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Elastic and inelastic processes in H +CH4 collisions in the low-kilo-electron-volt regime
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Electron capture and direct elastic scattering in collisions of H+ ions with CH4 molecules are studied
by using a molecular representation within a fully quantum-mechanical approach below 1.5 keV. Calcu-
lations are carried out at two different molecular configurations: (i) C3, symmetry, in which H ap-
proaches along the direction of a C—H in CH4, and (ii) C2, symmetry, in which H approaches along a
bisector of a H—C—H bond angle. We find that electron capture in the C2, symmetry configuration
takes place preferentially over that in the C3, symmetry configuration at scattering angles below 15' at
1.5 keV, and that the situation reverses at larger scattering angles. Hence, interferences arising from
these molecular configurations on differential cross sections for electron capture and elastic scattering
processes are present but weak, except for angles near the crossing. Accordingly, the total cross section
for the C2, symmetry is larger by more than an order of magnitude, because in this symmetry H+ can
penetrate deep inside the electron distribution of the CH4 molecule, causing a strong interaction. In ad-
dition, angular dependence in the differential cross section is quite different for the two molecular
configurations at all energies studied.

PACS number(s): 34.70.+e, 34.20.—b, 34.50.—s

I. INTRODUCTION

Electron capture in collisions of ions with atoms in the
low-keV energy regions has been one of the most active
research areas, experimentally and theoretically, in atom-
ic physics in the last two decades, because it provides fun-
damental information for atomic and molecular spectros-
copy and many-body collision dynamics. The study of
electron capture is also important for applications
like astrophysics and fusion research. Comparatively
comprehensive studies involving a variety of atomic tar-
gets, a wide range of collision energies (meV to keV), and
various charged projectiles have greatly improved our
understanding of electron capture in ion-atom collisions
[1,2]. An increasing volume of cross-section data for
electron capture is now available for application. Unlike
studies of atomic targets, both experimental and theoreti-
cal studies of molecular targets are scarce, although
molecular targets are as important as atomic targets in
basic as well as applied sciences. The complexity in
theoretical approaches for treating molecules might cause
this subfield to be rather inactive compared to its atomic
counterpart. Only for the H2 target have limited but rel-
atively extensive studies of the molecular effects on elec-
tron capture been reported to date [3—8], and no similar
level of theoretical study has been carried out for other
molecular targets.

One of the important polyatomic molecules urgently
requiring study for an understanding of collision dynam-
ics and for compilation of a set of cross-section data is
CH4 (methane), which is abundant in various astrophysi-
cal environments, fusion reactors, and plasma chemistry

atmospheres where various types of charged particles
constantly interact with it. A recent report [9] suggested
that various protoamino acids produced as a result of
high-energy proton irradiation of a simulated primitive
earth atmosphere (a mixture of methane, nitrogen, and
water) may be important clues in understanding the ori-
gin of life on earth. As for dynamics, only some explora-
tory experimental studies have been reported on electron
capture. Among those are measurements of electron cap-
ture in the keV regime [10,11], a recent experimental
study specifically on the fragmentation of CH4 resulting
from electron capture by proton impact at 4 MeV [12]
and a measurement of differential cross sections for direct
elastic scattering and electron capture for scattering an-
gles up to 0.1' at 1.5 keV, in connection with atmospheric
physics [13]. Below 50 eV, a series of careful studies of
inelastic and charge-transfer processes resulting from
ion-molecule collisions using a crossed-beam experiment
was carried out by Toennies and co-workers [14—16]. In
particular, a study of the present collision system by Chiu
et al. [16],combined with a theoretical analysis based on
the correlation diagram, reveals details of electron cap-
ture and fragmentation mechanisms in this low-energy
regime. At near-thermal energies, where electron-
capture processes are important for chemical models of
the planetary atmosphere, rate coefficients for the process
were estimated to be less than 5X 10 cm /s below 300
K [17].

In this paper, we report electron capture and direct
elastic scattering resulting from collisions of H+ ions
with CH4 molecules below 1.5 keV. We obtain our re-
sults by using a molecular-orbital expansion method
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within a fu.lly quantum-mechanical formalism. Three
molecular configurations are specifically considered to
study the efFects of molecular orientations on collision dy-
namics: (i) a proton approaches the H atom in a C—H
bond; (ii) it comes along the same line as in (i) but in the
opposite direction, passing through ihe center of an H3
triangle (C~, face-centered approach); and (iii) a proton
approaches along the bisector of an H—C—H bond angle
(directly facing the C atom in the center of CH4). While
knowledge of these molecular configurations is not
sufFicient to give detailed information about vibrational
structure and geometrical relaxation e6'ects, it should be
enough to allow for reliable predictions of cross sections
for elastic and inelastic processes that occur as a result of
collisions with intermediate energies (-keV) for which
the Franck-Condon principle is valid; that is, for interac-
tion times (10 ' —10 ' s) of colliding particles that are
small compared to relevant vibrational periods of CH4
(ca. 10 ' s and longer). Thus in what follows the geome-
trical conformation of the methane target is held fixed to
that observed under conditions of thermodynamic equi-
libriurn. The interference arising from difFerent ap-
proaches of the proton to the CH4 molecule is investigat-
ed, however. This study sheds light on the dynamics of
the molecular orientation eQ'ect and provides guidelines
for developing a simple Inodel to describe a complex po-
lyatomic molecular target. Furthermore, the interfer-
ences of various origins are an interesting subject of basic
physics, and they form an essential basis for possible use
of this technique for material and surface analysis.

The theoretical methods used here are standard and
have been described in detail elsewhere [1]. Hence, only
a brief summary is provided here.

A. Molecular states

The adiabatic potential-energy curves are calculated by
means of the multireference single- and double-excitation
configuration-interaction method [18],with configuration
selection and energy extrapolation employing the Table-
CI algorithm [19] for efficient handling of Hamiltonian
matrix elements for many-electron basis functions (sym-
metrized linear combinations of Slater determinants).
The atomic-orbital (AO) basis used for carbon consists of
the (9s5pld) primitive set of Huzinaga [20], contracted
to [5s3pld] by Dunning [21], with additional Rydberg
functions of the s and p types (a, =0.023, II, =-0.0055,
a =0.021, a =0.0049). The hydrogen basis (from the
same authors) is (5s lp) contracted to [3s lp].

The calculations are carried out in two di]terent point
groups, depending on the approach of the proton toward
the methane molecule. In the approach along the direc-
tion of a C—H bond, the systems have overaH symmetry
of C3„with calculations done in C„ the highest corre-
sponding Abelian subgroup of C3, . If H approaches
along a bisector of an H—C—H bond angle, the overall
symmetry is C2„, and the calculations are perforIIied in
this point group. It should be noted that the efFects of a

proton approaching perpendicular to an H3 face of the
methane tetrahedron (also C,„symmetry, the opposite of
the approach along the C—H bond, denoted as the C3,
face in the subsequent discussion) are not greatly different
than those for the three C2„ trajectories (considered ex-
plicitly in the present treatment) that bisect each of the
HH internuclear separations, forming the corresponding
equilateral triangles.

The CI treatment is based on all configurations that are
generated by making either single or dou. ble orbital sub-
stitutions with respect to a number of key or reference
configurations. The resulting generated set is divided
into groups of strongly and weakly interacting
configurations, respectively, on the basis of the value of
the second-order perturbative energy lowering (AE~) in
each case. A selection threshold T is used to separate the
configurations into these two categories. In the present
case this threshold has an energy value of T=5.0 phar-
tree. The multireference analog of the Davidson correc-
tion [19],namely (1—g„e ) (ECI E„I),whe—re g c2 is
the sum of the squares of all coeIIIicients of reference
configurations in the final CI wave function, Ec& is the
corresponding total energy, and F.„f is the corresponding
energy obtained from the small secular equation involv-
ing only the reference configurations, is applied to esti-
mate the full CI energy for each state in the AO basis em-
ployed.

In the practical calculation of eigenvalues and eigen-
functions, all coordinates within the CH4 molecule were
frozen at the equilibrium intr amolecular distances
of the tetrahedral geometry: rc H

= 1.094 A and
8H c H=109.47 . Hence, only the internuclear distance
(R) between the H+ projectile and the C in CH4 was
varied. This approximation should be valid when the col-
lision time is shorter than the vibrational period of the
target molecule. In the present case, the approximation
is reasonable down to a few tens of eV of collision energy.
The justification for this conclusion is basicaBy the same
as for the Franck-Condon principle in electronic transi-
tions taking place within a molecule. Furthermore, the
geometry of the CH4+ molecular ions formed after elec-
tron capture is also frozen at the initial configuration,
since including a relaxation of this approximation has lit-
tle efFect on electron-capture dynamics.

B. Collision dynamics

Collision dynamics are studied on the basis of the fully
quantum-mechanical formulation of a molecular-orbital
expansion method in which dynamical transitions are
dlivcn by noIladlRbRtlc collpllngs [1]. Tile totRl scattcl-
ing wave function is described in an adiabatic representa-
tion as an expansion in products of electronic and nuclear
wave functions and the electron translation factor. Sub-
stitution of the total scattering wave function into the
stationary Schrodinger equation yields coupled, second-
order di8'erential equations for nuclear wave function
X'(A ). It is computationally convenient to solve the cou-
pled cquatloIls 111 R dlabatlc I'cplcscntatloI1 [1]. Tllc
transformation from the adiabatic to the diabatic repre-
sentation can be readily achieved through a unitary
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transformation matrix, C(R). In this representation the

x'z =
nuc ear wave function for the heavy particles is rel t d t

( )=CX'(R), and the diabatic potential matrix is
Vd C

—] a aV C, where V is the adiabatic potential matrix.
The resultmg coupled equations for X"(R) r i i
matrix form as

2p
VRI —-V (R)+EI X (R)=0 9

lowest level in the figures is the initial state
dissociating to the electronic confi t'
H++ 1 . 2 2 2 2

n gura ion
[ CH4. ( A i.2a it 2, 1 r z& 1 r z, ) ]. The next group
contains the ground electron-capture states
corresponding to the electronic configuration
[ ( ) CH4 ( T2..2a, it&, lt2blt2, )]. Electronic excit-
ed (H++CH4') and (H(2s)+CH4+ ) states follow. In the
infinite separation of internuclear distance between the
projectile and the CH4 molecule, the energy defects be-

where p is the reduced mass of the system, I is the identi-
ty matrix, and V" is the diabatic matrix. The coupled
equations (1) are solved numerically to obtain the scatter-
ing 5 matrix for each partial wave I. The difFerential
cross section is then obtained from the standard formula

do(8) 1 g ( I +1)I5r 5;i]P—i(cos8), , (2)
I

1where 5;& is the scattering S-matrix element for partial
wave I, 0 is the scattering angle in center-of-mass coordi-
nates, and k is the momentum of the projectile with 1-

1
\ ~ 2ision energy E =k /2. Integration over all angles gives

the total cross section. In the present calculation, we em-

ployed two- and three-state close-coupling treatments
with molecular orbitals (MOs) corresponding to the ini-
tial (H +CH4) and electron-capture (H+CH~+) chan-+

nels.

-39.9
t

I
tt

1( Q „~~ r
- ~ ~ . .

-40.08—

-40.25

-40.42

-40.6 '—

0

I I I
I

c I I I I I ~

H'+CH

H+CH4

~ H+CH '-
4

H'+C H—
4

CH C2v symmetry

I s ~ & I

6 8

(C. Analysis of oscillatory structures
in the cross sections

For some systems, diIIFerential cross sections and some-
times total cross sections display oscillatory structures as
functions of collision energy or scattering angle. A semi-
classical analysis for these structures would be sound and.

would improve understanding of the underlying physics
[22]. To discuss the scattering pattern, the deflection
function 8z(L, E) must be determined for each trajectory
and potential region J. This function is expressed as

V(R) b
OJ(L, E)=~ 2b 1——
where b is the impact parameter and R, is the inner zero
(turning point) of the integrand. The parameter b relates
to the orbital angular momentum I, as

L =2p[E —V( )]b
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where the classical mechanical quantity is connect d t
th't at of quantum mechanics. %'e carried out the semiclas-
sical analysis to identify the origin of structures in
differential cross sections whenever necessary as dis-
cussed below.

QH.

C3v H
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III. RKSUI.TS C2v

A. Adiabatic yotentials and couylings

Adiabatic potential curves obtained by the procedure
ou e n Sec II A foI C2 and C3 symmetries are

isplayed in Figs. 1(a) and 1(b), respectively. The

FIG. 1. (a) Adiabatic potential curves for C2, symmetry. (b)
Adiabatic potential curves for C3, symmetry. (c) Schematic dia-
gram indicating the molecular con6gurations for collisions.
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tween the initial and electron-capture channels for both
symmetries should be equal. However, at finite separa-
tions, these values are different. That for the C3, symme-
try is somewhat smaller, with a value of 0.02127 a.u. at
R=10 a.u. , compared to 0.02239 a.u. for C2, symmetry
at the same distance. The initial channel has a
configuration mixing with the electron-capture channel at
R=1.0 a.u. in C2, symmetry, but no obvious mixing of
electronic states is found for C3, symmetry. Considera-
tion of the molecular configuration [Fig. 1(c)] indicates
that the H+ ion can penetrate deep inside of the CH4
molecule, causing vigorous mixing of electronic states.
General shapes of the potential curves for C2, and C3,
symmetries are similar, and a constant energy separation
at finite R between the initial and electron-capture chan-
nels suggests that the collision dynamics are governed
mainly by the Demkov-type coupling scheme at finite R
[1]. Note that adiabatic potential curves for C3, -face
symmetry are closer to those of Cz, symmetry in nature
except for somewhat stronger mixing at R=1.0 a.u. be-
cause of the similarity of the molecular configuration.

The dominant radial couplings are illustrated in Fig. 2.
As we speculated above, the coupling in C2, symmetry
shows double peaks, namely, the narrow peak at R=1.0
a.u. followed by the broader peak at larger R. The first
peak at R =1.0 a.u. is probably due to the localized elec-
tron density of H atoms. The presence of the second
broad peak, which typically results from the Demkov-
type coupling scheme near R=5.5 a.u. in C2, symmetry,
is noteworthy. Unlike C2, symmetry, the coupling for
C3 symmetry is a single broad peak at R & 4 a.u. , again
as a consequence of the Demkov-type coupling scheme.
This is because the incoming H+ ions are affected little
by the electronic field, except that of the H atom, which
the incoming projectile approaches. This conspicuous
difference in the coupling s from different molecular
configurations is significant and may well underscore a
difference in the collision dynamics. The radial coupling
for C3, -face symmetry shares similar characteristics to
that for C2„symmetry, i.e., double peaks, but the first

peak at R=1.0 a.u. is much larger, rejecting a stronger
configuration mixing than that in Cz, symmetry.

B. DifFerential cross sechons st
high energies ()100 eV)
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The differential cross sections obtained are shown in
Figs. 3(a) and 3(b) for Cz„symmetry and Figs. 4(a) and
4(b) for C3, symmetry, for scattering angles 0' —180 at
1.5 and 0.5 keV, respectively. Both electron capture and
direct elastic scattering are included. Several important
features are summarized here and are discussed separate-
ly for small and large scattering angle regions: (i)
0' ~ 8 & 20' and (ii) 8 ~ 20'.

First for 0 ~8&20, the magnitude of the differential
cross sections for electron capture for C3, symmetry is
larger than that for C2, symmetry in this scattering angle
domain, except for a very small scattering angle region.
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FICx. 2. Representative radial couplings between the initial
and electron-capture states.

FIG. 3. (a) Di6'erential cross section for C2, at 1.5 keV. Solid
line, elastic scattering; dashed line, electron capture. (b)
Differential cross section for C2, at 0.5 keV. Solid line, elastic
scattering; dashed line, electron capture.
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Below 0.5', C2„symmetry is far more dominant, , by an or-
der of magnitude. Events resulting in scattering angles of
10' or smaller correspond roughly to those of impact pa-
rameters larger than 2.0 a.u. At these large impact pa-
rameters, the projectile interacts only weakIIy with the
constituent atoms in C2„symmetry, because of limited
efFective formation of the molecu]ar configuration. In
contrast, , the projectile may '"feel" Rn isotropic field on its
way out through three H atoms aligned with a 120' sepa-
ration for C3, symmetry. Interestingly, as we shall see
later, the total electron-capture cross sections above IQQ

eV are larger by about two orders of magnitude for C2,
symmetry than for C3„symmetry. This is because the
near-zero angle scattering contIols most of the total cross
section. In addition, the small, high-frequency oscilla-
tions that, are apparent for C3, symmetry in both elastic
and electron-capture differential cross sections may be at-
tributable to quantum interferences. For C2, symmetry,
oscillatory structures are present, but they are much
wcakcI' and RI'c irrcgulal.

Second, for 8»20, both elastic Rnd electron-capture

difFerential cross sections are smooth and Oat with a
near-constant value of 10 cm /sr as a function of
scattering angles (i.e., isotropic scattering) for C3„sym-
metry, while those for C2, symmetry have numerous ir-
regular oscillations with very sma11 mean valUes of 10
crn /sr. These oscillations in C2, symmetry are due to
quantum interfcrences arising from two-state strong cou-
pling. For C3, symmetry, the isotropy is due to near
head-on collisions between the projectile and the H atom
in CH4. One remarkable feature, a sharp dip in electron
capture at 45' for 1.5 keV and 75 for 0.5 keV, is con-
sidered to be due to rainbow scattering. For 0» 20, elas-
tic scattering is nearly comparable in magnitude to elec-
tron capture for C2, symmetry, while elastic scattering is
larger by at least an order of magnitude for C3, symme-
try. These features are unchanged as the energy de-
creases to 0.5 keV. The dip seen in electron capture for
C3, symmetry is not present in elastic scattering. Third,
at scattering angles near 180, both elastic-scattering and
electron-capture differential cross sections for C3, sym-
metry drop sharply, suggesting the infrequent occurrence
c f actual head-an collisions. For C&„symmetry, no
significant characteristic is observed near this angle.

8++CH ((L"3v)

E =1.5 keV
2. Comparison with the H++H system and the

e +CII& system
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FIG. 4. {a}Dlfferentlal cross section for C3, at 1.5 keV. Solid
line, elastic scattering; dashed line, electro~ capture. {b}
DifFerential cross section for C3, at 0.5 keV. Solid line, elastic
scattering; dashed lin, electron capture.

It is intcrcsting to examine thc similarity Rnd dissimi-
larity of shapes of differential cross sections for diferent
projectiles since, at least at high energy where the Born
theoIy is valid, collision dynamics is known to be depen-
dent on target. pIoperties only. For C3, symmetry in
which the H projectile directly approaches the H atom,
one may speculate that the dynamics are similar to those
for H++H collisions. In comparison with di6'erential
cross sections obtai. ned below I keV for H++H collisions
at scattering angles less than 6' [23] (although the present
results for C3, symmetry at the same energies and angles
show qualitatively similar oscillatory patterns below 2'
for both elastic and electron-capture processes), details
are markedly di6'ercnt in several respects. First, oscilla-
tions in the H +CH4 di6'erential cross sections occur
more frequently than in H++H; for example, there are
three oscillations in H++CH4 collisions at I & 9 & 2' and
500 cV but only one oscillation in H++H collisions in
the same angle regio~. Second, the differential cross sec-
tl.on foI c].ectron captuI'c in H +CH4 collisions 1s fRI'

smaller {by two orders of magnitude) than that for elastic
scattering, while these two processes are comparable in
magnitude for H++ H. Third, at 6 & 3, the present re-
sults for H++ CH4 show numerous oscillations, while os-
cillations for H +H appear to be damped within the
model used. The origins of the oscillatory structures seen
in H +H collisions have been thoroughly studied and
are known to be due to combinations of interferences
arising from (i) g (gerade) —u (ungerade) electronic sym-
metry, (ii) minimum (or maximum) in the dift'erence be-
tween the two adiabatic potential curves concerned, and
(iii) the multichannel eft'ect. For the present H++CH4
collisions, an electron on a H atom combined with a 2p
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electron on the C atom forms a covalent bond, changing
the character of the isolated H atom rather significantly
and hence destroying completely the g-u symmetry. This
phenomenon may cause dissimilarity in difFerential cross
sections, even though the molecular configuration of the
collision appears to be similar in both cases. Multiple-
scattering effects due to multiple centers in the CH4 mol-
ecule (which translate into the difFerence in couplings) de-
scribed below contribute at all energies, causing addition-
al deviations from simpler H++ H collisions.

Although the present collision system is expected to
possess a somewhat remote relationship with ihe system
for [positron (e )+CH4] collisions, it may be interesting
to compare them because the projectiles have the same
charge state. DifFerential elastic cross sections for
e++CH4 collisions were measured by Kauppila et al.
[24] at 6 and 50 eV. Our elastic result at 11 keV (which
corresponds to the same speed as that for 6-eV positrons)
is isotropic over the entire angle region, except for the re-
gion near 0', where a sharp forward peak can be observed
[see Fig. 3(a) for an example]. For e++CH4 collisions,
the situation is generally similar to the present case, with
near-isotropic angle dependence and a large forward peak
near O'. However, one notable difFerence is the presence
of one dip in the e+ scattering at about 45'. This dip
may arise from the interference effect among some partial
waves; this interference is unique for (e+/e +CH4) col-
lisions because the lighter mass of the projectile causes a
smaller number of partial waves (typically, 1 (3: f
wave), to contribute than in proton impact (where a few
thousand partial waves are required) in this velocity re-
gion. The present results for protons and those for
(e++CH~) are conspicuously difFerent from results for
(e +CH~) collisions [25], suggesting that the projectile-
charge eff'ect is more pronounced at this intermediate en-
ergy.

3. Multi@/e scattering

In the molecular configuration in which the projectile
bisects an H—C—H bond angle in the molecule, the col-
lision contributes little to small-angle scatterings because
of weak interactions with the H atom. However, such a
collision is expected to make a significant contribution to
large-angle scatterings, because the projectile efFectively
interacts "twice" with the electron distribution from each
H atom. We have examined this point by using the
scattering 5-matrix results, as discussed below.

C. Total cross sections

Total integrated cross sections are illustrated separate-
ly for C2, and C3, symmetries in Fig. 5. That of C2,
gradually increases as energy increases, reaching a max-
imum value of 1X10 ' cm at 300 eV, while that for
C3„ is rather energy independent within the present ener-

gy region with a broad plateau value of 3 X 10 ' cm at
50 eV. Because of these characteristics for the two
molecular orientations, the magnitudes of these two sets
of cross sections appear to cross at even lower energy.
Note that the total cross section for C3, -face symmetry is

10

10

10

FIG. 5. Total electron-capture cross sections for C2, and C„,
symmetries.

similar in magnitude to that for C2, symmetry. The
feature seen for C2, symmetry is a reAection of a com-
bination of two coupling peaks at A=1.0 and 5.5 a.u.
Actual total-cross-section results that can be compared
with experimental data should be ideally obtained by re-
peating the scattering calculations with a stepwise change
of molecular orientation. A simple averaging of molecu-
lar orientation (taking the weighting factor for the molec-
ular orientation into account) in the present result gives a
rough estimate of about 1X10 ' cm at 1 keV, which
compares fairly well with the experimental finding of
3 X 10 ' cm [10].

D. Interferenees between dift'erent molecular orientations

Gao et al. [13] measured the differential cross section
for electron capture from 0.01' to 1.0' at 1.5 keV. Their
results, along with the present calculation for the system,
are reproduced in Fig. 6. Agreement of the present indi-
vidual results for C2, and C3, symmetries with the mea-
surements is less satisfactory at larger and smaller
scattering angles, respectively. In their experiment, Gao
et al. actually observed the averaged differential cross
section over all molecular geometries, not for a fixed
well-identified geometry of a specific molecular
configuration. Therefore, to properly compare our result
with the measurement, we should employ an averaging
procedure. By taking scattering amplitudes f; from the
two calculated molecular geometries and simply adding
them coherently, we can obtain differential cross sections,
viz. , d /daQ-lfc +fc l', t»t may b«ompatibie

2v 3v

with the one in the experiment. Through this averaging
procedure, we can examine the interference between
different geometries in the collision dynamics. The result
thus obtained is included in Fig. 6. Clearly, the averaged
result improves the agreement with the measurement at
all scattering angles below 1'. The averaged result is con-
sistently similar to the C2, result at angles below 0.4, but
the situation is reversed as the angle increases.
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FlG. 6. Di6'erential cross section from 0.01 to 1.0 at 1.5
keV. The solid line shows the averaged result, the dashed-
dotted line the result for C3„and dashed three-dot line the re-
sult for C3, The symbols repres nt the experimental data of
Gao et al. [13].

DiA'ercntial cross sections for C2, symmetry are uniform-
ly larger than those f'or C3, symmetry below 0.4', but
those for C2, symmetry drop drastically at larger angles,
while those for C3, symmetry are isotropic. Only in the
region where these two sets of cross sections become
equal in magnitude is thc conscqucIlcc of thc intcI'fcI'cncc
visible in this angular region. In fact, a small structure
scen near 0.42' is the result of the interference of these
two molecular symmetries. In other regions, one of the
two configurations is overwhelmingly dominant; thus, it
solely controls the dynamics.

K. Differential cross sections at low energies ((100eV)

For low-energy collisions below 100 eV, more pro-
nounced diIterences for Cz, and C3, symmetries are ap-
parent, rcAecting an increasing sensitivity of dynamics to
the molecular orientation. Differential cross sections at
20, 50, and 100 eV are Illustrated for C2, and C3, sym-
metries for scattering angles 0'—180' in Pigs. 7(a) —7(c)
8(a)—8(c), respectively. Note that the present model may
not oA'er accurate results below 50 eV, and hence the re-
sults for this energy region are considered to be qualita-
tive. Some general features specifically observed in this
particular energy regime are summarized here for Cz,
and C3, symmetries separately. The physical interpreta-
tion for these endings is essentially the same as in the
case Qf high cIlcrgy.

For C2, symmetry: (i) The forward scattering both for
elastic and electron capture at scattering angles less than
20 is dominant; (ii) numerous, small oscillations due to
interferences (Stueckelberg-type) are seen at large angles
& 40; and (iii) elastic and electron-capture cross sections
are of comparable magnitude. For C3, symmetry: (i)
Large and high-frequency oscillations are seen in the elas-
tic cross section; (ii) at higher energies, these oscillations
weaken and the scattering becomes more isotropic, i.e., a
constant for a large range of scattering angles; and (iii)
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FICx. 7. Differential cross section for C&, . (a) 20 eV, (b) 50
eV, (c) 100 eV.

large rainbow dips are observed in electron-capture cross
sections at several scattering angles at lower energies, and
the number of dips decrease as the energy increases. To
summarize the difFerences: (i) Above 20 eV, the
electron-capture cross section becomes larger than that
for elastic scattering at 8+40' for C2, syInmetry. For
C3, symmetry, the elastic-scattering and electron-capture
processes approach each other somewhat at 0+ 150', but
their magnitudes are not inverted; (ii) the behavior of
di6'erential cross sections for C2, and C3, symmetries is
markedly distinctive. For C2, symmetry, diIterential
cross sections for electron capture show a few oscillations
at large-angle scattering for 0 50'. In contrast, for C3,
symmetry, the numerous oscillations in the entire angle
region are obvious. This observation is conspicuously op-
posite to that for results at high energies of E )0.5 keV.
Note that general shapes for both difFerential cross sec-
tions for C3, -face symmetry are similar to those for C2,
symmetry.

In order to understand the scattering mechanisms
clearly, scattering S-matrix elements for Cz, and C3„
symmetries are plotted in Figs. 9(a) and 9(b) as a function
of partial wave I at 20 and 50 eV. For both C2„and C3,
symmetries, S-matrix elements apparently exist only in
the I region, where the corresponding couplings are
efFective, i.e., inside 7.5ao and 4.5ao, for Cz, and C3„re-
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spectively (see also Fig. 2, coupling matrix elements). Be-
cause of the influence of the first peak at 1.0ao for C2„ for
the dynamics, general shapes and structures of the S-
matrix element for C2, are quite different from those for
C3„. For C3„a good combination of the strength of the
coupling and energy separation between two adiabatic
potential curves at around 4ao makes the transition quite
efficient at this point, while the combination makes it
rather inefficient inside this R region, resulting in smaller
S-matrix values at smaller l. In contrast, for C2„, because
of the effectiveness of the inside coupling at 1.0ao, values
of the S-matrix element increase as 1 becomes smaller.
These features reQect two distinct coupling schemes for
C2, and C3„, namely, that for C2„, the coupling at 1.0ao
becomes more efficient than the outer coupling at 6ao,
while for C3„ the pure Demkov-type mechanism is the
sole mechanism. As the collision energy increases, the
number of oscillations in the S-matrix elements decreases
because of the shorter interaction times, and also their
magnitude for C3„approaches substantially decreases.
Note again that the S-matrix elements for C3„-face sym-
metry are close in nature to those of C2, symmetry.

F. Dissociation fragmentations

Although it is not our main aim in the present study to
undertake a detailed examination of the fragmentations
that occur after electron capture, nevertheless it is in-
teresting to consider other reaction channels in which the
methane target or its positive ion undergoes subsequent
fragmentation, and some remarks on the fragmentation
are warranted. In the low-keV region, the collision ener-

gy range that is studied here, single-electron capture is
the dominant process, and ionization and double-
electron-capture processes are considered to be of negligi-
ble importance. As the present result shows, the CH4+
ion that is produced is mostly in its ground electronic
state, which is a degenerate Jahn-Teller state that forms a
stable molecular ion of a distorted geometry. As Figs.
l(a) and l(b) show, the (CH4+H+) asymptote lies below
that of (H+CH&+). Relaxation of the CH4 geometry,
not considered in the present calculations, reverses this
situation, so that the H atom asymptote lies 0.6 eV below
that of H+ at equilibrium. Because in the energy region
considered, the collision time is about 10 ' s, whereas
more than 10 ' s would be required for a vibrational
period, such nuclear relaxation processes do not have
sufficient time to occur. Thus, the present results, ob-
tained with a fixed methane conformation, are more real-
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CH4+ ~CH3+ +H, (5)

leading to a CH3+ ion and a neutral H atom. This CH3+
ion is unstable and is likely to break into smaller frag-
ments through predissociation.

If the CH4+ ion produced is in one of the electronic ex-
cited states with a rovibrationally excited level, then a
large number of breakup pathways become available for
producing a variety of fragments of neutral and ionic
species, such as (CH3+ H+ ) and (CH2+ +H+ +H),
which are likely to be rovibrationally excited species.
These unstable species undergo further breakup. In
high-density gaseous or condensed media, these species
undergo a series of chemical chain reactions. Knowledge
of the yields of these fragments is essential for modeling
in astrophysics, plasma chemistry, and radiation chemis-
try. However, this type of knowledge is still far from

istic. The combination of lowest-energy fragments in-
volving two hydrogen atoms and/or ions is found to be
(CH3 +H +H), with an energy that is 1 .2 eV above that
of the (CH4++ H) limit. In the other words, the dissocia-
tion energy of CH~+ is significantly smaller (1.2 eV) than
that of neutral methane (4.4 eV). Thermodynamically,
the distinction arises because the ionization potential of
methane (12.99 eV) is 3.2 eV larger than that for CH3
(9.843 eV). In molecular-orbital (MQ) terms, this rela-
tionship is easily understandable, because the highest oc-
cupied molecular orbital (HQMQ) in each case is greatly
stabilized by the bonding of hydrogen atoms to carbon,
and thus the orbital energy of the HOMO is notably
lower for CH4 than for CH3, causing the CH3 system's
ionization potential to be smaller than for methane itself.
The next most stable set of fragments is
(CH3++H+H+), whose energy is 5.0 eV above the
lowest (CH4++H) limit. This limit can be reached from
the second most stable set of fragments, (CH4+H+ ), by
removing an H atom from the methane system. The
dominant breakup pathway of the CH4+ ion is known to
be

complete, and a systematic study of molecular fragmenta-
tion is urgently needed.

A theoretical study of elastic and electron-capture pro-
cesses in collisions of H+ ions with CH4 molecules in the
energy range from 20 eV to 1.5 keV was carried out for
two distinct molecular orientations, the C2, and C3, sym-
metries, by using a three-channel molecular-orbital
method within a quantum-mechanical formalism. A lim-
ited study for C3, -face symmetry was also carried out to
examine the effect of molecular orientation. Collision dy-
namics for C2, and C3, symmetries were found to be
effective in two nonoverlapping scattering-angle regions.
Hence, the interference arising from these two molecular
configurations occurs only in very narrow regions of the
scattering angle. However, weak but unambiguous struc-
tures in differential cross sections arising from the in-
terference are observed. The differential cross section for
electron capture at 1.5 keV that takes interference into
account was found to be in good agreement with the mea-
surement by Gao et al. [13]. The integrated cross sec-
tion for electron capture is also in reasonable accord with
the measurement, with a magnitude of 1 X 10 ' cm at 1

keV. We plan to extend the present study to examine ex-
plicitly the fragmentation products at 1 keV and will re-
port the results elsewhere.
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