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Fragmentation of CH4 caused by fast-proton impact
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The cross sections of the different breakup channels of CH4, produced by 4-MeV proton impact, have
been measured using the coincidence time-of-Bight technique. The relative abundances of the different
breakup channels were evaluated for collisions in which the molecule broke into two charged fragments
as well as for collisions where only a single charged molecular ion or fragment was produced. These rel-
ative abundances are compared to the ones measured for photodissociation and for electron and proton
impact. Only the CH4 ion survives long enough to be detected as a molecular ion, while the doubly
charged CH4 + ion dissociates rapidly. The most probable final product of the fragmentation of doubly
charged methane as formed by fast-proton impact is H++CH2++H. The abundance of H ++CH„+
(m + n 4) ion pairs decreases rapidly with increasing m, as suggested by Siegbahn [Chem. Phys. 66, 443
(1982)]. The momentum of neutral fragments, in channels where they are produced, is small in compar-
ison with the momentum of the charged fragments so that two-body breakup holds approximately. The
deviation from two-body breakup increases with increasing number of neutral hydrogen atoms pro-
duced. The sensitivity of the experimental method enabled us to extend the study of the fragmentation
pattern of CH4 + to include small breakup channels such as CH4 + —+H3++CH+. Furthermore, some
breakup channels of the triply charged CH4'+ have been detected as triple coincidences.

PACS number(s): 34.50.Gb, 34.90.+q

I. INTRODUCTION

The fragmentation process of small polyatomic mole-
cules has been investigated mostly for photoionization
[1—4], electron impact [5—12], and fast-proton impact
[12,13] using various methods. In most of these process-
es, one electron of the target molecule is ionized resulting
in some dissociating states. A small fraction of the target
molecules will be doubly ionized and dissociate into ion
pairs. Using coincidence between the two charged frag-
ments makes it possible to distinguish this small breakup
channel from the main single ionization channel
[2—4, 10,11]. The fragmentation pattern of highly
charged transient states of molecules has recently been
studied using fast highly charged projectiles which can
efficiently remove a few electrons in a single collision
[14—16]. It is commonly expected that the electrons will
be removed rapidly in comparison with the nuclear
motion and slowly in comparison with the collision time.
Thus, first a transient CH4~+ is formed which then either
deexcites or dissociates. The momenta of the dissociating
fragments come from the internal excitation of the tran-
sient molecular ion. Direct momentum transfer from the
projectile is negligible for these fast collisions.

The fragmentation pattern of singly charged methane
has been the subject of numerous studies. Some of these
focused on a high-resolution measurement of the kinetic-
energy distributions of the charged fragments [5—8].
Others focused on the fragmentation pattern (measuring
either relative or absolute cross sections) [9—12]. The
difference between the fragmentation pattern produced
by electron impact or proton impact at the same collision
velocity has been discussed by Wexler [12] and by Malhi
et al. [13],who found in general good agreement between
the two.

The fragmentation pattern of doubly charged methane,
which is the molecule of interest in this work, has been
studied since the early work of McCulloh, Sharp, and
Rosenstock [10]. In their work the ion pairs produced by
1-keV electron impact have been measured in coin-
cidence, and their abundances relative to the H++ CH3+
breakup channel have been evaluated. Similar measure-
ments for 10-keV electron impact have been done by
Backx and Van der Weil [11] which show a somewhat
similar fragmentation pattern. The differences between
the two measurements, namely, a higher rate of breakup
channels in which more hydrogen fragments were pro-
duced for the 10-keV measurement, have been attributed
to K-shell ionization which is possible for that case. The
photodissociation fragmentation pattern, studied by
Fournier et al. [4], shows a faster decrease in the abun-
dance of breakup channels with an increasing number of
hydrogen fragments removed. Theoretical work by Sieg-
bahn [17] suggests that the probability of CH4 + breakup
into ion pairs, H + +CH„(m + n & 4) will decrease
with increasing m, i.e., more CH bonds breaking.

The formation and mean lifetimes of doubly charged
CH4 + molecular ions and doubly charged CH„+ frag-
ments have been of increasing interest in the past few
years. Most of the studies of these long-lived molecular
ions are done by charge stripping of a singly charged
CH„ in a single collision with various targets [18—20].
Gray, Legg, and Needham [16] reported evidence of for-
mation of doubly charged, as well as triply charged, CH„
molecular ions in F ++CH4 collisions at 1 MeV/amu.
Even though some long-lived states of doubly charged
methane ions have been detected, most of these ions dis-
sociate rapidly into ion pairs.

In this paper we report the studies of methane frag-
mentation caused by 4-MeV proton impact. The coin-
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cidence time-of-Aight (CTOF) technique and the experi-
mental apparatus used for these studies have been de-
scribed in detail elsewhere [21]. The experimental
method is discussed briefly in Sec. II. Our work has fo-
cused on the determination of the relative importance of
the different breakup channels for both singly and doubly
charged methane. In order to accomplish this goal the
relative abundance of all breakup channels and the kinet-
ic energy released in each channel were determined. The
evaluation of the relative abundances is presented in Sec.
III. The main fragmentation channels of singly and dou-
bly charged methane, and the pathways leading to them,
are discussed in Sec. IV.

II. EXPERIMENTAL METHOD

Our experimental setup has been described in previous
publications and will thus only be outlined briefly here
(see Fig. l). A bunched beam of protons was accelerated
in the J. R. Macdonald Tandem Van de Graaff accelera-
tor to an energy of 4 MeV. The collimated beam was
then directed into a target cell containing methane gas.
Pressure in the cell was kept below 0.1 mTorr to insure
single-collision conditions. Ions produced in the cell's
collision region were extracted and accelerated by uni-
form electric fields and allowed to drift into a large chev-
ron microchannel plate detector (MCP). The times of
flight of all ions hitting the detector were then recorded
by a LeCroy 4208 multihit time-to-digital converter
(TDC). The time reference for this measurement was a
fast timing signal synchronized to the beam bunch.

Several factors had to be taken into account in order to
maximize the performance of our time-of-Aight spectrom-
eter. First, the ratio of spectrometer voltages had to be
correctly set to optimize time resolution. That resolution
htlt for the CH4+ molecular ions, which typically have
thermal energies (-0.04 eV) in these collisions [6], was
found to be about 4 X 10 . Second, the effects of angular
discrimination had to be taken into account. These were
minimized by using a large exit collimator, a large detec-
tor, and strong extraction fields, but we still had to pay
special attention to the light H+ and H2+ ions. These
ions have a large dissociation speed even at the typical
energy of a few eV measured in the dissociation of doubly
charged CH4. Third, the discriminator level of the
constant-fraction discriminator (CFD) producing the
recoil signal needed to be set low enough to ensure that
the singly charged CH4+ ions, which have a relatively
small signal, were not lost. This was verified by measur-
ing the relative yields for single and double ionization of
He atoms by fast protons and comparing to previous
measurements by Knudsen et al. [22]. Finally, we had to
consider possible losses in signals caused by first and
second hits arriving too close together. The minimum
separation time needed by the electronics was 20 nsec,
which is less than the time difference for most first and
second particles. Only coincidence events between
H++H+ and H2++H2+ might have been lost after the
signals were produced. These special cases will be dis-
cussed later in the paper.

III. DATA ANALYSIS
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FIG. 1. The experimental setup used for coincidence time-
of-flight spectroscopy. (The target cell is symmetric about the
beam axis. )

FIG. 2. TOF single-ion spectrum of methane fragmentation,
produced by 4-MeV proton impact, measured with a strong ex-
traction field of 1250 V/cm.
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are much broader than the CH„+ peaks due to their
larger dissociation speed. The ionization cross section for
these collisions is small [13] (of the order of 10 ' cm )

and the double-ionization cross section is expected to be
much smaller. Thus, the rate of ion pairs produced from
the dissociation of CH4 + is much smaller than the rate
of ion and neutral species coming from the dissociation of
CH4+. The ion pair channels can still be determined be-
cause of the coincidence condition fulfilled by both ions
hitting the detector. A typical ion-ion coincidence spec-
trum is shown in Fig. 3 as a three-dimensional (3D) plot
of intensity versus t, and t2, where t, and t2 are the times
of Aight of the first and second fragments, respectively.
A few breakup channels measured in coincidence are
identified on the figure by their times of Aight t, and t2.

The number of counts in each coincidence and single-
fragment peak is proportional to the production cross
section of the relevant breakup channel. The efficiency
for detection of both fragments in coincidence, e „, and
the e%ciency for detection of a single ion, e„, for our
time-of-Aight spectrometer were discussed in detail in
previous publications [21,23]. The ion-pair detection
efficiency is given by e „(E&)=q „e„,where the ion-pair
extraction probability, g „,depends on the kinetic ener-

gy released in the dissociation and thus must be evaluated
for each breakup channel. The kinetic-energy distribu-
tion of each breakup channel was evaluated using a
method commonly used in photoion-photoion coin-
cidence (PIPICO) measurements [2—4]. In this method
the time-difference spectrum, measured with a weak ex-
traction field of 187 V/cm, is fitted with a simulated spec-
trum produced by an ion pair whose kinetic energy has a
Gaussian distribution around Ek, as shown in Fig. 4 for
the Hz++CH2+ breakup channel. The breakup energy
was about 6—7 eV for the main breakup channels in
agreement with the values obtained by Fournier et al. [4]
in their studies of dissociation caused by photoionization.
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The ion-pair extraction probability is not changing much
over this energy range as can be seen from Fig. 5 and is
approximately unity because of the small energy release.
This makes the study of the fragmentation of CH4 easier
than molecules for which the energy release is large
[23,24].

In most ion-pair breakup channels more than two frag-
ments are produced, for example, the main breakup
channel CH4 +~H++CH2++H. The Coulomb repul-
sion between the ion pair is expected to be stronger than
that between the ion and neutral fragment. Thus, neutral
fragments are expected to have small momenta relative to
the charged fragments. This can be seen from the small
dissociation energies measured for single ions [5,6] and
the larger energies measured for ion pairs [4]. Thus the
effect of the momenta of the neutral fragment on the ex-
traction probability can be neglected, and the ion-pair ex-
traction probability calculation can be done assuming a
two-body breakup.

In order to evaluate the cross sections of all single-ion
and ion-pair breakup channels from the areas measured
from Figs. 2 and 3 some corrections have to be made
beyond the correction for the different detection
eKciencies of the different channels. The main correc-
tions are random coincidences, lost fragments, ' C iso-
tope, and contaminant ions in the target gas. The lost-
fragment correction is needed because in some of the
events where an ion pair was produced in a single col-
lision, such as H ++CH„+, only one of the ions was

H+ CH2

50-

FIG. 3. Coincidence TOF spectrum of methane fragmenta-
tion, produced by 4-MeV proton impact, measured with a
strong extraction field of 1250 V/cm.
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FIG. 4. Time-difference spectrum of the

CH4 + ~H2+ +CHz+ breakup channel produced by 4-MeV
proton impact. The extraction field was 187 V/cm. Data: 0,
simulated spectrum with EI, =7 eV and a FWHM of 4 eV,
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ty it was not included in the yield equations presented in
this paper.

Finally, some contaminants in the target gas, mainly
N2, Oz, and HzO, have to be subtracted from both
single-ion and coincidence channels. These contaminants
were subtracted by measuring proton impact on these
targets under the same conditions and normalizing it to
the singly charged molecular ions (i.e., H20+, Nz+, and
Oz+ ). For the clarity of the discussion hereafter the
background contribution is not included in the yield
equations even though they were included in the data
reduction.

As discussed briefly above (and in more detail else-
where [21,23]) the breakup channels producing one ion
and the ones producing ion pairs contribute to counts in
both the single-event and coincidence spectra. In order
to calculate the true number of events in each breakup
channel we have to solve a set of nonlinear coupled equa-
tions. The coupling strength depends strongly on the
values of g „, e„and w. The equations describing the
measured number of singles, for example, the number of
CH„+ single ions, S "'(CH„+ ), are given by

Breakup energy Ek (eV)

FIG. 5. The ion-pair detection efficiency as a function of the
kinetic energy released in the CH4 + ~H++CH3+ breakup.

detected. This effect, for example, is the main contribu-
tor to the C + fragments in the single-ion spectrum as the
fragmentation of a CH4 + into a doubly charged carbon
and four neutral hydrogen atoms is very unlikely.

Another important correction is needed because of
random coincidences caused by two collisions occurring
within the same beam bunch, even though the experiment
was performed in single-collision conditions (i.e., a linear
pressure dependence of the CH~+ count rate). The mea-
sured number of random coincidence counts,
Cg'"( mn), caused by two ion —neutral-fragment chan-
nels is given by

S "'(CH„+)=e„S(CH„+)+g e„P„& (2mn)

XC(H +,CH„+), (2)

where S(CH„+) is the true number of CH„+ single
events, C (H +,CH„+) is the true number of
H ++CH„+ ion-pair events, and e„Pf f ( 2mn) is the
probability of detecting one fragment out of two [23].
Double collision contributions to the single-fragment
rates were not included because they are negligible in
comparison with the lost-fragment correction. Similar
equations describe all the other single-fragment channels
measured.

The equations describing the measured number of
H ++CH„coincidences, C "'(H +,CH„+), are
given by

C '"(H +,CH„+)=r) „e C(H +,CH„+)

Cm&&s(m n ) =rSme&s(m )Sme (n )
+Te„S(H +)S(CH„+) . (3)

where S "'(m ) and S '"(n ) are the number of counts of
the two single channels, and ~ is the random coincidence
coefficient. This random coincidence coefficient was eval-
uated directly from the data to be r=(2.6+0.7) X10
by using coincidence channels which are purely random,
for example, the coincidence of C+ with CH4+.

The methane target gas used has the natural abun-
dance of ' C (1.1%), thus ' CH„+ ions have an m/q
higher by one unit than the ' CH„+ ions. This contribu-
tion was also included in the data reduction but for clari-

Double collisions which include an ion pair were not in-
cluded in Eq. (3) because they are negligible relative to
the ion —neutral-fragment double collisions and the true
rates.

We have also observed ion triplets from the fragrnenta-
tion of the CH4 + molecular ion, for example,
CH4 + ~H++ H2++ CH+. The equations describing the
measured number of Hk++H ++CH„+ triple coin-
cidences, T "'(Hk+, H +,CH„+), where k+n+m (4,
are given by

T '"(Hk+, H +,CH„+)=gk „e„T(Hk+H +,CH„+)+r3e„S(Hk+)S(H +)S(CH„+)

+re„[S(Hk+ )C(H +,CH„+ )+S(H + )C(Hk+, CH„+ )+S(CH„+)C(Hk+, H + )],
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TABLE I. The abundances of all final products from H++CH4 collisions at 4 MeV relative to the
CH4+ yield (in %).

Ion

CH4+
CH3+
CH2
CH+
C+
C2+

H3+
H, +

H+

Single ions

(%)

100+1
84. 1+0.8
12.0+0.2
3.7+0.1

0.57+0.06

0.0048+0.0005
0.44+0.04
7.7+0.4

H++
(%)

0.597+0.092
0.89+0.12

0.631+0.087
0.442+0.061

0.0152+0.0021
0.0007+0.0002
0.010+0.002
0.03+0.02

Ion pairs

H, ++
('%)

0.23+0.03
0.018+0.002
0.011+0.002

0.0004+0.0002

H++
('%)

0.0020+0.0003
0.0002+0.0001

Ion triplets

H++Hp++
(%)'

0.0021+0.0006
0.0006+0.0002

where ~3 is the triple random coincidence rate coefficient
defined and evaluated in a similar way as the random
coincidence coefficient r given in Eq. (1), and gk „ is the
triple-ion extraction probability defined in a similar way
as q „was defined for ion pairs (i.e., the probability that
all three ions will make it through the exit collimator).
For the strong extraction field used, these extraction
probabilities are close to unity, thus gk „-g „. (Hereaf-
ter, we will use gk „=g „ for simplicity. ) These chan-
nels in which the CH4 + dissociates into three fragments
are much smaller than the other breakup channels be-
cause triple ionization at this collision velocity is very
small. Some of these events will be detected as ion pairs
when the third fragment is not detected. This correction
to the ion-pair rate was included in the rate equations,
but was important only for the H++H2+ channel.

These sets of nonlinear coupled equations were solved
using an iterative method discussed in a previous publica-
tion [23] to evaluate the number of single-ion, ion-pair,
and ion-triplet events. The abundances evaluated from
the true number of events are given in Table I relative to
the yield of CH4+. The total cross section for all the
fragmentation channels given in Table I can be evaluated
using the previously measured [13] total cross section for
CH4+ production by 4-Me V proton impact,
o. =(3.8+1.1)X10 ' cm .

IV. RESULTS AND DISCUSSION

A. Fragmentation pattern

We have compared the true number of single ions and
ion pairs produced by 4-MeV proton impact. In Fig. 6
we have plotted the true number detected, i.e., e„S(n)
and e„C( nm) and the measured numbers. The single-
ion rates are reduced the most for H + fragments and
for channels where many hydrogen fragments have been
produced. On the other hand, the main single-ion chan-
nels, CH4 and CH3+, are not significantly affected by
the lost-fragment correction. The most impressive
correction is the total disappearance of the C single
ions. The C + ions are produced only in the dissociation
of CH4 + into ion pairs and appear as single ions whenev-
er the other charged ion is not detected. This special

channel can be used to determine a minimum value for
the recoil detection efficiency directly as will be discussed
elsewhere [25]. The ion-pair rates are less affected by the
corrections except for a significant reduction in the
H++CH3 channel due to the high random coincidence
rate contributing to this channel. The correction of this
channel is of special importance because all ion pairs
were normalized to it in previous studies of CH4 + frag-
mentation [4,10,11]. Even though the random coin-
cidence contribution is subtracted, the error in this chan-
nel is relatively large and it is better to normalize the
ion-pair rates to the ion-pair channels which have a
smaller error, such as H++CH2+, which is the dominant
channel, or the Hz++CH2+ channel, which is a true
two-body breakup.

No doubly charged molecular ions of CH„+ frag-
ments were detected. The peaks at m /q =7 and 8 seen in
the single-ion spectrum are associated with N + and 0 +

ions from the H2O, N2, and 02 residual gas. CH„+ ions
have not been seen in double-ionization spectra of CH4
independent of the ionization mechanism involved, i.e.,
photoionization [3,4], electron impact [9—11], or proton
impact [12,13]. On the other hand, these doubly charged
ions have been detected in electron stripping collisions of
CH„+ on various targets [18—20]. The mean lifetime of
the doubly charged ions detected was larger than a mi-
crosecond. The typical extraction time of these ions in
our system is of the order of 0.1 psec. Thus we can con-
clude that all the doubly charged CH„+ ions produced
in H++CH4 collisions decay rapidly into singly charged
ion pairs. Gray, Legg, and Needham [16] have shown
that these doubly charged ions (and triply charged ions as
well) were produced in collisions of 19-MeV F + ions
with CH4. In their studies they employed a time-of-flight
spectrometer coupled with an energy analyzer, thus hav-
ing a higher sensitivity to these small multiple ionization
channels and short-lived multiply charged ions.

Coincidence time-of-flight studies of molecular frag-
mentation caused by proton impact ionization is a power-
ful method as can be seen from the large number of new
measured breakup channels of the methane molecule.
These channels have such a small abundance that it
makes it hard to detect them in photodissociation experi-
ments where the total measured yield is much smaller.
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FIG. 6. The measured and true number of ion-neutral and
ion-pair events produced in H++ CH4 collisions at 4 MeV.

For example, the breakup of CH4 + into H3++ CH+ was
predicted by Siegbahn [17] to be a small breakup channel
because the dynamics of the fragmentation favor a break-
up of one CH bond leading to a fast emission of one pro-
ton.

Another special channel is the production of a proton
pair, i.e., CH4 + —+H++H++ neutral fragments. It is
hard to detect this event because of the small time
difference between the hits of the two protons (typically

much smaller than the minimum separation time needed
by the electronic system). Using a low extraction field
some of these events have been detected. This enabled us
to approximately determine the relative abundance of
this breakup channel. The error associated with it is
significantly larger than for other channels due to the
large corrections needed to account for the low detection
efticiency. The contribution of this ion-pair breakup
channel to the H+ single-ion production because of lost
fragments is negligible because of its very low rate, thus
the uncertainty in this channel will not affect the other
channels. Further studies of this ion-pair breakup chan-
nel are needed using a detection system which can handle
simultaneous multiple hits.

The abundance of all recoil ions (i.e., single ions, ion
pairs, and ion triplets) relative to the CH~ molecular ion
yield are shown in Table II for different ionization mech-
anisms (i.e., photoionization, electron impact ionization,
proton impact ionization). In most previous measure-
ments the ion pairs were not separated from the
ion —neutral-fragment channels, thus a direct comparison
of the single-fragment production is impossible. The rel-
ative yields of all recoil ions are similar to the single ions,
however, because single ionization is two orders of mag-
nitude larger than double ionization. The main feature of
the fragmentation pattern of CH4+ is the decrease of the
yield of CH„+ ions with increasing number of missing
hydrogen fragments. The ratio of CH3+ to CH4+ is
practically the same for all ionization mechanisms. On
the other hand, the relative differences between the
different ionization mechanisms increase with the in-
creasing number of hydrogen fragments produced. It is
not clear if the differences are due to the different projec-
tiles or to differences in the impact energy. Further stud-
ies at a wide range of impact energy might shed light on
this issue.

The abundance of the main ion-pair channels relative
to the H++CH3 channel is presented in Table III for
photoionization, electron impact, and proton impact.
Our data are in reasonable agreement with the 10-keV
electron impact data even though the collision velocity is
significantly different. The 1-keV electron impact data
have much smaller relative yields for all channels. The
relative abundances for this data set were obtained direct-
ly from the number of counts and no corrections were
made for efficienc differences or random coincidence
rates [10]. We can thus assume that the errors associated
with this data set are relatively large. The main product
of the fragmentation of the doubly charged methane ion
is the three-body breakup CH4 + ~H+ +CHz+ +H.
This channel has a threshold energy of 33.3 eV, thus it
can be produced also by the photoionization process [3].
In that process, however, the probability for removing a
few hydrogen atoms is much smaller because the excita-
tion energy of the doubly charged ion is much smaller
than the excitation caused by fast-electron or proton im-
pact.

The complete fragmentation pattern of CH4 + cannot
be determined from our measurement because of the low
number of counts and the simultaneous multiple hit of
the H+ fragments. Even though the counting rate was
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TABLE II. The abundances of singles relative to the CH4. + yield produced by 4-MeV proton impact
dissociation.

Ion

H++CH4
(%)

'
4 MeV

This work

H++CH4
(%)

'
4 MeV

Ref. [13]

H +CH4
(%)

"

2.25 MeV
Ref. [12]

e +CH4
(%)

'
1 keV

Ref. [9]

e +CH4
(%)

'
10 keV

Ref. [11]

e +CH4 h v+CH4
(%)

'
(%)

'
1225 eV 21.3 eV

Ref. [12] Ref. [1]

CH4+
CH3
CH2
CH'-
C+
H, +

H2+
H+

100+1
84.7+0.9
13.1+0.3
4.3+0.1

1.02+0.08
0.0077+0.0007

0.71+0.05
10.3+0.4

100
82.9+8.3
21.3+6.4
6.92+2.1

1.23+0.37

100
84
9.7
3.1

0.6

100
94.7
13.2
4.6
1.4

1.1
6.1

100
86
11
3.8

10

100
86
15.5
6.3
2.0

100
70
4.5

low a few breakup channels have been measured. The
dominant breakup channel is CH4 + —+H++H2++CH+
while the production of a H++C + channel is much less
favorable (about 10%%uo of the channels measured). This
suggests that multiply charged methane is more likely to
break into many singly charged ions than into a highly
charged carbon and some neutrals. The complete frag-
mentation pattern of multiply charged methane can be
better studied using fast highly charged projectiles, which
are known to have large multiple ionization cross sec-
tions. (For example, triple ionization is about 10% of the
total ionization of Ne in F +Ne collisions [26].)

B. Dissociation energy

The distribution of kinetic energy of the single recoil
ions produced by electron impact was measured using
high-resolution methods [5,6]. The average values of
these distributions are of the order of an eV for CH„+
and about 2.5 eV for H+ and H2+ ions. The average ki-
netic energy of each single recoil ion can be evaluated
from the width of the single-ion peak in the TOF spec-
trum measured with a low extraction field. Using a

TABLE III. The abundance of the main ion-pair channels

relative to the H++CH3+ yield produced by fast-electron and

proton impact dissociation.

method similar to the one described in detail by Levin
et al. [27] the relationship between the ion energy and
the TOF peak width is given by

~'~2(»»F)'E=

where 6T~0„ is the time difference between the ion mov-
ing away from the detector and toward the detector, and

q and m are the fragments charge state and mass, respec-
tively. We have used the full width at half maximum
(FWHM) as an approximation for oTro„ to evaluate the
mean values of the ions' average energies. These results
are in general agreement with the more precise electron
impact data shown in Table IV. The kinetic energy
released in the dissociation can be estimated easily assum-
ing a two-body breakup. The energy of most
ion —neutral-fragment breakup channels is very small, of
the order of 1 —2 eV.

The kinetic energy released in an ion-pair breakup can
be measured with a better accuracy by fitting a simulated
curve to the time difference spectrum of the breakup
channel as shown for CH4 + H2++CH2+ in Fig. 4.
Using this method both the average kinetic energy and
the width of the distribution can be evaluated. The
values obtained for the main ion-pair breakup channels
are compared in Table V with photodissociation mea-

Ion pair

H++ CH3+
H++CH +

H++ CH+
H +C+
H++C'+
H +Hq+

H++ CH4
(%)

'
4 MeV

This work

100+10
149+11
106+8
74+6

2.5+0.2
1.7+0.2

H2++ CH +

H ++CH+
H2+ +C+

38+3
3.0+0.2
1.8+0.1

H3+ +CH+ 0.33+0.04

100
100
50
30

100
142
97
64

20

e +CH4 e +CH4
(%) (%)

1 keV 10 keV
Ref. [10] Ref. [11]

h v+ CH4
(%)

'
40.8 eV
Ref. [4]

100
65
15

27

m;

CH4
CH3
CH +

CH+
C+

H3
Hq
H+

E„(eV)
Ref. [6]

0.07
0.081
0.268
0.296
0.309

2.55
3.16

E„(eV)

0.07
1.3
2.144
1.58
1.236

2.91
3.37

E„(eV)
This work

0.012+0.01
0.02+0.01

0. 113+0.05
0. 162+0.05
0.23+0.0
0.50+0.1

2.0+0.2
2.4+0.4

TABLE IV. The average kinetic energy of single ions pro-
duced by electron and proton impact dissociation. Estimated
kinetic energy released in the breakup assuming two-body
breakup, i.e., Ek=E„(1+M„/M ] (using E„ from the first
column).
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TABLE V. The average, Ek, and full width at half maximum (FWHM) of the kinetic-energy release
distribution in ion-pair breakup evaluated from the time difference spectrum. The kinetic energy
released evaluated as the sum of the individual average energies of both ions, Ek =E +E„.The slopes
and correlation coefficients of all ion-pairs plotted in Fig. 7.

Channel

H++ CH3
H++ CH2
H++ CH+
H++ C+
H++C'+

H2++ CH2+
H2++ CH+
H2+ +CH+
H3++ CH+

6
5.1

5.1

Ref. [4]

FWHM

4.5

4.0

E

6.5+1
6+1
6+1

6.5+1

7+1
6.5+1.5
6.5+1.5

FWHM

4+1
4+1
4+1
4+1

This work

E' =E +E
7+0.5

6.7+0.5
7.7+0.5

11.9+0.7

7. 1+0.4

—0.924
—0.863
—0.777
—0.598
—0.605
—0.968
—0.845
—0.889
—0.929

Slope

—0.932
—0.780
—0.761
—0.818
—2.282
—0.953
—0.872
—1.058
—0.968

surements done by Fournier et al. [4]. The energies
released in the proton impact collisions are slightly
larger. This method for evaluating the kinetic energy
released in the dissociation is based on the assumption
that the process can be treated as a two-body breakup,
i.e., the momentum of the neutral fragments is negligible.
This was shown to be the case for the photodissociation
[3] channel CH& +~H++CHz++H. In order to check
for deviations from the two-body breakup it is convenient
to plot the number of counts as a function of the times of
Aight of both fragments, t, and t2. These density plots
are shown in Fig. 7 for most of the ion-pair channels.
(All times of flight were shifted so that the center of the
distribution coincides with the center of the viewing win-
dow. ) For two-body breakup the times of flight of the
two singly charged fragments are related, because of
linear momentum conservation, as follows,

t2= —t, +const .

C. Dissociation pathways

The relative abundance and the kinetic energy released
in most ion-pair breakup channels have been determined.
This information can be used in an attempt to determine

100.

80

40

20

H+ y CH+

ilg~; s.

l-;

%$1,':.

H+ + CH~+

The higher values of Ek have been used to determine the
ion-pair extraction probability for these channels. In
general, the kinetic energy of the ion pairs is about 6—7
eV while the ion —neutral-fragment kinetic energy is
about 1 —2 eV.

H+

HACH+

H+

HACH+

The times of Aight of most ion-pair breakup channels
shown in Fig. 7 follow this linear dependence. The slope
and the correlation coefficient, p, between the times of
flight of each ion plotted in the figure are presented in
Table V. They are both ——1 for the true two-body
breakup channels, H+ +CH3+, H2+ +CH2+, and
H3 +CH+, as expected. Both the slope and the correla-
tion coefficient decrease with the increasing number of
neutral hydrogen atoms produced, but the deviations
from linearity are not too large to affect the evaluation of
the ion-pair extraction probability discussed in the previ-
ous section. The most significant deviations from lineari-
ty occur for the H+ +CH+ and H+ +C+ channels.
Thus, using the time-difference spectrum to evaluate their
kinetic-energy release is not expected to be as good as for
the channels which fulfill this condition. The energy
released can also be evaluated in a way similar to the
method used for the single ions by measuring the TOF
peak widths of each ion separately (i.e., the widths of the
projections onto the t, and tz coordinates of Fig. 7).
These energies Ek=E +E„, shown in Table V, are in
agreement with the energies evaluated using the time-
difference spectrum for most channels but are
significantly higher for the H++C+ breakup channel.

100

80

60

40

e 20
H

O 100

80

60

40.

20

H+ + CH+ H2+ y C'+

100-

80-

60

40-

20-

H+yC+

20 40 60 80 100 20 40 60 80 100

TOF2 (nsec }

FIG. 7. The time-of-Aight spectra of the main ion-pair break-
up channels, produced by 4-MeV proton impact. Plotted as a
density plot of intensity as a function of TOF& and TOF2.
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the possible pathways of breakup of the CH4 + into the
final products. For example, one should consider the fol-
lowing pathways for the production of H++CH2++H:

CH4 + ~H++CH2++H+Ek,

CH4 +~H++CH3++Ek

= CH2++H+5E,

CH4 + ~H2++CH2++Ek'
t -.-'--,

CH4 —+CH3 ++H+$E

:H++CH ++Ek .

(7a)

(7b)

(7d)

The first mechanism is the direct breakup into three frag-
ments while the other three are two-step mechanisms.
From the dissociation energy data discussed in the previ-
ous subsection, it is reasonable to assume that for two-
step breakup the energy released in the ion —neutral-
fragment breakup step 5E is much smaller than the ener-

gy released in the ion-pair breakup step Ez. (This as-
sumption is equivalent to the assumption that the neutral
fragment has negligible momentum. ) Using linear
momentum conservation in the ion-pair breakup and
neglecting 5E the ratio of kinetic energy of both ions can
be evaluated. For example, for the pathway given in Eq.
(7b) the energy ratio is

Ek(CH2+ )

Ek(H )

—,",Ek /(1+ 15/1)

Ek /(1+ 1/15)

14 (1+1/15)
15 (1+ 15)

where the factor of —,", comes from the second step where
the CH3+ dissociates into CHz++H, both having ap-
proximately the same speed. The ratios
Ek(CH„+ )/Ek (H +

), calculated using this simple
breakup mode1 are presented in Table VI. The two-step
mechanism in which the H fragments further dissoci-
ate yields ratios which are too high in comparison with
the experimental values. Thus this pathway is not a dom-
inant one. The last pathway given in Eq. (7d) yields the
same ratios as the direct pathway but it requires the for-
mation of metastable doubly charged molecular ions in
order to allow the slow hydrogen atom to get away from

the molecule center of gravity before the fast H+ will be
released. Even though this pathway is not excluded by
our data it is not expected to dominate because these
long-lived molecular ions are not easily produced. To
conclude, the most likely pathways of formation of the
main final products are either the direct breakup or the
two-step mechanism in which first a H + +CH„+
(m+n =4) is produced and then the CH„+ further dis-

sociates into an ion —neutral-fragment pair. In both path-
ways most of the H + formed in the collision is detected
before further dissociation takes place. The relative
abundance of breakup channels in which a H + was
formed decreases rapidly with increasing m, in agreement
with the theoretical prediction by Siegbahn [17]. The as-

signment of the pathway leading to the final ion-pair
products of the dissociation of CH4 + might be improved

by determining the linear momentum of each ion in addi-
tion to their kinetic energy. This can be done using a po-
sition sensitive detector as explained for example by
Cheng et al. [28]. A more detailed theoretical descrip-
tion of the fragmentation dynamics is needed in order to
compare quantitatively the relative rates of the difterent
breakup channels and to determine the preferred path-
way.

V. CONCLUSIONS

Molecular fragmentation of methane induced by 4-
MeV proton impact has been investigated using the coin-
cidence time-of-Aight spectroscopy technique. In these
collisions, mostly singly charged CH4+* molecular ions
are produced. Most of these molecular ions are unstable
and rapidly dissociate into an ion —neutral-fragment pair
releasing a kinetic energy of less than 1 eV for CH„+,
and about 2.5 eV for H+ and H2+. The abundance of the
single ions relative to CH4 is similar to the ones mea-
sured previously for photodissociation and electron and
proton impact. The doubly charged molecular ion,
CH4 +, dissociates rapidly into an ion pair. The abun-
dance of the main ion-pair channels relative to
H++CH3+ is in good agreement with the 10-keV elec-
tron impact data. On the other hand, photodissociation
and 1-keV electron impact tend to be less efficient in pro-
ducing many hydrogen fragments. The method used al-
lowed us to measure a few breakup channels of CH4 +

which have not been seen before, including the small
breakup channel H3 +CH+. Our data for CH4 +

breakup are consistent with either a direct production of

TABLE VI. The ratio of kinetic energies of both ions in an ion-pair breakup calculated for the
diC'erent pathways (see text) and the experimental ratio.

E(CH„+ )1'E(CH +
)

Final
product

H+ +CH3+
H++ CH~
H++ CH+
H++ C+

H, ++CH, +

H ++CH„+
Direct (7a),(7d)

0.067
0.071
0.077
0.083
0.143

H+ +CH3+
Two step (7b)

0.067
0.062
0.058
0.053

Hq +CH2+
Two step (7c)

0.286
0.265
0.245

H ++CH+
Two step (7c)

0.692
0.639

Experiment

0.064+0.006
0.074+0.009
0.089+0.012
0.054+0.005
0.156+0.012
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all fragments or a two-step mechanism, in which a fast
two-body breakup into H + and a CH„+ occurs first,
where the number of hydrogen atoms on the light frag-
ment, m, is also the number of CH bonds broken simul-
taneously. Later the CH„ fragment further dissociates
by emitting very slow hydrogen atoms.
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