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Electron scattering by CH4 molecules at intermediate energies„400–5000 eV…

G. Garcı´a and F. Manero
Centro de Investigaciones Energe´ticas Medioambientales y Tecnolo´gicas (CIEMAT), Avenida Complutense 22, 28040 Madrid, Spain

~Received 23 April 1997!

Total cross sections for electron scattering by CH4 molecules in the energy range 400–5000 eV have been
measured with experimental errors of about 3%. The method was based on a transmission-beam technique, and
a detailed error source analysis is included. Present results have been compared with available experimental
and theoretical data. The dependence on electron energy of the total cross sections obtained shows an
asymptotic behavior with increasing energies, in agreement with the Born-Bethe approximation. In addition, an
analytical formula is provided to extrapolate total cross sections to higher energies. Finally, total cross-section
values have been partitioned into elastic and inelastic~ionization and neutral dissociation! processes.
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I. INTRODUCTION

In recent years, the interest in total cross-section (sT)
determinations for electron-molecule collisions at interme
ate energy~0.1–10 keV! has increased@1–4#. Accurate mea-
surements in this range require extremely good angular
energy resolution to avoid effects due to forward-scatte
electrons. From the theoretical point of view, the high vari
of open channels at these energies demands the use o
proaches based on complex optical potentials@5#, and, in
some cases, requires applying additive rules for electr
molecule scattering@6–8#. Although this energy range is o
special interest in the search for systematic relations betw
sT and other molecular parameters, experimental data
energies above 500 eV are scarce. For electron-CH4 colli-
sions we have only found experimentalsT results, for ener-
gies above 500 eV, in the work of Zeccaet al. @9#, obtained
by means of a Ramsauer-type device@10#. In previous works
@3,4#, serious discrepances between results obtained by
technique and those given by the present experimental s
have been found for energies above 1500 eV. These con
erations have prompted the present work.

In this work experimental total cross sections fore-CH4

scattering in the energy range 400–5000 eV are obtaine
using a transmission beam technique. The experimenta
rors are estimated to be approximately 3%. A detailed e
source analysis is made, paying special attention to th
arising from forward scattered electrons. The dependenc
sT on electron energy is compared with theoretical pred
tions and especially with the energy dependence der
from the Born-Bethe approximation@11–13#. A simple for-
mula to extrapolate cross section values to higher energi
obtained by assuming an asymptotic behavior ofsT as a
function of energy, according to the Born-Bethe theory.
nally, total cross-section values are partitioned into the p
sible constituent processes~elastic, ionization! and neutral
dissociation! in accordance with the partial cross sectio
available in the literature. Semiempirical fits of these valu
are also given.
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II. EXPERIMENT

A. Experimental setup

The experimental setup was described previously@3,4#,
and will be only briefly mentioned here. A 1-mm-diamet
electron beam is generated by an electron gun operatin
typical beam currents of 10213 A. Pressure in the gun wa
maintained less than 1025 Torr during the measurements
The collision chamber is defined by two apertures 1 mm
diameter, separated by a distance (L) which can be changed
from 70 to 127 mm according to the experimental requi
ments, and the gas pressure in the chamber measured w
absolute capacitance manometer~MKS Baratron 127A!. The
energy of the emerging electrons from the gas cell is a
lyzed by means of an electrostatic hemispherical spectr
eter of 81.9-mm mean radius and 1-mm-diameter entra
and exit apertures. The spectrometer energy resolution is
ter than 1 eV~full width at half maximum! for incident en-
ergies ranging from 300 to 5000 eV with a maximum ang
lar acceptance of the entrance aperture of 3.531025 sr. The
transmitted electrons are detected by a channeltron elec
multiplier operating in a single-pulse mode. The pressure
the region of the energy analyzer and detector was m
tained at less than 1025 Torr during the measurements.

B. Procedure

The method is based on the measurement of the elec
beam attenuation through the gas cell. The recorded b
intensity (I ) follows the law

I 5I 0 exp~2nLsT!, ~1!

whereI 0 is the intensity of the primary beam,L is the inter-
action region length,n is the molecular density andsT is the
total cross section;n was obtained from the measurement
pressure and temperature in the gas cell. Each measure
was processed by plotting on a semilogarithmic scale
measuredI /I 0 values as a function of pressure in the gas c
for at least ten different values ranging from 2 to 70 m To
The experimental points obtained in this way lie on a strai
line, the slope of which gives the total cross section.
1069 © 1998 The American Physical Society
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TABLE I. Experimental and theoretical total cross sections~in units of a6
2! for electron scattering from

CH4.

Electron
energy
~eV!

Experimental values Theoretical data

This work Ref.@9# Ref. @17# Ref. @18# Ref. @19# Ref. @5# Ref. @7#

400 13.4 13.9 12.8 13.2 13.2 11.1 14.1
450 12.6
500 11.2 11.4 11.1 9.31 11.5
600 9.68 8.05 9.68
640 9.27
700 8.89 7.10 8.32
800 7.89 6.36 7.29
850 7.53
900 7.07 6.72
1000 6.60 6.36 5.27 6.31
1250 5.46 5.18
1500 4.80 4.32
1750 4.27 3.68
2000 3.82 3.19 2.87
2250 3.50 2.87
2500 2.56
2600 3.13
2750 2.31
3000 2.79 2.10 1.98
3250 1.98
3500 2.48 1.85
4000 2.22 1.58 1.51
4500 2.04
5000 1.87 1.18
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C. Error source analysis

The accuracy of the pressure measurements was ass
to be better than 1%~manufacturer’s data!. To ensure that
pressure gradients did not contribute to the experimenta
rors, the pressure was measured at several points alon
cell. Measurements have been carried out for electron
rents ranging from 10213 to 10215 A. For this current range
no dependence ofsT on electron intensity was found. Eac
measurement was repeated at least five times with the s
experimental conditions, to ensure statistical uncertaintie
less than 2%. The length of the collision chamber w
changed from 70 to 127 mm, and the measuredsT values
were found to be in agreement within the statistical unc
tainties ~i.e., 2%!. This result indicates that our measur
length (L) corresponds to the actual absorption length a
that possible multiscattering effects are negligible for th
experimental conditions.

Special attention was paid to avoid errors arising fro
forward electron scattering. As pointed by several auth
@14,15#, electrons scattered in the forward direction can
the main error source at high impact energies if they are
efficiently discriminated.

Equation~1! represents the ideal case in which the be
is infinitely narrow and the solid angle subtended by
detector is zero. Blaawet al. @14# incorporated the small
angle scattering contribution to Eq.~1!, giving a method to
estimate an upper limit to the error contribution of the ele
trons scattered into the detection angle. For experiments
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as the present one, in which the energy resolution allows
to eliminate the inelastic scattering contribution, this limit
determined by the elastic differential cross section, extra
late to zero angle, and the mean acceptance angle of
detector. However, in a recent work@16#, we showed by
means of a Monte Carlo electron transport simulation t
this error contribution can be more important than the p
dictions of Ref.@14#, even in experiments with reasonab
angular resolution. The results of these calculations for tra
mission experiments show that the correlation tosT for this
effect increases exponentially with energy. However, for
conditions of the present work, a maximum error contrib
tion from the elastic forward scattering at 5000 eV of le
than 0.4% has been obtained. By combining the partial e
components mentioned above, we have a total error of
for the present measurements.

III. RESULTS

A. Total cross sections

The measured total cross sections for electron scatte
by CH4 molecules in the energy range 400–5000 eV
given in Table I, together with the previous experimen
@9,17–19# and theoretical@5,7# values for comparison. All
experimental data in general show good agreement, wi
the error limits, for energies between 400 and 1250 eV.
energies above 1250 eV the only previous measurement@9#
deviate from those given in the present work, reaching d
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57 1071ELECTRON SCATTERING BY CH4 MOLECULES AT . . .
crepancies of about 30% at 4000 eV. Calculations by J
and Baluja@5#, obtained by means of molecular comple
optical potentials, are systematically lower than the exp
mental values. However, similar calculations obtained by
plying additive rules to atomic data up to 1000 eV@7# show
an excellent agreement with the experimental results.

The energy range considered in this work is of spec
interest to check the suitability of the calculations based
the Born-Bethe approximation@11–13#. As described previ-
ously @3,4#, Born-Bethe total cross sections (sBB), in the
framework of the independent-atom model, can be obtai
by applying a sum rule@6–8# to atomic calculations@11,13#.
In accordance with this,sBB for electron scattering by CH4
is given by the expression:

sBB

a0
2

E0

R
5365194.5 ln

E0

R
2123

R

E0
1••• , ~2!

whereE0 /R is the incident energy in Rydberg units anda0 is
the Bohr radius. In order to study the dependence of the t
cross section on the electron energy for the energy rang
this experiment, we made a Bethe plot@(sTE0)/(a0

2R) ver-
sus ln(E0 /R)#, which includes the present results and all t
experimental values available in the literature~see Fig. 1!.
As may be seen, thesT dependence on the electron ener
agrees for all the experimental values given for energies
than 1250 eV. For higher energies the values of Zeccaet al.
@9# showed a clearly different behavior than those of
present work. The Born-Bethe energy dependence given
Eq. ~2! is also shown in Fig. 1.

B. High-energy behavior

The valid energy range of the Born-Bethe approximat
can be checked by studying the relative difference betw
sBB values and the corresponding experimental ones a
function of energy. Figure 2 is a semilogarithmic plot
(sBB2sT)/sBB versusE0 /R for energies above 1000 eV
obtained by using the presentsT values and those of Zecc

FIG. 1. sTE0 in a a0
2 R units plotted vsE0 in R units.d: present

experimental results.h: measurements from Ref.@19#. s: experi-
mental results of Ref.@9#. .: experimental result of Ref.@17#. 1:
experimental value given in Ref.@18#. —: Born-Bethe approxima-
tion in the framework of the independent-atom model.
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et al. @9# for comparison. As may be seen in this figur
while the relative differences with the Born-Bethe calcu
tions decrease for our values with increasing energies, th
of Zeccaet al. @9# increase when the energy increases. O
data lie on a straight line, which may be fitted by the follow
ing exponential function:

sBB2sT

sBB
50.395 expF2

1

800

E0

R G . ~3!

Thus total cross sections for high electron energiesE0
.1000 eV) can be obtained from the following formula:

sT5F120.395 expS 2
1

800

E0

R D GsBB , ~4!

wheresBB is given by Eq.~2!. This expression reproduces t
a good approximation the present experimental results
electron energies from 1000 to 5000 eV, and can be use
extrapolatesT values to higher energies.

This result implies that, according to Eq.~2!, sT varies
with energy as a sum ofE0

21 andE0
21 ln E0 terms, for ener-

gies ranging from 1.5 to 5 keV. However, the energy dep
dence proposed by Zeccaet al. @9# for this energy range was
only proportional toE0

21. If we compare the extrapolatedsT

value at 5 keV given by theE0
21 formula of Zeccaet al. @9#

with that deduced from the present results@Eq. ~4!#, a dis-
crepancy on the order of 40% is found. The origin of th
discrepancy is not known and therefore more theoretica
experimental data for energies above 1.2 keV are neede
clarify this disagreement. Recently, Joshipura and Vinod
mar @20#, found that their calculated total cross sections
electron-molecule collisions at energies above 100 eV can
analytically represented by the following expression:

sT

a0
2 5A@E0#2B, ~5!

where the parametersA and B are given in Ref.@20# for
some molecules. In the case of CH4, their values are 1258

FIG. 2. Relative difference between the experimental total cr
sections (sT) and those predicted by the Born-Bethe approximat
(sBB) vs electron incident energy~in Rydberg units!. d: from the
present experimental results.s: from the experimental results o
Ref. @9#.
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1072 57G. GARCÍA AND F. MANERO
and 0.757, respectively, whenE0 is given in eV. As may be
seen in Fig. 3, the values deduced from Eq.~5! show an
excellent agreement, within 6%, with those of the pres
energy dependence formula@Eq. ~4!# for the whole energy
range.

IV. PARTITIONING OF TOTAL CROSS SECTIONS

A. Inelastic scattering

As may be deduced from the work of Ref.@21#, no bound
electronic state of CH4 is known. All the electronic excita-
tions lead to dissociation in which two or more fragments
produced. For this reason, we can divide the inelastic ch
nels into two groups: processes leading to neutral disso
tion or to ionization.

All the measured total ionization cross sections (s ion), for
energies above 100 eV, show an energy dependenc
agreement with the Born-Bethe theory:

s ion

a0
2

E0

R
54pMi

2 lnS 4Ci

E0

R D . ~6!

In Ref. @22#, values for the parametersMi
2 andCi are given

obtained by fitting their experimental results to the Eq.~6!,
the values obtained being 4.28 and 1.278~R!21, respectively.
A similar fit for the results of experiments performed at e
ergies below 1000 eV@23,24# gives values ofMi

2 approxi-
mately 50% higher. However, the high-energy measurem
~0.1–2.7 MeV! of Rieke and Prepejchal@25# give a value of
4.23 for this parameter, which is in excellent agreement w
that of Ref. @22#. Other values, derived from oscillato
strength distributions, are 3.84 and 3.77, given in Refs.@26#
and @27#, respectively. From measurements of photoioni
tion cross sections a value of 4.2 can be deduced~see Ref.
@22#!. Finally, a new assessment of theMi

2 value can be
obtained by applying the additivity rule to the ionizatio
cross sections@28# of the constituent atoms. By using th
atomic data of Ref.@29#, we obtained a value of 3.7. Takin

FIG. 3. The energy dependence of total cross sections from
10 keV.d: present experimental results.s: experimental results o
Ref. @9#. -•-: the energy dependece given by Eq.~4!. ---: the energy
dependence deduced by Zeccaet al. @9# -: energy dependence de
duced from the calculations of Ref.@20#.
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into consideration all the above-mentioned results for en
gies higher than 1000 eV, we can consider the values
Schramet al. @22# as a good approximation to the constan
Mi

2 and Ci , which agree, within 12%, with those obtaine
by different methods. For these conditions Eq.~6! can be
written as

s ion

a0
2

E0

R
553.8 lnS E0

R D113.21. ~7!

Concerning neutral dissociation, i.e., dissociation of C4
into neutral fragments, the corresponding cross secti
(sdiss) can be estimate by assuming the conclusions of
experiment of Winters@30# and applying the partial ionic
fragmentation probabilities measured by Adamczyket al.
@31# to the totals Ion given by Eq.~6!. Accordingly, the neu-
tral dissociation cross section is given by

sdiss

a0
2

E0

R
528.3 lnS E0

R D16.96. ~8!

The total inelastic cross section (s Inel) can be obtained by
adding Eqs.~7! and ~8!, giving

s Inel

a0
2

E0

R
582.1 lnS E0

R D120.2. ~9!

The cross-section values deduced from Eqs.~7!, ~8!, and~9!
are plotted in Fig. 4.

B. Elastic scattering

Semiempirical data for the elastic cross section in the
ergy range 400–5000 eV can be deduced by subtracting
values given by Eq.~9! from the experimental total cros
sections. In order to obtain an analytical expression for
elastic cross section, we take into consideration the hi
energy behavior. For energies where the Born approxima
is valid, the total elastic cross section (sel

B) can be written

to
FIG. 4. Partitioning of total cross sections.d: present experi-

mental results. -: fit given by Eq.~4!. -•-: ionization cross section
~7!. -••-: neutral dissociation cross section~8!. ••• : elastic cross
section~12!.
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sel
B

a0
2

E0

R
5p bAel1Bel

R

E0
1CelS R

E0
D 2

1••• c. ~10!

The constantsAel , Bel , andCel are defined for atoms in
Ref. @11#, and were extended to molecular targets by Bo
ham and Fink@32#. In the first Born approximation,Ael can
be written as a function of the elastic differential cross s
tions:

Ael52E
0

`S ds

dV DK dK, ~11!

where K is the momentum transfer. This equation can
evaluated by means of the elastic differential cross sect
calculated by Sharma and Tripathi@33# from their molecular
coherent scattering factors. For high energies, the term oCel
in Eq. ~10! can be neglected, andBel can be evaluated from
the atomic data given in Ref.@11#. In these conditions the
total elastic cross section of CH4 for high-energy incident
electrons is given by

sel
B

a0
2

E0

R
5193.22123

R

E0
1••• . ~12!

Following a procedure similar to that described for t
total cross section, an analytical expression can also be
tained for the elastic part, giving

sel5F120.62 expS 2
1

185

E0

R D Gsel
B , ~13!
,
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where sel
B is given by Eq.~12!. The elastic cross sectio

obtained in this way is plotted in Fig. 4.

V. CONCLUSIONS

Total electron-scattering cross sections for the CH4 mol-
ecule have been measured in the energy range from 40
5000 eV. The experimental values obtained agree w
within the experimental errors, with previously publishe
values in the energy range from 400 to 1250 eV. Above 12
eV the only previously published measurements of Ze
et al. @9# deviate from the present ones outside the quo
error limits, the discrepancy being larger for increasing e
ergies. The energy dependence above 1 keV deduced
the presentsT values is in agreement with the results of t
Born-Bethe theory in the framework of the independent at
model, and with the recent calculations of Joshipura and
nodkumar @20#. The total cross sections have been pa
tioned into constituent processes. In the energy range of
work, the inelastic collisions can be described in terms of
Born-Bethe theory. However, to reproduce the energy dep
dence of the elastic part a corrective term to the Born f
mula is required, as shown in Eq.~13!.
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