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Abstract

Cross-section ratios oppi/ops; of direct double ionization (DDI) to direct single ionization (DSI) of C?*— and O%*—He (g =1-4) collisions in
the energy range of 15-480keV/u (0.8 a.u. < v, <4.4a.u.) are experimentally determined. For a fixed projectile charge the ratios depend strongly
on the projectile energy and there is a maximum at about 100g"? keV/u. Comparison is made with other available experimental data. The present
results are in agreement with the previously published data. On the whole, the ratios appear in two groups according to the different projectile ions.
Combining the Bohr-Lindhard model and statistical model, a theoretical estimate is presented. The estimate shows the trend in good agreement

with experimental data.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Multiple ionization of atoms by ions is one of the funda-
mental processes in atomic physics with important applications
[1,2] in plasma physics, fusion, upper atmosphere and many
others technological areas and also in the study of atomic colli-
sion dynamics. Collisions of multicharged ions and atoms have
been studied extensively at projectile velocities either very low
[3.4] (vp < vp) or very high [5,6] (v, > vo) compared to Bohr
velocity. At very low velocities capture process is dominant and
ionization can be neglected, where capture is understood using
classical overbarrier model (COBM). Ionization process is dom-
inant at high velocities where the perturbative theory can help us
to understand the ionization and capture mechanism. In the low-
and intermediate-velocity region (v, ~ vg) both experiment and
theory are not explored as well. The purpose of the present inves-
tigation is to add knowledge about direct ionization in ion—atom
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collisions from the low- to intermediate-velocity region. In the
collisions of ion A9* with He, the direct ionization processes
and their associated cross-sections are:

Direct single ionization (DSI), opsy

A%t 4+ He — AY" +HeT +e” (1)
Direct double ionization (DDI), oppr
AYT 4+ He — A9t +He?t +2e” )

In the previous papers [7] we discussed our experimental data
in collisions of C?* (¢=1-3)-He based on the Bohr-Lindhard
model. In the present work, we extend our previous work
to study C%*, O%" (q=1-4)-He systems. In this paper the
ratios oppr/opst of DDI to DSI cross-sections are reported in
the 15-480keV/u energy range (0.8a.u. <v, <4.4a.u.). The
present measurements and the results from other groups [8—14]
for various ions colliding with He targets are also studied in the
energy range investigated here. Theoretical estimates based on
Bohr-Lindhard model [15] and classical statistical model [6]
are also presented. Atomic units will be used throughout unless
stated otherwise.
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Fig. 1. Two-dimensional coincidence spectrum for 3.05 MeV C3* incident on He.

2. Experiment

The experiments were performed using the 2x 1.7MV
Tandem accelerator at Lanzhou University. Ions provided by
a sputtering ion source were accelerated in the accelerating
tube and were selected by a 30° magnet. The selected A?*
beams were collimated by two sets of adjustable slits and well
defined in size smaller than 0.25 mm x 0.25 mm. The ener-
getic ions with charge state g collided with the gas target
atoms, which were introduced into the collision region through
a pen valve, in the target chamber. The pressure was adjusted
to ensure single ion—atom collision conditions in the experi-
ments. In this work, the background pressure was less than
8 x 107 Pa, and the working pressure in the target cell con-
tained ~2 x 1073 Pa. The scattered projectiles, which might
or might not have changed their charge states during colli-
sions, then entered a parallel plate electrostatic charge analyzer.
Various charge states of the scattered projectiles were sepa-
rated and detected by a position-sensitive micro-channel plate
detector (PSMCP). Target recoil ions produced from collisions
with projectile ions were extracted by a static electric field
(500 Vem™1). Coincidences between helium recoil ions and
outgoing projectiles were recorded by a time-to-amplitude con-
verter (TAC). The recoil charge states were identified from
the difference in time-of-flight (TOF) of recoil ions. We can
identify each individual process in ion—atom collisions from
the related coincidence spectrum between the recoil ion time
of flight and projectile position. A two-dimensional coinci-
dence spectrum for 3.05MeV C** colliding on He is shown
in Fig. 1. ‘Position’ is the position coordinate of the scattered
projectile which determines the charge state of the scattered
projectile, and ‘time of flight’ is the time coordinate of the
recoil ion which determines the charge state of the recoil ion.
In direct ionization the projectile does not change its charge
state during the collision, and the helium atom may lose one
electron via the so-called DSI or lose two electrons via the
DDL

For a case of C?* on He, the ratios oppi/opsg could be deter-
mined by
1 N02
opplr €
—— =T (3)

oDSI g2 Ngql

where N(% and N% are the number of detected He* and He2*

events undergoing no charge exchange, respectively, and ! and
&2 are the detection efficiencies of He* and He?*, respectively.
The main sources of uncertainties in the coincidence mea-
surements come from determination of detection efficiencies
(~10%), statistical errors and random coincidence (typically

<15%).
3. Results, discussion and conclusions

In Figs. 2-5 we present our ratios oppi/opsy for C4*— and
O%*—He (g=1-4) together with other available experimental
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Fig. 2. Ratios of DDI to DSI of He by A* as a function of the projectile energy.
Symbols are as follows: (l) C*, this work; (@) O™, this work; () C* [7]; (V)
O* [7]; (#) N* [7]; (O) He* [8]; (O) He* [9]; (A) Li* [10]. The solid line is the
present theoretical estimate.
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Fig. 3. Ratios of DDI to DSI of He by A%* as a function of the projectile energy.
Symbols are as follows: (l) C>*, this work; (@) O%*, this work; () C>* [7];
(V) O** [7]; (#) N** [7]; (O) He** [11]; (O) He™ [12]; (&) Li** [10]; (V) Li**
[10]. The solid line is the present theoretical estimate.
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Fig. 4. Ratios of DDI to DSI of He by A* as a function of the projectile energy.
Symbols are as follows: (l) C3*, this work; (@) O>*, this work; (A) N3* [7];
(@) Li3* [12]; (@) Li3* [10]. The solid line is the present theoretical estimate.
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Fig. 5. Ratios of DDI to DSI of He by A** as a function of the projectile energy.

Symbols are as follows: (l) C*, this work; (@) O*, this work; () C** [13];
(¥) B* [13]. The solid line is the present theoretical estimate.

data [8—14] for various ions colliding with He targets at low
and intermediate energies. The present ratios for C4* and O7*
(g=1-4) generally agree with the previous published data [8]
for C, N and O ions. It is seen that the ratio is strongly depen-
dent on the projectile energy. As the projectile energy increases,
the ratio increases at lower energies, reaches its maximum at
about 1006]1/2 keV/u, and then decreases. For all incident ions
the ratios are smaller than 15%, which implies that DDI occurs
at smaller average impact parameters than does DSI. Forest et
al. [9] have found that the ratios oppi/opsi for Het and He?*
on He are nearly the same at the same collision energy. Sim-
ilar results have also been obtained by Woitke et al. [11] for
Li?* (g =1-3)-He. Our results fulfil such charge independence
to a certain extent. It is not clear about this behavior of ratios,
but these results imply that the electrons on the projectile with
same atomic number have little influence on the ratio. In other
words, the projectile electrons may influence single and double
ionization by the almost same effect.

It is also seen clearly that the curves in Figs. 2—4 are divided
into two groups on the whole: group I (C, N and O ions)
and group II (He and Li ions), which can be attributed to the
difference of the effective charges of the projectile ions. At dis-
tant collisions, the impact parameter is large and the projectile
nucleus is almost fully screened by the electrons, in this case
the effective charge gefr is approximately equal to the charge
state g, i.e., geff & g. At close collisions, the impact parameter is
small and the target electrons will be disturbed by an effective
charge gefr which is larger than g owing to the orbital interpene-
trating. The results caused by this orbital interpenetrating effect
are under the influence of the projectile atomic number. For C,
N and O ions, the projectile charge increases more remarkably
if the impact parameter decreases, because their atomic number
is relatively larger. Therefore, the ratios by C4*, N9* and O%*
are larger than those by He?* and Li?*. Another reason for the
ratios of C4*, N4* and O%* in one group is relevant with the pro-
jectile electrons. For a given charge state, it is more possible for
the electron of the heavier projectile to be stripped in collisions.
The discussion above may help to understand why the ratios
by C9*, N9* and O7* appear in group I. The group II involving
He?* and Li?* ions has the same general features as first group.
However, the group I clearly differs in the atomic and electron
number from group II.

Bohr and Lindhard [15] provided a classical description of
one-electron capture. The electron can be released from the
target when the projectile is close enough that its attractive
Coulomb force is equal to the binding force of the electron in
the atom, i.e.,

“

where ve and a are the velocity of the electron and the radius of
its orbital, respectively. The release distance R; is given by

12
R — (ga)

T

&)

Ve
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On the other hand, capture takes place when the electron’s
potential energy in the projectile frame is larger than its kinetic
energy. The capture distance R, is determined by
Re= 2 ©

P

when R; > R., the released electron from the target can be cap-
tured or ionized. Release is a gradual process, which takes place
with a probability per unit time of the order of v./a. According
to the Bohr—Lindhard model, one-electron release probability
fr and capture probability f. are f; = (ve/a)(R:/vp)and fo =
(ve/a)(Rc/vp), respectively. Here, the unitarized probabilities
pr and p, are used, which are given as [16,17]:

pr=1—exp(—fp) @)
fe

c— — Pr 8

Pe= g ? ®

Pi = Pr — Dc 9

where py, p. and p; are the unitarized release, capture and ion-
ization probabilities, respectively. Eq. (9) means the electron
released from target will be ionized if it is not captured. In the
independent-electron approximation (IEA) and the collisions of
ions with He atoms, the probabilities P of DSI and DDI are
determined by

Ppst = 2pi(1 — pi — pc) (10)
Ppp1 = pipi (1D

where Ppgy and Ppp; are the probabilities of DSI and DDI,
respectively. For a given process, the cross-sections o are
calculated as geometrical cross-sections multiplied by the cor-
responding probability P, i.e.,

o =7nR*P (12)

We have to integrate over the electron distribution of the target
atom. A statistical distribution [6] dn as a function of velocity
Ve is given by

dn = Z'"3dve,  av, < ve < Bz (13)

and dn =0 otherwise. Here, Z is the atomic number, v, is given
by v, = (I/Io)l/ 2 [is the atomic ionization potential, and Iy is the
Rydberg energy. To take account for the existence of electrons
moving with velocities smaller than v,, the adjustable parameter
o between 0 and 1 is introduced. For normalization, the param-
eter B is given by 8 = Z~1/3 4+ av,/Z. Orbital velocity v, and
radius a are connected via a = Z'/3 /v..

The present theoretical estimates using o=0.4 based on
Bohr-Lindhard model and statistical model are also plotted in
Figs. 2-5. For the removal of two electrons from target in turn,
ionization energies are 0.903 and 2, respectively. In present cal-
culations binding energy is assumed same and average ionization
I =1 =1.45 is used. If we use I} =0.903 and I, =2, the ratios
will always increase with projectile energy.

Since it is difficult to estimate the effective charge of the
projectile, the influences due to the differences of the effective

charge state are neglected in our calculations. Our estimates
are expected to show the general trend of the ratios follow-
ing the projectile energies. Because ionization cannot take place
according to the Bohr-Lindhard model when R; <R., it is seen
that the estimate values are lack below approximately tens of
keV/u, above which the estimates are in good agreement with
experimental data. In the intermediate-energy regime, double
ionization is usually understood in terms of a two-step (TS)
process, in which both target electrons are removed in separate
direct interactions with the projectile. If TS mechanism is dom-
inant in the double ionization process, the energy dependence
of oppi/opsi is expected to be similar to that of opsy [13]. The
energy dependences of opsy of He by H*, He*, He?* and Li**
have been investigated by Shah and Gilbody [13]. Comparing
oppr/opsi With opsy, similarity is evident, especially in the peak
position of oppr/opst which is approximately the same as that of
opsi for a given projectile charge state. In ion—atom collisions,
the projectile velocity v, and charge g are two important fac-
tors, which determine the interaction time and intensity between
projectile and target electrons, respectively. At higher energies
where there is not sufficient time for the projectile to interact
with each electron of the target, double electron processes are
expected to decrease more rapidly than single electron processes.
The peak position may be evaluated by

ve [ Ry 2q
Ye [Zr 240 14
a (vp vS)} a4

The extremum condition

dfi  d

dvp o dvp

Ry — 69 =0 (15)
One obtains the corresponding energy
E =1 =3¢'27-1/040 (16)

which indicates that peak position is around several hundred
keV/u and increases in proportion to ¢'/>. Both our and previous
experimental data are found to be consistent with this scaling
and show the maxima at E=100g"? keV/u.

In summary, we measured cross-section ratios oppi/opsy of
double direct ionization (DDI) to direct single ionization (DSI)
of C%*— and O%*—He (g =1-4) collisions in the 15-480keV/u
energy range (0.8 a.u. <vp <4.4a.u.). It shows that the ratios
depend strongly on the projectile energy, and there is a maxi-
mum at about 1004'/> keV/u. For a given projectile charge state,
similar trends are observed between the energy dependence of
oppr/opsr and that of opgsy, and especially the peak position of
opp1/opsi is approximately the same as that of apsy. Two groups
of ratios are found for the different projectiles. Combining the
Bohr-Lindhard model and statistical model, a theoretical esti-
mate is presented, which shows the trend in good agreement with
the present data and similar measurements by other investigators.
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