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Cross sections for single-electron capture by protons and single- and double-electron capture by

helium ions from atomic lithium, sodium, and magnesium targets are presented. The absolute cross

sections were measured by using the growth-curve method. Impact energies are in the range 2—100
kV q, where q is the projectile charge state. The present data are compared with previous experi-

mental and theoretical work.

INTRODUCTION

In ion-atom collisions when the projectile velocity is
comparable to that of the bound target electrons, electron
transfer is an effective method of producing target ioniza-
tion. Theoretical models used to calculate electron
transfer cross sections are generally limited to single-
electron systems, e.g., H+-H or He +-H. Such systems,
although attractive theoretically, are difficult to measure
experimentally due to the problems associated with atom-
ic hydrogen targets.

Alkali-metal atoms, however, effectively represent
quasi-one-electron targets since their single outermost
electron is loosely bound with respect to the rest of their
electrons. Hence, single-electron models are applicable in
describing charge transfer for low-energy proton and
alpha-particle impact on alkali-metal targets. These col-
lision systems, in addition, often have practical impor-
tance. For example, specific charge-changing collisions
with lithium have been suggested as a possible means of
obtaining a population inversion capable of lasing in the
vacuum ultraviolet or soft x-ray or to be useful in diag-
nosing properties of the hot plasmas found in present and
future thermonuclear fusion reactors.

Because of its suggested applicability as a plasma probe
and its few-electron configuration, lithium has been exten-
sively studied. Several theoretical investigations of total
one-'electron capture have been made for the H+-Li (Refs.
1—5) and He +-Li (Refs. 1—3, 6 and 7) systems. These
systems are attractive from the theoretical viewpoint since
they are effectively "one-electron" systems. Extensive re-
view and tabulation of measured single-electron capture
cross sections for H+-Li collisions have been presented by
Barnett et al. for data prior to 1977 and by Nakai et al.
for data prior to 1984. Recent measurements have been
made for very low energies by Varghese et al. ' and for
low to intermediate energies by Aumayr and Winter. "
The recent experimental and theoretical data seem to be in
good agreement at lower energies, but at higher energies
experiment and theory still differ by a factor of 3 at 100
keV.

For single-electron capture in He +-Li collisions the
atomic-orbital calculations of Fritsch and Lin and
molecular-orbital calculations of Sato and Kimura tend
to give similar results but are in conflict with the predic-

tions of Ermolaev and Bransden who also made atomic
orbital calculations. At very low energies the measure-
ments of Varghese et aI. ' agree well with the calculations
of Fritsch and Lin' and Sato and Kimura but do not ex-
tend to sufficiently high energies to merge with the mea-
surements of Murrey et al. ' and McCullough et al. '

who both indicate a decreasing cross section below 10
keV/amu —similar to the calculations of Ermolaev and
8ransden.

Double-electron transfer for He +-Li collisions is of
great interest due to its potential application as a probe of
alpha-particle heating in a hot plasma. However, the only
theoretical results available are at high energies and the
only experimental results are those of Murrey et al. ' and
McCullough et a/. ' Although both measurements tend
to agree, they are subject to large second-order corrections
which are necessary owing to competing processes at low
energies.

Because of the practical importance of these collision
systems and the inconsistencies in the existing data, we
have performed measurements of single-electron capture
for H+ and He + collisions with lithium and for double-
electron capture in He +-Li collisions. In addition, we
have measured single-electron transfer for the He+-Li sys-
tem where no theoretical work exists. The energy range
of the present work is from 2 to 100 kVq where q is the
projectile charge state. We thus provide an overlap be-
tween the low- and high-energy data that were previously
mentioned.

In addition to the Li target, we have measured similar
cross sections for Na targets. Again for H+ and He +

impact, a quasi-one-electron system can be assumed. In
the case of proton impact, Kimura et al. ' and Fritsch'
have performed theoretical calculations while several
groups. ' ' have presented experimental cross sections.
The experimental work has been tabulated as was done
for lithium. The agreement between various experiments
and between experiment and theory is rather poor. To our
knowledge, no previous theoretical or experimental studies
of the He +-Na system have been made; although some
previous studies ' of the quasi-one-electron system
(He+-Na) are available.

Finally, we studied the H+, He +, and He+-Mg sys-
tems. Mg is, of course, more complex since is has two
loosely bound outer-shell electrons. It has been included
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in the present study since it offers additional charge-
transfer information for two- and three-electron systems.
For Mg targets, very little experimental and no theoretical
information exists. Cross sections for H+ and He+ have
previously been measured ' and tabulated for H+ im-
pact. But, as was the case for Na, we are aware of no pre-
vious studies for He + impact.

The present results, with an energy range from 2 to 100
kVq, provide charge-transfer cross sections which bridge
the low- and high-energy regions. Such data can provide
improved consistency tests by comparison to previous ex-
perimental and theoretical data in these two energy re-
gions. In addition, by using the same experimental system
for different ion species the relative uncertainties for dif-
ferent collision systems should be minimized. This can be
quite useful when evaluating the reliability of experimen-
tal results and assessing different theoretical treatments.

DATA ACCUMULATION
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FICz. 1. Schematic of experimental apparatus showing the
metal vapor oven, electrostatic beam deAectors and steerers, and
the secondary-emission beam particle detection system. 0,
stainless-steel oven; S, triple heat shield; L, oven support; Tc,
oven temperature sensors; P, beam particle detection system.

The experimental apparatus used to measure absolute
cross sections for single- and double-electron capture from
Li, Na, and Mg is shown schematically in Fig. 1. The
charge-analyzed proton and helium ion beams were col-
limated by two apertures approximately —, mm in diame-
ter and 25 cm apart. The beams then passed through a 5-
cm-long target cell with entrance and exit apertures 1 and
2.5 mm in diameter, respectively.

Immediately after exiting the cell, the beams were
charge-state analyzed by an electric field. Following this
vertical deflection, a second mutually perpendicular elec-
tric field was available for horizontal steering purposes.
The post-collision beams were detected approximately 1 m
after the target cell by a pair of channel electron multi-
pliers mounted on a precision x-y-z positioner. One of
the multipliers could thus be centered on the undeflected
neutral component of the post-collision beam while the
horizontal and vertical electric fields were adjusted to
center the charged component of the beam on the other
multiplier. In general the horizontal steering field re-
quired was very small, if not zero.

Cross sections for single- and double-electron capture
were measured using the growth-curve method:

—1 N+
o 10= ln

nx N++ N0

—1 N+
021 = ln

nx N2++ N++ N0

=1 N'
N'++ N++ N'

2

+21~10 .

(2)

As can be seen from the formulas to measure absolute
single-electron transfer cross sections the effective target
cell length (x), the absolute target density ( n), and the ra-
tio of the post-collision beam components, e.g.,
N+/(N+ + N ) must be accurately determined. Note that
the absolute detection efficiencies of the two multipliers
are unimportant. Their relative efficiencies must, howev-

er, be the same and independent of ion charge state.
The effective target cell length was determined by add-

ing the geometrical diameter of the cell and the radii of
the entrance and exit apertures. The detection efficiencies
of the two detectors were investigated in several ways. In
an initial configuration, the ion beams impinged directly
on the multiplier cones. By applying a large negative
voltage to the cones, ions were detected only with they im-
pinged deep in the throats of the multipliers. Scanning
the detectors across the beams for low impact energies
showed that the post-collision beams were less than 1 mm
in diameter even at low energies where the collisional
beam scattering should be the largest. For a slightly posi-
tive cone bias (the normal situation used in the experi-
ment) ions were detected with constant efficiency across
the entire cone. Thus the solid angles subtended by the
multipliers were large enough to detect all scattered ions
leaving the collision volume. The solid angle subtended
by the exit aperture of the target cell is larger than that
subtended by the detector; hence no loss of ion signal due
to aperture restriction or insufficient detector solid angle
is anticipated. Next, under stable operating conditions,
the ratio N+/(N+ + N ) was measured and then the de-
flection field was reversed and the detectors repositioned
so as to interchange the charged and uncharged beam
detectors. The ratio was then remeasured and confirmed
to be unchanged. Thus both multipliers were equally sen-
sitive to charged and uncharged ions.

Later, the detectors were redesigned to operate in a
secondary-emission mode as described by Rinn et ah.

Again, reversing the incident beams to the detectors
demonstrated similar detection efficiency for charged and
uncharged beams. In addition, the absolute detection effi-
ciencies were measured at higher impact energies for neu-
tral, singly, and doubly charged ions. This was done by
comparing the counting rates for the secondary-emission
detectors with those obtained using a surface-barrier
detector. It was found that, within the experimental un-
certainty of approximately 5%, both detectors had unit
efficiency.

Using . this efficiency and cell length information,
single-electron transfer cross sections for H -He, N2, and
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Ar collisions were measured. To do this, the target cell
cover was replaced with one through which target gases
could be injected and the absolute target densities mea-
sured by means of a capacitance manometer. The abso-
lute cross sections measured between 5 and 100 keV were
in excellent agreement with tabulated values. These re-
sults reaffirmed our confidence in the experimental tech-
nique and that the target length and detection efficiencies
used were accurate.

For metal vapor targets the primary difficulty in abso-
lute cross-section measurements lies in the accurate deter-
mination of the absolute target density. To determine the
density, the temperature T of the oven and the metal sam-
ple must be well known and then related to the vapor
pressure through n =3.6X10' P(TOIT) cm where To
is the absolute temperature 273.16 and I' is the pressure in
mTorr obtained from the vapor pressure curves of Hult-
gren et ah. and Nesmeyanov. Temperature uncertain-
ties of approximately +1'C relate to pressure, and hence
cross-section, uncertainties of nearly +8%.

To ensure and test for uniformity in oven temperature,
the stainless-steel oven was encased in a triple-layered
stainless-steel heat shield. Heating was done by a resistive
heating element soldered directly to the oven. Tempera-
ture probes were inserted in 2-cm-deep holes drilled into
the oven base, and oven side wall, and the oven top. Ini-
tially, before loading the oven with metal, platinum resis-
tance thermometers in ceramic casings were used as tem-
perature probes. These high resistance devices have the
advantage that junctions with dissimilar metal lead wires
do not require compensation as is the case with therrno-
couple temperature probes. Temperature variations were
found to be less than 1'C between the oven base and side
wall as the temperature was increased and decreased slow-
ly through the range used for data taking. In addition,
after loading the oven with metal, it was shown that the
measured cross sections were essentially unaffected by the
temperature of the independently heated oven top when
its temperature was increased and decreased correspond-
ing to vapor pressure changes of a factor of 2. Thus the
oven base temperature where the metal is located deter-
mines the vapor pressure of the target.

These high-resistance temperature-measuring devices
were later abandoned in favor of thermocouples after it
was found that their temperature characteristics changed
after being subjected to a lithium vapor environment.
This is believed to be due to lithium absorption into the
ceramic casing. The change in the calibration was con-
firmed by comparing a "contaminated" , platinum ther-
mometer with a chromel-alumel thermocouple and also
comparing both temperature-measuring devices with
known temperature sources such as liquid nitrogen, ice-
water, and boiling water. In addition, by observing the
change of oven temperature as a function of time while
slowly raising the temperature, the melting point-of lithi-
um could be observed as a change in slope. This provided
an absolute temperature point near normal operating con-
ditions.

After replacing the oven base temperature sensor with a
chromel-alumel thermocouple referenced to the chamber
walls, cross-section measurements agreed with earlier

measurements made using the recalibrated platinum ther-
rnometer. These resulting cross sections have tempera-
ture-associated errors of approximately + 10%.

In a typical experimental run the oven was loaded with
a high-purity metal. After pump down the oven ternpera-
ture was cycled several times in order to outgas the target
cell and break any oxide layers that had formed during
the loading process. The temperature was then adjusted
to a value that corresponded to a target vapor pressure of
10 Torr or less. Background chamber pressures at this
time were typically 2X 10 Torr or less.

The experimental apparatus and ion beam were then
adjusted until a neutralized beam component less than ap-
proximately 1% of the direct beam intensity was
achieved. Since pulse counting methods were used, beam
intensities less than 10 ' A were used. The post-collision
beams were centered on their respective detectors as previ-
ously described.

At that point the oven temperature was slowly in-
creased to provide target pressures ranging from approxi-
mately 10 Torr to (1—2))&10 3 Torr. During this time
the fractional beam neutralization, e.g., N+/(N++ N )

along with the oven temperature were recorded. This pro-
cess was repeated as the oven cooled down to its original
value. Plots of —ln[N+/N++N )] versus the target
pressure P were made and fitted to formula (1). The cross
section calculated for increasing and decreasing tempera-
tures were found to agree within approximately 10% im-
plying that there is no inertial delay in the oven tempera-
ture measurement.

In the case of He + impact, the He +, He+, and He
beams could not all be recorded simultaneously. Thus the
deflection field was varied in order to measure the He +

and He components and then the He+ and He com-
ponents. This process was repeated several times in order
to ensure that the oven temperature and beam intensity
remained stable during the measurements. For He + im-
pact, formula (3) was used in order to correct for the
two-step process o.2~a. ]o contributing to the double-
electron transfer cross section.

The absolute cross sections determined are believed to
be accurate to approximately + 15% with most of the un-
certainty due to the absolute target densities measured.
The relative uncertainties between cross sections for dif-
ferent projectiles are considerably less than the uncertain-
ties in the absolute value with the precision being deter-
mined primarily by instrument reproducibility which was
normally about +5%. This applies also, but to a lesser
extent, to the relative uncertainties between cross sections
measured for various targets since any errors in the oven
temperature scale would be expressed in the same manner
for each metal vapor target. Cross-section uncertainties
recorded in the following tables are representative experi-
mental reproducibilities only and are, in general, larger for
data obtained at the extremes of the energy range. Also,
note that the double-charge-transfer cross section o.zo is
subject to larger uncertainties at low energies. This is due
to the large second-order corrections that must be applied
to the raw data [second term in formula (2)]. In this case
we have assigned an additional uncertainty resulting from
a +10% uncertainty in both o.

2& and o &o. The +10% un-
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FIG. 2. Single- and double-electron transfer cross sections for
proton and helium-ion impact on lithium. Error bars for o2p as
described in text.

FIG. 3. H+-Li single-electron transfer cross sections. Experi-
ment: 0, present data; )&, Ref. 10; 4, tabulated values from
Ref. 8; CI, Ref. 11. Theory:, Ref. 1; —.——., Ref. 4;—"—,Ref. 3; . . -, Ref. 2.

TABLE I ~ Cross sections for electron transfer in proton and helium ion collisions with lithium
atoms. Cross sections are in units of 10 ' cm . Tabulated errors represent reproducibility only; abso-
lute accuracy is estimated as +15%. In the case of o.

2p the uncertainties shown also include contribu-
tions from the estimated error in the two-step process (o.»o lp} as explained in the text.

Energy
(keV) I-I+ 4He+

OZi
He+

O2p
He+

2
3
4
5

6
7
10

20
30
40
60
70
80
100
150
200

52.4+ 5.9
46.5
42.7
37.2

43.5
22.1+0.4

8.86
3.84+0.38
0.857
0.319
0.230
0.194+0.040
0.190
0.129

58.3
50.4
68.4
57.0

66.6
57.1

71.7
49.7+2.5
38.8
18.1
8.93

4.24
1.30

103.3

95.1

114+10
97.4
99.3+2.8
75.1+0.4
59.6+4.9
23.3+0. 1

9.94
5.39
2.03
1.50

0.76+0.2'

0.251+0.07

0.230
0.216
0.139
0.0959

'Value is weighted average of the data shown in Fig. 2.
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certainty was chosen between the maximum absolute un-
certainty and the minimum reproducibility uncertainty-as
given above. It thus provides an indication as to the relia-
bility in correcting for the two-step process.

RESULTS
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Results for the lithium target are shown in Fig. 2 and
tabulated in Table I. Tlie results, tabulated as a function
of impact energy, are graphed versus projectile
energy/mass (E/amu). Previously it has been observed
that equal-velocity H+ and 0+ ions have the same
charge-transfer cross section. For the present data,
equal-velocity H+ and He+ have nearly the same cross
sections, which may indicate the effectiveness of screening
by the He+ electron. The dashed curves through the data
serve merely to guide the eye.

The measured double-electron capture cross sections for
He + impact are shown at the bottom of the figure. At
the highest energies measured, the reproducibility of the
data was better than the size of the data points shown.
However, at the lowest energy the reproducibility is poor.
In addition, corrections for the two-step process o2&o.~o

are extremely large. The error bars shown are calculated
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using the assumption that the cross sections contributing
to this two-step process are each uncertain by +10%%uo.

The two-step contribution to o.2o, and hence the associated
error, increase dramatically for lower impact energies and
completely dominate the observed double-electron transfer
signal. Thus we feel that the present o.20 data are reliable
only for energies above 20 keV/amu.

In Figs. 3 and 4 we compare our present measurements
with previous experimental and theoretical results. For
proton impact, except for our lowest energy point, we
agree well with the recent measurements of Varghese
et al. ' and Aumayr and VA'nter" which merge smoothly
into the cross sections tabulated by Barnett et al. at ener-
gies greater than about 15 keV. The theoretical calcula-
tions of Fritsch and Lin' give the best overall agreement
with the data. At higher energies we have better agree-
ment with the tabulated cross sections than the calcula-
tions of Olson.

For He ion impact, Fig. 4, we again agree well with the
measurements of Varghese et al. ' and the calculations of
Fritsch and Lin. ' However, the present cross sections for
o.

2& and o.
~o are larger than those measured previously be-

tween 2 and 10 keV/u. Again we note that any uncertain-
ties in these cross sections can drastically effect the
double-electron capture cross section at low energies. For
example, formula (3) indicates that an underestimation of
both o.

2& and o.
~o will result in an overestimation of o.20.
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FIG. 4. Single- and double-electron capture cross sections for
helium-ion collisions with lithium. Experiment: ~, present
data; X, Ref. 10; 6, Ref. 13; Q, Ref. 12; o, Ref. 28;, Ref. 11.
Theory:, Ref. 1' . , Ref. 2; ——,Ref. 3; ———,Ref.
4.
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FIG. 5. Single- arid double-electron transfer cross sections for
proton and helium-ion impact on sodium. Error bars for o-2o as
described in text.
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Our double capture cross sections sho~n at the bottom of
the figure agree well with previous measurements at
higher energies.

10

SODIUM

In Fig. 5 we show our current measurements of single-
and double-electron transfer cross sections for H+, He+,
and He + impact on sodium. Numerical values of the
cross sections are listed in Table II. Again we have plot-
ted the data versus the energy/mass as we had done for
lithium; and again we note the single charge-transfer cross
sections for equal-velocity H+ and He+ impact are ap-
proximately equal throughout the entire energy range.
Also, the single-electron transfer cross sections have ap-
proximately a constant value below -5 keV/amu.

The double-electron transfer cross section, however,
clearly peaks near 10 keV/amu. This is similar to the
lithium measurements of McCullough et al. ' lsee Fig. 4).
For sodium the double charge transfer cross sections are
about a factor of 3 larger than those measured for lithium
in contrast to the single charge transfer cross sections
which are only about 30% larger. Because of this the
second-order corrections to the double charge transfer
cross sections in sodium are considerably smaller than
they were in the case of lithium. As before, the error bars
shown for o.2o represent an uncertainty of +10% in each
of the cross sections contributing to this two-step contri-
bution.

In Fig. 6 we compare our present measurements with
those of previous investigations. For proton impact, we
find our results are in reasonable agreement with the tabu-
lated values of Barnett et al. above 10 keV/amu and
with Anderson et al. ' for all energies, but disagree with
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FIG. 6. H+, He+-Na single-electron transfer cross sections.
Experiment: ~, present data; +, Ref. 16; [7, Ref. 18;A, tabu-
lated values from Ref. 8; 0, Ref. 21; X, Ref. 22; P', Ref. 17.
Theory:, Ref. 15; ———,Ref. 14; . , Ref. 20.

TABLE II. Cross sections for electron transfer in proton and, helium-ion collisions with sodium

atoms. Cross sections are in units of 10 ' cm . Tabulated errors represent reproducibility only; accu-

racy in the absolute value is estimated. at +15%%uo. In the case of o.
2O the uncertainties shown also include

contributions from the estimated error in the two-step process (o.2Io.~o) as explained in the text.

Energy
(keV)

2
3

6
8
10
12
15
16
20
30
40
50
60
80
100
120
160
200

H+

66.4
85.2
68.9
62. 1

45.4
30.8

9.37

5.03+0.8

1.25+0.08
0.966+0. 1

0.575
0.372+0.048
0.363+0.010

o 10
4He+

98.2
90.4
85.2
98.4
75.9
89.6

91.5+1.8

115.2
50.7+3.9
33.8+0.7

6.70
3.86

'He+

13.6+0.5

4.46
2.34
1.85

oui
'He'+

124.6

163.5

137.4
141.7
113~ 3+2
79.6+3
45.9
28.1+0.6
13.6+ 1.6

5.22
3.83+0.10
3.39

o20
3H 2+

1.88+0.094

2.39+0.58
3 7+1 1'
3.06+0.40'

1.41 +0.10
0.558+0.075'
0.487+0.062'

0.416+0.011
0.315+0.012
0.324+0.012

'Values are weighted averages of the data shown in Fig. S.
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the measurements of Nagata' and, O'Hare et al. ' With
respect to theory, our data disagree with the calculations
of Kimera et al. ,

' which tend to follow the measure-
ments of Nagata' but are in reasonable agreement with
recent calculations of Fritsch. '

For He+ impact, at higher energies the present data
agree nicely with those of Il'in et al. and O'Hare et al. '

But we again disagree with the measurements of Nagata
et al. ' The disagreement between the data of Nagata
et al. and our results would be removed for both He+ and
He + impact by a simple renormalization amounting to
increasing the Nagata data by about 25%. This would,
however, increase the disagreement between the He + data
of Nagata et al. and other workers for energies below
about 2 keV/amu which leaves a considerable question as
to the cross sections for these very low energies. The only
available theoretical work for He+ is that of Barat et al.
which is for much lower energies and thus cannot be test-
ed with the present data.

MAGNESIUM
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FIG. 7. Single- and double-electron transfer cross sections for
proton and helium-ion impact on magnesium. Error bars for
o.~o as described in text.

Magnesium provides a slightly different situation than
lithium or sodium since in this case the outer shell con-
tains two loosely bound electrons. It thus provides a chal-
lenging extension for existing theoretical treatments. Re-
sults for magnesium are shown in Fig. 7 and are listed in
Table III. Again the o.

&0 curves for equal velocity H+ and
He+ impact coincide. Unlike the results for lithium and
sodium targets, the o.

~0 cross sections are not constant
below 10 keV/amu but reach a maximum and then de-
crease. Results for oz& are, on the other hand, nearly con-
stant below 10 keV/amu as was the case for the other two
targets.

TABLE III. Cross sections for electron transfer in proton and helium-ion collisions with magnesium
atoms. Cross sections are in units of 10 ' cm . Tabulated errors represent reproducibility only; accu-
racy in the absolute values is estimated as +15%. In the case of o.20 the uncertainties shown also in-
clude contributions from the estimated error in the two-step process {o.2~o.~o) as explained in the text.

Energy
(keV)

2
3
4
6
8

10
12
15
16
20
30
40
60
80

100
120
160
200

H+

8.14+0.66
14.2+2. 5

14.5
22.7
21.7
19.5

14.5

8.10+0.3
2.00+0.25
1.05
0.248
0.137+0.015
0.135

ohio

'He+

1.95+0.94
3.50+ 1.43
4.29
8.12
9.23

11.9

18.1

22.9
16.0+ 1.7
1.76
6.35
2.98+0.03
1.61

o'2&

He+

39.5+30.7
54.0+14.9
43.7

48.3

61.0
53.9
57.6
52.5
27.6+2.4
23.1

7.50
2.70+0.02
1.87

o20
'He'+

0.488+0.083

0.957+0.177

0.398+0.304
0.836+0.336
1.32+0.55
1.23 +0.46
0.447 +0.053'
0.798+0.059

0.196+0.023
0.092+0.016'
0.0754+0.0017

'Values are weighted averages of the data shown in Fig. 7.
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In Fig. 8 we compare our present results with previous-
ly measured cross sections and find good agreement for
both H+ and He+ impact. No previous data is known to
exist for He + impact. Note that the low-energy proton
i.mpact data of Morgan and Erikson are prog'ressively
larger than those for equal-velocity He+ impact as the ion
energy decreases. This is in conflict with our observations
that the cross sections for equal-velocity H+ and He+ im-
pact are equal.

CONCLUSIONS
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FIG; 8. H+, He+-Mg single-electron transfer cross sections.
Experiment: , present data; &, Ref. 22; D, Ref. 23; 4, tabu-
lated values from Ref. 8; o, Ref. 24.

The double charge-transfer cross section is again
peaked as was seen for lithium and sodium. It is interest-
ing to note that both the single and double charge-transfer
cross sections for magnesium are smaller than they were
for sodium even though magnesium has two loosely
bound electrons and sodium has but one. This no doubt
confirms the assertion that simple energetics are insuffi-
cient to predict even relative cross sections in this energy
region and supports the need for greater theoretical activi-
ty which encompass the full molecular nature of these col-
lisions.

We have presented measurements of absolute single-
and double-electron transfer cross sections for proton and
helium-ion impact on lithium, sodium, and magnesium
targets. The cross sections for simple electron capture
when combined with previous experimental and theoreti-
cal work have, in most cases, produced unambiguous
curves over a broad energy range. Double-electron cap-
ture cross sections for He + impact were obtained from
measured transmitted beam fractions and corrections for
multi-step single capture processes measured in the same
apparatus. The measured double-e1ectron capture cross
sections were shown to be extremely sensitive to the cross
sections contributing to the two-step electron transfer pro-
cess. The peaked behavior of cr20 for lithium could not be
confirmed but was shown to be similar to that clearly ob-
served for He +-Na and Mg collisions which were mea-
sured for the first time. Double-electron capture was
found to be approximately a factor of 3 times larger for
sodium than for lithium whereas the single-electron cap-
ture cross sections were only about 30% larger for sodium
than for lithium. In contrast to sodium, magnesium,
which has two loosely bound electrons, produced a two-
electron transfer cross section o20 which was less than a
factor of 2 larger than for lithium. Additional theoretical
work will be required to explain these observations.
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