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Using a crossed electron-ion beams method, we measured absolute cross sections for electron-impact dis-
sociation of the CD3

+ molecular ions producing CD2
+ fragment ions and CH3

+ ions yielding CH+ and C+

fragment ions over a collision energy range from a few eV up to 100 eV. The total experimental uncertainties
are about 12% at the maximum of the curves of cross sections �peak of the cross section for the CH+ channel�.
The obtained results suggest important roles played by predissociation of bound states in the production of both
the CH+ and C+ fragment ions. Good agreement is found with other results reported for the CH+ fragment, but
some differences are found for the CD2

+ and C+ fragments.

DOI: 10.1103/PhysRevA.79.052703 PACS number�s�: 34.80.Ht, 34.80.Gs

I. INTRODUCTION

Collision processes play pivotal roles in the dynamics of
such diverse areas as laboratory plasmas, thermonuclear fu-
sion, and astrophysics. For example, in fusion energy tech-
nology, the plasma-facing walls may interact with plasma
particles �neutrals and ions� and eroded impurities of the wall
material may then enter the plasma and strongly influence its
properties. Carbon is the most abundant material used in
these walls and the methyl radical, CH3, and the acetylene
molecule, C2H2, as well as their ions, are expected to be the
abundant sputtered fragments �1�. It is therefore clear that
high-quality experimental measurements of the collision
properties of these neutral and ionic species are needed in
studies of edge fusion plasma. Furthermore, high-quality
data are needed as benchmarks to test and validate theoreti-
cal models, when available, and provide information for di-
agnosing plasma media.

Both the methyl radical, CH3, and its cation, CH3
+, are

observed in many other plasma media and have long been
recognized as being among the most fundamental reactive
species in chemical reactions occurring in those media �2–8�.
CH3 is a particularly important intermediate product in reac-
tions leading to the production of hydrocarbons, e.g., in the
synthesis of petroleum derivatives in laboratories or in the
chemical kinetics driven by cosmic rays in the interstellar
medium. In addition, its ion, CH3

+, is able to capture elec-
trons and functional groups from a variety of neutral organic
molecules. It even reacts with saturated hydrocarbons to pro-
duce more stable compounds. Because of their nature and
paramount importance, these two molecules �neutral and
ionic� have been the subject of many theoretical and experi-
mental studies. However, laboratory investigations are diffi-
cult as a consequence of �a� the inherently more complex

structure of molecular species relative to atoms in general
and �b� the extremely reactive nature of CH3 and, in particu-
lar, CH3

+ �7–9�. Indeed, despite the apparent simplicity of
these two compounds, it has been difficult to obtain accurate
laboratory measurements of their molecular parameters
since, as radicals, they recombine very easily with other par-
ticles in a gas, i.e., with residual gas molecules. This feature
also applies to other hydrocarbon ions of the series CHn

+ and
C2Hm

+ �n=2–4 and m=1–7� which are equally important in
organic chemical kinetics �3�.

Several studies exploring the structural, reactive, and
spectroscopic properties of hydrocarbons have been carried
out �2–8,10–16� but results remain sparse. In 2000 and 2002,
collections of data on interactions of hydrocarbons with hy-
drogen and with electrons were made available by Alman
and Ruzic �17� and by Janev and Reiter �18,19� for the CHn
and the CmHn families and their ionized homologs, respec-
tively. Since then, new investigations based either on the
improved understanding of the physical mechanisms govern-
ing those processes or on entirely new experimental methods
have been performed. Most of these studies explore the frag-
mentation of the molecules via the dissociative recombina-
tion �DR� process. DR involves the efficient capture of a low
energy electron ��1 eV� by the molecular ion which then
stabilizes its excess energy by dissociating into neutral frag-
ments. Two recent reviews of measurements of DR of hydro-
carbon ions at ion storage rings have been reported by Vig-
giano et al. �21� and by Mitchell et al. �22�. Only a few
studies relate to the dissociative excitation �DE� and the dis-
sociative ionization �DI� processes, which differ from DR in
that charged fragments are produced in the reaction and are
therefore more efficient at higher electron energies
��10 eV�, but these studies have been mostly limited to the
detection of light fragment ions from the reaction �9,23–27�.

In the present paper, we report on absolute cross section
measurements for the formation of the CD2

+ fragment ions
from dissociation of the CD3

+ molecular ion and CH+ and C+

fragment ions from CH3
+ through impact with electrons of

energy ranging from 5 up to about 100 eV. The CD3
+ isoto-

pomer is used for the CH2
+-CH3

+ fragment channel in order
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to reduce the background count rate for fragment ions by
moving the primary ion beam farther from the detector �see
Sec. II for experimental details�. Some of the possible reac-
tion channels through which CH2

+, CH+, and C+ fragment
ions can be produced from CH3

+ are given in Table I. D0
corresponds to the dissociation energy limit. For a given re-
action channel, D0 is estimated using the energy released in
the production of ground-state fragments from dissociative
recombination of CH3

+ ion �28� and the ionization potential
energies of C, CH, CH2, H, and H2 neutral fragments �29�. In
contrast, Eth corresponds to a threshold energy for a vertical
transition from the CH3

+ ground state to the appropriate dis-
sociative state for the given final products �also in their
ground states�; the values of Eth are averaged over the
Franck-Condon region of the vibrational ground state of
CH3

+ and are from the work of Janev and Reiter �18,19�.
Resonant ion pair �RIP� formation also produces ion frag-
ments, but for the energy range of the present measurements,
the contribution of this process is expected to be negligible
�30–32�.

Dissociative excitation proceeds by two pathways. Direct
dissociative excitation �DDE� involves a Frank-Condon tran-
sition from the ground state of the molecular ion directly to a
dissociative excited state or a predissociative state, i.e., an
excited bound state coupled to a dissociative state. Notice,
however, that the predissociation lifetime depends on the vi-
brational and rotational state of the ion. At low collision
energy, another collision process, resonant dissociative exci-
tation �RDE�, can also contribute to the measured cross sec-
tion. This process, also known as capture-autoionization dis-
sociation �CAD�, involves the capture of the incident

electron into a doubly excited dissociative Rydberg state of
the neutral molecule which then subsequently decays by
ejecting an electron and dissociating. This process leads to
the same reaction products as the DDE process but with
smaller threshold energies down to the dissociation limit en-
ergy. Hereafter we refer to the DDE and RDE processes
together as simply DE.

Dissociative ionization proceeds through a direct process
similar to the DDE process but results in the production of
two or more charged fragments and the ejection of one or
more electrons.

There has been no data reported in studying the heavy ion
fragments from the DE and DI reactions of CH3

+ or CD3
+.

To date, only some preliminary results have been presented
at conferences �27,33�.

The content of this paper is organized as follows: the
experimental method and the apparatus used are briefly de-
scribed in Sec. II. Results are presented and discussed in Sec.
III. The summary and concluding remarks are given in Sec.
IV. We note that all of the pathways through which CD2

+,
CH+, and C+ fragments ions can be produced from dissocia-
tion of CD3

+ and CH3
+ by impact of electrons cannot be

resolved in the present study. Hence, the measurements re-
ported here represent the contributions summed over all of
the possible reaction channels.

II. EXPERIMENT

A. Ion and electron beams

A schematic view of the apparatus used in the present
study is shown in Fig. 1. A full description has previously
been reported elsewhere �23,34–38� and only a brief sum-
mary is given here. The parent ions are produced in the
ORNL Caprice electron cyclotron resonance �ECR� ion
source �39� fed by methane gas �CH4 or CD4� and then ex-
tracted and accelerated to 10 keV. The source is typically
operated with 1–2 W of microwave power and a gas pressure
of approximately �4–8��10−7 Torr in the ECR region. This
typically gives 30–50 �A CD3

+-CH3
+ ion beam current af-

ter leaving the magnetic mass selector. The beam is then
transported with electrostatic and magnetic optics and di-
rected into the collision chamber where it interacts at 90°
with a magnetically confined electron beam �40,41�. Prod-
ucts of the interaction are separated from the primary ion
beam by means of a magnetic analyzer and directed onto
either a channel electron multiplier �CEM� detector or a dis-
crete dynode detector. Initial measurements performed with
the CEM were limited to total count rates less than 6
�104 s−1 to avoid signal loss; the discrete dynode detector
permits total count rates up to 1�106 s−1 and has a larger
acceptance for the fragment ions. Typical background count
rates on the discrete dynode detector, normalized to the pri-
mary ion beam current, are 3.2�104, 1.1�104, and 2.1
�103 s−1 nA−1 for the CD2

+, CH+, and C+ fragment ion
channels, respectively. The primary ions are collected in a
Faraday cup, with typical currents of 30–90 nA.

Special care is taken to eliminate nitrogen from the feed-
ing gas line of the ECR ion source since NH+ ions, which
have mass m=15 and electric charge q=1, would contami-

TABLE I. Energies for electron-impact dissociation channels of
CH3

+ ions producing CH2
+ , CH+, and C+ fragment ions. Vertical

transition threshold energies Eth are taken from Ref. �18� where
available and are given in eV for CH3

+ ions in the v=0 ground
state. The dissociation limit energies D0 are estimated from disso-
ciative recombination measurements in Ref. �28� and ionization en-
ergies of neutral fragments given in Ref. �29�. The KERs are from
Ref. �18�. Resonant ion pair formation processes are not included;
see text for an explanation.

Products Eth �eV� D0 �eV� KER �eV�

Dissociative excitation

CH2
++H 7.03 5.40 1.62

CH++H2 7.22 5.44 1.67

CH++2H 9.94

C++H2+H 12.65 9.66 2.92

C++3H 14.16

Dissociative ionization

CH2
++H+ 30.81 19.00 11.78

CH++H2
+ 20.87

CH++H++H 35.94 23.54 11.78

C++H++H2 35.09 23.26 11.78

C++H2
++H 25.09

C++H++2H 27.76
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nate the ion beam. Furthermore, the methane used as the
working gas is not 100% pure and may contain some impu-
rities. Hence, contamination from 13CH2

+ ions should be con-
sidered since, like NH+, they have the same m /q ratio as the
CH3

+ target ion. In our previous study of the CH2
+ ion frag-

mentation �42� we estimated the contribution of N+ and
13CH+ to be less than 6%, considering both nitrogen con-
tamination of the source and the natural abundance of 13C. In
the present study, we expect a similar contribution, or even
less, for the same reasons. Similarly, contamination from
H2O+ must also be minimized since those ions have the same
m /q ratio as CD3

+. Analyzed ion spectra extracted from the
CD4 plasma showed a contamination of less than 5% for the
CD3

+ ion beam, as indicated by the population of OH+ ions.
Though operating at such a minimal microwave power

level as 1 W, the ECR source may produce the CD3
+ and

CH3
+ ions distributed over vibrationally, rotationally, and/or

electronically excited states. However, the current experi-
mental construction does not allow us to estimate the frac-
tional abundances of the excited states. Therefore, the mea-
sured signal likely contains contributions from these excited
states.

B. Diagnostics

It is well known that in an experimental investigation in-
volving a dissociation process, the major obstacle is the high
background rate arising from dissociation on residual gas
molecules, primarily H2. Thus, in the case where a very low
ratio of signal to background is recorded, the experiment
may become difficult to achieve or too time consuming. Fur-

thermore, as dissociation fragments may gain additional ki-
netic energy from reaction, they could have angular and en-
ergy distributions in the laboratory frame which are
significantly wider than the acceptance of the detector. This
leads to an artificial reduction in the number of detected par-
ticles. The maximum projected horizontal displacement due
to the energy dispersion of the fragment ions by the analyz-
ing magnet is given by the following relationship �23�:

�xmax = 4r0��E

Ei

M − m

m
�1/2

, �1�

where �E, r0, Ei, M, and m, are the kinetic energy release
�KER� of the reaction, bending radius of the analyzing mag-
net, the energy and mass of the parent ion, and the mass of
the ionic fragment, respectively. Figures 2�a� and 2�b� show
the apparent cross section at 100 eV as a function of the
analyzing magnetic field measured with the CEM detector.
From these data we estimate the maximum displacement of
fragment ions from the center of our 5 mm radius CEM
detector to be approximately 4.7 mm for the CH+ channel
and 6.2 mm for the C+ channel. Using Eq. �1�, we deduce the
upper limit of the corresponding KERs, 2.2 and 2.4 eV for
the CH+ and C+ channels, respectively. Notice however,
these numbers are average values since the CH+ and C+ frag-
ment ions are produced through different reaction channels at
100 eV, each of which has its own maximum KER, but our
experiment cannot differentiate between them. From the data
plotted in Fig. 2�a� we conclude that the size of the ion beam
for the CH+ channel is comparable to the acceptance of the
CEM detector, i.e., the total collection of the signal is
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FIG. 1. Electron-ion crossed-beams experimental apparatus. See text for an explanation. The fragment ion detector and vertical deflector
are rotated 90° to the plane of the figure.
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achieved in the plane of dispersion at the central value, B0, of
the analyzer magnetic field. On the other hand, from the data
plotted in Fig. 2�b�, the dispersion of the C+ ions is greater
than the CEM detector, i.e., the total ion signal is not col-
lected at B0. For a given interaction energy, we correct our
measurements by adding to the cross section measured at
position B0 measurements taken at B0��B, where �B is the
field needed to move the ion beam by one detector width.
The portion of the signal missing the detector for field B0
represents approximately 3% of the total signal. It is worth
pointing out that the measurements obtained using the dis-
crete dynode detector with a bigger acceptance are consistent
with the CEM results determined by this summation. Finally,
changing the voltage applied on the 90° electrostatic cylin-
drical analyzer, which directs the fragments into the CEM
detector, by several hundred volts on either side of the nomi-
nal values used for taking the present data gives a constant
signal, indicating that 100% of the ions are detected in the
direction perpendicular to the dispersion plane for both CH+

and C+ channels. The CD2
+ fragment channel measurements

were performed only using the larger discrete dynode detec-
tor and, hence, no plot of apparent cross section as a function
of analyzing magnetic field is shown.

C. Cross sections and uncertainties

The absolute cross section, �, at interaction energy, E, is
determined �43� from the measured quantities by the follow-
ing relationship:

��E� =
R

IiIe

qe2vive

�vi
2 + ve

2

F

�
, �2�

where R is the fragment signal rate, Ii and Ie are, respec-
tively, the incident ion and electron currents, qe is the charge

of the incident ions, vi and ve are the incident ion and elec-
tron velocities, F is the form factor that is determined from
the two beam profiles as described below, and � is the frag-
ment ion detection efficiency.

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 ion 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

. �3�

The evaluation of the absolute uncertainties on the param-
eters in Eq. �2� has been performed in our previous studies
�34,36�. Despite recent modifications of the apparatus �23�,
these evaluations remain pertinent. The systematic absolute
uncertainties at a 90% confidence level associated with the
measurement of the quantities in Eq. �2� are listed in Table II.
The major contributions to the total absolute uncertainty are
the efficiency of the product ion detection, the collection and
transmission of product ions to the detector, and the mea-
surement of the form factor, which may change during a
measurement. The quadrature sum of those components
gives a �8.5% contribution to the uncertainty of the mea-
sured cross section.

For measurements at lower collision energies, much time
is needed to achieve a reasonable statistical uncertainty, more
than 10 h per single data point. In these cases, we observe

2.694 2.71 2.726 2.742 2.758 2.774
Analyzing Magnetic Field (kG)

0

10

20

30

40

50

A
pp

ar
en

tC
ro

ss
S

ec
tio

n
(1

0-1
8

cm
2 )

-9.4 -4.7 0 4.7 9.4
Displacement (mm)

(a)

2.466 2.506 2.546 2.586
Analyzing Magnetic Field (kG)

0

10

20

30

40

50

A
pp

ar
en

tC
ro

ss
S

ec
tio

n
(1

0-1
8

cm
2 )

-18.6 -12.4 -6.2 0 6.2 12.4 18.6
Displacement (mm)

(b)

FIG. 2. Apparent cross sections versus analyzer magnetic field measured at incident electron energy of 100 eV. The upper abscissa
indicates the displacement of the signal �a� CH+ and �b� C+ fragments from the center of the detector by the analyzing field. The dashed
vertical lines indicate the limits of our 5 mm radius detector. Solid curves represent the best fit to the data.
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small changes in the form factor between the beginning and
the end of the run corresponding to a �2% variation.

For each single measurement, all the above mentioned
contributions are combined with the total relative uncertainty
to yield the absolute total uncertainty, shown in Table III, at
a level equivalent to a 90% confidence level for statistical
uncertainties.

III. RESULTS

Absolute measurements of the cross sections for the pro-
duction of CD2

+ , CH+, and C+ fragment ions from electron-
impact dissociation of the CD3

+ and CH3
+ molecular ions are

made over a collision energy range from threshold up to 100
eV. The results are listed in Table III together with the colli-
sion energies and the corresponding relative and absolute
total expanded uncertainties. The measured cross sections for
the CD2

+ , CH+, and C+ channels are also presented as filled
circles in Figs. 3–5, respectively, with the error bars corre-
sponding to the absolute total expanded uncertainties. The
cross section data reported represent the sum of all processes
through which CD2

+ , CH+, and C+ fragment ions can be
produced from dissociation of CD3

+ and CH3
+ by electron

impact. Owing to limitations of the experimental technique
and the lack of potential energy surfaces reported for CH3

+

and CH3, we cannot perform a more complete quantitative
analysis. Nonetheless, there are empirical predictions for
some of the dissociation channels of the CH3

+ molecular ion
as well as preliminary measurements �27,33� on dissociation
of CD3

+ which are used for comparison with the present
results.

A. CD2
+ fragments

The measured cross sections for the production of CD2
+

fragment ions shown in Fig. 3 exhibit two distinct sections
divided by the threshold for dissociative ionization. Below
this threshold, only dissociative excitation contributes to the
cross section. The lowest energy measurements suggest a DE
threshold of about 5 eV, consistent with the dissociation limit
energy D0 given in Table I. The cross section rises quickly to
almost its maximum value by an energy equivalent to the
vertical transition threshold, Eth, and then exhibits a broad

peak. Two possible explanations exist for this behavior: first,
the RDE process contributes significant dissociation above
D0 or, second, excited states of the CD3

+ target ion effec-
tively lower the dissociation threshold. The 1 3A� and 1 3A�
metastable electronic states lie 3.56 and 3.86 eV above the
ground state, respectively �44�. The vertical transition thresh-
old for these states would be less than 3.5 eV; this is not

TABLE II. Absolute systematic uncertainties at a high confi-
dence level equivalent to 90% confidence for statistical
uncertainties.

Source Uncertainty �%�

Fragment ion detection �5

Signal transmission �5

Form factor �4

Ion current �3

Electron current �2

Ion velocity �1

Electron velocity �1

Quadrature sum �8.5

TABLE III. Absolute total cross sections of electron-impact dis-
sociation of CD3

+ and CH3
+ ions yielding CD2

+ , CH+, and C+

fragments. The relative uncertainties are at the one standard devia-
tion level; the total expanded uncertainties given in parenthesis are
at a high confidence level equivalent to 90% confidence for relative
uncertainties.

Energy �eV�

Cross section �10−18 cm2�

CD2
+ CH+ C+

5.4 20.0�12.9�25.9�
6.2 −2.3�7.2�14.3�
6.8 48.1�11.0�22.4�
7.7 17.1�5.9�12.0�
9.3 3.9�1.5�3.1�
9.4 52.6�12.4�25.3�
9.5 16.8�4.3�8.7�

11.6 20.4�4.1�8.4�
12.0 40.3�5.7�11.9�
12.4 8.7�4.1�8.3�
14.1 39.0�3.3�7.9� 9.1�1.1�2.3�
14.4 53.5�7.4�15.4�
16.3 40.6�6.0�12.8�
19.0 19.6�0.7�2.5�
19.3 33.9�7.8�15.8� 54.0�1.6�6.6�
23.8 46.6�1.5�5.7�
23.8 23.3�1.3�3.5�
24.2 33.1�4.7�9.9�
28.8 23.6�0.7�2.8�
28.9 35.2�3.8�8.1�
29.3 38.1�2.0�5.7�
38.8 44.2�3.3�7.6�
39.0 24.8�0.6�2.9�
39.1 45.7�1.2�5.4�
48.8 49.8�3.0�7.4�
58.5 50.8�1.8�5.6�
59.3 53.5�1.2�6.1�
60.0 27.2�0.7�3.2�
67.4 26.5�0.3�3.3�
68.8 54.5�2.3�6.5�
77.5 58.2�1.7�6.0�
78.8 54.9�1.5�6.6�
79.6 27.6�0.7�3.0�
97.1 55.3�0.5�6.0�
97.3 51.2�1.4�5.2�
99.6 27.2�0.8�3.0�
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consistent with the observed threshold behavior. However,
ions in higher vibrational levels of the CD3

+ ground elec-
tronic state could effectively lower the vertical transition
threshold by at least 2 eV. The threshold behavior of the
cross section for production of CD2

+ fragments will be ad-
dressed again after presenting the dissociation measurements
for the CH+ and C+ channels.

The CD3
+ ion is a planar molecule �5� and has two bound

electronic states that lie above the dissociation limit: 1E� at
6.46 eV and 1A2� at 17.4 eV above the ground state �45�.
Excitations to these allowed states, followed by predissocia-
tion through coupled repulsive states, can enhance the DE
cross sections. The sharp rise from the observed threshold
may be due in part to contributions from excitation to the 1E�
state; no obvious enhancement to the cross section from ex-
citations to the 1A2� state is seen.

The measured cross sections increase for energies above
the DI threshold, reaching values over 50�10−18 cm2 for
E�50 eV. The semiempirical predictions of Janev and Re-
iter �18,19� are also shown in Fig. 3 for comparison. The
solid line represents a sum of their predictions for the DDE
and DI processes; the dashed line represents predictions for
DI only. Although their DI predictions are in good agreement
with the experiment, the DDE predictions clearly overesti-
mate the cross section by a factor of almost 3. They provided
no predictions for the RDE contribution that may be present
just above threshold.

B. CH+ fragments

The structure of the cross sections we show in Fig. 4 is
similar to that observed in our previous measurements on

dissociation of DCO+ by electron-impact producing the CO+

fragment �38�: a curve with three distinct sections. Rising
from a threshold of 	7�1 eV, the CH+ production cross
section peaks at about 20 eV before decreasing and then
smoothly rising again above 30 eV.

The first section, which ranges from the observed thresh-
old up to around 12 eV, is characterized by small magnitudes
for the measured cross sections, the maximum being ap-
proximately 17�10−18 cm2. This small cross section at the
vertical transition threshold Eth indicates that the contribution
of both excited states in the CH3

+ target ions and the RDE
process are minimal for this channel, as is any contribution
from predissociation through the 1E� state.

Above 12 eV, another rise of the DE cross section coin-
cides with the opening of the CH++2H channel. At slightly
higher energies, a peak appears in the DE cross section, ris-
ing to a value of about 54�10−18 cm2 near 20 eV. The
sharpness of the peak suggests excitation to a single bound
state, namely, the 1A2� state, followed by predissociation.

The third region ranges from around 30 to 100 eV. The
sudden change in slope of the cross section curve observed at
the beginning of this region indicates the opening of the first
DI channel. As previously mentioned, our experiment cannot
separate the contribution of this individual process to the
measured signal. The sum of the DE and DI contributions
then rises smoothly to a broad peak of about 54
�10−18 cm2.

The semiempirical predictions of Janev and Reiter �18,19�
for the production of CH+ fragment ions are also shown in
Fig. 4. The solid curve represents the sum of their DE and DI
predictions; the dashed curve represents the DI contribution
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FIG. 4. �Color online� Absolute cross sections versus interaction
energy for electron-impact dissociation of CH3

+ producing CH+

fragment ions. Error bars correspond to absolute total expanded
uncertainties. The solid line represents the sum of DE and DI ob-
tained from fitting functions given in Refs. �18,19� and the param-
eters given in Ref. �20�; the dashed line represents the DI contribu-
tion only.
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only. As was the case for the CD2
+ fragments, their DI pre-

dictions are in good agreement with the experimental data.
However, their predictions for DE, using only the DDE por-
tion and omitting any RDE contribution, exceed the mea-
sured cross sections by about 30%. Their formulation does
not account for the contribution of excitations to bound ex-
cited states followed by predissociation, such as the contri-
bution of the 1A2� state evident for this channel.

C. C+ fragments

The energy-dependent cross sections for the production of
C+ fragments are shown in Fig. 5 and, unlike the data ob-
served for the production of CD2

+ and CH+, do not exhibit
any noticeable structure. The cross section is not zero below
the predicted vertical transition threshold energy of the first
DE process, 12.65 eV �see Table I�. The observed threshold,
	9�1 eV, is obtained by extrapolation of data below 14
eV. Nevertheless, the observed threshold energy is compa-
rable to the dissociation energy limit of this channel. This
may indicate that, as for the CD2

+ channel, in the threshold
region, C+ is produced either through RDE mechanisms in-
volving Rydberg states of CH3

�� or vertical transitions to re-
pulsive states from higher vibrational levels of the ground
state.

The cross section is essentially featureless over the range
of the present measurements, with only a slight inflection
that is probably associated with the opening of the second
DE channel, namely, C++3H, with an expected vertical tran-
sition threshold of about 16�1 eV, assuming a similar KER
as for the lower DE channel �see Table I�. In addition, one
cannot rule out a small contribution from excitation to the

1A2� bound state at 17.4 eV followed by predissociation. A
slight increase in the dissociation cross section is observed
above the DI thresholds, although no clear onset of these
contributions is seen in the measurements.

Figure 5 also shows the semiempirical predictions of
Janev and Reiter �18,19� for the production of C+ fragment
ions. The solid curve represents the sum of their DE and DI
predictions; the dashed curve represents the DI contribution
only. In contrast to the data for the other two fragment chan-
nels, their DI predictions seem to overestimate the experi-
mental data. Also, their predictions for DE, using only the
DDE portion and omitting any RDE contribution, underesti-
mate the measured cross sections by about 40%.

D. Summary

To address the issue of excited states in the CD3
+ and

CH3
+ target ion beams, consider the low energy measure-

ments for each of the three heavy fragment channels inves-
tigated. None of the three showed any dissociation at 3.5 eV
below the vertical transition thresholds, indicating the lack of
electronic excited states in the target ions. The threshold be-
havior of the CH+ fragment channel is consistent with onset
of dissociation through vertical transitions to repulsive states,
with minimal contribution from vibrationally excited states.
Since the same target ion beam was used for the C+ fragment
channel measurements, one can deduce that those measure-
ments also lack significant contributions from vibrationally
excited CH3

+ ions. However, as to whether there are contri-
butions from vibrationally excited ions to the CD2

+ channel
cross sections is still unanswered. Other possible sources of
the significant cross section below the vertical transition
threshold for this channel are excitations to the 1E� bound
excited state followed by predissociation and the RDE pro-
cess. Dissociative recombination measurements �28� exhib-
ited two resonance features, one near 2 eV that is below the
DE threshold for all the channels in the present study and
another around 12 eV that is a few eV wide. This latter peak
due to resonant capture could contribute to RDE of CH3

+ and
CD3

+ if an electron is ejected following the capture, but no
clear evidence of this is seen in any of the three measured
channels. Therefore, it is likely that excitation and predisso-
ciation through the 1A2� bound state at 17.4 eV give rise to the
observed peak in the DE cross section for CH+ fragment
production. Small contributions of this excited state to the
CD2

+ and C+ channels cannot be ruled out. Excitation and
predissociation through the 1E� state may contribute to the
near-threshold dissociation of CD2

+ .
The kinetic energies of release determined from Figs. 2�a�

and 2�b�, 2.2 eV for the CH+ channel and 2.4 eV for C+, are
close to the values given by Janev and Reiter �18,19� for the
direct dissociative excitation process, but much less than the
11.78 eV value they give for KERs of the dissociative ion-
ization process. At an interaction energy of 100 eV, one
would expect the measured dissociation cross sections to be
dominated by DI since the DE thresholds are in the 5–15 eV
range. The mechanism of excitation to a bound excited state
followed by predissociation may also make significant con-
tribution to DI while yielding a much lower KER, but sepa-
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FIG. 5. �Color online� Absolute cross sections versus interaction
energy for electron-impact dissociation of CH3

+ producing C+ frag-
ment ions. Error bars correspond to absolute total expanded uncer-
tainties. The solid line represents the sum of DE and DI obtained
from fitting functions given in Refs. �18,19� and the parameters
given in Ref. �20�; the dashed line represents the DI contribution
only.
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rate measurements of the DI process alone would be required
to substantiate this hypothesis. Such measurements are cur-
rently beyond the capabilities of the present apparatus.

It is worth mentioning that measurements on electron-
impact dissociation of CDn

+ were carried out at Louvain-la-
Neuve and preliminary results for n=3 and n=4 presented at
two conferences �27,33�. A comparison with the present re-
sults yields good agreement for the CH+ channel, including
the peak in the DE cross section here attributed to excitation
to the 1A2� bound state at 17.4 eV followed by predissocia-
tion. The overall agreement for the C+ channel is fair. The
shape and magnitude of their results for CD2

+ channel differs
greatly from the present results.

IV. CONCLUSIONS

Cross sections for the formation of CD2
+ fragments from

the dissociation of CD3
+ molecular ions and formation of

CH+ and C+ fragments from CH3
+ ions after collision with

an electron have been measured for interaction energies
ranging between a few eV up to 100 eV using a crossed
electron-ion beams method. The obtained results are com-
pared to other available data from empirical predictions
�18,19� and from electron-impact dissociation of CD3

+ �27�.
For the formation of CH+ fragment, good agreement is found
between the present cross sections and semiempirical fits of
Janev and Reiter �18,19�, as well as with measurements re-

ported on CD3
+ �27�. However, such good agreement is not

observed for the production of the CD2
+ and C+ fragments.

Data obtained for the CH+ channel suggest an important role
played by predissociation of bound states. Resonant dissocia-
tive excitation plays at most only a minor role in dissociation
leading to the CH+ and C+ fragments. Our analysis and any
firmer conclusions that could be drawn are however ham-
pered by the lack of potential energy surfaces for CH3

+ and
CD3

+ . Future measurements on the dissociation of CH3
+ will

focus on the contributions of rovibrationally excited ions by
reducing their population in the target ion beam by utilizing
colder sources of ions and by storing the ions for times long
enough for radiative relaxation.
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