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Abstract

The ion energy distribution and the electroionization efficiency curves of H © and D * from methane and
methane-d,; have been examined. The existence of thermal ions is unambiguously evidenced and the two lowest
appearance thresholds of H™ are measured at (21.3 + 0.3) eV and (22.17 £ 0.1) eV. At both energies the protons
have to be formed through dissociative autoionization. The present results closely parallel those of the
dissociative excitation experiments on methane. The Jortner-Rice model for dissociation of polyatomic
molecules is invoked to account for both the appearance of H' and high-Rydberg H atoms from CH,.

1. Introduction

For a long while most of the attention has been payed to the fragmentation of methane into its most
heavy ionized fragments; only scarce experimental work has been devoted to the proton formation.

Smith [1] measured the threshold energy of the proton formed by dissociative electroionization of
methane and Fuchs and Taubert [2] analyzed the proton energy distribution observed for 75 eV electrons. Using
the same technique Appell and Kubach [3] measured the appearance energy of protons from CH, for different
initial kinetic energies. The dissociative excitation by electron impact of methane into metastable or high-
Rydberg H atoms has extensively been examined by Finn et al. [4] and Donohue et al. [5]. These authors
determined the excitation functions for the appearance of H* atoms, for the Lyman o emission of H* fragments
and their kinetic energy distribution as a function of the electron energy. Using low energy electron impact,
Oertel [6] measured the excitation function for Lyman o, f and y emission from H* atoms produced by
dissociative excitation of methane. Recently, initial kinetic energy distributions of H" obtained by 1 MeV ion
impact on CH4 have been reported by Edwards et al. [7]. The only dissociative photoionization work has been
publish-ed by Kronebusch and Berkowitz [8]. Backx et al. [9] measured the mass spectrum of CHy as a function
of the electron energy loss for high-energy primary electrons and gave the branching ratio for H' .

In the dissociative electroionization results reported up to now concerning the H' formation from CH,,
several discrepancies arise for both the lowest appearance energy of H' from methane and some results about the
kinetic energy distribution of protons. Because of this unclear situation, the aim of this work is to reexamine the
ionization efficiency curves as well as the ion energy distribution as a function of the impinging electron energy
for H “and D" from CH,4 and CD, respectively.

2. Experimental

The experimental setup used in the present work has fully been described elsewhere [10]. Briefly, the
ions formed in a conventional Nier type ion source are focussed on an exit hole, energy analyzed by a retarding
lens and mass selected in a quadrupole filter. The ion current collected on a Cu-Be electron multiplier, is
continuously scanned as a function of either the electron energy at fixed retarding potential or the retarding
potential at fixed electron energy. Both signals are electronically differentiated, stored and averaged in a
multichannel analyzer and plotted on a X-Y recorder.

Unless otherwise stated the operating conditions maintained in the course of this work are identical to
those described elsewhere [10]. The methane gas, purchased from Air Liquide of 99.995 % as well as the
methane-d; from Merck Sharp and Dohme of 99 % isotopic purity were used without further purification. The
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ultimate vacuum is 4 x 10™® Torr and the signal corresponding to the H,O ion is less than 0.1 % of the CH", ion
intensity in the same conditions. The pressure of CH,, when not other-wise stated, is of 3 x 107 Torr and the
intensity of the ionizing electron beam is 1 uA.

For the kinetic energy scale calibration the maximum of the first differentiated retarding curve of the
CH", ion is used as the zero energy point. The same reference is used when the ionization efficiency curves are
recorded at different values of the retarding potential. The first adiabatic ionization potential of CH, at 12.61 eV
[11] (and 12.88 for CD4 [12]) measured by linear extrapolation [10] of the first differentiated ionization
efficiency curve of CH',, is used for the electron energy scale calibration.

Ion energy distributions were recorded at least five times at all mentioned electron energies while the
appearance energies are averaged values of five independent measurements.

3. Results

Typical ion energy distributions recorded for H * formed by dissociative ionization of CH, by the
impact of electrons of energies ranging from 25-50 eV are shown in fig. 1. The position of the maxima are
measured at 0.0 £ 0.01 eV, 0.50 £ 0.05¢eV, 0.9+ 0.05¢eV, 2.35+0.05 eV and 3.97 £ 0.03 eV. To ensure that the
H' ion energy distribution is not perturbed by any trace of H™ ions formed by dissociative ionization of H,O, the
energy distribution of D" from CD, has been recorded and corn pared with the proton produced by CH,. Fig. 2
shows a typical recording of the two H'/CH4 and D'/CDj, distributions both obtained for 75 eV electrons. The
ion energy distributions of H" and D" have been further examined close to the thresh-old of appearance of these
ions. Fig. 3 shows the results for D' from CD, obtained for 22-25 eV electrons. In these distributions two well
resolved peaks are present: (i) the thermal peak which remains at 22 eV and (ii) the 2.35 eV peak for which the
appearance energy is in the electron energy range of 22-23 eV. This peak also shows a constant fwhm over the
electron energy range of 23-25 eV. This last feature has been noticed earlier by Appell and Kubach [3] for H"
and by Donohue et al. [5] for high-Rydberg H atoms.

Fig. 4 shows typical first differentiated ionization efficiency curves of H and D" from CH, and CD,
obtained for a retarding potential ¥z = 0 V. Both results illustrated in figs. 2 and 4 clearly show the absence of
any detectable contribution of H™ from H,0 in the present experiment. Moreover, a contribution of H" from H,0
would lower the first threshold to 18.7 eV [13, 14]. In fact the first thresh-old observed for H" from CH, and D"
from CD,4is measured at 21.3 £ 0.3 eV and 21.2 + 0.4 eV, respectively. The second onset energy is at 22.17 + 0.1
eV in both cases. Two other thresholds are observed at 28.0 + 0.4 eV and 29.8 + 0.2 eV. The existence of the
third threshold is evidenced in the second differentiated ionization efficiency curve shown in fig. 5. The linear
extrapolation in this curve would lower the two last thresholds to better values, i.e. 26.8 + 0.4 eV and 28.7 = 0.2
eV, respectively.

The dependence of the appearance energy of H upon the retarding potential is illustrated in fig. 6. The
results obtained by increasing the retarding potential stepwise by 0.2 V are summarised in the kinetic energy-
versus-appearance energy plot shown in fig. 7 for the two first thresholds. The error bars represent the largest
deviation from the average of five independent measurements.

4. Discussion

In the present paper we will restrict the discussion of our results to the two lowest thresholds for two
reasons : (i) large discrepancies have to be noticed in the previously reported results for both the ion energy
distribution and the appearance energy of H' and (ii) the energy of the two thresholds lie in between the range of
the two first ionization potentials where most of the data about CH, are available.

4.1. Proton energy distribution

Fuchs and Taubert [2], and Appell and Kubach [3] observed the proton energy distribution and
measured maxima near 1 eV, 2.5 eV and around 4 eV in good agreement with our results. However, the last
authors do not observe the existence of a thermal peak and the former explicitly mention the existence of "at
least four groups of ions", one of which lies at or close to thermal energy. Appell [14] corrected the kinetic
energy distributions and the ionization efficiency curves for the proton produced by dissociative ionization of
residual water. To avoid this difficulty we used as mentioned above CD, and compared the results obtained for D
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" with those of H" from CH, (see fig. 2).

Fig. 1. Energy distribution of protons obtained in CH, for electron energies of 25 eV, 30 eV, 40 eV and 50 eV.
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Fig. 2. H'/CH, and D*/CD, ion energy distribution at 75 eV electron energy.
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Fig. 3. D'/CD, ion energy distribution obtained with 22 eV, 23 eV and 25 eV electrons.
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Fig. 4. First differentiated ionization efficiency curves of H'/CH,; and D'/CD, recorded at retarding potential Vy
=0V
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Donohue et al. [S] observed the kinetic energy distribution of metastable and high-Rydberg H atoms
produced by dissociative excitation of CH4 by the impact of variable energy electrons. In these experiments
maxima are also observed around 1 eV, 2.5 eV and 4 eV. These authors do not find any process at thermal or
nearly thermal energy. They mention a weak process with an onset near 14 eV and a kinetic energy distribution
extending up to 3.2 eV. This process has a quadratic dependence upon the electron beam intensity.

We examined the dependence of the proton energy distribution, observed for 30 eV electrons, upon the
pressure of CHy in the ion source and the electron beam intensity. Both the intensity of the thermal peak and of
the 2.35 eV peak are first power dependent upon the pressure of the target gas and upon the electron beam
intensity which has been investigated over the 0.5-2 A range.

Fig. 5. First and second differentiated ionization efficiency curves of H'/CH, at Vi =0 V.
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4.2. Appearance energy

Excepting the first process for H' production of fairly low cross section, the second threshold at 22.17 +
0.1 eV compares fairly well to the first appearance energy determination of Smith [1] at 22.7 = 0.5 eV. This
author mentions a second onset at 29.4 + 0.6 eV in good agreement with the second important increase in our
first differentiated ionization efficiency curve at 29.8 + 0.2 eV. In their dissociative ionization work Appell et al.
[3, 14] measured the first appearance energy at 24.0 = 0.5 eV. An overestimation of the contribution of the H"
current from residual water might shift the lowest threshold to higher energies. The comparison of the ionization
efficiency curves of H and D" support this hypothesis (see fig. 4).

In dissociative excitation experiments, Finn et al. [4] measured two thresholds for metastable hydrogen
fragments production at 22.0 = 0.5 eV and 25.5 £ 0.6 eV. Donohue et al. [5] observed high-Rydberg H atoms
from methane at 23.0 + 0.5 eV, 24.5 + 0.5 ¢V and 26.4 + 0.5 eV. The same authors determined the excitation
function for emission of H atoms in the n = 4 state. Onsets are determined at 22.0 + 0.3 eV and 27.4 + 0.5 eV.
Oertel [6] measured the onsets for Lyman and Balmer emission by H* atoms from methane. By linear
extrapolation Lyman g, f and y have their onset at 21.4 £ 0.5 ¢V, 21.8 £ 0.5 ¢V and 22.1 £ 0.5 eV, respectively.
A second threshold is observed at 25.3 £ 1.2eV,258+1.2eVand 25.8+ 1.2 V.

By dissociative photoionization Kronebusch et al. [8] have determined the mass spectrometric
branching ratio for H' from methane as a function of the proton energy. A first onset is observed around 21 eV
and a second sharp increase around 28 eV. In a very recent work Oertel et al. [ 15] measured the photoionization
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efficiency curve of H' produced from methane using synchrotron radiation. A first steeply rising onset is
measured at 22.2 eV. The second threshold is around 27 eV. Below 22 eV, the signal is obscured by the
ionization of H atoms produced by the photolysis of methane. The mass spectrum of CH4 measured by Backx et
al. [9] as a function of the electron energy loss gives an information similar to that of Kronebusch et al. [8]
obtained by photoionization

Fig. 6. First differentiated ionization efficiency curves of H'/CH, at various retarding potentials.
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5. Interpretation

The first process with a threshold at 21.3 + 0.3 eV gives only rise to protons carrying thermal and nearly
thermal energy as it is clearly shown in fig. 3. This onset lies in the energy range where no ionization cross
section is observed in the photo-electron spectrum of CHy [12]. The two first adiabatic ionization energies of
CH, in the X °T, and A’4, states of CH', are observed at 12.615 eV [11] and 22.39 eV [12]. At this energy the
protons have to be formed by dissociative autoionization through the process

CH,+e —»CHj +e, ty

CH} - CH4(X?A%) + H* + ¢ )
An indication for the existence of such an auto-ionizing state in the energy range of 21.3 eV could be found in a
recent work published by Marmet et al. [16] who studied the electroionization efficiency curves of CH',, CH';
and CH", with monoenergetic electrons. For CH; and CH'5 they observe a well defined structure at 21.3 eV at

the same energy measured for the first onset of H'. It is likely that at 21.3 eV several autoionizing dissociation
channels are open.

However the lowest dissociation limit is calculated at 18.1 eV [14] for the process
CH, + e~ —» CH;(X?A%) + H* + 2¢".
The energy difference of 21.3 — 18.1 =3.2 eV has to be converted into internal energy of the CH; radical.
The first known electronic excited state of CH; is B?A"; at 5.73 eV above the ground state [17]. An A

’E' state lying between the X and B states has not been observed. A first interpretation of the onset at 21.3 eV
could be
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CH! » CH,(A?E) + H* +¢", (2a)

where the “E' state should be at 3.2 eV above the ground state of CHs. Alternatively the energy difference of 3.2
eV could be entirely converted into vibrational energy of CHj in the ground electronic state

CH} — CH,(X2%A%), + HY + ™. - (2b)
Finally within the limit of uncertainty on our measurements, we cannot exclude the formation of an ion pair
CH; >CH™ + H* + H, (20)

for which the threshold is calculated at 21.6 eV using the electron affinity EA(CH) = 1.24 ¢V [18]. This would
however disagree with our earlier measurement of the onset of ion pair formation of CH™ from CH, determined at
24.4+03 eV [19].

The second onset measured at 22.17 + 0.1 eV corresponds to a significant increase in the first
differentiated ionization efficiency curve. The protons formed at this energy are related to the ion energy
distribution which has the maximum at 2.35 eV and extends over the 0.8-3.5 eV range. As noticed earlier, this
proton energy distribution peak has a constant width over an electron energy range from threshold to 25 eV.
Furthermore fig. 7 shows that the'se protons have a constant appearance energy for retarding potentials of 0-3.5
eV. The measured appearance energy lies close to the second adiabatic ionization energy of CH', at 22.39 eV
[12] for which the vibrational structure extends up to 24 eV. The formation of the protons at 22.17 eV by
populating the 2A, state of CH', in its successive vibrational levels which subsequently predissociate could not
account for the present experimental observations. At 22.17 eV the production of protons by direct dissociative
ionization [3] is thus excluded.

The only process which can be invoked to interprete the proton formation at this energy is the
dissociative autoionization mechanism such as reactions (1) and (2) where the superexcited states of CH,
involved in the process at 22.17 eV lie close to the second ionization continuum. Its dissociative autoionization
gives rise to protons with a constant ion energy distribution. This means that the excess energy of about 4.1 eV

with respect to the lowest dissociation limit is converted into internal and translational energy of the fragments
CHyandH".

Fig. 7. Kinetic energy (t) versus appearance energy (AP) plot for H'/CH, and D*/CD, in the case of the two first
thresholds respectively at 21.3 eV and 22.17 eV. The error bars indicate the largest deviation from the averaged
onset value of five measurements.
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The most appropriate mechanism accounting for these results is the dissociation model of polyatomic
molecules proposed by Jortner et al. [20]. In the frame of this model the system prepared in a defined vibronic
state interacts with a quasi-continuum of vibrational levels. In the present case, the density of vibrational levels
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for the ns, np, nd Rydberg states of CH,, including a vibrational distribution similar to that observed for the A,

state of CH'; to which they converge, has been evaluated to be of the order of 100/eV in the range of the

observed threshold energy. Dissociation will occur when the quasi-continuum is coupled to the dissociation

continuum. The dissociation rate will depend upon the value of the coupling matrix elements between the initial

state and the quasi-continuum and the coupling between this quasi-continuum and the dissociation continuum.
The dissociative excitation results [4-6] observed in the energy range of 22-23 eV, which parallel very

closely the results observed for the appearance of H *, could be interpreted in the frame of the same model. At

22 eV the quasi-continuum of vibrational energy will competitively interact with the dissociation into neutral

CH; and H* and/or a proton.
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