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PROJECTILE ELECTRON CAPTURE AND LOSS ACCOMPANYING
TARGET IONIZATION FOR HIGHLY-CHARGED OXYGEN IONS
COLLIDING WITH HELIUM
Reynold N. Price, M.A.

Western Michigan University, 1988

Cross sections for electron capture and loss associ-
ated with target ionization are measured for highly
charged 09* (g=5,6,7,8+) ions colliding with helium at
energies of 0.25 to 2.5 MeV/u. Experimentally, charge-
changed projectile ions are detected in coincidence with
specific Earget recoil-ion charge states. The fraction of
transfer ionization (TI) relative to total electron cap-

- ture is measured and compared to previous studies. The
results show that TI is responsible for a significant
percentage of the total single-electron-capture cross
sections even at high velocities. Ratios of double- to
single-target ionization are determined when  simultaneous
ionization of the projectile also occurs. The results
show that double-ionization of the helium target is much
more likely (about 4-5 times) to occur when the 0%t pro-

jectile ion is ionized than when it is not.
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CHAPTER I
INTRODUCTION

A variety of processes may occur when a fast pro-
jectile ion collides with a neutral target atom. Proces-
ses involving charge transfer, electron loss, and excita-
tion are fundamental to the understanding of atomic in-
teractions and have therefore been the subject of both
theoretical and experimental studies (Betz, 1972; Janev
and Hvelplund, 1981). Interest in understanding these.
processes also stems from their importance to other
fields such as plasma physics (Drawin, 1980) and astro-
physics (Steigman, 1975).

Single-charge transfer results when a projectile ion
captures an electron from a target atom in a collision,

A" + B ——> afel+ 4 g+, (1)
where the projectile ion and the target atom are repre-
sented by A and B, respectively, and the incident projec-
tile ion charge state is given by g+. Single-electron
loss results when the projectile ion loses an electron,

A%t + B —> Ala¥l)t 4 B 4 e, (2)

Multiple-electron charge-changing interactions may

also occur and are generally described by
A% + B —> alat/-n)+ 4 Bit 4 (i+/-n)e". (3)
In this study, multiple-electron processes involving

1
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target ionization associated with single charge-changing
projectile events, i.e.

A%t + B —> ale D+ 4 it 4 (i-1)e”  (i>1) (4)
and

A%t + B ——> aleth)+ 4 Bit 4 (i+1)e”  (i>0) (5)
are investigated. The former process is referred to as
transfer ionization (TI) while the latter we will call
loss and ionization (LI).

Since the charge state of the resulting target re-
coiling ion is of concern in these processes, it must be
identified along with the charge state of the projectile
ion following the collision. Cross sections for charge-
changed projectile ions associated with recoil ions in a
particular charge state are measured using coincidence
techniques.

When these coincidence measurements are made, the
cross section for direct single capture, which is denoted
by 03lq-1, can be distinguished from that for transfer
ionization, denoted by 63?g-1. In this notation, the super-
script gives the initial and final charge states of the
target atom and the subscript refers to the initial and
final charge states of the projectile ion. Similarly, for
simultaneous projectile loss and target ionization, the
cross sections are represented by 03'gs1 and 63%gs1.

In this work, highly charged oxygen (g=5,6,7,8+)

colliding with a helium target over an energy range of
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.25 to 2.5 MeV/u is studied. The purpose of this study is
to investigate the dimportance of two- (and three-) elec-
tron processes involving projectile capture and loss ac-
companying target ionization, and to compare these cross
sections to the corresponding one-electron cross sec-
tions. The results are also compared with the predictions

of theory where possible.
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CHAPTER II
EXPERIMENTAL PROCEDURE AND DATA ANALYSIS

The experiment was conducted at Western Michigan
University in Kalamazoo, Michigan using the EN tandem Van
de Graaff accelerator. A general schematic of the accel-
erator and beamline is shown in Figure 1. Highly'charged
oxygen ions (gq=5-8+) were obtained by passing the accel-
erated ion through a carbon post-stripping foil. The beam
was collimated by two apertures (area = 1 mm?) before en-
tering the target region.

After interaction with the target gas, the beam was
magnetically analyzed and the charge-changed components
were detected using silicon surface barrier detectors.
One detector was used to detect oxygen ions that had
captured an electron, and the other detected ions that
had lost an electron. The main beam (no charge change)
was collected in a Faraday cup (suppressed at -300 volts)
and the current measured with a Keithley electrometer.

The target region, shown in Figure 2, consisted of a
differentially pumped gas cell 4.0 cm in length. The beam
entered the area of interaction by passiﬁg through two
apertures of diameters 0.080 and 0.120 inches and exited
through two more apertures of diameters 0.120 inches. Two

electrodes, held at +1000 and -1000 volts, extracted and
4
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accelerated the helium recoil ions.frbm the middle 0.8 cm
of the interaction region. After drifting through a
field~free region, the recoil ions passed through a xe-
pelling grid (to suppress electrons) and were detected
with a negatively biased micro-channel plate (MCP).

Time-of-flight techniques were used to detect coin-
cidences between oxygen ions capturing or losing an elec-
tron and the occurrence of singly- or doubly-charged
helium recoil ions as shown in Figure 3. Signals from the
micro-channel plate were passed through a fast preamp-
lifier (FPA) and then routed to a timing filter amplifier
(TFA) and.a ~constant fraction discriminator (CFD). The
constant fraction discriminator converted the analog
signal to a logic signal which was used as a START for a
time-to~-amplitude converter (TAC).

Signals resulting from charge-changed oxygen ions
striking the surface barrier detectors (SB) were also
routed through pre-amplifiers and timing filter amplifi-
ers. These signals, however, were delayed by about 750 ns
(using long cables) before reaching the constant fraction
discriminators. The output of the CFDs were then used as
STOPs for the time-to-amplitude converters. The TACs ouﬁ-
put a signal whenever a START and a STOP were received
within the full-scale time range selected on the TAC, and
the amplitude of this signal (which depends on the time

difference between the START and STOP signals) was used
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to determine the charge state of the recoiling helium
ion. The signals from the TACs were conditioned by the
linear-gate-stretchers (LGS) prior to anglysis by the
analog-to-digital-converters.

A Keithley electrometer measured the main beam cur-
rent which was typically on the order of a few picoamps.
The incident particle yield was then obtained by inte-
grating the current over the time required for the mea-
surement with a beam current integrator (BCI).

Each run for a particular projectile ion energy and
charge state was performed at different target gas cell
pressures‘as measured by a capacitance manometer. Figures
4 and 5 are representative of the spectra resulting from
a run at a given gas pressure. The spectrum for each
pressure was analyzed to obtain fractional yields which
were plotted as functions of gas pressure. Linearity of
the plot indicated that single collision conditions
prevailed within the target region (see Figure 6). Pres-
sures less than or equal to 0.5 X 1072 Torr were gener-
ally found to satisfy this condition.

A linear least-squares fit was applied to the appro-
priate region of the plots of measured fractions vs. gas
pressure. The slopes of the resulting lines were used to
obtain cross section values as describeq below.

The measured fraction (F) is defined as tﬁe ratio of

the number of detected particles (Ny) to the total number

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Copture Spectrum

300- 1 ] ] ] I 1 1 i T I L L § | i l |

A + ’

2500~ He -

X 1.75 MeV/u 0%* + He ]

200— Pressure = 0.5 mTorr ]

g | :

s 150 — —

3 i

o : i

B ++ o

100 - He ]

50 ]

O -’\I«ul\ 1 \—d~/\LA’_| Y- | _A’l L MNAL L] | N
1800 1850 1900 1950

Channel

Figure 4. Typical Spectrum for Electron Capture by the
Projectile Ion in Coincidence With Single and

Double Ionization of the Target.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

10



11

Loss Spectrum

100 [ 1 ) I i 1) L L] ] | ) L 1 I § i 1 ] ]

[ He® ]

80— —

- 1.5 MeV/u 0% + He .

t Pressure = 0.5 mTorr

60— —

I [ ]
[ =

N ]

DY Y -]

I He** ]

20 — —

0 [ ! .V\\m,\f\m A ocaseanenal DA n_a—arioh
750 800 850 a00
Channel
Figure 5. Typical Spectrum for Electron Loss From the

Projectile Ion in Coincidence With Single and
Double Ionization of the Target.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Pressure Dependence
3!0 1 1 [] Ll l ] ] i L] I T 1 ] 1 I 1 ] { 1 I ] 1 1 1] I T 1

i

1 MeV/u 0%* + He

2.9

2.0

1.0

0.5

Fractional Yield (orb. units) For
Direct Single-Electron Capture ggy-

IIIIJJIIIIIIIIII!IIIIIIllllll

1.5 [~

-

o.o 1 1 [ l 1 1 L1 l 1 Lt 1 | Ll 1l 1 ' 1 1 ] 1 I 1 L1
0 0.1 0.2 0.3 0.4 0.5

Pressure (mTorr)

o
o

Figure 6. Typical Pressure Dependence Exhibiting Single-
Collision Conditions.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

12



of incident particles (I,),

F = N./I,. (6)
The number of detected particles is given by

N, = I,OT, (7)
where ¢ is the cross section in units of cm?/atom and T
is the target thickness in units of atoms/cm?. The target
thickness is determined by

T = NPL, (8)

3, P is the pressure

where N, = 3.3 X 10® atoms/mTorr cm
in mTorr, and L is the length of the target cell in cm.

Equation (6), used with equations (7) and (8), then leads

to
F = ON.PL, (9)
AF = ON,LAP, (10)
and
¢ = AF/APN.L, (11)

where AF/AP represents the slope of the plot of yield vs.
gas pressure.

To obtain absolute concidence cross sections, it is
noted that the sum of the cross sections for capture in
coincidence with singly- and doubly-charged helium recoil
ions must necessarily be equal to the total cross section
Oq,q-1 for single-electron capture, i.e.,

Oq,q-1 = O4yq-1 + Og q-1- (12)
Due to beam integration difficulties, accurate total cap-

ture cross sections were not obtained, so the present

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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* data were normalized to previously published results
(MacDonald and Martin, 1971; Hvelplund, Haugen, and Knud-
sen, 1981; Dillingham, Macdonald, and Richard, 1981).
These earlier data are adequately described by the empi-
rical scaling curve of Schlachter, et al. (1987) which
was then used to provide the total single-capture cross
section for each projectile energy and charge étate.
These cross sections, along with the measured ratio of
slopes (AF/AP) for singly- and doubly- charged recoil
ions obtained from the pressure dependence curves (see
Figure 6), then give the cross sections for capture in

coincidence with helium recoil ions according to the

relations
(AF/AP) 4
Ogrq-1= Og, q-1 (13)
(AF/AP) + + (AF/AP) 44
and
(AR /AP) 4t
6Fq-1= Oq,q-1- (14)

(AF/AP) + + (AF/AP) 4y
In these equations the slopes for singly~- and doubly-
charged recoil ions are represented by (AF/AP), and
(AF/AP) 4+, respectively.

To calculate the cross sections for target ioniza-
tion associated with projectile electron loss, an effec-
tive efficiency for recoil-ion detection was determined
from the ratio of the sum of the coincidence élopes for

capture to the total capture cross sections predicted by

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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the empirical scaling rule of Schlachter, et al. (1987),
i.e.,

€ = [(AF/AP) 4+ (AF/AP) 4++] (1/NoL) /Og, g-1 (15‘)
This efficiency €& was then used in conjunction with

equation (11) to determine the cross sections

Ogrq+1 (AF/AP) + (1/NoL) X 1/g, (16)
and

(AF/AP) 44 (1/NoL) X 1/g, (17)

o0& g1
for projectile loss in coincidence with singly- and
doubly-charged recoil iomns.

Sources of error in the cross sections obtained
include counting statistics (about 5%), beam current
normalization (5%), determination of gas pressure (5%),
calibration of the Keithley electrometer and beam current
integrator (<5%), and length of the gas cell (<10%), in
addition to the error associated with fitting a line to
the yield vs. pressure data (typically 5-15%). The fit-
ting errors were derived from the weighted standard dev-
iations of the slopes (see Figure 6), and include the un-
certainties associated with ' the counting statistics and
beam current integration. The empirical scaling rule of
Schlachter, et al. (1987) was assumed to have an uncer-
tainty of approximately 30%. Absolute errors were then
derived by combining all of these uncertainties in quad-
rature.

An additional error may be associated with the con-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



tribution to target ionization produced by projectiles
which capture or lose an elect:oﬁ in the residual gas in
the beam line prior to reaching the target. These projec-
tiles can ionize the target gas without further charge
change and be detected as coincidence events. The cross
sections for such events are larger than those for pro-
jectiles which produce target ionization and undergo
charge change in the target region. It is not possible at
present to estimate the relative magnitude of this uncer-

tainty.
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CHAPTER III
CAPTURE-COINCIDENCE MEASUREMENTS

Electron capture in collisions between ions and
atoms has been studied for many years (see Betz, 1972 and
Hvelplund, Haugen, and Knudsen, 1981). However, the pro-
cess is complicated by the fact that additional electrons
may be lost from the target, a process referred to as
transfer ionization (TI). No differentiation was made in
most of these earlier studies between simple charge
transfer and transfer ionization (equations (1) and (4)).

Several different mechanisms can contribute to the
transfer-ionization process. For example, in very slow
collisions (< leV/u) Niehaus (1980) has shown that TI can
result from autoionization of the quasimolecule formed
during the collision. At higher velocities (= 100 eV/u)
Cocke, DuBois, Grey, Justiniano, and Can (1981l) have at-
tributed TI to double capture by the projectile followed
by autoionization. At velocities near 100 keV/u, Ander-
sen, Frost, Hvelplund, Knudsen, and Datz (1984) have
obtained evidence that TI is due to the correlated trans-
fer of two electrons to the projectile ion followed by
the subsequent loss of one of these electrons to the con-
tinuum. At higher energies (> 1 MeV/u), where the elec-

trons can be treated independently, TI is expected to be

17
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due mainly to single electron capture plus direct impact
ionization of the target.

In most of the measurements reported to date, which
have been done primarily for velocities < 1 MeV/u, TI has
been found to account for less than 30% of all the events
leading to capture of a single electron. However, recent
measurements (Datz, et al., 1987) for I and U9 show TI
fractions of about 70%. Olson, Wetmore, and McKenzie
(1986) have calculated for 1 MeV/u projectiles of charge
state g > 10 that TI may be responsible for up to 80% of
all the total single-electron capture events occuring in
a collision.

In order to assess the importance of the two-elec-
tron TI process relative to total single capture in the 1
MeV/u energy regime, cross sections have been determined
for single-electron capture in coincidence with single-
electron loss from the target, 03'g.1 (direct capture),
and with double-electron loss from the target, 032q.;
(transfer ionization). These cross sections are 1listed
with their associated absolute errors in Table 1 and
plotted in Figures 7 and 8. The figures show cross sec-
tions which decrease with energy from about 1 X 1076 cm?
to less than 1 X 1072° cm? and increase slightly with
charge state. These cross sections can be used to define

the fraction

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Table 1

Cross Sections for Electron Capture in Coincidence
With Single and Double Ionization
of the Helium Target Atom

E(MeV/u)  63lg-1(cm?) (X 1071%)  06%%4-1 (cm?) (x 10719)

q

5 0.50 90 +/- 30 79 +/~- 24

5 0.75 18 +/- 5 14 +/- 4

5 1.00 5.6 +/- 1.7 4.2 +/- 1.3
5 1.50 1.2 +/- 0.4 0.58 +/- 0.17
6 0.25 730 +/- 220 780 +/- 230

6 0.50 130 +/- 40 130 +/- 40

6 0.75 29 +/- 9 25 +/- 7

6 1.00 9.6 +/= 2.9 6.6 +/- 2.0
6 1.25 4.1 +/- 1.2 2.2 +/- 0.7
6 1.38 2.9 +/- 0.9 1.4 +/- 0.4
6 1.50 2.1 +/- 0.6 0.91 +/- 0.27
6 1.63 1.6 +/- 0.5 0.55 +/- 0.17
6 1.75 1.2 +/- 0.3 0.41 +/- 0.12
6 1.88 0.94 +/- 0.28 '0.23 +/- 0.07
6 2.07 0.65 +/- 0.20 0.13 +/- 0.04
6 2.25 0.44 +/~- 0.13 0.10 +/-~ 0.03
6 2.50 0.28 +/- 0.09 0.068 +/- 0.020
7 0.50 170 +/- 50 210 +/- 60

7 0.75 39 +/- 12 43 +/- 13

7 1.00 14 +/- 4 11 +/- 3

7 1.25 6.1 +/- 1.8 3.7 +/- 1.1
7 1.38 4.5 +/- 1.4 2.0 +/- 0.6
7 1.50 3.3 +/- 1.0 1.3 +/- 0.4
7 1.63 2.5 +/- 0.7 0.79 +/- 0.24
7 1.75 1.8 +/- 0.5 0.58 +/- 0.17
7 1.88 1.4 +/- 0.4 0.43 +/- 0.13
7 2.07 1.0 +/- 0.3 0.22 +/- 0.07
7 2.25 0.73 +/- 0.22 0.11 +/- 0.03
7 2.50 0.46 +/- 0.14 0.082 +/- 0.025
8 0.50 240 +/- 170 280 +/- 80

8 0.75 57 +/~- 17 62 +/- 19

8 1.00 19 +/- 6 17 +/- 5

8 1.50 4.5 +/- 1.4 17 +/- 0.6
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Og, q-1
£= 01 02 ’ (18)
qu q-1 + G‘Ir q-1

which is the ratio of the transfer ionization cross sec-
tion to the total cross section for single-electron cap-
ture. The fractions for the present measurements are tab-
ulated in Table 2 and shown in Figure 9. It is seen from
the figure that f decreases with energy and in general,

increases slightly with charge state. Over the present
Table_2

Ffaction of Transfer Ionization Relative
to Total Single Capture

E (MeV/u) f E (MeV/u) £

0.50 0.47 +/- 0.01
0.75 0.44 +/~- 0.01
1.00 0.43 +/- 0.02
1.50 0.32 +/- 0.06

0.50 0.55 +/- 0.01
0.75 0.52 +/- 0.01
1.00 0.44 +/- 0.02
1.25 0.37 +/- 0.02
1.38 0.31 +/- 0.02
1.50 0.27 +/- 0.03
1.63 0.24 +/- 0.02
1.75 0.24 +/- 0.02
1.88 0.24 +/~- 0.03
2.07 0.18 +/- 0.04
2.25 0.13 +/- 0.08
2.50 0.15 +/- 0.05

0.25 0.52 +/- 0.01
0.50 0.50 +/- 0.01
0.75 0.46 +/- 0.01
1.00 0.41 +/- 0.01
1.25 0.35 +/~- 0.03
1.38 . 0.33 +/- 0.02
1.50 0.31 +/- 0.04
1.63 0.26 +/- 0.03
1.75 0.26 +/- 0.04
1.88 0.20 +/- 0.04
2.07 0.17 +/=- 0.04
2.25 0.19 +/- 0.07
2.50 0.19 +/- 0.05

0.50 0.54 +/- 0.02
0.75 0.52 +/- 0.02
1.00 0.48 +/- 0.01
1.50 0.32 +/- 0.02

AOAATANAAARATANAONAD oo m | Q
0 o o 0o ENIEN IS IEN IR IEN IEN RN IR BN BN S B e

range of energy and charge states, f varies from a high

of about 55% for 0’ at 0.5 MeV/u to a low of approxi-
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mately 15% for O’ at 2.25 MeV/u.

The present data can be compared with previously re-
ported measurements in order to investigate the behavior
of TI over larger ranges of E and q. To take into account
the energy and chargefstate dependence of £ for the wvar-
ious sets of available data, £ is plotted as a function
of the scaled energy E/q°:® and shown in Figure 10. In
addition to the present values of £ for 0% ions with g =
5 to 8 and E = 250 to 2500 keV/u, the values of Shah and
Gilbody (1985) for H', He?%, and Li3* ions with energies
E = 30 to 500 keV/u are displayed, as well as the meas-
urements by DuBois (1986) for He?' at lower energies.
Results are also available for Au?" ions with g = 5 to 20
at 101.5 kev/u from studies by Damsgaard, Haugen, Hvel-
plund, and Knudsen (1983). Also included are measurements
by Datz, et al. (1987) for I with g =5 to 16 at 100
and 250 keV/u and for U with g = 17 to 30 at 250, 500,
and 1000 keV/u. A single point, derived from results of
Stockli, et al. (1986) for 3700 keV/u Ar!’ ions is also
plotted.

These data suggest the existence of a peak in £ for
E/q%® = 100 keV/u. Such a maximum may indic;te a tran-
sition from a region of lower energies where double
capture followed by autoionization is the dominant mech-
anism for TI to a region of higher energies where single

capture plus impact ionization dominates. Notably, the
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I9* and Au?* data deviate from the trend observed for the
other measurements displayed in Figure 10.

Using the above mentioned measurements for HY , He?',
and Li3* , McGuire, Salzborn, and Muller (1987), have pre-
viously noted the existence of a maximum in £. This maxi-
mum can be explained qualitatively in terms of classical
arguments from which the most efficient projectile energy
for ionizing the helium target atom is predicted to be
when the projectile velocity matches the velocity of the
bound target electron (see Betz, 1972). Since the binding
energy of helium is about 25 eV, this would predict a
maximum ionization probability for a velocity of about 50
keV/u, in rough agreement with the data of Figure 10. Ex-
perimentally, the ionization cross section for helium has
been found to be at its maximum value for E (keV/u)/q®-%°
= 100 (Phaneuf, Janev, and Pindzola, 1987), which is also
similar to the results shown in Figure 10.

At energies greater than 100 keV/u, McGuire, et al.
(1987) find that the TI fraction varies with a (2/v)2
scaling and they predict that this fraction should asymp-
totically approach a limiting value. Qualitatively, these
authors argue that since the.electron leaves the target
atom quickly in a high speed collision, it might be ex-
pected that this 1limiting fraction will be the same as
for photoionization where the electron similérly leaves

the target very quickly and the other electron is then
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ionized via a final-state rearrangement mechanism. It 1is
suggested that this limiting value for heavy ions should
then be the same as that found for p + He collisions at
high velocity, i.e., £ = 0.03.

Over the range of energies of the present measure-
ments (250 - 2500 keV/u) the data approximately follow
the suggested (2/v)2 scaling of McGuire, Salzborn, and
Muller (1987). However, the data do not appear to ap-
proach a limiting wvalue at the highest energies investi-
gated. It is possible that at energies above this range
the TI fractions may still approach the asymptotic value
derived from photon data.

From the present data, it can be concluded that at
high velocities the TI process is responsible for a sig-
nificant percentage of the total single-electron-capture
cross sections. First-order theories (Knudsen, Haugen,
and Hvelplund, 1981; Schlachter, et al., 1983) of single-
electron-capture have not always included such additional
ionization mechanisms, and experimental measurements have
not always distinguished between direct capture and TI.
The failure to allow for the possibility of transfer ion-
ization may therefore lead to large discrepancies between

the predictions of theory and experimental results.
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CHAPTER IV
LOSS~COINCIDENCE MEASUREMENTS

Measurements have previously been reported in the
published 1literature for simultaneous ionization of the
projectile ion and the target atom in a fast collision
(Pedersen and Larsen, 1979; DuBois and Manson, 1986).
However, these measurements have generally been for 1i§ht
projectile ions ( H¥, He*, and He2' ) incident upon helium
and have concentrated on comparisons of projectile iéni—
zation data with theoretical calculations such as the
plane-wave Born-approximation (Choi, Merzbacher, and
Khandelwal, 1974). The present measurements are for a
heavier projectile ion (oxygen 5-7+) incident on helium,
in which cross sections for projectile ionization in
coincidence with single and double target ionization are
obtained.

Cross sections for loss of an electron from the pro-
jectile ion in coincidence with single ionization of the
helium target 63'q+1 are shown in Figure 11 as a function
of the energy of the incident oxygen ion. Cross sections
06%2q+1 are displayed in Figure 12 and the values of both
63 q+1 and 03%qs1 are listed in Table 3 along with the ab-
solute errors associated with these measurements.

It is noted that for an O'f projectile, 03'q:1 and
28
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Table 3

Cross Sections for Projectile Electron Loss
in Coincidence With Single and Double
Ionization of the Helium Target

g E(MeV/u) O3 qs(cm?) (x 10719) 03%q+1 (cm?) (x 10719)
5 0.50 46 +/~ 14 18 +/- 5

5 0.75 42 +/- 13 10 +/- 3

5 1.00 31 +/~ 9 9.2 +/- 2.8
5 1.50 27 +/- 8 5.6 4/~ 1.7
6 0.25 2.9 +/- 0.9 1.6 +/- 0.5
6 0.50 6.3 +/- 1.9 2.8 +/- 0.9
6 0.75 8.0 +/~- 2.4 3.3 4/- 1.0
6 1.00 8.9 +/- 2.7 3.4 +/- 1.0
6 1.25 8.1 +/- 2.4 2.4 +/- 0.7
6 1.38 9.9 +/- 3.0 2.8 +/- 0.8
6 1.50 8.1 +/- 2.4 2.1 +/- 0.6
6 1.63 11 +/- 3 2.2  +/- 0.7
6 1.75 10 +/- 3 1.8 +/- 0.5
6 1.88 9.3 +/- 2.8 1.6 +/- 0.5
6 2.07 8.1 +/- 2.4 1.5 +/- 0.4
6 2.25 6.9 +/- 2.1 1.3  +/~- 0.4
6 2.50 5.7  +/- 1.7 1.1 +/- 0.3
7 0.75 0.95 +/- 0.29 0.60 +/- 0.18
7 1.00 1.2  +/- 0.4 0.76 +/- 0.23
7 1.25 2.0 +/- 0.6 0.61 +/- 0.18
7 1.38 2.3 +/- 0.7 0.90 +/- 0.27
7 1.50 2.0 +/- 0.6 0.74 +/- 0.22
7 1.63 2.6 +/- 0.8 0.72 +/- 0.22
7 1.75 3.0 +/- 0.9 0.80 +/- 0.27
7 1.88 2.6 +/- 0.8 0.86 +/- 0.26
7 2.07 2.7 +/- 0.8 0.51 +/- 0.15
7 2.25 2.9 +/- 0.9 0.51 +/- 0.15
7 2.50 2.6 +/- 0.8 0.55 . +/- 0.17

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



32
03%q+1 increase with energy until a maximum is reached at
épproximately 1.5 MeV/u. The cross section is then nearly
constant with increasing energy possibly showing a slight
decreasing frend. Qualitatively, such a pattern is ex-
pected.

Classical theory (see Betz, 1972) and the Bohr model
predict that the removal of an electron from the target
atom is most probable when the incident projectile ap-
proaches at the same velocity as the electron orbits the
atom. The corresponding energy of the projectile ion is

then given by the relation

Ejon = Ee(Mion/me), (19)
where

Ejon = 1/2 mjonv? (20)
and

Ee = 1/2 mev3. (21)

Equation (19) results because E. is the binding energy of
the electrqn in a circular orbit and can be determined
(for a one-electron Bohr atom) in units of eV from
E. = 13.6 z2/n?, ‘ (22)
where Z is the atomic number of the target atom and n is
the level of excitation of the electron.
Equations (19) and (22) predict that an o’ projec-
tile ion should have an energy of about 1.6 MeV/u to most
effectively overcome the binding energy of the final K-

electron. Figures 11 and 12 indicate that the maximum in
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63lq+1 and 6%q41 occurs near this value in good quantita-
tive agreement with the prediction.

For the case of O&; projectile ions, the same trend
is expected in the data. The maximum cross section should
occur at a slightly lower energy though, since one K-
electron screens the other from the oxygen nucleus,
resulting in a élightly lower binding energy. This lower
energy maximum for 6Jlqs1 and 63%q41 is observed for 0%t in
Figures 11 and 12.

When a third electron (i.e., a 2s electron) is pre-
sent in the oxygen ion, the binding energy for that elec-
tron is less than for the higher charge states. The pro-
jectile energy corresponding to a maximum in 63'q+1 and
03q+1 for 0°% is then predicted by equations (19) and
(22) to be about .4 MeV/u, which occurs below the range
of the present data. Figures 11 and 12 therefore show
only the decrease of 0%lqw1 and 032g41 with increasing en-
ergy for incident 05* ioms.

The same trends are noted for 03%g41 as for 6Qlqs1 for
all three charge states of the projectile ion. This indi-
cates that when both the target atom and the projectile
are ionized, the energy dependence is dominated by the
ionization of the incident oxygen, even though ionization
of the He target is much more likely. This is because

ionization of the ..oxygen must occur in close collisions

where the small impact parameters give rise to a high
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probability for He ionization.

Of relevance to the present data is the work of
DuBois and Manson (1986). These authors find that simul-
taneous ionization of both collision partners in He' + He
occurs a large percentage of the time. From a comparison
of their results with theoretical calculations, it is
concluded that there is a correlation between the helium
projectile electron and the helium target electrons in
the ionization process. Currently, however, there is no
way to determine whether such a correlation exists in the
present data for oxygen colliding with helium.

The fact that 03°qs+1 is generally less than 63lqs; for
any given energy reflects the lower probabilty of remov-
ing both electrons from the helium atom in these close
(i.e., small impact parameter) collisions. This can be
demonstrated quantitatively by examining the ratio

g7 q+1
R =0—-. (23)
O&r g+l
These values (with absolute errors) are listed in Table 4
for each energy and charge state and shown in Figure 13
in which it is seen that R increases with decreasing
energy.

Figure 13 also indicates that R increases with
charge state at a given energy, particularly the lcwer
energies, R is noticeably greater for 0’* than for 0% at

0.75 and 1.0 MeV/u. A reason for this could be that smal-
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Table 4

Ratios of Double to Single Ionization of the Helium
Target Atom Coincident With Projectile Electron Loss

g E (MeV/u) R g E (MeV/u) R
5 0.50 0.40 +/- 0.03 6 2.07 0.18 +/- 0.03
5 0.75 0.32 +/- 0.02 6 2.25 0.20 +/- 0.03
5 1.00 0.30 +/~ 0.02 6 2.50 0.20 +/~ 0.02
5 1.50 0.20 +/- 0.02

7 0.75 0.70 +/~ 0.14
6 0.25 0.56 +/- 0.06 7 1.00 0.69 +/- 0.15
6 0.50 0.45 +/- 0.06 7 1.25 0.39 +/- 0.10
6 0.75 0.42 +/- 0.06 7 1.38 0.39 +/- 0.07
6 1.00 0.40 +/- 0.04 7 1.50 0.34 +/- 0.07
6 1.25 0.30 +/- 0.04 7 1.63 0.24 +/- 0.06
6 1.38 0.28 +/- 0.03 7 1.75 0.24 +/~ 0.06
6 1.50 0.25 +/- 0.03 7 1.88 0.22 +/~- 0.05
6 1.63 0.20 +/- 0.03 7 2.07 0.19 +/- 0.04
6 1.75 0.17 +/- 0.03 7 2.25 0.18 +/- 0.05
6 1.88 0.17 +/- 0.03 7 2.50 0.20 +/- 0.05

ler impact parameters are required to ionize the 0’* pro-
jectile at these lower energies. This could then increase
the probability for ionizing the He target atom and the
relative number of double ionization events.

Knudsen, et al. (1984) have investigated single and
double ionization of a helium target in fast collisions
and have developed a relation which scales R according to

charge and energy as

q2

. (24)
Eln(13.123E°-9)

R=2.2 X 103 + 4.55 x 1073

This relation, which describes the ratio of double- to
single-ionization of a helium target over all impact

parameters, is shown as the straight line in Figure 14.
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The present data, in which the oxygen projectile 1is
simuitaneously ionized along with the target (thereby
limiting consideration of helium target ionization to
small impact parameters only), ' are also shown in Figure
14, It is seen from the figure that the ratio of double-~
to single-target ionization coincident with simultaneous
projectile electron loss is generally much greater, ap-
proximately four to five times as great, than in the work
of Knudsen, et al. (1984) in which the final charge state
of the projectile was not considered.

The increase in R over previous studies might be ex-
plained simply in terms of the 1larger probability for
ionization (thereby leading to an increase in double ion-
ization) of the target atom for the smaller impact para-
meter collisions which are considered when simultaneous
projectile loss also occurs. It may also be that electron
correlation plays a significant role in the removal of
both target electrons. At present, there are no theoret-
ical calculations with which to comparé thése simulta-
neous projectile and target ionization measurements for
the 09 + He collisions, so it is not possible to further
assess the origin of this double target ionization mech-

anism.
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CHAPTER V
CONCLUSION

New measurements have been presented for collisions
involving highly charged oxygen (g=5,6,7,8+) incident on
helium at energies of 0;25 to 2.5 MeV/u, in which the
projectile ion captures or loses an electron while the
target atom loses one or more electrons.

In the case of target ionization accompanied by
electron capture, the current investigation of the cont-
ribution of transfer ionization to total single~electron
capture, in cdnjunction with previously published meas-
urements, suggests a maximum in the TI contribution for E
(keV/u) /q°:® = 100, in quantitative agreement with clas-
sical theory. This maximum may indicate a transition be-
tween different mechanisms being responsible for the TI
process. TI fractions at energies greater than about 100
(keV/u) /q°*% appear to follow a (2Z/v)? scaling as propos-
ed by McGuire, Salzborn, and Muller (1987), while for the
highest energies investigated, the approach to a limiting
TI fraction (derived from photoionization data) suggested
by these authors is not observed. The large fractions
measured in this work indicate that the transfer-ion-
ization process is responsible for a significaht percent-

age of the total single-electron-capture cross sections
39 )
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even at high velocities.

Méasurements &ere also presented for 1loss of an
electron from the projectile 'ion in coincidence with loss
of one or more electrons from the target atom. Ratios of
the cross sections for double ionization of the target to
single ionization of the target are larger (about 4-5
times as large) when the projectile ion is also ionized
than when the final projectile charge is not considered.
Comparisons between the present data and previous results
show that the smaller impact parameters required for ion-
ization of the oxygen projectile appear to significantly
increase the probability for doubly ionizing the helium
target. The contribution of electron correlation, if any,
to these simultaneous projectile and target ionization
events is not presently known. Theoretical studies which
may help explain these processes have yet to be con-

ducted.
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