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Abstract. Total cross-sections have been measured for the associative ionisation of CT +0~, NT + O~
and O 4+ O~ by means of a merged-beam set-up operating with keV beams. These original measurements
might be relevant to the understanding of some astrophysical objects or laboratory-made plasmas (flames
and etching plasmas). The magnitude of these cross-sections is particularly large whatever the associating

14

system, as these are in the range of 1 x 107" cm

at thermal energies. Their behaviour as a function

of energy significantly differs from one system to another, and is characterised by the Wigner law at low
energy, and a rapid fall-off at higher energy due to competition with non-associative ionisation processes.

PACS. 82.30.Nr Association, addition, insertion, cluster formation — 31.10.4+z Theory of electronic
structure, electronic transitions, and chemical binding — 95.30.Ft Molecular and chemical processes

and interactions

1 Introduction

Among the possible reaction mechanisms leading to the
formation of diatomics in binary collisions, associative ion-
isation is the fastest one, as autoionisation may occur on
the same timescale as the collision, while photon emission
is slower by several orders of magnitude. The latter pro-
cess, i.e. radiative association, is often considered as dom-
inant in space, since excited atomic reactants are needed
for associative ionisation to proceed. An exothermic Al
channel exists, that involves negative and positive ions.
However, negative ions are easily destroyed by radiation
and charge exchange, reducing the possible contribution of
the process to the global molecular synthesis, and explain-
ing why the reactions between ions have been overlooked
in astrophysical considerations.

Carbon monoxide was detected in emission in the spec-
trum of supernova 1987A, and probably also its ion, COT
(see Ref. [1]). Dalgarno et al. [2] listed possible mecha-
nisms that would lead to these species, and among them,
they focused on the radiative association (RA) processes:

C+0 — CO + hw, (1)
Ct+0—CO" + hw. (2)
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At room temperature, they calculated RA rate coefficients
of 0.21 and 2.5 in 1 x 1078 cm?s™! units, for approach
along the CO(A'IT) and CO™T(A2%II) states, respectively.
These are indeed very low rates. Moreover, they did not
consider as an alternative to the production of the ion, the
associative ionisation (AI) process:

C+0—CO" +e (3)

most probably due to the endothermicity of this reaction
for the four lowest neutral pairs C 4+ O (2.92 eV for the
ground state reactants). Nevertheless, the upper pairs give
rise to an exothermic process (3), as in the case of Al
between charged reactants

CT+0™ - CO" +e (4)

which is the subject of the present paper. Similarly, the
latter reaction was not listed as a possible source of carbon
monoxide cations in reference [2]. This is indeed a little bit
surprising since in a review article published two years af-
terwards, Dalgarno [3] included in his reaction scheme the
fragile O~ anion for the mantle chemistry of the super-
nova and considered its immediate destruction through
the associative detachment process:

C+0" —CO+e. (5)

This would imply that process (5) is held for even more
efficient in terms of the O~ removal than the AI process,
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but the very large total cross-sections to be presented be-
low tend to contradict that assumption.

The N + O radiative association process and its re-
verse, the photodissociation, was the subject of an experi-
mental investigation by Mandelman et al. [4]. Their main
result concerns the total RA rate coefficient for which they
found a value of 15 x 107!® cm?s~!, without indication of
the temperature this would refer to. There is another exit
channel that results from the N + O collision and gives rise
to the associative ionisation process. Particular emphasis

was put on:
N(*S,2D) + O(*P) — NO " (5F) + e (6)

both theoretically, by Nielsen and Dahler [5] and experi-
mentally for N(?D), by Ringer and Gentry [6], in a merged
molecular beam. Cross-sections as large as 0.6 x 10716 cm?
were found at the maximum of the experimental curve.
Moreover, Bertrand and van Tiggelen [7], and Bredo
et al. [8] acknowledged the process:

N(D,?P) + O(*P) » NO" +e (7)

to be the primary source of the nitrogen oxide cations in
ammonia and hydrogen-oxygen-nitrogen flames. The con-
tribution of the AI process that arises from the charged
reactants NT + O~, and for which we will present below
the total cross-sections, is not mentioned by these authors,
as collisional detachment of negative ions is assumed to
prevail in hot environments.

The radiative association and inverse predissociation
of oxygen atoms, were the subject of a theoretical work by
Babb and Dalgarno [9] using quantum-mechanical meth-
ods. They found at temperatures below 1000 K that the
RA process occurs by approach along the 1211, state of O
whereas above the same temperature, the inverse predis-
sociation through the B3X is the dominant mechanism.
Capitelli and Ficocelli [10] reported about collision inte-
grals of oxygen atoms in different electronic states. More
particularly, they provide us with informations for the in-
teraction O(3P) 4+ O(®P), considering both repulsive and
bound states of Os. To the best of our knowledge, there
is no available information in the literature about the as-
sociative ionisation process leading to the OF ion, nei-
ther originating from O + O, nor from O% 4+ O~. We will
present below the total cross-sections for the latter reac-
tion.

The paper is organised as follows. The next section will
present the experimental set-up and changes with respect
to the previous studies. Then, the experimental procedure
will be described and the complications that arise from
the degree of electronic excitation of the target cations
as well as to the finite energy resolution of the apparatus
are highlighted. This is followed by the presentation and
discussion of our experimental results and this section is
divided into three parts, corresponding to the C+ + O~
Nt 4+ 0O~ and O" + O~ systems, respectively. A conclu-
sion is finally given.
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Fig. 1. Sketch of the merged beam apparatus.

2 Experimental set-up and changes
with respect to previous studies

Although the description of the experimental set-up can
be found in recent published works [11-13], some modifi-
cations were recently achieved that we shall report on, to-
gether with the main features of the technique. The whole
machine can be divided into four sections pumped in ultra
high vacuum as shown in Figure 1. The first one includes
the ion sources, the acceleration, the mass selectors as well
as the beam optics. The second one is the place where
the two ionic beams are merged and animated, whereas
the third one corresponds to the 6.8 &£ 0.2 cm long in-
teraction region (see below the discussion). The last one
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contains the magnetic analyser where the intensities of the
primary beams are recorded and the reaction products de-
tected (the molecular cation for the associative ionisation
process). Since the second and third regions have not been
modified, we will focus our description on the two other
parts.

The main changes in the first region concern the
cationic primary beam (here C*, Nt and OT). The pre-
viously used Wien filter was removed and the mass se-
lection is now achieved upstream, just after the electron
cyclotron resonance (ECR) ion source outlet, by means
of a 30° magnetic sector. Moreover, the cylindrical deflec-
tor and quadrupole lenses formerly placed further down-
stream were also removed and replaced by a spherical
deflector and an electrostatic lens, respectively. The only
change that concerns the anionic primary beam (here O™)
deals with the use of a prismatic lens placed just down-
stream to the cylindrical deflector. The goal of all of these
changes was the improvement of the quality and inten-
sity of the beams. There were also some changes in the
fourth region where the detection of the reactants and
products takes place. The Faraday cup to monitor the
primary anionic beam was redesigned. More importantly,
a cylindrical deflector was added at the outlet of the mag-
netic analyser before the channeltron detector that records
the molecular cations. This allowed a drastic reduction of
the noise hitting the detector.

3 Experimental procedure

The number of reactions N that occur within a certain
time 7T in a merged beam set-up, is connected to the ab-
solute cross-section o by the following expression:

T
N(T)zaL/ dt/dz
q192v1v2 Jo L
+oo +oo
<[ iGwatiss oy ©)

where v, v1, va, q1, g2, j1, jo depict the relative veloc-
ity, the laboratory velocities, the charges and the current
densities of the two beams, respectively, and L is the in-
teraction length.
Equation (8) may be rewritten to separate the beam
intensities from their geometrical distribution:
Ur

e F /O L) () dt (9)

where I; and I represent the currents of the target ions,
and the parameter F' is the so-called form factor that ac-
counts for the degree of overlap of the two interacting
beams and is assumed to be time independent in the ex-
pression given above. Its mathematical formulation is:

N(T

=0

F:
fL dz fj_oos j_:oo jl(maya Z)jQ(Iaya Z)dI dy

[ [ Gy, 2)dady [T [T ja(a,y, 2)da dy
(10)
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The form factor is a critical parameter in an absolute
cross-section determination but it is also non-trivial to
evaluate, since it involves the measurement of the density
profiles of the two interacting beams. However, there is
a method that allows one to overcome this difficult mea-
surement. Indeed, if the two beams exhibit a sharply char-
acterised section, that means uniform densities, but also
fully overlap over a known region L, the form factor is
simply expressed by:

L

F=—
S>

(11)

where S~ denotes the section of the largest beam. In prac-
tice, the conditions to apply this simplified expression are
fulfilled by strongly diaphragming the two beams just be-
fore they interact, namely by only making use of the cores
of the two reactant beams. This is of course at the expense
of the beam intensities. From the latter formula, it is also
clear that the interaction length L shall be defined cau-
tiously. This is achieved by applying a certain observation
voltage V' to the interaction region. As a result, the molec-
ular cations formed in this region experience an increase of
their kinetic energy by an amount +eV and become com-
pletely distinguishable, after magnetic analysis, from other
molecular cations produced anywhere else. The interac-
tion length is therefore equal to that of the region where
the electric potential is equal to V' and the 3% uncer-
tainty, quoted above, is determined both by the (known)
energy resolution of the magnetic analyser (connected to
the energy dispersion of the two interacting beams) and
the inhomogeneity of the potential at the entrance and
exit regions of the interaction region where gradients take
place.

The kinematics of the merged beam experiment gives
the centre-of-mass energy Ecp,:

Fo = 1 \/QQ(sz)\/Q1(A1V)

ma2

with p, Ay, Az, m; and mg, the reduced mass, acceler-
ating voltages and masses, respectively. Thus, a fine ad-
justment of the centre-of-mass energy can be achieved by
changing the observation voltage and more specifically,
low centre-of-mass energy cross-sections are measurable
down to 10 meV, provided that a critical analysis of the
energy resolution is performed (see below). In the present
measurements, the acceleration voltages for the Ct, NT,
OT and O~ ionic beams were 7, 7, 6 and —7 kV, re-
spectively and therefore, the theoretical observation volt-
ages (for zero centre-of-mass energy) were 1000, 467 and
—500 V for the CT+O~, N* + 0O~ and O" + O~ sys-
tems, respectively. The beam intensities were 58, 80 and
30 nA for CT, Nt and O, respectively, whereas it ranged
between 16.5 and 30 nA for O~, depending upon the set
of measurements. The detection efficiency for the collec-
tion of the molecular ions has been measured to be 98%,
by coincidence measurements of collision-induced dissoci-
ation of diatomics [14].

(12)
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The number of counts N(T") of molecular cations pro-
duced by the associative ionisation process is measured
with the channeltron detector located at the end of the
analysing system. Although the background contribution
was seriously reduced with the adjunction of a cylindrical
deflector, it had to be evaluated for the same acquisition
time T and subtracted from the apparent signal. This was
achieved by chopping the anionic beam and recording the
signal with anions ON and OFF, provided that this beam
did not give any background contribution by itself, which
was verified by stopping the cationic beam.

Before we present our data that deal with the as-
sociative ionisation process in C* 4+ O~, N* + O~ and
O + O~ collisions, we would like to emphasise possible
complications in their analysis, due to the experimental
configuration. In the next paragraph, we will treat both
questions related to the possible degree of electronic exci-
tation of the cationic targets and to the energy resolution
in the center-of-mass frame.

4 Degree of electronic excitation
of the target ions and energy resolution

The cationic beams were produced within the ECR ion
source, located about 2.6 m upstream from the interac-
tion region. The CT cations on one hand, the Nt and O*
cations on the other hand, were produced from electron
impact dissociation on pure carbon monoxide CO and ni-
trous oxide N3O, respectively. The anionic beam O~ was
extracted off-axis from a duoplasmatron ion source filled
with pure NO. If the electronic excitation of the target
beam O~ is obvious, since only the ground state 2p°® 2Pg /2
is stable, the answer to the same question for the cationic
counterparts is far from being as simple, and the piece
of elements that we shall develop are twofold. Are the
cations produced in excited states using the gases men-
tioned above? If so, do they have time to relax during the
residence time within the source and the time of flight
prior to reach the interaction region? It should be pointed
out that we did not have to face such problems in earlier
studies like the one concerning He™ + H~(D™) [12], be-
cause the first excited 2P state of He™ lies far above the
28 ground state, i.e. 40.8 eV.

For C* and below 10 eV, in addition to the P ground
state, there are two excited states, the P and 2D lying
at 5.33 and 9.29 eV, respectively [15]. For N* and below
6 eV, there are three states above the 3P ground state,
the 'D, 'S and °S, at 1.90, 4.05 and 5.85 eV, respec-
tively [15]. For O1 and below 6 eV, there are two states
above the %S ground state, namely the 2D and 2P at 3.32
and 5.02 eV, respectively [15]. An additional contamina-
tion might arise from the presence in the beams of doubly
charged molecular cations that have the same charge-to-
mass ratio as singly charged atomic cations. Nevertheless,
the large threshold energies needed for their productions
suggest that they were unlikely to be present in significant
proportions within the ECR ion source.
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4.1 Production of Ct cations from CO

There are few data in the literature on that subject, and
there are even fewer that treat the electronic excitation
of the CT cation. One has to consider an early study by
Ajello [16] who reports the so-called carbon lines at the
end of his paper. He stressed the fact that the strongest
atomic feature in his vacuum ultraviolet spectrum was
the Ct multiplet at 1335 A, and assigned this to the
C*(®D — 2P) transition. This is an experimental evidence
that we might have also populated at least the C*(2D) and
therefore the less excited CT(P) in our C* beam.

4.2 Production of NT and O™ cations from N»O

Two works are of interest for us, one dealing with the
photoionisation mechanisms on NoO and subsequent ion
dissociation by Berkowitz et al. [17], the other one deal-
ing with the oscillator strength measurement for the ionic
photofragmentation, by Hitchcock et al. [18]. At low pho-
ton energy, Berkowitz et al.’s explanation to the forma-
tion of O% is the autoionisation of Rydberg states con-
verging to the A2X7 ionic core, that presumably further
populate the A" ionic surface in the bent Cs geometry.
This latter surface lies between X2IT the and A2X lin-
ear ionic states, and correlates with the repulsive X~ in
the asymptotic linear region. Nevertheless, only the higher
portions of the *A” surface (higher vibrational levels)
are energetically capable of yielding O (*S) + N, (X' X).
Concerning the N* production, the same authors men-
tion the possible role of the C?X*, but also point out
the collision induced dissociation. The work by Hitchcock
et al. [18] gives support to the last point, since they also
mention that the O and NV fractions were significantly
pressure dependent. They suggest a “characteristic ionic
fragmentation process” that would involve a total break-
up of NoO™ that results from the autoionisation of asso-
ciated Rydberg states, and speculate that the atomic con-
stituents might be released with a random distribution of
the positive charges. This does not exclude electronically
excited N* and O™ cations to be produced.

Moreover, the presence of electronically excited cations
N+t and Ot was explicitly highlighted by Hamdan and
Brenton [19] on one hand, and by Reid [20] on the other
hand, who show that about 45% of the OT cations pro-
duced by electron impact of Oy were in the 2P and 2D
metastable states over a broad electron energy range.
Evidence of similar metastable contamination was also
demonstrated by Harrison et al. [21] in their Nt ion beam,
in particular with the 'D and 'S states.

4.3 Decay of excited cations

One has to evaluate the residence time of the cations
within the ECR source, add their time of flight to the
interaction region, and compare the numbers with the dif-
ferent possible transition lifetimes of the cations. The res-
idence time can be evaluated from Blakley et al. [22]
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(see also Sheehan et al. [23]). For a six centimeters inner
diameter cylindrical ion source and for a typical pressure
of 9 x 107° mbar, these residence times are 1.4, 2.0 and
2.1 ps, for Ct, Nt and OT, respectively. The correspond-
ing times of flight are 8.4, 8.7 and 9.3 us, respectively.

For the C* cations, the radiative lifetimes correspond-
ing to the 2D — 2P and *P — 2P transitions, are 3.5 ns
and at least 6.7 ms, respectively. This means that if ever
produced (and there is evidence it was), the 2D state might
have had time to decay entirely, and therefore our C*
beam might have been comprised of a mixture C* (2P and
4P) of unknown proportion. For the N* cations, the ra-
diative lifetimes corresponding to the 3D — 3P, 55 — 3P,
1S — 1D and 'D — 3P transitions, are 2.6 ns and at least
5.5 ms, 855 ms and 275 s, respectively. It is clear that, if
ever produced, the °S, 'S, 'D and P states of Nt were
populated. For the O™ cations, the radiative lifetimes cor-
responding to the 2P — %S and 2D — %S transitions, are
at least 19 and 6 290 s, respectively. The lifetime value for
the fully allowed 2P — 2D transition is in the nanosecond
scale. Therefore, if ever produced, the 2D and S states
of O were populated in the interaction region. It shall
be stressed that we did not include possible collisional
quenching within the ECR source because of the lack of
data on the subject, but it is unlikely, since the pressure
in the source was rather low, as mentioned above.

4.4 Collision energy resolution

This is a very important matter as already stressed above,
especially for the low centre-of-mass energy data that we
will present next. We treated this issue in the following
way. The form factor and collision velocity distributions
are obtained by numerical simulation of the particle dis-
tribution limited by the set of defining apertures (1.5 mm
in diameter), present along both beam trajectories. The
interaction volume is discretised, and all possible pairs
of trajectories emerging from discrete surface elements of
the first defining aperture are considered, provided they
are transmitted by the second defining aperture located
at the entrance of the biased interaction region. The an-
gle formed by the velocity vectors is computed, and the
corresponding histogram built. Finally, the collision en-
ergy distribution F(FE¢y) is obtained by folding this an-
gular distribution f(0) with the Gaussian energy spread
of both beams, g(E;) (our model assumes 5 eV FWHM of
energy dispersion for both ionic beams), using the equa-
tion relating the collision energy to the particle velocity
vectors:

F(Een) = [[[ atE09(E 110)

s (Ecmu Ei | E E\E;

mimeso

my

+ —= -2 cos 0

ma

) dE dE»dd.
(13)

The apparent cross-section is obtained by dividing the re-
action rate by the velocity detuning vq (defined for rigor-
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ously parallel and monoenergetic beams):
14 m
Oapp = /U(Ecm);—dF(Ecm)dEcm- (14)

In the case of pure Coulomb interaction, the cross-section
behaves like E_! in the low energy limit, and the apparent
cross-section is then:

F(Eem)
Vv EcmEd

The corresponding curves for CT, N* and O are scaled
to the data in Figures 2a—2c.

ABem. (15)

Oapp X

5 Presentation and discussion
of the experimental results

Figures 2a—2c¢ display our measured associative ionisa-
tion cross-section curves as a function of the centre-of-
mass energy of the ionic reactants. The critical issue
connected to the energy resolution of the apparatus is
discussed above and is such that we restricted our pre-
sentation to energies greater than 10 meV. The error bars
along the vertical axis represent only the statistical un-
certainties on the cross-sections. The graphs do not in-
clude the 6% systematic uncertainties that we estimate
to be at a one sigma level, in order to show the overall
shape of the measured cross-sections. The systematic un-
certainties are divided as follows: 3% on the interaction
length, 1% on both beam intensities, 1% on the relative
velocity and 5% on the scanning area S-, every contri-
bution being added quadratically. At 10 meV, the cross-
sections are in the 10™'* cm? range, thus ten times greater
than those found for He™ + H(D)~ — HeH(D)™" + e [12]
or Hy(Dy)™ + H(D)~ — Hj (HeD*,HDJ or D3) + e [13].
We shall first describe each studied system individually
and then make a comparison.

The associative ionisation (AI) process is presented in
Figure 2a. The full line below 1 eV represents the effec-
tive cross-section obtained by folding the calculated colli-
sion energy distribution with a model cross-section with a
E~! energy dependence, typical of a pure Coulomb inter-
action (see section above). The model fits extremely well
our data and especially the apparent departure from this
energy dependence below 40 meV and due to the finite
energy resolution of our apparatus. At very low centre-
of mass energy, the AI process populates few electronic
states of the molecular cation COT and for each of them,
several ro-vibrational levels. Therefore, this measurement
refers to total AI cross-sections. The electronic states
are: X2X+, A%II, B2X* (the two first ones correlate to
C*(?P) + O(®P) and the latter one to C*(?P) + O('D))
and are shown in Figure 3a that displays the potential
curves relevant to this study. At higher energies, the con-
tributions of the states C?A, (not shown in the figure)
and D?II (that correlates to C*(?P) + O(3P)) might be
large as well. If one assumes that the associative flux is one
hundred percents efficient to populate one of the specific
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Fig. 2. Total Al cross-sections. (a) The data in full circles represent the associative ionisation process for C* 4+ O~ whereas the
full line shows the normalised data with the E~' dependence (see text). (b) The data in full squares represent the associative
ionisation process for NT + O~ whereas the full line on the AT curve shows the normalised data with the E~' dependence (see
text). The data in open circles are those concerning the AI process for the NO* (X Iyt o= 0) channel obtained by Le Padellec
et al. [25] and using the DB model. The data in open circles with a cross, represent the mutual neutralisation cross-sections by
Hayton and Peart [29] with a high energy extension in full line, also by the same authors. (c) The data in full triangles represent
the associative ionisation process for O + O~ whereas the full line shows the normalised data with the E~" dependence (see
text). The data in open circles represent the mutual neutralisation cross-sections by Hayton and Peart [29] with the same type

of high energy extension than in (b), in full line.

electronic states mentioned just above, an upper limit to
the AT cross-section is:

NIII'],X 1 2p2
2uEem

The energy dependent Np.x is related to the centrifu-
gal distortion of the potential curve corresponding to this
electronic state, the reduced mass of the interacting sys-
tem is p and the AI centre-of-mass energy is Fep. The
suitable Nyax for the X2X+ ground state at 10 meV col-
lision energy is around 180, which gives a cross-section of
3.0 x 107'3 cm?. The measured value is 3.7 x 107 cm?2,

OAl (Ecm) =

thus eight times lower than the former value, and is there-
fore an indication that electronically excited states of the
molecular cation CO™ might be populated by the Al pro-
cess (the corresponding Ny.x for these states are smaller).
It could also arise from the low multiplicity of the reaction
channel responsible for Al.

It is very difficult (if not impossible) to give a quali-
tative and quantitative description of this Al process due
to the poverty of the relevant molecular data. Indeed, we
know from the correlation rules that twelve states cor-
relate to the CT(2P) + O~ (?P) limit and seven of them,
poorly known if at all, are shown in Figure 3a. These are
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Fig. 3. Potential curves relevant to this study. The conventions are the following. The full lines represent the neutral states with
the ion pairs as asymptotic limits, taken from [32]. The dotted lines represent the ionic states whereas the dashed ones are those
for the neutral states with the neutral asymptotic limits. (a) Potential curves relevant to the C* + O~ system. (b) Potential
curves relevant to the N* 4+ O~ system. (c) Potential curves relevant to the Ot + O~ system.

the 13X1(2), 13X 7(1), 1311(2) and 13A(1) states. The
numbers in parentheses represent the number of electronic
states of that particular symmetry. As can be seen in the
figure, the crossings between these neutral curves (that
correlate to the C*(?P) + O~ (?P) asymptote) and the
cationic curves appear more favourable for the production
of the COT (A%II and B?X™, low v) states than for the
CO* (X2X7%) ground state. This is in concord with the
point made above. Depending upon what is the center-of-
mass energy of the C* 4+ O~ system, several channels are
(or become) open over the studied energy range (<20 eV):

— CO(X'X)420.89 eV (17a)
— C(*P)+0(*P)+9.80 eV (17b)
— COT(X?TT)+et+6.88 eV (17¢)
Ct(’P)+0~ (*°P) — CT(*P)+0O(*P)4e—1.46 eV (17d)
— O (*9)4+07(*9)—2.56 eV (17¢)
— C(*P)+0T(*S)+e—3.82 eV (17f)
— CT(*P)+07(*S)+2e—15.08 eV  (17g)
— CO*"(X?IT)+2e—-20.38 eV. (17h)

The three first channels are always open. In the mid seven-
ties, Locht [24] reported an experimental work concerning
the radiative association (Eq. (17a)). To the best of our
knowledge, nothing has ever been reported on the mutual
neutralisation (MN) process of C* + O~ (Eq. (17b)), con-

trary to the N* 4 O~ and O™ + O~ systems, see below.
The neutral dissociative states of CO are responsible for
this process but are unfortunately poorly known; one of
them, the D’ XF, is represented in Figure 3a and corre-
lates to the ground state C(3P) + O(®P) limit. Moreover,
this might not be the most contributing state since the
MN process is essentially a large impact parameter pro-
cess (see the NT 4+ O~ section). The associative ionisa-
tion (Eq. (17¢)), together with the other five processes,
has never been the subject of any reported work prior to
this one. There is an interplay between the six ionisation
processes (Egs. (17¢-17h)), and also those occurring at
even higher energies, where the measured cross-section is
vanishingly small. For the description of the channel in-
terplay, one shall refer to Figure 4 where the curve oF
is plotted against E (in full circles), a useful representa-
tion to amplify curve fluctuations. Below about 1 eV, and
apart from the points below 40 meV affected by the energy
resolution (see above), only a structureless E~! energy
dependence can be seen, which obviously gives a constant
oFE in the representation we have chosen. Between 1 and
3 eV, a rather weak positive signal on top of this E~!
dependence is observed, due to the increasing number of
accessible rovibrational levels in CO*. This might obliter-
ate the competition with the C*(?P) + O(3P) +e channel,
expected to reduce the Al probability above 1.46 eV. On
the other hand, the rapid fall-off of our measured cross-
sections above 2.4 eV does not coincide with the open-
ing of the C(3P) + O*(*S) + e channel. One is left with
the C~(1S) + O*(*S) and CT(®P) + O(®P) + e channels
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Fig. 4. oF over E representation (see text). Same symbol
conventions as in Figure 2.

to explain the sudden drop of the cross-section. The slow
predissociation of highly excited rotational states of COT
may add to the molecular ion yield recorded in the ex-
periment, and hence delay the fall-off of the cross-section
to energies above the centrifugal barrier, the magnitude of
which we estimate to be around 0.6 eV. The cross-sections
become weaker and weaker to reach a non-measurable
level just below 15 eV where they present an even more
abrupt decrease. This might be connected to the open-
ing of the CT(*P) + O*(%S) + 2e channel to which the
CO*T(X3II) correlates.

The corresponding Al process is displayed in Fig-
ure 2b. The full line below 1 eV represents the effec-
tive cross-section for a pure E~!' dependence, as ex-
plained above. The model fits reasonably well the data
below 0.2 eV. At very low centre-of-mass energy, few elec-
tronic states of the NO™ ions can be populated and for
each of them, several ro-vibrational levels. These elec-
tronic states, displayed in Figure 3b, are: XX+, a3X7,
b3, w3A, V33X~ ALY~ w'A and AT (the two first
ones correlate to N(*S) + O*(*S) and the latter ones to
N*(3P) + O(®P)). Using again equation (16) with the
suitable energy dependent Ny, for NOT(X!X%) that
is to say about 220, one gets a value slightly larger
than what was found for CO™ for the cross-section at
10 meV, thus 4.3 x 1072 c¢cm?. The measured value is
around 2.4 x 10714 ¢cm?, thus about eighteen times lower
than the former value, and might indicate that electron-
ically excited states of NOT are populated by the Al
process. We know from the correlation rules that twelve
states correlate to the lowest N*(3P) + O~ (?P) limit and
one of them is shown in Figure 3b. The contribution to
AT of a small fraction of those entrance channels can
explain the lower value observed for the cross-section.
These are the 24X+(1), 24X(2), 2411(2), and 2*A(1)
states. For the next limit, N*(1D) + O~ (?P), there are
nine (2X7(2), 2X (1), 211(3), 2A(2), 2¢(1)) correlating
states and two of them are displayed in Figure 3b. The
crossings between the neutral potential curve that cor-
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relates to NT(3P) + O~ (?P) and the cationic potential
curves, seem to favour the production of NOT excited
states with low vibrational quanta, while for the ground
state NO1(X'X*), this crossing occurs at large v. The
point made concerning the disfavoured contribution of
the XX+ ground state (v = 0) ion is in perfect agree-
ment with the recent finding by Le Padellec et al. [25].
Indeed, using the heavy ion storage ring CRYRING lo-
cated at Stockholm University, they measured the ion
pair formation from the dissociative recombination of
NO'(X'X*, v = 0), namely the reverse process to that
under study. They made use of a simple model based on
the detailed balance principle and extracted the useful in-
formation that the NOT(X!X* v = 0) channel is a very
minor product of the Al process; the extrapolated data are
shown in Figure 2b. Depending upon what is the center-of-
mass energy of the Nt 4 O~ system, several channels are
(or become) open over the studied energy range (<30 eV):

— NO(X?II,)+19.55 eV (18a)
— N(*S)+0(*P)+13.07 eV (18b)
— NOH (X' 5 )+e+10.29 eV (18¢c)
NT(P)+0™ (°P) — N(*S)+0T(*S)+e — 0.54 eV (18d)
— NT(P)+0(P)+e—1.46 eV (18e)
— NT(PP)407(*S)4+2e—15.07 eV (18f)
— NO*T(X?Z)+e—18.85 eV. (18g)

The three first channels are always open. To the best of our
knowledge, nobody has ever reported on the radiative as-
sociation in N 4+ O~ collisions (Eq. (18a)). Nevertheless,
the comments made concerning the previous system are
still valid. At least four works were reported on the mutual
neutralisation of N* + O~ (process (18b)): by Aberth and
Peterson [26], Olson et al. [27], Peart et al. [28] and Hayton
and Peart [29]. The two former works give results that dif-
fer from the two latter ones, but according to Peart et al.,
it might be possible to rationalise these discrepancies by
the difference in internal excitation of the NT target. The
issue connected with the possible presence of metastable
states in the cationic beams is indeed a critical one. We
decided to display in Figure 2b the results from the most
recent work by Hayton and Peart [29] in order to show how
they compare with our AI data. If the entrance channel
is the same (N + O7), there are some important differ-
ences. Indeed, the mutual neutralisation is essentially a
“long-range” process whereas the associative ionisation is
typically taking place at shorter internuclear distances, in
the Franck-Condon region. If one extrapolates Hayton and
Peart’s data at lower energy with a E~! dependence, one
gets a value of 3.2 x 107'2 cm? at 10 meV, and therefore
an averaged impact parameter of \/o/m = 101 A.

To some extent, some of the neutral dissociative states
of NO that are mainly relevant to the dissociative recom-
bination process, might also contribute to the MN pro-
cess. The corresponding potential energy curves of NO
(B%II, A?X*, I?Y*, B?A and L?II) are shown for
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completeness. The associative ionisation (Eq. (18¢)) is the
main subject of the present paper and, together with
the other four processes (Eqgs. (18d-18g)), has never been
the subject of any reported work prior to this one. There
is again interplay between these five ionisation processes
(Egs. (18c-18g)) and we again make use of the oF rep-
resentation in Figure 4. Below about 0.4 eV and apart
from the points below 100 meV affected by the energy
resolution (see above), only a structureless E~! energy
dependence can be seen in Figure 2b and to less extent
in Figure 4. Between 0.4 and 2 eV, a rather weak pos-
itive signal on top of the E~! dependence is observed
in Figure 4, due to newly accessible ro-vibrational lev-
els of NOT, which might obliterate the opening of the
N(*S) + O*(4S) + e channel at 0.54 eV. The faster de-
crease of the cross-section, occurring above 0.9 eV, may
be produced by that channel, when no more long-lived ro-
tational states of NOT can be formed that would survive
the time of flight to the detector, namely above the 0.6 eV
centrifugal barrier. However, its effect seems to be much
weaker than in the CO™ case. The population of that dis-
sociative channel requires a major rearrangement of the
system, and corresponds to transfer ionisation, instead of
a simple electron detachment for C*t 4+ O~ collisions. The
rapid fall-off observed above 10 eV does not seem to co-
incide with the opening of the N*(*P) + O(®*P) + e chan-
nel, which occurs at 1.46 eV according to the energetics.
At larger energies, the cross-sections become weaker and
weaker to reach a non-measurable level just below 20 eV.
This might have something to do with the opening of the
N*(3P) + O*(*S)+2e channel to which the NO** (X2 X)
correlates.

The Al process originating from OT + O~ is pre-
sented in Figure 2c. The full line below 1 eV repre-
sents the convolution of a model cross-section scaled to
our data. At very low centre-of-mass energy, few elec-
tronic states of the OF ions can be populated and for
each of them, several ro-vibrational levels. These elec-
tronic states are: X2IT, a*II, and A2II,, all correlating
to O(®P) + OT(*S). At larger energies, the excited states
b’4Hg, b42g’ and C?®,, might be populated as well, the
two former ones correlating to O(*D)+ O+ (*S) and
the latter one to O(®P)+ O*(?P). Exception made of
the C?®, state, all the corresponding potential curves are
displayed in Figure 3c. Again, one can make use of ex-
pression (16) together with the suitable Nyax value of
175 for the OF ground state. For the Al cross-section
at 10 meV, this would give a value of 2.55 x 1073 cm?
that shall be compared to our about thirty times lower
value of 0.8 x 107 cm?, and is again a good indica-
tion that excited states of OF are populated, although
multiplicities of the entrance channels may as well be re-
sponsible for the low Al cross-section. We know from the
correlation rules that eight states correlate to the lowest
OT(%S) + O~ (?P) limit and four of them are displayed in
Figure 3c. These are the >* X7 (1) and *511, 4(1) states.
For the next limit, O*(;D + O 2P5) among the thirty-
six correlating states S , 350, 4(3),

35 A,.4(2) and 3’5’@“,9( ), two of them are also shown in
Figure 3c. Depending upon what is the center-of-mass en-
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ergy of the O + O~ system, several channels are (or can
be open) over the studied energy range (<20 eV):

— 02(X%X))+17.27 eV (19a)
— O(*P)+0(°P)+12.15 eV (19b)
01 (*S)+0~ (*P) — OF (X2II,)+e+5.20 eV (19¢)
— O(*P)+0™ (*S)+e—1.46 eV (194)
— 0T (*8)+07 (*S)4+2e—~15.07 eV (19¢)
— O3 (X' X )42e—18.65 eV. (19f)

The three first processes are always open. Lacome [30] has
reported on the (radiative) association in O" + O~ colli-
sions (process (19a)) whereas Martin and Hepburn [31]
performed a study of the energetic thresholds for the ion-
pair photodissociation of diatomic oxygen, namely the re-
verse process to the previous one. They selectively high-
lighted the presence (importance) of highly vibrationally
excited ion-pair states that are not relevant to our study
since these are extremely long-lived (in the microsecond
range), and therefore unlikely to be populated by in-
verse predissociation. Moreover, three works were per-
formed on the mutual neutralisation of OF + O~ (pro-
cess (19b)): by Olson et al. [27], Peart et al. [28] and
Hayton and Peart [29], and the results by the latter con-
tributors are displayed in Figure 2c. Extrapolating their
data at low energy with a E~! dependence, one gets a
value of 1.3 x 107'2 cm? at 10 meV, and therefore an
averaged impact parameter of 64 A.

In this framework, few O, dissociative states, the
1,211, 11 A, and "1 2 curves are shown for complete-
ness. There is interplay between the four processes (19¢—
19f). Indeed below about 7 eV, only a structureless E~!
energy dependence can be seen with the o F representa-
tion in Figure 4. The opening of the O(*P) + O (4S) + ¢
channel that shall occur at 1.46 eV, does not give rise to
any special accident in the cross-section curve. The shal-
low fall-off above 10 eV might have something to do with
the opening of the O (S) + OT (4S)+2e channel, to which
the O3T(X1XF) correlates.

Figure 4 displays the three AI cross-section curves (CT,
N+ OT +0O7) for comparison, in the o X E represen-
tation. At 10 meV, the theoretical prediction by equa-
tion (16) is not reproduced experimentally, that is to
say that the AI process is observed to decrease in effi-
ciency from C*t 4 O~ to NT + O~ and again to Ot 4+ O~
the “experimental” ratios o(C*t +07)/c(NT + O~) and
a(CT+07)/o(0OF + O7) are 1.52 and 4.72, respectively.
This can be rationalised since equation (16) refers to one
particular electronic state and we have shown above in
the section describing the individual results, that the Al
process populates several states, and arises from the au-
toionisation of one or more specific channels of unknown
statistical weight. Below 2 eV, the C* 4+ O~ and NT + O~
AT curves are fairly identical in shape and magnitude,
and it is only above 2.4 eV that a more rapid fall-off
is observed for the CT 4 O~ channel. By plotting the
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Fig. 5. Inter-comparison of the AI thermal rate coefficients
versus ionic temperature. The line conventions are the follow-
ing: dashed-dotted line for the C* + O~ system, full line for
the Nt + O~ system and dashed line for the O 4+ O~ system.

product of the cross-sections by the centre-of-mass energy
in Figure 4, one reveals the sudden fall-off discussed in the
former paragraphs. One clearly sees the rise of the cross-
section as more and more ro-vibrational levels are popu-
lated in the molecular cation, and the abrupt decrease at
an energy substantially larger than the expected thresh-
olds (presence of a centrifugal barrier). The Ot + O~ Al
curve exhibits a similar shape than the former ones, but
a much lower magnitude.

Figure 5 displays the associative ionisation thermal
rate coefficients (expressed in cm®s~!) as a function of
the ionic temperature (expressed in K) for the three sys-
tems under study. The general features mentioned above
in the intercomparison of the cross-section curves are still
visible. These coefficients, useful for plasma studies and
derived from the following relation:

8w e
—_ Eem)Eem
(27TM]€BT)3/2,/0 0(Eem)Ee
X exp(fEcm/kBT)dEcm

a(T) =
(20)

with g the reduced mass of the system X™ + O~, are
most relevant when the ionic temperature is lower than
17000 K, which is equivalent to the 1.46 eV electron affin-
ity of the oxygen atom.

6 Conclusion

The cross-sections for the associative ionisation process
in (Ct, NT and O") 4+ O~ collisions were measured us-
ing a merged beam set-up. We have shown that this pro-
cess might be relevant to plasma studies and therefore,
we also presented the thermal rate coeflicients after the
results were discussed. The experimental set-up had been
slightly modified since previous studies, and the changes
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were stressed in a devoted paragraph. Special attention
was drawn of the internal energy of the target cation
as any excitation could affect the cross-section measure-
ments. Unfortunately, if we were able to prove their pres-
ence in our cationic beams, we were not successful with the
quantification of their contributions. Since we achieved, by
assuming ground state ionic reactants, the clear assign-
ments of most of the features that appear in our different
AT spectra, this could mean that we mainly dealt with
internally cold reactants. The issue connected to the en-
ergy resolution was also addressed and from that respect,
we are confident with the reliability of our results, espe-
cially at low energy. Our data were presented next and
put in perspective with results concerning other compet-
ing processes to the associative ionisation, if these would
be available in the literature. In fact, most of the exist-
ing data concern the “longer range” mutual neutralisation
process. Our most important result concerns the large size
of the measured cross-sections as these reach values in the
1 x 10~ cm? range at thermal energies. We made an at-
tempt to discuss our data in a qualitative way, but this was
limited due to the very lack of (reliable) molecular data.
In that respect, this is our hope that future work would be
carried out on that subject (as well as on related topics),
both experimentally and theoretically.
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