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Absolute cross sections for electron-impact dissociation of CH2
+ producing CH+ and C+ fragment ions were

measured in the 3–100 eV range using a crossed electron-ion beams technique with total uncertainties of about
11% near the cross section peak. The cross sections are nearly identical for energies above 15 eV, but they are
dramatically different at lower energies. The CH+ channel exhibits a strong peak rising from an observed
threshold of about 6 eV; the C+ channel is relatively flat down to the lowest measured energy. Ionization cross
sections for the CH2

+ ion are also presented.
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I. INTRODUCTION

In many low-temperature plasma environments, collisions
of electrons with molecular ions play an important role in the
chemistry, particle and energy balance, and neutral transport.
In particular, abundant and diverse hydrocarbon ions are
found in the divertor and edge plasmas of fusion devices that
use graphite for plasma-facing components �1� and may con-
tribute to detachment of divertor plasmas through molecule
assisted recombination �2�. Hydrocarbon ions are also impor-
tant in the chemistry of diffuse interstellar and planetary
clouds �3� and in the plasma processing of diamond films
�4,5�. Hence, cross sections for interactions of these molecu-
lar ions with electrons, atoms, and photons are vital for mod-
eling and diagnosing a variety of plasma environments.

The production of CH+ fragment ions by electron-impact
dissociation of CH2

+ ions can proceed via a number of differ-
ent channels as given in Table I along with thresholds given
by Janev and Reiter �6�. The first process, direct dissociative
excitation �DDE�, involves a vertical transition from the ini-
tial state of CH2

+ to a dissociative excited state. Another path-
way of DDE involves a vertical transition to an excited but
bound state that then couples to a dissociative state. The
second process, resonant dissociative recombination �RDE�,
proceeds through the resonant capture of the incident elec-
tron to a Rydberg state of the neutral molecule CH2

** which
then decays by ejecting an electron and dissociating. Thresh-
olds for RDE are not given by Janev and Reiter �6� for CH2

+

ions, but we expect that they are less than for the DDE pro-
cess as is the case for CH+ ions �6�. Hereafter, we will refer
to the first two processes together as simply dissociative ex-
citation �DE�. Dissociative ionization �DI�, the third process,
is similar to DDE but ends in a dissociative state with two
ion fragments. Although not shown in Table I, it is also pos-
sible for DI to proceed through ionization to form CH2

2+,
which then dissociates giving fragment ions like the more
direct DI processes. Another process producing CH+ and C+

fragments, resonant ion pair �RIP� formation, is expected to
be negligible compared to the DE and DI contributions,

based on RIP measurements on other similar systems �7–9�.
The dissociation of CH2

+ producing C+ ions involves the
same processes, but there are more channels available since
fragmentation with H2 or H2

+ products is also possible, as
given in Table I. In the present measurements coincidentally
ejected light-mass fragments �H, H+, H2, or H2

+� are not de-
tected.

The electron-impact dissociation of CH2
+ and CD2

+ in the
light-ion-fragment DE channels has been investigated previ-
ously using two different techniques. Djurić et al. �10� mea-
sured the sum of DE and DI for the D+ production channel
using a crossed-beams technique. Larson et al. �11� investi-
gated the same light ion fragment DE channels in CH2

+ at the
CRYRING heavy ion storage ring, although they directly
detected the corresponding neutral products CH and �C+H�
with solid-state surface-barrier detectors. The agreement be-
tween the two sets of measurements for the light-ion-
fragment channels is excellent, suggesting that the DI contri-
butions are small for energies measured in the CRYRING
experiment �up to 55 eV�. However, there have been no pub-
lished measurements for dissociation of CH2

+ producing the
heavy ion fragments CH+ and C+. Janev and Reiter �6,12�
have recently published a review of data for collisions of
simple hydrocarbon ions and neutrals with electrons and pro-
tons, including empirical formulas for electron-impact DE
and DI of CH2

+, along with information about the thresholds
and average kinetic energies of release �KERs� for these pro-
cesses.

The measurements reported here are absolute total cross
sections for the production of CH+ and C+ ions by electron-
impact on CH2

+. The measurements were performed using the
ORNL electron-ion crossed beams apparatus �13,14� with
CH2

+ ions produced in a Caprice electron-cyclotron-
resonance �ECR� ion source. Dissociation cross sections
measured for heavy fragment ion channels using this appa-
ratus have been reported for H3O+ and D3O+ �15�, CH+ �16�,
and DCO+ �17�. In the absence of other experimental or the-
oretical data, the present results are compared with the em-
pirical fits of Janev and Reiter �6,12�.

II. EXPERIMENT

The electron-ion crossed beams apparatus used for the
present study has been described in detail previously �13,14�,*Electronic address: vanecr@ornl.gov
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and recent modifications and issues specific to measurements
of cross sections for dissociation of molecular ions have also
been published �16,17�, so the discussion here will be abbre-
viated. The apparatus is shown schematically in Fig. 1.

A. Crossed-beams method

The CH2
+ molecular ions were produced in the ORNL

ECR ion source �18� using methane as a source gas. The ions
were extracted at 10 kV and mass selected with magnetic
analysis, and then transported with magnetic and electro-
static optics from the ECR ion source to the crossed beams
apparatus. Just before the collision volume the ions are de-
flected electrostatically through 90° in a charge purifier to
eliminate any charge-exchange components in the beam. In
the collision volume, the ion beam �1 mm diameter� interacts
at a right angle with an electron beam formed by a magneti-
cally confined gun described below. Upon leaving this inter-
action region, the parent and fragment ions are separated by

a double-focusing 90° sector analyzing magnet with a radius
of curvature of 20 cm. This ensures that the collision volume
is imaged at the throat of the fragment ion detector. The CH+

or C+ product ions are selectively deflected 90° by the mag-
net, then electrostatically deflected out of the magnetic dis-
persion plane and onto a 1.0 cm diameter channel electron
multiplier �CEM�. For the CH+ fragment measurements, the
CH2

+ primary ions are deflected less by the analyzing mag-
netic field and collected in Faraday cup 2, which is closest to
the fragment ion detector �see Fig. 1�. For the C+ fragment
measurements, the CH2

+ primary ions are collected in Fara-
day cup 1. The post-collision Einzel lens shown in Fig. 1 is
grounded for all measurements reported here.

The electron gun used for the present study is a magneti-
cally confined model described previously �14,19,20�. A
magnetic field of 250 G confines the electrons and yields a
uniform rectangular cross section �approximately 2 mm wide
by 10 mm high� over the 2 mm length of the interaction
region. Spiraling of the electrons is minimized �20� by accel-

TABLE I. Processes for electron-impact dissociation of CH2
+ ions producing CH+ and C+ fragment ions.

Thresholds are taken from Ref. �6� and are given in eV for CH2
+ ions in the v=0 ground state. The last two

DI thresholds, denoted with an asterisk, are calculated from the value of the one channel given by Ref. �6� by
subtracting the energy of association for H2

+ and adding the ionization energy of H, respectively. Resonant ion
pair formation processes are not included; see text for an explanation.

Process Channel Threshold �eV�

Direct dissociative excitation �DDE� e+CH2
+→e+CH++H 6.08

Resonant dissociative excitation �RDE� →CH2
**→e+CH++H

Dissociative ionization �DI� →e+CH++H++e 30.41

Direct dissociative excitation �DDE� e+CH2
+→e+C++H2 5.62

→e+C++H+H 11.52

Resonant dissociative excitation �RDE� →CH2
**→e+C++H2

→CH2
**→e+C++H+H

Dissociative ionization �DI� →e+C++H++H+e 34.15

→e+C++H2
++e 31.48*

→e+C++H++H++2e 47.74*
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erating them in a uniform electric field through a series of
apertures between the indirectly heated planar cathode and
the collision volume. The electron collector consists of a
stack of tantalum “razor blades” turned with the sharp edges
facing the interaction region; this design helps prevent back-
scattered electrons from returning to the collision volume.
The collector is also biased +300 V with a battery to mini-
mize the escape of secondary electrons. Typical electron cur-
rents are 11 �A at 10 eV and 230 �A at 100 eV. The elec-
trons are chopped at 1 kHz in order to separate the
dissociation signal from the relatively larger background
count rate associated with the ion beam. Previous measure-
ments �21� of excitation cross sections using the configura-
tion shown in Fig. 1 �21� indicated that the net collision
energy distribution is about 1.5 eV full width at half maxi-
mum as a result of field leakage into the collision region
from post-collision ion deflector plates.

The overlap of the ion and electron beams in the direction
perpendicular to both beams �vertical direction� was mea-
sured at each interaction energy with a slit probe moving
through the center of the interaction region. Current profiles
of the ions and electrons Ii�z� and Ie�z� were measured inde-
pendently and numerical integration yielded the form factor
F needed for determination of absolute cross sections

F =
� Ie�z�dz� Ii�z�dz

� Ie�z�Ii�z�dz

. �1�

The absolute cross sections are determined �22� from
measured quantities using

��E� =
R

IiIe

qe2vive

�vi
2 + ve

2

F

�
, �2�

where ��E� is the absolute cross section at the center-of-
mass electron-impact energy E, R is the fragment signal rate,
Ii and Ie are, respectively, the incident ion and electron cur-
rents, qe is the charge of the incident ions, vi and ve are the
incident ion and electron velocities, F is the form factor that
is determined from the two beam profiles, and � is the chan-
neltron detection efficiency for the product ions that we es-
timated to be 98% �23�.

B. Ion beams

Since 12CH2
+ has a mass of 14 amu, 14N+ ions extracted

from the ion source will not be separated and will be an
impurity in our target beam. The fraction of N+ ions in the
beam is estimated from two sets of ionization data measured
in the present study. First, using the crossed-beams appara-
tus, electron-impact ionization cross sections were measured
at 100 eV for m /q=14 ions �12CH2

+ and N+�; both 12CH2
+ and

N2+ product ions were detected by the CEM. The ion source
was cleaned to remove essentially all traces of carbon-12.
Second, the ionization cross sections were measured for
13CH2

+ using carbon-13 methane as the gas in the ECR ion
source so that there would be no contamination from N+

ions. The measured absolute cross sections are shown as the
solid symbols in Fig. 2. Using the published cross section for
ionization of N+ at 100 eV �24�, we determined the fraction
of N+ ions in the m /q=14 ion beam to be 4.8%. Since
carbon-13 is only 1.1% of naturally occurring carbon, we
estimate that the total amount of impurity ions in the 12CH2

+

ion beam is less than 6%.
Because the lifetimes of vibrational levels of the degener-

ate CH2
+�X̃ 2A1� and CH2

+�Ã 2B1� ground states are on the
order of 1 ms �25�, much longer than the 1 �s flight time of
the ions from the ECR source to the collision volume, the
vibrational state population of the target CH2

+ ions is essen-
tially preserved from the ion source. In addition, there exists
a metastable electronic state, CH2

+ �ã 4A2�, whose v=0 level
lies about 3.7 eV above the ground state �26�. Even operat-
ing the source at minimal microwave power levels of a few
watts and with source pressures of order 10−6 Torr, the elec-
tron temperature in the ECR discharge may be tens of eV or
more, which we would expect to produce a sizable fraction
of CH2

+ ions in excited electronic and rovibrational states.
The presence of excited vibrational states has been found to
have a significant effect on measured cross sections for the
dissociative recombination of CH+ �27,28�, although less
dramatic influences are expected for DE and DI. We have no
mechanisms for determining the fractions of low-lying ex-
cited states in the incident CH2

+ ion beam, although whether
these excited ions are present usually can be inferred from
measurements below the lowest ground-state threshold. For
CH2

+ ions, however, no data exist for thresholds for the RDE
processes, which likely possess the lowest thresholds for the
CH+ and C+ fragment ion channels.

C. Collection and detection of fragment ions

Upon dissociation of a molecular ion, the fragments share
KER that is the result of redistribution of the excess internal
energy in the ion delivered in the collision with the electron.
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FIG. 2. �Color online� Absolute ionization cross sections for
13CH2

+ as a function of center-of-mass energy. The filled circles are
the present measurements shown with one standard deviation rela-
tive error bars.
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Thus a given fragment will have a final velocity that is the
vector sum of that of the target ion and a component due to
its share of the KER. The maximum change in lab frame
momentum occurs when the corresponding additional mo-
mentum �p is parallel or antiparallel to the incident ion mo-
mentum P0. In this case the dispersion of the fragment ion by
the analyzing magnet causes a horizontal displacement �x at
the detector that is given by

�x = Dr0
�p

p0
, �3�

where p0= �m /M�P0 is the fragment momentum for zero
KER with parent and fragment masses M and m, respec-
tively, r0 is the ion orbit radius of curvature in the analyzing
magnet, and D is the dispersion coefficient. For the present
configuration, a double-focusing 90° sector magnet with en-
trance and exit angles of 26.5° and image and object dis-
tances of 2r0, the dispersion coefficient is 4 �29�. Applying
conservation of energy and momentum to the fragmentation
process, the maximum horizontal displacement is given by

�xmax = 4r0��E

Ei

M − m

m
�1/2

, �4�

where �E is the KER and Ei is the energy of the incident
�parent� ion.

Measurements of the apparent dissociation cross section
as a function of the analyzing magnetic field at a center-of-
mass energy of 100 eV are shown in Fig. 3 for both the CH+

and C+ channels. The axes at the top of Fig. 3 indicate the
distance that the center of the fragment ion peak is moved
from the center of the detector by the analyzing magnetic
field. As can be seen in Fig. 3�a�, the CH+ fragment ion peak
can be moved 1.6 mm in either direction without any loss of
apparent signal from the detector. At approximately 4.8 mm
in either direction, one-half of the apparent signal is lost
from the detector. From these two observations and noting
that the radius of the CEM is 5.0 mm, one can infer that
essentially all the signal is collected by the detector for a
magnetic field of 2.83 kG and the maximum displacement
�xmax of the fragment ions from the center of the detector
due to the effects of KER is 3.2 mm. Thus, an upper limit
can be estimated for the average KER for dissociation of the
CH2

+ target ions producing CH+ by using Eq. �4�. Noting that
r0=20 cm for our analyzing magnet, one obtains an upper
limit of 2.1 eV for the average KER. Janev and Reiter �6�
estimate a mean total kinetic energy of 1.4 eV for the prod-
ucts of this DE channel. As seen in Fig. 3�b�, the C+ frag-
ment ion peak cannot be displaced from the center position
without loss of apparent signal, and the signal drops to es-
sentially zero at one-detector-width displacement. These fea-
tures imply that the signal is dispersed to the same size as the
detector, i.e., �xmax=5.0 mm, yielding an upper limit of
2.5 eV for the average KER for dissociation of CH2

+ into the
C+ fragment channel. Janev and Reiter �6� consider two DE
channels leading to the C+ fragment ion, which our experi-
ment is unable to distinguish: C++H2 with an estimated
mean total kinetic energy of 1.3 eV and C++H+H with an
estimated mean total kinetic energy of 2.66 eV. Since our
measured KER is much closer to the latter value, it seems the

three-body channel �C++H+H� may be the primary one; we
note that dissociative recombination has also been shown to
favor the three-body channel �C+H+H� for the CH2

+ ion
�11�.

The KER also causes angular spreading of the fragment
ions, but this is mainly compensated by the double-focusing
analyzer magnet. As demonstrated by trajectory modeling
using the computer program SIMION �30�, the spread of the
fragment ions at the detector due to KER perpendicular to
the target ion velocity is much smaller than that due to KER
in the parallel direction. Note that angular spreading effects
of KER are sufficient, however, to cause significant loss of
H+ and H2

+ fragment ions, which are not collected in this
experiment.

The voltage applied to the final vertical deflector that di-
rects the CH+ or C+ fragment ions onto the CEM was also
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FIG. 3. Apparent cross sections for dissociation of CH2
+ as a

function of analyzing magnetic field. The measurements were made
at a center-of-mass energy of 100 eV. The symbols depict three sets
of measurements shown with one standard deviation relative error
bars. The dashed vertical lines indicate the detector limits. �a� The
CH+ fragment ion channel and �b� the C+ fragment ion channel.
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scanned to test sensitivity and centering of fragment ions
steered in this element. The apparent cross section did not
change for variations of several hundred volts on either side
of the value �8.5 kV� used for taking the present data.

High background count rates of 3–4 kHz/nA for the CH+

fragment channel and 7–8 kHz/nA for the C+ fragment
channel, due to dissociation of the CH2

+ ions on residual gas
in the collision volume, necessitated limiting the incident ion
current. By measuring the apparent cross section as a func-
tion of the total detector count rate, it was found that full
signal could be maintained with count rates of 70 kHz, but
increasing it beyond 100 kHz caused a reduction of greater
than 10% due to reduced gain of the detector. Lowering the
total count rate further, to below 20 kHz, did not yield any
increase in the apparent cross section. Hence, most of the
present data were obtained with ion currents limted to
15–20 nA for the CH+ measurements and 7–9 nA for the
C+ measurements and ion count rates in the 50–65 kHz
range. These limits were observed to minimize the time
needed to reach a given statistical precision in the data while
maintaining detector gain and limiting dead time corrections
of the electronics to less than 7%.

The positions of the Faraday cups that collected the pri-
mary ion beam were optimized for each fragment channel to
maintain the full current and signal while minimizing the ion
background on the detector. Parameters for the electron
chopping such as frequency, voltage, and delay times were
also varied and found to have a negligible effect on the mea-
sured cross sections.

D. Uncertainties

The systematic uncertainties in the experiment arise from
a number of sources connected to the measurement of the
quantities in Eq. �2� and are given at a level equivalent to
90%-confidence level for statistical uncertainties. One con-
tribution is from the detection of the C+ and CH+ fragment
ions �estimated at 5%�; this includes detection efficiency �,
pulse signal discrimination, and dead times of the detector
and signal processing electronics. The transmission and col-
lection of the fragment ions contributes an estimated 4% and
includes possible losses due to fragment ions in the tail of the
KER distribution. These two uncertainties are connected to
the measurement of the true signal rate �R /�� in Eq. �2�. The
systematic uncertainty of measuring the absolute form factor
F is estimated to be 4%. Other contributions are from deter-
minations of the ion current �6% including beam impurities�,
electron current �2%�, and the ion and electron velocities
�1% each�. The quadrature sum of all these contributions is
±9.9%. Combining this sum with the statistical uncertainties
at a 90%-confidence level yields the total expanded uncer-
tainties for the measurements, typically about 11% near the
cross section peak.

III. RESULTS

A. CH+ fragments

Absolute cross sections for electron-impact dissociation
of CH2

+ ions producing the CH+ fragment for energies up to

100 eV are shown in Fig. 4. The present measurements, the
sum of the DE and DI channels, are indicated as filled circles
and are shown with one standard deviation relative error
bars, except for the point at 60 eV, where the outer set of
error bars represents the total uncertainty of about 11% of the
cross section in the flat portion of the curve above 30 eV.

The cross section rises sharply from an observed thresh-
old of about 6 eV �this value is consistent with the DDE
threshold of Janev and Reiter �6� given in Table I� and ex-
hibits a strong peak in the 7–15 eV range, similar to that
seen for the dissociation of DCO+ �17�. For that ion, it was
suggested that this peak feature is due to a series of strong
vertical transitions to dissociative excited states. This process
is analogous to excitation-autoionization in electron-impact
ionization of atomic ions. Since potential energy curves for
CH2

+ are unavailable, we can only speculate that similar ex-
citations may play a significant role in dissociation leading to
CH+ fragment ions in this energy range.

The empirical cross sections of Janev and Reiter �6� for
the DDE and DI contributions are shown as the dashed curve
in Fig. 4. Because of a lack of experimental data for CH2

+,
they do not provide any cross section estimates for the RDE
process, which they refer to as capture assisted dissociation
�CAD�. The portion of this curve above 50 eV exceeds the
measurements by about 60%, suggesting that their empirical
formula overestimates the contribution of DI. Also shown in
Fig. 4 is a solid curve that represents the DDE+DI contribu-
tions of Ref. �6� with an additional estimated RDE contribu-
tion. This contribution, shown as the dot-dashed curve in Fig.
4, is calculated using Eq. �20� of Ref. �6� with Eth=1.7 eV
and using a constant multiplier of 7.0 instead of the 20.6
value they give. These values give approximately the correct
magnitude and position for the peak in the 7–15 eV range,
but clearly overestimate its width, suggesting that either the
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FIG. 4. �Color online� Absolute cross sections for the production
of CH+ fragment ions by electron-impact dissociation of CH2

+ ions
as a function of center-of-mass energy. The filled circles are the
present measurements shown with one standard deviation relative
error bars. The outer error bar at 60 eV represents the total uncer-
tainty at a 90%-confidence level. The solid and dashed curves are
estimates based on the formulation of Ref. �6�; see text for
description.
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energy dependence is quite different than the form they give
for RDE �CAD� or that this strong peak is not due to RDE
processes. Since the observed threshold is about 6 eV, it is
unlikely that the RDE process �6� makes a significant contri-
bution to the CH+ fragment ion channel. Above the DI
threshold of 30.41 eV �6,31� the present measurements are
the sum of the DE and DI channels producing CH+ fragment
ions, although no clear onset of the DI contribution can be
seen in Fig. 4.

B. C+ fragments

Absolute cross sections for electron-impact dissociation
of CH2

+ ions producing the C+ fragment for energies up to
100 eV are shown in Fig. 5. The present measurements, the
sum of the DE and DI channels, are indicated as filled circles
and are shown with one standard deviation relative error
bars, except for the point at 49 eV, where the outer set of
error bars represents the total uncertainty of about 11% of the
peak cross section.

In contrast to the results for the CH+ fragment channel,
the cross section for the C+ fragment channel is relatively flat
over the entire energy range of the measurements with no
observed threshold. There appears to be a small peak near
8 eV with the cross section decreasing down to 3 eV, the
lowest energy possible with the present electron gun. Ex-
trapolation of this behavior yields a threshold of about 1 eV.

Also shown in Fig. 5 are empirical cross sections of Janev
and Reiter �6� for the DDE+DI contributions; these are
shown as the dashed curve. Their predictions clearly under-
estimate the experimental results, especially for energies be-
low 50 eV. As was the case for the CH+ fragment channel
discussed above, they do not include RDE �CAD� contribu-
tions. The solid curve in Fig. 5 is a total cross section that

includes an estimate of this RDE contribution �shown as the
dot-dashed curve� calculated using Eq. �20� of Ref. �6� with
Eth=1.5 eV and a constant multiplier of 3.0 instead of their
value of 20.6. This gives reasonable overall agreement with
the experimental results, although it appears that the DI con-
tribution is again somewhat overestimated. The magnitude of
the small peak near 8 eV is reproduced by their formula for
RDE, and unlike the peak observed in the CH+ fragment
channel, the width is in good agreement with the measure-
ments. This suggests that the weak peak in this C+ fragment
ion channel arises from a different physical mechanism than
that producing the strong peak seen in the CH+ channel.

Although no threshold is observed in Fig. 5 for the pro-
duction of C+ fragment ions, a threshold of about 1 eV can
be inferred from extrapolation of the measurements at 8 eV
and below. Since the lowest DDE threshold for producing C+

is 5.62 eV �see Table I�, this threshold is either the signature
of RDE contributions from ground-state ions or of excited
states present in the CH2

+ ion beam. If the latter is true, then
the excited states must preferentially dissociate via channels
producing C+ fragment ions because no dissociation signal
was measured below the threshold for DDE of ground-state
CH2

+ ions for channels producing CH+ fragment ions. It is
more likely that the cross section measured below the DDE
threshold is due to RDE processes with a threshold of about
1 eV. This conjecture is supported by the reasonable fit of
RDE contributions estimated with the form of Janev and
Reiter �6�, as discussed above and shown in Fig. 5. Above
the lowest DI threshold of 31.5 eV the present measurements
are the sum of the DE and DI channels producing C+ frag-
ment ions, although only a slight increase in the cross section
is seen in this region in Fig. 5.

C. Summary

It is interesting to note that the cross sections for the C+

and CH+ channels are practically identical for energies in the
15–100 eV range, despite the dramatic differences in the
two channels below 15 eV. For the CH+ channel, the cross
section shows strong DDE contributions just above a thresh-
old of about 6 eV. The C+ channel, however, exhibits a low-
energy dependence consistent with RDE contributions with a
threshold of about 1 eV. Above 15 eV, both cross sections
appear to be dominated by direct processes, including DI
since the lowest DI thresholds for the CH+ and C+ channels
are close.

In an effort to understand the total picture of electron-
impact dissociation of CH2

+ we compare the present results
for �DE+DI� and ionization with published results for other
dissociation channels; this is shown in Fig. 6 for energies in
the 1–100 eV range. The solid circles and squares are the
present �DE+DI� results, the open squares are the dissocia-
tive recombination �DR� measurements of Larson et al. �11�,
and the open circles are the �DE+DI� measurements of Dju-
rić et al. �10� for the D+ fragment channel. The light ion
fragment DE measurements of Larson et al. �11� are in ex-
cellent agreement with those of Djurić et al. �10� and so are
not shown in Fig. 6. Ionization of CH2

+ is shown as the solid
triangles. Note that in the 4–15 eV range, the heavy frag-
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FIG. 5. �Color online� Absolute cross sections for the production
of C+ fragment ions by electron-impact dissociation of CH2

+ ions as
a function of center-of-mass energy. The filled circles are the
present measurements shown with one standard deviation relative
error bars. The outer error bar at 49 eV represents the total uncer-
tainty at a 90%-confidence level. The solid and dashed curves are
estimates based on the formulation of Ref. �6�; see text for
description.
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ment ion �CH+ and C+� channels are dominant, although the
production of H+/D+ fragments is the primary channel for
higher energies. As expected, DR is the most important pro-
cess below 2 eV.

IV. CONCLUSIONS

Absolute cross sections for electron-impact dissociation
of CH2

+ ions producing CH+ and C+ fragment ions have been

measured employing the ORNL crossed-beams apparatus
with a total expanded uncertainty of approximately 11% of
the cross section in the flat portion of the curves above
30 eV. The dispersion pattern of the CH+ and C+ fragment
ions in the analyzing magnetic field yields estimated upper
limits of 2.1 and 2.5 eV, respectively, for the average KER at
a collision energy of 100 eV. Because no other experimental
or theoretical data exist for these dissociation channels, the
present results are compared with the empirical cross sec-
tions of Janev and Reiter �6,12�. The agreement is reasonable
for the C+ fragment channel if an estimate of the RDE con-
tribution is included; the agreement for the CH+ is not nearly
so good, partly because of a strong peak observed just above
threshold in the 7–15 eV range that is not reproduced very
well by their formulas for RDE and DDE contributions. The
present data should serve as benchmarks for refining these
empirical fits and hopefully stimulating theoretical investiga-
tions of these dissociation channels.
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