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Processes involving electron capture and multiple ionization in collisions
of fast H* and He?* ions with lead atoms
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A crossed-beam technique incorporating time-of-flight analysis and coincidence counting of the collision
products has been used to study PEormation withq up to 8 in collisions between ground-state Pb atoms and
H* and H&" ions within the range 50—600 keV amt The separate cross sections for simple charge transfer,
transfer ionization, and pure ionization leading to the formation ¢f"Plons 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 af@i€50-294{©9)00412-9

PACS numbegs): 34.50.Fa

[. INTRODUCTION the corresponding cross sectiopgrq for one-electron cap-
ture and,qoo for two-electron capture leading X7t prod-

There is strong current interest in many-electron collisionucts withq up to 7 were determined. Cross sections for the
processedcf. Shevelko and Tawarfl]). Apart from the pure ionization processes
need to obtain a better fundamental understanding, reliable
data on processes involving multiple ionization of a wide H"+X—H"+X% +qe 2
range of heavy atom species are important for the accurate
modeling of fusion plasmagf. Jane\[2]) and in astrophysi- Wwith g=1-5 and
cal situations.

In previous work in this laborator}8—9], we have used a He?* +X—He? + X" +qe ©)
crossed-beam technique incorporating time-of-flight analysis
and coincidence counting of the collision products to obtairvith g=1-3 were also determined.
the separate cross sections for both electron capture and ion- In our attempts to obtain a simple theoretical description
ization leading ton-fold ionized product ions in collisions of ©Of our previous electron capture and ionization data for Fe
fast H" and Hé" ions with a few heavy metal species. Mea- and Cu, we assumed that electron removal takes place pri-
surements of this type are complex and difficult and, for thismarily from the outer 4 and 3 subshells. We were then
reason, we have concentrated on a few selected target specfdde to describe our measurements quantitatively in terms of
and tried to establish to what extent processes leading t8n independent-electron model with a high degree of suc-
multiple ionization can be described in terms of simple mod-cess. In the case of Ga, our model was modified to also take
els based upon an independent electron descriptidn ~ account of electron removal from the weakly bouryl gub-

McGuire [10]) Previous|y we have studied collisions of H shell and the fact that removal of @ 2lectron leads to Ga
and Hé" ions with ground-state (#3d°4s? °D,Fe, formation through autoionization. This modified model was

3p®3d'%s 2S,,,, Cu, and $°3d'%s?4p 2P, Ga atoms @lso shown to provide a reasonable description of the forma-
within the energy range 38—1440 keV ampand the differ- ~ tion of 951” ions but with much greater success fof than
ent electronic configurations of these targets have providefPr He?* ion impact.

interesting tests of our simple theoretical models. In the present work, in order to carry out further tests of
In the case of H impact, cross sectionggog, for the our simple theoretical model, we have carried out similar
one-electron capture process measurements of electron capture and ionization in collisions
of H* and Hé" ions with ground-state &%s?6p? P, Pb
H'+X—H+X9"+(q—1)e (1) atoms within the range 50-600 keV antufor processes

leading to PB* formation withq up to 8. The electron sub-
for q=1-4 for Fe,q=1-5 for Cu, andg=1-5 for Ga shell structure of Pb is significantly different from the heavy-
were determined. In Eq(l), q=1 corresponds to simple metal atoms considered previously, and the present studies of
charge transfer whilg>1 corresponds to transfer ionization this much more complex system provide further insight into
where one-electron capture takes place simultaneously witthe limitations of our simple descriptions of multiple ioniza-
multiple ionization of the target. In the case of Hlémpact,  tion based on an independent-electron model.
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TABLE I. Cross sectiong o for one-electron capture in ‘HPb collisions leading to the formation of Pbions. Total cross sections
010=21000q are also shown.

Energy 010 100701 10702 10903 10004 10905 10706

(keVamu'}) (10" Y cm?) (10" 8cm?) (10" Y cm?) (10 Y cm?) (10" 8cm?) (10" ¥cm?) (10 ¥cm?)

835 23.451.27 34.6:5.4 15.7#1.1 2.94+0.29 14119

100 21.6-1.18 22.1-3.1 14.8-1.1 3.67-0.26 8.731.19

120 10.9-0.64 7.29-1.0 7.31-0.59 2.25-0.22 6.14-0.72 3717

145 10.4-0.58 3.71-0.72 6.87-0.53 2.25-0.20 8.13-0.68 9.4-3.2

175 6.47-0.30 1.71-0.36 3.93-0.25 1.56-0.13 6.30-0.66 11.8-2.6 5.98+ 3.50

210 5.70-0.25 1.68-0.37 3.32£0.22 1.43-0.10 5.80:0.56 19.1%2.4 1.48-0.90

250 3.870.16 0.80:0.17 2.19-0.13 1.04-0.08 4.46-0.48 10.8-1.4

300 2.60-0.10 0.370.08 1.42:0.07 0.72£0.07 3.06:0.30 9.30£1.12 2.8-1.4

360 1.470.06 0.29£0.06 0.76£0.05 0.44-0.03 1.770.20 4.60-0.62 2415

430 0.75-0.04 0.14£0.04 0.39£0.03 0.23:0.02 0.74£0.08 2.03£0.22 2.4-1.9

500 0.40-0.02 0.20-0.01 0.13-0.01 0.48-0.05 1.45-0.21

600 0.21+0.02 0.08-0.05 0.08-0.01 0.07-0.01 0.39-0.03 1.13-0.11

Il. EXPERIMENTAL APPROACH

The apparatus, measurement, and normalization proc
dure was similar to that used in our previous measuremen

(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 lér HE* ions
of selected energy within the range 50—600 keV afhwas
arranged to intersecat right anglesin a high vacuum re-
gion a thermal energy beam of ground-state Pb atoms d
rived from an oven sourcgll]. The slow PB* ions and

electrons formed as collision products in the crossed-bea
region were extracted with high efficiency by a transverse

electric field applied between two high transparency grid

and, after further acceleration through a potential differenc

of 4.5 kV, were separately counted by particle multipliers
PH™ ions in any particular charge statewere selectively
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FIG. 1. Fast Hé/slow P+ ion time-of-flight coincidence spec-
trum resulting from one-electron capture by 290 ke\VZHns in
collisions with Pb atoms. Adjacent channel separation is 2 ns.

S

identified and distinguished from background gas collision
g_roducts by time-of-flight analysis. As in our earlier work,
tssignaIsSq corresponding to the Bb yields per unit primary

ion current were recorded as the potential difference through
which the ions were accelerated was increased from 3 to 6
kV. It was then found that the signal rati& /S, became
constant above 4.5 kV, indicating that the counting effi-
ciency was essentially independentgpivithin an estimated
eu_ncertainty of 7%.

The PW™ ions arising from electron capture collisions
could be identified by counting them in coincidence with the
Thst H atoms, Hé ions, or He atoms arising from the same
events. The latter were recordédfter charge analysis by
electrostatic deflectiorby a third-particle multiplier located
%eyond the crossed-beam region. Thé&"Pions arising from
both transfer ionization and pure ionization could be identi-
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FIG. 2. Slow PB*/electron time-of-flight coincidence spectrum
resulting from ionization of Pb atoms by 150 keV Hdons. Ad-
jacent channel separation is 2 ns.
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TABLE II. Cross sections,go;4 for one-electron capture in Be-Pb collisions leading to the formation of Pbions. Total cross
sectionso ;=504 are also shown.

Energy 021 20011 20012 20013 20014 20015 20016 20017 20018
(keVamu'l) (107%cm?) (107 Ycn?) (10 %cn?d) (10 ¥cnd) (107 %em?) (107 Ycm?) (107 Ycen?d) (10 8cnd) (10 ¥cend)

50 24410 67741 89#059 496-052 2.72£0.34 851128 1.35:0.31

60 16.2£0.7  33.6:2.7 590:0.41 3.7240.39 219028 821120 1.79-0.38 1.74-0.73

72.5 13.9-0.6 19417 4.88:0.37 3.62-0.36 2.28:0.29 8.85-1.29 247050 7.19-2091

87.5 12.0:0.5 9.95-0.98 4.05:0.31 3.3%#0.32 2.22:0.25 9.84:1.35 3.15-0.59 5.372.18 0.23:0.22

105 90.88:0.46 4.24:0.44 3.13:0.24 2.910.28 1.970.22 9.87#1.33 3.59-0.63 8.972.93 1.2%-0.77
125 8.56:0.37 1.96:0.24 2.54-0.18 2.44-0.21 1.80:0.19 9.76:1.32 4.16:0.66 14.3-2.93 4.50-3.24
150 6.96-0.31 0.68-0.09 1.9720.17 1.95-0.17 1.54-0.15 8.66:0.95 4.0x*-0.67 13.8:2.62 2.410.90
180 5.56-0.29 0.41x0.06 1.46-0.12 1.54-0.15 1.24-0.14 7.79%1.48 3.63-0.53 11.8:2.42 1.95-0.67
215 446-0.21 0.25:0.04 1.16-0.09 1.18-0.12 1.04:0.12 6.55-0.75 3.06:0.42 10.2#2.19 2.6%0.85
250 3.45-0.16 0.24-0.05 0.81-0.07 0.92-0.09 0.83-0.08 5.36:0.56 2.35-0.37 8.021.57 2.25-0.90
300 247011 0.130.06 0.56:0.05 0.66-0.07 0.60-0.05 3.82-0.42 1.68-0.21 6.55-1.24 2.32-0.67
360 2.02:0.09 0.06:0.03 0.46-0.04 0.54-0.05 0.50-0.05 3.18:0.36 1.370.25 5.03-0.90 1.70-0.56

fied by counting them in coincidence with the electrons aristion cross sections to be determined.

ing from the same events. Alternatively the primary ion  Our measured relative cross sections were normalized to
beam could be pulsed and the®Phproduct ions extracted our recently measured cross secti¢fg] for ionization of
from the crossed-beam region by a delayed extraction pulseb by electron impact. This normalization procedure, which
of about 70 Vcm* prior to identification by time-of-flight has been described in detail previoughg], involved the
analysis. Typical Pb -fast-ion/atom and PB-electron  careful substitution of a pulsed primary ion beam by a pulsed
time-of-flight coincidence spectra are shown in Figs. 1 and 2peam of electrons while the target conditions remained un-
A careful analysis of spectra of this type, in the way de-changed.

scribed previously4, 7], allowed determination of the sepa-

rate cross sectiongyo for one-electron capture by 83.5—

600 keVamu™ H' ions whereq=1-6, 04, for one- lll. RESULTS FOR MULTIPLE IONIZATION BY

electron capture by 50-360 keV anfuHe?" ions whereq ELECTRON CAPTURE

=1-8, and oo for two-electron capture by 50-250

keVamu! He’" ions whereq=2-7. In addition, the pure ~ Cross sectionsyroq and 014 for one-electron capture
ionization cross sectiongyry, for 100-600 keVamu' H* by H* and Hé" leading to PB" formation are shown in
ions, whereg=1—-6, and,o,q for 50-350 keV amut He?™ Tables | and Il while cross sectiongoq for two-electron
ions, whereq=1-5, were determined. It should be noted capture by H&" ions are shown in Table Ill. Total cross
that, while thee-Pb" coincidence signals allowed the pure sections 010%232 1000q and 021%2?;? 2001 for one-
single ionization cross sections to be determined directly, foelectron capture andzowigi; 2000q fOr two-electron cap-
g=2 the analysis was complicated by contributions fromture are also included. The uncertainties associated with in-
transfer ionization. In this case, as in our previous work, wedividual cross sections reflect 67% confidence levels based
pulsed the primary ion beam and first obtained the total crosapon the degree of reproducibility of the measured values. In
sections for Ph" formation. Subtraction of the transfer ion- addition, all cross sections are subject to estimated uncertain-
ization contributions then allowed the individual pure ioniza-ties of 12% in absolute value as a result of the normalization

TABLE Ill. Cross sections,qoq, for two-electron capture in Hé-Pb collisions leading to the formation of Pbions. Total cross
Sectionso =2 y0oq are also shown.

Energy 020 20002 20903 20004 20005 20006 20007
(keVamu'}) (10" 8cmd) (10 Bcm?) (10 Y cm?) (10 Y cm?) (10" Y cmd) (10 Y cmd) (10 8cm?)
50 3.73:0.21 17.8:3.54 11.7#1.04 14.71.56 6.36-0.80 1.95-0.29 8.25-1.69
60 3.05-0.18 9.42-1.74 9.12-0.96 12.11.32 5.75-0.72 1.770.26 8.44-1.72
72.5 2.40-0.13 6.20-1.08 6.58-0.62 9.42-0.95 4.84-0.56 1.69-0.23 8.32£1.65
87.5 2.0x0.10 4.69-0.75 5.22-0.49 7.42-0.69 4.31-0.48 1.74-0.24 8.9+ 1.70
105 1.66-0.08 4.16-0.44 5.79-0.52 3.93-0.39 1.80-0.23 8.85-1.47
125 1.42-0.08 3.26-0.32 4.80-0.54 3.47-0.36 1.82-0.23 8.47-1.24
150 1.170.06 2.44-0.25 3.58-0.36 3.03:0.31 1.770.24 8.32-1.32
180 0.9G-0.04 1.670.13 2.66-0.24 2.50:-0.22 1.470.16 7.19-1.05
212.5 0.66-0.03 1.26:0.12 1.770.16 1.88-0.13 1.13:0.14 5.94+0.85

250 0.48-0.03 0.870.09 1.29-0.14 1.2%-0.10 0.96:0.10 4.58-0.72




PRA 60 PROCESSES INVOLVING ELECTRON CAPTURE AND. .. 4585
T T T
- c
6l 1002 ® o | 20%04
10 E o o E 1o | 20003 @ 2 ; i
C 1% g ™ ® . - H
- 10%03 c s ® d —_ 20005 § ¢ P
@ 1007 e by . . ‘g t Pt
3 E 2 4 P [ E S g §
g o) 4 R ] : § § i
5 ¢ o : § 20806
2 1018 L ? Ty . ° 3 @ 207 02— { i i i i } % L
2 : : s 0 g C ]
=] A =
g o % ? O 1007 b .
@) 10705 T % ¥ o 20007 } % ; % } % i § i 1
1001° & fe) v N i
3 1006 % % % ]
L L L " PR |
1020 ! . : —— 50 100

100 700

4 Energy (keV amu’')
Energy (keV amu) )
FIG. 5. Cross sectiongyrg, for two-electron capture by Hé

FIG. 3. Cross sectiongqooq for one-electron capture by H ions in collisions with Pb atoms leading to Pbformation.
ions in collisions with Pb atoms leading to Pbformation.
contributions 50014 for g>1 at higher energies ag in-
to our previously measured electron impact cross sectiong®ases. Again, high-energy “bulges” in the cross-section
[12]. curves o4 become broad maximg with increasiggin the
Figure 3 shows cross sectiopgry, for one-electron cap- €ase of two-electron capture, the simple charge-transfer cross
ture by H" ions leading to Ph" ions whereq=1-6. Over ~ SE€Ctionzq0g, again decreases rapidly with increasing energy
the energy range shown, cross sectiggs, for transfer (.F|g. 5 and is exceeded by the transfer ionization Cross sec-
ionization leading to PB formation can be seen to greatly fiONS 20004 for g=3-6 over the energy range considered.
exceed the simple charge-transfer cross sectigng; and ~ 'Ne contribution fromyeog, is actually dominant over most
provide the dominant contribution to the total one-electrondf the energy range considered. In addition, at energies
capture cross sectiano. Values of 1grqq for g>2 can also ab%ve about 60 keV amd, even values 0booy7 leading to
be seen to progressively exceggro; as the impact energy PP greatly exceedoo,. Very flat maxima are apparent in
increases. Asy increases, a high-energy “bulge” in the the 20006 and 2007 Cross-section curves. It is worth noting
cross-section curvego, can be seen to become more pro- that two-electron capture into excited states of the projectile
nounced and, fog=5 and 6, the curves exhibit maxima.  Which then decay rapidly can effectively provide contribu-
Figure 4 shows cross sectiogry, for one-electron cap- tions to our measured one-electron capture cross sections.
ture by H&" ions. As in the case of Himpact, the simple However, our experlmental 'technlque is unable to quantita-
charge-transfer contributiopyry; to the total one-electron [iVely assess such contributions. _
capture cross section decreases rapidly with increasing en- N @ll the transfer ionization processes, electron capture is
ergy and is progressively exceeded by the transfer ionizatioRCcompanied by the removal of additional electrons from the
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ions in collisions with Pb atoms leading to Pbformation.

outer subshells, the energy for which can be provided
through binary-type collisions. Figures 6 and 7 show the en-
ergy dependence of our measured charge-state fradtigns
for PP ions formed in one-electron capture by" Hand
He?" ions, respectively. At impact energies below the
present low-energy limit, simple charge trandf@srrespond-

ing tog=1) will involve the capture of weakly bound outer-
shell electrons. However, in the present energy range, cap-
ture of the more tightly bounds§ 5d, and even b electrons
would be expected to become significant. As in our previous
measurements on 8], the creation of an electron vacancy
in an inner shell of Pb can also lead to the formation of'Pb
ions as a result of autoionization. This process can result in a
reduction inF; and an enhancement Bf, leading to values
which are only weakly dependent on impact energy. This is
in accord with our results shown in Fig. 6 for"Hmpact,
whereF,>F; over the entire energy range, and in Figure 7
for He?" impact, whereF,>F; over most of the energy
range. Similar enhancementskf for higher values ofj are
possible and evidence of this is provided by the enhance-
ments of multiple ionization in Pb by autoionization ob-



4586 McCARTNEY, SHAH, GEDDES, AND GILBODY PRA 60
1 "1 —————— 0.07 — - : —
q=2" W n=0§ { %

o T o

T el Z % {
Sant B
o - %‘ ..g
&9 q= T~ ©
€ o1pa=3" o Cv T T DTvn=2] §
b= . o v/ 2
8 )/ g
o |
q=4v ° , 8
[olN } 0 L 2K ) 2
477 * =3 2

0.01 F q=5¢ o = 0.02
50 100 1000 00 200

-1
Energy (keV amu ) Energy (keV amu'l)

FIG. 6. Measured charge-state fractioRg (shown as data FIG. 8. Energy dependence of the single electron ionization
points for PP* ions formed by one-electron capture in single col- L gy dep - the sing
lisions between H ions and ground-state Pb atoms. Curves shovvpmbab'“typ derived from the binomial fltsés_ee t'exl t?r the mea-
calculated ionization probabilitieB, , wheren=(q—2) (see text sured values oF for one-electron capture in single ' b colli-

based on binomial distributions. sions.

as in the case of Ga we take=q—2. We can then use an
analysis similar to that used previously in which the cross
section 1qo g1 May be expressed as

served in our recent electron-impact measuremirth

In our previous studief6,8,9 of electron capture in Fe,
Cu, and Ga, we described our observed values pivith a
high degree of success in terms of an independent electron
model in which we expressed the probability of transfer ion-
ization as the product of the one-electron capture probability

Pc and an ionization probability, for the removal ofn  \here b is the impact parameter. Assumirie,(b) to be

additional electrons from the target. In the case of Fe and Ciyonstant over the relatively small range of impact parameters

where autoionization following one-electron capture results
in a dominant G&" contribution, it was more appropriate to (5)
consider the number of electrons removed by ionization as
n=(q—2). We were then able to satisfactorily fit our ex- where the total electron capture cross section,
perimental data for all values of =34 1000q- Measured values df, can then be identified
In the present case of Pb whd¥g is seen to be dominant, with P, through Eq.(5).
The probabilityP, thatn electrons are ejected from either

1P 0g =2 J :bPC<b>Pn<b>db, @

Pn= 10909910+
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FIG. 7. Measured charge-state fractioRg for PH* ions
formed by one-electron capture in single collisions betweefi He

100

ions and ground-state Pb atoms.

400

the 5d, 6s, or 6p subshells can be estimated as detailed in
our previous wor6] on the basis of binomial distributions

(6)

wherep is the single electron ionization probability aidis

the total number of electrons available for ionization, which
is 13 in this case for thedy 6s, and & subshells we con-
sider. We assume that the probability for electron removal is
the same for each subshell and that the time for autoioniza-
tion following one-electron capture is longer than the inter-
action time of the fast projectile ion. We have fitted the val-
ues ofP,, obtained in this way to experimental values

using the weighted least-squares method, and the results for
H* impact are included in Fig. 6, while the corresponding
values of the single electron ionization probabilitylerived
from the binomial fits to measured valueskgf are shown in
Fig. 8.

In Fig. 6 it can be seen that our model provides a reason-
ably good quantitative description of our observed fractions
F,, F3, F4, andFs in one-electron capture by Himpact,
especially for the higheq values. However, the fitting pro-

Pn:(N!/n!(N—n)!)p”(l_p)(an),
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TABLE IV. Cross sectionsgo4 for pure ionization in H-Pb collisions leading to the formation of Pbions.

Energy 100711 100712 10913 10014 10915 10716

(keVamu'}) (10 8cm?) (10" 8cmd) (10" Y cmd) (10" Y cmd) (10" 8cm?) (10 8cm?)

100 8.16-0.82 2.78-0.38 4.04-1.69

120 8.01-0.80 3.58£0.36 7.781.67

145 6.86-0.65 3.27#0.34 6.20£1.54 1.35:0.27

175 6.55-0.58 3.61-0.31 8.67-1.24 1.89-0.33

210 5.83-0.50 3.24-0.26 7.34-0.88 2.16-0.34

250 5.19-0.45 3.42£0.25 8.540.81 2.64-0.34

300 4.65-0.38 2.89-0.25 6.73-0.76 2.25-0.34 5.4-2.2 1.570.79

360 3.770.36 2.72£0.24 6.300.69 2.10:0.34 55-1.1 1.13-0.45

430 3.46-0.33 2.42+0.23 5.6 0.57 1.85-0.33 5.09:0.76 1.17-0.43

500 3.05-0.31 2.40:0.23 5.5 0.52 1.770.32 4.90:0.74 1.40-0.42

600 2.65-0.29 2.20:0.22 4.98-0.52 1.60:-0.32 3.56£0.54 0.94-0.28

cedure is less satisfactory than in the case of the lighter at- Cross sections;qo4 for pure ionization of Pb by H
oms Fe, Cu, and Ga considered in our previous work, probimpact are shown in Fig. 9. While Pkformation is domi-
ably because our attempt to allow for possible autoionizatiomant over the energy range considered? Plormation can
pathways is oversimplified. Increasing the pool of availablepe seen becoming comparable at our high-energy limit. A
electrons to include thegbsubshell did not improve the fits comparison with the corresponding electron capture cross
to the present experimental data. . sections; oo, Shows that pure ionization provides the domi-
In the case of one-electron capture by?Hémpact, mea-  nant contributions to Ph PB", PB', PH', PP, and
sured fractionsk, were also compared with our predicted pyg+ formation over the entire energy range considered and

vaIue;s ofP, ba;ed on the same modell. However, in this Cases ot strongly energy dependent. Equivelocity values of
the fits we obtained were very unsatisfactory and are there-

: - can be seen to be decreasing by less than an order of
fore not shown. This poor agreement may indicate that evet®” 19 gy

deep inner-shell electrons are being captured leading to rgagnltude ag increases. In addition, values gfor;, can be

cascading effect involving multiple Auger electron emis- seen to be a_pproa(_:hln_g _tho_se TW“ at our high-energy
sions, which are not included in our simple model. limit, a behavior which is indicative of the important role of

inner-shell electron removal and Auger ionization. In our
previous measurements in Gf], the difference between
these two cross sections was much larger.

Cross sectiongoo;q and 502, for pure ionization of Pb Our measured cross sections for pure ionization of Pb by
leading to the formation of PI5 ions are shown in Tables IV He?* ions are shown in Fig. 10. A comparison with the cor-
and V. The indicated uncertaintiéat the 67% confidence responding one-electron capture cross sectigfig. 4) at
level) reflect the degree of reproducibility of the individual equivelocity shows thatas in the case of Himpac) Pb"
cross sections. All cross sections are subject to an estimatédrmation is dominated by pure ionization with values of
additional uncertainty of 12% in absolute magnitude as ag0,; becoming very large and passing through a flat maxi-
consequence of the normalization to our recent electron immum at about 80 keV amd. Cross sectionsgo,, for PB**
pact cross sectiof4d2]. formation exhibit a fairly weak energy dependence and are

IV. RESULTS FOR PURE IONIZATION

TABLE V. Cross sectionsgo,q for pure ionization in H&"-Pb collisions leading to the formation of Pbions.

Energy 20021 20022 20023 20024 20025

(keVamu'?) (10" Scmd) (10 %cm?) (10 8cm?) (10 Y cmd) (10 Y cm?)

50 1.62+0.13 3.63-0.55

60 1.93-0.15 4.39-0.66

72.5 1.96-0.16 4.70£0.56 0.12£0.03

87.5 1.98-0.16 5.12£0.61 0.170.03

105 1.97:-0.16 5.58-0.67 0.45-0.09

125 1.89-0.15 5.74-0.63 0.64-0.12

150 1.79-0.14 5.86-0.65 0.95-0.16 2.34-0.59 0.64+0.20

180 1.66-0.15 5.91-0.59 1.20-0.19 4.30-0.95 1.33-0.43

215 1.49-0.12 5.70:0.60 1.310.20 5.111.13 1.64+0.50

250 1.39£0.11 5.72£0.60 1.410.21 6.13-1.32 2.43£0.70

300 1.26£0.10 5.62£0.52 1.610.22 8.09-1.63 3.75-0.96

350 1.210.10 5.88-0.50 1.7%0.23 8.48-1.61 3.70:0.91
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collisions of H" ions with ground-state Pb atoms leading tdPb FIG. 10. Measured cross sections for pure ionizatigm,, in
formation. collisions of H&" ions with ground-state Pb atoms leading td'Pb

formation.
converging towards values gfo,4 at our high-energy limit.

In contrast, in a region where there is strong competitionn describing the pure ionization of Fe, Cu, and Ga atoms
from the corresponding electron capture chanrfigs. 4  wjthout the need to make any allowance for electron emis-
and 9, 0023, 20024, @nd 055 can be seen to be strongly sjon through Auger processes, the model appears to be too

energy dependent and rising towards our high-energy limitoyersimplified to provide a satisfactory description of the
A comparison with our results in Fig. 4 shows that transferpure ionization of Pb atoms.

ionization cross sectiongoq for =2, 3, 4, and 5 are only
exceeded by corresponding equivelocity cross sectigng,
for pure ionization at the higher energies in the present V. CONCLUSION

range. . _ . ) In this work we have studied electron capture and ioniza-
~ As already noted, in our previous studies of the multiplejon jn collisions of H™ and H&" ions with ground-state Pb
ionization of Fe, Cu, and Ga by Hand Hé" impact, we  atoms at energies within the range 50~600 keV aihe
were able to describe our measured pure ionization crosseparate cross sections for simple charge transfer, transfer
sections as well as the electron capture data in terms of &gnjzation, and pure ionization leading to up to sevenfold
|_ndependent-electron model. In our treatment of pure ionizajgnized lead have been obtained. In the case ofitdpact,
tion, we assume that the probabil@yfor the removal of an e jonization provides the dominant contributions td Pb
e_Iectron from a partlcular subshell in the process of ionizappt pyt pyt, PB*, and PB' formation over the entire
tion can be approximated by the expressidA] energy range considered. In the case ofHenpact, P
_ _ formation is dominated by pure ionization over the full en-
P(b)=P(0)exp(~b/R), @ ergy range but P9, PB*, P, and PB" production takes
whereb is the impact parameter ar((0) andR are con- Place mainly by transfer ionization cross sections except at
stants for a particular subshell. We make the simplest aghe higher energies. An important feature of the present one-
sumption that pure ionization primarily involves only the €lectron capture data is that, just as in our previous measure-
outermost subshells. For Pb these are tde 6s, and @  Ments on Ga, large contributions arise from transfer ioniza-
subshells which contain 13 electrons. We also assume thipn leading to Pb" formation, which is indicative of the
the individual probabilitie®(0) are the same for each sub- important role of Auger ionization processes following
shell. The cross sections for pure ionization resulting in thdnner-shell electron removal. Although in our previous stud-
removal ofq electrons from a total oN may then be de- ies of the multiple ionization of Fe, Cu, and Ga atoms we
scribed by the expression were able to describe our observed results for both transfer
ionization and pure ionization with a high degree of success
_ =N q (N—q) using an independent-electron model, the same approach ap-
U_zwfo q P(0)[1-P(b)] b db, ®) plied to Pb has been shown to be reasonably successful only
in the case of one-electron capture by bns.
whereo = 1014 OF 5002 and G‘) is the binomial coefficient.
An attempt was made to fit our measured valuegqof,
Or ,q05q for pure ionization predicted by Ed8) using a
weighted least-squares fit as in our previous wdrkbut, in This research forms part of a large program supported by
the present case, the fit with the experimental data is unsathe United Kingdom Engineering and Physical Sciences Re-
isfactory and therefore not shown. We therefore concludesearch Council. One of u$.C.E.McC) has also been sup-
that, while this approach has been shown to be very effectivported by the Department of Education, Northern Ireland.
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