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Abstract

We report measurements of the kinetic energy distributions of fragment ions produced by electron impact dissociative
ionization of propane using a two-sector-field mass spectrometer in conjunction with the retarding field method. This technique
achieves a higher energy resolution, albeit at much reduced ion signals and at a significant loss of energetic fragment ions
compared to the conventional ion deflection technique, which has been used extensively by other groups in the past. The higher
energy resolution used in the present experiments results in a complete separation of the thermal/quasi-thermal fragment ions
from the energetic fragment ions. This, in turn, reveals that the energetic fragment ions have a much narrower kinetic energy
distribution than previously assumed. Because of the comparatively weak ion signals, further studies such as separate threshold
cross-section measurements and appearance energy determinations for, respectively, the “slow” and “fast” fragment ions could
only be carried out for the CH3

1 and C2H4
1 fragment ions. (Int J Mass Spectrom 207 (2001) 145–152) © 2001 Elsevier Science

B.V.
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1. Introduction

The dissociative ionization of a molecule induced
by electron impact is a very important process in
low-temperature plasmas, excimer lasers, radiation
chemistry, edge plasmas in fusion reactors, mass
spectrometry, and chemical analysis [1–8]. Fragment
ions produced via dissociative ionization often carry
substantial amounts of kinetic energy, and the kinetic
energy distribution of a particular fragment ion deter-
mines the energy deposition and the energy transfer
pathways in the corresponding media. Thus, the

modeling of environments where dissociative ioniza-
tion processes are important requires knowledge not
only of the production efficiency and the nature of
fragment ions produced but also of their kinetic
energy distribution. Hydrocarbons, which are abun-
dant constituents of planetary atmospheres and major
compounds in combustible gas mixtures and in fusion
edge plasmas [1–8], are known to form fragment ions
with broad kinetic energy distributions ranging from
thermal energies to many electronvolts. In some
cases, such as, for instance, propane, many of the
energetic ions are formed with higher probabilities
than the thermal ions (see, e.g., Poll et al. [9] and
references cited therein).*Corresponding author. E-mail: tilmann.maerk@uibk.ac.at
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Propane, C3H8, is a prototypical hydrocarbon mol-
ecule whose absolute total and partial photon [10] and
electron [11–13] ionization cross sections and nascent
fragment ion energy distributions [9,13–22] have
been studied extensively. In addition, a number of
experimental [23–30] and theoretical studies [31]
exist on the details of fragment ion formation. All
previous studies [9,14–22] found that essentially all
fragment ions of propane are formed with complex
energy distributions with two major components, a
low-energy component comprised of thermal and/or
quasi-thermal (“slow”) ions with maximum kinetic
energies of&0.3 eV and energetic (“fast”) ions with
a broad energy distribution from 0.5 eV to;5 eV. It
has been suggested that several dissociation pathways
contribute to the formation of the various fragment
ions, as demonstrated by the different appearance
energies that were measured for the respective slow
and fast component in the kinetic energy distribution
of a given fragment ion [14,32].

Most experimental studies of the kinetic energy
release distributions (KERDs) of fragment ions pro-
duced by electron impact on propane described in the
literature to date used the well-known deflection
method [9,13–22]. The ions formed in the ion source
by dissociative ionization are extracted and deflected
across the entrance aperture of a mass-selective de-
vice, for example, a mass spectrometer. For a given
fragment ion, the ion signal is recorded as a function
of the deflection voltage, and the distribution that is
obtained can be converted into a kinetic energy
distribution. The advantage of this technique is the
complete transmission of all ions, including the most
energetic ions, from the ion source through the mass
spectrometer without discrimination (see, e.g.,
[9,13,22]). The disadvantages include the fact that the
absolute calibration of the energy scale is difficult and
often has to rely on previously measured data (see
[17]), a comparatively poor energy resolution, and the
fact that the measurement is indirect in the sense that
the data analysis involves taking the derivative of the
recorded ion distribution.

As described in detail by Franklin and coworkers
[20], some of the earlier investigations either used
retarding field methods [33–37] or analyzed peak

shapes using sector-field and time-of-flight instru-
ments (see also a number of recent very successful
applications of this later method [38–43] including
PIFCO [44], PEPICO [45–48], and TPEPICO [49–
51] techniques to prepare energy-selected parent ions
for the TOF analysis, yielding detailed information
about the energetics and dynamics of the decay
reaction). As an alternative, the energy distribution of
the fragment ions can also be determined using a
retarding field method. (It is interesting to note that as
another alternative Doppler broadening [52,53] has
been used, but this method requires high-resolution
spectroscopic techniques.) This technique, employed
in some very early papers [33–37], uses the mass-
dispersive element (mass spectrometer) to select a
particular fragment ion, and (limited) information
about the kinetic energy of fragment ions has been
obtained by using a retarding field either before the
mass spectrometer (employing the metastable sup-
pressor as retarding element) [37] or in front of the ion
detector [35].

In this article, we report measurements of the
kinetic energy distributions of fragment ions produced
by electron-impact dissociative ionization of propane
using a retarding field detector after the ions have
passed a double-focusing two-sector field mass spec-
trometer. The advantages of this method compared to
the deflection method are a much higher energy
resolution (see below: the comparison of KERDs
measured with both methods indicating an order of
magnitude difference in the energy resolution) and the
fact that the energy distribution is obtained directly
after differentiation of the measured, integrated dis-
tribution curve. The advantage of this method com-
pared to the earlier retarding field methods is the
possibility to record full kinetic energy distributions
of the fragment ions with no interference from the
mass-dispersive element caused by the double-focus-
ing action of the mass analyzer used. The disadvan-
tage of this method compared to the deflection method
is that only a small fraction of the energetic fragment
ions extracted from the ion source are passing the
mass spectrometer. As no sweep of the entire ion
distribution across the entrance slit of the mass
spectrometer is carried out, only those fragment ions
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that move in the direction of the mass spectrometer
are collected. This results in a substantial discrimina-
tion effect (see the calculations carried out in [13,22])
and in a significant reduction in the recorded ion
signal for energetic ions. Nevertheless, the higher
energy resolution (judging from similar measure-
ments about the energy resolution in ion/surface
collision experiments, the resolution to be achieved
by this method lies in the tens of meV range [54,55])
results in a complete separation of the thermal and
quasi-thermal fragment ions from the energetic ions,
which in turn, reveals that the energetic fragment ions
have a much narrower kinetic energy distribution than
previously assumed. Because of the comparatively
weak ion signals, further studies such as separate
threshold cross-section measurements and appearance
energy determinations for slow and fast fragment ions
could only be carried out for the CH3

1 and C2H4
1

fragment ions.

2. Experimental details

A detailed description of the apparatus used in the
present studies has already been given in several
earlier publications to which we refer the reader for
further details [9,13,22,54]. Briefly, we use a double-
focusing Nier-Johnson two-sector-field mass spec-
trometer of reversed geometry with a Nier-type elec-
tron-impact ion source. The target gas beam is crossed
by a well-characterized magnetically collimated elec-
tron beam with a FWHM energy spread of;0.5 eV.
The product ions are extracted from the ion source by
a penetrating electric field, accelerated to;3 kV, and
enter the mass spectrometer through a narrow en-
trance slit after passing a pair of mutually perpendic-
ular deflection plates. In the present mode of opera-
tion, the deflection plates are not used to sweep the
ion beam across the mass spectrometer entrance slit
but are kept at fixed voltages and are only used for
minor corrections of the ion trajectories to maximize
the ion flux into the mass spectrometer. After passing
through a magnetic sector field for momentum anal-
ysis, the ions enter a field-free region followed by an
electric sector field, which acts as an energy analyzer.

The combined action of the two fields in a double-
focusing mass spectrometer results in a mass-selected
ion beam leaving the mass spectrometer that contains
all ions of a given mass-to-charge ratio irrespective of
their initial kinetic energy within certain limits, that is,
depending on the width of theb-slit that is located
between the two sector fields of the mass spectrome-
ter. This mass-selected ion beam, which contains all
the information with respect to the ion energy distri-
bution before mass analysis, is then analyzed using a
retarding field method developed recently in our
laboratory in the course of ion–surface interaction
experiments [54]. In these experiments, the energy
spread of the primary ion beam was determined by
applying a retarding potential to the surface and
measuring the (reflected) total ion signal as a function
of the surface potential. If one assumes that there is no
or only negligible interference between the electric
fields in the detector region and the retarding field, the
energy spread (kinetic energy distribution) is obtained
as the first derivative of the total ion signal. Further
details of this method are given in [54,55].

3. Results and discussion

Figs. 1 and 2 show two sets of kinetic energy
distributions obtained with the present apparatus. Fig.
1 shows the distributions obtained for the CHi

1 (i 5
1–3) fragment ions along with the distribution of the
parent C3H8

1 ion, while Fig. 2, shows the measured
distributions for the C2Hi

1 (i 5 3–5) fragment ions
(again together with the parent ion distribution). The
width of the parent ion distribution is caused by the
thermal width, which is caused by the temperature of
the ion source (;500 K), and by the width, which is
caused by the inherent limitation in instrumental
resolution caused by the electron impact ionization
process itself as well as by the ion extraction proce-
dure. In our case, the overall nominal energy resolu-
tion (defined here as the FWHM of the thermal peak
of the parent ion) was;0.085 eV [55] in good
agreement with earlier determinations [54]. We note
that the spectra in Figs. 1 and 2 show the recorded
data without any correction for ion discrimination
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effects (see the detailed discussion in [9] demonstrat-
ing the necessity for large corrections for the higher-
energy fragment ions to arrive at true relative detec-
tion efficiencies). The same holds true for all other
spectra presented in this article.

The spectra shown in Figs. 1 and 2 clearly depict
the advantage and disadvantage of the retarding field
method for these studies. On one hand, the spectra
show the thermal/quasi-thermal (slow) component
and the energetic (fast) component in the kinetic
energy spectrum clearly resolved. On the other hand,
the ion signals obtained for the fast components are
very weak. These two facts become even more appar-
ent from the spectra for the CH3

1 fragment ion shown
in Fig. 3, where we compare the present data with
several previously reported kinetic energy distribu-
tions that were all obtained from measurements using
the deflection technique.

We further note that the slow distribution in the

various fragment ion spectra is always broader than
the C3H8

1 parent ion distribution and that the width of
the slow component becomes increasingly broader
and the maximum in the distribution is shifted to
higher energies as one goes to lighter and lighter
fragment ions. This is to be expected for fragmenta-
tion induced by vibrational predissociation involving
a certain kinetic energy release and has been dis-
cussed in detail in [9]. Thus, the slow component in
the ion spectra is often referred to as the “thermal/
quasi-thermal” or simply the “quasi-thermal” compo-
nent rather than the “thermal” component.

Perhaps the most striking observation from our
measured spectra is the fact that the quasi-thermal and
the energetic fragment ions are completely separated.
No fragment ions (within the present detection limit)
are formed with kinetic energies in the range of
0.8–2.5 eV in the case of CHi

1 (i 5 1–3) or between

Fig. 1. Kinetic energy distribution of CHi
1 (i51–3) fragment ions

following dissociative electron impact ionization of C3H8 by 100
eV electrons. Also shown for reason of comparison is the distribu-
tion for the C3H8

1 parent ions.

Fig. 2. Kinetic energy distribution of C2Hi
1 (i53–5) fragment ions

following dissociative electron impact ionization of C3H8 by 100
eV electrons. Also shown for reason of comparison is the distribu-
tion for the C3H8

1 parent ions.
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0.3 and 1 eV in the case of C2Hi
1 (i 5 3–5).

Furthermore, there are well-defined high-energy cut-
off energies in both cases,;4 eV for CHi

1 and;2 eV
for C2Hi

1, above which no fragment ions appear in

our measured spectra at all. These findings are differ-
ent from all previously reported measurements, which
showed more or less continuous energy distributions
(with some structure) from zero energy to 5 eV (CHi

1)
or 3 eV (C2Hi

1). Thus, our measurements indicate that
the range of kinetic energies of these fragment ions is
much more restricted than previously assumed.

The following additional observations are note-
worthy. First, the peak value for the high-energy
distributions measured for the CHi

1 (i 5 1–3) frag-
ment ions is at roughly the same energy for all three
ions, namely at;2.9 eV with an uncertainty of;0.3
eV because of the low signal (as compared to the
thermal peak; this relatively low signal is, however,
mainly because of discrimination; see [9]) and, thus,
large scatter for these high-energy curves. Note that
the optimum true energy resolution is much better (in
the several tens of meV region), allowing us to obtain
quite accurate values for the FWHM values of the
quasi-thermal peaks (see below; Fig. 4).

Second, the peak in the distributions measured for
the C2Hi

1 (i 5 3–5) fragment ions is also at roughly
the same energy for all three ions, namely, at;1.5 eV
(even though the determination of the peak in these
spectra is more difficult, because of the lower signals,
and the peak value carries a larger margin of error).

Third, in the case of CH3
1, the difference in the

Fig. 3. Kinetic energy distributions of CH3
1 fragment ions following

dissociative electron impact ionization of C3H8. The various curves
represent the present data (thick solid line) in comparison with the
data of Poll et al. [9] (long dashed line), Fuchs and Taubert [16]
(short dashed line), and Ehrhardt and Tekaat [14] (dash-dot line).

Fig. 4. Measured FWHM width,E1/2, of the measured kinetic energy distribution for various fragment ions. The four data sets refer to the
present data (filled triangles), the data from Poll et al. [9] (open inverted triangles), Grill et al. [13] (open squares), and Taubert [17] (open
circles).

149T. Fiegele et al./International Journal of Mass Spectrometry 207 (2001) 145–152



kinetic energy values that correspond to the peaks in,
respectively, the quasi-thermal distribution and the
fast distribution is;2.8 eV, which is in good agree-
ment with previously reported values that range from
2.2 to 2.9 eV [17,19,56–58].

A possible analysis of the formation of the quasi-
thermal fragment ions is summarized in Fig. 4. In this
figure, we display the measured FWHM values of the
kinetic energy distributions (E1/2) of various quasi-
thermal fragment ions in comparison with results
from previous measurements [9,13,17]. We find a
gradual increase of the values ofE1/2 from ;50 to 300
meV as we go to lighter fragment ions. The present
data are in good to satisfactory agreement with
previous data obtained in this laboratory using the
deflection method [9,13], but they do not reproduce
the rather steep increase that was reported by Taubert
[17] for the lighter fragment ions.

Additional measurements such as separate thresh-
old cross-section measurements for individual ion
distributions (i.e., concerning ions from the slow and
fast components, respectively) and appearance energy
determinations as shown in Fig. 5 were carried out
only for the two most intense fragment ions, CH3

1 and
C2H4

1. The two solid lines in Fig. 5 represent the
appearance energies of, respectively, the Ar1 and
Ar21 ions that served as calibration points of the
electron energy scale. For each ion, appearance en-
ergy measurements were carried out separately for,
respectively, the quasi-thermal and the fast fragment
ions. The quasi-thermal components show the ex-
pected low appearance energies at;12 eV (C2H4

1)
and 15 eV (CH3

1). The value of 12 eV (where no
structure at all is evident in the low-energy region of
the respective ion yield) is in excellent agreement
with recent high-resolution electron-impact results
(using a crossed-beam apparatus including a hemi-
spherical electron monochromator) by Fiegele et al.
[59] and tabulated literature values; for example, for
the appearance energy of C2H4

1, Fiegele et al. [59]
reported a value of 11.946 0.1 eV. The correspond-
ing values obtained in the earlier measurements by
Erhardt and Tekaat [14] using the deflection method
are 11.4 and 15.2 eV, respectively. In the case of
CH3

1, the most likely formation process for the ions

appearing at;15 eV is, according to [14], the
break-up of the initially formed C3H8

1 ion:

C3H8
13 CH3

1 1 H2 1 C2H3 (1)

with a thermochemical minimum energy of 15.15 eV
[14]. Nonetheless, as the C2H5 radical is bound with
respect to C2H31H2, there should be CH3

1 ions below
the above-mentioned thermochemical threshold, and
indeed, the present data show structure in the low-
energy region, which suggests that an additional
process contributes to the formation of these ions
below the 15-eV threshold in accordance with an
appearance energy for this process at 14.060.5 eV
[60,61]. In the case of C2H4

1, the most likely process
is

C3H8
13 C2H4

1 1 CH4 (2)

with a thermochemical minimum energy of 11.36 eV
[14].

Fig. 5. Recorded ion signals as a function of energy of the ionizing
electrons. The two solid lines represent the appearance-energy
curves for, respectively, Ar1 and Ar21, which served to calibrate
the energy scale. The various symbols refer to the quasi-thermal
CH3

1 ions (filled circles), the “fast” CH3
1 ions (open circles), the

quasi-thermal C2H4
1 ions (filled squares), and the “fast” C2H4

1 ions
(open squares).
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As expected, the appearance energy measurements
for the fast fragment ion component reveal signifi-
cantly higher values of the appearance energies and a
more complex shape of the curves in the near-
threshold region, which is indicative of the fact that in
some cases (e.g., for the production of C2H4

1), several
processes contribute to the formation of these fast
ions. In the case of CH3

1, we find (see Fig. 5), for
CH3

1 ions with a kinetic energy of;3 eV (peak
maximum in Fig. 1), one major onset at;29 eV. This
major onset is consistent with the value of 30.8 eV
reported by Olmsted et al. [19] and with the value of
(30.660.5) eV reported by Ehrhardt and Tekaat [14]
for ions with a kinetic energy of 3.4 eV and falls
nicely on the calculated line in their Fig. 6, relating
the measured appearance energy with the kinetic
energy. According to these authors, extrapolation of
this line yields a value for the appearance energy
without kinetic energy release of;25 eV. This onset
corresponds most likely to the break-up of the doubly
charged C3H8

11 ion that is formed initially in the
collision of the incident electron with the neutral
C3H8 molecule

C3H8
213 CH3

1 1 H2 1 C2H3
1. (3)

This process has a thermochemical minimum energy
of ;24.5 eV [14], which agrees nicely with the
extrapolated value of 25 eV. It is interesting to note
that Ehrhardt and Tekaat also report appearance
energies for CH3

1 ions with kinetic energies,2 eV
yielding extrapolated appearance energies of 22 and
20 eV [14]. As already mentioned above, we do not
see such ions, which is most likely because of the
higher energy resolution in our experiment.

In the case of C2H4
1, we find at the peak maximum

of the fast fragment component (i.e., at;1.3 eV in
Fig. 2) a major onset at;31 eV, which is consistent
with the value of 31.6 eV reported earlier [14] for a
kinetic energy of 1.55 eV. The extrapolated value of
[14] with a value of 27.2 eV is consistent with the
thermochemical minimum of 26.5 eV for reaction (4):

C3H8
213 C2H4

1 1 H2 1 CH2
1. (4)

We also see a long, extended tail down to;20 eV,
which Ehrhardt and Tekaat [14] attributed to a para-

sitic contribution from the quasi-thermal ions in their
signal. As our measurement separates the fast ions
from the quasi-thermal ions, we must conclude that
this tail is also attributable to processes leading to the
formation of fast C2H4

1 fragment ions. Possible pro-
cesses other than reaction (4) also leading to fast
C2H4

1 ions include

C3H8
113 C2H4

1 1 CH4
1. (5)

In accordance with the experimental results, the ther-
mochemical minimum energy for reaction (5) is;2.5
eV lower than that of reaction (4). Thus, it is apparent
from our high-resolution measurements that several
processes contribute to the formation of the fast C2H4

1

fragment ions in contrast to what was concluded from
previous studies.

4. Summary

Measurements of the kinetic energy distributions
of fragment ions produced by electron-impact disso-
ciative ionization of propane were carried out using a
two-sector-field mass spectrometer in conjunction
with the retarding field method. This technique
achieves a higher energy resolution, albeit at much
reduced ion signals and at a significant loss of
energetic fragment ions compared to the conventional
ion deflection technique, which has been used exten-
sively by other groups in the past. The higher energy
resolution used in the present experiments results in a
complete separation of the thermal and quasi-thermal
fragment ions from the energetic fragment ions. This,
in turn, reveals that the energetic fragment ions have
a much narrower kinetic energy distribution than
previously assumed. Because of the comparatively
weak ion signals, further studies such as separate
appearance energy determinations for, respectively,
the slow and fast fragment ions could only be carried
out for the CH3

1 and C2H4
1 fragment ions. Our

appearance energy measurements for the fast C2H4
1

fragment ions show conclusively that several pro-
cesses contribute to the formation of these energetic
ions.
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