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ABSTRACT

Transfer ionization (TI), in which electron capture is accompanied by
loss of the other electron from the target, been measured for 0.5-1.5
MeV/u 09% jons (q=5-8+) colliding with helium. These =2w measurements,
in conjunction with previous measurements at lower energies, are used to
formulate a scaling rule to describe the projectile energy and charge
state dependences of TI for collisions involving helium targets.
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Introduction

In the collision between an ion and an atom, transfer ionization (TI)
is a term which has heen used to describe any process in which electron
capture to a projectile bound state is accompanied by the loss of addi-
tional electrans from the target, i.e.,
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where i>k. Mechanisms which can contribute to TI include (1) autoioniza-
tion of the quasimolecule formed during the col]isionl, (2) double cap-
ture followed by autoionization?, (3) double capture with associated
electron loss to the continuuma, and (4) single electron capture plus
direct impact ionization of the target. The first two mechanisms are ex-
pected to dominate at low energies (< 100 eV/u), the third has been pro-
posed at intermediate energies (~100 keV/u), and the fourth is expected
to prevail at high energies (> 1 MeV/u). The present study is limited to
the case of helium targets for which k=1 and i=2. in Eg. (1).

Recent studiesz’q have investigated the probabilily for Tl compared
to the probability for "pure" charge transfer in which no additional
electrons are lost from the target, i.e., i=k in Eq. (1). In the measure-
ments reported to date, which have been done primarily for velocities
< 100 keV/u, TI has been found to account for as much as 50% of all
events leading to a reduction in the initial projectile charge state by
one unit (i.e. electron capture). Recently, Olson® reported calculations
which indicate, for 1 MeV/u projectiles in charge states g»5+ incident on
helium, that TI may be responsible for up to 80% of all electron capture
events.

To test this prediction of Olson, we have investigated the energy and
charge-state dependences of transfer ionizatiorn over the energy range 0.5
- 1.5 MeV/u for 09% + He collisions with g=5-8+. In addition, a scal-
ing rule describing the ratio of pure charge transfer to transfer ioniza-
tion as a function of energy and charge state is formulated far helium
targets, incorporating these new results and the previously reported
measurements at lower energies.



Experimental Procedure

The present measurements were conducted at Western Michigan Universi-
ty using the EN tandem Van de Graaff accelerator. The target consisted
of a differentially pumped gas cell 4.0 cm in length. Recoil ions from
the interaction region were accelerated and extracted over a 0.8 cm
length, and then detected with a microchannel plate. Charge-changed ions
were magnetically analyzed and detected with solid-state detectors. Co-
incidences between oxygen ions capturing an electron and single- or doub-
ly-charged helium recoil ions were measured with a time-to-amplitude con-
verter using time-of-flight technigues.

Coincidence yields were measured as a function of target gas pressure
to check for Tinearity to ensure that single collision conditions pre-
vailed. Gas pressures of less than 0.3 x 10~? Torr were typically needed
to achieve linearity. Relative cross section vaiuas were obtained from
the slope of the measured coincidence fractions plotted as a function of
gas pressure over the linear region of this dependence.

Results and Discussion

In Figure 1 we show the ratio °8}q-1/°2fq-1
charge transfer to transfer ionization. [Here we have adopted the nota-
tion used by previous authors®'* in which the subscript refers to the
initial and final charge states of the projectile while the superscript
refers to the initial and final charge states of the target]. Both
°8}q-1 and cg?q-l decrease with increasing energy (not shown), so the
energy dependence of the cross section ratio indicates that cg? 1 falls
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These results indicate that low velocities and high charge states are

most likely to result in TI in this particular energy and charge state
range. The highest fraction of TI events we observe in the present work,
compared to all events leading to single capture in the final state, is
57% for 0.5 MeV/u G’*. This fraction is considerably lower than the 80%
fraction predicted by Olson® for 1 MeV/u ions with g»5+ incident on



helium targets.

In order to compare our data to those of others and to assess the
importance of the two-electron transfer ionization process relative to
"pure" single capture, we define the ratio
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From the work of Knudsen et al.® and Schlachter et al.” it is known
that the numerator of Ea. (2) can be parametrized in terms of the inital
charge and energy of the projectile. In these earlier workss'7 no dif-
ferentiation was made between the two possible electron capture channels,
whereas the goal of the present work is to provide information on the
branching between the two channels in order to determine the relative
impartance of the two-electron transfer ionization process as a function
of energy and charge state.

To scale our results and those of other investigators, the abscissa
was chosen to be V E(keV/u)/q, i.e., velocity divided by charge. To en-
compass the scaling dependences expected over the range of energies for
which data are available, the ordinate was taken to be gq3(R+1)/E(keV/u).
Fig. 2 shows the results of such a scaling for the present measurements
with 09 jons, as well as the scaling for previously reported measure-
ments.2'8-10 (The data for H* + He from Ref. 9 are not included in the
plot since the available collision mechanisms for protons preclude
double-electron transfer with subsequent Auger or transfer-to-the-con-
tinuum events).

A1l of the measured data closely follow a universal line with a
slope of approximately -2.6 which yields the relationship

el = 20 (3)
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where E is in units of keV/u. This scaling implies that the cross section
for the two-electron transfer ionization process will surpass the "pure"
single-electron capture cross section at higher energies and charge
states. A . _oresentative value for ions with g=10+ is that the cross sec-



tions will be equal for E ~1.1 MeV/u.

Although the overall features of most of the data in Fig. 2 are re-
produced by a single universal curve, a close examination reveals dis-
crepancies. The scaling given by Eq. (3) indicates that R should decrease
with increasing projectile energy and charge state. In the case of the
present data for 0d* + He, the measured charge-state dependence agrees
with Eq. (3) while the enerqy dependence does not (see Fig. l). The
measurements of Shah and Gﬂbody9 show a similar deviation at the highest
energies investigated.

To account for these deviations, we note that at high energy TI 1is
<xpected to be mainly due to single-electron capture plus direct impact
jonization of the target occurring independently of each other in a '
single encounter. Hence, the observed breakdown in the scaling given by
Eg. (3) is most likely caused by the decreasing target ionization cross
section (probability) with increasing projectile energies in_the high
energy region (> 1.0 MeV/u}.

The results of the present work, therefore, imply that the energy and
charge-state dependences of transfer ionization compared to “pure"
single-charge transfer can be scaled to a single universal curve aver a
iarge range of energies and charqge states. Significant in these results
is that, for a multielectron target such as He at high projectile ener-
gies and charge states, single-electron capture is accompanied by a high
degree of additional target ionization. Such additional ionization mecha-
nisms are not included in first order theorie56'7 of single electron cap-
ture, and may explain the difference between the predicted and observed
scaling of total single electron capture cross sections.

This work was supported in part by the U.S. Department of Energy
under Contract Nos. DE-AC02-83ER13116 and DE-FGO2-84ER53175.
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Figure 1:

Figure 2:

FIGURE CAPTIONS

Measured ratio of cross sections for "pure" single capture,
“31q-1’ and transfer ionization, “32q-1- The symbols re-
present charge states as follows: @ - 5+; & - 6+; B 7+;

and W - 8+. Relative uncertainties are estimated to be t+ 15%.

Scaled cross section ratio R = “glq-l/cgzq-l' The solid
1ine has a slope of -2.6. Previously published data are as
follows: Cocke et al., Ref. 2; Damsgaard et al., Ref. 8; Shah

and Gilbody, Ref. 9; and Stolterfoht et al., Ref. 10.
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