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Abstract
We present a non-perturbative classical treatment of the charge transfer and ionization processes
in collisions between singly charged lithium ions with helium and nitrogen atomic targets.
Single capture and single ionization total cross sections are calculated using a three-body
classical trajectory Monte Carlo (CTMC) method in which the interaction between the collision
partners is described by a Garvey-type model potential. The cross sections are evaluated for
collision energies between 20 keV and 100 MeV. In particular, we found excellent agreement
between our results and the available experimental data for the case of the single capture of
He(1s) by Li+ ions. In addition, our CTMC results are in a reasonable agreement with the
experimental results for collision energies higher than 200 keV for single capture of N(2p) atoms
by Li+. Furthermore, we present single ionization cross sections for both collision systems.

Keywords: CTMC method, single capture, single ionization, total cross section,
Garvey-type model potential

(Some figures may appear in colour only in the online journal)

1. Introduction

Inelastic electron processes in ion–atom collisions play a cru-
cial role in several fields, such as particle beam therapy, which
currently uses mainly protons and carbon ion beams [1, 2] and
diagnostics and/or modeling of the nuclear fusion plasma in
tokamak reactors. In particular, neutral high-energy beams of
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hydrogen isotopes and/or helium are injected into the vacuum
vessel of the tokamak reactor to heat the fusion plasma and to
diagnose it as well [3, 4]. Nitrogen seeding is used for cooling
purposes of the edge plasma in tokamak reactors [5]. Accord-
ing to a number of fusion experiments, using the liquid lith-
ium allows the protection of the plasma facing components
and improvement of the magnetic fusion plasma performance
[6–8]. Due to its high reactivity, lithium can readily ionize
and form lithium ions, which may interact with neutral atoms
at the plasma edge, like helium, nitrogen and others. There-
fore, modeling and controlling the edge plasma facing the
blanket and the divertor of the tokamak reactor rely on accur-
ate cross sections of possible induced processes. In particular,
in this work we are interested in presenting accurate total cross
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sections for single-electron processes, mainly single-electron
capture of projectile bound states and single-ionization of the
target in collisions between singly charged lithium ions with
helium and nitrogen atomic targets.

In ion–atom collisions involving a single electron, many
classical, semi-classical and quantum mechanical theoretical
approaches have been developed to calculate the cross sections
of possible electron processes (see [9–12] and references
therein). Regarding the collisions involving two or more act-
ive electrons, the non-perturbative semi-classical or quantum
treatments are difficult to apply and few works are avail-
able in this context [13, 14]. In order to study the electron
transfer in ion–atom collisions in the mid to high impact
energy range, several theories have been used, such as the
continuum distorted wave (CDW) method [15–17] and the
approximations based on it. For instance, the eikonal ini-
tial state approximation [18], the boundary-corrected con-
tinuum intermediate state approximation and the Born dis-
torted wave model [19]. Other theories have also been
used, such as the well-known classical trajectory Monte
Carlo (CTMC) method [20, 21], the two-center basis gen-
erator method [22] and the four-body boundary-corrected
continuum intermediate state (BCCIS-4B) approximation
[23, 24].

The single electron capture frommolecular targets of biolo-
gical interest (e.g. DNA/RNA nucleobases) with fast bare ions
has been investigated by Belkić using the full CDW method,
in which the molecular cross sections are computed within the
independent atom model combined with the Bragg additivity
rule [25] from atomic cross sections. When considering col-
lisions between ions and multi-electron targets, the problem
can be reduced to a three-body problem in which the atomic
cross section of the interested process is evaluated within the
independent electron model [26]. In evaluating the single cap-
ture cross section from several atomic targets (e.g. C, N, O,
Ne) by protons, Belkić found that the contribution to single
capture from core electrons is not negligible for high-impact
energies [25].

Our present work is devoted to a classical treatment of
the most relevant inelastic electron processes in Li+−He(1s)
and Li+−N(2p) collision systems. For the sake of simpli-
city, the considered collision systems are treated as three-body
problems. Helium and nitrogen atomic targets are described
within the single active electron (SAE) approximation using a
Garvey-type distance-dependent model potential where only
the ground-state outermost electron is involved in the collision
dynamics as an active electron, while the other bound elec-
trons are considered inactive [27, 28]. The scattering problem
of the three-body system is solved within the framework of the
CTMC method [9, 20].

In this work, we present our CTMC total cross sections for
single-electron charge transfer and single-electron ionization
in Li+−He(1s) and Li+−N(2p) collision systems from inter-
mediate to high impact energies. The present CTMC results
are compared with the existing experimental data.

The paper is organized as follows. In section 2, we review
the CTMC method in the framework of non-coulombic inter-
actions between the colliding partners. In section 3, we present

and discuss our results. Finally, in section 4, we provide the
concluding remarks and a future outlook.

Atomic units (a.u.) are used throughout this paper unless
otherwise specified.

2. Theoretical model

The CTMC model in ion–atom collisions is a computer scat-
tering experiment based on the numerical solution of the
equations of motion by sampling randomly the initial condi-
tions of the colliding partners. Here, our three-body problem
consists of the singly charged projectile ion (P), the target nuc-
leus (T) and its initially bounded outermost electron (e) (see
figure 1). Thus, the total Hamiltonian of the three-body colli-
sion system reads,

H= T+V(s,x,r) (1)

where the total kinetic energy T is simply given by

T=
P2

P

2mP
+

P2
T

2mT
+

P2
e

2me
. (2)

The associated total potential energy can be written as

V= VPT(s)+VTe(r)+VPe(x), (3)

where VPT, VTe and VPe are the potentials resulting from the
interactions between the projectile ion and the target core,
between the target core and the active target electron and
between the projectile ion and the active target electron,
respectively. The interaction between the colliding partners is
modelled by aGarvey typemodel potential [27, 28] of the form

V(ζ) = q
Q(ζ)
ζ

, (4)

where q is a test charge and ζ = r,s,x is the separation distance
between the nucleus and the charge test q. The function Q(ζ)
is a distance dependent nuclear charge given by

Q(ζ) = Z− (N− 1)(1−Ω(ζ)), (5)

where Z being the atomic number, N being the total number
of electrons in the atom or ion and the function Ω(ζ) is the
screening potential given by the following expression

Ω(ζ) =
[
(η/ξ)(eξ ζ − 1)+ 1

]−1
. (6)

The potential parameters ξ and η can be obtained in such a way
that they minimize the energy for a given atom or ion. We note
that this type of potential has further advantages, because it has
the correct asymptotic form for both small and large values of
ζ which is stated in the equations (7a) and (7b) below,
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Figure 1. Schematic illustration of the relative position vectors
r⃗= r⃗e − r⃗T, s⃗= r⃗P − r⃗T and x⃗= r⃗e − r⃗P. The vector R⃗ refers to the
position of the projectile with respect to the center-of-mass of the
target system (O), v⃗p is its corresponding velocity and b being the
impact parameter.

lim
ζ→0

Q(ζ) = Z (7a)

lim
ζ→∞

Q(ζ) = Z− (N− 1). (7b)

We use this potential form to mimic the distance dependent
charge of the dressed projectile. The parameters η and ξ for
the projectile (P) and target (T) are given by

ηP = η
(0)
P + η

(1)
P (ZP −NP − 1), (8a)

ξP = ξ
(0)
P + ξ

(1)
P (ZP −NP − 1), (8b)

ηT = η
(0)
T + η

(1)
T (ZT −NT), (8c)

ξT = ξ
(0)
T + ξ

(1)
T (ZT −NT), (8d)

where the parameters η(0)X , η(1)X , ξ(0)X , and ξ(1)X (X= T or P) are
tabulated by Garvey et al [27].

The total potential energy V in our three-body system can
then be written as

V(s,r,x) =
QP(s)QT(s)

s
+
QT(r)qe

r
+
QP(x)qe

x
, (9)

where qe is the charge of electron and the functions QT

and QP are the distance dependent nuclear charges given by
equation (5).

The equations of motion are derived from Hamilton’s
equations, which are solved numerically by using a Runge–
Kutta method with adaptive step size. This latter step is carried
out after the determination of the initial positions andmomenta
of all particles.

The initial position of the projectile ion is defined by its
initial separation distance to the center-of-mass of the target
system R0 and the impact parameter b (see figure 1) which
is sampled randomly in the interval [0,bmax]. With respect to

the initial momentum vector of the projectile ion, which is
supposed to be initially moving along the z-direction, it is
defined by the impact velocity vp of the projectile ion with
respect to the target centre-of-mass. When the active target
electron initially bound to the target nucleus is moving in a
non-coulombic potential, its initial position and momentum
vector are determined using the procedure first introduced by
Reinhold and Falcón [26].

The equations of motion are solved for a large number of a
set of initial conditions until a reasonable statistical error (SE)
is obtained (in our calculations the SE < 4%). The total cross
sections can then be evaluated using the following approxim-
ate formula

στ (E) =
2πbmax

Ntot

Nτ∑
i=1

bi , (10)

whereNtot is the total number trajectories calculated for impact
parameters less than bmax and Nτ and bi is the number of tra-
jectories and the actual impact parameter satisfying the studied
electron process (electron capture and ionization). The associ-
ated SE is then given by

∆στ = στ

(Ntot −Nτ

NtotNτ

)
. (11)

We note that as we use the independent-electron model
evaluate the total cross sections [25, 26] for the case of a
helium target, the single capture and single ionization cross
sections computed by equation (10) has to be multiplied by
two which is the number of electrons in the K-shell. In the
case of nitrogen targets, the computed cross sections have to
be multiplied by the number of equivalent electrons in the sub-
shell 2p, i.e. with three.

3. Results and discussion

3.1. Single-electron capture

The total cross sections of the electron capture from He(1s)
and N(2p) by lithium ion Li+ are presented and discussed for
a wide range of projectile impact energies, which cover the
area of interest for both fusion plasma and interstellar space
research.

In figures 2 and 3, we present the probability of the elec-
tron capture from He(1s) and N(2p) by Li+, respectively as a
function of the impact parameter for different projectile impact
energies. By using a fitting of our results, we found that the
probabilities follow almost a Gaussian law for all projectile
impact energies. The analysis of the probabilities is a neces-
sary step to determine the appropriate maximum impact para-
meter bmax of the studied electron process at a defined impact
velocity. We note that the total cross sections can be calculated
by using the approximate expression of equation (10). Altern-
atively, the evaluation of the total cross section (TCS) can also
be done also by integrating a Gaussian fit multiplied by 2π.

Before we show our total cross section results, we would
like to note an interesting feature of the classical and semi-
classical treatments of the collision problem (which are good
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Figure 2. Probability, bP(b)), of the electron capture from He(1s)
by Li+ as a function of the impact parameter b at different projectile
impact energies. Green squares: 10 keV, magenta triangles: 50 keV,
blue circles: 100 keV, yellow diamonds: 400 keV and red plus:
1000 keV. The dashed curves represent the fit of our results.

Figure 3. Same as figure (2) but for electron capture from N(2p)
by Li+.

approximations in the intermediate to high collision energies),
namely that the effect of the interaction between the target
and projectile nuclei (internuclear potential) does not signi-
ficantly affect the electron dynamics and thus the total cross
sections [29, 30]. For example, in semi-classical atomic orbit-
als at close coupling the nucleus–nucleus interaction can be
eliminated by a simple phase transformation [30]. Along this
line we have checked the effect of the internuclear potential
on the single capture process in our simulations by comput-
ing the cross sections with and without the nuclear potential.
Our results are summarized in tables 1 and 2. As can be seen
from the tables, according to our expectation, no significant
contribution of the internuclear potential was found.

Figure 4 shows the single-electron capture total cross
section as a function of the projectile impact energy in
Li+−He(1s) collision system. Our results are compared with
experimental data, and with theoretical data by Samanta et al
[23] who used a BCCIS-4B approximation. In general, the

Table 1. The electron capture total cross sections for Li++He(1s)
with (σon

c ) and without (σoff
c ) internuclear potential and their ratio.

Li++He(1s)

E (keV) σon
c (cm2) σoff

c (cm2) Ratio

10 4.10 × 10−17 3.98 × 10−17 1.03
100 5.68 × 10−17 5.70 × 10−17 0.99
1000 1.23 × 10−17 1.23 × 10−17 1.00

Table 2. Same as table 1 but for Li++N(2p).

Li++N(2p)

E (keV) σon
c (cm2) σoff

c (cm2) Ratio

10 2.46 × 10−16 2.50 × 10−16 0.98
100 2.97 × 10−16 3.01 × 10−16 0.98
1000 8.11 × 10−18 8.24 × 10−18 0.98

Figure 4. Total cross sections of the single-electron capture from
He(1s) by Li+ as a function of the projectile impact energy. Present
CTMC results of the model potential: red dashed line; BCCIS-4B
results of Samanta et al [23]: dash-dotted line; experiments: Woitke
et al [31]: •, Allison et al [32]: ▲, Dmitriev et al [33]: , Pivovar
et al [34]:△, Nikolaev et al [35]: , Pivovar et al [36]: ♢, Ogurtsov
et al [37]:■, Hvelplund [38]: ◦ and Van Eck et al [39]: □.

present CTMC results are in good agreement with the experi-
mental data in the investigated impact energy range. We note
that the experimental data of Allison et al [32] are lower than
those of Pivovar et al [36] between 200 keV and 500 keV.
The theoretical results of Samanta et al and our CTMC res-
ults are in very good agreement with the experimental data at
projectile impact energies higher than 5 MeV. However, the
BCCIS-4B model of Samanta et al strongly underestimate the
electron capture cross sections for impact energies lower than
5 MeV.

Figure 5 shows our CTMC results for the electron capture in
Li+−N collisions as a function of the projectile impact energy
compared to the experimental data. In order to compare our
CTMC results with the existing experimental data on colli-
sions between Li+ and nitrogen ground states, we have per-
formed calculations of the electron capture from the N(1s),

4
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Figure 5. Total cross sections of the single-electron capture from
the nitrogen ground state by Li+ as a function of the projectile
impact energy. Present CTMC results: blue dashed curve, capture
from N(2s); capture from N(2s), red dot-dashed curve; solid green
curve, sum of cross sections from N(2s) and N(2p) (the capture from
N(1s) is not included because it is negligible in the considered range
of projectile impact energies). Experiments: Pivovar et al [36]: ▲,
Allison et al [32]:△, Ogurtsov et al [37]:□ and Lockwood [40]:⋆.

Table 3. Total cross section of electron capture from N(1s), N(2s)
and N(2p) by Li+.

E (keV) σ1s
c (cm2) σ2s

c (cm2) σ2p
c (cm2)

600 4.4470 × 10−21 1.4093 × 10−17 2.5991 × 10−17

1000 3.9026 × 10−20 6.7748 × 10−18 8.1135 × 10−18

1400 2.4266 × 10−20 3.3120 × 10−18 2.7918 × 10−18

1600 2.4318 × 10−20 2.6264 × 10−18 2.1513 × 10−18

1800 2.9212 × 10−20 1.8373 × 10−18 1.4759 × 10−18

2000 3.6426 × 10−20 1.5117 × 10−18 8.0249 × 10−19

N(2s), and N(2p) states. The calculated cross sections for sev-
eral impact energies are shown in table 3. We found that the
cross sections fromN(1s) are negligibly small compared to the
contributions from the N(2s) and N(2p) shells. We have not
included the N(1s) shell contributions in our CTMC data. The
present CTMC cross sections are simply the sum of the elec-
tron capture from the N(2s) and N(2p) weighted by the num-
ber of electrons in each state. According to our CTMC calcula-
tions, the main contribution to the electron capture comes from
the outermost electrons in the nitrogen target (i.e. N(2p)) for
impact energies below 800 keV. However, for impact energies
higher than 800 keV, the contribution of the electron capture
from the N(2s) becomes important and cannot be neglected.

The present CTMC results are in a good agreement with
the experimental data of Pivovar et al [36] for impact energies
higher than 200 keV. We note that the experimental data of
Allison et al underestimates the electron transfer cross sections
for impact energies higher than 100 keV [32]. For energies
lower than 200 keV, our CTMC results for electron capture
overestimate the existing experimental data of Ogurtsov et al
[37] and Lockwood [40]. Based on the available experimental
data, it is worth mentioning that the electron capture cross
sections from the nitrogen ground state by Li+ decreases at

Figure 6. Total cross sections of the single-electron ionization from
He(1s) by Li+ as a function of the projectile impact energy. Present
CTMC results of the model potential: red dashed line; experiments:
Woitke et al [31]: •.

Figure 7. Total cross sections of the single-electron ionization from
N(2p) by Li+ as a function of the projectile impact energy. Present
CTMC results of the model potential: red dashed line.

high and low projectile impact energies. The highest cross
sections are around 100 keV energies.

3.2. Single ionization

In the following, we present and discuss only our CTMC res-
ults for the total single ionization cross sections. In figures 6
and 7, we present the single ionization cross section as a
function of the projectile impact energy in Li+−He(1s) and
Li+−N(2p) collision systems. At first glance, we notice the
presence of a bump at low impact energies for the ionization
cross section of helium by Li+ (see figure 6). According to
the work of Schultz et al, the origin of this bump is attributed
to the oscillation of the target’s electron between the projectile
ion and the target nucleus before it gets ionized [41]. However,
we do not see a bump in the Li+−N(2p) system (see figure 7).
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For Li+−He(1s) system, only Woitke et al [31] has pre-
vious ionization results in the energy range between 2000
and 8000 keV. Our CTMC results are slightly larger than the
experimental data of Woitke et al [31]. By comparing the ion-
ization cross-section of the current two systems, we see that the
ionization cross-sections in Li+−N(2p) are higher at the cor-
responding impact energies (see figures 6 and 7) than those
obtained in the Li+−He(1s) collision system. This can be
attributed to the fact that the N(2p) active electron has a lower
binding energy than that of the He(1s) target.

4. Conclusion

We have presented three-body CTMC calculations for Li+

ions on helium and nitrogen atomic targets. The collision prob-
lem has been treated within the SAE approximation where
the total cross sections of the charge exchange and ioniza-
tion processes were presented and discussed for a wide range
of impact projectile energies. Our CTMC results for the cap-
ture process show good agreement with the existing results
in the high projectile impact velocity range for both systems.
In the low-impact velocity range, in the case of nitrogen tar-
gets, our CTMC results slightly overestimate the total cross-
sections of the capture process compared with the experi-
mental data. However, the total capture cross section in the
case of the helium target follows the trend of the experi-
mental data even at low impact velocities. In addition, we
presented and discussed the total ionization cross-sections
of helium and nitrogen atomic targets with singly charged
lithium ions.

Our future plan is to use the current model potential to test
other collision systems, extend our study to calculate the dif-
ferential ionization cross sections and perform calculations on
the state selective charge exchange cross sections.
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