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a b s t r a c t

We present absolute partial electron impact ionization cross sections for ethylene in the electron energy
range between threshold and 1000 eV measured with a two sector field double focusing mass spectrom-
eter. Ion kinetic energy distribution functions have been measured at all electron energies by applying a
deflection field method. Multiplication of the measured relative cross sections by the appropriately deter-
mined discrimination factors lead to accurate relative partial cross sections. Normalization of the sum
eywords:
artial cross section
thylene
lectron impact ionization
inetic energy release
ass spectrometry

of the relative partial cross sections to an absolute total cross section gives absolute partial cross section
values. The initial kinetic energy distributions of several fragment ions show the presence of two or more
contributions that exhibit different electron energy dependencies. Differential cross sections with respect
to the initial kinetic energy of the ions are provided and are related to specific ion production channels.
The electron threshold energies for the direct and numerous other dissociative ionization channels are
determined by quantum chemical calculation and these allow the determination of the total kinetic energy
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. Introduction

Cross sections for electron impact ionization of small hydrocar-
ons such as CHy, C2Hy and C3Hy are required for understanding
he physics and chemistry of planetary atmospheres and plasma
rocessing [1–4]. But also the investigation of the influence of
ydrocarbon impurities on the plasma burning in fusion exper-

ments needs a deep understanding of the ionization processes,
ncluding information about the energy and momentum of reac-
ants and reaction products. Small hydrocarbon species like
thylene are formed by the interaction of the plasma with the sur-
ace of carbon fibre composite tiles coating the walls of a plasma
essel. Kinetic Monte Carlo codes are used for the modelling of
he transport of impurities within the vessel and these require a
etailed knowledge about the inelastic collision processes of elec-

rons with small hydrocarbon species [5,6].

Ethylene (C2H4) is the simplest member of the olefinic hydro-
arbon series and one of the most important raw materials for the
rganic chemical industry. It is used in the food industry for accel-
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loss for the most prominent dissociative ionization channels.
© 2008 Elsevier B.V. All rights reserved.

rating the ripening of bananas, for maturing the colour of citrus
ruits and increasing the growth rate of seedlings, vegetables, and
ruit trees. The oxyethylene welding and cutting of metals can be

entioned as another common application.
Fragment ions that are formed with high kinetic energies are

ften collected with considerably reduced efficiency. Poll et al. [7]
ave demonstrated that ion trajectory calculations for the extrac-
ion region of our Nier-type ion source allow the determination
f the extraction efficiency at one particular initial kinetic energy.
his so-called discrimination factor is used to correct the value
f the measured partial ionization cross section at one electron
nergy.

Although the same fragment ion can be formed in different
issociative ionization processes with different probabilities at a
articular electron energy, the ion kinetic energy distribution func-
ion exhibits a characteristic shape for each electron energy. The
nitial kinetic energy of a detected ion that is deflected into the
irection perpendicular to the focal plane of the mass spectrom-

ter is proportional to the square of the deflection voltage in that
irection. Therefore the kinetic energy distribution can be easily
etermined by measuring the ion intensity as a function of the
eflection potential. Also, the total discrimination factor for the

ntegrated ion yield at one electron energy can be calculated as

http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:Tilmann.Maerk@uibk.ac.at
dx.doi.org/10.1016/j.ijms.2008.08.004
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The corrected absolute partial cross sections for individual ions
are given in Fig. 2 for m/z 28–24 on the top, and for m/z 15–12 in
the middle and m/z 2 and 1 on the bottom (for the contribution of
particular ion species to each mass, see the previous paragraph).
Absolute cross sections are obtained by normalizing the maximum
6 N. Endstrasser et al. / International Jour

he sum of discrimination factors weighted by the kinetic energy
istribution function.

The absolute calibration of relative partial cross sections is real-
zed by normalizing the sum of corrected relative partial cross
ections to the sum of the corresponding absolute partial cross sec-
ions reported by Tian and Vidal [8]. The normalization factors for
he total ionization cross sections are found to be independent of
lectron energy within limits of experimental error.

. Experimental

The apparatus used in this study is a double focusing two sec-
or field mass spectrometer of reversed geometry with a Nier-type
lectron impact ion source and has been described in detail in
arlier publications [7,9]. A stagnant target gas is crossed by a well-
haracterized magnetically collimated electron beam with a FWHM
nergy spread of ∼0.5 eV. Product ions are extracted from the ion
ource by a strong homogeneous electric field (3 kV/m) generated
ith a repeller (located in the back of the ion source) and lenses

hat are part of the front side of the interaction region of the elec-
ron beam and the neutral molecules. They are then accelerated
o 3 kV before entering the analyzing part of the mass spectrom-
ter through a narrow entrance slit. The ions then pass two pairs
f perpendicular deflection plates that allow the ion beam to be
teered in the y- and z-direction. These deflection plates are used
n cross section measurements to sweep the extracted ion beam
cross the entrance slit [10] and to integrate the detected ion sig-
al. After passing through a magnetic sector field followed by an
lectric sector field, the ions are detected by a secondary elec-
ron multiplier operated in the pulse counting mode. The double
ocusing mass spectrometer corrects for the angular and spatial
preads of the starting points of the ions and for small variations
n the kinetic energy within the deflection plane of the magnetic
ector. The only way to compensate a velocity component perpen-
icular to the plane of the instrument (z-direction) is to apply a
-deflection voltage on a pair of plates right after the ion source.
he ion yield, measured as a function of the z-deflection voltage,
llows the determination of the kinetic energy distribution for a
iven fragment ion [7,11–14]. The present electron energy scale is
alibrated with the onset of the Kr+ cross section curve published by
app and Englander-Golden [15]. Due to the strong electric extrac-
ion field, even light fragment ions with initial kinetic energies up to
everal eV in the z-direction are collected and their kinetic energy
istributions are measured leading to a complete data set for the

nvestigated molecule using data analysis techniques described in
ef. [16–18].

. Results and discussion

A mass spectrum of ethylene gas with a purity of 99.5% ion-
zed by 200 eV electrons is shown in Fig. 1. The pressure is set to
× 10−5 Pa and the electron current is 5 �A.

The peak assignments given in Fig. 1 include contributions from
sotopomers and possible doubly charged ions. Thus singly charged
3C+ ions (about 1%) as well as doubly charged 13CCH++ ions con-
ribute to the peak at m/z 13. The contribution of 13CCH++ to the peak
t m/z 13 can be estimated from the C2H++ signal at m/z 12.5 to be
maller than 0.1%. The ion yield at m/z 14 can be attributed to the
ingly charged fragment ion CH2

+ and the doubly charged parent

on C2H4

++. The peak at m/z = 29 with an abundance of about 2.8%
f the main isotope of C2H4

+ is due to the isotopomer 13C12CH4
+

nd the peak at m/z = 14.5 (see inset in Fig. 1) can be assigned to
he doubly charged isotopomer ion 13CCH4

++. By comparison of the
ignal of the doubly and singly charged isotopomer ion at m/z 14.5

F
i
s
s
o

ig. 1. Mass spectrum of ethylene recorded at an electron energy of 200 eV and an
lectron current of 5 �A.

nd 29, we can estimate the contribution of 13CCH3
++ to the peak

t m/z 14 to be approximately 10%.

.1. Absolute partial cross sections
ig. 2. Absolute partial cross sections for all fragments that are formed by electron
mpact of ethylene (except for m/z 1 only every second data point is shown). The
um of the measured relative partial cross sections is normalized to the total cross
ection of Tian and Vidal [8]. The electron energy scale is calibrated by comparison
f our Kr+ cross section to that of Rapp and Englander-Golden [15].
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Table 1
Average kinetic energy values of the different singly and doubly charged fragment
ions

Mass number Emean (meV) Epeak1 (meV) Epeak2 (meV) Apeak1:Apeak2

28 59 – – –
27 79 – – –
26 93 – – –
25 143 – – –
24 159 – – –
15 502 229 1644 3.97
14 1310 266 2169 0.89
13.5 106 - - –
13 984 592 2201 2.52
12.5 242 – – –
12 1062 525 2080 1.24
2 1426 102 2489 0.82
1 1516 695 1881 0.48
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f the sum of these partial cross sections at the maximum of
he corresponding maximum of the absolute total cross sections
btained by Tian and Vidal. Error bars for the partial cross sections
efore normalization with the data of Ref. [8] are estimated to lie
ithin 15% (taking into account the error in the discrimination

actors and in the measured ion currents). Within these error
ars there is a good agreement between the present partial cross
ection data and those of Tian and Vidal except in the case of H+ for
hich our cross sections are smaller by a factor of 6.5. This can be

xplained due to the fact that the stability of the magnet is limited
n the region lower than m/z 1.5.

.2. Ion kinetic energy distributions

For the kinetic energy distribution functions of the fragment
ons of ethylene, we make the same observations as in the previ-
us investigations of CH4 and C2H2 [16,17]: in comparison to the
uasithermal behavior of the heavier singly and doubly charged
2Hy ions, the distribution functions of those ions formed out of

thylene by the loss of at least one C atom show contributions of
nergetic, non-thermal ions (see Figs. 3–5). These graphs are also
vailable in a tabulated form upon request from the corresponding
uthor. The values determined for the mean kinetic energies are
resented in Table 1 along with the average kinetic energies of addi-

t
s
p
c

Fig. 3. Ion kinetic energy distributions for CH3
+ and CH2

+ ions. The solid line cor
he average kinetic energy values of the contributions from different ion species
omposing the measured distribution function are given as Epeak i , and the peaks are
umbered in the way that the index 1 stands for the quasithermal contribution (see
ext).
ional contributions. The ions contributing to the kinetic energy
pectra are revealed by the careful analysis of the mass spectrum
resented in the previous section. We have shown that the major
ontributions to the ion yields at mass number 12–15, aside from

responds to the analysis of the z-profiles according to the present method.
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Fig. 4. Ion kinetic energy distributions for CH+ and C+ ions. The solid line

he most abundant ethylene fragments CHy
+ with 0 < y < 3, are due

o: 13CH2
+ at m/z 15, 13CCH3

2+ at 14, C2H2
2+ at 13 and C2

2+ at m/z
2.

A clear identification of the ion species contributing to the
inetic energy distributions at m/z 15 can be achieved by cross sec-
ion curves that are differential with respect to the kinetic energy
f the ion (see Fig. 6 giving as an example the cross sections for
/z 14 and 15). These differential cross sections are deduced from

he kinetic energy distributions and the partial cross sections (for
etails see [16–18]) by separating the energy distribution functions
or a certain fragment into a thermal or low energy regime from 0 to
.5 eV initial kinetic energy (open circles) and a high kinetic energy
egime with initial kinetic energies higher than 0.5 eV (open tri-
ngles). It is interesting to note that in the two cases shown in
ig. 6 differential cross sections are quite different in magnitude.

hereas for m/z 15 the cross section for the low energy regime
s the dominating one (open circles, upper panel), for m/z 14 the
ross section for the high energy contribution is dominating most

ikely produced via Coulomb explosion of the doubly charged par-
nt ion (open triangles, lower panel). As a matter of fact taking
nto account the corresponding isotopic ratio it can be concluded
hat the high energy contribution for m/z 15 (open triangles, upper
anel) is mainly caused by the isotopomer 13CH2

+.

f
o
d
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sponds to the analysis of the z-profiles according to the present method.

.3. Total kinetic energy release

Except for the direct ionization, excited states of the reaction
roducts are involved in an inelastic collision event. But informa-
ion about the excited states is available only for diatomic systems
uch as CH/CH+. Therefore several plausible assumptions have to
e made in order to allow the calculation of the total kinetic energy
K released in the dissociative ionization process and to determine
he energy loss E(−)

el of the impacting electron.
For the determination of the kinetic energy release one needs

o take into account, that the molecules of the stagnant gas target
lready have an initial average kinetic energy E = 3kT/2 originating
rom the thermal energy distribution function

(E) = const
√

E exp
(

− E

kT

)
.

As these molecules are in thermal equilibrium with the sur-
ounding heated walls of the ion source, the velocity distribution

unction of the molecules is of spherical geometry. Due to the law
f momentum conservation the momentum transfer from the inci-
ent electron to the parent can be neglected and for the direct

onization, C2H4 + e → C2H4
+ + 2e, the spherical geometry of the

elocity distribution function is not disturbed. Therefore the ini-
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Fig. 5. Ion kinetic energy distributions for H2
+ and H+ ions. The solid line

ial kinetic energy is the mean value of the discrimination corrected
inetic energy distribution function measured for C2H4

+. Due to the
andom rotation of the molecule in the time between excitation and
issociation, the velocity distribution of the fragment ions are also

ndependent on the direction of the incident electron beam.
While no excited states are involved in the direct ionization pro-

ess and the energy lost by the incident electron coincides with the
onization potential Ip, the contribution of the direct vibrational
issociation to the total dissociation cross section can be neglected

n comparison to the dissociative excitation mechanism. During
he dissociative ionization process the incident electron looses an
nergy of E(−)

el ,

(−)
el = Ip(AB) + D0(AB+) + �Eexc(AB+∗)

here �Eexc(AB+*) is the excess energy transferred from the inci-
ent electron to the parent AB with mass m0. This energy is released
uring the dissociation process and constitutes the total kinetic

nergy EK of the reaction products A and B with mass m1 and
0 − m1. By calculating the reaction threshold energy Eth corre-

ponding to the sum of the first two terms in the previous equation
nd measuring the released excess energy �Eexc, the energy loss of
he incident electron can be calculated.

E
w

E

sponds to the analysis of the z-profiles according to the present method.

In order to give accurate dissociative ionization threshold values
th for each dissociation channel, we have optimized the geome-
ry and have calculated the total energy of all possible fragment

olecules at the second-order Møeller-Plesset perturbation (MP2)
19–21] level with the correlation-consistent valence triple-zeta
cc-pVTZ) basis set of Dunning [22] augmented with diffuse func-
ions [23,24]. Due to limit of space in the manuscript we cannot
ist all detailed results of the calculations. They are available upon
equest from the corresponding author. The calculated values for
ach dissociative ionization channel show that the fragmentation
f the excited parent into a small number of fragments is energeti-
ally favoured. Though we cannot distinguish between the different
xcited states of the molecules and the excitation cross sections are
nversely proportional to the transition energy, we are measuring
average” kinetic energy distributions of the lower excited states
f the charged reaction products. Assuming an excitation of the
ydrocarbon molecule above the dissociation limit leads rather to
sequential decay into smaller fragments in steps of 2 than split-

ing into multiple reaction products at once, the total kinetic energy

K released during the dissociation process can be calculated
ith

K = E1 · m0

m0 − m1
− E0 · m1

m0 − m1
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Table 2
Main electron impact ionization channels for ethylene, their threshold energies,
mean total kinetic energies of reaction fragments and mean electron energy losses

Reaction channel Eth (eV) EK (eV) E
(−)
el (eV)

e + C2H4 → C2H3
+ + H + 2e 13.78 0.61 14.39

e + C2H4 → C2H2
+ + H2 + 2e 15.78 0.53 16.31

e + C H → CH = C+ + H + 2e 13.56 0.53 14.09
e
e
e
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ig. 6. Absolute partial cross sections (open squares) and absolute differential (with
espect to their initial kinetic energy) cross sections corresponding to a low energy
uasithermal part (<0.5 eV, open circles) and to a high kinetic energy part (>0.5 eV,
pen triangles).

here E0 and E1 are the initial energies of the precursor with mass
0 and the product ion with mass m1 [13]. The average kinetic

nergy of the product ion corresponds to the average quasithermal
inetic energy listed in Table 1 for each fragment ion. While the
nitial kinetic energy E0 of the precursor in the first fragmentation
tep is the mean value of the measured kinetic energy distribution
f C2H4

+ ions, the average kinetic energy of the fragment ions in a
issociative excited state is higher than those species reaching the
etector. Therefore the total kinetic energy released in the second
ragmentation step can only be calculated under the assumption
hat the contribution of the excess energy to the kinetic energy is
mall enough after the first fragmentation to be neglected. As this
ssumption for the second fragmentation step is highly speculative,
e are only carrying out calculations for the first fragmentation

tep. We estimate an uncertainty of 30% for the given average
inetic energy values E1 of the charged reaction product to each
issociative ionization channel listed in Table 1. As a result the total
inetic energy release values EK presented in Table 2 have an esti-
ated uncertainty ranging from 90% for the C2– group to 35% for

hose channels involving the loss of a carbon atom. The uncertainty

or the presented values of the mean electron energy loss E
(−)
el lies at

.5–1 eV (depending on the reaction channel) which is acceptable

onsidering the broad distribution of this value of a few eV. A linear
ependence has been observed for the methane family by Djurić et
l. [25,26] for D0 and the excess energy �Eexc. For ethylene we can-
ot observe such a linear dependence of the total kinetic energy
elease and the dissociation energy listed in Table 2.

[

[
[

2 4 2 2

+ C2H4 → CH3
+ + CH + 2e 17.38 0.43 17.81

+ C2H4 → CH2
+ + CH2 + 2e 18.84 0.47 19.31

+ C2H4 → CH+ + CH3 + 2e 18.32 1.05 19.37

. Conclusions

Relative partial ionization cross sections are measured for a wide
ange of fragment ions of ethylene. Absolute cross sections are
btained by normalizing the maximum of the sum of these par-
ial cross sections at the maximum of the corresponding absolute
otal cross sections published by Tian and Vidal. The kinetic energy
istribution functions that are presented for those fragments that
re formed by the loss of at least one carbon atom show contri-
utions from a quasithermal and a non-thermal, higher energetic
omponent. The average kinetic energy values for each contributing
istribution function are given and assigned to the corresponding
ragment ion. This allows the determination of the total kinetic
nergy release and the electron energy loss for the most prominent
issociative ionization channels. These are the first measurements
hat present a detailed kinetic energy analysis for ethylene that has
ot been considered in the past. We conclude that the cross section
alues of the fragment ions determined here have a much higher
ccuracy than those reported previously.
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