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Electron capture and target ionization in collisions of bare projectile ions incident on helium
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Absolute cross sections for the processes of single capture, transfer ionization, and single and double

ionization were measured for C +, N +, 0 +, and F + projectiles incident on a helium target in the pro-
jectile velocity range of 0.25—2.0 MeV/amu. The cross sections were determined by measuring

projectile-ion final charge states in coincidence with target recoil-ion final charge states. The single-

capture and transfer-ionization cross sections were corrected for ionization from impurity charge states
in the beam and for double-collision processes in the target gas cell. These corrections, which are neces-

sary for the relative as well as the absolute cross sections, were found to be as large as 50% of the cross
section. The measured cross sections are compared to the multistate, coupled-channel calculations of
Shingal and Lin using an independent-electron model.

PACS number(s): 34.70.+e, 34.50.Fa

I. INTRODUCTION

In collisions of bare projectile ions with a helium tar-
get, five charge-changing processes are possible. These
processes and their associated cross sections c7qq may be
defined as follows, where we use the notation k and k' to
denote the initial and final charge states of the recoil ion,
and q and q' to denote the initial and fina states of the
Projectile: single ionization (SI), crq',

A q++He~ A q++He++e

double ionization (DI), o q,

a q++He~ a q++He2++ze —;
single capture (SC), o'qq

3q++He A' "++He+

double capture (DC), crqq

g q++He~ g [q ]++He + .

and the process usually referred to as transfer ionization
(TI), crq

++He~ A'q "++He ++e

The total one-electron transfer cross section is the sum of
the single-capture and transfer-ionization cross sections,

01 ~ 02
~qq —1 ~qq —1 ' ~qq —1

For ion-atom collisions in general, single-electron pro-
cesses are in many cases well understood quantitatively,
while multielectron processes are less well understood
and are often difficult to describe even qualitatively.
Much attention has recently been given to the process of
transfer ionization and its contribution to the total
electron-capture mechanism in fast collisions [1—7].
While some of these studies have involved nonbare pro-

jectile ions, fully stripped projectile ions incident on a
helium target provide the simplest multielectron collision
systems and allow direct comparison with theory,
without the problem of screening (or antiscreening)
effects from projectile electrons. Although these effects
may be minimal at higher projectile charges, they can be
quite large at lower charges [8,9].

For collisions of bare projectile ions incident on helium
in the intermediate- (U =2 a.u. ) to high- (U )2 a.u. ) veloc-

ity regime, measurements of the relative contributions of
single capture and transfer ionization to the total transfer
process were first reported in 1979 by Horsdal Pedersen
and Larsen [10] for proton projectiles in the energy range
of 40 to 400 keV. These types of measurements were ex-
tended in 1984 by Shah and Gilbody [11]for H+, He +,
and Li + for approximately the same projectile-velocity
range. Recently, measurements by Knudsen et al. [2]
were made that extended the velocity range for H+ and
He +

up to 1.0 and 1.5 MeV/amu, respectively. It is im-

portant in understanding total electron transfer that these
types of measurements be extended to higher charged
projectiles where TI can equal or exceed single capture.
Only two such studies have been reported for bare-
projectile-ion systems: one for 0.75- to 1.5-MeV/amu
0 ++He by Tanis et al. [3] and one for 0.37- to 2.0-
MeV/amu F ++He by Shinpaugh et al. [5]. Nonbare
projectile ions were also included in the study by Tanis
et al. , and recently Datz et al. [6] have reported TI mea-
surements for various charge states of iodine and urani-
um.

In the present work we report absolute cross-section
measurements of single capture and transfer ionization
that have been performed for projectile ions of 0.25- to
2.0-MeV/amu F +, 0.5- to 1.5-MeV/amu 0 +, and 0.5-
and 1.0-MeV/amu C + and N + incident on a helium
target. Cross sections for single and double ionization
have also been determined. All of the cross sections are
compared to the multistate, coupled-channel calculations
of Shingal and Lin [12] using an independent-electron
model (IEM).

45 2922 1992 The American Physical Society



45 ELECTRON CAPTURE AND TARGET IONIZATION IN. . . 2923

II. EXPERIMENTAL ARRANGEMENTS l20 '-

9.5 MeV F9+ + He
All measurements were performed at the J. R. Mac-

donald Laboratory at Kansas State University. The ex-
perimental apparatus has been described in detail previ-
ously [5,13] and shall only be briefly described here.
Desired ion species were extracted from the EN tandem
Van de Graaff accelerator, momentum analyzed, and the
desired charge state directed to the collision region. As
shown in Fig. 1, the beam was collimated by two sets of
four-jaw slits separated by approximately 5 m and then
passed through a "clean-up" magnet to deffect contam-
inant ions out of the beam. These contaminants consist
of charge-state impurities from charge exchange of the
beam with the slits and the residual gas in the beam line.
The beam then passed through a differentially pumped
gas cell, through a second magnet used to analyze the
charge of the beam, and onto a position-sensitive detec-
tor. The pressure outside the gas cell between the clean-

up magnet and the analyzing magnet was maintained at
less than 10 Torr. The target gas was introduced into
the gas cell, and the pressure controlled by an MKS
Baratron system using a capacitance manometer. Target
recoil ions produced from collisions with projectile ions
were extracted by a static electric field and charge-state
analyzed by their drift time through a time-of-Qight spec-
trometer.

loo-

20

300 v

~~
5 200-

O

4A
C
tD

C: Ioo-

lh

80-
C$
C$ 60-
EO

40-EP
C

l00

F9+

F8+

F7+ ~L.,

300 500 700 900
Fluorine Position (arb. units)

9.5 MeY F + + He

H

photons

loo 300 500 700 900
Time of Flight (arb. units)

Parallel P late

Avalanche Detector

FIG. 2. Typical spectra for recoil-ion time of Bight and

projectile-ion position for 9.5-MeV F + incident on He.
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Projectile-recoil coincidence yields were measured
along with the projectile singles (all projectiles indepen-
dent of recoils) in single-collision conditions (0.3- to 0.4-
mTorr target-gas pressure) for bare projectile ions at the
energies discussed above. Measurements were also per-
formed for the hydrogenlike projectiles at each energy in
order to determine ionization cross sections for these sys-

tems, which are needed in determining the SC and TI
cross sections for the incident bare ions. Typical spectra
for recoil-ion time of Sight and projectile position are
shown in Fig. 2 for the collision system of 9.5-MeV F +

incident on He.

III. RESULTS

For the case of a bare F beam incident on He, the SI
cross sections a99 may be determined from the yield Y99
of F + ions coincident with He+ recoils by

01
01 1 Y99

C7
ne I,

FIG. 1. Schematic diagram of the experimental apparatus.

where I9 is the incident F + projectile ion intensity, n is
the areal target density, and e is the recoil-ion detection
efBciency. Similarly, the DI cross sections can be found

by
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02
02 1 Y99

~99 ne I9

The expression used to determine the SC cross sections
is given by

01
~01 CSC CSC1 Y98

98 I 1

9

where the correction terms C1 and C2 are

lO I I I I I I I I I I I I I I I I I I I I I I I I

F9 +He

Single Ionization

and

( SC s
( 01+ 01)1 I8

2I9
(4)

lO-I7 I I I I I I I I I I I I I I I I I I I I I I I I

I —I
C =— 1 —— (cr +o )

1 l 8 8 p1 p1

2 L 99 88I9

where I8 is the total F + intensity, I8 is the number of
contaminant F + ions in the beam (determined from
background runs with no target gas in the cell), l is the
length of the recoil-extraction region, and L is the total
length of the gas cell.

The first correction term C1 represents the contribu-
tion to the coincidence yield from single ionization of the
target by contaminant ions in the projectile beam. This
correction was found to be necessary because ionization
cross sections can be several orders of magnitude larger
than capture cross sections in this projectile-velocity
range. Since the gas cell lies halfway between the cleanup
magnet and the analyzing magnet, it may be assumed
that half of the contaminant F + ions that reach the
position-sensitive detector originate before the gas cell,
and half after. Therefore, half of the He recoils associat-
ed with these contaminant ions come from ionization by
F + ions, and half from ionization by F + ions which
subsequently capture an electron to become F +. This
correction increases with projectile velocity since capture
decreases much more rapidly than ionization and was
found to be as large as 50% of the single-capture cross

0.0 0.5 l.O l.5 2.0
ENERGY (MeV/arnu)

2.5

FIG. 4. Cross sections for single and double ionization for
F incident on He. The curves represent the calculations of
Shingal and Lin [12].

section at 38 MeV for F + on He.
The second correction term C2 is necessary because

the recoil detector views only part of the gas cell (about
one-third), and it represents the contribution to the coin-
cidence yield from double-collision processes where cap-
ture occurs in the gas ce11, but not in the recoil-extraction
region, and is accompanied by single ionization within
the recoil-extraction region. This correction varies in-
versely with projectile velocity due to the dependence on
charge transfer and was found to be as large as 14% of
the single-capture cross section for 13-MeV F + incident
on He at a target-gas pressure of 0.4 mTorr. The correc-
tion was reduced for lower energies by decreasing the He
gas pressure in the cell to 0.3 m Torr.

Similar to single capture, the transfer ionization cross
section may be found from
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FIG. 3. Cross sections for total one-electron transfer, single
capture, and transfer ionization for F + incident on He. The
curves represent the calculations of Shingal and Lin [12].

0 I 2 3 4 5 6 7 8

PROJECTILE ATOMIC NUM8ER

FIG. 5. Total one-electron transfer cross sections for 0.5- and
1.0-MeV/amu bare projectile ions incident on He. The curves
represent the calculations of ShingaI and Lin [12].



45 ELECTRON CAPTURE AND TARGET IONIZATION IN. . . 2925

@02
02 ( TI CTI

&98 I 1 2
9

with

and

CTI s
( 02+ 02)l I8

9

cTI 1+ s s (~02+ 02)
I8 —I8

9

@01 @02

9

(10)

The efficiency is then

y01+ @02
"(~„+c",+c", +c", +cTI)-' .

n I9

It should be noted, in the expression above, that the
efficiency is implicitly contained in the correction terms
within the ionization cross sections. Therefore, an itera-
tive process was used to determine the efficiency. In the
first stage, the ionization cross sections from the bare and
the one-electron projectiles were assumed to be approxi-
mately equal, and the sum of these two cross sections
(which is contained within the expression for each correc-
tion term) may be replaced by twice the bare-projectile
ionization cross section. These cross sections can then in
turn be replaced by their coincidence yields given in ex-
pressions (1) and (2). All of the terms on the right-hand
side of Eq. (10) would then contain the factor 1/e explic-
itly, and Eq. (10) could be solved for e Thus, the.
efficiency e could be expressed in terms of the coincidence
yields and the total transfer cross section, all of which
can be determined from a single coincidence measure-
ment. This approximate efficiency was then used to cal-
culate approximate ionization cross sections. In the
second stage of the iterative process, these approximate
ionization cross sections for the bare and one-electron
projectiles were used in the correction terms in Eq. (11}to
determine a final efficiency. In this fashion, the efficiency,
correction terms, and cross sections could be determined.
Any errors introduced by this process are thought to be
negligible compared to the total experimental error.

The correction terms for TI are analogous to those for
SC, as given in Eqs. (4) and (S), but involve double-
ionization processes.

The recoil-ion detection efficiency e in Eqs. (3) and (6}
can be determined by comparing the coincidence yields
with the total one-electron transfer cross sections. The
sum of the single-capture and transfer-ionization partial
cross sections must equal the total one-electron transfer
cross section

01 02
~98 98+ +98 ~

so that

Io-l4
I I I I I I I

0.5 MeV/aalu Bare Projectiles Incident on He

Single

b

IO'6—

IO-17

0 I 2 5 4 5 6 7 8 9 10 I I

PROJECTILE ATOMIC NUMBER

FIG. 6. Cross sections for single and double ionization for
0.5-MeV/amu bare projectile ions incident on He. The curves
represent the calculations of Shingal and Lin [12].

Background spectra (no target gas admitted into the
gas cell) were obtained before and after a spectrum was
taken at each pressure in order to monitor the charge-
state purity of the beam. A typical value for the amount
of contaminants in the beam was one part in three
thousand for a 1-MeV/amu F + beam. Most coincidence
data were taken at a target-gas pressure of 0.4 mTorr to
minimize collisions of He recoil ions with He atoms in
the recoil-ion Aight path, as well as to allow proper
operating conditions for the microchannel plates (some of
the low-energy data were taken at 0.3 mTorr to minimize
double-collision events}. Measurements were also per-
formed using a gas jet instead of a gas cell to determine
the eff'ects of these He-He collisions. The results deter-
mined from the gas-jet and gas-cell experiments were in
good agreement, so that it was deduced that neither of
the charge states of helium was being preferentially lost
over the other due to charge exchange (the presence of
this process should also appear in the time-of-Aight spec-
tra as a tail on the He peaks).

In practice, the He partial cross sections in these coin-
cidence experiments are difficult to measure because they
are relatively small and the measurement is very sensitive
to background fluctuations. Consequently, a high degree
of scatter is observed in the data. Since the projectile-
singles spectra are also measured in the coincidence ex-
periments, the values of the absolute total transfer cross
section from the coincidence and noncoincidence experi-
ments can be compared. This can serve as a criterion for
judging the merits of a particular run, and should allow
for a more consistent set of data. If the total transfer
cross section for a run was in good agreement with the
"known" value (from the noncoincidence measurement),
the ratio of transfer ionization to single capture was
determined. To first order, this ratio is independent of
the areal target density and the efficiency (although these
factors do enter into the correction terms). The final
value of this ratio is the weighted average determined
from several (three to six) runs. The single-capture and
transfer-ionization cross sections were then derived from
this ratio R and the total transfer cross section:
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FIG. 7. Cross sections for single and double ionization for 1-
MeV/amu bare projectile ions incident on He. The curves
represent the calculations of Shingal and Lin [12].

0.0 I I I 1 I I I I 1 I 1 I l I I I I I

0.5 I.O l.5

ENERGY (MeV/amu)

2.0

o&
98

FIG. 9. The ratio of transfer ionization to single capture for
0'+ incident on He. Included are the data of Tanis et ah. [3].
The curve represents the calculations of Shingal and Lin [12].
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For F + ions incident on He, the measured cross sec-
tions for total one-electron transfer, single capture, and
transfer ionization are shown in Fig. 3, along with the
calculations of Shingal and Lin [12]. The single- and
double-ionization cross sections are plotted in Fig. 4.

For 0.5- and 1.0-MeV/amu bare projectiles incident on
He, the cross sections for total one-electron transfer are
shown in Fig. 5. Single- and double-ionization cross sec-
tions as a function of atomic number are shown in Figs. 6
and 7 for 0.5- and 1.0-MeV/amu projectiles, respectively.

IV. DISCUSSION

The calculation method of Shingal and Lin [12] uses a
coupled-channel semiclassical impact-parameter model

employing a traveling atomic-orbital expansion to calcu-
late single-electron processes (excitation, ionization, and
capture) within the independent-electron model for an
effective one-electron helium atom colliding with a bare
ion. These single-electron processes are combined within
the IEM to determine two-electron processes (transfer
ionization, double capture, and double ionization). For
determining the one-electron processes, an effective po-
tential was used that gave the single-ionization energy of
helium (0.9 a.u.). For the two-electron processes, howev-
er, an effective potential was used where the single-
ionization energy of the electron was half of the double-
ionization energy of helium (2.9 a.u.). This was done to
account for a two-step mechanism where the first elec-
tron is removed and the second electron relaxes, becom-
ing more tightly bound prior to removal. Both single-
and double-ionization cross sections are described very
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FIG. 8. The ratio of transfer ionization to single capture for
C + incident on He. The curve represents the calculations of
Shingal and Lin [12].

FIG. 10. The ratio of transfer ionization to single capture for
F + incident on He. The curve represents the calculations of
Shingal and Lin [12].
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FIG. 11. The ratio of transfer ionization to single capture for
0.5-MeV/amu bare projectile ions incident on He. Included are
the data of Shah and Gilbody [11]and Datz et al. [6]. The solid
curve represents the calculations of Shingal and Lin [12]and the
dashed curve represents a Z scaling normalized to C +.

well within this method, as seen in Figs. 4, 6, and 7.
The calculated values of the total one-electron transfer

cross sections for the 1.0-MeV/amu collision systems are
in fair agreement with the data for Z =6—9, as seen from
Fig. 5. The calculations for the 0.5-MeV/amu systems,
however, tend to underestimate the measured values.
This may be due to capture to higher n and l states that
are not included in the calculation. This underestimation
of the cross sections at low velocity, where capture to
higher-n states occurs, can also be seen in the energy
dependence of the F+He collisions in Fig. 3. If this is
indeed the reason for the discrepancy at low energies,
then the agreement should be enhanced by expanding the
basis set in the calculations. Electron-correlation effects,
which are not included in these calculations, may also
play a role at these lower collision velocities. Datz et al.
[6] have suggested that TI in highly charged ion-atom
collisions in the intermediate-velocity range involves
highly correlated double-capture of the electron pair, fol-
lowed by electron loss to the continuum of the projectile.

The relative contribution of TI to the charge-transfer
process may be observed more easily in the ratio R of
transfer ionization to single capture. This ratio as a func-
tion of projectile velocity is shown in Figs. 8, 9, and 10
for C +, 0 +, and F + projectiles, respectively. As can
be seen, the calculations appear to agree better with the
lower charged projectiles. This again is probably due to
the limited basis set employed in the calculation, since
capture to higher-n states will occur with increasing pro-
jectile charge. The F + data show a maximum in the
value of R similar to the structure that had been observed
previously for the lighter projectiles He + and Li +

[1,2, 11]. The calculations for C + and 0 +, which are in
good agreement with the present data, also show this be-
havior. Such a structure may reflect the transition to a
lower-energy regime where double capture to doubly ex-
cited states followed by Auger emission is the predom-
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FIG. 12. The ratio of transfer ionization to single capture for
1.0-MeV/amu bare projectile ions incident on He. Included are
the data of Tanis et gl. [3], Knudsen et al. [2], and Datz et gl.
[6]. The solid curve represents the calculations of Shingal and
Lin [12] and the dashed curve represents a Z scaling normal-
ized to C +.

inant mechanism contributing to TI [3]. At higher ener-
gies ( ~ 1 MeV/amu), the direct (or two-step) mechanism,
where one electron is captured and the other is ionized by
impact ionization, should be dominant. Shake processes
(final-state rearrangement) may also contribute to TI at
high energies.

The variation of R with projectile atomic number for
the velocities of 0.5 and 1.0 MeV/amu is presented in
Figs. 11 and 12. The dashed line in these figures
represents a Z scaling normalized to the C + value. For
both velocity cases, the R values for low-Z projectiles
agree well with this scaling, but R falls below this scaling
for higher Z in the region of the present data. The data
of Datz et al. [6] suggest that this ratio becomes constant
or possibly decreases at higher-charge states.

V CONCLUDING REMARKS

In summary, absolute cross sections for the processes
of single and double ionization, single capture, and
transfer ionization have been experimentally determined
for collisions of bare projectile ions incident on helium.
For the collision system of F + on He, these cross sec-
tions were determined for the projectile velocity range of
0.25 to 2.0 MeV/amu. These cross sections were also
determined for C +, N +, and 0 + projectiles for the ve-
locities of 0.5 and 1.0 MeV/amu. These cross sections
were determined by measuring projectile-ion final charge
states in coincidence with target recoil-ion final charge
states. This was achieved by analyzing the recoil ions us-
ing time-of-flight spectroscopy and detecting the magnet-
ically analyzed projectiles with a position-sensitive detec-
tor.

An important feature found in determining the cross
sections for single capture and transfer ionization was the
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necessity for two types of correction factors. The first
type was produced from charge-state impurities present
in the primary (bare ion) beam. The second type of
correction originated from double-collision processes.
These corrections were found to be necessary even in the
determination of the relative cross sections, because the
corrections to the single-capture cross sections are larger
than those to the transfer-ionization cross sections. This
has the effect of increasing the value of R, the ratio of
transfer ionization to single capture, with respect to the
uncorrected values. This may account for the discrepan-
cy of the measured values of R reported here with those
previously published by Tanis et al. for 0 + on He,
which do not include these types of corrections [14].

It appears that the method of Shingal and Lin [12]
gives a good description of single and double ionization,
but single capture and transfer ionization remain a

difficult calculation for highly charged projectiles. Fur-
ther studies of the charge dependence of these processes
would also be interesting, since the effects of projectile
electrons are not well understood. Datz et al. [6] have
reported values of TI and SC for 0.25-MeV/amu I + on
He that give a value of R of approximately 0.8. This is
half of the value reported here for the bare-ion case
(F ++He, Fig. 10), so it would appear that projectile
electrons can play a significant role in this region of pro-
jectile charge.
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