The B**
work of Zwally and Cable'® used the same apparatus
as the C* work of Zwally and Koopman, except that
the ion source was replaced by an electron impact

type source which produced low-current continuous

beams of B%*, For the B* case, disagreement with
present results will be shown to be less than the
experimental uncertainties.

As a further test of the discrepancy between
present results and those of Zwally and Koopman,
data were acquired on single transfer for C* + Ar
and C* +Ne. Comparisons are presented in Table
II. The average discrepancy is a factor of 3.2 and
is independent of target.

The results of Goldhar, Mariella, and Javan'? for
C* +He were obtained with a pulsed ion source
from a CO, laser incident on a graphite target.
These results are less definitively reported but are
shown on Fig. 3 at the estimated velocity near 1
X 107" em/sec. For double transfer they agree with
calculation, while for single transfer they add fur-
ther confusion.

The role of metastable ions in the incident beam
has not been evaluated in any of the experiments.
Since the energy required to produce metastable
C* is nearly the same as that required to produce
C>*, it is reasonable that the metastable fraction
will be of the same order as the ratio of C**/C*
from the source. For the present experiment, this
ratio is about 107%; for Zwally and Koopman, it is
1072 or less; and for Goldhar ef al., it may be 107
or larger. The assumption that these fractions ac-
count for differences in observed cross sections by
metastable content requires that single-electron
capture by ions initially in the metastable states be
at least 100 times larger than by ions in the ground
state. There is no evidence to support such a con-
jecture, and in fact there is evidence that at higher
velocities!* capture by C** metastables in He is of
about the same magnitude as capture by ground-
state ions. Thus, it is doubtful that incident meta-

TABLE II. Values of gy3 in units of 107'% ¢m? for C* on helium, neon, and argon from Zwally
and Koopman (ZK), Ref. 9, and from present measurements (C).

Velocity He Ne Ar
107 cm/sec ZK C Ratio ZK C Ratio ZK C Ratio
6.06 . 5.1 1.68 3.0 7.1 80 29.6 2.7
7.22 7.0 2.88 2.4 10.9 3.06 3.6 93
8.37 3.20 15.2 4.08 3.7 110 28.2 3.9
9.04 3.86 4.65 27.9
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stables affect the observed cross sections.

At velocities higher than those used here, the
cross sections are expected to decrease and the
quasimolecular model is no longer valid. For C*
+He, Dmitriev et al.'* ' obtain 0,, of about 2 X 107*
cm? and o, of about 3 X 107® ¢m? at 4 X 10° cm/sec.
For double capture, this difference from present
results is notable, but since the velocity gap be-
tween experiments is large no inconsistency can be
claimed.

B. B3* + He

Figure 4 shows both theory and experiment for
single and double electron transfer for B%* + He.
Theory,” present data, and experiment of Zwally
and Cable'® agree to roughly 20% (well within com-
bined uncertainties) for o,,. Extrapolation of these
data to the higher-energy experiments of Dmitriev
et al.'*'* is not unreasonable. The theoretical re-
sults of Shipsey et al.” show the calculated contri-
butions of transfer to B(2p)?* and B(2s)?* states as
well as the total single transfer. Figure 5 (from
Ref. 7) shows their ab initio adiabatic potential
curves, and illustrates that these two states are
the only ones which lie below the initial state and
have.avoided crossings. The simplicity of the po-
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FIG. 4. Single- and double-electron capture by B%*
incident on He. Open circles, present data for single
capture 03,; crosses, present data for double capture
G3; solid circles, 03, from Ref. 10; circled cross, 0,
from Ref. 14; solid curve, calculation of total capture
03 from Ref. 7; dashed curves, calculation of single
capture, into B%*(2s) and B?*(2p) states.
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FIG. 5. Adiabatic potential curves for (B-He)®* from
Ref. 7. Dot-dashed lines are estimated-curves added for
discussion.

tential curves allows accurate calculation. Esti-
mates of the potential curves ending on B(3s)2*
+He(1s)*and B(2s?)*+ He?' states are presented on
Fig. 5 to show positions of the next-closestpotential
curves to initial state and to illustrate the double
transfer case.

The three data points in Fig. 4 for o,, transfer of
B** + He exhibit striking behavior. Since there is no
direct curve crossing favorable to double capture,
a small cross section is expected, as observed at
0.76 X 107 cm/sec (at the higher velocities the
cross section was too small to measure). Never-
theless, by 0.55 X 10° cm/sec, the cross section
has risen to 1.5 X 107*® ¢cm?®. Possibly a two-step
transfer is responsible for the abrupt rise in this
cross section. With this mechanism, adiabatic
single transfer from the initial Z, molecular state
to the Z; state at the avoided crossing near » ="7.5a
is followed by transfer to the double capture final
state at the strong repulsion near » =2a,. The cal-
culated cross section at the outer crossing is the
2p dashed curve of Fig. 4. Since this cross section
is nearly constant with changing velocity, the ob-
served variation of ¢, should result from the dy-
namics of the subsequent inner crossing. If the
mechanism is valid, the B(3s)?* final state could be
populated in a similar fashion.

Zwally and Cable present some data on the role
of metastables in the incident beam of their B** + He
experiment. From direct measurements, they es-
timated a metastable content of 3.7%, which result-
ed in a 2% correction to their cross section data.
In the present experiment, the assumption that
metastable B* would be about equal to B* popula-
tion in the source implies a metastable component
of the order of 1% in the B* beam. In other inves-
tigations'® with our ion source, an attempt was
made to measure electron impact ionization of B*
in a crossed-beam experiment. Electrons of 61 eV
or more could ionize metastable B**(1s2s)3S; ion-

0
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ization of ground state B*(1s%) 'S requires electron
energy above 260 eV~ Assuming that near thresh-
old the ionization cross sections scale roughly as
the inverse square of the ionization energy, we obtain
aratio of ionization out of the metastable to that out of
the ground state ¢} /0~18, indicating that the
electron impact ionization experiment is a sensi-
tive method for observing the presence of metasta-
bles. The first ionization measurements on our B**
beam gave poor results, but allowed a crude esti-
mate of metastable content. The ratio of apparent
cross sections below threshold for ground-state
ionization to that above was

07(140 eV)/07(480 eV) = 0.29(+0.15)

with 0/(140 eV)xe! N,/(N;+N,,) and

01(480 eV)oc(0! N,,+0IN,)/(N, +N,), where N, and
N,, are the numbers of ground-state and metastable
ions incident. Assuming 0! =18 ¢} as stated, one
obtains N,,/N, ~0.023 (+0.014), where the uncer-
tainty is only the standard deviation of the mea-
sured cross-section ratio. This estimate is of the
order expected, and suggests that metastable con-
tent in the present experiment is similar to that in
the Zwally and Cable experiment; however, no
correction is applied to the present cross sections.

C. N°* and O%* + He

Results for single- and double-electron capture
by N°* and Q%" incident on He are shown in Fig. 6.
There are no other data or calculations for these
cross sections below 2 X 10° em/sec relative veloc-
ity. Measurements at higher velocities'* '* begin
at 4 X 10® cm/sec, with N** single-capture cross
section about 5.5 X 107!° ¢cm? — a reasonable extra-
polation from present data. The present single-
electron-transfer cross sections are constant at
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FIG. 6. Single- and double-electron capture for N°*
and O%* incident on He. Solid circles—aj, for N°*; open
triangles—ag; for O, open circles—ay; for N°; open
triangles—ag for O%.

about the same value as the maximum of o, for B*
+He. The o, and o,, are also roughly constant and
about the same magnitude as o, for C*" +He. For
the velocities observed, these qualitative features
seem typical of electron transfer between multi-
charged ions and neutrals when many molecular
curve crossings become important. Figure 7 gives
some of the diabatic cuirves for N°* + He where the
Coulomb repulsion of charge transferred final
states is represented by V=¢,¢,/7 and the long-
range attraction of the initial state is represented
by V=-3a(He)q?/r*, with a(He), the polarizabil-
ity of helium, taken to be 1.37a3. All of the single
transfer states lying below the initial state at in-
finite separation are represented except that final
states with excited He* are not included, and only
one of the N** (n=3) states is fully shown. Only a
representative sample of the double-transfer final
states is given. Detailed calculation is formidable,
but some insight is available even from such a
simple set of curves. The crossings at =7 to 8a,
leading to N** (n=3), suggest that population of
these excited states is likely to be prominent, es-
pecially at velocities of the order of 1X10” ¢cm/
sec. As more states become involved, the absorb-
ing sphere model of Olson and Salop!” becomes ap-
propriate. Their calculation assumes a large num-
ber of available final states and uses coupling ma-
trix elements at the avoided crossings, which have
been parametrized according to incident charge ¢
and crossing distance 7. Approximate cross sec-
tions are then obtained by an extension of the Lan-
dau-Zener approach. For single-electron transfer,
present cases may not really have enough cross-
ings to meet the assumptions of this model. The
method has been applied for generalized ions inci-
dent on He at a velocity of 5.4 X 107 em/sec giving
37X 107 em? for ¢g=5 and 42 X 107 c¢m? for ¢ =6.
These values are about twice the present data.

The diabatic curves for O°* + He are very similar
to those for N°*. For O°', the final states of O°* (n
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=3) cross the initial state near =4 to 5a,, a little
closer than the N°* case. Only a few O°* data
points were obtained, but behavior similar to N°* is
expected.

Double capture o, is favored to highly excited
states; e.g., the O**(2s4s) 'S + He?* final state
crosses the initial state about 2.6a,, where double
capture may be fairly strong (as for o,, for C*).
For even more highly charged ions, double capture
may be most favored to doubly excited states,
which could then relax either by radiation or by
autoionization appearing as single transfer plus a
free electron.

CONCLUSIONS

Electron transfer between He-like multicharged
ions and He has received significant attention as a
system for which both calculation and experiment
are accessible. For B* and C*, the molecular po-
tential-avoided crossings are sufficiently few and
distinct that individual crossings affect the electron
transfer cross sections, as revealed by variation

of the cross sections with velocity and dominance
of double transfer. Another interesting manifesta-
tion of selective curve crossing which remains un-
tested is the population of particular excited states
by electron transfer. Taken with other data,'#-2°
the trend appears that for incident charge states ¢
<+4, there are enough potential curve crossings
favoring electron transfer between multicharged
ions and neutrals to make the cross sections fairly
constant, at least in the 107-cm/sec velocity re-
gion. The general decrease of these cross sections
in the 10°-cm/sec region is documented,'® 1520 21
but there are no data for velocities below 107 cm/
sec. The often-used scaling of cross sections with
incident charge g does not appear to be appropriate
for the present data. :
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