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Single ionization of the methane (CH4) 1t2 orbital by 54 eV electron impact has been studied exper-
imentally and theoretically. The measured triple differential cross sections cover nearly a 4π solid
angle for the emission of low energy electrons and a range of projectile scattering angles. Experi-
mental data are compared with theoretical calculations from the distorted wave Born approximation
and the molecular three-body distorted wave models. It is found that theory can give a proper de-
scription of the main features of experimental cross section only at smaller scattering angles. For
larger scattering angles, significant discrepancies between experiment and theory are observed. The
importance of the strength of nuclear scattering from the H-nuclei was theoretically tested by reduc-
ing the distance between the carbon nuclei and the hydrogen nuclei and improved agreement with
experiment was found for both the scattering plane and the perpendicular plane. © 2012 American
Institute of Physics. [http://dx.doi.org/10.1063/1.4732539]

I. INTRODUCTION

Electron impact single ionization of atomic and molec-
ular targets is a fundamental process which is important in
a wide range of science and technology, such as plasmas
physics, chemistry of planetary atmospheres, and radiation
damage of living tissues. Detailed information about this pro-
cess can be obtained from the kinematically complete experi-
ments, or (e, 2e) experiments, which determine the momen-
tum vectors of all continuum particles (i.e., initial state of
the projectile electron and the two final state electrons after
ionization). From such measurements, triple differential cross
sections (TDCSs) can be deduced to provide the most rigor-
ous test of theoretical models.

Previous (e, 2e) studies about the collision dynamics
mainly focused on atomic targets,1–5 and works dedicated
to the molecular targets are scarce because of difficulties in
both experiment and theory. On the experimental side, the
closely spaced electronic states of molecules are difficult to be
resolved.6–10 On the theoretical side, the multi-center nature
makes calculations more complicated compared to atomic tar-
gets. In addition, the target molecules are randomly oriented
in most of the experiments, thus theoretical results need to
be averaged over all the possible orientations to allow com-
parison with experiment.7 In spite of such challenges, differ-
ent molecules such as H2,11, 12 N2,13–15 H2O,16–18 CO2

19 have
been studied experimentally, and several theoretical models,
such as the Brauner, Briggs, and Klar (BBK) model,7 the time
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dependent close coupling (TDCC) model,20, 21 and the molec-
ular 3-body distorted wave (M3DW) model6, 8, 10, 22, 23 coupled
with the orientation-averaged molecular orbital approxima-
tion (OAMO),24 have been adapted to molecular targets.

Most of the previous (e, 2e) experiments were performed
under the so-called coplanar asymmetric geometry, in which
the energy and angular location of the scattered electron are
fixed, and the emitted electron is detected in the scattering
plane defined by the momentum vectors of the projectile and
scattered electron. Binary and recoil peaks are found to be
the dominant features in the cross sections for all atomic and
molecular targets in a wide projectile energy range. Good
agreement between theory and experiment has been achieved
for atomic targets, especially for the simplest atoms such as
H (Refs. 1 and 2) and He.3, 4 However, for molecular targets,
there are some difficulties for theory to reproduce the most ba-
sic features, such as the relative size of the recoil to the binary
peak. Lohmann and co-workers measured the TDCSs for sin-
gle ionization of different orbitals of H2O by 250 eV electron
impact and observed very large recoil peaks.16 These were
well reproduced by the BBK model in a later publication.17 To
further examine the BBK theory, Lahmam-Bennani and co-
workers applied the BBK model to single ionization of CH4

with incident electron energy around 600 eV. They found that
the experimental TDCSs exhibited again a large recoil peak
which was not reproduced by BBK theory.7 The authors at-
tributed the large recoil scattering to the particular kinemat-
ics under which the electron-nucleus interaction is strong, but
such interaction is not properly considered in the BBK theory.
Toth and Nagy9 showed that a strong electron-nucleus interac-
tion can be simulated by localizing the H-nuclei closer to the
center of mass in their spherical shell approximation of the
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nuclear potential, and good agreement with experiment was
achieved.9 Such method was then adopted to N2 in a recent
publication.15 The calculation agrees well with experiment for
outer molecular orbitals, but cannot reproduce the large recoil
peak for the inner 2σ g orbital. In a recent study on H2 it was
shown both experimentally and theoretically that shortening
the internuclear distance increases the binding potential and,
hence, the relative contribution of recoil scattering.25

The M3DW is a model that has been widely employed
in (e, 2e) studies for various molecular targets under different
kinematics. A review of this work is contained in Ref. 22.
Lohmann and co-workers measured the TDCSs for the
complex CHOOH (Ref. 6) and tetrahydrofuran8 targets,
and compared their results with M3DW calculations. The
measurement showed that for the emitted electron energy of
10 eV, the relative size of the recoil to the binary peak
decreases as the scattering angle increases, and is much
smaller than that observed in ionization of water under
similar kinematics. The authors attributed these to the
special molecular configurations of the two targets. For both
targets, there is no nucleus at the center-of-mass, which
suggests that the electron-nuclei interaction might not be as
strong as that for molecules with nuclei located at/around
the center-of-mass, such as H2O. However, since the same
trend of the relative size of the recoil to the binary peak
is observed for ionization of the outmost orbitals of single
center atomic targets He,4 Ne,5 and Xe (Ref. 5) under similar
kinematics, this may indicate that the nuclear configuration
is not the only/dominant cause of this phenomenon. The
M3DW calculation agrees well with the experiment for large
scattering angles where the recoil peak is small, but does not
reproduce the large recoil peak for small scattering angles.

Recently, Nixon et al.10 performed low energy (e, 2e)
studies of CH4 for the symmetric coplanar geometry. For ion-
ization of the 1t2 state, the location of the small angle peak
and the relative sizes of the small and large angle peaks were
qualitatively reproduced by the M3DW, but the theory pre-
dicted the large angle peak at smaller angles than observed in
experiment. For ionization of the 2a1 state, the M3DW was in
better agreement with experiment for high energies than low
energies and for low energies experiment found 3 peaks while
theory only had 2 peaks. They also compared ionization of the
2a1 state of CH4 with the 2s state of neon. For neon, there was
excellent agreement between experiment and theory for high
energy while for low energy experiment found more peaks
than theory similar to the methane 2a1 results. This suggests
that the molecular nature of the target is not the only cause
of the disagreement between theory and experiment, and that
the nuclear scattering may also play a dominant role that is
not being properly treated.

There are also some experiments that have been per-
formed for out-of-plane geometries. For example, Al-Hagan
and co-workers analyzed the cross section for the geometry
where both final state electrons are emitted in the plane per-
pendicular to the incoming beam.12 The TDCSs in this geom-
etry exhibited different features for the isoelectronic targets
He and H2. A strong peak for back-to-back emission of elec-
trons was observed for He, while a minimum was observed
for H2. The authors introduced a multi-scattering process to

explain such difference. The origination of the difference was
attributed to different nuclear configurations of the two center
H2 molecule and the one center He atom. The authors con-
cluded that all the molecules with a nucleus in the center-of-
mass, such as CH4, should behave in a similar way as He.
However, a recent study23 showed that this prediction failed
for the isoelectronic targets Ne and CH4 which are more com-
plicated than the targets discussed in Ref. 12. Ren et al. mea-
sured the 3D TDCSs for He and H2 using the reaction micro-
scope. Their study showed that the strong back-to-back emis-
sion of two outgoing electrons for (e, 2e) of He is mainly due
to the overlap of the binary and recoil lobes.26

In short, previous (e, 2e) studies show that the molecular
configurations of the targets influence the features of the TD-
CSs in both the coplanar and out-of-plane geometries. CH4

is the simplest hydrocarbon molecule present in nature. It is
a benchmark molecule with a nucleus at the center-of-mass.
Thus, electron-CH4 collisions represent an ideal system to
investigate the influence of molecular configurations on the
electron emission patterns in the (e, 2e) process.

In this paper, we explore single ionization of the 1t2 or-
bital of CH4 by 54 eV electron impact. By employing the
advanced reaction microscope technique, TDCSs under dif-
ferent geometries were measured and compared with M3DW
and DWBA calculations.

II. EXPERIMENT

A. Experimental apparatus

The experiment was performed with a reaction mi-
croscope that was specially designed for (e, 2e) studies.
Details of the experimental procedure were given in previous
publications.27, 28 In brief, a pulsed electron beam with energy
of 54 eV crosses the CH4 supersonic gas jet, and causes
single ionization of the target. Using the uniform electric
and magnetic fields, the charged fragments in the final state
are extracted and directed to the two individual time and
position sensitive detectors. In this way, a large part of the
4π solid angle is covered for final state particles (100%
for the detection of CH4

+ ions and 80% for electrons with
energy lower than 20 eV). The momentum components of
the recoil ion and the electrons along the projectile direction
(longitudinal components) can be determined from the time
of flight of each particle from the collision region to the
respective detector, while the transverse momentum can be
obtained from the position and the time of flight information
recorded by the detectors. For recoil ions, since the so-called
time-focusing condition28, 29 is employed in the spectrometer,
the longitudinal momentum has a much higher resolution
(0.4 a.u.) compared to the transverse component (1.2 a.u.). It
should be emphasized that the TDCSs are deduced directly
from the momenta of the two outgoing electrons without
relying on the recoil ion momentum, thus the angular resolu-
tion is not influenced by the temperature of the heavy target.
Experimentally, a large range of the final state phase space
is recorded simultaneously. Thus, in the offline data analysis
particular scattering geometries of interest are selected by
choosing those events which fulfill particular conditions
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FIG. 1. (a) TDCS for (e, 2e) of 1t2 orbital of CH4 as a function of the emis-
sion angle of the slow electron with kinetic energy of E2 = 10 eV. The scat-
tering angle of the faster electron is fixed to θ1 = −55◦; (b) and (c): coplanar
and perpendicular plane geometries used for the present studies. See text for
details.

concerning, e.g., the faster electron scattering angle or the
energy partitioning between both electrons in the final state.
The resolution for obtaining the target electron binding
energy is around 6 eV during the present experiment. Since
the CH4

+ ion is only produced from the (1t2)−1 state,30 the
contribution from the higher ionization/ionization-excitation
states can be well separated from (1t2)−1 by coincidence
measurement of the CH4

+ ion. It should, however, be noted
that ionization from the (1t2) orbital can yield other fragments
as well that have not been studied in this work.

B. Definition of geometries

Figure 1(a) is an example of the measured three-
dimensional (3D) polar plot of the TDCS for single ionization
of the 1t2 orbital of CH4. The scattering angle of the faster
electron is fixed at θ1 = 55◦, while the emission angle of the
slow electron with energy 10 eV covers a large range of the
full 4π solid angle. In such diagrams, the TDCS for emis-
sion to a particular direction is proportional to the distance
between the origin and the point on the surface of the 3D plot
intersected by the electron’s emission direction. In order to
get a reduced scattering of the data points in this 3D plot, the
count in each unit is summed with the neighboring units. The
cross section pattern is dominated by the binary and recoil
lobes which are universal in the (e, 2e) process. An additional
structure is observed between the binary and recoil lobes. This
lobe may arise from high-order effects which would be par-
ticularly important at low incident energy.10

To make a more quantitative comparison between ex-
periment and theory, we define two different geometries, the
coplanar geometry shown in Figure 1(b) and the perpendicu-
lar plane geometry in Figure 1(c). The energy (E1) and scatter-

ing angle of the scattered (faster) electron (θ1) and the energy
of the emitted (slower) electron (E2) are fixed for both ge-
ometries. For the coplanar geometry in Figure 1(b), the slow
electron is detected in the scattering plane defined by the mo-
menta of the fast scattered electron and the incident projectile.
The TDCS is given as a function of the scattering angle of the
slow electron (θ2) measured clockwise relative to the inci-
dent beam direction. For the perpendicular plane geometry in
Figure 1(c), the slow electron is detected in the plane perpen-
dicular to the incident electron beam. The TDCS is plotted as
a function of the angle (ϕ2) between the momentum vector
of the slow electron and the projection of the faster electron
momentum onto the perpendicular plane. The intersection of
the two planes corresponds to θ2 = 90o(270◦) in the coplanar
plane, and ϕ2 = 180o(0◦) in the perpendicular plane. For both
geometries, the cross sections are integrated over an angular
range of ±10o above and below the defined plane.

III. THEORICAL FRAMEWORK

The molecular M3DW approximation has been presented
in previous publications31, 32 so only a brief outline of the the-
ory will be presented. The TDCS for the M3DW is giving by

dσ

d�ad�bdEb

= 1

(2π )5

kakb

ki

(|Tdir |2 + |Texc|2 + |Tdir − Texc|2
)
, (1)

where �ki , �ka , and �kb are the wave vectors for the initial, scat-
tered and ejected electrons, Tdir is the direct scattering ampli-
tude, and Texc is the exchange amplitude. The direct scattering
amplitude is given by

Tdir = 〈
χ−

a (�ka, r1)χ−
b (�kb, r2)Cscat−eject

(
rave

12

)∣∣V
−Ui

∣∣φOA
DY (r2)χ+

i (�ki, r1)
〉
, (2)

where r1 and r2 are the coordinates of the incident and the
bound electrons, χ i, χa, and χb are the distorted waves for
the incident, scattered, and ejected electrons, respectively, and
φOA

DY (r2) is the initial bound-state Dyson molecular orbital av-
eraged over all orientations. The molecular wave functions
were calculated using density functional theory along with
the standard hybrid B3LYP (Ref. 33) functional by means
of the ADF 2007 (Amsterdam density functional) program34

with the TZ2P (triple-zeta with two polarization functions)
Slater type basis sets. For the 1t2 state, the average of the
absolute value of the Dyson wave-function is taken prior to
the collision since the normal average is zero due to parity of
the wave-function.10 The factor Cscat−eject (rave

12 ) is the Ward-
Macek average Coulomb-distortion factor between the two fi-
nal state electrons,35 V is the initial state interaction poten-
tial between the incident electron and the neutral molecule,
and Ui is a spherically symmetric distorting potential which
is used to calculate the initial-state distorted wave for the in-
cident electron χ+

i (�ki, r1). For the exchange amplitude Texc,
particles 1 and 2 are interchanged in the final state wavefunc-
tion (left-hand side) in Eq. (2).
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FIG. 2. TDCSs for the scattering plane geometry. The emission angle of the faster final state (scattered) electron is 15◦ and 20◦, while the emitted electron
energy ranges between 10 eV and 20 eV. The experimental data are the black circles and the theoretical results are the DWBA (dashed curve) and M3DW
(solid curve). The horizontal axis is the observation angle for the slower (ejected) electron. The vertical line at small ejection angles is the direction of classical
momentum transfer and the vertical line at larger ejection angles is the direction of the classical recoil peak. The experimental and theoretical data have been
normalized to unity independently at the maximum for each curve.

The Schrödinger equation for the incoming electron
wave-function is given by

(
T + Ui − k2

i

2

)
χ+

i (
−→
ki , r) = 0, (3)

where T is the kinetic energy operator and the “+” superscript
on χ+

i (�ki, r) indicates outgoing wave boundary conditions.
The initial state distorting potential contains three compo-
nents Ui = Us + UE + UCP, where Us contains the nuclear
contribution plus a spherically symmetric approximation for
the interaction between the projectile electron and the target
electrons which is obtained from the quantum mechanical
charge density of the target. The nuclear contribution to Us

consists of a charge of +6 at the center of mass and a charge
of +4 located on a thin spherical shell at the equilibrium
distance of 2.06 a.u. relative to the center of mass. UE is the
exchange potential of Furness-McCarthy (corrected for sign
errors)36 which approximates the effect of the continuum
electron exchanging with the passive bound electrons in the
molecule, and UCP is the correlation-polarization potential of
Perdew and Zunger.37, 38

The final state for the system is approximated as a prod-
uct of distorted waves for the two continuum electrons times
the average Coulomb-distortion factor. The final state dis-
torted waves are calculated as for the initial state except that
the final state spherically symmetric static distorting potential
for the molecular ion is used for Us.

Results will be presented for the M3DW described above
as well as the standard distorted wave Born approximation
(DWBA). The DWBA is identical to the M3DW except that

the post collision interaction (PCI) term Cscat−eject (rave
12 )

is omitted in the evaluation of the direct and exchange
amplitudes.

IV. RESULTS AND DISCUSSION

A. TDCSs under coplanar geometry

Since the ionization energy for the 1t2 state is 14 eV,
the two final state electrons have 40 eV to share when the
incident electron has energy of 54 eV. Several energy pairs
(E1, E2) were analyzed where E1 is the energy of the faster
electron and E2 the slower with E1 + E2 = 40 eV. For each
energy pair, different scattering angles θ1 of the fast final state
electron were selected ranging from 15◦ to 55◦. Figure 2 com-
pares theoretical and experimental coplanar results for three
different energy pairs and faster electron scattering angles of
15◦ and 20◦.

The experimental data exhibit the normal binary peak
at small angles and recoil peak at large angles. The vertical
line on each figure at small scattering angles indicates the
classical momentum transfer direction and the line at large
angles is the location of the classical recoil direction (i.e.,
the opposite of the momentum transfer direction). Since
the ionized 1t2 orbital has p-character with a minimum
of the bound momentum wave function at zero momentum,
the binary peak can show a split structure with two maxima
when the reaction kinematics is close to the region of the
Bethe ridge. It is possible that the observed splits of the binary
peaks in both the experimental data and the theoretical curves
are due to the p-character of the 1t2 orbital. This has been
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seen for higher incident electron energies for ionization of 2p
state of Ne.39 However, for the atomic case, the double peaks
become a single peak as the incident electron energy is low-
ered to those of the present experiment39 due to the enhanced
influence of high order effects. In Sec. IV C, we will show
that the second binary peak is suppressed when scattering
from the nuclei is made stronger. So this peak may be more
strongly related to nuclear scattering than the 2p structure
of the molecular wavefunctions. At higher incident-electron
energies, one would expect that the binary peak should be
close to the momentum transfer direction and the recoil peak
should be close to the opposite direction. For the low energies
considered in this work, it is seen that the experimental binary
peak is significantly shifted to larger angles. In principle,
this could be the result of the PCI between the ejected
electron and the scattered electron which in the diagrams in
Figure 2 is fixed at the angle (360o − θ1). The precise
position of the recoil peak cannot be well judged since it is
only partly in the experimentally accessible angular range.
Nevertheless, while theory predicts recoil peaks fairly well
centered at the direction opposite to the momentum trans-
fer, the experimental recoil lobes extend to larger angles, in
particular, for equal energy sharing of the final state electrons.

Some information on the mechanisms underlying the ex-
perimental cross section patterns can be gained from compar-

ison with theory. Both calculations show a significant shift of
the binary peaks away from the momentum transfer direction.
Although the DWBA does not contain PCI directly in the T-
matrix, the phenomenon is indirectly taken into account by
the distorted wave description, i.e., the higher order projectile
target interactions in the initial and final states must play a
key role for this shift. The comparison with the M3DW cal-
culation, which contains PCI directly in the T-matrix, shows
that the role of PCI is a suppression of the cross section in
the vicinity of the scattered projectile direction (360o − θ1).
As expected this effect is weak for the most asymmetric en-
ergy sharing (30 eV, 10 eV), where the DWBA and M3DW
results are similar in the momentum transfer direction. On the
other hand, for equal energy sharing PCI is strong and gives
rise to a significant reduction and a shift of the small angle
binary peak while the magnitude of the large angle peak at
about 120◦ is increasing. Experimentally the binary peaks are
observed at even larger angles. Finally, both theories show
the recoil peak at a position roughly opposite to momentum
transfer direction and do not show the apparent shift of the
experimental peaks to larger angles. The large magnitude of
the recoil peak, which is similar in size to the binary peak
in most cases is reproduced. The best overall agreement of
experiment and theory is observed for the most asymmetric
energy sharing case (30 eV, 10 eV) with θ1 = 20◦.

FIG. 3. Same as Figure 2 except for higher final state (scattered) electron angles of 25◦, 40◦, and 55◦.
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FIG. 4. Longitudinal momentum distributions at different scattering angles.
The curves are intergrated over all the emitted electron energy of e2.

Figure 3 contains the same comparison between experi-
ment and theory for faster electron scattering angles of 25◦,
40◦, and 55◦. For these larger scattering angles, the exper-
imental TDCSs is still dominated by the binary and recoil
peaks with the recoil peaks as large as or larger than the bi-
nary peaks. In a recent study on the low energy (e, 2e) of
Ar,40 a new structure is observed in the projectile backwards
direction. It is also possible that the peaks around 180◦ ob-
served in the present study (e.g., for (30 eV, 10 eV) and θ1

= 25◦) originates from the same mechanisms. For the two

largest angles, the experimental recoil peaks are close to the
classical recoil direction. With increasing θ1, the theoretical
calculations evolve into a single binary peak very close to the
classical binary direction. In Sec. IV C, we will show that
the second binary peak is suppressed when scattering from
the H-nuclei is made stronger. With increasing θ1, the pro-
jectile electron penetrates closer to the center of mass. Con-
sequently, the reduction of the second binary peak seen here
with increasing θ1 is probably due to increased importance
of nuclear scattering as a result of smaller impact collisions.
Both the theoretical binary and recoil peaks occur at smaller
angles than in experiment.

The recoil peak arises from a process in which the emit-
ted electron produced by the binary collision is scattered
backward by the nucleus. Thus the increased experimental
recoil peak may be attributed to an increased interaction be-
tween the emitted electron and the target nuclei. While the
emitted electron is scattered backward, momentum will be
transferred to the recoil ion simultaneously. Consequently, the
momentum distribution of the recoil ion provides direct infor-
mation revealing how strong the electron-nuclei interaction is.
As mentioned before, the advanced reaction microscope tech-
nique makes it possible to obtain the longitudinal momentum
distribution of the recoil ions with a relative high resolution
(0.4 a.u.). Figure 4 shows the longitudinal momentum distri-
butions of the recoil ions at scattering angles of θ1 = 25◦, 40◦,
and 55◦, respectively.

FIG. 5. Same as Figure 2 except for the perpendicular plane.
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Figure 4 shows that, as the scattering angle increases,
the longitudinal momentum distribution extends toward the
larger momentum side (right-hand side), which indicates
that the electron-nuclei interaction becomes stronger. In two
recent studies for CHOOH (Ref. 6) and tetrahydrofuran,8 the
relative size of the recoil to binary peak was found to decrease
as the scattering angle increased. The authors suggested that
this trend is due to the fact that there is no nucleus in/near
the center-of-mass for both of these targets. For CH4, the
carbon nucleus is located at the center of the tetrahedron
defined by the four protons. If we consider this process
under the classical Rutherford scattering model, increasing
the scattering angle indicates that the impact parameter of
this collision process reduces, which means that the binary
collision happens closer to the carbon nucleus. Thus, it stands
to reason that the interactions between the target nuclei and
the electrons should increase.

Finally, it can be concluded that increasing the relative
size of the recoil to the binary peak of the TDCS in the scat-
tering plane is due to an increased electron-nuclei interaction
as the scattering angle increases. However, there are no ex-
perimental TDCSs for the molecules without a nucleus in the
center of mass (for example N2) under the same kinematics
available for comparison. Consequently, it is hard to estimate
from experiment how strong the molecular configuration in-
fluences the electron-nuclei interaction is.

Comparing with theory, the agreement tends to be better
for small scattering angles, and it get worse as the scattering
angle increases in the scattering plane. This is consistent
with the observations in Ref. 10, where better agreement was
found for the forward peaks in the coplanar symmetric geom-
etry employed in Ref. 10. These forward peaks correspond
to small scattering angle events. For the backward peaks,
which correspond to the events with larger scattering angle

FIG. 6. Same as Figure 3 except for the perpendicular plane.
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and stronger nuclei scattering, obvious discrepancy between
theory and experiment is observed. Finally and on a more
positive side, the present theoretical ratios of binary to recoil
peak heights are reasonably good for scattering angles out to
θ1 = 25◦.

B. TDCSs under perpendicular geometry

The collision dynamics at low incident energies are far
away from the impulsive regime and higher order effects are
expected to be important. Since the TDCS in the coplanar
plane is dominated by the binary and recoil lobes, out-of-
plane geometries such as the perpendicular plane defined in
part II are good choices for investigation of higher order con-
tributions. Figure 5 shows the TDCSs in the perpendicular
plane with same kinematics as in Figure 2. The cross sections
should be symmetrical about 180◦. However, in some cases
the experimental TDCSs show a deviation of around 10% be-
tween the equivalent points, which seems to be a systematic
effect with the experiment. The data have been averaged for
equivalent points to make a more effective comparison with
calculations. It can be seen from Figure 5 that the experi-
mental cross section has a maximum for 180◦ emission an-

gle which corresponds to the ejected electron being emitted
in the scattering plane on the opposite side of the beam di-
rection as the scattered electron and a minimum for 0◦ (360◦)
which corresponds to the ejected electron being emitted in the
scattering plane on the same side of the beam direction as the
scattered electron. The M3DW theoretical calculations also
predict a maximum for 180◦ scattering but with more struc-
ture than seen in the data. The M3DW results are in better
agreement with experiment than the DWBA and the DWBA
tends to predict cross sections that are too large for 0◦ (360◦).

Figure 6 shows the TDCSs in the perpendicular plane
with the same kinematics as in Figure 3. There is very little
structure in the experimental data except that the 180◦ max-
imum turns into a shallow minimum with increasing faster
electron scattering angle. The experimental data for θ1 = 55◦

is very reminiscent of the Al-Hagan et al. results for ioniza-
tion of H2 with both final state electrons being detected in the
perpendicular plane (i.e., θ1 = 90◦).12 In that work, results
for ionization of H2 were compared with the equivalent cross
sections for ionization of He. For H2, peaks were found near
90◦ and 270◦ and a minimum was found for 180◦ scattering.
For He, peaks were found for angles in the vacinity of 90◦

and 270◦ as well as 180◦. It was shown in that work that the
90◦ and 270◦ peaks resulted from elastic scattering into the

FIG. 7. Same as Figure 3 except for different theoretical curves. The theoretical results are the M3DW with the H-nuclei 2.06 a.u. from the C nucleus (dashed
curve) and M3DW with the H-nuclei 0.8 a.u. from the C nucleus (solid curve).
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perpendicular plane followed by a binary collision in the per-
pendicular plane. The minimum at 180◦ for H2 was attributed
to very small impact parameter binary collisions taking place
between the two nuclei where the average nuclear attraction
would be zero. The strong maximum for He was attributed
to the strong attraction resulting from small impact param-
eters with the nuclear charge located at the center of mass.
Al-Hagan et al.12 predicted that ionization of any molecule
with a nucleus at the center of mass should have 3 peaks in
the perpendicular plane at 90◦, 180◦, and 270◦ just like both
theoretical calculations predict for the present case.

Very recently, Nixon et al.23 published low energy TDCS
for ionization of CH4 and Ne where both final state electrons
were detected in the perpendicular plane. In that work, the
energy of the incident electron was varied and both final state
electrons were detected with the same energy. Their experi-
mental results for (20 eV, 20 eV) and θ1 = 90◦ is very sim-
ilar to the present results for (20 eV, 20 eV) and θ1 = 55◦

of Figure 6. Likewise, the theoretical DWBA and M3DW re-

sults presented in that work are similar to the results shown
in Figure 6 with three peaks near 90◦, 180◦, and 270◦ as pre-
dicted by Al-Hagan et al.12 but not found in the experiment.
For electron energies above about 12 eV, Nixon et al.23 found
two peaks near 90◦ and 270◦ similar to the two peaks found in
the present work for θ1 = 40◦, 55◦ and predicted by the the-
ory. The intriguing question remains why both experiments
find very little backscattering from the highly charged nucleus
located at the center of mass while the theory predicts very
strong backscattering.

C. The reduced C–H distance calculations

Toth and Nagy9 reported a DWBA calculation very sim-
ilar to the present work for high energy ionization of CH4

and compared their results with the coplanar experimental
data of Lahman-Bennani et al.7 They noted that the standard
DWBA predicted recoil lobes that were too small compared
to experiment which they attributed to a weak scattering from

FIG. 8. Same as Figure 7 except for the perpendicular plane.



024301-10 Xu et al. J. Chem. Phys. 137, 024301 (2012)

the H-nuclei. Recall that in the present spherically symmetric
model, the four H-nuclei are uniformly distributed on a thin
spherical shell of radius 2.06 a.u. They showed that, by de-
creasing this radius (and presumably increasing the strength
of the attractive potential felt by the target electrons), they
could increase the recoil lobe and achieve good agreement
with experiment. Recently, an experimental verification of the
increasing recoil contribution with decreasing inter-nuclear
separation was found in molecular hydrogen.25 Since the re-
coil lobes calculated with the H-shell radius of 2.06 a.u. for
coplanar scattering and θ1 = 40◦, 55◦are significantly smaller
than experiment, we decided to try reducing the H radii to
see if this would help. It is important to note that the elec-
tronic wavefunctions are not changed in these calculations.
The only thing changed is the nuclear contribution to the dis-
torting potential (i.e., the radius of the sphere with charge +4
is changed but everything else is unchanged).

Figure 7 shows the effect of reducing the H-shell radius
to 0.8 a.u. for coplanar kinematics and the larger faster elec-
tron scattering angles presented in Figure 3. We found that,
for coplanar scattering, the size of the sphere did not have a
large effect on the ratio of binary to recoil lobes. The only im-
portant change from making the H-sphere smaller was to sig-
nificantly reduce the right-hand side of the split binary peak
to the point of essentially eliminating it. Although the results
for the recoil peak are disappointing, they seem reasonable
since the classical impact parameters for these scattering an-
gles range between 5 and 11 a.u. such that a sphere of 2 a.u.
looks the same as a point charge at the center classically. It
is interesting to note that the second peak was suppressed by
changing the strength of the scattering from the nuclei. Since
the p-type wavefunctions were not changed in this calcula-
tion, these results suggest that the split lobe binary peak more
closely related to nuclear scattering than the p-type structure
of the wavefunction.

Although it would seem senseless to make the nuclear
interaction stronger for the perpendicular plane since the
present results indicate that the interaction with the nuclei
is already too strong, we tried it anyway and the results are
shown in Figure 8 for the larger scattering angles. Surpris-
ingly, increasing the strength of the H-nuclear interaction
changed the large backscattering peak to a minimum consis-
tent with the experimental data. Now the agreement with ex-
periment is not perfect but at least reasonable. Obviously the
simple classical models are not able to explain this behavior
and we are evidently seeing some kind of quantum interfer-
ence effect. By using different size radii for different scatter-
ing angles, we could obtain even better agreement with ex-
periment but we do not think that it is appropriate to push this
model that far (it seems too much like curve fitting). On the
other hand, since agreement with experiment was improved
in both the scattering plane and perpendicular plane (contrary
to expectation), we think that there may be some important
physics contained herein. In any event, these results indicate
that the cross sections are strongly dependent on the nuclear
configuration. It is also imaginable that detecting electron ion-
ization events coincident with the creation of a CH4

+ ion se-
lects ionization events that take place at certain nuclear ge-
ometries covered by the methane ground state nuclear wave

function. Other configurations will consequently lead to dis-
sociation after removal of a 1t2 electron. The specific geome-
tries leading to bound methane ions do not have to employ
symmetrically arranged protons, i.e., the C–H bonds might
have different lengths, as the ground state of the methane ion
has a reduced symmetry due to Jahn-Teller distortions.41

V. CONCLUSIONS

Experimental (e, 2e) measurements for ionization of the
1t2 orbital of CH4 induced by 54 eV electron-impact have
been compared with DWBA and M3DW theoretical calcu-
lations. Up to a faster electron scattering angle of θ1 = 25◦

experiment and theory were in qualitative agreement concern-
ing the relative magnitudes of the binary and recoil peaks. Re-
maining differences were the positions of the split binary peak
and the recoil peak, which in experiment were observed at
larger angles than predicted by theory. In the coplanar plane,
the experimental relative size of the recoil peak to the binary
peak increases as the scattering angle becomes larger while
the theoretical recoil peak decreased in magnitude. Overall
the agreement between experiment and theory was better for
the smaller faster electron scattering angles. The importance
of the strength of nuclear scattering from the H-nuclei was
tested by reducing the distance between the carbon nuclei and
the hydrogen nuclei and improved agreement with experiment
was found for both the scattering plane and the perpendicular
plane. This indicates that the averaging process of uniformly
distributing a charge of +4 on a thin spherical shell unphysi-
cally dilutes the role of the hydrogen nuclei. The present study
highlights the importance of the electron-nuclei interaction
for the (e, 2e) process. Both the experimental and theoreti-
cal results exhibited a double binary peak which is seen for
ionization of atomic 2p states at much higher incident elec-
tron energies. Increasing the strength of the scattering from
the nuclei suppressed the second binary peak so the double
binary peak seems to be more strongly related to nuclear scat-
tering than the 2p structure of the molecular wavefunctions.
Further experimental and theoretical works focusing on this
issue are necessary.
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