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Abstract—We present numerically calculated triply differential
cross sections for the simple ionization of two targets, atomic
hydrogen and ammonia, in the First Born Approximation frame-
work with one Coulomb wave describing the ejected electron. The
partial wave series of the wavefunctions centered around the same
origin were used and the intial state molecular wavefunction was
derived using information provided by Gaussian03 software for
ammonia. The theoretical results are calculated in the geometrical
settings and kinematical conditions of previous experiments and
are compared to published experimental and theoretical data.
The results show good agreement with previous studies based on
the same model for hydrogen. The general shape of the triply
differential cross sections obtained for ammonia are in acceptable
agreement with experimental data in the binary region but not in
the recoil region where our simple framework fails to reconstruct
the recoil peaks.

I. INTRODUCTION

The study of the ionization of atoms and molecules by electron
impact is necessary to reveal information about the structure
of the target and improve the understanding of particle inter-
actions in many domains. The dynamics of this process is best
described by the triply differential cross section (TDCS) which
involves all the kinematic parameters of ionization providing
the ionization probability over the ejected electron angle dis-
tribution. Determining this quantity presents many challenges
both experimentally and theoretically because it requires an
accurate description of the evolution of all the electrons’ states
that are involved as well as their mutual interactions before
and after collision. Modeling these interactions becomes even
more complex in the case of polyatomic molecular targets.

Extensive research has been done to provide TDCSs for a
variety of atomic and molecular targets exploring different
theoretical models. At high incident and ejected electron

energies, the nucleus’s role can be neglected and the inter-
action can be approximated by a simple Coulomb attraction
between the ejected electron and the nucleus. Under these
kinematics, the use of the first Born approximation (FBA) is
justified and slight improvements are provided by other much
more sophisticated models that require heavy calculations.
To further simplify the calculations, many groups have used
partial wave expansion which facilitates the translation of the
analytical calculations to parallel numerical codes with the
least computing time possible [1]–[3].

Accurately describing the molecular wave function is very im-
portant and presents many challenges for multicenter complex
molecules. Defining the wave functions around a single center
reduces the complexity of this task [4]. These wave functions
have been expressed as linear combinations of atomic orbitals
written in terms of Slater-type functions in some studies [5],
[6] and in terms of Gaussian-type functions in others [3],
[7]. Although Slater-type functions provide a more accurate
desription of the atomic orbitals, they are difficult to express
on distinct atoms of bigger molecules and hence the use of
Gaussian-type orbitals is preferrable to describe molecular
wave functions. Another challenge that is faced when dealing
with molecular targets is defining the molecule’s orientation
before the collision. This cannot be done in experiments,
therefore an average orientation of the molecule should be
considered in theoretical calculations for appropriate com-
parision with experimental data. This can be done either by
using orientation averaged molecular orbitals (OAMO) [8]
or by calculating TDCSs for each possible orientation and
then determining the average TDCS [9]. In this work, we
use single center Gaussian-type molecular wave functions
developed from the GAUSSIAN 03 [10] program in the 6-
31G basis set.
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The hydrogen atom represents the simplest case study that
allows the validation of developed analytical and numerical
models before moving on to molecular targets which intial
state wave functions are more complex to determine. Ehrhardt
et al. performed an experiment in which they measured the
TDCSs of atomic hydrogen at incident energy of 250 eV,
ejected energy of 5 eV and a detection angle of the scattered
electron equal to 3 degrees and 8 degrees [11]. The experi-
mental data showed a binary peak near the direct momentum
transfer direction and a recoil peak near its backward direction.
In 2012 Sahlaoui and Bouamoud [6] compared analytical
TDCSs calculated within the FBA framework using Slater-
type functions to these experimental data. Their work aimed
at proposing an improvement of the FBA to model post-
collision interactions by multiplying the TDCS equation with
the Gamow factor [12]. We consider the results of these studies
and compare them to our TDCSs for the ionization of the
hydrogen atom. We also present calculated TDCSs for the
ionization of ammonia and compare them to the experimental
data of El Mir et al. [13] measured at an incident energy of
500 eV, ejected energy of 74 eV and with scattered angle of
-6 degrees. These data show the same trend observed for the
hydrogen atom TDCSs. In the work of El Mir et al. these
data were compared to analytical cross sections calculated
within the FBA using the one coulomb wave model for the
ejected electron with Slater-type wave functions developed
according to the approach proposed by Moccia [14]. They
also presented theoretical results using a distorted wave to
describe the ejected electron and results calculated with the
Brauner-Briggs-Klar model (BBK) [15]. The FBA results also
underestimated the recoil peak but predicted a better binary to
recoil amplitude ratio than the other models for the 3a1 and 1e1
orbitals. We present numerical TDCSs calculated also in the
FBA-1CW framework but with Gaussian-type wave functions
and writing all the wave functions in partial wave series and
compare our results to the experimental and analytical data of
El Mir et al. [13].

We first begin by presenting our theoretical framework, then
we provide our results for both atomic hydrogen and ammo-
nia. Our results show very good agreement with published
analytical data therebye validating our program.

II. THEORETICAL FRAMEWORK

The triply differential cross section σ(3) is given by:

σ(3) =
kfke
ki

|fB1|2 (1)

fB1 being the transition amplitude in the first born approxi-
mation from the state Ψi to the state Ψf :

fB1 =
−1

2π
< Ψf |V |Ψi > (2)

The interaction potential V is the coulomb interaction between
the incident electron and the target noting

−→
R as the position

vector of the heaviest nucleus of the target with respect to
the incident electron. In the case of the hydrogen atom, the
interaction potential is simply written as:

V = − 1
−→
R

+
1

|−→R −−→r1 |
(3)

−→r1 being the position vector of the bound electron e1 with
respect to the Hydrogen atom.

On the other hand, the potential interaction between the
incident electron and the NH3 molecule is given by:

V = − 7
−→
R

− 1

|−→R −−→
R1|

− 1

|−→R −−→
R2|

− 1

|−→R −−→
R3|

+
10∑
i=1

1

|−→R −−→ri |

(4)

−→
R is the position vector of the Nitrogen atom with respect to

the incident electron,
−→
R1,

−→
R2 and

−→
R3 are the position

vectors of the three Hydrogen atoms with respect to the
Nitrogen atom, and −→ri is the position vector of the ith bound

electron with respect to the Nitrogen atom.

In the First Born Approximation the incident and scattered
electrons are both described by plane waves, ei

−→
Ki

−→
R and

ei
−→
Kf

−→
R respectively, while the ejected electron is described

by a Coulomb wave F
(−)
Ke

(−→r ).

Let’s consider the molecular target case of ammonia. Before
collision, the target electron is bound to a molecular orbital i
and is described by the molecular orbital wavefunction ψi(r).
The method used to develop the molecular orbital wavefunc-
tions from Gaussian03 was presented in details elsewhere
[16], [17] so it will not be discussed here. In summary, the
contracted Cartesian Gaussian type orbitals (CGTO), used as
basis functions in Gaussian, are written as linear combinations
of primitive gaussian type orbitals which are then written as
function of spherical type orbitals. The obtained form for the
wavefunction is:

ψi(x, y, z) =

nc∑
κ=1

np∑
j=1

∑
n,l,m

aikdκjA(ijk, nlm)φb(r̂) (5)

A single center partial wave expansion of the molecular wave-
function is then performed thereby reducing the complexity
of studying a multicenter molecule and that by separating
the radial and angular components of the spherical gaussian
functions. This was already done in details by Kaufmann and
Baumeister [4] where a detailed form of the spherical gaussian

functions is given. This leads to a single-center molecular
orbital wavefunction of the following form:

ψi(x, y, z) =
∑
λ,mλ

R̃i
λ,mλ

(r)Yλ,mλ
(Ω−→r ) (6)

−→r being the position vector with respect to the origin.

For appropriate comparision with experimental data, the
molecular orientation considered in Gaussian is transformed to
the laboratry frame by using the rotation operator Rλ

µmλ
(αβγ)

according to the following:

ψi(x, y, z) =
∑
λ,mλ

R̃i
λ,mλ

(r)

µ=+λ∑
µ=−λ

Rλ
µmλ

(αβγ)Yλµ(r̂) (7)

The initial state wavefunction is the product of the incident
electron’s plane wave ei

−→
ki

−→
R with the intial state molecular

wavefunction ψis describing the 10 bound electrons of the
ammonia molecule:

Ψi = ei
−→
ki

−→
R ψis(

−→r1 ,−→r2 ,−→r3 , ..,−→r10) (8)

With ψis(
−→r1 ,−→r2 ,−→r3 , ..,−→r10) = ψ(−→r1)ψ(−→r2)ψ(−→r3) ... ψ(−→r10)

After collision, the final state wavefunction is the product of
the scattered electron’s plane wavefunction ei

−→
kf

−→
R with the

ejected electron’s Coulomb wavefunction F
(−)
ke

(−→r1) and the
molecular wavefunctions of the other 9 bound electrons. We
suppose that the electron e1 is the ejected electron, with −→r1
being the position vector of e1 with respect to the Nitrogen
nucleus, and that all other electrons are passive electrons with
frozen wavefunctions from the initial to the final state:

Ψf = ei
−→
kf

−→
R ψfs(

−→r1 ,−→r2 ,−→r3 , ..,−→r10) (9)

With ψfs(
−→r1 ,−→r2 , ..,−→r10) = F

(−)
ke

(−→r1) ψ(−→r2)ψ(−→r3) ... ψ(−→r10)

After replacing 4, 8 and 9 in equation 2, and assuming a small
momentum transfer from the incident electron to the target, the
transition amplitude expression simplifies to that obtained with
the simple potential of the Hydrogen atom:

fB1 =
−2

q2
< F

(−)
ke

(−→r1) | ei
−→q −→r1 − 1 | ψ(−→r1) > (10)

−→q =
−→
ki −

−→
kf is the transfer momentum from the incident

electron to the target.

The plane, Coulomb and target’s wavefunctions are written in
partial wave expansion as follows:

F
(−)∗
−→
ke

(−→r1) =
1

(2π)
3
2

∑
le,me

(4π)(−i)leeiδle
Fle(ker1)

ker1

Yle,me
(k̂e)Y

∗
le,me

(r̂1)

(11)

ei
−→q −→r =

∑
l,m

(4π)iljl(qr)Y
∗
l,m(q̂)Yl,m(r̂) (12)

ψ(−→r1) =
∑
λ,mλ

R̃i
λ,mλ

(r1)

µ=+λ∑
µ=−λ

Rλ
µmλ

(αβγ)Yλµ(r̂1) (13)

After replacing in 1, the triply differential cross section be-
comes:

σ(3) =
kfke
ki

25

q4
|
∑
λ,mλ

∑
µ

∑
l,m

∑
le,me

(−1)meil−leeiδleY ∗
l,m(K̂)

Yle,me(k̂e)R
λ
µmλ

(αβγ)Ri
le,l,λ,mλ

Aλ,µ
le,me,l

|2
(14)

With Ri
le,l,λ,mλ

=
∫
r21dr1R̃

i
λmλ(r1)

Fle (ker1)
ker1

(jl(qr)− δl,0)

and Aλ,µ
le,me,l

=
(
l̂e l̂λ̂

) 1
2

(
le l λ
0 0 0

)(
le l λ
−me me − µ µ

)

The rotation operator Rλ
µmλ

(αβγ) is represented by a rotation
matrix Dλ

µmλ
(αβγ) such that:

Rλ
µmλ

(αβγ) = e−iαmDλ
µmλ

(αβγ)e−iγmu (15)

The elements of the rotation matrix Dλ
µmλ

(αβγ) form a
complete set of orthogonal functions of the Euler angles:

∫ 2π

0

dα

∫ π

0

sin(β)dβ

∫ 2π

0

Dλ
µmλ

(αβγ)Dλ′∗

µ′m′
λ′
(αβγ)dγ

= 8π2 1

λ̂
δλλ′δµµ′δmλm′

λ′

(16)

δλλ′ , δµµ′ , δmλm′
λ′

�= 0 for λ = λ′, µ = µ′,mλ = m′
λ′

Integrating 14 using 15 and 16 leads to the following final
expression for the TDCS:

σ(3) =
kfke
ki

25

q4

∑
λ,mλ

∑
µ

1

λ̂
|Si

λ,mλ,µ
|2 (17)

With Si
λ,mλ,µ

=
∑
le,me

∑
l

(−1)µi(l−le)eiδleYle,me
(k̂e)

Yl,µ−me(q̂)Ri
le,l,λ,mλ

Aλ,µ
le,me,l

(18)
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The hydrogen atom represents the simplest case study that
allows the validation of developed analytical and numerical
models before moving on to molecular targets which intial
state wave functions are more complex to determine. Ehrhardt
et al. performed an experiment in which they measured the
TDCSs of atomic hydrogen at incident energy of 250 eV,
ejected energy of 5 eV and a detection angle of the scattered
electron equal to 3 degrees and 8 degrees [11]. The experi-
mental data showed a binary peak near the direct momentum
transfer direction and a recoil peak near its backward direction.
In 2012 Sahlaoui and Bouamoud [6] compared analytical
TDCSs calculated within the FBA framework using Slater-
type functions to these experimental data. Their work aimed
at proposing an improvement of the FBA to model post-
collision interactions by multiplying the TDCS equation with
the Gamow factor [12]. We consider the results of these studies
and compare them to our TDCSs for the ionization of the
hydrogen atom. We also present calculated TDCSs for the
ionization of ammonia and compare them to the experimental
data of El Mir et al. [13] measured at an incident energy of
500 eV, ejected energy of 74 eV and with scattered angle of
-6 degrees. These data show the same trend observed for the
hydrogen atom TDCSs. In the work of El Mir et al. these
data were compared to analytical cross sections calculated
within the FBA using the one coulomb wave model for the
ejected electron with Slater-type wave functions developed
according to the approach proposed by Moccia [14]. They
also presented theoretical results using a distorted wave to
describe the ejected electron and results calculated with the
Brauner-Briggs-Klar model (BBK) [15]. The FBA results also
underestimated the recoil peak but predicted a better binary to
recoil amplitude ratio than the other models for the 3a1 and 1e1
orbitals. We present numerical TDCSs calculated also in the
FBA-1CW framework but with Gaussian-type wave functions
and writing all the wave functions in partial wave series and
compare our results to the experimental and analytical data of
El Mir et al. [13].

We first begin by presenting our theoretical framework, then
we provide our results for both atomic hydrogen and ammo-
nia. Our results show very good agreement with published
analytical data therebye validating our program.

II. THEORETICAL FRAMEWORK

The triply differential cross section σ(3) is given by:

σ(3) =
kfke
ki

|fB1|2 (1)

fB1 being the transition amplitude in the first born approxi-
mation from the state Ψi to the state Ψf :

fB1 =
−1

2π
< Ψf |V |Ψi > (2)

The interaction potential V is the coulomb interaction between
the incident electron and the target noting

−→
R as the position

vector of the heaviest nucleus of the target with respect to
the incident electron. In the case of the hydrogen atom, the
interaction potential is simply written as:

V = − 1
−→
R

+
1

|−→R −−→r1 |
(3)

−→r1 being the position vector of the bound electron e1 with
respect to the Hydrogen atom.

On the other hand, the potential interaction between the
incident electron and the NH3 molecule is given by:

V = − 7
−→
R

− 1

|−→R −−→
R1|

− 1

|−→R −−→
R2|

− 1

|−→R −−→
R3|

+
10∑
i=1

1

|−→R −−→ri |

(4)

−→
R is the position vector of the Nitrogen atom with respect to

the incident electron,
−→
R1,

−→
R2 and

−→
R3 are the position

vectors of the three Hydrogen atoms with respect to the
Nitrogen atom, and −→ri is the position vector of the ith bound

electron with respect to the Nitrogen atom.

In the First Born Approximation the incident and scattered
electrons are both described by plane waves, ei

−→
Ki

−→
R and

ei
−→
Kf

−→
R respectively, while the ejected electron is described

by a Coulomb wave F
(−)
Ke

(−→r ).

Let’s consider the molecular target case of ammonia. Before
collision, the target electron is bound to a molecular orbital i
and is described by the molecular orbital wavefunction ψi(r).
The method used to develop the molecular orbital wavefunc-
tions from Gaussian03 was presented in details elsewhere
[16], [17] so it will not be discussed here. In summary, the
contracted Cartesian Gaussian type orbitals (CGTO), used as
basis functions in Gaussian, are written as linear combinations
of primitive gaussian type orbitals which are then written as
function of spherical type orbitals. The obtained form for the
wavefunction is:

ψi(x, y, z) =

nc∑
κ=1

np∑
j=1

∑
n,l,m

aikdκjA(ijk, nlm)φb(r̂) (5)

A single center partial wave expansion of the molecular wave-
function is then performed thereby reducing the complexity
of studying a multicenter molecule and that by separating
the radial and angular components of the spherical gaussian
functions. This was already done in details by Kaufmann and
Baumeister [4] where a detailed form of the spherical gaussian

functions is given. This leads to a single-center molecular
orbital wavefunction of the following form:

ψi(x, y, z) =
∑
λ,mλ

R̃i
λ,mλ

(r)Yλ,mλ
(Ω−→r ) (6)

−→r being the position vector with respect to the origin.

For appropriate comparision with experimental data, the
molecular orientation considered in Gaussian is transformed to
the laboratry frame by using the rotation operator Rλ

µmλ
(αβγ)

according to the following:

ψi(x, y, z) =
∑
λ,mλ

R̃i
λ,mλ

(r)

µ=+λ∑
µ=−λ

Rλ
µmλ

(αβγ)Yλµ(r̂) (7)

The initial state wavefunction is the product of the incident
electron’s plane wave ei

−→
ki

−→
R with the intial state molecular

wavefunction ψis describing the 10 bound electrons of the
ammonia molecule:

Ψi = ei
−→
ki

−→
R ψis(

−→r1 ,−→r2 ,−→r3 , ..,−→r10) (8)

With ψis(
−→r1 ,−→r2 ,−→r3 , ..,−→r10) = ψ(−→r1)ψ(−→r2)ψ(−→r3) ... ψ(−→r10)

After collision, the final state wavefunction is the product of
the scattered electron’s plane wavefunction ei

−→
kf

−→
R with the

ejected electron’s Coulomb wavefunction F
(−)
ke

(−→r1) and the
molecular wavefunctions of the other 9 bound electrons. We
suppose that the electron e1 is the ejected electron, with −→r1
being the position vector of e1 with respect to the Nitrogen
nucleus, and that all other electrons are passive electrons with
frozen wavefunctions from the initial to the final state:

Ψf = ei
−→
kf

−→
R ψfs(

−→r1 ,−→r2 ,−→r3 , ..,−→r10) (9)

With ψfs(
−→r1 ,−→r2 , ..,−→r10) = F

(−)
ke

(−→r1) ψ(−→r2)ψ(−→r3) ... ψ(−→r10)

After replacing 4, 8 and 9 in equation 2, and assuming a small
momentum transfer from the incident electron to the target, the
transition amplitude expression simplifies to that obtained with
the simple potential of the Hydrogen atom:

fB1 =
−2

q2
< F

(−)
ke

(−→r1) | ei
−→q −→r1 − 1 | ψ(−→r1) > (10)

−→q =
−→
ki −

−→
kf is the transfer momentum from the incident

electron to the target.

The plane, Coulomb and target’s wavefunctions are written in
partial wave expansion as follows:

F
(−)∗
−→
ke

(−→r1) =
1

(2π)
3
2

∑
le,me

(4π)(−i)leeiδle
Fle(ker1)

ker1

Yle,me
(k̂e)Y

∗
le,me

(r̂1)

(11)

ei
−→q −→r =

∑
l,m

(4π)iljl(qr)Y
∗
l,m(q̂)Yl,m(r̂) (12)

ψ(−→r1) =
∑
λ,mλ

R̃i
λ,mλ

(r1)

µ=+λ∑
µ=−λ

Rλ
µmλ

(αβγ)Yλµ(r̂1) (13)

After replacing in 1, the triply differential cross section be-
comes:

σ(3) =
kfke
ki

25

q4
|
∑
λ,mλ

∑
µ

∑
l,m

∑
le,me

(−1)meil−leeiδleY ∗
l,m(K̂)

Yle,me(k̂e)R
λ
µmλ

(αβγ)Ri
le,l,λ,mλ

Aλ,µ
le,me,l

|2
(14)

With Ri
le,l,λ,mλ

=
∫
r21dr1R̃

i
λmλ(r1)

Fle (ker1)
ker1

(jl(qr)− δl,0)

and Aλ,µ
le,me,l

=
(
l̂e l̂λ̂

) 1
2

(
le l λ
0 0 0

)(
le l λ
−me me − µ µ

)

The rotation operator Rλ
µmλ

(αβγ) is represented by a rotation
matrix Dλ

µmλ
(αβγ) such that:

Rλ
µmλ

(αβγ) = e−iαmDλ
µmλ

(αβγ)e−iγmu (15)

The elements of the rotation matrix Dλ
µmλ

(αβγ) form a
complete set of orthogonal functions of the Euler angles:

∫ 2π

0

dα

∫ π

0

sin(β)dβ

∫ 2π

0

Dλ
µmλ

(αβγ)Dλ′∗

µ′m′
λ′
(αβγ)dγ

= 8π2 1

λ̂
δλλ′δµµ′δmλm′

λ′

(16)

δλλ′ , δµµ′ , δmλm′
λ′

�= 0 for λ = λ′, µ = µ′,mλ = m′
λ′

Integrating 14 using 15 and 16 leads to the following final
expression for the TDCS:

σ(3) =
kfke
ki

25

q4

∑
λ,mλ

∑
µ

1

λ̂
|Si

λ,mλ,µ
|2 (17)

With Si
λ,mλ,µ

=
∑
le,me

∑
l

(−1)µi(l−le)eiδleYle,me
(k̂e)

Yl,µ−me(q̂)Ri
le,l,λ,mλ

Aλ,µ
le,me,l

(18)
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III. RESULTS

We first consider the simplest case of atomic hydrogen and
compute the triply differential ionisation cross sections in the
same conditions as the ones used in the work of Sahlaoui and
Bouamoud [6] Ei = 250 eV, Ee = 5 eV, θf = 5 degrees.

Fig. 1: Triply differential ionization cross sections of the ionization
of atomic hydrogen. The considered kinematical conditions are: Ei =
250 eV, Ee = 5 eV and θf = 5 degrees. Black squares: experimental
data [11], blue triangles: analytical data of Sahlaoui and Bouamoud
[6], red solid line: our results.

Figure 1 shows that we numerically obtain exactly what was
analytically found by Sahlaoui and Bouamoud with the same
FBA-1CW model. The binary and recoil peak positions as
well as the peak widths are in good agreement with the
experimental data of Ehrhardt et al. [11] but the relative
amplitude of the peaks is not well predicted by the FBA since
the recoil peak’s amplitude is underestimated.

The same shape of the TDCS as function of the ejected
electron angle is found in the ammonia case under the kine-
matical conditions considered in the work of El Mir et al.
[13]. In figure 2, the experimental data of El Mir et al. are
represented by the solid black squares, their 1CW analytical
results are given by the blue diamonds. Our numerical results
are represented by the dashed green line in figure 2 for
molecular wave functions calculated using Gaussian03 and by
the red solid line for molecular wave functions calculated using
the approach proposed by Moccia.

Good agreement is found between the analytical triply differ-
ential cross sections of El Mir et al. and our data calculated
using Slater-type wave functions futher validating our pro-
gram. The amplitude of the binary peak is a little different with
the 6-31 Gaussian basis set than using the Moccia approach
to develop the molecular wave function but in general the
TDCSs have the same shape using both Slater and Gaussian
type wave functions. In comparision with the experimental

data, the width of the binary peaks and the amplitude of the
recoil peaks are underestimated. This proves the need for a
more detailed description of the interactions taking place in
order to have a better estimation of the experimental data.

Fig. 2: Triply differential ionization cross sections of the ionization
of the three outer valence orbitals of ammonia. The considered
kinematical conditions are: Ei = 500 eV, Ee = 74 eV and θf = −6
degrees. Black squares: experimental data [13], blue triangles: ana-
lytical FBA-1CW data given in the same work, green dashed line:
our results using Slater-type molecular wave functions, red solid line:
our results using Gaussian-type molecular wave functions.

IV. CONCLUSION

We present a theoretical model using partial wave expan-
sion and based on the First Born approximation to calculate
the triply differential single electron impact ionization cross
sections of hydrogen and ammonia. Partial wave expansion
is an important tool that facilitates programming the theo-
retical model and using a computing grid to reduce com-
puting time which is of particular interest for the study of
big molecules. Using Gaussian 03 to develop single-center
molecular wave functions makes the corresponding program
user-friendly with the ability to easily change the parameters
for different molecules and kinematical conditions. As a start,
we demonstrate the validity of our program by comparing the
results with previously published data for atomic hydrogen and
present the triply differential cross sections for the ionization
of ammonia based on this formalism which are in good agree-
ment with published data. The same discrepancies between
experimental and theoretical FBA data that were noted in
a previous study were observed in our work in the case
of the ammonia, especially regarding the inability of FBA-
1CW model to accurately describe the collision process under
the considered kinematics when an electron is ejected in the
backwards direction. This work is a first step to validate the
functions used in our program as well as the transition from
Gaussian03 output to the program where the molecular wave
function is also calculated. The next step would be to use
the program to determine cross sections for more complex
molecules such as the DNA bases and develop the collision
description into a more complex description of the interactions
between the projectile and the target.
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III. RESULTS

We first consider the simplest case of atomic hydrogen and
compute the triply differential ionisation cross sections in the
same conditions as the ones used in the work of Sahlaoui and
Bouamoud [6] Ei = 250 eV, Ee = 5 eV, θf = 5 degrees.

Fig. 1: Triply differential ionization cross sections of the ionization
of atomic hydrogen. The considered kinematical conditions are: Ei =
250 eV, Ee = 5 eV and θf = 5 degrees. Black squares: experimental
data [11], blue triangles: analytical data of Sahlaoui and Bouamoud
[6], red solid line: our results.

Figure 1 shows that we numerically obtain exactly what was
analytically found by Sahlaoui and Bouamoud with the same
FBA-1CW model. The binary and recoil peak positions as
well as the peak widths are in good agreement with the
experimental data of Ehrhardt et al. [11] but the relative
amplitude of the peaks is not well predicted by the FBA since
the recoil peak’s amplitude is underestimated.

The same shape of the TDCS as function of the ejected
electron angle is found in the ammonia case under the kine-
matical conditions considered in the work of El Mir et al.
[13]. In figure 2, the experimental data of El Mir et al. are
represented by the solid black squares, their 1CW analytical
results are given by the blue diamonds. Our numerical results
are represented by the dashed green line in figure 2 for
molecular wave functions calculated using Gaussian03 and by
the red solid line for molecular wave functions calculated using
the approach proposed by Moccia.

Good agreement is found between the analytical triply differ-
ential cross sections of El Mir et al. and our data calculated
using Slater-type wave functions futher validating our pro-
gram. The amplitude of the binary peak is a little different with
the 6-31 Gaussian basis set than using the Moccia approach
to develop the molecular wave function but in general the
TDCSs have the same shape using both Slater and Gaussian
type wave functions. In comparision with the experimental

data, the width of the binary peaks and the amplitude of the
recoil peaks are underestimated. This proves the need for a
more detailed description of the interactions taking place in
order to have a better estimation of the experimental data.

Fig. 2: Triply differential ionization cross sections of the ionization
of the three outer valence orbitals of ammonia. The considered
kinematical conditions are: Ei = 500 eV, Ee = 74 eV and θf = −6
degrees. Black squares: experimental data [13], blue triangles: ana-
lytical FBA-1CW data given in the same work, green dashed line:
our results using Slater-type molecular wave functions, red solid line:
our results using Gaussian-type molecular wave functions.

IV. CONCLUSION

We present a theoretical model using partial wave expan-
sion and based on the First Born approximation to calculate
the triply differential single electron impact ionization cross
sections of hydrogen and ammonia. Partial wave expansion
is an important tool that facilitates programming the theo-
retical model and using a computing grid to reduce com-
puting time which is of particular interest for the study of
big molecules. Using Gaussian 03 to develop single-center
molecular wave functions makes the corresponding program
user-friendly with the ability to easily change the parameters
for different molecules and kinematical conditions. As a start,
we demonstrate the validity of our program by comparing the
results with previously published data for atomic hydrogen and
present the triply differential cross sections for the ionization
of ammonia based on this formalism which are in good agree-
ment with published data. The same discrepancies between
experimental and theoretical FBA data that were noted in
a previous study were observed in our work in the case
of the ammonia, especially regarding the inability of FBA-
1CW model to accurately describe the collision process under
the considered kinematics when an electron is ejected in the
backwards direction. This work is a first step to validate the
functions used in our program as well as the transition from
Gaussian03 output to the program where the molecular wave
function is also calculated. The next step would be to use
the program to determine cross sections for more complex
molecules such as the DNA bases and develop the collision
description into a more complex description of the interactions
between the projectile and the target.
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