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Electron impact ionization of neon and neonic ions under
distorted-wave Born approximation∗
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The (e, 2e) triple differential cross sections of 2s orbitals of neon and neonic ions (Z = 11–14) are calculated using
a distorted-wave Born approximation under coplanar asymmetric geometry. The calculated results show that, with the
increase in the nuclear charge number Z, the amplitude of triple differential cross sections decreases. The angle difference
between the binary peak position and the direction of momentum transfer gradually increases with the increase in the
nuclear charge Z, and a new structure appears at an ejected angle 90◦ < θ2 < 120◦. Three kinds of collision processes are
proposed to illustrate the formation mechanism of such collision peaks.
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1. Introduction
Electron impact ionization of atomic, molecular, and

ionic targets is a useful tool to study the target particle struc-
ture and ionization process of interaction, commonly known
as the (e, 2e) reaction. Over the past few decades, a large
number of experimental and theoretical studies of (e, 2e) triple
differential cross sections (TDCS’s) for atoms have been per-
formed, which has provided abundant information about (e,
2e) dynamics.[1–3]

However, due to the low density of the ion source, the
experimental research of TDCS’s of ions has never been re-
ported. The first theoretical study was conducted by Roy et
al.,[4] where they calculated the (e, 2e) TDCS’s of He+ us-
ing the Coulomb–Born approximation with an incident energy
range of 200–3000 eV under symmetric geometry. Biswas et
al.[5,6] calculated the (e, 2e) TDCS’s of He+ and Li+ under
coplanar asymmetric geometry, adopting Eikonal approxima-
tion including post-collision interaction. They found that the
intensity of the recoil peak would increase at lower incident
energy. Shi et al.[7] calculated the TDCS’s of hydrogenic ions
with nuclear charge Z = 2–5 at an incident energy of 1000
eV. They found one forward peak at Z = 4, and ascribed it
to a double-binary collision. Khajuria1 et al.[8] studied the
TDCS’s of Li+(1s2), Rb+(4p6), Cs+(5p6), Cu+(3d10), and
Ag+(4d10) ions in the coplanar to perpendicular plane geom-
etry using distorted-wave Born approximation (DWBA), and
the effect of the post-collision interaction was discussed. They
found an interference dip in the cross section for each target.
In our previous study, the TDCS’s of Cu+ (3p) under coplanar
asymmetric geometry and Ag+ (4p, 4s) under coplanar sym-
metric geometry were discussed,[9,10] and the binary peaks of

Cu+ (3p) and Ag+ (4p) showed abnormal splits.
In this paper, we calculate the (e, 2e) TDCS’s of Ne and

neonic ions (Z = 11–14) under coplanar asymmetric geome-
try using the DWBA theory. The incident electron energy is
1000 eV, the ejected electron energy is 61 eV, and the scat-
tering electron angles are set at 4◦, 7◦, and 10◦, respectively.
The amplitude and peak position of binary and recoil peaks are
studied, and some kinds of double-binary collision and triple-
binary collision are discussed in detail.

2. Theory

Considering an atom or ion target ionized by an incident
electron with momentum k0 followed by two outgoing elec-
trons with momenta k1 and k2, the TDCS for such a process
could be described by the DWBA theory as follows:[11]
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Here, ∑
av

represents the sum over the final and the average over

the initial magnetic and spin degeneracy, ψnl is the orbital of
the ion target, χ(+) denotes the distorted wave of the incident
electron generated in the equivalent local ground-state poten-
tial VD of the ion target, and χ(−) is the distorted wave of out-
going electrons generated in the equivalent local ground-state
potential of an ion in the final channels. The χ(+) and χ(−)

are both orthogonal to ψnl . The equivalent local ground-state
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potential VD, i.e., distorting potential, is the sum of direct po-
tential VD and exchange potential VE. The direct potential VD

is obtained by integrating the target ion radial orbital unl(r)[11]

VD(r) = ∑
nl

Nnl

∫
dr′[unl(r′)]2/r>, (4)

where r> is the greater one among r and r′, Nnl is the number
of electrons in orbital ψnl . The spin average static exchange
potential VE is given by[12]
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where ρ(r) is the electron density. The equivalent distorting
potential V00(r) =VD(r)+VE(r) is described as

V00(r) =VD(r)+VE(r). (6)

3. Results and discussion
Figure 1 shows the (e, 2e) TDCS’s of Ne and neonic

ions under coplanar asymmetric geometry within the DWBA
theory. The incident electron energy is 1000 eV, and the
ejected electron energy is 61 eV. Figures 1(a)–1(c) represent
the TDCS’s at a scattering electron angle of θ1 = 4◦, 7◦, and
10◦, respectively.

From Fig. 1, it can be seen that the amplitude of TDCS’s
decrease gradually with the increase in the nuclear charge Z.
Two obvious peaks appear at about 60◦ and 240◦, which are
well known as binary and recoil peaks.[7,8] The orbital elec-
trons are knocked out by incident electrons, forming the bi-
nary peak, which always appears in the direction of momen-
tum transfer 𝐾. If the ejected electrons are recoiled by the
target ion, the recoil peak will emerge. The recoil peak always
appears in the opposite direction of momentum transfer 𝐾.

Table 1 gives the peak position of binary peak (θ peak) and
the direction of momentum transfer θ K. From Table 1, it can
be seen that the position of binary peak θ peak of Ne just ac-
cords well with the angle θ K of the momentum transfer direc-
tion. However, with the increase in the nuclear charge Z, the
difference between them gradually enlarges, and θ peak shifts
to a higher angle than θ K. For Al3+ and Si4+, with scat-
tering electron angle θ1 = 10◦, the difference between them
reaches 11◦ and 13◦, respectively. Such a great difference in-
dicates that the (e, 2e) reaction process for ions is more com-
plex than that of atoms. In the reaction, one kind of double-
binary collision[7] may occur, as shown in Fig. 2: the incident
electron is first scattered elastically by the nucleus, and the in-
cident electron will deflect with an angle θ . Then, the incident
electron will collide with the orbital electron. Subsequently,

the incident electron emerges at angle θ 1, and the orbital elec-
tron will be ejected with an angle of θ 2. When the nuclear
number Z of the target ion increases gradually, the scattering
angle θ will increase, which induces the ejected electron e2 to
emerge in the higher angle θ 2.
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Fig. 1. (e, 2e) TDCS’s of electron impact ionization of 2s orbitals of Ne
and neonic ions with incident energy E0 = 1000 eV and ejected electron
energy E2 = 61 eV under coplanar asymmetric geometry: (a) scattering
electron angle θ1 = 4◦, (b) scattering electron angle θ1 = 7◦, and (c)
scattering electron angle θ1 = 10◦.

In order to confirm the dynamic process shown in Fig. 2,
a simulated (e, 2e) reaction triple differential cross section is
conducted. The probability of an (e, 2e) reaction is related to
two factors. The first is the probability of elastic scattering.
The second is the electron density that the scattered incident
electron goes through. High density commonly means high
collision probability. As a result, the probability of (e, 2e) re-
action is determined by the product of these two terms.
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Table 1. Direction of momentum transfer θ K and the position of binary
peak θ peak for Ne and neonic ions with different scattering angle θ 1.

Target θ1/(◦) θ K/(◦) θ peak/(◦)

Ne
4 48 45
7 61 65

10 67 70

Na+
4 40 35
7 54 60

10 61 65

Mg2+
4 33 30
7 47 50

10 55 60

Al3+
4 26 25
7 40 45

10 49 60

Si4+
4 21 20
7 33 40

10 42 55

e0
e1

e2

θ2

θ1
θ

T

Fig. 2. Sketch of one kind of double-binary collision process for an
ionic target. T denotes the target nucleus.

The probability of elastic scattering can be estimated by
the following Rutherford scattering cross section:[13]
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, (7)
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, (8)

where Z is the effective nuclear charge, and b is the impact
parameter.

Here, Al3+ is selected as the research object, and Z is
2.48.[14] Figure 3 shows the normalized Rutherford scatter-
ing cross section, normalized electron density distribution, and
normalized product of these two terms. For the product above
90%, we can have impact parameter b≥ 0.7 a.u., and the cor-
responding scattering angle θ ≤ 5.5◦.

Considering the symmetry, the range of θ is chosen to be
±5.5◦, ±4.5◦, ±3.5◦, ±2.5o, ±1.5◦ and 0◦, respectively. As
we have considered the electron elastically scattering of ion in
the first collision, we adopt the distorting potential of Ne(2s)
instead of that of Al3+(2s) to obtain the distorted wave func-
tion χ(+) in the second collision.[13] The TDCS’s of the second
collision have been calculated and the scattering angles are set
as θ1 ± 5.5◦,θ1 ± 4.5◦, θ1 ± 3.5◦, θ1 ± 2.5◦, θ1 ± 1.5◦, and
θ1, respectively. Then we weight sum over these calculated
TDCS’s to simulate the TDCS of Al3+(2s) with scattering an-
gle θ 1.
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Fig. 3. Dotted line presents the normalized probability of elastic scatter-
ing for Al3+. Dashed line presents the normalized radial electron den-
sity distribution for Al3+(2s). The solid line presents the normalized
product of the probability of elastic scattering and the radial density
distribution for Al3+(2s).

In contrast, the normalized simulation result for Al3+(2s)
at θ1 = 10◦ and the normalized DWBA TDCS are shown in
Fig. 4(a). It can be seen that the position of binary peaks of
two lines both appear at 60◦, which confirms the validity of
our proposed binary collision process, as shown in Fig. 2.
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Fig. 4. Normalized TDCS’s of DWBA and simulated calculation. Solid
lines denote the normalized DWBA TDCS’s calculated with an incident
energy of 1000 eV and an ejected energy of 61 eV at θ1 = 10◦ under
coplanar asymmetric geometry. Dashed lines present the normalized
simulated TDCS’s: (a) Al3+(2s) and (b) Si4+(2s).

The normalized DWBA calculation and the normalized
simulated TDCS of Si4+(2s) at θ1 = 10◦ are also given in
Fig. 4(b), and their binary peaks are positioned at 55◦ and
60.5◦, respectively. The difference between them is largely
smaller than that of the DWBA TDCS θ peak and the direction
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of momentum transfer θ K, as shown in Table 1. This result
also validates the rationality of our proposed binary collision
process.

In Figs. 1(a)–1(c), one new peak emerges in the range of
90◦ < θ2 < 120◦. With the increase in the nuclear charge Z,
the amplitude of TDCS’s decreases and this new structure al-
most disappears for Al3+ and Si4+. This new structure may
originate from one kind of double-binary collision or triple-
binary collision process as shown in Figs. 5(a) and 5(b). In
Fig. 5(a), the incident electron collides with the orbital elec-
tron and knocks it out. Then, the ejected orbital electron elas-
tically collides with the nucleus, and emerges in the region
of θ2 > 90◦. In Fig. 5(b), the incident electron is scattered
elastically by the nucleus firstly and then collides with the or-
bital electron and knocks it out. The ejected orbital electron is
scattered elastically by the nucleus again and emits in the an-
gle θ2 > 90◦. For the above two processes, they have certain
probability to coexist in the same (e, 2e) reaction.
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Fig. 5. Sketch of collision processes for the peak in the range of
90◦ < θ2 < 120◦. (a) Another kind of double-binary collision process
for an ionic target. (b) One kind of triple-binary collision processes.
The T denotes the target nucleus.

4. Conclusions
We have calculated the (e, 2e) TDCS’s of 2s orbitals of

a neon atom and neonic ions (Z = 11–14) using the distorted-
wave Born approximation under coplanar asymmetric geome-
try. The incident electron energy is 1000 eV, the ejected elec-
tron energy is 61 eV, and the scattering electron angles are
set at 4◦, 7◦, and 10◦. The calculated results show that, with
the increase in the nuclear charge number Z, the amplitude of
TDCS’s decreases. For a 2s orbital of Ne, the binary peak
position appears in the momentum transfer direction. While
with the increase in Z, the angle difference between the bi-
nary peak position and the angle of momentum transfer in-
creases gradually. For Al3+ and Si4+, the difference between
them reaches 11◦ and 13◦, respectively. It is considered that
one kind of double-binary collision occurs in an (e, 2e) reac-
tion. In addition, some new structures appear in the region
of 90◦ < θ2 < 120◦. Such new structures may be ascribed to
another kind of double-binary collision or one kind of triple-
binary collision process.
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