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Processes involving electron capture and multiple ionization in collisions
of fast H1 and He21 ions with lead atoms

P. C. E. McCartney, M. B. Shah, J. Geddes, and H. B. Gilbody
Department of Pure and Applied Physics, The Queen’s University of Belfast, Belfast, United Kingdom

~Received 25 May 1999!

A crossed-beam technique incorporating time-of-flight analysis and coincidence counting of the collision
products has been used to study Pbq1 formation withq up to 8 in collisions between ground-state Pb atoms and
H1 and He21 ions within the range 50–600 keV amu21. The separate cross sections for simple charge transfer,
transfer ionization, and pure ionization leading to the formation of Pbq1 ions have been obtained and the
relative importance of these processes has been established. Accurate measurements and rigorous theoretical
descriptions of these multielectron processes in such heavy atoms are difficult and data are still very limited.
The present measurements have been designed to extend our previous studies of multiple ionization of a few
selected heavy metal atoms and to provide a further check on the extent to which the main collision processes
can be described quantitatively in terms of simple models based on an independent electron description. In our
previous work with Fe, Cu, and Ga atoms using the same experimental approach, we were able to describe the
formation of multiply charged ions through both transfer ionization and pure ionization with a high degree of
success using an independent electron model. However, the present results for Pb show that the success of this
simple approach is much more limited for these much heavier atoms.@S1050-2947~99!00412-6#

PACS number~s!: 34.50.Fa
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I. INTRODUCTION

There is strong current interest in many-electron collis
processes~cf. Shevelko and Tawara@1#!. Apart from the
need to obtain a better fundamental understanding, reli
data on processes involving multiple ionization of a wi
range of heavy atom species are important for the accu
modeling of fusion plasmas~cf. Janev@2#! and in astrophysi-
cal situations.

In previous work in this laboratory@3–9#, we have used a
crossed-beam technique incorporating time-of-flight analy
and coincidence counting of the collision products to obt
the separate cross sections for both electron capture and
ization leading ton-fold ionized product ions in collisions o
fast H1 and He21 ions with a few heavy metal species. Me
surements of this type are complex and difficult and, for t
reason, we have concentrated on a few selected target sp
and tried to establish to what extent processes leadin
multiple ionization can be described in terms of simple mo
els based upon an independent electron description~cf.,
McGuire @10#!. Previously we have studied collisions of H1

and He21 ions with ground-state 3p63d64s2 5D4Fe,
3p63d104s 2S1/2, Cu, and 3p63d104s24p 2P1/2 Ga atoms
within the energy range 38–1440 keV amu21, and the differ-
ent electronic configurations of these targets have provi
interesting tests of our simple theoretical models.

In the case of H1 impact, cross sections10s0q for the
one-electron capture process

H11X→H1Xq11~q21!e ~1!

for q51 – 4 for Fe,q51 – 5 for Cu, andq51 – 5 for Ga
were determined. In Eq.~1!, q51 corresponds to simple
charge transfer whileq.1 corresponds to transfer ionizatio
where one-electron capture takes place simultaneously
multiple ionization of the target. In the case of He21 impact,
PRA 601050-2947/99/60~6!/4582~8!/$15.00
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the corresponding cross sections20s1q for one-electron cap-
ture and20s0q for two-electron capture leading toXq1 prod-
ucts withq up to 7 were determined. Cross sections for t
pure ionization processes

H11X→H11Xq11qe ~2!

with q51 – 5 and

He211X→He211Xq11qe ~3!

with q51 – 3 were also determined.
In our attempts to obtain a simple theoretical descript

of our previous electron capture and ionization data for
and Cu, we assumed that electron removal takes place
marily from the outer 4s and 3d subshells. We were then
able to describe our measurements quantitatively in term
an independent-electron model with a high degree of s
cess. In the case of Ga, our model was modified to also
account of electron removal from the weakly bound 4p sub-
shell and the fact that removal of a 3d electron leads to Ga21

formation through autoionization. This modified model w
also shown to provide a reasonable description of the for
tion of Gaq1 ions but with much greater success for H1 than
for He21 ion impact.

In the present work, in order to carry out further tests
our simple theoretical model, we have carried out simi
measurements of electron capture and ionization in collisi
of H1 and He21 ions with ground-state 5d106s26p2 3P0 Pb
atoms within the range 50–600 keV amu21 for processes
leading to Pbq1 formation withq up to 8. The electron sub
shell structure of Pb is significantly different from the heav
metal atoms considered previously, and the present studie
this much more complex system provide further insight in
the limitations of our simple descriptions of multiple ioniz
tion based on an independent-electron model.
4582 ©1999 The American Physical Society
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TABLE I. Cross sections10s0q for one-electron capture in H1-Pb collisions leading to the formation of Pbq1 ions. Total cross sections
s105S10s0q are also shown.

Energy
~keV amu21!

s10

(10217 cm2)
10s01

(10218 cm2)
10s02

(10217 cm2)
10s03

(10217 cm2)
10s04

(10218 cm2)
10s05

(10219 cm2)
10s06

(10219 cm2)

83.5 23.461.27 34.065.4 15.761.1 2.9460.29 14.161.9
100 21.661.18 22.163.1 14.861.1 3.6760.26 8.7361.19
120 10.960.64 7.2961.0 7.3160.59 2.2560.22 6.1460.72 3.761.7
145 10.460.58 3.7160.72 6.8760.53 2.2560.20 8.1360.68 9.463.2
175 6.4760.30 1.7160.36 3.9360.25 1.5660.13 6.3060.66 11.862.6 5.9863.50
210 5.7060.25 1.6860.37 3.3260.22 1.4360.10 5.8060.56 19.162.4 1.4860.90
250 3.8760.16 0.8060.17 2.1960.13 1.0460.08 4.4660.48 10.861.4
300 2.6060.10 0.3760.08 1.4260.07 0.7260.07 3.0060.30 9.3061.12 2.861.4
360 1.4760.06 0.2960.06 0.7660.05 0.4460.03 1.7760.20 4.6060.62 2.461.5
430 0.7560.04 0.1460.04 0.3960.03 0.2360.02 0.7460.08 2.0360.22 2.461.9
500 0.4060.02 0.2060.01 0.1360.01 0.4860.05 1.4560.21
600 0.2160.02 0.0860.05 0.0860.01 0.0760.01 0.3960.03 1.1360.11
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II. EXPERIMENTAL APPROACH

The apparatus, measurement, and normalization pr
dure was similar to that used in our previous measurem
~cf., Pattonet al. @4# and Shahet al. @7#!, so that only the
essential features need to be summarized here.

A primary beam of momentum analyzed H1 or He21 ions
of selected energy within the range 50–600 keV amu21 was
arranged to intersect~at right angles! in a high vacuum re-
gion a thermal energy beam of ground-state Pb atoms
rived from an oven source@11#. The slow Pbq1 ions and
electrons formed as collision products in the crossed-be
region were extracted with high efficiency by a transve
electric field applied between two high transparency gr
and, after further acceleration through a potential differe
of 4.5 kV, were separately counted by particle multiplie
Pbq1 ions in any particular charge stateq were selectively

FIG. 1. Fast He1/slow Pbq1 ion time-of-flight coincidence spec
trum resulting from one-electron capture by 290 keV He21 ions in
collisions with Pb atoms. Adjacent channel separation is 2 ns.
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identified and distinguished from background gas collis
products by time-of-flight analysis. As in our earlier wor
signalsSq corresponding to the Pbq1 yields per unit primary
ion current were recorded as the potential difference thro
which the ions were accelerated was increased from 3
kV. It was then found that the signal ratiosSq /S1 became
constant above 4.5 kV, indicating that the counting e
ciency was essentially independent ofq within an estimated
uncertainty of 7%.

The Pbq1 ions arising from electron capture collision
could be identified by counting them in coincidence with t
fast H atoms, He1 ions, or He atoms arising from the sam
events. The latter were recorded~after charge analysis by
electrostatic deflection! by a third-particle multiplier located
beyond the crossed-beam region. The Pbq1 ions arising from
both transfer ionization and pure ionization could be iden

FIG. 2. Slow Pbq1/electron time-of-flight coincidence spectrum
resulting from ionization of Pb atoms by 150 keV He21 ions. Ad-
jacent channel separation is 2 ns.
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TABLE II. Cross sections20s1q for one-electron capture in He21-Pb collisions leading to the formation of Pbq1 ions. Total cross
sectionss215S20s1q are also shown.

Energy
~keV amu21!

s21

(10216 cm2)
20s11

(10217 cm2)
20s12

(10216 cm2)
20s13

(10216 cm2)
20s14

(10216 cm2)
20s15

(10217 cm2)
20s16

(10217 cm2)
20s17

(10218 cm2)
20s18

(10218 cm2)

50 24.461.0 67.764.1 8.9760.59 4.9660.52 2.7260.34 8.5161.28 1.3560.31
60 16.260.7 33.662.7 5.9060.41 3.7760.39 2.1960.28 8.2161.20 1.7960.38 1.7460.73

72.5 13.960.6 19.461.7 4.8860.37 3.6260.36 2.2860.29 8.8561.29 2.4760.50 7.1962.91
87.5 12.060.5 9.9560.98 4.0560.31 3.3760.32 2.2260.25 9.8461.35 3.1560.59 5.3762.18 0.2360.22
105 9.8860.46 4.2460.44 3.1360.24 2.9160.28 1.9760.22 9.8761.33 3.5960.63 8.9762.93 1.2960.77
125 8.5660.37 1.9660.24 2.5460.18 2.4460.21 1.8060.19 9.7661.32 4.1660.66 14.362.93 4.5063.24
150 6.9660.31 0.6860.09 1.9760.17 1.9560.17 1.5460.15 8.6660.95 4.0160.67 13.862.62 2.4160.90
180 5.5660.29 0.4160.06 1.4660.12 1.5460.15 1.2460.14 7.7961.48 3.6360.53 11.862.42 1.9560.67
215 4.4660.21 0.2560.04 1.1060.09 1.1960.12 1.0460.12 6.5560.75 3.0660.42 10.762.19 2.6160.85
250 3.4560.16 0.2460.05 0.8160.07 0.9260.09 0.8360.08 5.3060.56 2.3560.37 8.0261.57 2.2560.90
300 2.4760.11 0.1360.06 0.5660.05 0.6660.07 0.6060.05 3.8260.42 1.6860.21 6.5561.24 2.3260.67
360 2.0260.09 0.0660.03 0.4660.04 0.5460.05 0.5060.05 3.1860.36 1.3760.25 5.0360.90 1.7060.56
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fied by counting them in coincidence with the electrons a
ing from the same events. Alternatively the primary i
beam could be pulsed and the Pbq1 product ions extracted
from the crossed-beam region by a delayed extraction p
of about 70 V cm21 prior to identification by time-of-flight
analysis. Typical Pbq1-fast-ion/atom and Pbq1-electron
time-of-flight coincidence spectra are shown in Figs. 1 and
A careful analysis of spectra of this type, in the way d
scribed previously@4, 7#, allowed determination of the sepa
rate cross sections10s0q for one-electron capture by 83.5
600 keV amu21 H1 ions whereq51 – 6, 20s1q , for one-
electron capture by 50–360 keV amu21 He21 ions whereq
51 – 8, and 20s0q for two-electron capture by 50–25
keV amu21 He21 ions whereq52 – 7. In addition, the pure
ionization cross sections10s1q for 100–600 keV amu21 H1

ions, whereq51 – 6, and20s2q for 50–350 keV amu21 He21

ions, whereq51 – 5, were determined. It should be not
that, while thee-Pb1 coincidence signals allowed the pu
single ionization cross sections to be determined directly,
q>2 the analysis was complicated by contributions fro
transfer ionization. In this case, as in our previous work,
pulsed the primary ion beam and first obtained the total cr
sections for Pbq1 formation. Subtraction of the transfer ion
ization contributions then allowed the individual pure ioniz
-
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tion cross sections to be determined.
Our measured relative cross sections were normalize

our recently measured cross sections@12# for ionization of
Pb by electron impact. This normalization procedure, wh
has been described in detail previously@13#, involved the
careful substitution of a pulsed primary ion beam by a puls
beam of electrons while the target conditions remained
changed.

III. RESULTS FOR MULTIPLE IONIZATION BY
ELECTRON CAPTURE

Cross sections10s0q and 20s1q for one-electron capture
by H1 and He21 leading to Pbq1 formation are shown in
Tables I and II while cross sections20s0q for two-electron
capture by He21 ions are shown in Table III. Total cros
sections s10'(q51

q56
10s0q and s21'(q51

q58
20s1q for one-

electron capture ands20'(q52
q57

20s0q for two-electron cap-
ture are also included. The uncertainties associated with
dividual cross sections reflect 67% confidence levels ba
upon the degree of reproducibility of the measured values
addition, all cross sections are subject to estimated uncer
ties of 12% in absolute value as a result of the normalizat
TABLE III. Cross sections20s0q for two-electron capture in He21-Pb collisions leading to the formation of Pbq1 ions. Total cross
sectionss205S20s0q are also shown.

Energy
~keV amu21!

s20

(10216 cm2)
20s02

(10218 cm2)
20s03

(10217 cm2)
20s04

(10217 cm2)
20s05

(10217 cm2)
20s06

(10217 cm2)
20s07

(10218 cm2)

50 3.7360.21 17.863.54 11.761.04 14.761.56 6.3660.80 1.9560.29 8.2561.69
60 3.0560.18 9.4261.74 9.1260.96 12.161.32 5.7560.72 1.7760.26 8.4461.72

72.5 2.4060.13 6.2061.08 6.5860.62 9.4260.95 4.8460.56 1.6960.23 8.3261.65
87.5 2.0160.10 4.6960.75 5.2260.49 7.4260.69 4.3160.48 1.7460.24 8.9761.70
105 1.6660.08 4.1660.44 5.7960.52 3.9360.39 1.8060.23 8.8561.47
125 1.4260.08 3.2660.32 4.8060.54 3.4760.36 1.8260.23 8.4761.24
150 1.1760.06 2.4460.25 3.5860.36 3.0360.31 1.7760.24 8.3261.32
180 0.9060.04 1.6760.13 2.6660.24 2.5060.22 1.4760.16 7.1961.05

212.5 0.6660.03 1.2060.12 1.7760.16 1.8860.13 1.1360.14 5.9460.85
250 0.4860.03 0.8760.09 1.2960.14 1.2960.10 0.9060.10 4.5860.72
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to our previously measured electron impact cross sect
@12#.

Figure 3 shows cross sections10s0q for one-electron cap-
ture by H1 ions leading to Pbq1 ions whereq51 – 6. Over
the energy range shown, cross sections10s02 for transfer
ionization leading to Pb21 formation can be seen to great
exceed the simple charge-transfer cross sections10s01 and
provide the dominant contribution to the total one-electr
capture cross sections10. Values of10s0q for q.2 can also
be seen to progressively exceed10s01 as the impact energy
increases. Asq increases, a high-energy ‘‘bulge’’ in th
cross-section curves10s0q can be seen to become more pr
nounced and, forq55 and 6, the curves exhibit maxima.

Figure 4 shows cross sections20s1q for one-electron cap-
ture by He21 ions. As in the case of H1 impact, the simple
charge-transfer contribution20s11 to the total one-electron
capture cross section decreases rapidly with increasing
ergy and is progressively exceeded by the transfer ioniza

FIG. 3. Cross sections10s0q for one-electron capture by H1

ions in collisions with Pb atoms leading to Pbq1 formation.

FIG. 4. Cross sections20s1q for one-electron capture by He21

ions in collisions with Pb atoms leading to Pbq1 formation.
ns

n

n-
n

contributions 20s1q for q.1 at higher energies asq in-
creases. Again, high-energy ‘‘bulges’’ in the cross-sect
curves20s1q become broad maxima with increasingq. In the
case of two-electron capture, the simple charge-transfer c
section20s02 again decreases rapidly with increasing ene
~Fig. 5! and is exceeded by the transfer ionization cross s
tions 20s0q for q53 – 6 over the energy range considere
The contribution from20s04 is actually dominant over mos
of the energy range considered. In addition, at energ
above about 60 keV amu21, even values of20s17 leading to
Pb71 greatly exceed20s02. Very flat maxima are apparent i
the 20s06 and 20s07 cross-section curves. It is worth notin
that two-electron capture into excited states of the projec
which then decay rapidly can effectively provide contrib
tions to our measured one-electron capture cross sect
However, our experimental technique is unable to quant
tively assess such contributions.

In all the transfer ionization processes, electron captur
accompanied by the removal of additional electrons from
outer subshells, the energy for which can be provid
through binary-type collisions. Figures 6 and 7 show the
ergy dependence of our measured charge-state fractionFq
for Pbq1 ions formed in one-electron capture by H1 and
He21 ions, respectively. At impact energies below t
present low-energy limit, simple charge transfer~correspond-
ing to q51) will involve the capture of weakly bound oute
shell electrons. However, in the present energy range, c
ture of the more tightly bound 6s, 5d, and even 5p electrons
would be expected to become significant. As in our previo
measurements on Ga@9#, the creation of an electron vacanc
in an inner shell of Pb can also lead to the formation of Pb21

ions as a result of autoionization. This process can result
reduction inF1 and an enhancement ofF2 leading to values
which are only weakly dependent on impact energy. This
in accord with our results shown in Fig. 6 for H1 impact,
whereF2.F1 over the entire energy range, and in Figure
for He21 impact, whereF2.F1 over most of the energy
range. Similar enhancements ofFq for higher values ofq are
possible and evidence of this is provided by the enhan
ments of multiple ionization in Pb by autoionization o

FIG. 5. Cross sections20s0q for two-electron capture by He21

ions in collisions with Pb atoms leading to Pbq1 formation.
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served in our recent electron-impact measurements@12#.
In our previous studies@6,8,9# of electron capture in Fe

Cu, and Ga, we described our observed values ofFq with a
high degree of success in terms of an independent elec
model in which we expressed the probability of transfer io
ization as the product of the one-electron capture probab
Pc and an ionization probabilityPn for the removal ofn
additional electrons from the target. In the case of Fe and
we took n5q21 for q>1. However, in the case of Ga
where autoionization following one-electron capture resu
in a dominant Ga21 contribution, it was more appropriate t
consider the number of electrons removed by ionization
n5(q22). We were then able to satisfactorily fit our e
perimental data for all values ofq.

In the present case of Pb whereF2 is seen to be dominant

FIG. 6. Measured charge-state fractionsFq ~shown as data
points! for Pbq1 ions formed by one-electron capture in single c
lisions between H1 ions and ground-state Pb atoms. Curves sh
calculated ionization probabilitiesPn , wheren5(q22) ~see text!
based on binomial distributions.

FIG. 7. Measured charge-state fractionsFq for Pbq1 ions
formed by one-electron capture in single collisions between H21

ions and ground-state Pb atoms.
on
-
ty

u,

s

s

as in the case of Ga we taken5q22. We can then use an
analysis similar to that used previously in which the cro
section 10s01 may be expressed as

10s0q52pE
0

`

bPc~b!Pn~b!db, ~4!

where b is the impact parameter. AssumingPn(b) to be
constant over the relatively small range of impact parame
where electron capture occurs, then

Pn5 10s0qs10, ~5!

where the total electron capture cross sections10
5Sq 10s0q . Measured values ofFq can then be identified
with Pn through Eq.~5!.

The probabilityPn thatn electrons are ejected from eithe
the 5d, 6s, or 6p subshells can be estimated as detailed
our previous work@6# on the basis of binomial distribution

Pn5~N!/n! ~N2n!! !pn~12p!~N2n!, ~6!

wherep is the single electron ionization probability andN is
the total number of electrons available for ionization, whi
is 13 in this case for the 5d, 6s, and 6p subshells we con-
sider. We assume that the probability for electron remova
the same for each subshell and that the time for autoion
tion following one-electron capture is longer than the int
action time of the fast projectile ion. We have fitted the v
ues ofPn obtained in this way to experimental values ofFq
using the weighted least-squares method, and the result
H1 impact are included in Fig. 6, while the correspondi
values of the single electron ionization probabilityp derived
from the binomial fits to measured values ofFq are shown in
Fig. 8.

In Fig. 6 it can be seen that our model provides a reas
ably good quantitative description of our observed fractio
F2 , F3 , F4 , andF5 in one-electron capture by H1 impact,
especially for the higherq values. However, the fitting pro

FIG. 8. Energy dependence of the single electron ionizat
probability p derived from the binomial fits~see text! to the mea-
sured values ofFq for one-electron capture in single H1-Pb colli-
sions.
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TABLE IV. Cross sections10s1q for pure ionization in H1-Pb collisions leading to the formation of Pbq1 ions.

Energy
~keV amu21!

10s11

(10216 cm2)
10s12

(10216 cm2)
10s13

(10217 cm2)
10s14

(10217 cm2)
10s15

(10218 cm2)
10s16

(10218 cm2)

100 8.1660.82 2.7860.38 4.0461.69
120 8.0160.80 3.5860.36 7.7861.67
145 6.8660.65 3.2760.34 6.2061.54 1.3560.27
175 6.5560.58 3.6160.31 8.6761.24 1.8960.33
210 5.8360.50 3.2460.26 7.3460.88 2.1660.34
250 5.1960.45 3.4260.25 8.5460.81 2.6460.34
300 4.6560.38 2.8960.25 6.7360.76 2.2560.34 5.462.2 1.5760.79
360 3.7760.36 2.7260.24 6.3060.69 2.1060.34 5.561.1 1.1360.45
430 3.4660.33 2.4260.23 5.6160.57 1.8560.33 5.0960.76 1.1760.43
500 3.0560.31 2.4060.23 5.5160.52 1.7760.32 4.9060.74 1.4060.42
600 2.6560.29 2.2060.22 4.9860.52 1.6060.32 3.5660.54 0.9460.28
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cedure is less satisfactory than in the case of the lighter
oms Fe, Cu, and Ga considered in our previous work, pr
ably because our attempt to allow for possible autoioniza
pathways is oversimplified. Increasing the pool of availa
electrons to include the 5p subshell did not improve the fit
to the present experimental data.

In the case of one-electron capture by He21 impact, mea-
sured fractionsFq were also compared with our predicte
values ofPn based on the same model. However, in this c
the fits we obtained were very unsatisfactory and are th
fore not shown. This poor agreement may indicate that e
deep inner-shell electrons are being captured leading
cascading effect involving multiple Auger electron em
sions, which are not included in our simple model.

IV. RESULTS FOR PURE IONIZATION

Cross sections10s1q and 20s2q for pure ionization of Pb
leading to the formation of Pbq1 ions are shown in Tables IV
and V. The indicated uncertainties~at the 67% confidence
level! reflect the degree of reproducibility of the individu
cross sections. All cross sections are subject to an estim
additional uncertainty of 12% in absolute magnitude a
consequence of the normalization to our recent electron
pact cross sections@12#.
t-
b-
n
e

e
e-
n
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ted
a
-

Cross sections10s1q for pure ionization of Pb by H1

impact are shown in Fig. 9. While Pb1 formation is domi-
nant over the energy range considered, Pb21 formation can
be seen becoming comparable at our high-energy limit
comparison with the corresponding electron capture cr
sections10s0q shows that pure ionization provides the dom
nant contributions to Pb1, Pb21, Pb31, Pb41, Pb51, and
Pb61 formation over the entire energy range considered
is not strongly energy dependent. Equivelocity values

10s1q can be seen to be decreasing by less than an orde
magnitude asq increases. In addition, values of10s12 can be
seen to be approaching those for10s11 at our high-energy
limit, a behavior which is indicative of the important role o
inner-shell electron removal and Auger ionization. In o
previous measurements in Ga@9#, the difference between
these two cross sections was much larger.

Our measured cross sections for pure ionization of Pb
He21 ions are shown in Fig. 10. A comparison with the co
responding one-electron capture cross sections~Fig. 4! at
equivelocity shows that~as in the case of H1 impact! Pb1

formation is dominated by pure ionization with values
20s21 becoming very large and passing through a flat ma
mum at about 80 keV amu21. Cross sections20s22 for Pb21

formation exhibit a fairly weak energy dependence and
TABLE V. Cross sections20s2q for pure ionization in He21-Pb collisions leading to the formation of Pbq1 ions.

Energy
~keV amu21!

20s21

(10215 cm2)
20s22

(10216 cm2)
20s23

(10216 cm2)
20s24

(10217 cm2)
20s25

(10217 cm2)

50 1.6260.13 3.6360.55
60 1.9360.15 4.3960.66

72.5 1.9660.16 4.7060.56 0.1260.03
87.5 1.9860.16 5.1260.61 0.1760.03
105 1.9760.16 5.5860.67 0.4560.09
125 1.8960.15 5.7460.63 0.6460.12
150 1.7960.14 5.8660.65 0.9560.16 2.3460.59 0.6460.20
180 1.6660.15 5.9160.59 1.2060.19 4.3060.95 1.3360.43
215 1.4960.12 5.7060.60 1.3160.20 5.1161.13 1.6460.50
250 1.3960.11 5.7260.60 1.4160.21 6.1361.32 2.4360.70
300 1.2660.10 5.6260.52 1.6160.22 8.0961.63 3.7560.96
350 1.2160.10 5.8860.50 1.7160.23 8.4861.61 3.7060.91
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converging towards values of20s21 at our high-energy limit.
In contrast, in a region where there is strong competit
from the corresponding electron capture channels~Figs. 4
and 5!, 20s23, 20s24, and 20s25 can be seen to be strong
energy dependent and rising towards our high-energy lim
A comparison with our results in Fig. 4 shows that trans
ionization cross sections20s1q for q52, 3, 4, and 5 are only
exceeded by corresponding equivelocity cross sections20s2q
for pure ionization at the higher energies in the pres
range.

As already noted, in our previous studies of the multip
ionization of Fe, Cu, and Ga by H1 and He21 impact, we
were able to describe our measured pure ionization c
sections as well as the electron capture data in terms o
independent-electron model. In our treatment of pure ion
tion, we assume that the probabilityP for the removal of an
electron from a particular subshell in the process of ioni
tion can be approximated by the expression@14#

P~b!5P~0!exp~2b/R!, ~7!

whereb is the impact parameter andP(0) andR are con-
stants for a particular subshell. We make the simplest
sumption that pure ionization primarily involves only th
outermost subshells. For Pb these are the 5d, 6s, and 6p
subshells which contain 13 electrons. We also assume
the individual probabilitiesP(0) are the same for each su
shell. The cross sections for pure ionization resulting in
removal of q electrons from a total ofN may then be de-
scribed by the expression

s52pE
0

` S N
q D P~b!q@12P~b!#~N2q!b db, ~8!

wheres5 10s1q or 20s2q and (q
N) is the binomial coefficient.

An attempt was made to fit our measured values of10s1q
or 20s2q for pure ionization predicted by Eq.~8! using a
weighted least-squares fit as in our previous work@4# but, in
the present case, the fit with the experimental data is un
isfactory and therefore not shown. We therefore conclu
that, while this approach has been shown to be very effec

FIG. 9. Measured cross sections for pure ionization10s1q in
collisions of H1 ions with ground-state Pb atoms leading to Pbq1

formation.
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in describing the pure ionization of Fe, Cu, and Ga ato
without the need to make any allowance for electron em
sion through Auger processes, the model appears to be
oversimplified to provide a satisfactory description of t
pure ionization of Pb atoms.

V. CONCLUSION

In this work we have studied electron capture and ioni
tion in collisions of H1 and He21 ions with ground-state Pb
atoms at energies within the range 50–600 keV amu21. The
separate cross sections for simple charge transfer, tran
ionization, and pure ionization leading to up to sevenfo
ionized lead have been obtained. In the case of H1 impact,
pure ionization provides the dominant contributions to Pb1,
Pb21, Pb31, Pb41, Pb51, and Pb61 formation over the entire
energy range considered. In the case of He21 impact, Pb1

formation is dominated by pure ionization over the full e
ergy range but Pb21, Pb31, Pb41, and Pb51 production takes
place mainly by transfer ionization cross sections excep
the higher energies. An important feature of the present o
electron capture data is that, just as in our previous meas
ments on Ga, large contributions arise from transfer ioni
tion leading to Pb21 formation, which is indicative of the
important role of Auger ionization processes followin
inner-shell electron removal. Although in our previous stu
ies of the multiple ionization of Fe, Cu, and Ga atoms
were able to describe our observed results for both tran
ionization and pure ionization with a high degree of succ
using an independent-electron model, the same approach
plied to Pb has been shown to be reasonably successful
in the case of one-electron capture by H1 ions.
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FIG. 10. Measured cross sections for pure ionization20s2q in
collisions of He21 ions with ground-state Pb atoms leading to Pbq1

formation.
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