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Electron emission from CH4 molecules in collisions with fast bare C ions
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We present the energy and angular distributions of electron emission from a CH4 molecule in collisions with
fast bare C ions with energies 3.5 and 5.5 MeV/u. The absolute double differential cross sections (DDCS) are
measured for the ejected electrons having energies from 11 eV to 330 eV for 3.5-MeV/u projectiles and from
5 eV to 330 eV for 5.5 MeV/u bare C ions. The emission is measured in the angular range from 20◦ to 160◦. The
forward-backward angular asymmetry, the single differential cross sections (SDCS), and the total cross section
are deduced from the measured DDCS values. The energy and angular distributions of the DDCS and SDCS are
compared with those calculated using a theoretical model based on the prior form of the continuum distorted
wave–eikonal initial state (CDW-EIS) approximation. The dynamics of the process is considered within the
CDW-EIS approximation, while the initial orbitals of the molecular target are represented using the complete
neglect of the differential overlap approximation. The calculations are found to be in very good agreement with
the measured cross sections. The angle dependence of the carbon K-LL Auger emission and the total Auger
emission cross section are also derived for both projectile energies.
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I. INTRODUCTION

Measurement of the double differential cross section
(DDCS) ( d2σ

d� dE ) of electron emission, as a function of the
emitted electron energy E and the emission angle θ , has
importance in understanding the basic collision dynamics
involving simple atoms as targets. The electron emission
studies have been proved to be quite important in exploring
the collision mechanisms in plasma physics, astrophysics,
astrochemistry, and radiation biology. Moreover, such studies
provide a stringent test of the validity of available theoretical
frameworks.

Mostly, the smaller atomic and molecular targets with
a few electrons have been the subject of experimental and
theoretical investigations for a few decades. Different pro-
cesses, such as the binary encounter (BE) mechanism, the
two-center effect (TCE), and the soft-collision mechanism
characterize the electron emission spectrum in such ion-atom
or ion-molecule collisions. The TCE is known to influence
the angular distribution of electron emission, in particular,
the forward-backward angular asymmetry. This effect mainly
depends on the perturbation strength qp/vp, where qp and
vp are the charge state and the velocity of the projectile,
respectively. The TCE has been studied for smaller atoms or
molecules, such as H2 [1–5], He [6,7], etc.

In recent years there has been increasing demand to study
the interaction of ions with large molecules owing to a number
of specific applications. A few examples are the radiation
interaction with RNA/DNA base molecules, particularly in
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connection with hadron therapy [8–11], the UV absorption in
polycyclic aromatic hydrocarbon (PAH) molecules in inter-
stellar space [12–18], and collective excitation carbon-based
nanoparticles, including fullerene [19–23], etc. These studies
also require a better understanding of the ion collisions with
smaller but multielectron molecules such as CH4, H2O etc.
as references. In case of complicated molecular targets, the
collision process is influenced by the multicenter nature of the
target. The studies on such small molecules thus serve as an
intermediate step to extend the model calculations for large
biomolecules or PAH molecules.

Methane (CH4), the simplest hydrocarbon molecule, has a
significant presence in both the interstellar medium and the
solar system. It is one of the most abundant species in the
atmospheres of many planets [24]. Moreover, to understand
the electron emission from the PAH or DNA/RNA base
molecules, the CH4 plays an important role of a reference.
There are several reports on the total ionization and electron
capture studies for CH4 in collisions with the protons as
projectiles [25–35]. Several groups have also studied the
dissociative ionization of CH4 with protons [36–40], C and
F ions [41] as projectiles.

Although there are few experimental [42,43] and the-
oretical [44,45] investigations on the electron emission in
ionization of CH4 upon electron and proton impact, such
studies using fast heavy-ion projectiles is scarce [18,46].
Studies on heavy-ion collisions in general provide a stringent
test to the theoretical models as the perturbation strength is
large. For highly charged projectile ions, the electron emission
mechanism is more complicated since the emitted electrons
move under the influence of both the target nuclei and the
projectile ions. The TCE is better described by theoretical
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models such as the continuum distorted wave–eikonal initial
state (CDW-EIS), which takes into account the distortion of
the electron wave function by the Coulomb potential of the
incident projectile charge. This model, in general, describes
the angular distribution of the e-DDCS and the forward-
backward angular asymmetry well. However, a detailed in-
vestigation has revealed discrepancies between the calculated
cross sections and the experimentally measured values even
for simple targets such as H, H2, and He [1,6,47–50]. Apart
from the TCE, the emitted electrons are also influenced due to
the scattering from multicentered target nuclei. It is of interest
to study the electron emission from a small molecule such as
CH4 and compare the results with a model calculation which
takes care of the TCE as well as the molecular nature of the
target.

In the present study we measure the DDCS of electron
emission from the CH4 molecule induced by 3.5 MeV/u
and 5.5 MeV/u bare C ions. The absolute DDCS values are
measured in the energy range from 11 eV to 330 eV for
3.5 MeV/u projectiles and in the energy range from 5 eV to
330 eV for 5.5 MeV/u projectiles. The DDCS is measured at
emission angles ranging from 20◦ to 160◦. Energy and angular
distribution of electron emission and the forward-backward
angular asymmetry are compared with the prior form of
the CDW-EIS (CDW-EIS-prior) model calculations [51]. The
single differential cross sections (SDCS) and the total cross
section (TCS) are also calculated from the measured DDCS
values and are compared with the CDW-EIS calculations.

II. EXPERIMENTAL PROCEDURE

The details of the experimental technique are given else-
where [52]. In brief, the bare C ion beam is obtained from
the BARC-TIFR Pelletron accelerator at TIFR, Mumbai. The
ion beam is collimated using a pair of four-jaw slits which
are 1 meter apart from each other. An aperture of 4 mm
diameter is used to collimate the ion beam to the interac-
tion chamber that is kept at a base pressure of 1 × 10−7

mbar. The scattering chamber is flooded with CH4 gas at a
pressure of 2 × 10−4mbar. The pressure is measured using a
well-calibrated capacitance manometer (MKS Baratron). An
electrically isolated Faraday cup is used for measuring the
beam intensity from which the number of incident projectiles
is calculated. A sufficiently long Faraday cup is used in order
to reduce the loss of backscattered electrons. Ejected electrons
are detected using an electrostatic hemispherical analyzer
combined with a channel electron multiplier (CEM) detector.

The electrodes of the analyzer are made up of oxygen-
free high-conductivity (OFHC) copper hemispheres having
radii of 2.5 cm and 3.5 cm, respectively. The electrodes are
enclosed inside an OFHC copper housing. In order to suppress
the production of secondary electrons from the electrodes,
curved surfaces of the electrodes are coated with carbon soot.
The trajectories of very-low-energy electrons (<5 eV) can be
severely affected by the stray electric and magnetic fields
present in the interaction region. A small preacceleration
voltage of 6 V is applied to the entrance and the exit apertures
of the spectrometer in order to have a better collection effi-
ciency for these electrons. The entrance and the exit apertures
have dimensions of 4 × 5 mm2 and 3 × 5 mm2, respectively.

Moreover, in order to reduce the effect of the Earth’s magnetic
field, two μ-metal sheets are placed inside the chamber along
the inner surface of the chamber. The energy resolution, which
depends mainly on the exit slit width and the acceptance
angle of the entrance slit, is 6% of the electron energy. A
voltage of +100 V is applied to the front of the CEM in
order to achieve a uniform detection efficiency throughout the
energy range. Electron yields are measured in the range from
1 to 330 eV (electron velocities between 0.3 and 4.9 a.u.).
The background spectra are also recorded with no gas in the
scattering chamber, and these spectra are subtracted from the
CH4 spectra.

III. ANALYSIS OF THE SPECTRA

The DDCS of the electron emission at a given angle θ is
obtained from the measured electron spectrum by using the
relation

d2σ

d� dE
= Ne(E , θ )/Np − Nb(E , θ )/N ′

p

εel n (l�)eff �ε
, (1)

where Ne and Np are the number of detected electrons and
the number of projectile ions, respectively. The quantities Nb

and N ′
p are the number of background counts recorded and the

corresponding number of the incident ions, respectively. The
�ε is the energy resolution of the spectrometer, and εel is the
detection efficiency of the CEM. It may be mentioned that the
(l�)eff is the solid-angle path-length integral given by [53–56]

(l�)eff = w1 w2 h2

L R sin θ
, (2)

where L is the length of the collimator in front of the analyzer
entrance slit. The quantities w1 and h1 are the width and height
of the entrance aperture of the collimator, respectively. The
quantities w2 and h2 are the width and height of the exit aper-
ture at the end of the collimator, respectively. The distance of
the collimator from the center of the interaction zone [52,57]
is denoted as R. The values of L and R are 36.5 mm and
59.5 mm, respectively. The values of the quantities w1, h1, w2,
and h2 are 3 mm, 4 mm, 2 mm, and 3 mm, respectively. The
number density of the target gas at a pressure Pc is denoted
by n = 9.659 × 1015Pc/T (K ), where Pc is in units of mTorr
and T is the absolute temperature (in ◦K). The total error in
the measurement mainly arises due to the uncertainties in the
gas pressure (∼8%−10%, detector efficiency (∼8%−10%),
solid angle (∼8%−10%), and resolution (∼10%−12%). The
maximum statistical error is ∼6% for electrons of energy
above 100 eV ejected in backward angles. The total uncer-
tainty is thus about of ∼20%−25%. However, the systematic
errors due to stray fields may moderately increase it at lower
energies, i.e., below 20 eV.

A small fraction of the lowest energy electrons may be lost
before reaching the spectrometer due to the scattering in the
target gas. However, the correction for this is estimated (from
the known scattering cross sections) to be only about

IV. THEORETICAL TECHNIQUE

A single active electron model is employed, into an impact
parameter formalism, in order to describe the single ionization
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TABLE I. Population and binding energies of the CH4 molecular
orbitals.

MO Population Binding energy (a.u.)

C1s 2.0 C1s −10.68
2a1 1.133 C2s + 0.867 H1s −0.84
1t2 3.399 C2s + 2.601 H1s −0.46

of the CH4 molecule by the impact of bare carbon ions, assum-
ing that the rest of the electrons remain frozen in their initial
states [58]. It can be seen as a version for electron ionization
of the one previously introduced for electron capture from
molecular targets [59]. The influence of the interaction of
the projectile on the molecular nuclei and with the passive
electrons is reduced, in the impact parameter approximation,
to an exponential factor which affects the projectile trajectory
but does not contribute to the DDCS, which depend only on
the angle and energy of the emitted electron [59,60]. The
dynamics of the process is considered within the CDW-EIS
approximation [58,61], which has been used with success to
investigate the ionization of numerous atomic and molecular

targets under the interactions with ion beams. We should
mention that a version of the CDW-EIS model has been
applied to investigate ionization of CH4 by proton impact [46].

The initial orbitals of the eight-electron molecular target
in its fundamental state are represented using the complete
neglect of differential overlaps (CNDO) approximation. Thus,
each one of the orbital wave functions is described as a
linear combinations of the states of their atomic compounds.
The corresponding binding energy is computed through a
self-consistent field approximation (MO-LCAO-SCF). The
populations and binding energies of the different orbitals
are indicated in Table I [62]. In order to account for the
long-range projectile field in the initial channel, distorted
initial wave functions χ+

i are chosen, which are given by the
expression

χ+
i = �iL

+
i , (3)

where �i are the orbital wave functions and L+
i is the asymp-

totic eikonal projectile continuum phase. The supraindex (+)
indicates that the distorted wave functions preserve correct
outgoing asymptotic conditions.

FIG. 1. Energy dependence of the ejected electron DDCS for CH4 in collisions with 5.5 MeV/u bare C ions. The K-LL Auger electron
peaks are shown in the insets.
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FIG. 2. Same as in Fig. 1 but for 3.5 MeV/u bare C ion projectiles.

In the exit channel, the target and projectile fields are
considered to act simultaneously on equal footing on the
ejected electron. Thus, the final distorted wave function χ−

f
is chosen as

χ−
f = � f L−

f , (4)

� f being continuum target wave functions corresponding to
each one of the orbitals, which include the interaction of
the active electron with the residual target, and L−

f is the
projectile Coulomb continuum factor that takes into account
the interaction of the ejected electron with the bare projectile.
The suprascript (-) indicates that the wave function preserves

the correct incoming conditions. To simplify calculations, the
target orbital wave functions � f are approximated by the
Coulombic continuum ones with effective nuclear charges
ζT . They are obtained from the Belkić’s prescription, where
ζT = ni(−2ε f )1/2, ε f being the binding energy corresponding
to each one of the molecular orbitals and ni the principal
quantum number of each one of the atomic wave function
compounds. This prescription corresponds to approximate the
target potential of the entry channel by an effective Coulombic
one in the exit one.

The wave functions of the atomic compounds of the dif-
ferent orbitals are described within a Roothaan-Hartree-Fock
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approximation [63], and the prior version of the CDW-EIS
model is employed in the calculations. The transition ampli-
tude corresponding to each orbital is written as [64,65]

A−
i f (�ρ) = −i

∫ ∞

−∞
dt 〈χ−

f |(Wi|χ+
i 〉), (5)

where �ρ is the impact parameter and Wi is the perturbative
operator in the entry channel, so that

Wiχ
+
i = 1

2
�i∇2L+

i + ∇�i · ∇L+
i . (6)

The scattering matrix element as a function of the transverse
momentum transfer �η can be obtained by using the relation

R−
i f (�η) = 1

2π

∫
d �ρ exp(i�η · �ρ) A−

i f (�ρ). (7)

Doubly differential cross sections as a function of the solid
angle and energy of the ejected electron are given by the
expression

d2σ

d� dE
= k

∫
d�η |R−

i f |2, (8)

where now all orbital contributions are added to obtain R−
i f . In

Eq. (8), k indicates the momentum of the ejected electron with
respect to the target.

V. RESULTS AND DISCUSSION

A. Double differential cross sections

1. Energy distribution

The measured energy dependence of the e-DDCS is com-
pared with those calculated using the CDW-EIS model in
Figs. 1 and 2. All of the DDCS spectra show a rapid mono-
tonic decrease with the increasing electron energy, except for
the peaks appearing at ∼240 eV. These peaks correspond to
the K-LL Auger electron emission from the C atom present
in the CH4 molecule. The spectra show large values of the
DDCS in the low-energy range due to the dominance of the
soft-collision process involving large impact parameters. The
spectra fall off more than three orders of magnitude from 5 or
11 eV to 330 eV.

5.5 MeV/u C6+. Overall a very good agreement of the
CDW-EIS model calculation with the measured values is
observed for all the angles. The best agreement is found
for the spectrum at 45◦ over the entire energy range.
Among the other angles, very good agreement is observed
for 20◦, 30◦, and 60◦ in the energy range from 20 eV
to 180 eV. For energies <20 eV, the CDW-EIS model
overestimates DDCS values at these angles. At the backward
angles of 135◦, 150◦, and 160◦, the CDW-EIS predictions are
in agreement with the observed values up to the energy of
60 eV. However, the model underestimates the DDCS values
with increasing energy beyond 60 eV. In the energy range
from 120 eV to 180 eV, the CDW-EIS values are two-to-four
times lower than the observed values. A similar trend is also
observed at 120◦ for energies beyond 120 eV.

3.5 MeV/u C6+. A good agreement of the CDW-EIS
model calculation with the measured values is observed
for forward angles. For 20◦ and 30◦, the CDW-EIS model

FIG. 3. The angular distribution of DDCS of electron emission
from the CH4 molecule in collisions with bare C ions. The observed
and CDW-EIS values for 3.5 MeV/u projectiles are multiplied by a
factor of 5.

overestimates the DDCS values below 20 eV, and the agree-
ment becomes better with the increasing energy. For 60◦, the
predicted DDCS values are 1.2-to-1.5 times higher than the
measured values. At the backward angles, the model underes-
timates the DDCS values above 80 eV, and the disagreement
with the observed values increases with increasing energy. At
these angles, the CDW-EIS underestimates the DDCS values
by 40%−50 % at energy around 160 eV.

The ratio of the DDCS (5 eV, θi) to DDCS (100 eV, θi) is
almost the same for both projectiles for all values of emission
angle, θi. The DDCS spectrum for a given θi has almost the
same slope in this energy range, i.e., from 5 eV to 100 eV, for
both projectiles. At higher projectile energy the cross section
is smaller, as also predicted by the perturbative calculations.

The underestimation of the electron emission cross section
at high electron energies for 5.5 and 3.3 MeV/u could have
their origin in the fact that backscattering at high emission
energies is expected to be produced mainly in the proximity of
the C nucleus, where the orbital electrons have high velocity.
The projectile collides on the electron such that the electron
is deviated onto the target nucleus and then suffers an elastic
scattering which reorients the ejected electron in the backward
direction [66]. Thus, for the C1s contribution a charge ζT = 6
is chosen for L−

f in Eq. (4).
The fall in the experimental DDCS values towards low

electron energies at some angles for both projectile energies
(cf. Figs. 1 and 2) is due to the existence of stray magnetic and
electric fields affecting the trajectories of these low-energy
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FIG. 4. Asymmetry parameter as a function of ejected electron
velocity, k.

electrons. Despite taking steps to reduce the effect of electric
and magnetic fields as discussed in Sec. II, their effect can be
observed in the DDCS spectra at low energies.

2. Angular distribution

The angular distributions of the electron DDCS at six
different energies are shown in Fig. 3. The overall shape of
the spectrum is correctly predicted by the CDW-EIS model
for both projectile energies.

5.5 MeV/u C6+. The emission is almost isotropic for the
lowest energy electrons, such as for 13 eV with a humplike
feature around ∼90◦, which is well known for the soft-
collision mechanism. At energies of 20 eV and 40 eV, the
CDW-EIS calculations are in agreement for the forward an-
gles 20◦, 30◦, and 45◦ and backward angles 135◦, 150◦, and
160◦. For angles of 60◦-105◦, the model overestimates the
DDCS values with maximum discrepancy at 90◦, where the
calculated values are ∼1.5 times higher than the observed
ones. At energies 80 eV, 120 eV, and 180 eV, the CDW-EIS
values are in agreement at lower forward angles. However, the
model calculation underestimates the DDCS values at higher
backward angles. For instance, at 120 eV the predicted DDCS
values are ∼50 % of the observed ones at angles 135◦, 150◦,
and 160◦.

3.5 MeV/u C6+. At the energy of 20 eV, the CDW-EIS cal-
culations are in agreement at extreme forward and backward
angles. At angles in between, the DDCS values predicted by
model calculations are higher than the observed ones with
maximum discrepancy at 90◦ where the CDW-EIS value is
1.6 times higher than the observed one. A similar trend is
also observed at 40 eV. The predicted angular distributions at
80 eV, 120 eV, and 180 eV are in agreement with the observed
values except at the extreme backward angles. At these angles,
the model predictions are lower than the observed values by
∼40 %, ∼50 %, and ∼70 % at 80 eV, 120 eV, and 180 eV,
respectively. For higher emission energies, the large yield at
backward angles could be due to a backscattering mechanism
discussed in the previous section.

FIG. 5. (a) Energy and (b) angle dependence of SDCS of electron
emission. The measured and the CDW-EIS values for 3.5 − MeV/u
projectiles are multiplied by a factor of 5.

The peaklike shape in the angular distributions at both
projectile energies becomes more prominent with increasing
emitted electron energy, and at higher energies the peak
becomes sharper at around 80◦. This feature is well known in
ion-atom collisions and is a signature of the binary nature of
the collision [67]. When a free electron initially at rest collides
with a fast projectile ion, the target electron is deflected in
a particular direction for any amount of energy transfer, and
this results in a δ-function peak in the angular distribution.
Since the target electrons are bound, they have an initial mo-
mentum distribution which causes the observed broadening
of the δ-function-type angular distribution. The peak position
θBE of the δ function in the angular distribution is given
by cos2 θBE = v2

e /v
2
P, where ve and vP are the velocities of

the ejected electron and the projectile ion, respectively [68].
For an emission energy of 120 eV and projectile energy of
5.5 MeV/u, this classical formula predicts the peak at 83◦,
which matches very well with the observed position.

It can also be noticed that cross sections at the forward
angles are higher than those at corresponding complementary
backward angles, and this forward-backward angular asym-
metry increases with increasing electron energy. One of the
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FIG. 6. Angular dependence of carbon K-LL Auger emission
cross section. The values for 3.5-MeV/u projectiles are multiplied
by a factor of 2. Only relative errors are shown. Absolute errors are
about 20%–25%.

reasons for such asymmetry is the two-center effect in which
the ejected electrons are affected by the Coulomb fields of
both the target nucleus and the projectile ion. The emission of
the electrons in forward angles is enhanced due to the strong
attraction by the projectiles moving in the same direction.
The electrons of very low energies are not affected by this
effect, since their velocities are very small compared to the
projectile velocity. The forward-backward angular asymmetry
can be quantified by defining a quantity α(k, θ ) known as the
asymmetry parameter,

α(k, θ ) = σ (k, θ ) − σ (k, π − θ )

σ (k, θ ) + σ (k, π − θ )
, (9)

where k is the electron velocity in a. u. (ejected electron
energy, εk = k2/2, in a. u.) and θ is the forward angle. In
the present case, θ = 45◦ is used to calculate the forward-
backward angular asymmetry. For 5.5-MeV/u projectiles, the
asymmetry parameter rises sharply from a value of 0.14 at
k ∼ 0.72 a.u. to 0.49 at 1.71 a. u. (cf. Fig. 4). Then a saturating
trend is observed for k beyond 2.1 a u In the case of 3.5 −
MeV/u projectiles, although the sharp rise in the lower veloc-
ities is not observed, the saturating trend is observed beyond
2.1 a. u. The CDW-EIS does not predict this saturating trend
and overestimates the asymmetry parameter values at higher
values of k. The asymmetry parameter for projectiles with
lower energy, i.e., 3.5 MeV/u, is higher than that for higher
energy by ∼20 % at higher values of k. This is consistent
with the CDW-EIS model calculations and implies a stronger

manifestation of the TCE for the lower energy (3.5 MeV/u)
ions than in the case of higher energy (5.5 MeV/u) projectiles.

B. Single differential cross sections and the total cross section

The single differential cross sections are calculated from
the DDCS values by integrating them over the electron energy
and the emission angle, i.e.,

SDCS(θ ) = dσ

d�
=

∫ E f

Ei

d2σ

d� dE
dE , (10a)

SDCS(E ) = dσ

dE
= 2π

∫ θ f

θi

d2σ

d� dE
sin θ dθ, (10b)

where the angular range is from 20◦ to 160◦. The energy
range is from 11 eV to 330 eV for 5.5-MeV/u projectiles
and from 5 eV to 330 eV for 3.5 − MeV/u projectiles. The
SDCS(E ) and the SDCS(θ ) values are plotted in Figs. 5(a)
and 5(b), respectively. The overall shapes of both SDCS(E )
and SDCS(θ ) are well predicted by the CDW-EIS model.
The SDCS(E ) values predicted by the CDW-EIS model are
1.2–1.4 times higher for 5.5-MeV/u projectiles and 1.2–1.6
times higher for 3.5 MeV/u projectiles as compared to the
measured values. In the case of SDCS(θ ), the agreement is
good at angles of 20◦, 30◦, and 45◦ and their complementary
backward angles for both projectile energies. However, the
CDW-EIS values are 1.3–1.4 times higher at angles of 75◦,
80◦, and 90◦.

The angle dependence of the C K-LL Auger emission cross
section dσKLL/d� is also calculated by integrating the peak at
∼240 eV after subtracting the continuum electron background
for each angle (cf. Fig. 6). The Auger electron emission
is found to be almost isotropic for both projectile energies.
There is a slight variation in these values between 0.5 and
0.8 (×10−16) for the higher energy collisions. A similar slight
variation is also seen in the case of the projectile with energy
3.5 MeV/u. A purely isotropic distribution is expected in the
case of an atomic target.

The total cross-section (TCS) of electron emission is ob-
tained by integrating the SDCS(θ ) over the electron emission
angles or by integrating SDCS(E ) over the emitted electron
energies, i.e.,

TCS = 2π

∫ θ f

θi

dσ

d�
sin θ dθ =

∫ E f

Ei

dσ

dE
dE . (11)

The TCS is mostly contributed by the low-energy electrons
produced by soft collisions. In the derivation of the TCS, the
angular range from 20◦ to 160◦ is considered. For 5.5 MeV/u
projectiles, the experimental DDCS data show a fall below
the electron energy of 5 or 10 eV at some angles. Taking the

TABLE II. The TCS of electron emission and the carbon K-LL Auger electron emission cross section (σKLL). The TCS values derived by
integrating between 5 and 330 eV are shown. For reference the “overall CDW-EIS” prediction, i.e., integrated over all energies (0 to ∞) and
angles, is also shown. The values are in cm2, and the uncertainty in measurements is ∼20% − 25 %.

EP Expt. CDW-EIS Ratio (5–330 eV) CDW-EIS σKLL

(MeV/u) (5–330 eV) (5–330 eV) (Expt./CDW-EIS) (Overall) (Expt.)

3.5 7.31 × 10−16 9.93 × 10−16 0.74 1.74 × 10−15 9.25 × 10−18

5.5 5.81 × 10−16 6.78 × 10−16 0.85 1.19 × 10−15 8.03 × 10−18
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FIG. 7. The TCS as a function of C6+ projectile energy EP.

energy range 5 eV to 330 eV, the experimental TCS value
is found to be 5.81 × 10−16 cm2, whereas a value of 6.78 ×
10−16 cm2 is obtained from the model calculation. Thereby
the experiment-to-theory ratio is 0.85. For 3.5-MeV/u projec-
tiles, considering the same energy range, the experimental and
theoretical TCS are found to be 7.31 × 10−16 cm2 and 9.93 ×
10−16 cm2, respectively, giving the experiment-to-theory ratio
of 0.74.

In order to consider the contribution to the TCS, due to the
electrons of lowest energy for which the experimental data are
not available, the experimental SDCS data are extrapolated
in low energies up to 1 eV by following the slope provided
by the CDW-EIS. The TCS value in the energy range from
1 eV to 330 eV do not include the contribution from angles
below 20◦ and above 160◦. It is found, from the CDW-EIS
calculation, that the contribution of the angles below 20◦

and above 160◦ to the TCS is ∼7 % for 3.5-MeV projectiles
and ∼4 % for 5.5 − MeV projectiles. A similar percentage
contribution from these missing angles can be expected to
the measured TCS. These contributions are included in the
derived TCS displayed in Table II. The measured TCS values
(between 5 and 330 eV) are plotted along with the CDW-EIS
prediction (dashed line) in Fig. 7. The predictions are higher
than the measured values by about 35% and

The total C K-LL Auger electron emission cross section
σKLL is also calculated by integrating dσKLL/d� over emis-
sion angles from 0◦ to 180◦ (cf. Table II). The K-LL Auger

electrons arise due to the K-shell ionization and the K-shell
electron transfer to the projectile vacant states. Considering
the flat nature of the dσKLL/d� for small forward and largest
backward angles, the values at 0◦ and 180◦ are determined by
extrapolation, in order to derive σKLL. One may also find the
indication of the hypersatellite peak beyond the KLL Auger
peak, which arises due to double K vacancy in such heavy-ion
collisions. The signature of this peak is visible at extreme
backward angles.

VI. CONCLUSIONS

The absolute DDCS of electron emission from a CH4

molecule induced by 3.5 MeV/u and 5.5 MeV/u bare C ions
are measured in the emission energy ranges 11−330 eV and
5−330 eV, respectively. The range of emission angle was
chosen from 20◦ to 160◦. The results are compared with
the prior version of the CDW-EIS model calculation along
with the CNDO approach to describe the target molecule. A
very good overall agreement is found between the observed
values and those calculated from the CDW-EIS model at most
of the energies and angles, except for the highest energy
electrons emitted in extreme backward angles. Nevertheless,
the overall good agreement of the theoretical model with
the experimental measurements provides confidence to extend
such calculations for larger molecules. A stronger effect of
the TCE, through the measurement of the forward-backward
angular asymmetry, is observed for the lower energy projectile
as compared to higher energy. The single differential cross
sections (SDCS) and the total cross section (TCS) are deduced
from the DDCS values. The C K-LL Auger electron emission
is found to be isotropic, thus, displaying an atomlike behavior.
The total Auger emission cross section is also deduced, which
provides the total K-vacancy production cross section.
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