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a b s t r a c t

The ratios Rk1 of k-fold to single ionization of the target atom with simultaneous one-electron capture
by the projectile have been measured for 15–480 keV/u (vp = 0.8–4.4 a.u.) collisions of Cq+, Oq+ (q = 1–4)
with Ar, using time-of-flight techniques which allowed the simultaneous identification of the final charge
state of both the low-velocity recoil ion and the high-velocity projectile for each collision event. The
present ratios are similar to those for He+ and He2+ ion impact. The energy dependence of Rk1 shows
a maximum at a certain energy, Emax, which approximately conforms to the q1/2-dependence scaling.
For a fixed projectile state, the ratios Rk1 also vary strongly with outgoing reaction channels. The general
4.50.Fa

eywords:
on–atom collision
oincidence measurement
ransfer

behavior of the measured data can be qualitatively analyzed by a simple impact-parameter, independent-
electron model.

© 2009 Elsevier B.V. All rights reserved.
onization
ndependent-electron approximation

. Introduction

Ion–atom collisions with active electrons on the target have
een of interest experimentally and theoretically, as they are of
ractical relevance in plasmas, planetary aurora and accelerator
echnology. The simplest system to study the multiple electron
rocesses is the collisions of ions with a helium target, which has
een extensively investigated up to now. However, the studies in

ow-to-intermediate collisions of ions with more than two active
lectrons on the target are relatively scarce. On the other hand, sys-
ematic studies of the energy dependence of cross sections for Ar
argets are few and mainly limited to proton and helium ion impact
1–5]. For heavier projectiles in the intermediate-energy region,
n which the multiple-ionization cross section will be up to its

aximum at a certain energy, the available experimental data are

uch more lacking. When more electrons participate, the dynam-

cs of multiple electron ionization and transfer is difficult from the
heoretical point of view. The quantum-mechanical or even semi-
lassical treatment of collision systems with more than two active
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electrons is generally a difficult task since a large number of reac-
tion channels are involved. To calculate the capture probability for
fast collisions, Brandt [6] firstly introduced an impact-parameter
dependence into the Bohr–Lindhard model [7] to take into account
the different times spent by the projectile having different impact
parameters. Afterwards, the model is further developed by Ben-
Itzhak et al. [8]. At low and intermediate impact energies, the
emission of the target electrons with the simultaneous electron
capture by projectile is an important channel. Therefore, both ion-
ization and capture probabilities have to be taken into account in
calculations.

We previously reported the relative cross sections of multiple
ionization accompanied by one-electron capture in 80–400 keV/u
(vp = 1.8–4 a.u.) Cq+, Oq+ (q = 2, 3)–Ne collisions [9]. In the present
work, we extend our previous method to study the production of
recoil Ark+ ions through one-electron capture by projectiles in Cq+,
Oq+ (q = 1–4)–Ar collisions, in the energy range from 15 to 480 keV/u
or vp = 0.8–4.4 a.u. The collisions associated with the cross sections
studied can be described by

q+ (q−1)+ k+ − 0,k
A + Ar → A + Ar + (k − 1)e , �q,q−1 (1)

where Aq+ and q are the projectile and its charge state, respec-
tively, and k is the charge state of the recoil ion. The ratios Rk1 =
�0,k
q,q−1/�0,1

q,q−1 have been determined. Comparison with the similar

http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:dingbw@lzu.edu.cn
mailto:dingbw2002@yahoo.com.cn
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xperimental results for He+ and He2+–Ar collisions by DuBois [3,4]
s given. Within the independent-electron approximation (IEA), we
ave also carried out the calculations in terms of the work by Brandt
6] and Ben-Itzhak et al. [8]. The satisfactory agreement between
alculations and experimental data is obtained. However, the cal-
ulations could not give a precise description due to the fact that
t oversimplifies the processes of the electron emission and trans-
er. Throughout this paper, atomic units are used unless otherwise
tated.

. Experiment

The experiment was performed on the 2 × 1.7 MV tandem accel-
rator at the Lanzhou University, China. A more detailed description
f this experimental setup has been published elsewhere [9–11].
egative carbon or oxygen ions extracted from a sputter ion source
ere accelerated, stripped in a gas stripper, and then accelerated

gain to the final energy. Ions with the desired energy and charge
tate were selected by a 30◦ analyzing magnet. Before entering the
ollision chamber, the beams were collimated to 0.5 mm × 0.5 mm
y two groups of two-dimensional collimators, and then collided
ith an argon beam ejected from a gas jet in the collision cham-

er. The working pressure in the target cell was about 0.02 mTorr,
hereas the background pressure in the beam line was main-

ained about 1 × 10−8 Torr in order to reduce the probability of
harge transfer due to interactions between the projectiles and
he residual gas atoms. After leaving the gas cell the scattered ions
assed through the electrostatic deflection which acted as a charge-
tate separator and were finally detected with a position-sensitive
icrochannel plate (PS-MCP) detector. On the other hand, Ark+

ecoil ions with low energies, typically below 1 eV, were extracted
nd accelerated perpendicular to the direction of the beam in an
lectrostatic field (about 50 V mm−1). After have drifting in a field-
ree region, the recoil ions were detected by a microchannel plate
ecoil (R-MCP) detector (−2.2 kV) located at about 90 mm from
he center of the target cell. The recoil-ion charge state was deter-

ined by a time-of-flight (TOF) measurement, since the recoil-ion
ime-of-flight from the center of the gas to the detector is propor-
ional to the square root

√
k of its charge. The recoil-ion signal

as used to start a time-to-amplitude converter (TAC), while a
ast timing signal from PS-MCP was used to stop it. Fig. 1(a)
hows a TOF spectrum obtained for 1.72 MeV C3+ colliding with
he argon atom. It is seen that peaks of recoil Ark+ ions (k = 1–5)
re clearly identified. By means of position-sensitive detection
nd TOF coincident technique, the reaction channels were distin-
uished. The two-dimensional coincidence for 1.72 MeV C3+ + Ar
ollisions is shown in Fig. 1(b) in which the column labeled with
2+ denotes the results when projectiles C3+ capture one electron
rom the argon target. The relative cross sections Rk1 was obtained
y

k1 = ε1

εk
·
N0,k
q,q−1

N0,1
q,q−1

(2)

here N0,1
q,q−1 and N0,k

q,q−1 are the number of detected Ar+ and
k+
r events associated with one-electron capture by the projectile,

espectively, and ε1 and εk are the detection efficiencies of Ar+ and
rk+, respectively. The main sources of uncertainties come from the
fficiency of R-MCP detector (10%), multicollision (<3%), the uncer-
ainty of determining the counting region in the two-dimensional
pectrum (10%) and statistical errors which are within 10% for lower
harge-state recoil ions. Full details of the error analysis have been
iven in our previous paper [9–11].
Fig. 1. (a) Time-of-flight (TOF) spectrum and (b) two-dimensional coincidence spec-
trum for C3+–Ar collisions at 1.72 MeV.

3. Theory

A first classical description, which was employed to evaluate
capture cross sections in ion–atom collisions, was proposed by Bohr
and Lindhard [7]. Accordingly, one 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 this electron in the
atom, i.e., q/R2

r = v2
e/a, in which q is the projectile charge state, and

ve and a are the electron velocity and its orbital radius, respectively.
The release distance Rr is then given by Rr = (qa)1/2/ve. On the other
hand, capture by the projectile can take place when the electron’s
potential energy in the projectile frame is larger than its kinetic
energy. Hence, the capture distance Rc is determined by Rc = 2q/v2

p,
where vp is the projectile velocity. For Rr < Rc the electron capture
cross section is given by �c = �R2

r , which means that the capture
cross section is independent of the impact energy for lower energy
collisions. For higher velocities, Rc is smaller than Rr, the released
electron from the target can be captured or ionized. Release is a
gradual process, which takes place with a probability per unit time
of the order of ve/a. The probability of electron release within a
distance Rc is on the order of (Rc/vp)(ve/a). In this case, the elec-
tron capture cross section is given as �c = 8�q3(ve/a) · v−7

p ; thus,
for higher velocities, the electron capture cross section decreases
rapidly with the increasing velocity as v−7

p instead of the constant
capture probability. Ionization occurs when the energy transferred
exceeds the ionization potential. Therefore, the ionization cross
section �i is obtained by the integration of the Rutherford cross
section from the ionization potential I to the maximum trans-
ferable energy 2v2

p, �i = 4�q2 · v−2
p · [(2I)−1 − (2vp)−2]. Following

the Bohr–Lindhard model, Brandt [6] and Ben-Itzhak et al. [8]
calculated the capture cross sections in fast collisions using the

impact-parameter dependence by taking into account the different
times spent by projectiles with different impact parameters. Differ-
ing from their studies, we attempt to make calculations involving
capture as well as ionization cross sections for Ar atom by low-to-
intermediate ions.
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Pui(b, q, vp) = Pur(b, q, vp) − Puc(b, q, vp) (14)
B. Ding et al. / International Journal

Let a target atom in the ground state rests at the origin and a
rojectile, which is considered as a structureless ion with charge
tate q, impact parameter b and velocity vp, moves along a classi-
al straightforward trajectory S = b + vpt. In terms of Bohr–Lindhard
odel, the release and capture conditions become, respectively

q

|S − r|2 = v2
e

|r| (3)

nd

q

|S − r|
= 1

2
v2

p (4)

here r is the location of the electron with respect to the target
ucleus.

If � is the impact parameter of the projectile with respect to
he target electron, the release of a target electron becomes pos-
ible when � < Rr. In this case, one-electron release probability
r(�, q, vp, r) is expressed by

r(�, q, vp, r) = 2
√
R2

r − �2

vp
· 1
�

(5)

ith 1/� being the release rate. One released electron may be cap-
ured if it is in the capture sphere. The capture probability is given
s

c(�, q, vp, r) = 2
√
R2 − �2

vp
· 1
�

(6)

here R satisfies that R = Rr when Rc > Rr and otherwise R = Rc. The
onization probability fi(�, q, vp, r) is given by

i(�, q, vp, r) = fr(�, q, vp, r) − fc(�, q, vp, r) (7)

he probability that the electron is in d3r at r is | (r)|2 d3r. Thus
he release, capture and ionization probabilities are expressed as

r,i,c(b, q, vp) =
∫
fr,i,c(�, q, vp, r)| (r)|2 d3r (8)

. Results, discussion and conclusions

In Figs. 2–5, the experimental ratios Rk1 are shown as a function
f E/q1/2 (E is the projectile energy in keV/u). The present results are
onsistent with those for He+, He2+–Ar collisions by DuBois [3,4].
he general shapes of the experimental curves are independent of
utgoing channels. And when q is not changed, Rk1 strongly depends
n the projectile energy. In our previous studies [9] for Ne targets,
he maximum of Rk1 distribution has been found to be located at
max ≈ 160q1/2 keV/u. Similarly, the present data for Ar targets also
how that Emax is approximately in proportion to q1/2, but, due
o lower binding of outer electrons, Emax is around 130q1/2 keV/u
maller than that of Ne targets. Because of the limited energy range,
he Emax value for q = 4 is not very evident. Rk1 is also dependent on
rojectile charge state, q. The maximum value of Rk1 increases with
he increasing projectile charge state, which indicates that the mul-
iple ionization becomes more important channel associated with
ne-electron transfer relative to purely single-electron capture by
he projectile due to the stronger potential for higher q. For instance,
he maximum value for q = 2 is around unity and for q = 3 or 4, they
oth are larger than unity.

Since the average binding energy of Ar M-shell electrons is more

han one order of magnitude lower than that of Ar L-shell electrons,

-shell ionization of the target would play a main part compared
ith L-shell ionization. Therefore, for simplicity, we assume that

nly the M-shell electrons are active. Suppose the M-shell electron
ensity of the target atom is an exponentially decaying function of
Fig. 2. Ratios Rk1 of k-fold to single ionization accompanied by single capture of Ar
by projectiles with charge state q = 1 against the projectile energy E (keV/u). Experi-
ment: full circles, C+; open circles, O+; open squares, He+, Ref. [3]. Calculation: solid
line.

the distance:

| (r)|2 = Are−2
√

2I·r (9)

where I is the binding energy of M-shell, and the parameter A is
determined by the normalization condition of the density∫ ∞

0

| (r)|2 · 4�r2 dr = 1 (10)

The capture and ionization probabilities can be obtained by the
integral in Eq. (8), which can be done in cylinder coordinate

Pr,i,c(b, q, vp) =
∫ Rr

0

� d�

∫ 2�

0

dϕ

∫ +∞

−∞
fr,i,c[�, q, vp, r(b,�,ϕ, z)]

·Ae−2
√

2I·r(b,�,ϕ,z) dz (11)

Since the probabilities Pr,i,c(b, vp, r) may be larger than unity, the
unitarized probabilities [12] can be written as

Pur(b, q, vp) = 1 − exp[−Pr(b, q, vp)] (12)

Puc(b, q, vp) = Pc(b, q, vp)
Pr(b, q, vp)

· Pur(b, q, vp) (13)
where the subscript ‘u’ denotes the corresponding unitarized prob-
ability.

Within the IEA, the probability of k-fold ionization accompanied
by one-electron capture to a projectile can be calculated by the
following equation [13]:
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ig. 3. Ratios Rk1 of k-fold to single ionization accompanied by single capture of Ar
y projectiles with charge state q = 2 against the projectile energy E (keV/u). Exper-
ment: full circles, C2+; open circles, O2+; open squares, He2+, Ref. [4]. Calculation:
olid line.

0,k
q,q−1(b, q, vp) =

[
8
1

]
·
[

7
k − 1

]
· Puc(b, q, vp) · Pui(b, q, vp)k−1

· [1 − Puc(b, q, vp) − Pui(b, q, vp)]8−k (15)

hen ionization and capture cross sections are obtained by integrat-
ng the corresponding probabilities over the impact parameter:

0,k
q,q−1(q, vp) = 2�

∫ ∞

0

P0,k
q,q−1(b, q, vp)b db (16)

he ratio Rk1 is then calculated from

k1 =
�0,k
q,q−1

�0,1
q,q−1

(17)

n the present calculations, the release rate 1/�(r) is chosen through

(r) · �(r)∼1 (E(r) is the local electron energy). As a result, a simple
elease rate of the form is given as

1
�(r)

∼E(r) = Zeff

2r
(18)
Fig. 4. Ratios Rk1 of k-fold to single ionization accompanied by single capture of
Ar by projectiles with charge state q = 3 against the projectile energy E (keV/u).
Experiment: full circles, C3+; open circles, O3+. Calculation: solid line.

where Zeff is the effective charge of the target nuclear. Calcula-
tions are also shown in Figs. 2–5 where they are compared with
the experimental data. In general, the calculations described in this
paper give correct qualitative behavior of the relative cross sections
as functions of projectile energy and charge state, which satisfies
with our original intention. It is well known that the single cap-
ture cross section, �0,1

q,q−1, monotonously decreases with increasing
energy at intermediate velocities, while the cross section of k-fold
ionization accompanied by one-electron capture,�0,k

q,q−1, has a max-

imum at certain energy Emax. As an approximation,�0,k
q,q−1 will reach

a maximum when Pi = Pc, i.e.,

fr = 2fc (19)

For simplicity, when� = 0, according to Eqs. (5), (6) and (19) we have
the simple formula
Emax = 1
2

v2
p = 2ver

−1/2q1/2 (20)

which is helpful to understand the q1/2-dependence scaling of Emax

to a certain extent.
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In conclusions, we have measured the ratios Rk1 of k-fold to sin-
gle ionization of the target atom with simultaneous one-electron
capture of the projectile for 15–480 keV/u (vp = 0.8–4.4 a.u.) colli-
sions of Cq+, Oq+ (q = 1–4) with Ar. The present results are similar
with our previous investigations for the Ne target and in good
agreement with those by DuBois for He1,2+–Ar collisions. The ratios
depend upon both the projectile energy and charge state. The cor-
responding projectile energy of the maximum ratio, Emax, is found
about 130q1/2 keV/u. The general behavior can be qualitatively
analyzed by a simple impact-parameter, independent-electron
model.
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