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Abstract

We measured the double-to-single ionization ratios R of Helium bombarded by C¢* and 07" ions (¢ = 1 ~ 3). The velocity of the
projectile varies from vgop, t0 4 Ugopnr, the energy varies from 25 keV/amu to 500 keV/amu. The value of R increases rapidly with the
collision velocity and reaches the maximum when the velocity is about 2 or 3 vp,y,, then it decreases slowly for the higher velocity. A
simple model is presented to estimate the value R varying with the collision velocity. The results calculated by the model are in agreement

with the experimental data basically.
© 2006 Published by Elsevier B.V.
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1. Introduction

Ionization is one of the basic processes mediated by
Coulomb forces during ion—atom collisions, and this process
has been studied both theoretically and experimentally from
the beginning of atomic and quantum physics. In high
energy range (vjon > 10 vponr), the removal of a single-elec-
tron by the projectile is well described in the framework of
the first Born approximation [1]. In the framework of first
Born approximation, McGuire proposed that double ioniza-
tion by ions at intermediate to high velocities (vjo, = 10
UBohr) €an be understood in terms of two mechanisms [2,3]:
(1) a two-step process (TS), vion ~ 10 vgonr, in Which both
target electrons are removed in separate direct interactions
with the projectile, the value of R increases with the projectile
charge ¢ and decreases with collision velocity v as ¢*/(v*Inv);
(2) a shake-off process (SO), vion > 10 vponr, in Which the
first electron is removed in a direct interaction with the
projectile while the second electron is ejected when the
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resulting ion “relaxes” to a continuum state and the ratio
R is expected to be a constant.

In the low energy range (vion < Uponr), Single removal is
understood well in the framework of Bohr’s Classical-
Over-Barrier-Model (COBM). COBM [4] indicates: that
electron capture is the dominant process, direct ionization
is neglected in this model. The cross section of capture is
independent of the collision velocity v, as a result, the dou-
ble-to-single ionization ratio R is also expected to be a
constant.

In the low-to-intermediate velocity range (vjon = UBohr)>
many experiments had been made focusing on the ratios R
[5-10]. No matter whether the projectile is bare ions or
partially bare, the trends of R varying with the collision
velocity have a similar character. That is, the value of R
increases rapidly with the collision velocity and reaches
the maximum when the velocity is about 2 or 3 vg,y, then
it decreases slowly for the higher velocity [1].

In the present work, CY* and 07" ions (¢ = 1 ~ 3) with
the velocity varying from vgen, t0 4 vpon, collide with He,
the double-to-single ionization ratios R of Helium are
measured using the time-to-flight and coincidence tech-
nique, the details of the experimental method are discussed
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elsewhere [11]. When the velocity is about 2 or 3 vggp,, the
value of R reaches the maximum, not only in the direct ion-
ization process but also in the charge exchange process.

The experimental data and the details of the model will
be discussed in Sections 2 and 3.

2. A simple theoretical estimate

The model we used to estimate the double-to-single ion-
ization ratios R, is based on Bohr-Lindhard’s COBM [4].
They introduce two important ion—-atom interaction dis-
tances in COBM.

First, they introduced the release distance R,, where the
electron can be released from the target nucleus. The
release distance R, satisfies:

q VA

where « is the orbital radius of the electron, ¢ is the charge
state of the projectile and Z is the atomic number of the
target.

Eq. (1) indicates that the electron can be released when
the forces on the electron extracted by the projectile and
the target atom are in balance.

Second, the capture distance Rc is introduced. Rc is the
ion—atom distance where the electron can be captured by
the projectile. Rc satisfies the following equation:

(1)

q 1,
RC - 2 VP’ (2)
where Vp is the velocity of the ion.

Egs. (1) and (2) means: it is only that the process of
release occurred within the distance of capture the electron
can be captured, otherwise, the release is temporary.

In the low energy range, Rc = R,, the released electrons
are all captured, the capture cross section is given by

oc = an. (3)

For higher energy, Rc < R,. Only the electrons released
within the distance of Rc can be captured, as a result, the
capture cross section

oc = nRé - f. 4)

fis the probability of release process occurring within the
distance of Rc.

Where f = (% . %), means the ratio of the duration of
collision to the orbital period of the bound electron. v, is
the orbital velocity of this electron.

In Bohr’s theory of COBM [4], the electrons which are
released but not captured will go back to the target atom
after collision.

The energy level of the released electron had already
been estimated by Bohr et al. [4] and Niehaus [12], it is
I, + 1%, the ionization energy of the target electron added
by the stark-energy by the ion.

We consider that the released but not captured electrons
will be accelerated by the approaching ion. At some dis-

tance Ry, the electrons will get enough kinetic energy from
the ion to escape from the target atom, meanwhile, these
electrons will not be captured, they will be ionized.

The ionization distance Rj satisfies:

%>h+%. (5)
It means when the stark-energy transferred to the kinetic
energy of the electron is larger than the ionization energy
of the quasi-molecular states, the electron will escape from
the target atom. If the released electron has enough energy
to escape from the target atom and can not form the stable
bound states of the ion, ionization occurs.

According to Bohr’s theory, electrons have not been
released during the collision are in the perturbative bound
states of the target atom all the time, the kinetic energy of
these electrons are almost the initial value, are not large
enough to escape, thus, the ionization of these electrons
is neglected in our model.

That is, in our model, the electrons released within the dis-
tance Rc will be captured, those released between R, and Rc
will not be ionized until the ion entered the distance Ry.

Before we calculate the cross sections about two-elec-
tron system, it is necessary to get the ionization or capture
cross section of the single-electron system. Then, those
cross sections about the two electrons will be calculated
by the independent electron model (IED) easily.

Several approximations are made:

(1) These projectiles move along the linear trajectories
with the collision parameter b and the velocity Vp.

(2) The orbital period of the electron is 7 = %, neglect-
ing the influence of the ions.

For the given collision parameter b and velocity Vp, the

probability  that electron will be released s
_ 2y/R-P?

Pi(b) ==
(duration of the release process) to the period of the bound
electron, for b < R,.
> ~X T 22
The capture probability is Pc(b) = 2v Ri b -1, the ratio

-iT, the ratio of the duration of collision

v
of the duration of the capture process to the period of

the bound electron, for b < Rc.

Then the ionization probability is Py(b) = P.(b) — Pc()),
for b < R;. When we construct the cross sections of two-
electron system with these single-electron probabilities,
the only thing is to distinguish these two electrons with sub-
script 1 and 2, e.g. Ry, Rcy, Ry, the distances for the first
electron; R, Rco, Ry, the distances for the second
electron.

They satisfy the following equations:

qi _é
(Rri_a)2 a2’
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