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Ionization cross sections for 10—300-kev/u and electron-capture cross sections
for 5—150-kev/u He + ions in gases
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Cross sections for production of positive and negative charge for 10—300-keV/u He + ions on He,
Ne, Ar, Kr, H2, N2, CO, 02, CH4, N20, and CO2 were measured by the transverse-field method.
Single- and double-electron-capture cross sections at 5—150 keV/u for the same targets were mea-

sured by the method of deflection of different charge-state components of the beam after passing

through a known length of target gas. A secondary-emission detector was used to detect the neutral

component of the beam. A small least-squares adjustment of the cross sections was made to satisfy
the equation o.+ ——o. +0.21+2020 which follows from conservation of charge.

INTRODUCTION

The basic processes of electron ejection and charge
transfer in atomic collisions are important in a number of
areas of research such as plasma and fusion studies,
upper-atmospheric work, and radiation detection. Yet, no
theoretical or even empirical methods have been devised
to calculate cross sections for these processes except for
collision velocities that are large compared to the orbital
velocities of the target. Even in this case, calculations are
not available for heavy atoms or for molecules. There-
fore, experimental measurements remain the only way to
determine these cross sections in most cases. Such mea-

'
surements are also needed as a basis for developing new
theoretical methods.

To provide a basis for testing theoretical models of elec-
tron ejection and charge transfer, it is desirable to have
measurements over a wide energy range for a variety of
projectiles and targets. Since protons and helium ions are
the simplest projectiles, they are of especial interest in this
regard. The Born approximation predicts a Z& depen-
dence of the cross sections on projectile charge for bare
nuclei. A comparison of data using He + and proton
beams can be used to check this dependence, . Tests of this
dependence have generally been confined to the higher en-
ergies.

While data on electron capture in He + impacts are
available for a number of the simpler atomic and molecu-
lar targets, ' " there are several common gases for which
no measurements have been made. Relatively few studies
of ionization have been made. '

In this experiment we have measured o+ and o. , the
cross sections for production of positive and negative
charge, and ozl and o.20, the cross sections for capture of
one and two electrons. These measurements, made for 11
target gases, cover an energy range which spans the max-
imum in the cross-section curves and extends up to the
energy where the Born approximation begins to be accu-
rate.

EXPERIMENTAL PROCEDURE

The cross sections cr+ and o. were measured by the
transverse-field method described previously for proton'

and singly charged helium-ion' measurements. The cap-
ture cross sections were measured by electrostatic separa-
tion of the various charge components of the beam after it
was allowed to pass through a known length of target gas
at a measured pressure. The apparatus used in these mea-
surements was previously used to make similar charge-
transfer measurements with He+ projectiles and is
described elsewhere. ' Typical target-gas pressures used
in the present work were 10 Torr for the capture mea-
surements and (1—5) X 10 Torr for the ionization mea-
surements. Background pressures were about 2)&10—7

Torr when no target gas was admitted. The pressure used
in the ionization measurements was low enough that no
correction was made for neutralization of the beam. The
resulting error was only about 5% in the worst case and
generally much smaller.

Because He + has the same charge-to-mass ratio as
H2+ and since hydrogen is very difficult to eliminate
from an ion source, the isotope He was used as the gas
from which the projectile ions were made. These ions
have a unique charge-to-mass ratio yielding an unambigu-
ously defined beam. We have found by magnetic analysis
of the beam that even using an ion-source tube which had
never been used with hydrogen, a proton beam was
present which constituted about —,

' of the total beam.
This indicates that He + data taken using ordinary heli-
um may have a sizable error due to the presence of Hz+ in
the beam.

Measurements were made using two accelerators over
the voltage range of 8.5 to 350 kV which yielded values of
energy per unit mass from 5.67 to 233 keV/u. By making
a small extrapolation, results are presented for ionization
from 10—300 keV/u and for capture from 5—150 keV/u.

EXPERIMENTAL UNCERTAINTIES

For all measurements the uncertainty in the measure-
ment of the target-gas density was 4%. For the measure-
ment of cr+ and o. the beam-current collection and the
background correction had uncertainties which varied
somewhat with energy but averaged 6% and 3%, respec-
tively. The effective length was known to be better than
1%. These combined to give an 8% uncertainty. For o.2I
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TABLE I. Values pf 0.+ for He + collisions. Units are 10 0 m .

Energy
(keV/u)

10
15
20
30
40
50

100
150
200
300

He

3.8
4.7
5.4
6.0
5.9
5.6
4.9
4.3
3.4
2.8
2. 1

9.6
10
10
9.8
9.4
9.0
8.2
7.4
6.5
5.9
5.0

Ar

24
27
27
26
25
24
21'
19
16

12

39
40
39
37
36
33
29
26
23
20
16

H2

11
14
15
14
13
12
9.8
8.4
6.7
5.4
4.1

25
28
29
28
26
25
21
19
16
14
12

CO

28
30
30
29
27
26
22
20
17
14
12

23
25
26
26
25
24
21
19
16
15
12

CHg

26
30
32
32
32
31
27
24
20
17
14

CO,

33
36
38
37
36
35
32
29
25
23
19

H20

24
25
25
24
23
23
20
18
16
14
12

Unc. 11%

TABLE II. Values of o for 'He + collisions. Units are 10 m .

Energy
(keV/u)

10
15
20
30
40
50
75

100
150
200
300

He

0.14
0.37
0.61
1.1
1.7
2.1

2.8
3.1
2.9
2.6
2.0

Ne

1.3
1.8
2.3
2.9
3.6
4.0
4.7
4.9
5.0
4'.8
4.5

Ar

6.2
8.8

10
13
14
16
16
16
15
14
12

10
13
15
18
20
21
22
22
21
19
16

H2

1.1
2.0
3.1

5.0
6.2
7.0
7.5
7.4
6.4
5.3
4.1

7.5
9.2

11
12
14
15
16
16
15
14
12

CO

7.4
9.7

12
14
16
17
17
17
15
14
11

02

7.9
9.7

11
13
14
)5
15
16
15
14
12

CH4

8.0
11
14
18
20
22
22
22
19
17
14

CO2

13
16
18
21
23
24
24
24
22
21
18

H20

5.5
7.3
8.8

11
13
14
15
16
14
13
12

Unc. 80% 9% 9%%uo 9% 22%%uo 9% 11% 9% 11% 13%

TABLE III. Values of o.2i for He + collisions. Units are 10 m .

Energy
(keV/u)

5
7.5

10
15
20
30
40
50
75

100
150

0.50
0.75
1.1
2.0

. 2.7
3.2
3.0
2.5
1.7
1.0
0.48

2.7
3.9
4.7
5.3
5.2
4.6
4.0
3.5
2.6
2.1

1.4

9.2
11
12
12
12
10
8.4
6.9
4.2
2.7
1.3

22
21
20
19
17
14
11
9.2
5.5
3.5
1.6

H2

5.1

7.3
9.0

10
10
84
6.4
4.7
2.1

0.98
0.27

9.5
11
11
12
12
10
8.7
7.3
4.7
3.2
1.6

CO

13
14
14
14
13
10
8.5
6.9
4.3
2.9
1.5

02

6.0
7.5
8.3
9,2
9.3
8.7
7.7
6.5
4.5
3.1

1.6

CH4

10
12
13
14
13
11
9.2
7.4
4.6
2.7
1.0

COp

11
12
13
14
13
11
9.3
7.9
5.6
4.0
2.3

H20

9.0
11
12
12
11
9.0
7.4
6.3
4.1

1.9
15

Unc. 13% 14% 14% 23% 11%%uo 12% 12% 16% 12% 12% 12%
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TABLE IV. Values of 0.20 for He + collisions. Units are 10 m .

Energy
(keV/u)

5
7.5

10
15
20
30
40
50
75

100
150

He

1.4
1.3
1 ~ 3
1.2
1;0
0.83
0.64
0.49
0.23
0.086
0.0079

2.1

2.0
1.8
1.6
1.4
1.2
0.92
0.73
0.40
0.22
0.09

Ar

3.2
3.1

3.0
2.8
2.4
1.7
1.2
0.81
0.31
0.11
0.0079

3.9
3.9
4.0
3.9
3.5
2.7
2.0
1.4
0.59
0.27
0.067

H2

0.20
0.39
0.52
0.61
0.63
0.54
0.41
0.26
0.068
0.017
0.0036

2.7
3.1

3.3
3.4
3.3
2.5
1.9
1.4
0.56
0.25
0.055

CO

3.2
3.4
3.4
3.2
2.9
2.3
1.6
1.2
0.48
0.22
0.031

02

3.6
3.6
3.6
3.2
2.9
2.2
1.6
1.1
0.46
0.20
0.047

CH4

1.5
2.1

2.4
2.5
2.3
1.7
1.2
0.81
0.31
0.10
0.0040

CO2

3.1

3.4
3.5
3.6
3.4
2.6
2.0
1.6
0.81
0.35
0.049

H20

2.0
2.8
3.1

3.0-
2.7
2.0
1.4
0.98
0.40
0.19
0.029

Unc. 15%%uo 19% 13% 19% 13% 19% 14% 15% 12% 12% 16%%uo

and 0 2p the uncertainty in the beam collection was 3%, in
the effective path length 7%%uo, and in the secondary-
emission coefficients 7'Fo. The combined uncertainty for
these cross sections was then 11%.

In addition to these uncertainties, there were random
errors which we determined by calculating the average de-
viations from the smooth curves drawn through the aver-
age of the points. These deviations were quite different
for different target gases. The combined uncertainties in-
cluding these random errors are given for each gas in
Tables I—IV.

DATA ADJUSTMENT

As in the earlier He+ work, we took advantage of the
fact that all four cross sections were measured to make
adjustments to them based on the fact that they must be
related by the conservation of charge. ' In this case the
relation is

100

+ =~0+02I+202p

assuming that capture of three electrons is negligible. A
weighted least-squares adjustment was made to all four
cross sections at each energy which minimized the frac-
tional adjustments required to satisfy Eq. (1). The
weights were chosen to be the reciprocals of the estimated
uncertainties in the measurements. These uncertainties,
which included both systematic and random errors, were
calculated separately for each combination of gas target
and type of cross section, but were assumed to be the same
for all beam energies. These uncertainties are given with
the final results. In no case did the adjustment exceed the
assigned uncertainty.

EXPERIMENTAL RESULTS

Figures 1—4 show the original data for several of the
targets along with the lines representing the smoothed and
adjusted final results. The final results are also given in
Tables I—IV along with the estimated uncertainties for
each case. Figures 5—8 show a comparison of the present
results with what previous data was available.
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10 100
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FICz. 1. Values of cr+ for He + on methane, krypton, hydro-
gen, and helium. Unadjusted data from the low-energy ac-
celerator are shown as triangles and from the high-energy ac-
celerator as circles. Lines represent the final adjusted data. (See
text. )

500
I

10 100
E&/Mp (keV/u)

FKx. 2. Values of 0 for He + on water vapor, carbon diox-
ide, nitrogen, and neon. Symbols as in Fig. 1 ~
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FIG. 3. Values of o.2j for He + on nitrogen, argon, carbon
monoxide, and hydrogen. Symbols as in Fig. 1.

1001 10 500
E&/M& (keV/u)

FIG. 5. Comparison of present o+ data, shown as lines, with
data of other investigators. Graham et aI. (Ref. 13), o and +;
Latypov et ah. (Ref. 15), &(; Puckett et al. (Ref. 12), H.

1. Heliuin. Our o data are in good agreement with
that of Puckett, et al. , as seen in Fig. 5, but our o data
are 8—39% higher. (See Fig. 6.) Unfortunately, our o
measurement in helium had a very large uncertainty and
since the apparatus had been reconfigured for another ex-
periment, it was not feasible to recheck the data. The o.

2&

and o.2o data are in reasonably good agreement with the
average of earlier data (see Figs. 7 and 8), except for the

ohio cross sections which are somewhat lower than that of
Pivovar et al. ' at the highest energies.

2. 1Veon. There does not appear to be any previous ion-
ization data in the present energy range. Latypov et al. '
have presented o+ data up to 2 keV/u which appears to
be about 5 times too large to extrapolate smoothly to our
data. It is likely that their neon cross sections are in error
since their neon cross sections are even larger than the
ones they give for argon. We are in fair agreement with

10

Baragiola and Nemirovsky's neon charge-trarisfer data,
but cannot confirm the structure which they report.

3. Argon. As shown in Figs. S and 6, the present o.+
and o data are 5—10%%uo lower than that of Puckett
et al. ' but this discrepancy is within the combined error
bars of the two experiments. It appears that our o+ cross
sections, if extrapolated, would be in reasonable agreement
with the data of Latypov et al. ' as seen in Fig. 5. There
are discrepancies of considerable magnitude among the re-
ported values of the charge-transfer cross sections. Our
o.

2~ cross sections are in reasonable agreement with those
of Shah and Gilbody' at low energy and with those of
Pivovar et al. *' at high energy as seen in Fig. 7. Gur
o.

2O data are in good agreement with Shah and Gilbody' at
low energy but are lower than Pivovar et al. ' at high en-
ergy.

4. Krypton. There apparently are no previous ioniza-
tion data for krypton in this energy range. The lower-
energy work of Latypov et ol. ' appears to extrapolate

10
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FIG. 4. Values of o.
2O for 'He + on carbon dioxide, oxygen,

argon, and methane. Symbols as in Fig. 1.

0.1
10 100

E&/M& (keV/u)

FIG. 6. Comparison of present o. data, shown as solid lines,
with data of other investigators. Shah and Gilbody (Ref. 14),
O. Other symbols as in Fig. '5. Dashed lines are data from H+
collisions from Rudd et ah. (Ref. 18).
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well to our data, however. The present o2i and o.20 data
agree reasonably well with that of Shah and Gilbody' and
with Pivovar et al. ' Figure 8 shows the 0.20 data.

5. Hydrogen. Our o. data agree fairly well with that
of Puckett et al. ' and with Shah and Gilbody' at high
energies, but are as much as 50% higher than the latter at
the lowest energy as seen in Fig. 6. As seen in Fig. 5, the
cr+ data are in agreement with that of Puckett el al. ' but
are 15—25% higher than that of Graham et al. ' Our
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0.1—

O

0.01—

I i ~ I

20
Ep/Mp (keV/u)

FIG. 8. Comparison of present 0~0 data, shown as solid lines,
with data of other investigators. Allison (Ref. 11), +; Afrosi-
mov et aI. (Ref. 5), O. Other symbols as in Fig. 7.

200

01~ x

I s I

2 20 200
E&/M& (keV/u)

FIG. 7. Comparison of present 0.
2~ data, shown as solid lines,

with data of other investigators. Baragiola and Nemirovsky
(Ref. 6), Q', Berkner et al. (Ref. 8), X; Stearns et al. (Ref. 7),
Bayfield et al. (Ref. 4), V; Pivovar et al. (Refs. 9 and 10), 4;
Shah and Gilbody (Refs. 1 and 2), 0 and +.

x2)

0.1 I t s I

5 50
E&/M& (keV/u)

FIG. 9. Comparison of the four measured cross sections for
neon. The top curve is the sum of the bottom three.

500

0.
2& cross sections are in excellent agreement with those of

Shah and Gilbody as shown in Fig. 7, but our 0.20 data
tend to be higher than theirs at low energy and lower at
high energy.

6. Nitrogen. The present 0.+ and o. measurements are
both in excellent agreement with those of Puckett et al. in
the region of overlap. See Fig. 5. The capture data are in
generally good agreement with earlier. work (see Figs. 7
and 8) except that cr20 falls somewhat below that of Pivo-
var at high energies.

7. Oxygen. There are no oxygen-ionization data with
which to compare. The capture data agree fairly well
with Shah and Gilbody' except that the energy depen-
dence is somewhat different for cr2t.

8. Carbon monoxide The o+. data of Graham et al. is
50—65% lower than our data in the 10—30 keV/u region
where they overlap. This is seen in Fig. 5. Also the ener-
gy dependences are somewhat different. No other data
are available for carbon monoxide, but the agreement with
the nitrogen data is an indication of its accuracy.

9. Carbon dioxide, methane, water vapor. No previous
data for any of the cross sections for these gases is known.
In Fig. 2 the o data for water vapor taken on the high-
energy accelerator appears anomolously high, near 50
keV/u. As with the helium data, it was not possible to re-
take this data on that accelerator. However, the data tak-
en on the low-energy accelerator did not confirm these
large values and, except for their effect on the stated er-
ror, they were ignored. This anomaly could have been due
to difficulties in controlling the beam near the low end of
that accelerator's energy range.

In Fig. 6 the present o. data are also compared with
the proton impact data of Rudd et al. ' The abscissa is
projectile energy per unit mass and thus compares projec-
tiles at equal velocities. The ordinate is the cross section
divided by the square of the projectile charge. According
to the Born approximation, when compared in this way,
the cross sections should be the same for all bare nuclei.
It is clear that Zz scaling is not accurate at low energies,
but at the higher energies the cross sections tend to con-
verge as expected. DuBois' has shown that a sizable
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fraction of the electrons are ejected simultaneously with
electron capture. These second-order processes, which are
most important at energies below 100—200 keV, would
not be expected to scale as Z~.

In Fig. 9 we show all four He + cross sections for neon.
From Eq. (1), the lower three curves all add up to equal
o.+, the top curve. It is seen that ion production is dom-

inated by electron ejection at the higher energies, but by
charge-transfer processes at lower energies.
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