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Quantum dynamics of H+ + CO collisions
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The vibrational mode-selective scattering properties have been computed for the H+ + CO system at two
experimentally reported collision energies, Ec.m. = 9.5 eV and Ec.m. = 28.96 eV, for elastic, inelastic, and
charge-transfer channels, using the vibrational close-coupling rotationally infinite-order sudden approximation
(VCC-RIOSA) scheme, making use of the ab initio potentials of the ground-state (GS) and the first-excited-state
(ES) potential energy surfaces (PESs) of the bound HCO+ molecule computed at the multireference configuration
interaction (MRCI) level of accuracy and using the cc-pVTZ basis set in Jacobi coordinates (R,r,γ ). The vibronic
couplings used as input in computing the scattering quantities were computed and compared with previously
reported couplings to give a fair idea about the extent of deviation from the present work. The scattering quantities
are compared with the available experimental results and the computed data are found to match the experimental
results even though there are noteworthy disagreements.

DOI: 10.1103/PhysRevA.83.042709 PACS number(s): 34.70.+e, 34.50.Ez

I. INTRODUCTION

Proton-molecule collisions occur dominantly in interstellar
medium leading to the formation of many bound protonated
molecular ions like H3

+, N2H+, HCO+, HOC+, HCS+, HO2
+,

etc. [1,2]. They are proposed to be formed through various
elastic-inelastic or charge-transfer processes. As a result, the
proton-molecule interaction has been the subject of many
experimental and theoretical studies, and a wealth of varied
experimental information on inelastic vibrational excitation
(IVE) and vibrational charge-transfer (VCT) excitation has
become available over the years using the molecular beam and
the proton energy-loss spectroscopy techniques [3–9]. The
focus has been on collision energies in the range 0–30 eV
where extensive vibrational-rotational excitations of the target
molecules occur along with possible VCT processes. There
have been several experimental studies on proton collisions
with diatomic and polyatomic targets such as H2, N2, O2,
CO, NO, HF, HCl, CH4, SF6, etc., leading to an interesting
finding of marked selectivity in vibrational excitations of
apparently similar molecules. The dynamics of complex
formation via translation-to-vibration energy exchange and
types of resonances exhibited by the complex have also been
studied [10].

It is worth pointing out here that the HCO+ + CO is also an
important astrophysical system ever since it was proposed [11]
that the bound molecular HCO+ and HOC+ ions could be the
likely source of an unidentified microwave line observed [12]
from interstellar space. The experimental observation of the
rotational spectrum of HCO+ in the laboratory using the
microwave technique [13] confirmed its presence in interstellar
medium, and it was the first polyatomic ion to be detected
in outer space. Experiments [5] were performed on N2, CO,
and NO in the energy range Elab = 30–80 eV in the small
scattering angular region around 0◦ as well as in the rainbow
region around 9◦, predicting low-vibrational inelasticity in all
of them. In the later experiments [6], which included O2 in
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addition to the above species, vibrationally resolved scattering
quantities such as probability (P0→v), mean energy transfer
(�Evib), and so forth were obtained at Elab = 10 eV. The
endoergicity between the charge-transfer and the inelastic
processes in the proton impact on CO at Ec.m. = 28.96 eV
was experimentally measured and reported [9] along with
measurements of the differential cross section (DCS) summed
over vibrational states for the charge-transfer process.

There have been quite a lot of ab initio calculations
performed in the past [14–23] to characterize the equilibrium
structure of HCO+ and to determine the proton affinity
of CO. The knowledge of high-level ab initio potential
energy surfaces (PESs) of different electronic states and the
interaction potential among them is required to undertake
multistate dynamics calculations and they are available for
H+ + H2 [24–26], H+ + O2 [27–32], H+ + N2 [33,34],
and H+ + NO [35]. But for H+ + CO [23,36–42], some
limited amount of work has been done in the past especially
computing the PES of the ground state (GS) alone followed
by the dynamics study. Until recently, there has been a lack
of diabatic PESs of the GS and the first excited state (ES) and
we have addressed this lack by undertaking the computation
of these PESs, which are reported elsewhere [43].

In this article, we report the scattering dynam-
ics for the experimentally observed elastic-inelastic,
H+ + CO(X1�+,v = 0) −→ H+ + CO(X1�+,v �= 0), and
charge-transfer (electron capture), H+ + CO(X1�+,v =
0) −→ H(2S) + CO

+
(X2�+,v′), processes, undertaken based

on the computed two-state diabatic PESs and their interaction
potential reported earlier [43]. This paper is organized as
follows. In Sec. II we discuss the computational details and
in Sec. III we present the details of computed scattering
quantities, followed by a summary in Sec. IV.

II. THE COMPUTATIONAL DETAILS

Though carrying out time-independent quantum dynamical
calculations with a full close-coupling approach is computa-
tionally expensive, it is possible to make a few reasonable
approximations to decouple the angular momenta, keeping the
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magnitude of collision energy of the projectile in mind, thus
making the computations a practically achievable task. Since
the collision energy is at relatively high range, Ec.m. = 9.5 eV
and Ec.m. = 28.96 eV, we can make two valid approximations:
(i) freezing of the rotational motion of the target molecule
and (ii) neglecting the discrete rotational states of the target
molecule. These two approximations form the basis of the
vibrational close-coupling rotationally infinite-order sudden
approximation (VCC-RIOSA) decoupling scheme for effec-
tive numerical implementation. The first assumption is valid
when the kinetic energy (KE) of the projectile is comparatively

high and the rotational motion of the target molecule is low
and the second one is valid when the KE is far higher than
the energy gap of discrete rotational states of the target.
In our calculation we assume implicitly that both of these
conditions are met and hence invoking the VCC-RIOSA
scheme is fully justified. The history of various quantum
sudden approximations is reviewed elsewhere [44–49].

In the diabaic representation, the two coupled nuclear
Schrödinger equations in the Jacobi coordinates for the
A+ + BC system can be written as

[
− h̄2

2µABC

∂2

∂R2
− h̄2

2µBC

∂2

∂r2
+ h̄2

2µABC

l(l + 1)

R2
+ h̄2

2µBC

j (j + 1)

r2
+ V d

11(R,r; γ ) + VBC(r) − E

]
×ψ1(R,r; γ ) + V d

12(R,r; γ )ψ2(R,r; γ ) = 0, (1a)

[
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+ h̄2
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r2
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22(R,r; γ ) + VBC+(r) − E

]
×ψ2(R,r; γ ) + V d

21(R,r; γ )ψ1(R,r; γ ) = 0, (1b)

where µABC is the atom-molecule reduced mass, µBC is
the reduced mass of the diatom, l(l + 1)h̄2 is the orbital
angular momentum of the atom A+ relative to the molecule
BC, j (j + 1)h̄2 is the rotational angular momentum of the
diatom BC, VBC is the diatomic potential of BC system, and
VBC+ is the diatomic potential of the BC+ system. These
coupled equations can be transformed into a set of vibrational
close-coupling equations and the number of such equations
depends upon the product of the number of vibrational states
of the CO and CO+ involved, respectively. In order to have
converged cross sections for states up to v(v′) = 5 in the
range of the experimental collision energies Ec.m. = 9.5–
28.96 eV, 10 vibrational energy levels of the target diatom
CO correlating to the ground electronic diabatic state (V d

11)
and 10 vibrational levels of the CO+ system correlating to the
first excited electronic diabatic state (V d

22) were included in the
vibrational close-coupling calculations. The coupled-channel
equations were solved by the sixth-order Numerov method
for 13 equally spaced orientations with γ values between
0◦ and 180◦ at the interval of 15◦ for each partial wave (l)
using Le Roy’s code [50]. γ = 0◦ describes the H+ approach
toward the O end of CO in the collinear geometry. For
elastic 0 → 0 excitations at Ec.m. = 28.96 eV, the maximum
number of partial waves (lmax) was 1200. The vibrational
wave functions and the corresponding eigenvalues (required
to compute vibronic coupling) were determined by solving the
nuclear Schrödinger equation of the CO and the CO+ diatoms.
The vibronic couplings V (R; γ ) were computed for each value
of γ as a function of R over a fine mesh of r by numerical
integration.

Since the sudden S-matrix elements in the ion-molecule
systems are known to show a strong γ dependence particularly
at small l, the sudden (rotationally summed) T -matrix ele-

ments were expanded in terms of Legendre polynomials [49]
at each l as

T
jl

vv′ (γ ) =
∑

λ

Al
λ(jv → v′)Pλ(cos γ ). (2)

Using the orthogonality of the Legendre polynomials, the
expansion coefficients Al

λ were determined by a set of linear
equations as follows:

N∗∑
λ=0

Al
λ(jv → v′)

N∑
i=1

Pλ(cos γi)Pλ′(cos γi)

=
N∑

i=1

T
jl

vv′(γi)Pλ′(cos γi). (3)

In the present case λ, λ′ = 0,1,2, . . . ,N∗; N∗ � N ; γ1 =
0◦; γN = 180◦; and N = 13. The state-to-state DCSs were
obtained as

dσ

dω
(jv → v′) =

∑
λ

(2λ + 1)−1 dσλ

dω
(jv → v′), (4)

where

dσλ

dω
(jv → v′)

=
(

1

4k2
jv

) ∣∣∣∣∑
l

(2l + 1)Pl(cos θc.m)Al
λ(jv → v′)

∣∣∣∣
2

. (5)

Here, θc.m. is the scattering angle in center of mass (c.m.)
frame of reference and k2

jv denotes the usual wave vector
selected within the infinite-order sudden approximation. All
the calculations were performed for a rotational quantum
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number j = 0 of the target diatom. Similarly, integral cross
sections were obtained as

σ (jv → v′) =
∑

λ

(2λ + 1)−1σλ(jv → v′), (6)

where

σλ(jv → v′) =
(

π

k2
jv

) ∑
l

(2l + 1)
∣∣Al

λ(jv → v′)
∣∣2

. (7)

One can also obtain the orientation-dependent integral cross
section as

σ (jv → v′; γ ) =
(

π

k2
jv

) ∑
l

(2l + 1)
∣∣∣T jl

vv′ (γ )
∣∣∣2

, (8)

from which one further obtains a useful angle-dependent
quantity called opacity as

σ l(jv → v′; γ ) =
(

π

k2
jv

)
(2l + 1)

∣∣∣T jl

vv′(γ )
∣∣∣2

. (9)

All the above computed quantities can help us, as we shall see
below, to further characterize the behavior of the inelastic and
charge-transfer scattering processes.

III. RESULTS AND DISCUSSIONS

We compare the computed dynamical quantities with
those of experiments at Ec.m. = 9.5 eV [6] and Ec.m. =
28.96 eV [5,9]. The state-to-state experimental data are
available only for the elastic-inelastic process at Ec.m. = 9.5
eV and Ec.m. = 28.96 eV. They are reported in terms of
laboratory frame of reference (lab) in the literature and are
converted to c.m. frame for easy comparison with theoretical
results through the relation

sin θc.m. = sin θlab

m2

(
m1 cos θlab +

√
m2

2 − m2
1 sin2 θlab

)
,

(10)

Ec.m. = Elab

(
m

m + M

)
,

where θ is the scattering angle; m1, m2, and m3 are the
masses of the atoms in the triatomic system; and m and M

are the masses of the projectile and the target molecule of
the collision system. Ec.m. & Elab are the collision energies in
their respective frame of reference. Niedner-Schatteburg and
Toennies [9] had reported the total DCS for the charge-transfer
channel at Ec.m. = 28.96 eV. Before discussing below the
computed quantities one by one, we have to have an idea
about the vibronic couplings which govern the transitions
between the two electronic states and are used as input data
to compute scattering quantities such as cross sections, mean
energy transfer, etc.

A. Vibronic coupling

The vibronic coupling in the diabatic representation
is calculated using the integral (sum over r) V (R; γ ) =
〈χCO(r)|V12(R,r,γ )|χCO+(r)〉, where V12(R,r,γ ) is the γ -
dependent interaction potential between the GS and the first
ES state obtained from the ab initio calculation reported
earlier [43] and χCO(r) and χCO+ (r) are the diatomic wave
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FIG. 1. (Color online) Vibronic coupling for γ = 90◦ as a
function of R connecting the states v = 0–5 with the states v′ = v

and v ± 1 along with the results from the earlier work [39].

functions as a function of bond distance for a given eigenstate,
with 10 such states included in the computation and V (R; γ )
is the γ -dependent vibronic coupling. The computed vibronic
couplings are shown and compared with earlier work [39]
in Fig. 1. Those with larger |�v| are significantly smaller
and hence are not shown. As we can see, the deviation of
coupling between the present work and the earlier one [39]
is highly marked in the interaction region (R = 1.8 ↔ 5;
r = 1.8 ↔ 2.5) rather than in the asymptotic region where
there is a relatively good agreement. The strength of coupling
follows the order: v = 1 − 5 → v′ = v > v = 1 − 5 → v′ =
v − 1 > v = 1 − 5 → v′ = v + 1 when v �= 0. When v = 0
the order is v = 0 → v′ = 0 > v = 0 → v′ = 1 > v = 0 →
v′ = 2. This prediction seems to be little different from the
previous work where the intensities of the transitions v =
0 − 5 → v′ = v − 1 ∼ v = 0 − 5 → v′ = v + 1 are almost
of the same order of magnitude. The relative magnitudes of
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FIG. 2. (Color online) Vibronic coupling for diagonal transitions
in the present and earlier work.

the diagonal (v = 0 − 5 → v′ = v) transitions are shown as a
group of solid lines along with the dashed lines denoting the
earlier work in Fig. 2. The discrepancies stated above seem to
arise from the fact that the CO and CO+ ground state potentials
used in the previous work were taken from some earlier work
[51,52] which was based on the semiclassical approach of the
Rydberg-Klein-Rees (RKR) method and an extended Hartree-
Fock method with the help of the RKR method. In this work,
the diatomic potentials were calculated using the cc-pVTZ
basis set [53] and a multireference configuration interaction
(MRCI) level of sophistication [54–60] with precise numerical
convergence. The numerical difference exists between them
as can be found from the dissociation energies of CO in
the ground state, which are roughly 10.8 eV (this work) and
11.4 eV (previous work). Also the computed first ES potential
for HCO+, particularly for γ = 180◦, in this work [43] differs
greatly from what was reported [39,40] because of conical
intersection with the third electronic state and this makes the
associated diabatic coupling potential differ a lot numerically.
All these factors are responsible for the discrepancies and
the accuracy of vibronic coupling can be verified only from
the computed scattering quantities and its closeness with the
experimental results.

B. Opacity function

The expression to compute opacity function for elastic-
inelastic as well as charge-transfer processes is given in Eq. (9)
in Sec. II. We have assumed j = 0 throughout the calculation,
implying that the target molecule does not rotate during the
collision. It is defined as the relative probability that a given
process occurs from the initial vibrational state to the final state
as a function of the impact parameter, which is related to each
contributing l value through the relation pb = (l + 1

2 ), where p

is the momentum of the projectile and b is the impact parameter
We present in Fig. 3 the computed opacities as a function of

the number of partial waves (l) for elastic-inelastic and charge-
transfer processes at Ec.m. = 28.96 eV alone. But whatever
is stated at this energy will mostly hold good at Ec.m. =
9.5 eV. The lmax is found to be dependent on the collision
energy, the type of process, and the angular approach (angle
between incoming proton and internuclear axis of the target
molecule) of the projectile. Usually elastic-inelastic processes
requires more number of partial waves before attaining the
maximum probability than the charge-transfer processes. In
the H+ + CO system, lmax ∼ 800(400) at Ec.m. = 9.5 eV and
lmax ∼ 1200(800) at Ec.m. = 28.96 eV for the elastic-inelastic
and charge-transfer processes, respectively. For any process
to occur with reasonable probability, a sufficient number of
contributing partial waves are needed in order to have a
sufficiently large impact parameter. Beyond lmax, the opacity
falls to practically zero, implying that the probability of any
process to occur is virtually nil whatever the number of
contributing partial waves. Thus it is clear that maximum
opacity occurs only at a specific impact parameter value (not
over a range of values). The first row in Fig. 3 refers to the
opacity at γ = 90◦ and the order of opacity as measured from
peak heights is given as 0 → 0 > 0 → 1 > 0 → 2 for the
elastic-inelastic channel, with 0 → 1 and 0 → 2 transitions
being multiplied by a factor of 10 for better clarity and
the same order is followed for the charge-transfer channel
too. This ordering also holds good for other angles at this
collision energy as well as at Ec.m. = 9.5 eV (not shown).
The elastic collision is the strongest followed by inelastic and
charge-transfer collisions. Since the angular dependency plays
a crucial role in the relative probability (known as the steric
effect) of a particular transition, we show in the second row of
Fig. 3 the influence of γ on the elastic channel, 0 → v = 0,
as well as on the charge-transfer channel, 0 → v′ = 0. For the
elastic process, the ordering determined from the maximum
peak heights (the point of highest impact parameter) is 180◦ >

90◦ > 0◦ while for the charge-transfer process the order is
90◦ > 180◦ > 0◦.

C. Cross section

The cross section is an important quantity in the scattering
theory as it provides us a way to identify short-lived states, if
any, formed during collisions and it can be calculated through
the relation given in Eq. (4) in Sec. II. The computation
was done at two collision energies, Ec.m. = 9.5 eV and
Ec.m. = 28.96 eV, and we report only a few essential results,
especially those supported by experimental evidence. We
sum up the state-to-state DCS up to 10 vibrational states
to give the total DCS which deserves special attention. The
computed data contain considerable undulatory structures due
to various types of quantum interferences and fast oscillations
effects, and the experimental results are free of those features.
Hence we smoothed the computed data using the spline
technique to avoid irregularities (not numerical errors) for
better comparison and only those smoothed data are shown
in Fig. 4 along with experimental results [5,9] for both the
channels.

The comparison of the cross section at 9.5 and 28.96 eV
reveals that its magnitude decreases as θc.m. increases and
the decrease is too drastic in the case of the latter. This is
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FIG. 3. (Color online) Opacity function as a function of partial waves (l) in units of h̄, with actual opacities multiplied by a factor 10 for
inelastic transitions for magnification purposes only in the first plot of the top row.

quite expected since the experimental results are also exhibit
a similar trend of angular dependency. At both energies, the
cross sections do not vary appreciably as a function of θc.m.

for a given channel in the small angular regions and the
variation becomes significant once θc.m. becomes high. The
cross section gap between the two channels remains more

or less the same at both energies except when θc.m. → 0◦,
where the gap explodes to a large value. At θc.m. = 0◦, the
cross section is higher for the elastic-inelastic channel than
for the charge-transfer channel and it is higher at 28.96 eV
than at 9.5 eV. The comparison is made between theory
and experiments [9] at 28.96 eV for the total DCS and the

TABLE I. Transition probabilities compared with experiment [6].

P0→v at 9.5 eV

Elastic/inelastic Charge transfer

θc.m. Expt. Theory Theory

v = 0 1 2 0 1 2 v′ = 0 1 2

5.2 0.97 0.03 0.96 0.03 0.01 0.96 0.03 3 × 10−3

10.4 0.88 0.09 0.03 0.91 0.06 0.02 0.90 0.06 0.01
15.5 0.83 0.12 0.05 0.82 0.10 0.04 0.77 0.09 0.04
20.7 0.71 0.22 0.07 0.80 0.13 0.04 0.80 0.10 0.04
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FIG. 4. (Color online) The computed cross sections and their comparison with experimental results [5,9] as a function of θc.m. at two
collision energies.

experimental data (not absolute) are shifted by a fixed amount
relative to theory at the datum point of θc.m. = 9.38◦ which
happens to be the point of rainbow maxima in the experimental
data. The normalized experimental data and computed data
agree well for the elastic-inelastic process in the small θc.m.

and theory overestimates the experiment at higher θc.m. and
yet the agreement seems to be encouraging for all practical
purposes. Our results also predict the rainbow maximum
around θc.m. ∼ 10◦, which is less intense and broad, compared
to the prediction by the experiment, and this kind of maximum
is absent at 9.5 eV. This sudden rise in the DCS is an indication
of the existence of a short-lived species formed during the
collision at a given collision energy. Unfortunately, there is
huge numerical disagreement between the present work and
the experiment with respect to the charge-transfer process. This
is because the process is endoergic by 0.05 eV as predicted by
this work, a value roughly 8 times smaller than the value (∼0.4
eV) predicted by the experiment. This clearly suggests that
theory predicts less endoergicity, and hence more probability
of the process to occur, thus causing the difference in cross
section between the two processes to be small, unlike in the
experiments where a high endoergic value makes the charge-
transfer process less probable, leading to the large difference
in the cross section. In other words, theory overestimates the
charge-transfer process while the experiments underestimate
it. The accuracy of PESs is fully justified by comparing the
computed molecular properties of HCO+ with the experi-
mental data in our earlier paper [43] and we suggest either
repeating the experiments with more accurate procedures
for the charge-transfer channel or carrying out the dynamics
using four-state PESs assuming the insufficiency of two-state
PESs.

The computed smoothed state-to-state cross sections for
the first three vibrational states show a good agreement
after the experimental data [5] are shifted by a fixed
amount at the rainbow maximum of the v = 0 state lying
at θc.m. = 9.36◦. Though the experimental data are available
only for a small range, the computed data are shown in

the extended region too. The cross section for the elastic
transition (0 → v = 0) is the highest among all excitations.
Our data explain well the variation of experimental cross
section as a function of θc.m. in the given experimental
range.

D. Transition probability

The detailed behavior of the individual probabilities as a
function of the scattering angle is also a good tool for further
analysis of the performance of the present ab initio potential
with respect to existing experimental values. It is nothing but
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FIG. 5. (Color online) The computed energy transfer compared
at two collision energies for the two processes.
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TABLE II. Transition probabilities compared with experiment [5].

P0→v at 28.96 eV

Elastic/inelastic Charge transfer

θc.m. Expt. Theory Theory

v = 0 1 2 0 1 2 v′ = 0 1 2

5.2 0.92 0.06 0.02 0.91 0.07 0.03 0.74 0.14 0.05
6.2 0.90 0.07 0.03 0.91 0.06 0.02 0.79 0.10 0.04
7.3 0.86 0.12 0.03 0.88 0.08 0.02 0.80 0.10 0.04
8.3 0.82 0.14 0.04 0.80 0.13 0.04 0.79 0.10 0.04
9.3 0.81 0.15 0.04 0.76 0.16 0.05 0.77 0.12 0.05
10.4 0.78 0.18 0.05 0.74 0.18 0.05 0.70 0.15 0.08
11.4 0.69 0.23 0.07 0.69 0.20 0.07 0.72 0.12 0.07
12.4 0.65 0.23 0.10 0.56 0.16 0.06 0.60 0.16 0.09

a ratio obtained by dividing the state-to-state cross section by
the total cross section as shown in the formula below [61]:

P0→v(θc.m.) =
dσ
dω

(0 → v)

∣∣∣∣
θc.m.

vmax∑
v �=0

dσ
dω

(0 → v)

∣∣∣∣
θc.m.

, (11)

where vmax = 10. In Table I the computed values and the
values from the experiment [6] at Ec.m. = 9.5 eV for both
processes are shown. The elastic process, 0 → v = 0, is well
predicted by the theory in terms of the numerical agreement
as well as the angular dependency in the measured range
of θc.m.. The inelastic processes, 0 → v = 1, 0 → v = 2,
and so forth, have all been well accounted for in terms of
these two factors. The only difference is that the magnitudes
of the probability for the inelastic processes are relatively
very low compared to those of the elastic processes. The
data from theory suggest the following order of magnitude,
0 → 0 > 0 → 1 > 0 → 2 · · ·. The data on charge-transfer
processes are given without experimental backup and hence
one cannot study the suitability of the two-state model.
The 0 → v′ = 0 process occurs with maximum probability,
with magnitude comparable to that of the elastic process.
This enhancement in the relative probability is due to easy
accessibility of the first electronic state from the ground
state of HCO+ through long-range Demkov coupling [62,63]
during collision as the asymptotic endoergicity of the reac-
tion, H+ + CO → H + CO+, is very low, of the order of
10−2 eV, as compared to the experimental one, which is of
the order of 10−1 eV. This is also obvious from the vibronic
coupling studied earlier in Fig. 1 where the magnitude of the
CO(v = 0) → CO+(v′ = 0) transition is the highest among
the transitions considered and is higher than the previously
reported work [39]. This suggests that this transition occurs
readily. The probabilities of other transitions are less and
follow the order 0 → v′ = 0 > 0 → v′ = 1 > 0 → v′ = 2. In
Table II, the computed values and the data from experiment [5]
at Ec.m. = 28.96 eV are shown for first three states for selected
angles. The data on the charge-transfer process are given
without experimental data due to their unavailability. We can
see a good agreement between theory and experiment for the

elastic transition numerically as well as in the trend of variation
of probability in the given angular range. Yet, the magnitude
seems to be little decreased relative to that at Ec.m. = 9.5 eV
and can be reasoned out by the presence of a weak broad
rainbow maximum in the total DCS and the state-selective
DCS of elastic transition. This feature indicates the existence
of a short-lived transient species which is responsible for
the decrease in the probability of the elastic channel at this
collision energy. As usual, the inelastic channels are less likely
to occur but with enhanced relative probability in comparison
with 9.5 eV, and the ordering of transitions in terms of their
likelihood is as given at Ec.m. = 9.5 eV. The transition to a
higher level increases very slowly with respect to θc.m.. In the
case of the charge-transfer process, the 0 → v′ = 0 transition
is dominant over others but its magnitude is comparatively
less, thus pointing out that the transition is favored more at
Ec.m. = 9.5 than at Ec.m. = 28.96 eV. This is in contradiction
to the explanation given for the charge-transfer process at
9.5 eV. This diminished probability is explained on the basis
of the enormous vibrational excitation of target molecules,
followed by their decay (transition to ground state) through
various means, thus making the electron-capturing process
less probable. The other transition follows the same order as
listed for 9.5 eV, but with enhanced probability

E. Mean energy transfer

Another way of examining the quality of the calculations
is given by the estimation of the average energy transfer as a

TABLE III. Mean energy transfer compared with experiment [6].

�Evib at 9.5 eV

θc.m.

Elastic/inelastic Charge transfer

Expt. Theory Theory

5.2 0.008 0.020 0.022
10.4 0.040 0.040 0.072
15.5 0.058 0.068 0.208
20.7 0.095 0.090 0.172
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TABLE IV. Mean energy transfer compared with experiment [5].

�Evib at 28.96 eV

θc.m.

Elastic/inelastic Charge transfer

Expt. Theory Theory

5.2 0.026 0.044 0.155
6.2 0.031 0.044 0.132
7.3 0.048 0.053 0.140
8.3 0.058 0.092 0.141
9.3 0.061 0.103 0.134
10.3 0.073 0.090 0.180

function of the scattering angle θc.m. as defined below:

�Evib(θc.m.) =
vmax∑
v=0

P0→v(θc.m.)�E(0 → v). (12)

It is just the sum over the product of the transition probability
and the vibrational energy level spacings between CO and
CO+. We have taken vmax = 10 and the energy level spacings
are consistent with the Morse oscillator model of diatomic
molecules. Thus the computed quantity along with the ex-
perimental results [6] are tabulated in Table III for the four
angles at Ec.m. = 9.5 eV. The general trend is to increase
with angle and to extrapolate to a finite small value such
as θc.m. ∼ 0◦ and our computed values clearly follow this
trend along with good numerical matching. At small θc.m. the
computed values are a bit larger and this is due to the fact that
the vibronic coupling is very strong in the interaction region
for the elastic-inelastic channels. As for the charge-transfer
process, we give only theoretical values which increase first
and drop beyond θc.m. ∼ 15◦. Generally its values are higher
than those of the elastic process, thus reflecting the amount
of energy associated with the vibrational states of CO+. In
Table IV we provide the values at Ec.m. = 28.96 eV for both
the processes in the angular range of 5◦–10◦. We can see the
same trend of variation but with little overestimated values
for the elastic-inelastic channel due to the higher collision
energy, and the numerical agreement is satisfactory. In the
charge-transfer process, the energy transfer is high compared
to that at Ec.m. = 9.5 eV with a small irregular variation seen
at large θc.m.. We compare the energy transfer at the two

TABLE V. Integral cross section compared.

Integral cross section (Å2)

v(v′) 9.5 eV 28.96 eV

VE CT VE CT

0 69.727 14.715 48.609 14.871
1 2.581 1.021 1.967 1.068
2 0.869 0.372 0.528 0.384
3 0.397 0.217 0.224 0.240
4 0.201 0.145 0.147 0.162
5 0.144 0.117 0.088 0.119
6 0.106 0.111 0.096 0.123
7 0.140 0.098 0.076 0.096∑

v(v′) 74.311 17.055 51.735 17.062

collision energies for the two processes in Table V and we
can clearly see that the magnitudes are directly proportional
to the collision energies. One remarkable feature seen is that
there is a “sudden jump” (nothing to do with the incident
collision energy) in the transfer of energy in the middle
region of the scattering angle for both processes at Ec.m. =
28.96 eV before leveling off at higher angles and all four
curves converge to zero at θc.m. → 0◦. The “sudden jump”
feature seen at Ec.m. = 28.96 could be explained based on
the accessibility of more numbers of vibrational states at this
energy. It is true that target molecules are excited to higher
vibrational states on impact with H+, transferring its KE into
these vibrational energy levels.

F. Integral cross section

The integral cross section is defined as the sum over the
state-to-state cross sections over a specified angular range
(lower and upper). In Table V we have listed those values
for the two channels at the two collision energies up to the
state of v(v′) = 7 and their sum. Unfortunately, there are no
experimental results to be compared with the computed data
for either channel at both the energies. The integral cross
section decreases exponentially from the initial large value
in all the cases. The sum quantity suggests that overall the
elastic-inelastic process is favored more at Ec.m. = 9.5 eV than
at Ec.m. = 28.96 eV and the charge-transfer process is favored
almost the same at both energies.

IV. SUMMARY

The comparison of vibronic coupling with earlier work
gives us an idea about the qualilty of computed ab initio
potential energy values. All the above computed scattering
properties show that the present model accounts for the
elastic-inelastic process well within the accuracy, whereas
this is not so in the case of the charge-transfer channel. The
suggestions regarding the improvement of the calculations
in order to achieve the agreement with experimental values
particularly with the charge-transfer process can be any one or
all of the following: (i) change of the basis set, (ii) change of
the level of theory suitable to the process under consideration,
(iii) change of the method used in the dynamics calculation,
(iv) change of the grid parameters in Jacobi coordinates
(to finer mesh), (v) change of the electronic states from
two to more, possibly three or four, and (vi) change of the
modification of the diabatization procedure. While all of the
above options are given on a speculative basis we are of the
view that invoking one or more of them may have brought out a
reasonable level of agreement between theory and experiment
for the case of the charge-transfer process.
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