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Abstract. The absolute Double Differential Cross Sections (DDCS) have been obtained for electron emis-
sion from nitrogen molecule under the impact of 72 MeV bare carbon ions. The energy dependence of
the electron DDCS was studied for 12 different angles: 20◦, 30◦, 45◦, 60◦, 75◦, 80◦, 90◦, 105◦, 120◦, 135◦,
150◦, and 160◦. At each angle the emitted electrons having energies between 1 and 500 eV were detected.
The main interest is to look for the possible existence of interference patterns in the electron spectra due
to coherent emission from the two molecular centers. The dynamics of the interaction is described within
the continuum distorted wave-eikonal initial state model (CDW-EIS). The DDCS ratios (i.e N2/2N) do
not show a clear signature of the oscillatory behavior arising from the interference unlike that observed in
the case of H2. The forward-backward angular asymmetry(α) parameter, as deduced from DDCS values
at 30◦ and 150◦, increases monotonically with velocity of the emitted electrons and does show a mild
oscillation due to the Young-type electron interference in a molecular double slit. These observations are in
qualitative agreement with the prediction of the CDW-EIS model. The apparent absence of the oscillation
in the DDCS ratios or a mild oscillation in the α-parameter is qualitatively explained in terms of partial
cancellation of contributions arising from different molecular orbitals. The single differential cross sections
(SDCS) are well reproduced by the CDW-EIS model as well as the semi-empirical Rudd model. The overall
agreement of the DDCS data with the CDW-EIS is extremely good. However, a closer inspection revealed
occasional deviations in the angular distribution, particularly in extreme forward and backward angles.

1 Introduction

When a fast, highly charged ion collides with a molecule,
a number of inelastic processes can occur. The emission of
free electrons from the target, known as the Coulomb ion-
ization process, involves the dominant exchange of energy
and is also the most probable process for collision veloc-
ities exceeding the orbital velocity of the electron in the
target. The main process contributing to the ionization
cross-section is known as the soft collision mechanism, in
which the electrons are emitted with a large impact pa-
rameter. Consequently the cross section reaches a max-
imum at very low emission energies. For highly charged
ions, the electrons ejected from a target molecule, can get
influenced by the two Coulombic centers, namely, the re-
ceding projectile ion and the residual recoil ion. It is ex-
pected that the influence of the two center mechanism
would become stronger with increase in the perturbation
strength.

In this situation, the ejected electron can undergo a sig-
nificant amount of successive or simultaneous deflection in
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the two center fields. Consequently, the cross-sections in
the forward angles get enhanced due to the strong attrac-
tion of the emitted electrons by the receding projectile
ions moving in the same direction. Evidently, extremely
low energy electrons are least affected by the Two Cen-
ter Effect (TCE), because their velocities are very small
compared to that of the projectile ions. These basic pro-
cesses of electron ejection are extensively studied for low-Z
(atomic number) targets such as, H2, H and He [1–8] and
multi-electron atoms, such as, Ne and Xe [9–19].

The two-center (i.e., target atom and projectile nu-
cleus) mechanism has been found to influence the angu-
lar distribution of the low-energy electron emission. These
distributions are in large disagreement with the calcula-
tions predicted from the first-order Born approximation,
which deals with the problem in terms of one center model.
Such studies are relatively scarce for multi-electronic,
multi-orbital targets.

Compared to the atoms, in the case of diatomic
molecules, the ionization processes carry the signature
of the two-center character of the target wave-function.
Investigations on molecular ionization have resulted in
the observation of Young-type electron interference in
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ionization of a homo-nuclear diatomic molecule. The two-
nucleon centers in a homo-nuclear diatomic molecule can
be considered as two coherent sources of electrons in
molecular ionization. Consequently, the electron that has
reached the detector cannot be tagged a priori as from
which atom it has been emitted. This phenomenon, simi-
lar to Young-type double-slit interference, results in an in-
terference pattern for the measured electron DDCS spec-
tra investigated as a function of the energy of emitted
electrons. This was first recognized by Cohen and Fano
in 1966 while measuring the photo ionization cross sec-
tions of O2 and N2 [20]. Later on, Jain and Khare [21]
and Jain et al. [22] showed independently the existence
of such oscillations in cross section spectrum of electron
elastic scattering from hydrogen molecule. The existence
of a Young-type interference oscillation in the case of elec-
tron emission from H2 molecules has been established un-
ambiguously, both from experimental [23–32] as well as
theoretical [33,34] investigation. Even the existence of a
double-frequency component in the oscillatory structure
has been debated in the case of ionization of H2 [35–37].

In recent years, there have been investigations to look
for such interference effects in the case of multi-electronic
targets such as O2 and N2. For example, no interference
oscillations due to a molecular double slit were observed
in the electron emission spectra for O2, under impact of
bare carbon ions [38,39]. This is in contrast with previous
experimental works, one involving ionization of N2 [40],
other for O2 [41], where (at least a certain type of) oscil-
lations were observed. Similarly, a theoretical work based
on ab-initio model calculations for proton impact ioniza-
tion of N2 does not reveal any interference patterns in the
ionization cross sections [42]. In the present work, a study
of the interference effect in case N2, has been carried out
by looking into the DDCS ratios between the molecule
and its atomic counterpart (obtained from theoretical cal-
culations), as well as the asymmetry parameter obtained
entirely from experimental data. The CDW-EIS calcula-
tions for N2 involves certainly less amount of computa-
tional difficulties as compared to O2, where contributions
from both the α and β molecular orbital (depending on
the spin of the electron) were considered separately. In
the case of N2, the existence of a paired Highest Occupied
Molecular Orbital (HOMO) provides with opportunity to
calculate the theoretical cross sections with good accuracy.
Here we present a detailed data set of e−-DDCS, SDCS,
total cross sections (TCS) for 72 MeV bare carbon ions on
a N2 target, which could provide a stringent test for the
theoretical results.

We divide the paper into the following sections: exper-
imental technique, double differential cross sections, two
center effect, single differential cross sections, interference
oscillation, and conclusion.

2 Experimental techniques

The present experiment was performed using the electron
spectroscopy technique. In this approach, the spectra are

measured as differentials in both the electron emission en-
ergy and solid angle, known as the Double Differential
Cross Sections (DDCS). The bare carbon ion projectiles
were obtained from the 14-MV BARC-TIFR Pelletron ac-
celerator facility at Mumbai, India. The energy and charge
state analyzed C4+ ion beam was made to pass through
a post accelerator carbon foil stripper to obtain ions of
higher charge states, including bare ions. The C6+ ions
were then selected through the switching magnet and di-
rected to the specific beam-line. The beam was then colli-
mated into the desired size using a pair of four-jawed slits
(2 × 2 mm2), mounted 1 m apart from each other along
the beam-line. These are followed by another aperture
of 4 mm diameter. It reduced the probability of produc-
ing forward-moving electrons due to slit scattering, which
could contribute to the background counts at extreme for-
ward angles. Finally, the beam was passed through a dif-
ferential pumping arrangement followed by the interaction
chamber.

In brief, the scattering chamber consists of a high vac-
uum chamber equipped with a motorized turntable and
a hemispherical electrostatic analyzer for the measure-
ment of angular and energy distributions of ejected elec-
trons [43]. The base vacuum in the chamber was main-
tained at around 2 × 10−7 Torr or better. The scattering
chamber was flooded with the target gas (N2 molecule)
at a suitable pressure (0.15 mTorr) to maintain the single
collision condition. The flow of the gas inside the chamber
was controlled using a solenoid valve. High purity nitrogen
gas, available commercially, was used as the target for the
experiment. A capacitance manometer (MKS Baratron)
was used to measure the absolute pressure of the target gas
inside the chamber. The inner side of the scattering cham-
ber was lined with two sets of thin μ-metal sheets (thick-
ness 0.3 mm) in order to reduce earth’s magnetic field to
about 5–10 mGauss near the interaction region. The data
were collected over a wide angular range of 20◦–160◦. For
a fixed emission angle, the number of electrons at different
energies that were ejected in that direction was detected
for a specified amount of incident projectile charge col-
lected on a Faraday cup. At each angle, electrons having
energies as low as 3 eV, up to 500 eV, were detected.
The scanning of voltages on the hemispheres, rotation of
the spectrometer and overall data acquisition were carried
out with the LabVIEW software and a related National
Instrument module (BNC-2120) was used.

3 Double differential cross-sections

The measured energy distributions of absolute DDCS for
electron emission from N2 under the impact of 72 MeV
C6+ ions have been shown in Figure 1, for six different
emission angles. The absolute DDCS data are also pro-
vided in tabular form for future reference (see Tab. 1).
The error due to statistical fluctuation was low (5–10%)
throughout the experiment. The uncertainty in the gas
pressure was about 6–7%. Overall, the maximum abso-
lute error in the data presented here is about 15–18%.
It is evident that the absolute electron DDCS decreases
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Fig. 1. Absolute electron DDCS for different emission angles
for the collision system 72 MeV-C6++N2. In each plot, the
solid line corresponds to the CDW-EIS calculations.

over three or four orders of magnitude as the energy of
the emitted electrons increases between 1 and 500 eV.
The emitted electrons in the low energy region are gen-
erally produced in soft collisions between the projectiles
and the target molecules. These electrons were produced
in collisions involving high impact parameter and hence,
are emitted with high cross sections. The experimental
data were compared with the theoretical calculations us-
ing the CDW-EIS model for multi-electronic, di-atomic
targets [42].

4 Theoretical methods: comparison with data

Details concerning the theory for single ionization of N2

molecules by swift ion impact within the two-effective cen-
ter approximation (TEC) and the CDW-EIS approach,
were already given in [42], so only a brief description of
the method will be presented here.

It should be noted that, in the case of molecular targets
with several molecular orbitals, the active electron can be
ionized from any of them. In consequence, the DDCS for
the complete molecule, as a function of the energy εk and
angle θk of the emitted electron, should be written as:

σ(2)(εk, θk) =
∑

MO

σ
(2)
MO(εk, θk), (1)

with the summation running over all the orbitals of the
target. The partial DDCS σ

(2)
MO(εk, θk) related to the elec-

tron ionization from the Molecular Orbital (MO) can be

defined, into the straight line version of the impact pa-
rameter approximation and within the CDW-EIS model,
as follows:

σ
(2)
MO(εk, θk) =

NMO k

4π

×
∫

dΩmol

∫
dη |R+CDW −EIS

ifMO
(η, Ωmol)|2,

where NMO is the corresponding molecular orbital, k is
the modulus of the emitted electron momentum k, η
is the transverse component of the momentum transfer
q, and ΩMO represents the orientation of the target in
space. The sign + appearing in the preceding expression
refers to the post-form of the scattering matrix element
R+

ifMO
(η, Ωmol) (see [42] for details about the calculation

of this quantity).
In order to describe the active electron bound to a tar-

get MO, the corresponding wave function ϕi is expressed
as linear combination of Slater-type orbitals φSTO cen-
tered on each target nucleus:

ϕi =
2∑

h=1

∑

nlm

ωh,nlm φSTO
h,nlm (2)

where the index h indicates the molecular nuclei where
the Slater orbital corresponding to the set of quantum
numbers nlm is centered. Then, taken into account equa-
tion (2), it can be shown that within the two-effective
center (TEC) approach, the scattering matrix element for
a given MO can be written as:

R+CDW−EIS

ifMO
(η, Ωmol) =

2∑

h=1

exp[−i (k − q) · bh]

×
∑

nlm

ωh,nlm R+eff

h,nlm(η) (3)

with bh the position vector of the h-target center with
respect to the origin of a laboratory frame of reference
fixed at the center of mass of the molecular nuclei, and
R+eff

h,nlm(η) the post version of an effective scattering ma-
trix element associated with the Slater function φSTO

h,nlm.
The DDCS for electron emission in single ionization un-
der the impact of bare carbon ions have been evaluated in
the fundamental state 1Σ+

g of N2 molecule.
The overall shapes of the DDCS spectra, obtained for

different emission angles, have been qualitatively well re-
produced by the CDW-EIS model, as can be see by the
solid curves in Figure 1. As far as the absolute values
are concerned, excellent quantitative agreement can be
seen between the theory and experimental data from 10 to
300 eV, in the angular range 60◦–105◦. However, closer in-
spection reveals that the theoretical values underestimate
the data at higher energies (>100 eV), specially at extreme
forward and backward angles (see Figs. 1a, 1e, and 1f).
The pronounced peak around 340 eV corresponds to the
K-LL Auger line for nitrogen. The theoretical model does
not take into account the Auger emission process, which
is the cause for apparent large quantitative deviations in
the higher energy (>300 eV) region.
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Table 1. Measured DDCS in units of Mb eV−1 sr−1 for different emission angle. For errors, see the text.

Energy 20◦ 30◦ 45◦ 60◦ 75◦ 80◦ 90◦ 105◦ 120◦ 135◦ 150◦ 160◦

(eV)

3 5.91 4.83 2.16 3.48 3.52 3.26 3.38 4.61 4.42 3.82 3.17 3.30
5 5.20 3.41 1.92 2.66 2.83 2.69 2.63 4.94 4.80 3.85 3.34 3.17
9 2.90 2.00 1.67 1.99 2.19 2.06 2.04 2.92 2.66 1.95 1.66 1.59
11 2.20 1.71 1.51 1.78 1.95 1.82 1.83 2.24 2.11 1.49 1.28 1.23
15 1.20 1.18 1.17 1.36 1.48 1.38 1.40 1.44 1.33 0.98 0.81 0.77
21 0.74 0.66 0.68 0.83 0.88 0.83 0.86 0.75 0.69 0.47 0.38 0.36
25 0.56 0.49 0.53 0.64 0.72 0.66 0.66 0.56 0.48 0.33 0.26 0.24
31 0.38 0.36 0.37 0.49 0.55 0.54 0.52 0.41 0.33 0.22 0.17 0.16
35 0.30 0.30 0.32 0.41 0.48 0.45 0.43 0.34 0.26 0.17 0.13 0.12
40 0.27 0.23 0.25 0.32 0.45 0.37 0.36 0.26 0.21 0.13 0.10 0.092
60 0.12 0.10 0.12 0.16 0.21 0.20 0.20 0.13 0.084 0.051 0.039 0.036
80 0.071 0.057 0.064 0.095 0.14 0.13 0.13 0.072 0.044 0.026 0.019 0.017
100 0.044 0.035 0.040 0.062 0.098 0.097 0.094 0.044 0.026 0.014 0.011 0.011
120 0.034 0.024 0.028 0.045 0.077 0.069 0.069 0.029 0.016 0.0092 0.0072 0.0067
140 0.023 0.017 0.020 0.033 0.058 0.056 0.054 0.020 0.011 0.0063 0.0051 0.0049
160 0.017 0.014 0.014 0.025 0.049 0.046 0.044 0.015 0.0076 0.0046 0.0039 0.0036
180 0.017 0.011 0.012 0.021 0.040 0.042 0.036 0.011 0.0056 0.0037 0.0031 0.0031
200 0.013 0.011 0.011 0.017 0.034 0.034 0.030 0.0090 0.0051 0.0031 0.0026 0.0027
220 0.012 0.0085 0.0079 0.013 0.034 0.031 0.025 0.0058 0.0032 0.0021 0.0016 0.0019
240 0.0089 0.0071 0.0066 0.012 0.025 0.027 0.020 0.0050 0.0025 0.0016 0.0013 0.0015
260 0.0083 0.0067 0.0058 0.0094 0.022 0.024 0.017 0.0040 0.0022 0.0014 0.0012 0.0014
280 0.0079 0.0061 0.0056 0.0080 0.020 0.023 0.016 0.0034 0.0023 0.0016 0.0013 0.0014
300 0.0075 0.0063 0.0048 0.0081 0.019 0.021 0.014 0.0038 0.0027 0.0023 0.0019 0.0022
320 0.010 0.010 0.0093 0.011 0.023 0.024 0.017 0.0074 0.0070 0.0060 0.0053 0.0063
340 0.019 0.019 0.017 0.019 0.029 0.030 0.024 0.014 0.015 0.013 0.012 0.014
360 0.019 0.018 0.016 0.018 0.028 0.030 0.022 0.014 0.014 0.013 0.012 0.013
380 0.0086 0.0063 0.0053 0.0067 0.015 0.017 0.010 0.0037 0.0035 0.0030 0.0028 0.0030
400 0.0080 0.0039 0.0031 0.0043 0.012 0.013 0.0073 0.0017 0.0012 0.00088 0.00085 0.00094
420 0.0051 0.0030 0.0024 0.0037 0.012 0.012 0.0058 0.0012 0.00089 0.00061 0.00052 0.00056
440 0.0043 0.0026 0.0019 0.0032 0.010 0.011 0.0048 0.00075 0.00051 0.00027 0.00023 0.00028
460 0.0045 0.0021 0.0019 0.0027 0.0096 0.010 0.0043 0.00066 0.00023 0.00014 0.00021 0.00019
480 0.0038 0.0020 0.0016 0.0024 0.0088 0.0098 0.0036 0.00064 0.00022 0.00016 0.00015 0.00018
500 0.0033 0.0018 0.0016 0.0022 0.0085 0.0087 0.0032 0.00053 0.00016 0.000093 0.00014 0.00017

5 Angular distribution and angular asymmetry

Figure 2 shows the angular distributions of electron DDCS
at different energies of the ejected secondary electrons. In
each plot the solid line corresponds to the CDW-EIS cal-
culations. The overall shape of the distributions has been
observed to match qualitatively with the CDW-EIS model
calculations, considering the complex nature of the target.
As it can be seen that at 21 eV, the theory matches with
the data only at extreme backward angles (see Fig. 2a).
At 60 eV, the theoretical values agree with the data very
well over the entire angular range (see Fig. 2b). However,
as one increases the emission energy, the discrepancy be-
tween theory and experimental data starts to increase. In
particular, at very high energy, substantial deviation from
the CDW-EIS calculations can be observed, specially at
extreme forward and backward angles (see Fig. 2d). It
should be noted that in the high energy region the agree-
ment between the theoretical calculations and the experi-
mental data is reasonably good in the intermediate angles,

Fig. 2. Absolute electron DDCS for different emission en-
ergies. In each plot, the solid corresponds to the CDW-EIS
calculations.
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Fig. 3. Variation of α-parameter as a function of electron emis-
sion energy. In each plot, the solid red line corresponds to the
CDW-EIS calculations. The dashed blue line is only there to
guide the eyes.

i.e., between 60◦ to 105◦ (see Figs. 2c and 2d). The angular
distributions at fixed emission energies, as shown in Fig-
ure 2, show prominent forward-backward angular asym-
metry due to the two-center effect. The enhancement of
the cross-section in the forward angles can be attributed
to the strong attraction of the emitted electrons by the
receding projectiles moving in the same direction. Also,
for higher-energy electrons the distributions gradually be-
come more peaked around 75◦ which is due to the binary
nature of collisions [44]. In order to quantify the forward-
backward angular asymmetry, arising from the two center
effect, one can introduce the parameter α(k) as [45]:

α(k, θ) =
σ(2)(k, θ) − σ(2)(k, π − θ)
σ(2)(k, θ) + σ(2)(k, π − θ)

, (4)

where θ is the angle with respect to the direction of the
projectile beam in which the electron was emitted with
a velocity of k (in a.u.) and σ(2)(k, θ) is the DDCS at
that k and θ. Evidently, it represents the importance of
the asymmetric contributions. Since the angular distribu-
tion varies slowly near 0 and π, we have used the DDCS
measured at 20◦ and 160◦ and 30◦ and 150◦ to obtain
the approximate value of the α(k, θ). Figure 3a shows the
velocity dependence of the angular asymmetry parame-
ter at θ = 20◦. In this case, the α parameter varies from
0.2 to 0.7 over an energy range of 10 eV to 300 eV for
ejected electrons. Similarly Figure 3b shows the veloc-
ity dependence of the angular asymmetry parameter at
θ = 30◦. Once again, the α parameter varies from 0.2 to
0.7 over an energy range of 10 eV to 300 eV for ejected
electrons. The theoretical values match quite well in the
case of the asymmetry parameter at θ = 20◦. However,

Fig. 4. Absolute electron SDCS as a function of (a) emission
energy and (b) emission angle. The solid red line in each plot
corresponds to the theoretical calculation using the CDW-EIS
model. The dashed blue line in (a) corresponds to the theoret-
ical calculation using the semi-empirical Rudd model [47].

it should be noted that at θ = 30◦ the amount of asym-
metry, as predicted by the CDW-EIS model overestimates
that obtained from the experiment, throughout the entire
range of emission energy. The asymmetry parameter, both
from theory as well as from experimental data, is found
to increase monotonically with electron velocity. This fea-
ture, in general, can be explained in terms of a two-center
effect as described earlier [6,7,46]. In addition, the non-
Coulombic nature of the target potential can also play a
significant role in the forward-backward asymmetry. How-
ever a closer look shows an indication of mild oscillation.
It is slightly more obvious in Figure 3b i.e. for α-parameter
derived from 30◦ and 150◦.

6 Single differential cross sections

The single differential cross-sections, dσ
dE , obtained by in-

tegrating the DDCS (both experimental and theoretical)
in an angular range of 20◦ − 160◦, have been shown in
Figure 4a. It can be seen that the CDW-EIS model has
qualitatively well reproduced the data. As far as the ab-
solute values are concerned, one can find excellent agree-
ment over the entire energy range, from 3 to 300 eV. In
the region containing the Auger emission of N2 some devi-
ations can be seen between the data and the experimental
data. The corresponding SDCS values as a function of
emission energies are tabulated in Table 2. Similarly, the
single differential cross-sections, dσ

dΩ , obtained by integrat-
ing the DDCS (both experimental and theoretical) in an
energy range of 3–300 eV, has been shown in Figure 4b.
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Table 2. Experimental dσ
dE

values in units of Mb/eV.

Energy SDCS Energy SDCS Energy SDCS Energy SDCS Energy SDCS Energy SDCS
(eV) (eV) (eV) (eV) (eV) (eV)

3 43.8 5 40.0 9 25.6 11 21.4 15 15.0 21 8.40
25 6.34 31 4.68 35 3.89 40 3.12 60 1.55 80 0.92
120 0.44 140 0.33 160 0.26 180 0.21 200 0.18 220 0.15
100 0.61 240 0.12 260 0.105 280 0.096 300 0.094 320 0.14
340 0.22 360 0.21 380 0.082 400 0.053 420 0.045 440 0.038
460 0.034 480 0.031 500 0.029

Table 3. Experimental dσ
dΩ

values in units of Mb/sr.

20◦ 30◦ 45◦ 60◦ 75◦ 80◦ 90◦ 105◦ 120◦ 135◦ 150◦ 160◦

62.5 49.0 42.3 55.0 65.7 62.0 60.8 62.0 54.5 40.1 33.5 32.0

Table 4. Parameters for fitting the SDCS values to the Rudd model (taken from [49]).

A1 1.05 B1 12.0 C1 0.74 D1 −0.39 E1 0.80

A2 0.95 B2 1.20 C2 1.00 D2 1.30 γ 0.70

Evidently the CDW-EIS model mostly overestimates the
data in the forward angles, whereas, at the backward an-
gles it underestimates the data. As the cross sections in
the Auger emission region are much less than that of sin-
gle ionization cross sections dominated by the soft collision
processes in the low energy region, the integration over the
DDCS has been performed excluding the emission energies
>300 eV. The corresponding SDCS values as a function
of emission angles are tabulated in Table 3. In addition to
the ab-initio model such as the CDW-EIS model, we have
compared the dσ

dE as obtained from the data with the semi-
empirical Rudd model as well [47]. This model is based on
a binary encounter approximation modified to agree with
the Bethe theory at high energies and with the molecular
promotion model at low energies [48]. It assumes that the
cross section for ejection of an electron depends only on
the emission energy (E), the binding energy of the electron
(I), and the projectile velocity.

The analytical expression for the SDCS (for a particu-
lar shell in the target) according to Rudd’s model is given
by [49]:

dσ

dE
=

(S/I)(F1 + F2w)(1 + w)−3

1 + eγ(w−wc)/v
. (5)

Here, w is given by, w = E
I . The quantity v is given

by, v =
√

T
I , in which T is related to the incident pro-

jectile energy (T0) via the relation, T = (me/MP )T0,
where me denotes the mass of an electron and MP de-
notes the mass of the bare projectile. The quantity γ is
a dimensionless parameter related to the size of the tar-
get and wc is the energy at the kinematic cut-off, given
as, wc = 4v2 − 2v − R/4I, R being the Rydberg energy
(13.6 eV). The first term on the right-hand side repre-
sents the free electron limit, the second term represents

the correction due to electron binding, and the third term
gives the correct dependence for v � 1. The quantities F1

and F2 constitute the adjustable parameters in the model,
given by:

F1 = L1 + H1 (6)

and,
F2 = L2H2/(L2 + H2) (7)

with

H1 = A1ln(1 + v2)/(v2 + B1/v2),

L1 = C1v
D1/(1 + E1v

D1+4),

H2 = A2/v2 + B2/v4,

and,
L2 = C2v

D2 .

Finally, S is given by, S = 4πa2
0N(R/I)2, a0 being the

Bohr radius and N being the total number of electrons
in the particular shell of the target. The units of dσ

dE in
equation (5) are determined solely by the choice of units
for S and I, since the remaining terms are dimensionless.
The ten parameters with required values for the model are
tabulated in Table 4. Also, it should be noted that, as the
model was developed primarily for proton impact, in the
present experiment, the obtained values from equation (5)
have been scaled by multiplying them with a factor of Z2

P ,
where ZP is the atomic number of the incident bare pro-
jectile. In addition, equation (5) represents the contribu-
tion corresponding to one particular shell of the target.
For multi-shell target such as the N2 molecule, contribu-
tions from all the orbitals were added in order to calculate
the dσ

dE . Despite being a semi-empirical relation, the Rudd
model provides remarkably close agreement with experi-
mental data (see Fig. 4a). While the model overestimates
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the data in the region from 3 to 100 eV, the agreement
between data and the model improves above 100 eV.

The experimental (theoretical) SDCS values at angles
<20◦ and >160◦ were extrapolated from the experimental
(theoretical) values in the angular range of 20◦–160◦. The
total cross sections (TCS) for ionization obtained from the
experimental data is ∼699 Mb, whereas it is ∼743 Mb as
predicted by the CDW-EIS model. Finally, the TCS ob-
tained from the Rudd model by integrating numerically
the spectrum over 3–300 eV is found to be ∼912 Mb,
which is ∼1.3 times higher than that obtained from the
experiment.

7 Interference oscillation

7.1 DDCS ratios

For ionization processes involving di-atomic molecules, a
secondary electron reaching the detector cannot be tagged
as an electron coming from “this” atom or, “that” atom.
Hence, the two atoms can act as two sources of coherent
matter waves. This two matter waves can interfere, in the
same way as two coherent light waves interfere in the case
of the Young-type double slit interference, to produce a
noticeable oscillatory pattern in the DDCS spectra as a
function of the ejected electron velocity [23,24]. Since the
effect of interference can be very small to observe accu-
rately, it becomes necessary to divide the DDCS values
obtained from the molecular target with those obtained
for the atomic target under identical condition. Accord-
ingly, to look for any such effect we have divided our
experimental DDCS values for N2 by two times that for
N (keeping same projectile energy, i.e., 72 MeV-C6+ for
both cases), to look for any such effect. It was shown in
an earlier work [50] that, the interference oscillation for
electron emission from a H2 molecule, is proportional to
(1 + sin(kcd)

kcd ), where k is the electron velocity, c = c(θ)
is the angle dependent frequency parameter and d is the
inter-nuclear separation. A variation of c as a function of
the emission angle θ can be found elsewhere [32,40]. Evi-
dently, one complete sinusoidal oscillation corresponds to
a variation from 0 to 2π for the argument kcd. For fast
projectiles and small momentum transfer to the target,
one can assume c(θ) = 1 under the dipole approximation.
In the case of N2, we have d = 2.1 a.u. and hence, the full
oscillation is expected for k varying from 0 to 3 a.u. (i.e.,
over 0 to 122 eV). We have plotted in Figure 5 the experi-
mental data over a velocity range of 0 to 4 a.u., i.e., exclud-
ing the Auger emission region. However, no such behavior
could be observed in any of the emission angles. Though
some modulation in the experimental DDCS ratios can be
seen in the low energy region, specially at the extreme for-
ward angle (see Fig. 5a), it can not be identified as typical
oscillations arising from Young-type interference due to
its irregularity and absence in the theoretical counterpart
depicted by solid lines in Figure 5.

Baran et al. [40] reported earlier on the existence of a
secondary oscillation in the case of N2 under proton im-
pact. They have compared the experimental DDCSs with

Fig. 5. Ratios of the molecular DDCS for N2 to 2 times the
atomic DDCS for N (obtained from the CDW-EIS model), for
four different different angles, 30◦, 45◦, 135◦, 150◦. In each
plot, the solid line corresponds to the CDW-EIS calculations
for the DDCS ratios of N2/2N.

“molecular” calculations using a “monocentric” descrip-
tion of the target orbitals. Thus they obtain the ratio be-
tween “normalized” experimental and theoretical results.
This ratio was then divided further by a fitted straight line
to eliminate the underestimation of the theoretical mod-
els compared to the corresponding experimental DDCS at
higher electron energies. It should be noted that they did
not divide their experimental results by twice the atomic
nitrogen DDCS as we have done in the present work.

To understand this behavior, partial DDCS ratios for
every orbital of the nitrogen molecule are calculated by di-
viding the theoretical DDCS for each molecular orbital by
twice the DDCS of its atomic counterpart [42]. Figure 6
displays the results of these calculations, as a function
of the electron emission energy, at four different emis-
sion angles. It can be observed that each MO presents
oscillatory structures, which are more pronounced for the
higher emission energies. Also, the positions and ampli-
tudes of the corresponding maxima and minima are dif-
ferent. Moreover, these patterns do not present regular
oscillations in the considered energy range, and it is evi-
dent that the superposition of these spectra gives rise to
the apparent absence of interference pattern in the DDCS
ratios as shown in Figure 5. A similar conclusion has also
been reached from a recent experimental investigation in-
volving photo-ionization of N2 [51], where oscillations in
the 1sσg and 1sσu orbitals are found in opposite phase
with respect to each other.

7.2 Angular asymmetry parameter

However, it can be noticed that, this particular way
of deriving interference oscillation is heavily dependent
on theoretical calculations and normalization procedures.
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Fig. 6. Theoretical DDCS ratios corresponding to each MO of
the target as a function of the electron emission energy for the
impact of bare carbon ions at 72 MeV at four different emission
angles. The legends describing contributions from each MO are
mentioned at the bottom of the figure.

The apparent oscillatory structure present in Figure 5 may
be an artifact of the model used to obtain the atomic cross
sections. In order to investigate the presence of interfer-
ence oscillations from the experimental data only, one may
use the α-parameter (Fig. 3, discussed earlier). It can be
seen that the α-parameter derived from θ = 20◦ and 160◦
does not show a proper oscillation. However, from Fig-
ure 3b, one may notice a feeble oscillatory behavior riding
on top of the monotonically increasing function. Thus the
α-parameter is probably more sensitive to display such in-
terference oscillation present in the spectrum. For the H2

molecule, a prominent oscillatory behavior was observed
earlier, in the the velocity dependence of the asymmetry
parameter [32,50,52]. This particular phenomenon in case
of H2 is well understood in terms of the Cohen-Fano model
for oscillations in e-DDCS spectrum in the case of diatomic
molecules. Although nitrogen is a diatomic molecule, the
reason for the absence of an oscillatory behavior or the
presence of a mild oscillations in the α-parameter can be
attributed to the several molecular orbitals present in N2.
The contribution from each MO are phase shifted so that,
when added, all them tend to cancel each other, partially
or fully, resulting in no oscillation in some cases or a mild
oscillation.

8 Conclusion

We have measured the absolute double differential, single
differential and total ionization cross sections for electron
emission from a diatomic molecule, N2, in collisions with
72 MeV bare carbon ions. The forward-backward asym-
metry parameter spectrum was also investigated from the

measured angular distribution. The CDW-EIS model cal-
culations using a suitable molecular wavefunction compare
very well with the details of the energy and angular distri-
butions of the measured electron DDCS. Apart from the
different physical processes, such as, soft collision mecha-
nism, two-center effect and binary encounter mechanisms,
the possible existence of oscillations in the spectrum due
to the Young-type interference effect was also investigated.
Although no clear signature has been observed in the
DDCS ratios, a low amplitude oscillation can be seen in
certain forward-backward angular asymmetry parameter
which can be considered as a more sensitive parameter
to look for the oscillation. Each independent orbital in
nitrogen molecule has been shown to contain oscillatory
structures due to Young-type interference, which are phase
shifted from each other. A mutual cancellation, partial or
full, of the contributions from different orbitals thus give
rise to no oscillation in the DDCS ratios or mild oscillation
in the forward-backward asymmetry parameter.

We would like to thank the staff at BARC-TIFR Pelletron ac-
celerator facility for smooth operation of the machine. LCT
had developed idea and designed the research, SN and SB col-
lected the data, SN analyzed the data, CAT and RDR provided
the theoretical calculations, SN and LCT wrote the paper with
inputs from CAT and RDR.
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