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a b s t r a c t

The relative cross-sections of double (DI) to single ionization (SI) �DI/�SI, transfer ionization (TI) to single
capture (SC) �TI/�SC and double capture (DC) to single capture �DC/�SC of helium by multiply-charged
ions Aq+ (q = 2–5) at low and intermediate energies are calculated by considering the distribution of target
electron and the interaction time between the projectile and the target electron. The calculated results
are compared with published experimental data by our group and others.
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. Introduction

The investigation of charge transfer and ionization in collisions
f multiply-charged ions with atoms is of considerable interest,
ecause of both the pure physics interest in clarifying the relevant
echanisms and the importance in different applications including

lasma and astrophysics as well as atomic physics. In collisions of
ultiply-charged ions and atoms, there are several channels which

an be identified and measured by means of coincidence tech-
iques. It is now believed that one-electron processes are rather
ell understood. At the same time, the multiple-electron processes,
hich involve the electron-electron correlation, are much more

omplicated. At very low (vp � 1 a.u.) and very high (vp � 1 a.u.)
elocities, capture and ionization are the dominant mechanisms,
espectively. However, at low to intermediate velocities, ionization
nd capture are comparable and also strongly couple each other.
p to now, theoretical calculations have not been well explored
or double- or multiple-electron systems yet. It is well known that
elium is the simplest target atom on studying the double-electron
rocesses. In the past, a number of relevant experiments [1–16]
ere performed, which included the measurements by our group

∗ Corresponding author. Tel.: +86 931 8913549; fax: +86 931 8913551.
E-mail addresses: dingbw@lzu.edu.cn, dingbw2002@yahoo.com.cn (B.W. Ding).

387-3806/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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[1,8,9,11] for Cq+, Oq+ and Fq+ + He collisions at low to intermediate
velocities. In general, the processes in collisions of projectiles Aq+

with He can be described by the following reactions:

single ionization (SI) : Aq+ + He → Aq+ + He+ + e− (i)

double ionization (DI) : Aq+ + He → Aq+ + He2+ + 2e− (ii)

single capture (SC) : Aq+ + He → A(q−1)+ + He+ (iii)

transfer ionization (TI) : Aq+ + He → A(q−1)+ + He2+ + e− (iv)

double capture (DC) : Aq+ + He → A(q−2)+ + He2+ (v)

In the Bohr–Lindhard (B–L) model [17], two critical distances,
i.e., the release radius Rr and capture radius Rc, are proposed. At Rr,
the Coulomb force from the projectile with the charge q attract-
ing the target electron equals its the binding force in the target:
q/R2

r = v2
e /a, i.e., Rr = (qa)1/2/ve, where ve and a are the electron veloc-

ity and its orbital radius, respectively. When the potential energy of
this released electron in the projectile frame is larger than its kinetic
energy, the capture then occurs possibly. The capture distance Rc

is determined by Rc = 2q/v2
p in which vp is the projectile velocity.
If Rc > Rr, one released electron will be absolutely captured by the
projectile and the capture cross-section �c is given by �c = �R2

r .
This means the capture cross-section is independent of the impact
velocity. However, because Rc < Rr for higher energies, both ioniza-
tion and capture are possible for a released electron. Supposed that

dx.doi.org/10.1016/j.ijms.2010.09.018
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
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he release is a gradual process, it takes place with a probability per
nit time of the order of ve/a. Within Rc, the release probability is

n the order of (Rc/vp)(ve/a). In this case, the capture cross-section
s obtained as �c = 8�q3 · (ve/a) · v−7

p . Thus, the B–L model pre-
icts the capture cross-section at higher velocities decreases as
−7
p . Ionization occurs when the energy transferred exceeds the
onization potential. Therefore, the ionization cross-section �i is
btained by the integration of the Rutherford cross-section from
he ionization potential I to the maximum transferable energy 2v2

p ,

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

randt [18] and Ben-Itzhak et al. [19] calculated the capture cross-
ections in fast collisions using the impact-parameter dependences
y taking into account the different times spent by projectiles
ith different impact parameters, respectively. Within the classical

rame and the independent electron approximation (IEA), we have
valuated the cross-section ratios for double to single ionization
nd transfer ionization to single capture using the Lenz–Jensen (L–J)
odel of the atom [1,8]. In one of our recent papers [20], we also

alculated the absolute cross-sections of ionization and transfer in
ollisions of various ions with atomic hydrogen by replacing the
–J model of the atom with a simple exponential function, which
ave a more realistic electron distribution. The satisfactory results
ere obtained. In this work, this method is extended to calculate

he cross-section ratios of double to single ionization�DI/�SI, trans-
er ionization to single capture �TI/�SC and double to single capture
DC/�SC in collisions of ions with He. The electron–electron cor-
elation is taken into account in some way. In the next section,
he calculation method will be described in detail. Throughout this
aper, atomic units are used unless otherwise stated.

. Calculation method

A target atom is assumed to be static in the origin of the
oordinates and a projectile moves along a linear trajectory. The
oordinate of the projectile nucleus is given by S = vpt + b where
is the impact parameter with respect to the target nucleus. The

elease and capture conditions that are derived from the B–L model
urn into, respectively,

q

|S − r|2 = v2
e

|r| (1)

nd

q

|S − r| = 1
2

v2
p (2)

here r is the coordinate of the target electron. Only when the
mpact parameter of the projectile with respect to the target elec-
ron, �, is less than the release distance, |Rr| = |S − r|, the release of
target electron is possible. Then one-electron-release probability

r(�, q, vp, r) is given by

r(�, q, vp, r) = 1
�

· 2

√
R2
r − �2

vp
(3)

ith 1/� being the release rate. Here a simple form of the release
ate, 1/�∼ ve, is employed. The released electron may be captured
f it is in the capture sphere. Thus the capture probability is given
y

c(�, q, vp, r) = 1
�

2

√
R2 − �2

vp
(4)
here R satisfies R = Rr if Rc > Rr and R = Rc otherwise. We suppose
hat when the projectile approaches the target nuclei, the released
lectron will move together with the projectile, and only when it
oves away from the nuclei, the ionization is classically allowed.
Mass Spectrometry 299 (2011) 59–63

Thus the ionization probability fi(�, q, vp, r) is given by

fi(�, q, vp, r) = [fr(�, q, vp, r) − fc(�, q, vp, r)]
2

(5)

The electron density, | (r)|2, of the target atom is supposed as
a simple exponential function of the distance:

| 1s(r)|2 =
(
Z∗3

�

)
exp(−2Z∗r) (6)

where Z* is the effective nuclear charge. The probability that the
electron is in d3r at r is | (r)|2 d3r. Thus release, ionization and
capture probabilities are expressed as

Pr,i,c(b, q, vp) =
∫
fr,i,c(�, q, vp, r)| (r)|2 d3r (7)

It is more convenience to perform the integral in Eq. (7) in cylin-
der coordinate. For this purpose, the formula (7) can be rewritten
as

Pr,i,c(b, q, vp) =
∫ Rr,r,c

0

�d�

∫ 2�

0

dϕ

∫ +∞

−∞
fr,i,c[�, q, vp, r(b,�,ϕ, z)]

·C e−2Z·r(b,�,ϕ,z) dz (8)

Since the probabilities Pc and Pi may be larger than unity, we
use the unitarized formula described by Sidorovich et al. [21]

Pui,uc(b, q, vp) =
[
Pi,c
Pi + Pc

]
· [1 − exp(−(Pi + Pc))] (9)

in which the subscript ‘u’ denotes the corresponding unitarized
probability. The electrons are supposed to get away from the target
one by one. Two target electrons have the same ionization poten-
tial at the beginning, and then once one of the target electrons is
removed, the other will be exposed to a stronger field due to the
Coulomb force from the target nucleus. In other words, the ioniza-
tion potential of the second electron will have an increase. It needs
to be noted that the ionization potential I is associated with the
effective charge state Z* that the electron feels as well as the spatial
distribution of the target electron. On the other hand, if the first
electron is captured by the projectile, the projectile charge state
will be reduced by one, otherwise it has no change. In addition, just
as mentioned in the last section, we suppose the ionization only
occur in the way-out stage. That is, the capture occurs prior to the
ionization.

3. Results and discussion

Within the IEA, the probability functions for SC, DC, TI, SI and DI
processes are given as

PSC (b, q, vp) = 2Puc1(b, q, vp)[1 − Puc2(b, q, vp) − Pui2(b, q, vp)]

(10)

PDC (b, q, vp) = Puc1(b, q, vp)Puc2(b, q, vp) (11)

PTI(b, q, vp) = 2Puc1(b, q, vp)Pui2(b, q, vp) (12)

PSI(b, q, vp) = 2Pui1(b, q, vp)[1 − Puc1(b, q, vp) − Pui2(b, q, vp)]

(13)
PDI(b, q, vp) = Pui1(b, q, vp)Pui2(b, q, vp) (14)

where subscripts 1 and 2 represent the first and second elec-
trons removed from the target, respectively. For simplicity, we use
Z∗

1 = 1.345 and Z∗
2 = 2 for PSC, PDC, PSI and PDI, and Z∗

1 = 1.345 and
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∗
2 = 1.6875 for PTI. The total cross-sections � can be calculated by
ntegrating the corresponding probabilities over the impact param-
ter:

(q, vp) = 2�

∫ ∞

0

P(b, q, vp)bdb (15)

Fig. 1 shows the impact parameter dependence of various reac-
ion channels in collisions of A3+ with He at (a) vp = 3 and (b) vp = 4,
espectively. It can been seen that for the case of pure capture pro-
esses (SC and DC) and TI the impact-parameter ranges decrease
ith the increasing energy, which is due to the fact that the capture
istance Rc is in inverse proportion to v2

p . However, for the case of
ure ionization channels (SI and DI) the impact-parameter ranges
re constant by reason of the velocity independence of release dis-
ances. It can be also seen that the calculated probability values
epend strongly on the impact velocity, which should been con-
ributed into the changes in both the projectile-target interaction
ime and the capture distance induced by the projectile-velocity
hange.

Fig. 2(a)–(d) show our calculated ratios �DI/�SI together with
he experimental data of helium by Aq+(q = 2–5), respectively, as a
unction of E/q1/2 (E is the projectile energy in keV/u). In general, the

resent calculations can qualitatively reproduce the energy depen-
ence of the ratios �DI/�SI. It is found that theories is in better
greement with the experimental data induced by fully stripped
ons (Z = q) than those by partially stripped ions (Z > q). This is
easonable because the projectile in the present calculations is

Fig. 1. The impact-parameter dependence of various reaction channels for A + He
collisions at (a) vp = 3 and (b) vp = 4.
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ig. 2. Cross-section ratios �DI/�SI of He by ions Aq+ (a) q = 2, (b) q = 3, (c) q = 4 and (d) q = 5 as functions of projectile energy. Calculations: solid lines; Experiments: (a) C2+ (�
1], � [2]), O2+ (� [1], � [2]), N2+ (� [2]), He2+ (� [3], © [4]), Li2+ (	 [5], � [6]); [b] C3+ (� [1]), O3+ (� [1]), N3+ (� [2]), Li3+ (� [4], © [5]); (c) C4+ (� [1], � [1]), O4+ (� [7]), B4+ (�
7]); (d) C4+ (� [7]), B4+ (� [7]).
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ig. 3. Cross-section ratios �TI/�SC of He by ions Aq+ (a) q = 2, (b) q = 3, (c) q = 4 and (
8]), O2+ (� [8]), He2+ (� [4], © [3]), Li2+ (	 [5]); (b) C3+ (� [8]), O3+ (� [8]), F3+ (� [9

imply treated as a structureless bare ion with the nuclear charge
= q. For the partially stripped ion Aq+, because the nuclear is not

ully shielded by the extranuclear electron(s), the average effective
harge qeff on the target electron usually larger than q, i.e., qeff > q.
n the other hand, the interaction between the projectile electron
nd the target electron (antiscreening mode) also contributes to
he target ionization. The maximum value of �DI/�SI is located at
max ∼ 150–200q1/2 keV/u, which indicates that Emax is about sev-
ral hundreds keV/u and approximately in proportion to q1/2. As an
pproximation to interpret this q1/2-scaling roughly, according to
qs. (1)–(5) fi (� = 0) will reach a maximum when

dfi
dvp

(� = 0) = 0 (16)

We have a simple formula

max = 1
2
mv2

p = 3mver−1/2q1/2 (17)

hich may be helpful for us to understand the structure of curves
o some extent. For a given charge state, the release distance is
onstant, while the capture distance is in inverse proportion to v2

p .
his implies that the ionization space will increase with the impact
nergy, which is responsible for the increase of the ionization cross-

ection with the impact energy in the lower energy range. On the
ther hand, because the mean release radius for double ionization
s smaller than that of single ionization, the decrease of the capture
adius has a more important influence on double ionization than
ingle ionization. As seen from the energy-dependence curves of
E(keV/u)q

5 as functions of projectile energy. Calculations: solid lines; Experiments: (a) C2+ (�
(� [4], ©[5], 	 [10]); (c) C4+ (� [11]); (d) F5+ (� [12]).

the ratio �DI/�SI, the cross-section for double ionization increases
faster than that for single ionization with the increasing impact
energy when the energy is lower than Emax. However, at higher
energies (E > Emax), because the capture radius has been very small,
the ionization space is expected to get a small or even negligible
increase caused by the change of the projectile velocity. At the same
time, as the impact velocity increases, the collision time between
the projectile and the target electron gradually plays a major role on
the collision process, in particular on the double electron process.
Therefore, the trend of ratio �DI/�SI with the increasing energy at
E > Emax is mainly determined by the lack of the collision time.

Our calculated ratios �TI/�SC of He by Aq+ (q = 2–5) together with
the related experimental data are shown in Fig. 3(a)–(d), respec-
tively, as a function of E/q1/2. The calculations can follow the trend
of the experimental data qualitatively. The general shape of the
whole curves is similar to that of the ratio �DI/�SI. The Emax value
also approximately conforms to the q1/2 scaling. The peak position
of TI cross-sections may be evaluated roughly by fi = fc (� < Rc). For
simplicity, when� = 0, according to Eqs. (1)–(5) we have Emax ∝ q1/2.
According to our calculations if one of the target electrons is cap-
tured by the projectile, and then the second electron will be affected
by a projectile with the charge (q − 1). This electron may be ionized
or still stay in the target so that TI or SC occurs. Therefore, the trend

of the ratio �TI/�SC with the increasing energy is determined by the
behavior of the second electron. As the impact energy increases,
the release probability for the second electron decreases, while its
ionization probability firstly increases due to the rapid decrease of
the capture distance and then goes down by the reason of the lack
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f the impact time. It should be noted that autoionization (AI) of the
rojectile after capture of two electrons into a doubly excited state

s thought of as an important TI mechanism at lower energies. How-
ver, in the present calculations, it is simply assumed that TI only
omes from the combination of the independent-electron events,

.e., ionization plus capture.

The cross-section ratios �DC/�SC of He by A2+ and A3+ are shown
n Fig. 4(a) and (b), respectively, and �DC/(�SC +�TI) for A5+ + He col-
isions in Fig. 4(c), as a function of projectile energy. Note that the

[
[
[
[
[
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experimental data of Ne2+ in Fig. 4(a) are the ratios for DC to total
single capture. In terms of Eq. (4), at higher energies, the probability
for total one-electron capture fc(� = 0) = Rc/�2

p∼�−3
p . The probabil-

ity fDC (� = 0) can then be approximated by the IEA probability fDC
(� = 0). Therefore, the ratio of double capture to total one-electron
capture �DC/�C behaves roughly as v−3

p . It is obvious that the cross-
section for single capture decreases faster than that for total one
electron capture. Thus when the impact energy is approximately
larger than 200 keV/u, the ratio �DC/�SC will decay as v−˛

p (˛ < 3)
which is slower than v−3

p for �DC/�C. On the other hand, because
the capture radius Rc obtained through Eq. (2) is usually larger than
the release radius Rr at lower energies, in this case the capture dis-
tance is treated in terms of Eq. (5), that is, the capture distance is
constant. For this reason, as seen from Fig. 3, the curves for �DC/�SC
and �DC/(�SC +�TI) are gentle relatively when the impact energy is
lower.

4. Conclusions

In conclusion, we have considered a classical method, in which
it is assumed that two electrons of target are removed one by
one and the capture occurs prior to the ionization. This method
have been applied to the evaluation of the cross-sections for sin-
gle capture, double capture, single ionization, double ionization
and transfer ionization in collisions of multiply-charged ions Aq+

(q = 2–5) with helium at low-to-intermediate velocities. The rela-
tive cross-sections are compared with the available experimental
data. It is found that our results present a general good agreement
with the experiments. It should also be emphasized that the present
calculations are very simple and timesaving.
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