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Velocity dependence of ionization and fragmentation of methane caused by fast-proton impact
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The velocity dependence of methane ionization and fragmentation have been studied using a coin-
cidence time-of-flight technique. The relative yields of single-ion, ion-pair, and ion-triple channels have
been determined for 1- to 12-MeV proton impact. The multiple-ionization cross sections have been
determined and are in accord with our model semiclassical Coulomb approximation calculations. The
single-ion channels resulting from the breakup of CH,** were found to be independent of the collision
velocity. Good agreement with previous proton-impact measurements and with electron-impact mea-
surements is observed. On the other hand, the ion-pair breakup channels of CH,2" * show a surprising
dependence on the collision velocity. The ion-pair data are in reasonable agreement with fast-electron-
impact measurements at 10 keV while differing significantly with a lower, 1-keV, electron-impact mea-

surement.

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

I. INTRODUCTION

The fragmentation process of small polyatomic mole-
cules has been investigated for photoionization [1-3],
electron impact [4-11], fast-proton impact [11,12], and
highly-charged-ion impact [13-15] wusing various
methods. In most of these processes, 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 coin-
cidence between the two charged fragments makes it pos-
sible to distinguish this small breakup channel from the
main single-ionization channel [2,3,9,10]. The standard
picture of these collisions and fragmentation processes is
that the electrons will be removed from the molecule rap-
idly in comparison with the nuclear motion but slowly in
comparison with the collision time. Thus, first a tran-
sient molecular ion is formed which then either deexcites
or dissociates. The momenta of the dissociating frag-
ments comes from the internal excitation of the transient
molecular ion. Direct momentum transfer from the pro-
jectile is negligible for these fast collisions. With this
simple qualitative picture of the fragmentation process
caused by fast charged projectiles, one might expect that
the branching ratios of the different breakup pathways of
each molecular ion will be independent of the collision
velocity because the fragmentation occurs once the pro-
jectile is far removed from the collision region.

The fragmentation pattern of singly charged methane,
the molecule of interest in this work, has been the subject
of numerous studies. Some of these focused on a high-
resolution measurement of the Kinetic-energy distribu-
tions of the charged fragments [4—7]. Others focused on
the fragmentation pattern (measuring either relative or
absolute cross sections) [8—11]. The difference between
the fragmentation pattern produced by electron impact
or proton impact at the same collision velocity has been
discussed by Wexler [11] and by Malhi et al. [12], who
found in general good agreement between the two. The
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fragmentation pattern of CH,™* was found to be in-
dependent of the collision velocity as expected at high ve-
locities. Even though the ionization cross sections are
small they are still the dominant electron removal process
because electron capture is negligible. At the high veloci-
ties studied the probability for electron ionization is very
small and perturbation-theory calculations are very suc-
cessful in describing ionization of atomic targets. We will
demonstrate that these methods can be applied for molec-
ular targets.

The fragmentation pattern of doubly charged methane
has not been studied as extensively. This is due to the
complexity of the coincidence experiments and even more
because the double-ionization cross sections are approxi-
mately two orders of magnitude smaller than the single-
ionization cross sections. In spite of these difficulties
some early studies were done by McCulloh, Sharp, and
Rosenstock [9]. In their work the ion pairs produced by
1-keV electron impact were measured in coincidence and
their abundances relative to the HT+CH;" breakup
channel evaluated. Similar measurements for 10-keV
electron impact have been done by Backx and Van der
Weil [10] which show a somewhat similar fragmentation
pattern. The difference between the two measurements,
namely, that the 10-keV measurement has a higher rate
of breakup channels in which more hydrogen fragments
were produced, has been attributed to K-shell ionization
which is possible for that electron energy.

In a previous work we investigated the fragmentation
pattern of methane caused by 4-MeV proton impact [16].
The different possible pathways leading to each ion-pair
channel were discussed and compared to theoretical pre-
dictions of Siegbahn [17]. These published data have
been included in our systematic study of the velocity
dependence of methane ionization and fragmentation
caused by fast-proton impact (v =6-22 a.u.) reported in
the present paper. The coincidence time-of-flight (CTOF)
technique and the experimental apparatus used for these
studies have been described in detail elsewhere [18]. The
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experimental method is discussed briefly in Sec. II. Our
work has focused on the determination of the cross sec-
tions for single and double ionization of CH,. These
cross sections are compared in Sec. III A with model cal-
culation using the semiclassical Coulomb approximation
(SCA). We have also studied the branching ratios of
CH,"* and CH,?>** breakup as a function of the col-
lision velocity. The fragmentation pattern of CH, ™ * is
independent of the collision velocity in agreement with
previous proton impact work by Malhi et al. [12] and
electron-impact studies by Adamczyk et al. [8]. In con-
trast, the fragmentation pattern of CH,2™* shows an
unexpected velocity dependence. This velocity depen-
dence is discussed in Sec. III B.

II. EXPERIMENTAL METHOD
AND DATA ANALYSIS

A detailed description of our experimental setup can be
found in a previous publication [18]. Briefly, a bunched
beam of protons was accelerated in the J. R. Macdonald
Tandem Van de Graaff accelerator to the desired energy
(1-12 MeV) and then selected by a 90° analyzing magnet.
The collimated beam was then directed into a target cell
containing methane gas. Pressure in the cell was kept
below 0.1 mTorr to ensure single-collision conditions.
Ions produced in the cell’s collision region were extracted
and accelerated by uniform electric fields and allowed to
drift into a large chevron microchannel-plate detector.
The times-of-flight of all ions hitting the detector were
then recorded relative to a fast timing signal synchron-
ized to the beam bunch.

The ionization cross section for the H™ +CH, col-
lisions is small (of the order of 10~ '7 cm?) [12], and the
double-ionization cross section is expected to be much
smaller. Thus the rate of ion pairs produced from the
dissociation of CH,>"* is much smaller than the rate of
single ions coming from the dissociation of CH, " *. It is
still possible to measure the ion-pair channels, however,
by requiring the coincidence condition fulfilled by both
ions hitting the detector in the same event. From the
number of counts under the peaks in the single-ion and
ion-pair spectra (Figs. 2 and 3 of Ref. [16]) the cross sec-
tions for all final products were evaluated as described in
detail elsewhere [16,19]. (The data were corrected for the
different detection efficiencies of the different breakup
channels, random coincidences, lost fragments, '3C iso-
tope, and contaminant ions in the target gas.) The abun-
dances evaluated from the true number of events are
given in Table I for the single-ion channels relative to the
yield of CH,™" final product (that is CH," resulting from
the deexcitation of CH,**) and in Table II for the ion-
pair channels relative to H," +CH,". Some ion-triple
channels relative to H," +CH, ™" are also given in Table
II. The uncommon choice of ion-pair channel for nor-
malization is made in order to reduce errors, the more
common H* +CH; " normalization channel having a rel-
atively large uncertainty due to the high rate of random
coincidences. The abundances of all recoil ions indepen-
dent of their channel of dissociation (mass spectra) are
given in Table III.

TABLE I. The abundances of single-ion dissociation channels produced in H™ + CH, collisions at 1-12 MeV relative to the CH, " yield (in %). The 4-MeV data presented hereaf-

ter were published previously [16].
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The total production cross section for any fragmenta-
tion channel, given in Tables I-III, can be evaluated us-
ing the previously measured total cross section for the
CH," channel produced by fast proton impact [12] as
follows. For a single-ion channel

o (single-ion)

—o(CH,*)R |Sngledon |y,

CH,

and for ion pairs
o (ion-pair) =0 (CH, " )R | —00-PaIr _
P ¢ H," +CH,"*
H,"+CH,"
XR' —CH~+—“ s (1b)
4

where R(single-ion/CH, ") and R(ion-pair/H," +CH,")
are the relative single-ion and ion-pair abundances, re-
spectively, given in Tables I-III. The cross sections for
the ion-triple channels can be evaluated similarly to the
ion pairs. The ratio of H," +CH, " channel to the CH, "
channel, R'((H," +CH,")/CH, "), and the total cross
section for CH," channel production [12] needed for
these calculations are given in Table IV.

III. RESULTS AND DISCUSSION

A. Velocity dependence of the ionization of methane

From the measurement of all final charged products
produced in the H* + CH, collisions one can evaluate the
cross sections for single and double ionization of
methane. The triple ionization, on the other hand, can-
not be determined accurately enough because for CH,*"
breakup a significant number of H*+H"+CH, " ion
triples are produced and cannot be detected as discussed
in Sec. II. Some of the singly charged methane deexcites
and is detected as CH4+. On the other hand, the doubly

TABLE IV. The abundance of H," +CH, " breakup channel
relative to the CH,* molecular ion and the total CH," produc-
tion cross sections from Ref. [12]. (The asterisk denotes values
extrapolated from the data in the reference.)

H,"+CH," )
E, MeV) R|—/————— o(CH,") (107'° cm?)

CH,

(%) Ref. [12]
1.0 0.216+0.030 0.78+0.27
1.836 0.233+0.032 0.56+0.20*
2.38 0.226+0.031 0.48+0.17*
3.0 0.23340.032 0.41+0.14*
4.0 0.277+0.031 0.38+0.13
6.0 0.197+0.027 0.27+0.09
8.0 0.200+0.028 0.19+0.07
10.0 0.200+0.027 0.12+0.04
12.0 0.190+0.026 0.15+0.05*

charged molecular ions dissociate rapidly after the col-
lision, and no CH,2" survives long enough to be detected.
The cross section for single ionization is evaluated by
summing all single-ion breakup channels and the CH,"
molecular ions. In a similar way the cross section for
double ionization is determined from the sum of all ion
pairs. Even though our measurement does not distin-
guish between electron removal by capture or ionization
(because the final charge state of the projectile was not
determined) we can still assume that ionization is the
only important process because electron capture by pro-
tons is known to be negligible at these high velocities.

The single- and double-ionization cross sections are
plotted as a function of collision velocity in Fig. 1. These
cross sections monotonically decrease with increasing ve-
locity, as expected from the decrease in the strength of
the perturbation with increasing velocity. For fast pro-
tons perturbation-theory calculations have been shown to
be a good approximation. One such approximation
which is easy to use is the SCA for which Hansteen,
Johansen, and Kocbach tabulated the ionization proba-
bility for the active electron as a function of the collision
impact parameter [20]. We have used the independent
electron approximation to describe the ionization of the
many-electron methane target. We have assumed that
only the eight valence electrons play a role in the process
while the carbon K-shell electrons are only spectators.
Treating all valence electrons as equivalent electrons the
multiple-ionization cross section within the independent
electron approximation is given by

2
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FIG. 1. Single- and double-ionization cross sections of
methane by fast-proton impact. The lines are the SCA model
calculations.
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">—z7rf db b P\") (b)

N
n pﬁ)n(b)[l_pion(b)]N_n ’ (2)

=2m [ “dbb

where n is the number of ionized electrons, N =8 is the
number of equivalent electrons, and p;,,(b) is the ioniza-
tion probability of the active electron taken from the
tables in Ref. [20]. One difficulty in using the active elec-
tron probabilities from these tables is the fact that they
were calculated for atomic target electrons using hydro-
genic wave functions. Clearly the methane molecular tar-
get wave functions are more complicated than those hy-
drogenic wave functions. But it is known that the
methane valence electron wave functions are approxi-
mately spherically symmetric, thus approximating them
with hydrogenic 1S wave functions is not unreasonable.
The value of the effective charge Z . seen by the methane
valence electron, described by such a hydrogenic S wave
function, was determined by fitting the calculated single-
ionization cross section to the measured one at 4-MeV
projectile energy. The resulting value of Z =1 was then
used for all impact energies. The calculated cross sec-
tions, shown in Fig. 1, are in reasonable agreement with
the data, especially if one considers the simplicity of our
model. The calculated double-ionization cross sections
have a stronger velocity dependence than the experimen-
tal data. One expects autoionization processes to become
more important in comparison with direct ionization as
the collision velocity increases, because autoionization
does not decrease with increasing velocity while direct
ionization does. This autoionization mechanism was not
included in our model, and thus it is not surprising that
our model underestimates the double ionization at the
faster velocities.

In addition to the evaluation of the total single- and
double-ionization cross sections these calculations can be
used to study the range of contributing impact parame-
ters. The probability functions P{(b) for single and
double ionization multiplied by the impact parameter b
are shown in Fig. 2 as a function of b for the lowest and
highest impact energy. Double ionization happens main-
ly up to ~5 a.u. while single ionization extends further to
more than ~ 14 a.u. These impact-parameter ranges are
constant over the velocity range studied. The decrease of
the total cross sections with increasing velocity is due to
the decrease in the ionization probability of the active
electron p;,,(b).

B. Velocity dependence of the fragmentation pattern
of methane

The abundance of all recoil ions (i.e., singles, ion pairs,
and ion triples) relative to the CH,* molecular ion yield
are shown in Fig. 3 as a function of collision velocity for
proton and electron impact. In most previous measure-
ments the ion pairs were not separated from the single-
ion channels, thus in order to compare our measurements
with previous measurements we added the single-ion and
ion-pair channels. This is in fact a small correction be-
cause single ionization is two orders of magnitude larger

0.30 T T T T v T v T
0.25 | ! H'+ CH, (a) 4
[ ' at 1 MeV
0.20 \ _ i
)__ i SCA Calculation
0.15 | ! .
H : 10 X (DI)
0.10 ‘ .
0.05
= I
> 0.00
8 — T T T T T L
ey 0 2 4 6 8 10
1 1 N T T T
0.025 :- H + CH4 () -_
0.020 at 12 MeV .
r SCA Calculation 1
0.015 |- .
+
0.010 |- 100 X (DI)
0.005
0.000
1 " 1 A 1

0 2 4 6 8 10
Impact Parameter b (a.u.)

FIG. 2. SCA single- and double-ionization probability func-
tions multiplied by b as a function of impact parameter for (a)
1-MeV and (b) 12-MeV projectile impact energy.

T T T T T

00 RTIR0 0 FXIED O CH” o

F it
¥ i%ﬁi i Z i f; j’

0.01 i

v (a.u)

FIG. 3. The velocity dependence of the abundance of the
main recoil ions (mass spectra), relative to the yield of CH,",
produced by fast proton impact, this work, small open symbols;
Ref. [12], large open symbols; and by fast electron impact, full
symbols.
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than double ionization. The main feature of the fragmen-
tation pattern of CH,"* is the decrease of the yield of
CH, " ions with increasing number of missing hydrogen
fragments. These ratios are clearly independent of the
collision velocity over the velocity range studied v = 6-22
a.u. These ratios are in good agreement with previous
proton impact data by Malhi et al. [12], but the new data
have a much higher accuracy. Furthermore, these ratios
are in good agreement with electron impact data of
Adamczyk et al. [8] and Backx and Van der Weil [10],
except the H" fragment ratios which are approximately a
factor of 2 smaller in Adamczyk’s data. This might be
due to angular discrimination effects which are significant
for the light H" fragments. The similarities between the
electron and proton impact are expected for fast col-
lisions where the first Born approximation is valid be-
cause in this approximation the amplitude of the elec-
tronic transition is proportional to the projectile charge,
and thus the transition probability is proportional to the
projectile charge squared (i.e., probabilities scale as
g?/v?). The process is therefore independent of the sign
of the projectile charge.

The abundances of the main ion-pair channels relative
to the HT +CH;" channel are presented in Fig. 4 for
electron and proton impact. Our data are in reasonable
agreement with the 10-keV electron impact data [10]
even though the collision velocity for this electron-impact
data is significantly higher. On the other hand, the 1-keV
electron-impact data [9] have much smaller relative
yields for all channels. The relative abundances for this

dt e

)

3}

g

< % % % S %H++CH+

gm» o%‘} K

S

SR RSTEI B R i

e

2 0s 3 % 1

a gee & B0 u, "+ cn,
s # .

*
00— 10 15 20 25
v (a.u.)

FIG. 4. The velocity dependence of the abundance of the
main ion-pair channels, relative to H"+CH;", produced by
fast-proton impact, open symbols; and by fast electron impact,
full symbols (the 1-keV data from Ref. [9] and the 10-keV data
from Ref. [10]).
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FIG. 5. The fraction of (a) the main single-ion channels out
of the total number of single ions, and (b) the main ion pairs out
of the total number of ion pairs, as a function of the collision ve-
locity. The lines are drawn to guide the eye.
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data set were obtained directly from the number of
counts and no corrections were made for efficiency
differences or random coincidence rates. We can thus as-
sume that the errors associated with this data set are rela-
tively large. More electron-impact data are needed in or-
der to test the effect of the projectile charge sign on these
ratios as has been done for the singly charged methane
breakup. For the doubly charged ions one needs to in-
clude the second-order term in the Born expansion of the
transition amplitude. The second-order term in the Born
series, proportional to g2, is the leading “direct” ioniza-
tion term. In addition there should be a contribution
from ionization of one electron in the first Born approxi-
mation, proportional to g, followed by autoionization.
When this transition amplitude is squared, a term which
depends on the cube of projectile charge ¢ results from
“interference” between the first and second Born terms.
Thus differences between electron- and proton-impact
dissociation of CH,>** are possible, and further experi-
ments should be done to investigate this point.

The fraction of the main single-ion channels out of the
total number of single ions are plotted in Fig. 5(a) as a
function of the collision velocity. The fractions of the
main ion-pair channels out of the total number of ion
pairs are plotted in Fig. 5(b). In contrast with the lack of
velocity dependence of the fragmentation pattern of
CH,"* shown in Fig. 5(a) the fragmentation pattern of
CH,*** depends on the collision velocity (i.e., the rela-
tive importance of the different ion-pair channels is
changing with the collision velocity). The abundance of
the HT +CH, " breakup channel, for example, decreases
with increasing velocity. On the other hand, the
H"+C* breakup channel increases with increasing ve-
locity. This significant difference between the velocity
dependence of the fragmentation pattern of CH, * and
CH,2"* has no satisfactory explanation as yet. For these
fast collisions we do not expect post collision interaction
between the projectile and the target fragments to play a
role. This is because the collision time (~107!7 sec) is
much shorter than the dissociation time, which is typical-
ly of the order of the vibration time (~ 10 '4-107' sec).
Our SCA calculations suggest that the difference in the
fragmentation patterns at low and high velocity cannot

be attributed to a change in relevant impact parameters.
Further studies of the fragmentation pattern of CH, are
needed in order to help understand this difference in ve-
locity dependence between the singly and doubly charged
molecular ions.

IV. SUMMARY

The velocity dependence of ionization and fragmenta-
tion of methane have been studied using the CTOF tech-
nique. The relative yields of single-ion and ion-pair chan-
nels have been determined for 1- to 12-MeV proton im-
pact. The multiple-ionization cross sections have been
determined and are in reasonable agreement with our
model SCA calculations. In these collisions, mostly sing-
ly charged CH," molecular ions are produced. Most of
these molecular ions are unstable and rapidly dissociate
into single-ion pairs. The abundances of the single ions
resulting from the breakup of CH,**, relative to CH,",
are similar to the ones measured previously for electron
and proton impact, as expected for these fast collisions
where the first Born term dominates. The doubly
charged CH,>"* molecular ions dissociate rapidly into
ion pairs. The abundances of the main ion-pair channels
relative to H* +CH, ™" are in good agreement with the
10-keV electron-impact data. On the other hand, 1-keV
electron impact tends to be less efficient in producing
many hydrogen fragments. The single-ion channels were
found to be independent of the collision velocity. In con-
trast, the ion-pair breakup channels of CH,*** show a
surprising velocity dependence.
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