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Abstract. Vibrationally inelastic quantum calculations are carried out at low collision energies for the
scattering of a beam of positrons off acetylene gaseous molecules. The normal mode analysis is assumed to
be valid and the relative fluxes into the C—C and C-H symmetric vibrational modes are computed within
a Body-Fixed (BF) formulation of the dynamics by solving the relevant vibrational Coupled Channels
(VCC) equations. The clear dominance of the C—C mode is observed near threshold and the implications
of this finding are briefly considered in relation to more global indicators like the average vibrational energy

transfer indices as obtained in the present work.

PACS. 34.10.+x General theories and models of atomic and molecular collisions and interactions (including
statistical theories, transition state, stochastic and trajectory models, etc.) — 36.10.Dr Positronium,
muonium, muonic atoms and molecules — 82.30.Gg Positronium chemistry

1 Introduction

There has been a marked increase, in the last few years,
of an appreciation for the scientific potentials and fun-
damental interests of low-energy antimatter physics and
chemistry, both for its technological applications and for
its basic significance. Reasons for its fundamental impor-
tance revolve around the formation of neutral antihydro-
gen atoms (a test of QED validity), the existence of pos-
sible bound states to simple or to complex molecules (the
positronic analogue of anionic chemistry) and the variety
of mesoscopic effects related to the formation of positron-
ium (Ps) compounds, of Pse molecules, of Bose-condensed
gases of Ps atoms or the formation of electron-positron
plasmas [1-4]. The positrons further offer complementary
ways of producing molecular ions, of testing atomic clus-
ters or nanoparticles in general and invariably require a
better knowledge of their interactions with atoms and
molecules [5,6].

The further comparison of dynamical attributes ob-
tained in molecular gases using both electrons and
positrons as probes [7] helps us to shed more light on the
interplay of the various interaction forces which preside
over the low-energy scattering cross-sections (elastic and
inelastic) and provides a more quantitative basis for the
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relative merits and surprises yielded by antimatter phe-
nomena.

In the present study we shall focus on a specific area
of experimental interest, i.e. the excitation of vibrational
internal molecular states by positron impact, in order to
see if accurate calculations like those we shall describe
below are able to predict which specific molecular modes
will be more efficiently “heated” by the impinging positron
projectiles.

The work will be divided as follows: the next section
briefly reviews our treatment of vibrationally inelastic col-
lisions and our modelling of the positron-molecule inter-
action potentials. Section 3 will present our findings and
compare the behaviour of both the C—C and C-H stretch-
ing excitations at energies near their thresholds. Section 4
will provide our conclusions and future plans.

2 The computational approach

In the analysis and computational formulation of the scat-
tering process within a multichannel approach we will,
however, restrict our study to the vibrational channels af-
ter summing over final rotational states and averaging over
the initial ones. In other words, we will be interested in
those processes which occur below the “reactive” channels
of either positron annihilation or of positronium (Ps) for-
mation. In the acetylene molecular gas the first ionization
potential is at 11.41 eV and therefore the Ps formation
threshold is located at 4.6 eV. We shall therefore focus
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on the low-energy behaviour of the vibrational excitation
processes below that formation threshold.

The details of the present approach have been already
reported in our previous work [8,9], so we shall here pro-
vide the reader with only a brief reminder of them. In
order to obtain vibrational excitation cross-sections for
positron scattering from polyatomic molecules we need
to solve the Schrodinger equation of the total system to
yield the total wavefunction ¥ at a fixed value of the total
energy F. It should also be noted that no Ps formation
channel is considered throughout the present calculations
as this process is estimated to be absent at the energies
we are considering.

We can also assume that the orientation of the tar-
get molecule is being kept fixed during the collision since
molecular rotations are slower when compared with the
velocity of the projectile at the energies we are consid-
ering. This is usually called the fixed-nuclear orientation
(FNO) approximation [10], and corresponds to ignoring
the rotational Hamiltonian of the total system. The actual
rotational levels are therefore included by averaging over
the initial levels and summing over the final ones within
the Body-Fixed (BF) formulation of that problem [10].
Then, the total wavefunction could be generally expanded
as follows

Uy |R) =" D wwn (1) Xu(Fp) xa(R).

lvn

(1)

Here, xy, is the vibrational wavefunction of the molecule
with the vibrational quantum number n = (nq, -+, ny)
with N representing the total number of normal vibra-
tional modes of the target molecule. The variables R and
r, now denote the molecular nuclear geometry and the
position vector of the positron from the center-of-mass
(c.0.m.) of the target, respectively. The unknown functions
u;yn describe the radial coefficients of the wavefunction
of the incident particle and the Xj, are the symmetry-
adapted angular basis functions [11]. In this paper, v in
equation (1) stands for the indices (pph) collectively, and
p stands for the chosen irreducible representation, p dis-
tinguishes the component of the basis if its dimension is
greater than one, and h does that within the same set of
(pp).-

After substituting equation (1) into the equation of
the total collision system under the FNO approximation,
we obtain for w, (rp) a set of full close-coupling equa-
tions which now also include vibrational channels. These
are called the body-fixed vibrational close-coupling (BF-
VCC) equations [8,9],

2 11+ }
R + k,,% Ulun(r ) =
{drf, 7“,2, g
2 Z (Lon|VI'V'R'y wiryr (rp),  (2)
Uvin!

where k2 = 2 (E — E2") with E’" being the energy of
the specific molecular vibration we are considering. Any
of the elements of the interaction matrix in equation (2)
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is given by

(wn|VII'V'n') = Z/dR{Xn(R)}*Vzouo (rp [ R){xn (R)}

lovo
[ X ) X () X ). (3)

In the present study the employed bound state wavefunc-
tions were obtained within the harmonic approximation
and the coupling potential was generated over the required
range of normal coordinates.

This method is essentially a generalization of the
method proposed long ago (called the “hybrid theory”)
for the simple case of a diatomic molecule [12]. When solv-
ing equation (2) under the boundary conditions that the
asymptotic form of ufl’ﬁ v 18 represented by a sum contain-
ing the incident plane wave of the projectile and the out-
going spherical wave, we obtain the K-matrix elements.
Therefore, the integral cross-section for the vibrationally
inelastic scattering is given by

Qn —n') = = > ST

o Uy

(4)

where T}¥7 , is the T-matrix element.

The interaction potential (V') between the impinging
positron and the molecular target is represented here by us
in the form of a local potential. Thus, V is described by the
sum of the repulsive electrostatic (Vi) and the attractive
positron correlation-polarization (Vjep) terms. To describe
the latter contribution we have employed over the years [8,
9] the simple parameter-free model potential introduced
by Boronski and Nieminen [13] for the short-range region
of r,, and have connected it smoothly with the asymptotic
form of the polarization potential —ay/ 21';1, with ag being
the spherical dipole polarizability of the target.

In addition, one can also adopt a simpler computa-
tional method which has often been employed to treat
vibrational excitation. It it called the adiabatic nuclear
vibration (ANV) approximation (see, e.g., [14]) where no
direct positron-nuclei dynamical coupling like in equa-
tion (3) is active during the scattering process. The T-
matrix elements are thus obtained as simple expectation
values from a quadrature with respect to the fixed-nuclei
(FN) T-matrix for each specific normal mode wavefunc-
tion of the target,

= [R (o (Y T R) (). (5)

In earlier calculations on the CH stretching vibrational
excitation of acetylene by positron impact [15] we had
employed the ANV approximation: it is therefore of inter-
est to see how well it behaves when one moves closer to
the threshold opening of that inelastic channel.

3 Results and discussion

To actually measure state-resolved, vibrationally inelas-
tic cross-sections has posed considerable difficulties for
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conventional, moderator-based positron beams, especially
because of the inherent methodological limitations of the
energy resolution since, for vibrational energy transfer
measurements, the corresponding levels could lie any-
where between a few meV and up to 500 meV.

Hence, there have been only a few attempts at measur-
ing vibrational excitation cross-sections with conventional
beams, using time-of-flight detection [16,17].

Later, subsequent work was carried out using trap
based beams and it has managed to fully resolve the g
mode of CF4 [18] and to further obtain vibrational excita-
tion cross-sections for CO, Ha, CO2, CH4 and CFy4 [19,20].

In spite of the variety of systems which have been ex-
amined in recent years, however, no experimental data are
available for the vibrational excitation of CoHs, although
several studies concerning positron interactions for that
molecular gas have already attempted. For example, the
vibrational enhancement of the annihilation rates has been
detected experimentally by Gilbert et al. [21] while mea-
surement of total cross-sections without resolving vibra-
tional excitation were reported by reference [22].

On the theoretical side, the elastic cross-section be-
haviour has been studied before [23-25] and we have
further investigated the appearance of low-energy vir-
tual states when the CoHs molecule is vibrationally ex-
cited [26]. We have also modelled the Z.5 enhancement in
the presence of vibrationally excited target molecules [27]
and, more recently, we have analysed the threshold fea-
tures of the CH stretching mode by calculating the rele-
vant cross-sections within the ANV approximation [15].

In the present study the molecular geometry has
been optimized at the Single-Determinant, Hartree-Fock
level as implemented in the program package GAUS-
SIAN 98 [28] using the D95** basis set. The final en-
ergy value turned out to be —76.8325443 Hartree. The
roo distance was found to be 1.191 A and the rogy was
1.060 A, to be compared with the experimental values [30]
of 1.203 A and 1.060 A, respectively. The two symmetric
stretching modes, the C-H stretch and the C=C stretch,
were computed as outlined in our earlier work [29] and
the corresponding pseudo 1D potential energy curves ex-
tended over four vibrational bound levels. The spacing
between the C—H stretch levels was of 3681.0 cm ™!, while
the one for the C=C stretch was of 2205.0 cm~!. They
are to be compared with the experimental values [30] of
3372.5 cm ™! for the voy and of 1973.3 ecm™! for vec.

The scattering calculations followed the coupled-
channel approach discussed in the previous section and the
interaction potential was matched at long range with the
dipole polarizability coefficient that was calculated over
the same range of molecular geometries as the normal
modes of above. Care was taken to rescale its values to
match the experimental value at the equilibrium geome-
try (28.68 D), which was the only available experimental
datum (calculated value: 15.89 D).

The range of computed rocc and rop values went ac-
cording to the data given by Table 1.

The multipolar expansion of the potential was carried
out up Apqr = 48, while the scattering wavefunction re-

409

Table 1. Range of geometries used in the calculation of the
vibrational nominal modes.

variable  lower limit  upper limit
CC-stretch
rec 1.011 A 1.372 A
rcu 0.993 A 1.127 A
CH-stretch
roc 1.121 A 1.262 A
TCH 1.336 A 0.784 A

tained partialwave values up to L. = 24. The radial
integration grid was extended up to 978 points in all cal-
culations.

The three panels of Figure 1 report the partial, integral
cross-sections for the excitations among the lowest three
levels of the C=C stretching mode. One clearly sees there
that, by the time we include the highest potential mul-
tipoles the cross-sections have converged rather well: the
addition of further vibrational coupled channels beyond
n = 2 did not change their values.

As expected, the og_.1 excitation yields the largest par-
tial cross-section while all of the excitation cross-sections
show the same energy dependence: the appearance of a
strong threshold peak and the rapid decrease of the exci-
tation probabilities within 2-3 eV above thresholds.

The corresponding superelastic collisions are shown by
Figure 2, where one sees how much larger they turn out to
be near threshold, an indication of the amplifying effect
due to virtual state formation as surmised by our previ-
ous work on this molecule [26,27]. One also detects from
the energy behaviour that such enhancement effect, as ex-
pected, essentially disappears at collision energies away
from threshold.

The corresponding partial excitation cross-sections for
the symmetric C—H stretching mode are reported by Fig-
ure 3, where the three panels show, from top to bottom,
the 091, the op_o and the o;_.5 excitation processes.
The single-quantum excitations (top and bottom panels)
are occurring more efficiently than the Av = 2 process,
a feature that was also present in the results of Figure 1
for the C=C mode. In the case of the C—H stretch, as in
the previous data of Figure 1, we see that the threshold
peak associated with the (0 — 1) transition decays very
rapidly and the same occurs for the other two excitation
processes presented in Figure 3. In other words, all exci-
tation mechanisms act very close to the threshold ener-
gies and become very rapidly less efficient as the energy of
the impinging positron increases. Given the weak coupling
which exists between the projectile and the nuclear mo-
tion, we therefore see confirmed what had been observed
thus far in all other inelastic cross-section behaviour [25,
29], i.e. that the energy transfer efficiency is largest when
the positron low residual energy allows for much longer in-
teraction times. On the other hand, et projectiles which
impact at energies much larger than the threshold energy
for that channel cause a much reduced energy transfer ef-
fect [26].
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Fig. 1. An = 1 vibrational excitation cross-sections for the
CC-stretch vibration. The levels involved are n = 0, 1 and 2.
The results for different partial wave expansions are shown.
The solid line refers to | = 12. The dotted (I = 18) and dashed
(I = 24) lines nearly coincide so only ! = 18 is shown in the
figures.

The data given by Figure 4 present the partial cross-
sections for the superelastic (vibrational cooling) collisions
from the first two vibrationally excited levels: as seen be-
fore, the size of such partial cross-section changes dra-
matically when one moves from the v = 1 to the v = 2
initial states. Furthermore, we see that here again the ef-
ficiency of the vibrational cooling of the target molecule
dies out very rapidly as the collision energy increases: the
same type of mechanism, therefore, is present here as it
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Fig. 2. Vibrational de-excitation cross-sections for the CC-
stretch vibration. The results for different partial wave expan-
sions are shown.The dotted (I = 18) and dashed (I = 24) line
nearly coincide.

was discussed before. On the whole, however, the cooling
cross-sections are by 1 or 2 orders of magnitude larger
than the excitation cross-sections.

It is also of interest to compare the excitation be-
haviour for the two modes we have discussed in the present
work and to possibly indicate which of the two may pro-
vide the more efficient path to molecular “heating” by
low-energy positrons.

The previous results for the excitation cross-sections
are therefore compared in the three panels of Figure 5. We
have reported there calculations carried out for the (0 —
1) (top panel), (0 — 2) (middle) and (1 — 2) (bottom
panel). The C=C stretching excitation process is clearly
seen to yield the larger excitation cross-sections between
the two symmetric stretching modes we have analysed in
Figure 5. The lower excitation, in fact, is at threshold
about a factor of five larger for the C=C bond than it is
for the C—H bond and this ratio is qualitatively reduced
to three for the two excitation cross-sections reported by
the other panels of the same figure.

In other words, we see that to excite a mode with less
energy needed in the transition is favored in cases where
no permanent dipole moment in the target molecule plays
a dominant role in the scattering and where the modes
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Fig. 3. Same as in Figure 1 but for the CH-stretch vibrations.
The results for different partial wave expansions are shown.
The solid line refers to | = 12. The dotted (I = 18) and dashed
(I = 24) lines nearly coincide so only the [ = 18 calculation is
shown in the figures.

considered are IR inactive as in our case. Further, we can
say that the weak distortion induced into the molecular
nuclear motion by the positron impact favors excitation
where a smaller amount of energy is transferred, as is
the case for the C=C bond. Thus, the C=C distortion
process is seen to occur more efficiently in spite of the
multiple-bonding nature of that configuration, while the
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Fig. 4. Same as in Figure 2 but for the CH-stretch vibrations.
The results for different partial wave expansions are shown.
The solid line refers to the I = 12 calculations. The dotted
(I = 18) and dashed (I = 24) line nearly coincide so only the
I = 18 is shown.

stronger C—H bond is less efficiently affected by the im-
pacting positron.

On the other hand, at collision energies where both
channels are opened the two excitation cross-sections show
at first (0.45 < E o < 0.6 €V) a dominance of the (C-H)
excitation and then, as the E.,;; increases, the two excita-
tion cross-sections become comparable in size. This find-
ing is also confirmed by the data in the middle and lower
panels of Figure 5.

The data reported by Figure 6 further show the energy
dependence, for both the symmetric modes, of the aver-
age energy transfer index from the v = 0 initial levels of
the C-H and C=C stretching excitation. Such an index is
defined as [29]:

all
(AB)=0 — 2izo AEo—1 X 00— (©)
vib T all
Zi;ﬁo 00—3

and provides an indicator of the efficiency with which the
positron beam is transversing the neutral gas and is thus
providing vibrational heating of the molecules in it by col-
lisional energy transfer.
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Fig. 5. Comparison of vibrational excitation cross-sections for
the CH-stretch (solid line) and the CC-stretch (dashed line).
Only results for [ = 24 are shown.

The energy spacing values, AFEy_.;, were obtained
within the harmonic approximation, using the frequency
values already mentioned in the previous section.

It is interesting to see the comparative effects on the
index behaviour of two conflicting features of the collision
process: the amount of energy being transferred in a single
scattering event (larger for the CH stretching mode) and
the size of the quantum dynamical channel which causes
the transfer (i.e. the partial inelastic cross-sections, larger
for the C=C excitation). At the very low collision ener-
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Fig. 6. Computed average vibrational energy transfer index
defined by equation (6). The results refer to CC excitation
(solid line) and to CH excitation (dashes).

gies right after the threshold openings we see that the CC
mode excitation dominates the energy transfer efficiency.
On the other hand, as the collision energy increases we
see that the CH mode is increasingly providing larger ef-
ficiency indices and clearly dominates the energy transfer
process.

4 Present conclusions

We have carried out quantum scattering calculations for
the vibrationally inelastic cross-sections of the two stretch-
ing modes of the CoHs molecular gas by impact of low-
energy positrons. The calculations were performed at the
coupled-channel level (BF-VCC) and therefore allowed us
to obtain realistic cross-sections down to the threshold
openings for both excitation processes (i.e. from about
28 meV and about 450 meV, respectively).

Our results at thresholds clearly indicate the domi-
nance of the C=C excitation cross-section size over that
for the C—H bond excitation mechanism, a feature which
thus provides average energy transfer indicators close
to thresholds which are larger for the C=C symmetric
stretching mode than for the C—H mode. One also sees
from the present results that all excitation processes ex-
hibit a very marked threshold peak for both modes and
for all the different transitions between the lower levels.
Those findings suggest that positron excitation of vibra-
tional modes is a fairly inefficient process which chiefly
occurs close to threshold energies and which becomes al-
most negligible when the interaction times are shorter at
the higher positron collision energies away from thresh-
olds.

It is also interesting to note that, although the
CH stretching mode shows in this system the presence
of fairly small cross-sections of about 0.7 A2 at the
threshold peak, similar symmetric stretches in the CHy
molecule [8] showed threshold peaks around 0.08 A? and
the Hs molecules exhibited an excitation peak of about
0.1 A2 [31]. Even the CO molecule was observed to have
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an excitation peak of about 0.25 A? [32], all values which
are smaller than the present findings for the threshold be-
haviour of the CH spectra in acetylene. Thus, one can say
that, given the basic difficulty for the light positron to ex-
cite molecular vibrational modes, the present calculations
indeed indicate that the CoHy gas should be among the
most likely to undergo vibrational heating by positron col-
lisional energy transfer mechanisms to its C=C and C-H
vibrational modes.

Another interesting result is given by the evaluation of
the average vibrational energy transfer indicators: in the
region of scattering energies where both channels are open,
the data in Figure 6 indicate an initial dominance of the
(CH) excitation mode, followed by larger (CC) efficiency
at intermediate energized (0.6 < E.o < 0.9 eV) with a
clear dominance of the heating efficiency of the (CH) mode
at energies above 1 eV.
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