
Eur. Phys. J. D (2017) 71: 160
DOI: 10.1140/epjd/e2017-70710-1

Regular Article

THE EUROPEAN
PHYSICAL JOURNAL D

Electron-induced double ionization of oriented methane
molecules�

Dahbia Oubaziz1, Zakia Aitelhadjali1, Michele Arcangelo Quinto2, Rachida Boulifa1, and Christophe Champion3,a
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Abstract. We report here a theoretical study of the target orientation effect on the total cross sections for
the double ionization of methane molecules impacted by electrons. The theoretical description is performed
within the first Born approximation. The initial state of the collisional system is composed of an electron
projectile modeled by a plane wave and a molecular target described by a one-center wave function while
the final state is constituted by a scattered electron described by a plane wave and two ejected electrons
both represented by a Coulomb wave and coupled with a Gamow factor. Secondary electron energetic
distributions and total cross sections are reported for particular target configurations. Strong orientation
effects on the double-ionization process are pointed out in particular when scrutinized orbital by orbital.

1 Introduction

Generally speaking, collision physics informs about the
structure of matter at the atomic and molecular level with
relevant applications in various areas of science and tech-
nology like plasma physics, planetary atmospheres [1–8]
and radiobiology. Along past decades, an intensive effort
of experimental and theoretical work has been devoted to
the study of the single ionization of atoms and molecules
induced by electron impact. On the contrary, the double
ionization of atomic and molecular systems remains poorly
documented. In this context, the rare existing studies on
electron-induced double ionization of molecules are, to the
best of our knowledge, essentially focused on the determi-
nation of multiple differential cross sections and therefore
limited to simple molecules. In this context, let us cite the
works of Chuluunbaatar et al. [9] and Mansouri et al. [10],
both based on the plane-wave Born approximation model
(PWBA) and focused on the description of the (e, 3e)
experiments of Lahmam Bennani et al. [11] on a H2 tar-
get. However, in the second work - developed within the
second Born approximation [10] – a strong disagreement
with the experimental observations [11] was reported by
the authors with, in particular, small shifts of the binary
and recoil peaks [10]. Let us also cite the more recent ex-
periment of Li et al. [12] where double ionization of neon,
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argon, and molecular nitrogen targets impacted by 600 to
700 eV electron beams was investigated. Thus, the four-
fold differential cross sections obtained have demonstrated
that the double ionization of small atoms or molecules was
dominated - at least within the energy range studied (600–
700 eV) – by non-first-order mechanisms such as the two-
step (TS2) one, as previously shown by Staicu Casagrande
et al. for helium [13] and methane [14].

Regarding the double ionization of oriented molecules,
there are, to the best of our knowledge, only a few cases
reported in the literature. Nevertheless, let us mention
the photon- and ion-induced double ionization of molecu-
lar deuterium (D2) [15] and that of H2 impacted by pho-
tons [16]. For equal energy sharing between the two ejected
electrons and the photon (∼76 eV), the authors observed
a strong dependence of the electron angular distribution
versus the orientation of the molecular target axis. This
effect was well reproduced by a model in which a pair of
photo-ionization amplitudes was introduced for the light
polarization parallel to as well as perpendicular to the
molecular axis. Finally, we have recently reported in ref-
erences [17–20] a detailed study of the water and methane
double ionization within the first Born approximation
and reported a strong dependence of the fivefold differ-
ential cross sections with respect to the target molecular
orientation.

On other hand, the case of photon-induced double
ionization recently treated by Ivanov and Kheifets [21]
who used the time dependent Schrödinger equation for
calculating the total double-ionization cross sections of
H2. Besides, perpendicular to parallel photon-induced
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double-ionization cross-section ratios were also reported
by Vanroose et al. [22] and compared to their homologous
cross-section ratios obtained by single photo-ionization.
Thus, single-photo-ionization ratios exhibited peaks for
photon energy of about 75 eV that corresponds to a
Cooper-like minimum of the dipole in the parallel config-
uration. This maximum was also observed in the photon-
induced double ionization cross-section ratios at slightly
lower photon energy. Then, the authors stated that the
perpendicular to parallel ratios were similar in both the
single and double-ionization channels.

In the current paper we report a theoretical description
of the double ionization of oriented methane molecules
impacted by electrons. We briefly described hereafter the
theoretical framework allowing the calculations of the to-
tal double ionization cross sections versus the molecular
orientation. Then, we report the theoretical predictions in
terms of total cross sections for secondary electrons ejected
from the same molecular orbital, namely, the final states
hereafter referred to as 1t2x, 1t2y, 1t2z, and 2a1.

2 Theoretical model

Only a brief summary of our theoretical approach is here-
after reported and for more details we refer the reader to
our previous works [17–20].

In the first Born approximation, the fivefold differen-
tial ionization cross section (5DCS) is given by

d5σ

dΩ1dΩ2dΩsdE1dE2
≡ σ(5)(Ω1, Ω2, Ωs, E1, E2)

=
5∑

j

σ
(5)
j (Ω1, Ω2, Ωs, E1, E2)

= (2π)4
k1k2ks

ki

5∑

j

|Tj|2 (1)

where dΩs, dΩ1 and dΩ2 denote the solid angle elements
of scattering and ejection while the energy intervals of the
ejected electrons are represented by dE1 and dE2. The
momenta of the incident, the scattered and the two ejected
electrons are denoted by ki, ks, k1 and k2 respectively. In
a (e, 3e) reaction, the conservation of energy imposes ks =√

2(Ei − E1 − E2 − I2+) where I2+ denotes the double
ionization threshold. In this context, let us remark that in
equation (1), the summation over the index j is limited to
the five final states of the doubly ionized molecule, namely,
those corresponding to the ejection of two electrons from
the same molecular orbital.

The first Born term Tj is written as

Tj ≡ Tj(α, β, γ) = 〈Ψf (ks,k1,k2, r0, r1, r2)|V (r0, r1, r2)|
× Ψ j

i (ki, r0, r1, r2; α, β, γ)〉 (2)

where |Ψ j
i (ki, r0; r1, r2; α, β, γ)〉 represents the initial state

of the collisional system while |Ψf (ks,k1,k2, r0; r1, r2)〉
stands for the final state.

Let us add that we have here neglected the exchange
effect between the secondaries and the scattered electron
arguing that the latter is faster than any ejected one as
reported hereafter when the limits of integration over the
energy transfers are discussed to access to the total cross
section. Besides, the exchange effect between the ejected
electrons that may be very important in particular in sym-
metrical geometries, it is properly taken into account by
discriminating the spin state of each particle in the final
state.

The potential V (r0, r1, r2) represents the Coulomb in-
teraction between the incoming electron and the target
and is written as

V =
−6
r0

− 1
|r0 − R1| −

1
|r0 − R2| −

1
|r0 − R3| −

1
|r0 − R4|

+
i=10∑

i=1

1
|r0 − ri| (3)

where R1 = R2 = R3 = R4 = RCH = 2.08 a.u. [23]
refers to the distance between the carbon atom and the
hydrogen nuclei while r0 denotes the coordinate of the in-
cident electron and ri the position vector of the ith bound
electron with respect to the center of the molecule.

Furthermore, by using the frozen-core approximation
the current 10-electron target problem may be reduced
to a 2-electron one, that permits to express the initial
state as |ϕ(ki, r0)ϕi(r1, r2; α, β, γ)〉 where ϕ(ki, ro) refers
to the plane wave function associated to the incident elec-
tron and φi(r1, r2; α, β, γ) the single-center target wave
function taken from reference [23], namely,

ϕi(r1, r2; α, β, γ) = υj(r1; α, β, γ)υj(r2; α, β, γ), (4)

with

υj(r; α, β, γ) =
Nat(j)∑

k=1

fjk(r)
μ=ljk∑

μ=−ljk

Δ
ljk
μ,mjk(α, β, γ)Sμ

ljk
(r̂).

(5)
The rotation matrix is defined by

Δ
ljk
μ,mjk(α, β, γ) = e−mjkαd

ljk
μ,mjk(β)e−iμγ , (6)

where the quantity d
ljk
μ,mjk(β) is given by the Wigner for-

mula

d
ljk
μ,mjk =

τ∑

t=0

(−1)t

×
√

(ljk + μ)!(ljk − μ)!(ljk + mjk)!(ljk − mjk)!
(ljk + μ − t)!(ljk − mjk − t)!t!(t − μ + mjk)!

× ξ2ljk+μ−mjk−2tη2t−μ+mjk , (7)

with ξ = cos(β/2), and η = sin(β/2).
The final state composed by a scattered electron and

two ejected electrons is here described within the “2
Coulomb Wave-Gamow (2CWG)” model, namely,

〈Ψf (ks,k1, k2, r0, r1, r2)| = 〈ϕ(ks, r0)φf (k1, r1,k2, r2)
× φG (|k2 − k1|) | (8)
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where ϕ(ks, r0) represents the plane wave function as-
sociated to the scattered electron while φf (k1, r1,k2, r2)
refers to the Coulomb wave function introduced for de-
scribing each ejected electron. Finally, we also considered
the electrostatic repulsion between the two outgoing elec-
trons by introducing in equation (8) the Gamow factor
φG (|k2 − k1|) expressed as

φG (|k2 − k1|) = exp
(−πχ12

2

)
Γ (1 − iχ12) , (9)

with χ12 = 1
|k2−k1| .

Under these conditions and by using the well-known
partial wave expansion of the plane waves as well as that of
the Coulomb waves function, we get the following fivefold
differential cross section (5DCS) corresponding to the jth
orbital

d5σ

dΩ1dΩ2dΩsdE1dE2
= 2 × (2π)4

k1k2ks

ki
(φG (|k2 − k1|))2

×
5∑

j

∣∣∣T (1)
j (α, β, γ)

+T
(2)
j (α, β, γ) + T

(3)
j (α, β, γ)

∣∣∣
2

(10)

where
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

T
(1)
j (α, β, γ) = Πj (α, β, γ;k1) Π̂j (α, β, γ;k2)

T
(2)
j (α, β, γ) = Πj (α, β, γ;k2) Π̂j (α, β, γ;k1)

T
(3)
j (α, β, γ) = −Π̂j (α, β, γ;k1) Π̂j (α, β, γ;k2)

(11)

with

∏

j

(α, β, γ;k1) =
2

qk1

√
2
π

Nat(j)∑

k=1

∑

l,m

∑

l1,m1

× X l,l1
jk (k1, q) il−l1eiσl1 (η1)

× Y m1
l1

(k̂1)Y m∗
l (q̂)Δljk,m1−m,mjk

(α, β, γ)

(−1)m1

√
l̂1 l̂l̂jk

4π

(
l1 l ljk

0 0 0

) (
l1 l ljk

−m1 m m1 − m

)

(12)

with l̂ = 2l + 1, the momentum transfer defined by
q = ki − ks and

∏̂
j
(α, β, γ;k1) =

1
πqk1

√
2
π

Nat(j)∑

k=1

ljk∑

m1=−ljk

X̂
ljk

jk (k1)Δljk,m1,mjk
(α, β, γ)Y m1

ljk
(k̂) i−ljk eiσljk

(η1) (13)

where

See equation (14) next page.

The radial parts X l,l1
jk (k, q) and X̂

ljk

jk (k) introduced in
equations (12) and (13) are expressed as

X l,l1
jk (k, q) =

∞∫

0

r Fl1(k, r) jl(qr) fjk(r) dr (15)

X̂
ljk

jk (k) =

∞∫

0

r Fljk
(k, r) fjk(r) dr (16)

where fjk(r) refers to the jkth component of the radial
part of the target (molecular) wave function while Fl(kr)
and jl(qr) denote the radial hypergeometric function and
the Bessel function, respectively.

In equations (12) and (13), the quantity σl represents
the Coulomb phase shift given by

σl(η) = arg Γ (l + 1 + iη) = argΓ (l + 1 − 2i/k) . (17)

Besides, to benefit of the selectivity rules of the complex
harmonics in the integrations over the ejection directions
k̂1 and k̂2 and then to provide an analytical expression of
the triply differential cross sections, we have here treated
the electrostatic repulsion between the two outgoing elec-
tron by replacing the quantity (φG (|k2 − k1|))2 by the
approximate Gamow factor gG(k1, k2) given by Defrance
and co-workers [24,25], namely,

gG(k1, k2) =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

2π
k1

e−2π/k1

1 − e−2π/k1
when k1 > k2

0 when k1 = k2

2π
k2

e−2π/k2

1 − e−2π/k2
when k2 > k1.

(18)

Then, the triply differential cross section (3DCS) may be
written as

d3σ(α, β, γ)
dΩsdE1dE2

=
∫∫

d5σ(α, β, γ)
dΩ1dΩ2dΩsdE1dE2

dk̂1dk̂2 (19)

where dk̂ = sin θ dθ dφ.
Finally, taking into account the closure relation of the

spherical harmonics given by
∫

Y m
� (k̂)Y

m′

�′ (k̂)dk̂ = δ��′δmm′ (20)

Equation (19) may be written as

d3σ(α, β, γ)
dΩsdE1dE2

= 2 (2π)4
k1k2ks

ki
gG(k1, k2)

×

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

5∑
j=1

[
Ij(α, β, γ; k1)Îj(k2) + Ij(α, β, γ; k2)Îj(k1)

+Îj(k1)Îj(k2) + 2Re(Hj(α, β, γ; k1)H∗
j (α, β, γ; k2))

−(2Re(Hj(α, β, γ; k1)Îj(k2)) + 2Re(Hj(α, β, γ; k2)

Îj(k1))
]

⎫
⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎭

(21)
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Δ
ljk
μ,mjk (α, β, γ) =

⎛

⎝D
ljk

μ,−mjk
(α, β, γ) − D

ljk
μ,mjk (α, β, γ)

√
2

⎞

⎠ δmjk,1

+ i

⎛

⎝
D

ljk

μ,−mjk
(α, β, γ) + D

ljk
μ,mjk (α, β, γ)

√
2

⎞

⎠ δmjk ,−1(−3)(for the 1t2y orbital)

Δ
ljk
μ,mjk

(α, β, γ) =

⎛

⎝
D

ljk

μ,−mjk
(α, β, γ) − D

ljk
μ,mjk (α, β, γ)

√
2

⎞

⎠ δmjk,1(3)

+ i

⎛

⎝
D

ljk

μ,−mjk
(α, β, γ) + D

ljk
μ,mjk

(α, β, γ)
√

2

⎞

⎠ δmjk ,−1(for the 1t2x orbital)

Δ
ljk
μ,mjk (α, β, γ) = i

⎛

⎝D
ljk
μ,mjk (α, β, γ) − D

ljk

μ,−mjk
(α, β, γ)

√
2

⎞

⎠ δmjk ,−2

+
(
D

ljk
μ,mjk (α, β, γ)δmjk ,0

)
otherwise. (14)

where

Ij(α, β, γ; k1) =
8
π

1
q2k2

1

Nat(j)∑

k=1

∑

l,m

∑

l1,m1

X l,l1
jk (k1, q)

× ilY m∗
l (q̂)Δljk ,m1−m,mjk

(α, β, γ)

√
l̂1 l̂l̂jk

4π

×
(

l1 l ljk

0 0 0

)(
l1 l ljk

−m1 m m1 − m

)

×
Nat(j)∑

k̄′

∑

l′,m′
X l′,l1

jk′ (k1, q)i−l′Y m′
l′ (q̂)Δ∗

ljk′ ,m1−m′,mjk′ (α, β, γ)

×
√

l̂1 l̂′ l̂jk′

4π

(
l1 l′ ljk′

0 0 0

)(
l1 l′ ljk̄′

−m1 m′ m1 − m′

)
(22)

Hj(α, β, γ; k1) =
4
π2

1
q2k2

1

Nat(j)∑

k=1

Nat(j)∑

k′

∑

l,m,m1

X
l,ljk′
jk (k1, q)ilY m∗

l (q̂)X̂
ljk′
jk′ (k1)Δljk,m1−m,mjk

(α, β, γ)

× Δ∗
ljk′ ,m1,mjk′ (α, β, γ)(−1)m1

√
l̂jk′ l̂l̂jk

4π

(
ljk′ l ljk

0 0 0

)

×
(

ljk′ l ljk

−m1 m m1 − m

)
(23)

and

Îj(k1) =
2
π3

1
q2 k2

1

Nat(j)∑

k=1

[
X̂ljk

jk (k1)
]2

. (24)

In order to obtain the total (integrated) cross section
(TCS), equation (21) is numerically integrated over the

solid angle Ωs and the ejected energies E1 and E2, namely

σ(α, β, γ) =
∫ E1 max

0

∫ E2max

0

∫
d3σ(α, β, γ)
dΩs dE1 dE2

dΩs dE1 dE2.

(25)
Besides, the scattered electron being - by definition - the
most energetic electron in the final state, we have followed
the recommendations of Defrance et al. [24] and restricted
the region of integration over the ejection energies E1 and
E2 to E1 max and E2max defined by

{
E1 max = (Ei − I2+)/2

E2 max = (Ei − I2+)/2 − E1

(26)

that is consistent with the spirit of the 1st Born approxi-
mation as highlighted by Bahati et al. [26].

In this context, let us add that, in order to justify the
restriction of the upper limits of integration mentioned
in equation (26), Defrance et al. have studied a variety
of two-electron systems (He, Li+, . . . , N5+) and reported
that the region from (Ei − I2+)/2 to (Ei − I2+) didn’t
contribute to the total cross section calculations
appreciably [24].

3 Results and discussion

In the current work, we investigate the influence of the
molecular target orientation on the total double ioniza-
tion (DI) cross sections. To this end, we have selected
particular orientations of the target methane molecule,
namely, those deduced from the initial target orientation
(α, β, γ) = (0,0,0) – which corresponds to a two hydrogen
atoms of the CH4 molecule are located in the yz plane (the
two others being in the background) – by a β-angle rota-
tion around the y axis (with β ranging from 0 to π) in
keeping α = γ = 0.

http://www.epj.org
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Fig. 1. Schematic representation of the particular rotations
Ry(0, β, 0) investigated in the present work.

These different configurations will be hereafter denoted
Ry(0, β, 0). Besides, let us note that in all the geome-
tries investigated here, the incident momentum ki remains
collinear to the z axis (see Fig. 1).

Studying the orientation effects on the double ioniza-
tion process for a single oriented methane molecule re-
quires discriminating each molecular subshell contribu-
tion, the latter being dependent on the relative alignment
of the impacted orbital with respect to the incident beam.
Thus, in this work, we will consider only the case where
the two target electrons are ejected from the same orbital-
referred to as (1t2x)−2, (1t2y)−2, (1t2z)−2, and (2a1)−2

whose double ionization energy are 40.5 eV (for the first
three degenerated orbitals) and 60.9 eV [27] (for the 2a1

orbital), respectively. Under these conditions, we succes-
sively report in the following the evolution of the to-
tal cross sections, for the four subshells of the methane
molecule, versus the β angle, the latter have been normal-
ized to their β = 0 value (i.e. for a parallel orientation).

Let us first consider the 1t2x molecular orbital, mainly
governed by a 2p+1 orbital and then corresponding, in the
present molecular description based on real solid harmon-
ics, to an orbital collinear to the x molecular axis. This
orbital type will be denoted PX in the following.

Thus, applying the Ry (0, β, 0) rotation on the 1t2x

orbital means going from an initial configuration where
the orbital is aligned with the x axis to a final configu-
ration (denoted PZ in the following) where the orbital is
parallel to the z axis, as shown in equation (27) where the
Ry(0, β, 0) transformations are summarized

Ry(0, π/2, 0) :

⎧
⎪⎪⎨

⎪⎪⎩

PX → PZ

PY → PY

PZ → PX .

(27)

In the left panel of Figure 2, we report the calculated
total ionization cross sections for the 1t2x orbital. The

evident influence of the orbital alignment on the ioniza-
tion process may be observed, in particular, in magnitude.
Indeed, it clearly appears that at low collision energies
(Ei < 200 eV) the total DI cross sections exhibit a max-
imum when the impacted orbital is collinear to the beam
axis (the z axis), namely, for β = π/2 whereas for inci-
dent energies above 200 eV (Ei > 200 eV), the maximum
of total DI cross sections is observed for β = 0 for a target
orbital perpendicular to the beam axis. This previously re-
ported behavior can be easily interpreted by geometrical
considerations. Indeed, at low energies, the incident elec-
tron is sensitive to the orientation of the impacted orbital
and the double ionization process is privileged when the
orbital is aligned with the incident electron momentum
revealing then a direct reflection of the anisotropic distri-
butions of the electron density of the impacted molecular
orbital. On the contrary, as the electron energy increases,
the double ionization process is dominant when the tar-
get orbital is perpendicular to the incident beam (i.e. when
the geometrical cross section is the highest) that meets the
observations already made by Champion and Rivarola [28]
who reported an increase of the total ionization cross sec-
tions in perpendicular configurations for electron-induced
ionization of oriented water molecules. This particular fea-
ture is clearly highlighted in Figure 2 (right panel) where
the variation of the σ(0, β, 0)/σ(0, 0, 0) ratio versus the
β-angle is reported for various incident energies

Considering now the 1t2z orbital (see Fig. 3) whose
major component is 2p0, i.e. a PZ orbital-type, we observe
the opposite trend. Indeed, following the Ry(0, π/2,0) ro-
tation reported in equation (27) according to which a PZ

orbital becomes a PX one, the 1t2z orbital-initially aligned
with the incident electron beam-becomes now perpendic-
ular to the incident direction (α, β, γ ) = (0, π/2,0). In
these conditions, the 1t2z orbital, initially aligned with the
incident electron beam, now becomes perpendicular to the
incident electron momentum (β = π/2), that leads to to-
tal cross sections whose maxima are located at (β = 0) for
an orbital orientation parallel to the incident beam at low
collision energies (Ei < 200 eV) whereas when the inci-
dent energies exceeds 200 eV the cross sections are dom-
inated for perpendicular alignment to the incident beam
(β = π/2).

In Figure 4a, we report the result obtained for the 1t2y

molecular orbital mainly governed by a 2p−1 orbital and
therefore denoted PY . In this case, it is clear that the
rotation Ry(0, β,0) will not change the orientation of the
molecular orbital, which then remains aligned with the y
axis (see Eq. (27)). A similar observation has also been
performed for the 2a1 molecular state mainly governed by
a spherical symmetry 2s component. Therefore, the results
of total double ionization cross sections show an evident
isotropy versus the molecular orientation (see Fig. 4b).

In Figure 5, the energy distributions of the secondary
electrons ejected by double ionization of 1t2x orbital ori-
ented in the (0,0,0) and (0, π/2,0) directions are shown.
The obtained results clearly show that the DDCS are
more affected by the target orientation at 100 eV than
at 500 eV. Thus, in Figures 5a and 5b, we observe

http://www.epj.org


Page 6 of 9 Eur. Phys. J. D (2017) 71: 160

0 30 60 90 120 150 180

1,0

1,2

1,4

1,6

1,8

2,0

000010001001

0,000

0,003

0,006

0,009

0,012

E
i
=300 eV

E
i
=200 eV

E
i
=100 eV

E
i
=50 eV

1t
2x

 orbital

σ  
(0

,β
,0

)/
σ  

(0
,0

,0
)

β-angle(deg)
 

β (0,π/2)

1t
2x

 orbital

σ(
0,

β,
0)

 (a
.u

)

incident electron energy (eV)

Fig. 2. Left panel: total double ionization cross sections (in atomic units) of the 1t2x molecular orbital for particular orientations
defined by the β-angle ranging from 0 to π. Right panel: variation of the total double ionization cross sections of the 1t2x molecular
orbital with the β-angle for several incident energies. Curves are normalized at β =0.

100 1000 10000

0,000

0,003

0,006

0,009

0,012

0 30 60 90 120 150 180

0,5

0,6

0,7

0,8

0,9

1,0

1,1

1t
2z

 orbital

  β (0,π/2)

σ (
0,

β,
0)

 (a
.u

)

Incident electron energy (eV)

1t
2z

 orbital

 
σ 

(0
,β

,0
)/

σ 
(0

,0
,0

)

β-angle(deg)

E
i
=300 eV

E
i
=200 eV

E
i
=100 eV

E
i
=50 eV

Fig. 3. Left panel: total double ionization cross sections of the 1t2z molecular orbital for particular orientations defined by the
β-angle ranging from 0 to π. Right panel: variation of the total double ionization cross sections of the 1t2z molecular orbital
with the β-angle for several incident energies. Curves are normalized at β = 0.

more pronounced energy distributions with a maximum
of about 0.11 a.u. in the (0,0,0) direction versus about
0.14 a.u. in the (0, π/2,0) direction. On the contrary, when
the incident electron energy increases, this anisotropy is
less evident such as reported in Figures 5c and 5d where
the energy distribution after a 500 eV electron-induced
double ionization is reported for the (0,0,0) and the (0,
π/2,0) direction, respectively. Let us note that similar ob-
servations were previously reported in reference [20] for
oriented water molecules impacted by 100 eV electrons.
More precisely, we found a doubly differential cross sec-

tion of about 5.58 a.u. at β = 0 (vs. 0.45 a.u. here) and of
about 4.64 a.u. at β = π/2 (vs. 0.45 a.u. here, see Fig. 6).

In Figure 6, we report the evolution of the global en-
ergy distributions of the secondary electrons ejected by
double ionization of a methane molecule oriented in the
(0,0,0) and (0, π/2,0) directions, the latter being obtained
by summing up all the molecular-state contributions.
Whatever the incident energy, the DDCS are not sensi-
tive to the molecular orientation. This result is probably
due to the fact that when applying rotations, the molec-
ular subshells interchange their contributions. This may

http://www.epj.org


Eur. Phys. J. D (2017) 71: 160 Page 7 of 9

000010001001

0,000

0,003

0,006

0,009

0,012

000010001001
0,000

0,005

0,010

0,015

0,020

0,025

 

 

 

 

σ(
0,

β ,
0)

 (a
.u

)

(a) 1t
2y

 orbital

 

 

 

 
σ(

0,
β,

0)
 (a

.u
)

incident electron energy (eV) incident electron energy (eV)

(b) 2a
1
 orbital

Fig. 4. Total double ionization cross sections for particular orientations defined by the β-angle ranging from 0 to π: (a) 1t2y

molecular orbital and (b) 2a1 molecular orbital.

 

0
5

10
15

20
25

0,00

0,03

0,06

0,09

0,12

0,15

0,25

0,20
0,15

0,10
0,05

0
5

10
15

20
25

0,00

0,03

0,06

0,09

0,12

0,15

0,25

0,20
0,15

0,10
0,05

0
50

100
150

200

0,00

0,02

0,04

0,06

0,08

0
20

40
60

80
100

0
50

100
150

200

0,00

0,02

0,04

0,06

0,08

0
20

40
60

80
100

(a)  1t
2x

 - E
i
= 100 eV - β =0

E 2
 (e

V)

E
1  (eV)

D
D

CS
(E

1,E
2) (

a.
u)

(b)  1t
2x

 - E
i
= 100 eV - β = π/2

E 2
 (e

V)

E
1  (eV)

D
D

CS
(E

1,E
2) (

a.
u)

(c)  1t
2x

 - E
i
= 500 eV - β = 0

 

E 2
 (e

V)

E
1  (eV)

D
D

CS
(E

1,E
2) (

a.
u)

(d)  1t
2x

 - E
i
= 500 eV - β = π/2

E 2
 (e

V)

E
1  (eV)

D
D

CS
(E

1,E
2) (

a.
u)

Fig. 5. Energetic distributions for the double ionization of the 1t2x oriented orbital: (a) (Ei, β) = (100 eV, 0), (b) (Ei, β) =
(100 eV, π/2), (c) (Ei, β) = (500 eV, 0) and (d) (Ei, β) = (500 eV, π/2).

http://www.epj.org


Page 8 of 9 Eur. Phys. J. D (2017) 71: 160

0 5 10 15 20
25

0,0

0,1

0,2

0,3

0,4

0,5

0

4
8

12
0 5 10 15 20

25

0,0

0,1

0,2

0,3

0,4

0,5

0

4
8

12

(a)  E
i
= 100 eV - β = 0

 

E 2
 (e

V)

E
1  (eV)

D
D

CS
(E

1,E
2) (

a.
u)

(b)  E
i
= 100 eV - β = π/2

E 2
 (e

V)

E
1  (eV)

D
D

CS
(E

1,E
2) (

a.
u)

Fig. 6. Energetic distributions for the double ionization of methane molecule: (a) (Ei, β) = (100 eV,0) and (b)
(Ei, β) = (100 eV, π/2).

be attributed to the high symmetry of the methane
molecule that may be considered as quasi-spherical.

4 Conclusions

In this paper we report the total cross sections studies for
double ionization of oriented methane molecule. The cal-
culations are here provided within the 1st Born approach
for the case where the two target electrons are ejected
from the same orbital referred to as (1t2x)−2, (1t2y)−2,
(1t2z)−2 and (2a1)−2. We clearly pointed a strong depen-
dency of the double ionization process versus the molecule
orientation in particular when the description is given or-
bital by orbital. On the contrary, when global total and
double differential cross sections were considered, namely,
by summing up all the subshell contributions, the double
ionization exhibits an evident anisotropy attributed to the
high symmetry of the methane molecule.

Besides, at low collision energies (Ei < 200 eV) we
have shown that the ionization process was privileged for
impacted orbitals aligned with the incident electron mo-
mentum indicating a direct signature of the anisotropic
distributions of the electron density of the impacted or-
bitals, this effect being inverted for increasing projectile
energies.

Finally, let us remind that differences between first-
and second-order Born approximations may be very im-
portant as for H2O where 2nd Born predictions high-
lighted noticeable cross sections in specific geometrical
configurations where first-order predictions were negligi-
ble. Such observations have not been reported here for the
CH4 molecule that has undoubtedly to be confirmed by
higher-order calculations as well as further experiments.
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