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Summary

This thesis deals with experimental studies of electron transfer reactions between oppositely charged ions
(cations and anions), in a process called mutual neutralisation. These investigations were performed at the
double electrostatic ion storage ring DESIREE at Stockholm University, which was put into full operation
in 2017. This unique apparatus consists of two cryogenic electrostatic rings where oppositely charged ion
beams are stored and merged in a common section where the reactions of interest take place. The neutral
products arising from the reactions are detected in coincidence using a sensitive 3D imaging detector. This
approach allows the kinetic energy of the products to be measured, and the particular product channels to
be identified, such that the branching ratio into the different competing sets of products can be determined.

In the first two published articles included in this thesis, the mutual neutralisation of atmospheric ions
are treated, namely O+/O− (oxygen ions) and N+/O− (nitrogen/oxygen ions). Particular products from
these reactions are expected to contribute significantly to the UV airglows observed in the F-layer of the
Earth’s atmosphere. The two main aims of these studies was: i) to reproduce previously reported results
from a single pass (non stored) merged ion beams experimental apparatus in UCLouvain (Belgium), thus
providing a measure of DESIREE’s capacity and resolution, ii) to investigate the contributions of metastable
ions present in the ion beams, where analysis and interpretation was undertaken with the support of theoret-
ical calculations. The experimental spectra were found to be in good agreement, and the calculations could
reproduce these results well, except for the metastable state contributions, which require more advanced
and computationally expensive theoretical models.

The third published paper included in the thesis deals with collisions between I+ and I− (iodine ions),
a process which is relevant to the use of electric thrusters as efficient engines for new spacecraft. It was
found that both ground state and excited products were formed in the reaction. The experimental results
were compared with theoretical calculations in order to provide an understanding of how the reaction takes
place. These suggested that the charge transfer occurs at short inter-nuclear separations, through multiple
avoided crossings of the ion-pair states and the covalent states. These combined data are useful for plasma
modelling of these electric thrusters.

Finally, preliminary results on electron transfer reactions between the diatomic ion O+
2 (dioxygen) cation

and O− showed that mutual neutralisation can also result in complete dissociation of the molecule, with
different break-up dynamics depending on the final neutral products formed.
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Sammanfattning

Denna avhandling handlar om experimentella studier av elektronöverföringsreaktioner mellan joner av mot-
satta laddningar (katjoner och anjoner), i en process kallad ömsesidig neutralisering. Dessa studerades vid
den dubbla elektrostatiska jonlagringsringen DESIREE p̊a Stockholm Universitet, som togs i full drift 2017.
Denna unika anläggning best̊ar av tv̊a kryogena elektrostatiska ringar där motsatt laddade jonstr̊alar lagras
och möts i en gemensam sektion där reaktionerna av intresse äger rum. De neutrala produkterna som
uppst̊ar fr̊an dessa reaktioner detekteras med hjälp av en känslig 3D-bilddetektor. Detta gör det möjligt
att mäta den kinetiska energin hos produkterna, och p̊a s̊a sätt identifiera produktkanalerna och bestämma
förgreningsförh̊allandet för de olika konkurrerande uppsättningar av produkter.

I de tv̊a första publicerade artiklarna inkluderade i denna avhandling, behandlas den ömsesidiga neu-
traliseringen av atmosfäriska joner, nämligen O+/O− (syrejoner) och N+/O− (kväve/syrejoner). Specifika
produkter fr̊an dessa reaktioner förväntas bidra väsentligt till UV-glöd som observeras i F-skiktet av jordens
atmosfär. De tv̊a huvudsakliga syftena med dessa studier var att: i) reproducera tidigare rapporterade
resultat fr̊an en ”single-pass” (icke lagrade jonstr̊alar) experimentell apparat i UCLouvain (Belgien), och p̊a
s̊a sätt ge ett m̊att p̊a DESIREEs kapacitet och upplösning, ii ) undersöka bidragen fr̊an metastabila joner
i str̊alarna, där analys och tolkning genomfördes med stöd av teoretiska beräkningar. De experimentella
spektra visade sig stämma bra överens, och beräkningarna kunde återge dessa resultat väl, förutom för de
metastabila tillst̊andsbidragen, som kräver mer avancerade och beräkningsmässigt dyra teoretiska modeller.

Den tredje publicerade artikeln som ing̊ar i avhandlingen handlar om kollisioner mellan I+ och I− (jod-
joner), en process som är relevant för användningen av elektriska jonpropeller som effektiva motorer i nya
rymdfarkoster. Det visade sig att b̊ade grundtillst̊and och exciterade produkter bildades i reaktionen. De
experimentella resultaten jämfördes med teoretiska beräkningar för att ge en först̊aelse för hur reaktionen
g̊ar till. Dessa antydde att laddningsöverföringen sker vid korta internukleära separationer, genom multipla
undvikade korsningar mellan jonpartillst̊anden och de kovalenta tillst̊anden. Dessa kombinerade data är
användbara för plasmamodellering av elektriska jonmotorer.

Slutligen, preliminära resultat p̊a elektronöverföringsreaktioner mellan diatomärjonen O+
2 (syre molekyl)

och O− visade att ömsesidig neutralisering kan ocks̊a resultera i dissociation av molekylen, med olika upp-
brytningsdynamik beroende p̊a vilka produkter som bildas.
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1 Introduction

1.1 Historical overview

Ionised gases, more commonly known as plasmas, are a unique state of matter in which a variety of ele-
mentary inter-particle reactions take place. These include ion-neutral electron transfer, electron attachment
to neutrals, and ion recombination, all of which have been studied extensively in the past [1]. Of note,
there exists over 2300 studies on ion-neutral interactions according to a literature review from 2003 [2], and
decades of experimental research on collisions of electrons with atoms and molecules [3, 4]. In contrast,
investigations on ion recombination reactions have largely been limited to observations and theoretical cal-
culations, due to experimental constraints.

Prior to the development of laboratory plasmas, the only means of collecting information about these
environments was through direct observation of radiation emitted from natural plasma sources, such as our
own atmosphere and planetary nebulae. Initially, it was believed that the dominating ion-loss mechanism
in these environments was radiative recombination (RR), a process which can be schematically written as

A+ + e− → A∗ + γ. (1.1)

In this reaction, a cation is neutralised through the capture of a free electron into an excited state, and the
excess energy is released through emission of a photon, providing a characteristic signature of the reaction
taking place. However, it became clear early on that this simple picture was incomplete. Studies of the
ionosphere suggested that other types of recombination processes were also taking place, and, in 1943,
Massey and Bates [5] introduced a new type of process, namely dielectronic recombination (DiR)

A+ + e− → A∗∗ → A∗ + γ. (1.2)

In this process, the incident electron is captured into an excited state while a bound, inner-shell electron
is simultaneously excited into the next open sub-shell. Stabilisation then occurs by emission of a photon
when this latter electron relaxes back to its original state. As an example, figure 1.1 illustrates these two
processes for a Mg+ ion.

3s
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∞

Mg+(3s) Mg(3s nl)
3s

3p

nl
∞

Mg+(3s) Mg(3p nl)

ϵnl}

ΔE
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Figure 1.1: Schematic of radiative recombination (RR) and dielectronic recombination (DiR) in a Mg+ ion.

As can be seen, while the two processes both can result in the formation of the same final neutral
product and emitted photon energy, DiR can only occur if their is sufficient excess energy to produce a
core-excitation, i.e., if

Ee + ϵnl = ∆E, (1.3)

where ∆E is the excitation energy of the core electron, ϵnl is the binding energy of the Rydberg state into
which the electron is captured, and Ee is the electron’s kinetic energy. Therefore, DiR is a resonant process
which only occurs at specific incident electron energies, and results in distinct spectral lines. In contrast,
RR can result in production of photons of any wavelength, depending on the collision energy.

While RR dominates for capture into low-lying excited states, DiR is actually the main process for cap-
ture into highly excited states, due to the inherent nature of the process [6]. Eventually, it was deemed that
DiR was mostly absent from our atmosphere, but was found to be particularly prevalent in hot astrophysical
plasmas, such as the solar corona, where so-called “satellite lines” are observed in spectra taken during solar
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flares [7].

On the theoretical side, several models were developed to explain the physics behind these two recom-
bination reactions. For RR, it was relatively straight-forward, as a semi-classical formula for the inverse
process, namely photo-ionization, had already been introduced in 1932 by Kramers [8]. The semi-classical
cross section for capture into an electron orbital with principle quantum number n is calculated as follows:

σRR =
32πα3

3
√
3

(
η4a20

n(η2 + n2)

)
. (1.4)

Here, α is the fine-structure constant, a0 is the bohr radius, and η =
√
IZ/Ee [9], where IZ is the ionization

threshold energy of the atom. Subsequent quantum mechanical calculations lead to the addition of a “Gaunt
factor” to take into account the orbital angular momentum degeneracy, and more generalized formulas were
derived to calculate total RR rates taking into account all electronic states and relativistic effects [10].

For DiR, the process is more complicated, as the first step is reversible. This means that the excited
species formed in the intial capture step is unstable, and might autoionize. Furthermore, as mentioned
earlier, it is a resonant process. The cross section is then given by [11]

σDiR =
S

π

Γ/2

(Ee − (∆E − ϵnl))2 + Γ2/4
. (1.5)

where S (eV/cm2) is the survival factor, which comprises the rate of autoionization as well as the multi-
plicity of the initial and intermediary states, and Γ is the resonance natural width of the doubly excited state.

With these tools in hands, theoreticians could then derive complete sets of RR and DiR rate coefficients
over wide range of temperatures for use in plasma modeling [12, 13].

In parallel to this ongoing research on atomic ions, growing interest was developing in the study of the
recombination of molecular ions. It was discovered quite early on [14] that such processes often resulted in
breaking of molecular bonds. This dissociation was not caused by the collision itself but by the capture of
the electron into a doubly excited state with a repulsive potential energy curve, i.e

AB+ + e− → AB∗∗ → A∗ +B∗ + EK , (1.6)

where EK is the kinetic energy released in the reaction, and A and B are the resulting neutrals, which can
be either formed in their ground state or any energetically allowed excited state. This reaction, known as
dissociative recombination (DR), generally occurs at crossings between the ionic state and an excited neutral
state. As the electron is typically captured into a highly vibronically excited state of the neutral molecule,
the molecular bond starts to stretch, and the molecule ends up dissociating into the two neutral products.

As in the atomic case, it was found that a two-step process via a Rydberg-state could also occur, i.e:

AB+ + e− → AB∗ → AB∗∗ → A∗ +B∗ + EK . (1.7)

The latter was therefore named indirect dissociative recombination (IDR), as opposed to the former, direct
process (DDR).

To explain these two distinct reaction pathways, let us illustrate with an example: Figure 1.2(a) shows
a few selected potential energy curves relevant to the DR of O+

2 . The ground state ionic curve O+
2 (X

2Πg)
(here shown in black) crosses the two dissociative states, O∗∗

2 (1Σ+
u ) (blue curve) and O∗∗

2 (1∆u) (red curve),
at an internuclear distance of about ∼ 2.4 Bohr radii. The two states have different dissociation limits, and
so the final products electronic states and kinetic energy will depend on which pathway the reaction follows.

Now, let us look at the process in more detail. Figure 1.2(b) shows a zoomed in view of the potential surfaces
around the crossing region, with some relevant vibrational states highlighted. The ionic curve O+

2 (X
2Πg)

is found to cross the doubly excited dissociative state O∗∗
2 (1∆u) (red curve) even in its lowest vibrational

state, and thus a direct transition (DDR) is possible, as illustrated by the red arrow (note that the arrow
then corresponds to a specific electron energy Ee). Conversely, the (1Σ+

u ) dissociative state (blue curve) is
not directly accessible, at least not in the electron energy range considered here. However the transition
may occur indirectly (IDR) through a vibrationally excited Rydberg state O∗

2(
1Σ+

u Ryd) (dashed line), as

7



O+
2 (X 2Πg)

O**2 (1Σ+
u )

v = 0

IDR

O*2 (1Σ+
u Ryd)

v′ = 4

O**2 (1Δu)

DDR

O+
2 (X 2Πg)

O**2 (1Σ+
u )

O**2 (1Δu)

O(1S) + O(1D)

O(1D) + O(1D)

(a)

O+
2 (X 2Πg)

O**2 (1Σ+
u )

v = 0

IDR

O*2 (1Σ+
u Ryd)

v′ = 4

O**2 (1Δu)

DDR

(b)

Figure 1.2: (a) Several relevant potential energy curves in the DR of O+
2 . (b) Schematic of the indirect

(IDR) and direct (DDR) dissociative recombination reactions in O+
2 . Adapted from Guberman [15, 16]

indicated by the blue arrows. Since this state does cross the potential energy curve, a transition to the dis-
sociative state 1Σ+

u is now possible. This is particularly relevant in the DR of O+
2 with low-energy electrons,

as this is the only accessible state which can yield O(1S) excited neutrals. This indirect process is therefore
believed to be the dominant production route of O(1S) in our atmosphere [16, 17].

Similarly to dielectronic recombination, IDR is a resonant process since it can only occur at electron
energies where capture into a Rydberg state is possible. Competition with the direct process can also
happen, which then results in resonances in the cross section, as it has been observed, for example, in the
DR of H+

2 [18]. An expression for the DR cross section is given by [19]:

σ =
Γ[FC]S

Ee
, (1.8)

where Ee is the incident electron’s energy, Γ the natural resonance width, and FC is the Franck-Condon
factor, which describes the overlap between the vibrational wavefunctions of the two states involved. As
mentioned previously, the survival factor, S, is a measure of the probability that the initial excited state
formed in the capture event remains on this potential energy curve, and doesn’t autoionize.

However, ions do not only recombine with free electrons. Negative ions are also highly prevalent in many
plasmas as electrons react with any particle they encounter. The recombination of oppositely charged ions,
the subject of this thesis, is what is known as mutual neutralisation (MN).

A+ +B− → A∗ +B∗ + EK (1.9)

where the excess energy is, similarly to DR, distributed into excitation energy (*) and kinetic energy EK .

Each reaction considered so far has been associated with an additional level of complexity, both in the
theoretical treatment, and the experimental techniques required to study it. It is therefore not surprising
that MN is the least well known of the main plasma reactions. Indeed, for an experimental probing of the
MN reaction, one must be able to produce both positive and negative ions, confine them in an interaction
region, and be able to distinguish the reaction from other recombination processes.

From a theoretical perspective, MN shares some similarities to DR as it also occurs at curve crossings
between ionic and covalent states. However, since the MN system starts from two ions at infinite distance,
the transition can already occur at large internuclear separations, and the theoretical treatment differs in
many aspects. The dynamics are generally simplified and described by the Landau-Zener model[20, 21],
dating from 1932, which gives the diabatic transition probability in a two-state quantum system:

PD = e−2πH2
12/h̄a, (1.10)

where a is a constant, and H12 is the non-diagonal element in the system’s Hamiltonian. The latter is often
non trivial to calculate, as it requires evaluating the relevant wavefunctions, which may be done using ab
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initio methods or semi-empirical formulas. In the case where MN involves a molecular ion, i.e:

AB+ +C− → A∗ +B∗ +C∗ + EK , (1.11)

then the theoretical treatment becomes even more complicated, as one must take into account the angle
between the two reactants and compute the contributions from each molecular state. To the best of our
knowledge, no such calculations have been reported so far on MN system involving molecular ions, and
knowledge on the reaction rely largely on experimental data.

Historically, two types of apparatus have been mainly used for the study of recombination reactions:
Flowing Afterglow (FA) and Interacting Beams (IB).

In FA, a carrier plasma of an inert gas is created in a glow discharge and moved through a flow tube by an
electric field [22]. Further down the tube, the ions of interests are formed through reactions with the carrier
gas and possibly other molecules introduced. The recombination reactions then take place in an interaction
region further downstream and a mass spectrometer at the end of the flow tube detect the ions in order
to determine the reaction rates. The setup can be improved by the introduction of a movable electrostatic
probe (Langmuir Probe) [23], which allows to measure the ion and electron density along the tube. From
the rate-of-loss, one can then, based on the plasma flow speed, calculate recombination rate coefficients with
great accuracy. However, the FA method has significant drawbacks: It is often difficult to determine the
constituents of the gas, i.e., what partners are reacting to give the observed loss of charged particles. The
detection of the neutral products in such recombination reactions also involve complex schemes such as re-
ionization by electron impact prior to the mass spectrometer and laser-induced fluorescence measurements
targeting specific products [24]. In addition, the resulting fragments can be difficult to distinguish from
background reactions involving ions which are naturally present in afterglow plasmas.

In IB apparatus, there is no carrier gas, and, instead, the charged species are produced independently,
mass-selected, and then confined into mono-energetic beams. As such, this technique is generally more
reliable since the interacting species are well known. The two beams are then made to interact, typically in
a high vacuum region, and a neutral-particle detector is used to monitor the reaction products in order to
evaluate the reaction rates. The first IB investigations were reported in the late 1960s, with the study of
the fundamental reaction H+/H−, i.e

H+ +H− → H∗(n) + H + EK (1.12)

At the time, it was not clear which type of beam interaction method was the most suitable and various
techniques were used to measure the reaction. The crossed-beam configuration [25] (i.e., with the ion beams
perpendicular to each other) offered the advantages of providing a well defined collision region, but was
limited in terms of collision energies achievable. In contrast, in the merged-beam configuration (i.e., with
the ion beams superimposed) [26, 27], the two beams could be set to the same velocity such that a very
low collision energy could be achieved, and a longer interaction region and greater resolution could be
obtained. However, there were major difficulties in distinguishing MN from other type of ion-loss processes,
for examples:

H+ +H− → H+ +H+ e− (1.13)

H+ +H− → H+
2 + e− (1.14)

H + H− → H2 + e− (1.15)

A compromise of the two configurations, the “inclined beam technique”, in which the two beams are crossed
at a small angle, was subsequently used [28, 29], and provided satisfying results. Subsequent technical de-
velopments in the 1980s, e.g. implementation of single particle detectors and coincidence techniques, made
it eventually possible to discriminate other reactions, and the merged beam configuration became soon the
technique of choice [30–32].

In the four recombination reactions mentioned so far (RR, DiR, DR, and MN), there is one very im-
portant aspect which has not yet been considered: the reaction rates inevitably depend on the electronic,
vibrational, and rotational distributions of the reacting ions. As such, in order for the experiments to be
relevant for atmospheric and astrophysical applications, one must ensure that the ions studied in laboratory
are at low temperature. In FA apparatus, the ions and electrons thermalise through interactions with the
carrier gas and collisional quenching, such that the studied species are typically at room temperature as
they reach the interaction region. In IB machines, this is more complicated to achieve as one must either
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use special ion sources, or employ trapping methods. One particular method to address the latter is ion
storage rings.

The utilisation of ion storage rings for the purpose of studying recombination reactions began in the late
1980s. Of note, the Test Storage Ring (TSR) in Heidelberg started its operation in 1988 [33], later followed
by the Aarhus Storage Ring in Denmark (ASTRID) [34], and the Crysis Synchrotron Ring (CRYRING)
[35] in Stockholm, both in 1991. In essence, the three facilities are based on the same principle: Ions are
produced externally, guided to the storage ring where they are accelerated to high energies (typically MeV),
whilst being confined in the ring, i.e. they operate as synchrotrons. Whilst stored in the ring, infra-red
active ions cool down radiatively from their ro-vibronically excited states.

For collisions with free electrons, an electron cooler is present in one of the sections of the storage ring.
This device produces a mono-energetic dense electron beam, which is then guided into the storage ring,
where it is merged with the beam of stored ions to serve as an electron target, before the electrons are
guided back out of the ring. In this interaction region, reactions between the ions and free electrons take
place. Neutral products produced in these reactions continue on a straight path out of the ring where they
are monitored by different types of particle detectors. Different data analysis techniques are then used to
identify the nature and energy of these products. One of the significant advantages of ion-storage devices
over single-pass interacting beams machines is that ions which do not react in the interaction region remain
stored, and, as such, will re-enter the interaction region after travelling around the ring, and so more efficient
use is made of the ions.

However, and of relevance here, these apparatus could only study recombination reaction with free
electrons, as the study of MN reactions would then require an additional storage ring for the anions. It
therefore took close to 30 years before the first double storage ion ring was eventually developed. Denoted
DESIREE [36, 37] (Double ElectroStatic Ion-Ring ExpEriment), the apparatus is the only merged beams
setup where both ions are stored prior to interaction. Its cryogenic and ultra high vacuum properties allows
to study MN reactions involving ions in their lowest quantum states. Located at Stockholm University, it
became an international facility in 2015, with the first merged beams results published in 2020[38].

1.2 MN in planetary atmospheres

Typically, plasmas are thought of as highly energetic gases only present in extreme conditions. However,
large parts of our own atmosphere can actually be described as cold plasmas, as many ionized species are
prevalent there. The presence of these ions is mainly due to the constant influx of radiation from cosmic
rays and from our Sun, in the form of UV photons. The latter are often categorized according to their
wavelengths, denoted by the letters A to C, in increasing energy. The UV-C photons are typically in the
100-280 nm range, corresponding to 4-12 eV energy, which is sufficient to dissociate the molecular bonds of
the most prevalent gases, namely nitrogen and oxygen.

As such, in the upper atmosphere (≥ 300-800 km), these mainly exist as atomic species, and reactions
involving the atomic ions determine the charge-state balance and neutral densities. Furthermore, the ex-
cited neutrals formed in these reactions de-excite through spontaneous emissions of photons, resulting in
airglows. For example, in oxygen, the 135.6 nm emission line is one of the primary means of quantification
of ionospheric plasmas[39]. The primary mechanism for the productions of these photons occurs through
radiative recombination (RR)[40]

O+ + e− → O∗(4s 5S) + γ (1.16)

O∗(4s 5S) → O(3P) + γ135.6 nm (1.17)

However, the free electrons present there may also attach to neutrals, resulting in oxygen anions:

O + e− → O− + γ. (1.18)

Consequently, reactions between the two oppositely charged oxygen ions may occur, i.e, mutual neutralisa-
tion.

O+ +O− → O∗ +O+ EK . (1.19)

While this process is less probable due to the intermediary steps required, it is a much more efficient process.
Rate constants for radiative recombination reactions are typically small, in the order of 10−12 cm3/s or less
[13], while those of MN can be as high as 10−7 cm3/s. As such, it is estimated that MN could contribute
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up to 40% of the observed 135.6 nm emission in the nightsky [39].

At lower altitudes (100-300 km), the remaining radiation is less energetic, due to the absorption from the
F layer and the higher pressure, and molecular species dominate. While N2 is the most prevalent molecule,
the ion readily reacts with oxygen to form NO+ and O2

+[2].

N+
2 +O ⇒ N+NO+ (1.20)

N+
2 +O2 ⇒ N2 +O+

2 (1.21)

Here, dissociative recombination of these two ions starts to become important (equation 1.6,1.7), though
mutual neutralisation also has some relevance (equation 1.11). Since some of the available reaction energy
goes into the breaking of the bond, the neutral products are generally formed in lower excited states than in
the neutralisation of atomic ions. Two emission lines then dominate at these altitudes, namely O(1S → 1D)
at 557.7 nm (as mentioned earlier in connection to Figure 1.2), and O(1D → 3P) at ∼633 nm . Those are
both in the visible spectrum, and are known as the airglow green line and red lines, which are observable in
the night sky.

Below 100 km altitude, the density of particles gradually increases and negative charges are mostly car-
ried by ions. Mutual neutralisation becomes a competitive process again, though it generally involves more
complex ions, such as hydrated molecules and small clusters [41]. The rates and products are then mostly
unknown due to the lack of experimental and theoretical data.

These charge reducing reactions are not only relevant to Earth. All planetary atmospheres contain ions,
and study of these charge-reducing mechanisms can help not only determine the history and evolution of
these atmospheres, they can also provide clues as to processes occurring on the planet. Several planets
and planetary bodies in our solar system are believed to have lost large parts of their atmosphere over
the past million years. These losses have a number of causes, which include photoionization as well as
dissociative recombination and mutual neutralisation, as the neutral products formed in these reactions
acquire significant kinetic energy in the process which can be sufficient to reach escape velocity and escape
the atmosphere. For example, on Mars, dissociative recombination of molecular oxygen and nitrogen results
in fast fragments, sometimes exceeding the escape velocity, and as a consequence, the heavier isotopes of
these atoms are found in higher concentrations in the martian atmosphere compared to that of our own
[42]. Similarly, on Venus, recombination reactions of O+

2 result in energetic oxygen atoms which reacts with
hydrogen, resulting in high rates of atmospheric hydrogen escape [43]. Even Saturn’s moon Titan, has been
revealed to contain a dense atmosphere with complex positive/negative ion chemistry, which is favourable
to MN [44].

1.3 MN in industrial and applied plasmas

Historically, study of recombination reactions have been mainly focusing on naturally occurring plasma,
such as the ones mentioned before. In recent years, there has been growing interest in plasma technology for
industrial use, e.g. in combustion engines and energy storage[45]. However, research is highly needed in the
recombination reactions taking place and their effects on these plasmas. For example, in air-plasma assisted
combustion engines, the nature and the concentration of ionic species are believed to play an important role
in the diagnostics and properties of these devices. Optimising and modelling the ignition process is crucial
and proves a considerable challenge to understanding the increased efficiency due to the unknown effects
from electrons/anions and their interactions with positively charged plasma constituents [46].

In supersonic vehicles, the introduction of a plasma torch is found to result in reduction of the ignition
delay time and an increase of the efficiency of the engine [47]. A possible explanation for this, is the
recombination of hydrocarbon ions which is known to result in production of radical species, e.g. [48, 49] :

C2H
+ + e− → CH• +C (1.22)

C2H
+
2 + e− → C2H

• +H (1.23)

C2H
+
4 + e− → C2H

•
3 +H (1.24)

These formed radicals could then help initiate and propagate the combustion reaction, resulting in the ob-
served increase in performance.
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In electric thrusters, the acceleration is entirely driven by the ions, which are formed by electron bom-
bardment to produce a plasma. In recent years, iodine has been considered to be an attractive choice for a
propellant [50], due to its low density and high availability. However, in contrast to xenon, iodine is reac-
tive, and thus charge transfer reactions are expected to affect the efficiency of the engine. Recent modeling
suggests that the MN reactions

I+ + I− → I + I (1.25)

I+2 + I− → I + I + I, (1.26)

may be important to the performance of these thrusters [51]. These are expected to be a source of power
loss, due to the loss of ions available for propulsion. Furthermore, the neutrals produced in these reaction
may undergo further reactions which could also affect the efficiency of the engines.
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2 Experimental apparatus

All the experiments were carried out at the double storage ring facility DESIREE (Double ElectroStatic
Ion-Ring ExpEriment) located at Stockholm University. DESIREE is a unique ion beam storage apparatus
in which two oppositely charged ions can be stored simultaneously in two separate rings with a common
merged section[36, 37]. There are two main advantages of this machine: i) It is electrostatic, which means
the storage is mass-independent and there are no perturbation from magnetic fields; ii) It is cryogenic,
which implies an ultra high vacuum and a low amount of blackbody radiation, such that there is very little
perturbation from residual particles or blackbody photons.

In single ring operation, DESIREE can be used to study atomic and molecular relaxation processes down
to their lowest quantum states. For example, rotational cooling of the OH anion could be achieved down to
a 95% ground state population, corresponding to a temperature of 20K, allowing to determine the intrinsic
rotational cooling lifetimes[52]. In double ring operation, DESIREE functions as a merged-beams setup, as
described in the previous section, with the unique difference that the ions are stored, allowing to study MN
reactions as a function of the temperature of the ions.

Operation of DESIREE as a merged-beam setup can be divided into three parts: (i) ion production and
injection, which is crucial in order to obtain ion beams with well defined energies and masses; (ii) ion storage,
which comprises beam monitoring and all the necessary steps in order to obtain parallel overlapping beams
at well-defined collision energies; (iii) the detection system, which allows to detect the resulting products
from the reactions under investigation.

2.1 Ion production

Figure 2.1: Overview of the ion production and injection at DESIREE. The positive/negative ions are
generally produced at the high-energy platform (HEP) and low energy platform (LEP) respectively, mass-
selected at the bending magnets, and injected into DESIREE

The production of all of the positive ions discussed in this thesis takes place on the high-energy platform
(HEP) (see Figure 2.1), where ions can be accelerated up to 100 keV. Production of the negative ions takes
place on the low-energy platform (LEP) which is limited to a maximum beam energy of 30 keV. On the
HEP, multiple ion sources are available, and these mostly use electron impact to ionize the sample gas of
interest. In the experiments described in this thesis, an ECR (Electron-cyclotron-resonance) ion source was
often the choice of preference, since it can produce stable ion beams of practically any element that can
be brought into the gas-phase. An ECR makes use of magnetic fields and microwave radiation to confine
energetic electrons, which are then used to ionize the sample gases introduced into the source[53]. Another
commonly used source is a Nielsen ion source [54], which makes use of a filament to produce electrons via
thermionic emission. These are accelerated by an anode voltage, and confined by a solenoid magnetic field,
where they ionize the injected sample gas.
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The negative ions are generally produced in a cesium-sputtering SNICS source [55]. Cesium metal is
heated in an oven, and the vapour is introduced into the ion source. The cesium vapour hits the surface of
the ionizer where it is ionised through surface ionisation. The cesium ions are then accelerated towards a
negatively biased cathode made of an appropriate target. The cesium ions impact the material, and material
in the cathode is sputtered out. On passing through and interacting the deposited cesium, the sputtered
material can pick up an electron to form an anion. These negative ions are then accelerated away from the
cathode.

The positive or negative ions created in the ion sources are extracted out of the source, and then accel-
erated into the beam lines. After extraction off the platform, the ions reach a bending magnet (as shown
in Figure 2.1), which is used to select ions according to their mass-to-charge ratio with a high precision. In
standard operation, and after this selection, the positive ions are injected into the high-energy ring, and the
negative ions into the low-energy ring. However, in some circumstances, the mass and energies of the ions
are such that the negative ions are more energetic. In such cases, the more energetic ions are injected into
the high-energy ring.

2.2 The ion storage rings

The two storage rings and the associated ion optics are all enclosed in a double-walled vacuum chamber. The
outer chamber is composed of steel plates welded together, amounting to a total of 5 tons. This structure is
not only necessary to preserve the vacuum inside the chamber but also to withstand the pressure differential
created across the walls when everything is pumped down and cold. The inner chamber, which contains all
the ion optics, the detectors, and where the ions are stored, is made of a special aluminium alloy. To provide
thermal insulation between the inner and outer chambers, the inner chamber is covered with a thin shield
made of copper and then covered with 30 layers of super insulation. These choice of materials used is due to
their high thermal conductivity, which is crucial in order to allow heat to be effectively pumped out from the
inner chamber and to reduce the effect of the room-temperature black-body radiation from the outer vessel
which is continuously heating the inner chamber. On the bottom of the vessel, four closed-circuit cryocoolers
are used to effectively cool the copper shield to 60 K and the inner chamber to ∼14 K. The combination of
cryo-cooling, with turbo-pumps, getter-pumps, and ion-pumps, means that the residual gas number density
in the inner chamber is kept between 103-104 cm−3, which corresponds to a room-temperature-equivalent
pressure of 10−14 mbar [36, 37].

Asymmetric ring

Symmetric ring

Steerer

Deflector

Detectors

Quadrupoles

A+

B−

1 2 3 5 6 7404

U

Pick ups

Drift tubes

0

Figure 2.2: Overview of the double storage ring setup at DESIREE. The two oppositely charged ion beams
A+ and B− enter the storage rings and are merged into a common section (Drift tubes), where a voltage U
is applied to control the collision energy.

A schematic of the double ion storage rings and their common merging section is shown in Figure 2.2.
The positive (A+) and negative (B−) ions are guided to the entrance of the their respective rings by elec-
trostatic ion optics. Quadrupoles are used to focus the beams, and deflectors are used to keep the ions on
a stable orbit around the rings. The ion-optical elements are distributed differently among the two rings,
in a ”symmetric” or ”asymmetric” arrangement, and this is used to denote the two rings. This particular
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arrangement allows merging ion beams of different energies into the common straight section. Pick-up elec-
trodes, located at the entrance and exit of the drift tube region, measure the currents of the ion beams.
Given the beam velocity and the pick-up currents, the position of the ions as they pass through the merging
region can be determined, and this allows us to control the overlap of the two beams to high precision.

The merging region consists of seven drift tubes, numbered according to the inset schematic shown in
Figure 2.2. Each drift tube can be controlled independently or they can be coupled together to the same
power supply. A voltage, U , applied to a selection of drift tubes (here 3,4,5 as an example) accelerates/de-
celerates the ions depending on their charge, which allows to fine tune the collision energy Ec.m, according
to:

Ec.m = µ

E1 − q1U

m1
+
E2 + q2U

m2
− 2

√
(E1 − q1U)(E2 + q2U)

m1m2
cosα

 , (2.1)

where En, qn,mn are the beam energies, charge-state, and masses of the cation (n=1) and anion (n=2),
respectively, and α is the angle between the two beams. In the grounded region (in the example shown in
Figure 2.2, this is drift tubes 1,2,6, and 7) the voltage U is set to zero, and the collision energy is therefore
much higher since the beam velocities are not matched. Neutrals produced in the MN reactions continue on
a straight path to the detection system located at about 1.7 meters from the center of the merging section
(drift tube 4).

The advantage of an ion storage ring such as DESIREE is that un-reacted ions continue circulating in
their respective rings, and are repeatedly merged in the common section. Since these are stored in an ultra
high vacuum, collisional destruction with the remaining residual gas particles is greatly reduced, and the
ions may have sufficient time to relax from their initial electronic, rotational and vibrational excited state
population, where, via coupling with the environment, they can undergo radiative cooling.

Typical storage lifetimes for merged-beams are of the order of 10-60 seconds. The lifetime is due to
ion-loss mechanisms such as collisions with residual gas particles and ions which end up on unstable orbits.
Storage times commensurate to this lifetime are therefore typically chosen in order to maintain a useful
count rate. At the end of the storage period, the deflectors are switched to injection mode, resulting in
dumping of the ions. The rings are then reset, and new ion bunches are injected into the storage rings to
start a new measurement cycle. This procedure is repeated for many such measurement cycles, in order to
investigate storage-time-dependent behaviour, and to obtain enough statistics to allow analysis.

2.3 Detection system
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CMOS cameraBeam splitter
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Figure 2.3: Schematic of the detectors and data acquisition system at DESIREE.

In order to detect neutrals resulting from MN reactions, a triple-stack microchannel plate-based detector
(MCP) coupled to a phosphor screen anode is used [56]. The MCP functions as a particle multiplier, creating
a localized cloud of electrons at the position where the detected particle hit the surface of the plate. The
use of three-plates in a Z-stack configuration provides further amplification, allowing for high sensitivity,
while preventing propagation of ions generated by the incident particles. At the backside of the last plate,
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the cloud of electrons exiting the channels are accelerated towards the phosphor screen. The electrons
excite the phosphor, resulting in emission of photons which are then focused using lenses and guided out
of the cryogenic inner chamber, through the screens and the outer box, to a beam-splitter where they are
then sent to the detection system. Figure 2.3 shows a rough schematic of the process. The CMOS camera
(complementary metal oxide semiconductor) captures the transmitted light, and the software records the
positions, intensities and sizes of the spots, obtained during each 1 ms exposure.

For many years, technical limitations restricted imaging measurements to two dimensions, since arrival
time differences between products from merged-beam apparatus are typically in the nanosecond range. In
contrast, the two-dimensional impact separation of the products on the detector surface are of the order of
millimeters, which most position sensitive detectors can determine with high precision. This is important,
as the observed distribution of the neutrals on the detector surface is often used to evaluate the kinetic
energy release distribution. However, since this projected separation depends on the angular distribution
of the products, which is generally unknown, several parameters must be fitted simultaneously to the data,
which can introduces some uncertainties into the analysis.

The implementation of the third dimensional component, namely time, in this type of imaging technique
was first introduced by Amitay and Zajfman [57] for the study of dissociative recombination reactions, by
implementation of an advanced multi-anode photo-multiplier (PMT) to the detection system. At DESIREE,
the same principle is used, and the phosphor screen is imaged onto both the camera and the PMT. Light
flashes from the phosphor are then registered in both the camera and trigger anodes in the PMT, the latter
producing a timing signal from each light-spot.

Each time a PMT channel is triggered, a signal is sent to the constant fraction discriminator (CFD). The
first detected signal also triggers a common stop signal, typically corresponding to a 200 ns time window.
All signals recorded within that time window are therefore recorded and transcribed to digital values by
an analog-to-digital converter. The two detectors are controlled simultaneously by the data acquisition
computer, which records the measured values on an event-by-event basis. The obtained values are then
converted based on a calibration measurement where the ADC is fed pulses of specific values which duration
are measured using an oscilloscope. The relation between the two is linear, and in principle the arrival time
differences can be determined to a precision of 0.1 ns. However, the experienced delays of each channel are
observed to vary, requiring an additional correction, and the actual resolution is likely of the order of 1 ns.
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3 Data Analysis

The displacement of the products in the center of mass frame is directly related to the kinetic energy release,
EK , through the relation:

EK =
1

2

∑
i

miv
2
i =

1

2T 2

∑
i

mi(∆x
2
i +∆y2i +∆z2i ) (3.1)

where T is the time of flight of the particles to the detector, and ∆xi,∆yi, ∆zi are the displacement in
Cartesian coordinates of each particle from the center-of-mass. This kinetic energy release results from the
excess energy of the reaction. For MN to take place, the gain of energy from neutralisation of the cation,
i.e, the ionisation energy of the neutral parent (IE), must be larger than the energy required to remove the
electron from the anion, determined by the electron affinity (EA) of the parent atom:

EK = IE− EA−∆Eint (3.2)

Here, ∆Eint is the difference in internal energy between the reactants and the products, which includes elec-
tronic excitation in atoms, as well as rovibronic excitation in molecules. Therefore, this measured energy
EK can be used to determine the initial and final quantum states of the species involved.

3.1 Preliminary data evaluation

The image-data evaluated by the camera-control software consists of the center x- and y-positions of the
spots, as well as their integrated intensities and sizes. The cycle number, the identification number (ID) for
the frame, and a time stamp corresponding to the time within the measurement cycle when the image was
taken, are also recorded. The data from the PMT consists of time values from each of the 16 anodes, the
corresponding cycle number, and the frame ID.

In the preliminary data evaluation, a matching algorithm is used to combine the data files according
to their frame ID and cycle number. This process can sometimes be quite tedious as offsets in the cycle
number and/or the frame ID can occur due to detector and communication issues. Details of the assignment
method is explained elsewhere [58]. After this initial processing, a single file containing the imaging and
timing information for each event is obtained. However, each event also consists of one or more particles
detected in each detection system, and these must be also correlated.

The first task is to determine the number of particles which were actually observed by the multi-anode
PMT. The photons emitted from the spots on the phosphor screen may trigger several adjacent anodes in
the PMT, resulting in an apparent excess of detected particles. To correct for this, the differences in time
between each of the 16 channels is taken, and values smaller than 5 ns for adjacent channels are categorized
as arising from the same particle. The average value of the times determined for the adjacent channels is
taken as the correct time.

The second task is to match these timing events to the positions recorded by the camera. MN events
typically occur within a time window of a few hundred ns, which the PMTs can be programmed to measure.
However, the camera cannot, as each frame is integrated for 1 ms. As such, additional events which are not
related to a specific MN interaction may be recorded, for examples, products from collisions of the ions with
the residual gas particles or, in rare cases where there are high ion-beam currents, products from multiple
unrelated MN events. In order to match the events correctly, the recorded vertical positions of the measured
spots are matched with the calibrated positions of the anodes in the PMT with respect to where on the
phosphor screen they are observed.

After this selection, a complete data set with an equal number of events with position and time infor-
mation is obtained, and a three dimensional reconstruction of that particular event can be made. These
procedures differ depending on the number of particles produced in the MN reaction, and are therefore
treated separately here.
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3.2 Two particle imaging
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Figure 3.1: (a) Schematic of the two-dimensional displacements of two particles, and the quantities described
in the text. (b) Schematic of the measured quantities.

In the case where the MN reaction results in two products, the kinetic energy released EK in the reaction
can directly be expressed in terms of the separation in position and in time of the products. From momentum
conservation it follows that the displacement in the x-axis is given by ∆x1 = m2

m1+m2
∆x, where ∆x is the

separation along the x-axis of the two particles, as illustrated in Figure 3.1(a). The same holds true for ∆y
and ∆z, and, therefore:

EK =
1

2T 2

m1m2

m1 +m2
(∆x2 +∆y2 +∆z2), (3.3)

where T is the time of flight to the detector. If one selects z as the beam axis, as illustrated in Figure 3.1(b),
then ∆x2 + ∆y2 can be approximated as r2∥, the measured projected distance (squared) between the two
particles on the imaging detector. ∆z can be directly related to the difference in arrival time between the
two particles, and be approximated as v∆t, where v is the average velocity of the two beams. The following
expression is obtained:

E ≈ µv2

2L2

(
r2∥ + v2∆t2

)
. (3.4)

Here, we use that µ = m1m2

m1+m2
is the reduced mass of the two particles, and that the time of flight can be

expressed as L/v, where L is the distance from the MN event to the detector. It is now useful to define the
quantity r as:

r ≡
√
r2∥ + (v∆t)2 ≈

√
2E

µ

L

v
(3.5)

As can be seen in Figure 3.1(b), r corresponds to the 3D separation of the two products at the time
where the first particle hits the detector. It doesn’t require any identification of the products, it can be
computed directly from the experimental data, and it is proportional to the square root of the energy. Since
this is what is measured in laboratory, it is more convenient to use and evaluate its distribution. However,
a number of experimental aspects give rise to limitations which affects the resolution of the data, and these
must be taken into consideration.

Since the particles aren’t measured simultaneously, the measured projected distance is not a true measure
of their displacement in the x-y plane. Furthermore, the distance to the point of interaction, L, is not known
exactly: It is taken to be the distance from the detector to the central point in the interaction region (i.e.
the biased region). Finally, the two ions are assumed to have the same velocity prior to the reaction, which
is not always true. It is therefore crucial to make proper simulations of these quantities in order to be able
to interpret the experimental data correctly.
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3.3 Two particle simulations

Figure 3.2: Sketch of the dynamics of the reactions and the relevant vectors for the simulation of two
products from a MN reaction.

In order to model the dynamics of the MN reaction, one must determine the final velocity vectors of the
two products, as illustrated in Figure 3.2. At 0 eV center-of-mass collision energy, the two ions have the
same velocity prior to the reaction, i.e v⃗1 = v⃗2. The derivation is then straightforward: If one defines u⃗1
and u⃗2 as the additional velocity components acquired upon the reaction due to the kinetic energy released,
then, from conservation of energy and momentum, the following expressions are obtained

m1u⃗1 = −m2u⃗2 EK =
1

2
m1u⃗

2
2 +

1

2
m2u⃗

2
2. (3.6)

This allows us to solve for the vectors u⃗1 and u⃗2 :

|u⃗1| =
1

m1

√
2µEK , |u⃗2| =

1

m2

√
2µEK . (3.7)

where µ is the reduced mass.

These vectors can be decomposed into an axial component, i.e along the beam axis, and a radial component
parallel to the detector plane.

u⃗axial 1 =
cos γ

m1

√
2µEK , u⃗radial 1 =

sin γ

m1

√
2µEK (3.8)

u⃗axial 2 =
− cos γ

m2

√
2µEK , u⃗radial 2 =

− sin γ

m2

√
2µEK , (3.9)

where γ is the angle between the beam axis and u⃗1, as illustrated in Figure 3.2. Due to the cylindrical
symmetry of the reaction, cos γ is uniformly distributed between -1 and 1. From these two vectors, one can
then calculate the measured experimental quantities:

∆t =
L

u⃗axial 1
− L

u⃗axial 2
r∥ =

∣∣∣∣Lu⃗radial 1u⃗axial 1

∣∣∣∣+ ∣∣∣∣Lu⃗radial 2u⃗axial 2

∣∣∣∣ . (3.10)

The resulting r values may then be computed using equation 3.5.

Let us illustrate with an example. In the MN of O+ with O−, there are four product channels which are
known to be populated in low-energy collisions [59, 60]:

O+(4So) + O−(2Po) →


O(3p 3P) + O(3P) + 1.17 eV
O(3p 5P) + O(3P) + 1.42 eV
O(3s 3So) + O(3P) + 2.64 eV
O(3s 5So) + O(3P) + 3.01 eV

(3.11)

In the experiment at DESIREE (Paper I), the ions were accelerated to kinetic energies of E1 = 8.28 keV
and E2 = 7.16 keV for the cation and anion beams respectively. The ion beam velocities as a function of
the applied voltage, U , are then given by:

v1 =

√
2E1 − eU

m1
, v2 =

√
2E1 + eU

m2
(3.12)

The voltage necessary to apply to the drift tubes in order to have matching velocities is simply obtained as:
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U0 =
E1m2 − E2m1

e(m1 +m2)
= 558V. (3.13)

If it is assumed that this voltage is reached instantaneously in the biased region, i.e. it is described by a step
function, then, in the region where the potential is equal to U0, the collision energy is effectively zero and
v⃗1 = v⃗2. The reaction may take place at any point within this interaction region, which only has the effect
of varying the parameter L in equation 3.5. Outside this region, the voltage is zero, and the ions interact at
higher collision energies (here, about 20 eV). The relative beam velocities of the ions is such that any MN
events happening in these regions would end up outside the 200 ns detection window, and can therefore be
ignored. Figure 3.3 plots the results of a simulation of the r distributions for the four channels in equation
3.11, assuming that only the second drift tube is biased (L ∼ 1.85m).
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Figure 3.3: Simulation of the r distributions for the four channels in the MN of O+ with O− (given in
equation 3.11, and assuming an ideal voltage potential.

Since events which occur at different points in this interaction region have different flight times, the
separation r varies for events with the same kinetic energy release EK , and one obtains a box-function
distribution, as seen in the figure. Each box then corresponds to a specific kinetic energy release channel.
The expected widths of these distributions can be simply evaluated from equation 3.5 as:

∆r =

√
2E

µ

∆L

v
, (3.14)

where ∆L is the length of the biased interaction region. Therefore, this broadening is larger for more ener-
getic channels due to the square root dependence on the energy, which is noticeable in the spectrum here.
The resolution is then only determined by this factor, and a maximum resolution would be obtained for a
minimum-length interaction drift tube.

In reality, however, the applied bias voltage does not rise instantaneously. Minimising the interaction
length has also the effect of worsening the profile of the voltage potential. This can be shown by simulating
this potential based on the known size and geometry of the drift tubes, using the SIMION simulation soft-
ware[61]. Figure 3.4 shows the result of such a simulation of this potential with a maximum at U0.

It then becomes clear that there are non-negligible regions of the interaction region in which the potential
felt by the ions differs from the applied voltage. Consequently, the relative velocities ∆v of the two ions
is non zero over a significant fraction of the interaction region. This is illustrated on the right-hand axis
of the figure, which shows that the relative velocity of the two ion beams varies between 0 and 22 km/s
depending on at which point in the drift tube the interaction takes place. One must therefore evaluate the
effects of this on final velocity components in order to correctly evaluate the resulting r distributions. A
detailed derivation of this is found elsewhere [62], and the resulting vectors are given as:

u⃗axial 1 =
cos γ

m1

(
µ cos γ∆v +

√
(µ cos γ∆v)2 + 2µE

)
(3.15)

u⃗radial 1 =
sin γ

m1

(
µ cos γ∆v +

√
(µ cos γ∆v)2 + 2µE

)
. (3.16)
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Figure 3.4: (a) Simulation of a realistic voltage potential on drift tube number 2, as a function of the
distance L from the detector. The gray lines denotes the physical limits of the tube.

Similar expressions are derived for u⃗2. Setting ∆v = 0, the previously derived equations 3.8 and 3.9 are
retrieved. Note that only the difference in the axial velocity of the two ion beams is considered since the
angle between the two beams is generally small (on the order of a few mrad).

In the region where the voltage differs from U0, the ions effectively interact with a higher collision energy.
The expected effect on the distributions would therefore be the presence of “tails” on the distributions,
extending to larger r. These tails, generally referred to as fringe field effects, are partially limited by
the previously mentioned 200 ns time window. A related effect that is also important to consider in the
simulation is that the MN cross section depends on the collision energy. As such, the probability for a MN
event to take place somewhere along the interaction region will depend on the cross section at that specific
collision energy. This generally depends on the studied system. However, for atomic systems, a model which
well describes this dependence is known for low collision energies [63]:

σ ≈ πR2
x

(
1 +

1

RxEc.m.

)
(3.17)

where Rx is the internuclear separation at which the electron transfer reaction takes place, and Ec.m. is the
collision energy. It follows that the reaction rate, k, has the relation:

k ∝ 1√
Ec.m.

(3.18)

In order to take this into account in the simulation, a reaction probability distribution at each point of the
biased region is made based on equation 3.18. MN events are then generated randomly from this distribution
using the Monte Carlo method. The result of such a simulation is shown in Figure 3.5.
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Figure 3.5: Simulation of the r distributions, assuming the voltage potential presented in Figure 3.4
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Due to the MN rate dependence on the collision energy, sharper peaks are obtained, since the majority
of events occur at the center of the potential rather than being equally distributed along the whole biased
region. However, the previously mentioned fringe fields effects, i.e the tails to larger separations, result in
an overlap between the distributions which can be problematic. One way to overcome this, is to look into
the angular distribution of the events. If θ is defined as the angle between r and the beam axis, then it
follows that:

cos θ =
|v∆t|
r

(3.19)

At 0 eV collision energy, this quantity approximates to cos γ (previously defined in Figure 3.2), and, as a
consequence, cos θ should also be uniformly distributed. Events resulting from the fringe fields are, how-
ever, expected to mostly be distributed with cos θ values close to 1, since the ∆t term is then expected
to dominate due to the large difference in the beam velocity ∆v. The fringe field effects can therefore be
limited by making an appropriate cut in the cos θ distribution, a solution which was later adopted in Paper II.

There are other contributions to the experimental resolution which haven’t been discussed so far. These
include the energy spread of the ion beams, and the spread in the transverse velocity of the ions. The energy
spread of the beam results in a decreased energy resolution [64], according to :

(δEK)δEi
= 2

√
µEK

m1 +m2

(
δE1 + δE2√
(E1 + E2)

)
, (3.20)

where E1, E2 are the beam energies, and δE1, δE2 the corresponding energy spread. Whereas the angular
spread δα results in an energy spread given by:

(δE)δα =
µ(E1 + E2)

m1 +m2
(δα)2. (3.21)

In addition, the spatial and timing resolution of the detection may also introduce their own broadening
effects on the experimental distributions. While all these parameters can potentially be implemented into
the simulation, they are often difficult to determine accurately. However, it is found that these broadening
effects essentially scale with the square root of the of the kinetic energy release EK , and the corresponding
spread in the separation r is therefore expected to be the same for each channel. This broadening can
therefore be simply modelled by a Gaussian function with an appropriate width. The final distributions are
thus obtained by convolving the simulated distributions with this Gaussian using a width obtained from
the observed experimental broadening. The result of such a simulation, fitted to an experimental spectra, is
shown in Figure 3.6. A good agreement between the two are observed for all the peaks, except for a small
(but significant) mismatch at around 5 cm, which is the subject of Paper I, discussed later.
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Figure 3.6: Simulated r distributions after convolution with a Gaussian, fitted to experimental data.
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3.4 Three particle imaging
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Figure 3.7: (a) Schematic of the center-of-mass selection described in the text (b) Schematic of the measured
quantities for three particles

In the case of three products, the data evaluation is more complicated. To reconstruct the energy, one
must first identify each particle. To achieve this, the center of mass in the x-y plane is first determined from
the measured impact positions:

R⃗CM =
1∑3

i=1mi

(
3∑

i=1

mi∆xi,

3∑
i=1

mi∆yi

)
. (3.22)

If the particles have different masses, this must be calculated for each possible permutation and a selection
is then made based on the axis of the center of mass of the overlapping ion-beams. An example of this is
shown in Figure 3.7(a). Here, for simplicity, m2 is chosen to be equal to m3, such that there are only three

different combinations possible. The assumed correct permutation is obtained for R⃗CM3, which lies closest
to the center of the detector. This then allows to determine a specific “center-of-mass time”, in order to
evaluate the third dimensional component. As in the two particle case, this corresponds to v∆ti. However,
here ∆ti is instead the time difference relative to the arrival time of the center-of-mass. The energy is then
obtained by:

E ≈ v2

2L2

[
m1r⃗

2
1 +m2r⃗

2
2 +m3r⃗

2
3

]
, (3.23)

where r⃗i are the measured displacements, in position and time, from the selected center of mass. It is
now possible to define a measurable quantity, equivalent to r in the two particle case, called the total
displacement, TD, which is given by:

TD ≡
√

1

M

∑
mir⃗ 2

i ≈
√

2E

M

L

v
. (3.24)

A representation of this quantity is shown in Figure 3.7(b). The center point of three vectors correspond
to the evaluated center of mass in position and arrival time differences of the three particles. The sum of
these three vectors squared is proportional to the kinetic energy released. Note that here also the projected
distances are used as an approximation of the two dimensional components.

3.5 Three particle simulation

The derivation of the final velocity vectors for three products is slightly more complex, due to the fact that
energy and momentum and conversation allows for many more possible geometries than in the two-product
cases. The fraction of the energy that each particle carry can be described by two parameters a and b
according to:

E1 = aE, E2 = bE E3 = (1− a− b)E (3.25)

The momenta vectors can always be described to lie in an arbitrary plane, and one can defines these as [65]
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p⃗1 = (p1x, 0, 0) , p⃗2 = (p2x, py, 0) , p⃗3 = (−(p1x − p2x),−py, 0) (3.26)

where p1x, p2x and py can be defined from energy conservation. To the best of knowledge, these have only
been derived for the cases with two or three particles of equal masses. For three particles of different masses,
one obtains:

p1x =
√
2aEm1, p2x =

(1− a− b)Em3 − bEm2 − aEm1

p1x
, py =

√
2m2bE − p22x (3.27)

Due to momentum conservation, the parameters a and b are constrained. These can be derived from the
possible extreme break-up scenarios. For example, the maximum value of a is obtained when py = 0, i.e
when the particles fragment with a completely linear geometry. Therefore, the limits of a are given by:

0 ≤ a ≤ m2 +m3

m1 +m2 +m3
(3.28)

The second parameter b is constrained by a. For example, if a is zero, i.e., the first particle doesn’t take
up any energy, then the two other products must share all the energy as in a two-particle break-up. These
limits are determined as:

blim =
(1− a)(m2

3 +m2m3) + a(m1m2 −m1m3)∓ 2
√
am1m2m3((1− a)(m2 +m3)− am1)

(m2 +m3)2
(3.29)

where the minus/plus sign corresponds to the minimum and maximum value allowed respectively. For
three particles of equal masses, these two equations simplify to:

0 ≤ a ≤ 2

3
,

1

2

(
1− a−

√
2a− 3a2

)
≤ b ≤

(
1− a+

√
2a− 3a2

)
(3.30)

This allows to obtain a random distribution of the fraction of energies, as long as the parameters a and
b are randomly interchanged between the three particles. Each of these combinations then correspond to
different geometries, determined by the momentum vectors given in equations 3.26 and 3.27.

However, since the reaction can take place in a plane with any orientation in space, the vectors in the
plane must be rotated randomly along both axis in order to cover all the Euclidean space. This is achieved
by the means of Euler transformations, using the rotation matrices:

Rz =

cosβ − sinβ 0
sinβ cosβ 0
0 0 1

 , Ry =

 cosψ 0 sinψ
0 1 0

− sinψ 0 cosψ

 , Rx =

1 0 0
0 cosϕ − sinϕ
0 sinϕ cosϕ

 (3.31)

The first matrix Rz rotates the chosen x-y plane about the z-axis by the angle β, while the matrices Ry and
Rx rotates the planes along the newly defined x-y axis, by the angles ψ and ϕ respectively. Here again cosβ
is uniformly distributed between -1 and 1 in order to maintain spherical symmetry.

From these velocity vectors, one can then compute the displacements of the three products in the
detection system and compute the previously defined quantity TD (equation 3.24). Similarly as in the two
particles cases, the resulting distributions are then convoluted with Gaussians of widths σ, determined from
the observed experimental broadening.

3.6 Branching ratios

In order to extract the branching ratios into the different channels, two factors must first be determined:
the collision energy, Ec.m, and the broadening factor, σ. In the case of an atomic system, the total energy
is given by

E = EK + Ec.m (3.32)

where EK is the kinetic energy release of the reaction. This value can directly determined from the energetics
of the reaction and is therefore well known. The center-of-mass collision energy Ec.m results in a small shift
of the r distributions to larger separations, which can be included in the simulation as a free parameter.
Similarly, the broadening factor σ can be extracted from the experimental data based on the observed
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broadening. The resulting spectrum is therefore a linear combinations of the r distributions of each individual
channel, i.e.

P (r, Ec.m., σ) =
∑
i

cipi(r, Ec.m., σ) (3.33)

where ci are the coefficients, i.e., the branching ratios, and pi the simulated distributions. By fitting the
data to the pi functions, the branching ratios can thus be extracted.

While the statistical uncertainties of the fit itself are generally small, the coefficients are, on the other
hand, highly sensitive to the parameters Ec.m. and σ. The uncertainties are therefore rather calculated by
varying these two parameters in the range where the fit is still viable. This way, the branching ratios are
computed with error estimations which take into account the various uncertainties in the experiment.

As a last step of the analysis, the obtained values for the branching ratios are to be corrected for the
angular acceptance of the detector system. In order to measure the arrival time differences of two particles,
two different anodes in the multi-anode PMT must be triggered. This means that MN events in which
the two products are mainly along the beam axis are less likely to be detected, as their separation in the
detector plane are generally small. The detection efficiency can therefore be expressed in terms of the
projected separation r∥ between the two neutrals on the detector. The horizontal plane of the detector and
r∥ forms an angle ϕ as illustrated in Figure 3.8(a).
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Figure 3.8: (a) Representation of two particles on the detection system. (b) Detection efficiency as a
function of the projected distance r∥ (black line), in comparison with the simulated r∥ distributions for the
four channels in equation 3.11.

The vertical separation of the two products can be related to this angle ϕ through:

∆y = r∥ sinϕ (3.34)

For two events to be detected, this separation should not be smaller than a certain value (∆ymin ∼ 4mm),
and therefore the minimum angle is given by:

ϕmin = arcsin(
∆ymin

r∥
) (3.35)

Summing over all possible angles ϕ yields the detection efficiency parameter ϵ as a function of the projected
separation r∥:

ϵ(r∥) = 1−
2 arcsin(∆ymin/r∥)

π
(3.36)

The detection efficiency for a given channel is then given by

η =

∫ r∥max

0

ϵ(r∥)P (r∥)dr∥ (3.37)
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where P (r∥) is the probability distribution of r∥. At low collision energies, the angular distribution can be
considered to be isotropic, and P (r∥) may be approximated as[66]

P (r∥) =
1

r∥max2 − r∥max1

(
arcsin

(
r∥

r∥max1

)
− arcsin

(
r∥

r∥max2

))
(3.38)

where r∥max1 and r∥max2 correspond to the maximum values of the separations for events occuring at the
limits of the interaction region. Figure 3.8(b) shows for example this detection efficiency factor ϵ(r∥) and
the P (r∥) distributions for the previously mentioned O+/O− system (equation 3.11).

It is found that the detection efficiency, plotted as the black curve in the figure, increases until it reaches
a more or less constant level at around 90%. The efficiency is then only poor for events in which the separa-
tion is small, i.e below 1 cm. Furthermore, events for which the separation is smaller than 4 mm, can not be
detected at all due to the width of the PMT’s anodes. Fortunately, in an isotropic distribution, those events
are rare, as shown by the coloured curves, representing the simulated distributions of the separations r∥ at
0 eV collision energy. Since this distribution is a projection of a sphere into a two dimensional detector,
most events actually occur at large separations, which are detected in most cases. Therefore, the correction
due to this effect is generally small.

However, another effect must be considered: A particle incident on the edge of a PMT strip may also
trigger an adjacent channel, resulting in false two particle events. Since these events can not be distinguished
from real MN events, a cutoff in the arrival time difference distribution (∆tcut = 5 ns) is generally applied.
This corresponds to a cut in the r∥ distribution according to:

r∥cut =
√
r2∥max − (v∆tcut)2 (3.39)

where r∥max is the maximal separation for a given energy, which can be obtained from equation 3.5.

An additional detection efficiency term must therefore be implemented which results in a complicated
analytical expression. An alternative solution is to instead use Monte Carlo simulations to calculate this
detection efficiency. Rather than the projected separation r∥, the angular distribution of cos θ (equation
3.19) may be used, as it is expected to be uniform at low collision energies. One then obtains a detection
efficiency map as a function of the kinetic energy release EK of two products.
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Figure 3.9: Simulated detection efficiency map for the O++O− system

As seen in Figure 3.9, the detection efficiency mainly affects events with small or large cos θ values. These
correspond to events in which the time or spatial separation are small. In the 0-1 eV kinetic energy release
range, this efficiency therefore increases gradually. At higher energies (>5 eV), the detection efficiency is
found to decrease, which is instead due to the limited time window of the detection system, i.e the time
separation starts exceeding 200 ns. The beam energies must therefore be chosen such that the channels
to be investigated are in the region where the detection efficiency remains mainly the same, such that the
corrections are negligible. There are, however, systems in which products covering a broad range of kinetic
energies are observed, in which case the total detection efficiency may vary between the different product
channels, as is it the case for the iodine system discussed in Paper III.
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For three particles, things are slightly more complex, as molecular ions are involved in the process. The
collision energy Ec.m. can not be determined accurately since the total energy is then given by:

E = EK + Ec.m + Erot + Evib (3.40)

where Erot and Evib are the initial vibrational and rotational energies of the parent molecular ions involved.
Generally, these distributions are unknown and depend on the ion sources used, as well as the conditions
in the source. The broadening and position of the distributions are still adjusted to match with the experi-
mental data but more uncertainties are present due to the unknown magnitude of each contribution.

The corrections due to the detector efficiency are also difficult to evaluate. First, there do not exist
any analytical functions describing the distributions of events on the detector and furthermore, these dis-
tributions are not necessarily isotropic, even at zero collision energy. This is because the final geometries of
the three products depend on the fraction of energies a and b that the particles take, which depend on the
break-up dynamics of the reaction. These must therefore be taken into account in the simulation.

3.7 Break-up dynamics

The energy sharing between three particles may be represented in a so called Dalitz-plot[67], as illustrated
in Figure 3.10(a). The three particles have kinetic energies E1, E2 and E3, where

E1 + E2 + E3 = E (3.41)

Here, the total energy E of the system might be represented in a triangle, in which the perpendiculars to the
sides correspond to the magnitude of each of these kinetic energies. Therefore, each point inside the triangle
correspond to a different energy sharing configuration. The center point correspond to an equal sharing of
the energy, each segment corresponding to 1/3 of the total energy. However, due to momentum conservation,
not all configurations are physically allowed, as demonstrated in section 3.5. The allowed configurations
determined by momentum conservation are described by the incircle of this triangle, as shown in the figure.
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Figure 3.10: (a) Representation of energy and momentum conservation of three particles in a Dalitz plot
(b) Representation of final geometries of three particles in a Dalitz plot.

In addition to yielding information about the energy sharing, Dalitz plots can be used to visualise the
final geometry of the products. Each point inside the circle correspond to different values a and b in the
energy sharing (see equations 3.25,3.26), which then correspond to different final velocity vectors. For three
particles of equal mass, the coordinates of a given point inside this circle is given by:

η1 =
E1 − E2√

3E
, η2 =

2E3 − E2 − E1

3E
, η2 =

2E3 − E2 − E1

3E
(3.42)
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Figure 3.10(b) shows a visual representation of some of these geometries. For example, when η1 = 0, cor-
responding to the vertical line in the center, the energy sharing between particle 1 and 2 are equal, and
the two resulting velocity vectors (blue and red arrows) are symmetric with respect to the third particle’s
vector (green arrow). The start and ends of those lines correspond to extreme case scenarios where linear
geometries occur. These are generally the most interesting since these yield information about the break-up
dynamics of the reaction. If two products are detected in close proximity, then they likely had vectors equal
in magnitude and direction, which may indicate that the diatomic parent dissociated during the flight to
the detector. This would suggest a sequential break-up in the reaction. On the other hand, if two products
take up all the energy, i.e the third product is mostly found at the center, this could instead indicate that
an intermediate highly excited state was formed.
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Figure 3.11: Dalitz plots of the O(3P)+O(3P)+O(3P) channel in the MN of O+
2 with O−. (a) Simulated

uniform distribution (b) Experimentally retrieved distribution.

As an example, the Dalitz plots for the O(3P)+O(3P)+O(3P) channel in the MN of O+
2 with O− is shown

in Figure 3.11. The left figure shows the simulated density distribution on the detector, assuming a uni-
form distribution of the energy sharing, while the right figure shows the experimentally retrieved distribution.

As can be seen, the simulated distribution is mostly uniform in the inside, while the contour varies
largely. This is due to the related detection efficiency, as mentioned in the previous section. Similarly as for
two particles, here the three products must hit three different PMTs in order to be detected. As such, the
events in which two particles have similar vectors are less likely to be detected, resulting in the observed the
three darker shadowed regions. The Dalitz plot can therefore be interpreted as a sort of detection efficiency
map for three particles. One can thus see that this efficiency is much lower as for two particles, with most
events having around 50-70% chance of being detected.

The experimentally retrieved distribution (Figure 3.11 shows a very different pattern, with a triangular
structure inside of the circle where most counts are observed, while the rest of the Dalitz plot is mostly
uniform. This triangle corresponds to mainly geometries in which two products are in proximity, which
would therefore suggest a sequential break-up in O2. Since it is not possible to identify each oxygen atom,
the structure is symmetric with respect to all three axis (see Figure 3.11(b)). The corrected Dalitz plot is
then obtained by dividing the experimental plot with the detection efficiency map (not shown here).
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4 Theoretical calculations

The theoretical calculations in Papers I, II, III were all performed by collaborators. The following section
is therefore a short description of the methods used. For more details, see the indicated references.

4.1 Landau-Zener model
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Figure 4.1: (a) Simplified sketch of the potential energy curves for the reactants and products in an MN
reaction (b) Illustration of the diabatic/adiabatic trajectories in a two-level system.

In the case of an atomic system, the MN reaction can be described in terms of a single coordinate, namely
the internuclear separation R. In a simplified model, one may consider two charged spheres approaching one
another on this one dimensional potential energy curve. The ion pair A+ +B− is described by a Coulombic
attractive potential with a physical and nuclear repulsion at short separation. For the neutral pair A+B,
there is no attraction, and so the minimum occurs at infinite separations. A sketch of such a system is shown
in Figure 4.1(a). The two curves cross at a certain internuclear distance Rx, determined by the energetics
of the system. This is where the reaction must takes place since this is only the only point at which a
transition from one system to the other is then possible.

In reality, the two systems are intrinsically connected. In order to determine the energy of a system
at any particular point, one must mix the ionic and covalent wavefunctions. At the crossing point, the
two states are degenerate and undistinguishable, and the energies of the true wavefunctions ψ1 and ψ2 are
split apart, resulting in a region with an avoided crossing, as shown in Figure 4.1(b). Evaluating these
wavefunctions in this region turns out to be a difficult task, since the Born Oppenheimer approximation is
then no longer valid, which means one must evaluate the derivative terms in the Schrödinger equation. One
way to solve this, is to introduce a diabatic basis in which the two curves do cross, i.e., the two states now
are described by ϕ1 and ϕ2 in the figure. However, this results in the two states being coupled by the non
diagonal elements Hif in the electronic Hamiltonian.

In 1932, Landau and Zener[20, 21] showed that the transition probability between the two systems can
be related to this electronic coupling. The basic assumptions are that the diabatic potentials ϕ1 and ϕ2
vary linearly with R in the narrow region around the crossing point, and that the radial velocity vR = dR

dt
can be described classically, i.e. :

Ec.m. − Vi(R) =
µv2R
2
, (4.1)

where Ec.m. is the collision energy, and Vi is the ionic pair potential, which is generally approximated as a
1/R Coulombic potential in the crossing region. However, since the collision may not always occur head-on,
there is also an associated rotational energy barrier, and Vi may be written as:

Vi(R) =
1

R
+
l(l + 1)

2µR2
(4.2)

The probability p to stay on the diabatic potential curve when passing the crossing point is then given by:

p = exp

(
−2πH2

if

vR|d(Vi − Vf)/dR|R=Rx

)
(4.3)
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where Vf is the diabatic covalent potential.

As the system passes the crossing point, there is a probability 1−p that it transits to the covalent curve,
and a probability p that it stays on this same curve on its way back. But there is also a probability p of
staying on the ionic curve on its way in and a probability 1− p to transit to the covalent curve on its way
back. As such the total transition probability is given by:

P = 2p(1− p), (4.4)

When there are multiple channels, one must then consider all possible pathways for each channel. A general
transition probability formula for N channels is given by [68]

Pj = (p2p3 . . . pj)(1− pj){1 + (pj+1pj+2 . . . pN )2 + (1− pj+2)
2 + [pj+1(1− pj+2)]

2 (4.5)

+[pj+1pj+2(1− pj+3)]
2 + · · ·+ [pj+2pj+2 . . . pN−1(1− pN )]2}.

If there are several crossings present, the channels at short internuclear separations thus become less
accessible due to the prior crossings at larger separations occurring first. The partial cross section for each
channel is then obtained by summing over all these transition probabilities for each allowed value for the
angular momentum l of the system.

σj =
π

2µEc.m.

∑
l

(2l + 1)Pj(l) (4.6)

The main difficulty in these calculations is to evaluate the coupling elementsHif . Generally, this coupling
strength depends on the crossing point Rx and the ionization energies and electron affinities of the two atoms
considered. Although several semi empirical formulas exist which estimate Hif to some degree of accuracy,
these generally fail to take into account the effects of the angular momentum of the electrons. One model
which effectively does this is the asymptotic centered anion model (ACAM).

4.2 Asymptotic centered anion model

The charge transfer between atoms A and B may be described as the motion of a single electron in a A++
B + e− system. Under the independent electron approximation, the Hamiltonian then becomes:

Ĥ = −1

2
∇⃗2 + VA(r⃗A) + VB(r⃗B) (4.7)

where VA(r⃗A) and VB(r⃗B) are the effective core potentials, and r⃗A and r⃗B are position vectors of the electron
with respect to the center of cores A and B. Solving for the eigenvalues of this Hamiltonian, one obtains
multiple expressions of integrals over the atomic wavefunctions ψA and ψB. One particular term, namely
the exchange interaction ∆(R), relates to the delocalized part of the electronic distribution, and can be
expressed as a surface integral[69]:

∆(R) =

∫
S

(ψ∗
B(r⃗B)∇ψA(r⃗A)− ψ∗

A(r⃗A)∇ψB(r⃗B))dS⃗ (4.8)

where S is a sphere surface centered on atom B, with surface element dS⃗ directed inward. It can be shown[70]
that, at the crossing point, this function approximates the coupling elements Hif in the diabatic basis:

Hif ≈ ∆(Rx)/2. (4.9)

To evaluate this, one needs the atomic wavefunctions ψA and ψB on the sphere surface S. The basic as-
sumption in the ACAM model is that since MN takes place at large internuclear separations, the asymptotic
form of the anion’s wavefunction ψB may be used, whereas ψA is given by the wavefunction of the active
electron, centered on atom A (for more details see reference [71]). To derive these, the valence orbital in
the electronic configuration of each atomic state is used. However, since the two approaching ions can form
different molecular symmetries, these wavefunctions must be evaluated for each possible molecular state.
These are determined from the Wigmer-Witmer rules[72], from the atomic term symbols of the species of
interest. As an example, Table 1 shows the possible molecular states which can be formed in the O+/O−

system described earlier.
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Atom pair Λ S Molecular states
O+(4So) + O−(2Po) 0,1 1,2 3,5Σ−, 3,5Π
O(3p 3P) + O(3P) 0,1,2 0,1,2 1,3,5Σ+(2), 1,3,5Σ−, 1,3,5Π(2), 1,3,5∆
O(3p 5P) + O(3P) 0,1,2 1,2,3 3,5,7Σ+(2), 3,5,7Σ−, 3,5,7Π(2), 3,5,7∆
O(3s 3So) + O(3P) 0,1 0,1,2 1,3,5Σ+, 1,3,5Π
O(3s 5So) + O(3P) 0,1 1,2,3 3,5,7Σ+, 3,5,7Π

Table 1: Molecular states obtained from the Wigmer-Witmer rules for the O+/O− system

Since the molecular symmetry and parity must be preserved, many of the listed states are not relevant
to the reaction, such as the ∆ states. The incoming ion pair can only form 3,5Σ− and 3,5Π states, which are
all present in the P+P pairs (row 2 and 3) but not in the So+P pairs (row 4,5), where the 3,5Σ− are absent.
Therefore, the coupling to these states is zero for these two channels. The total cross section is obtained
by evaluating the cross section for each molecular symmetry, and summing all of these while taking into
account their statistical weight.

4.3 Multiconfigurational calculations

In the ACAM model, the independent particle approximation is used, which has the effect of partially ne-
glecting the correlation in the motion of the electrons (note: some of the correlation is captured by the use of
exact energies in the model). Atomic wavefunctions are then described by a single electronic configuration,
and their orbital angular momentum L and their spin S. In reality, this label only designates the largest
component, and, due to the electron correlated motion, each wavefunction is actually a mixture of config-
urations. One way to evalute this is to perform MCHF (Multiconfigurational Hartree-Fock) calculations
to determine the mixing components of each state. The method relies on the variational principle and the
Hartree-Fock equations to determine the orbital functions, and the mixing coefficients are optimized by
diagonalization of the Hamiltonian.

In MN, the captured electron generally ends up in an excited state of the formed neutral, and the final
wavefunction ψf may then be described as combination of the cation core, A+, with an outer nl electron,
i.e:

|ψf ⟩ = |LS⟩A+ |nl⟩ (4.10)

Due to configuration mixing, the wavefunction may also contain part of one (or more) excited states of the
core configuration, i.e

|ψf ⟩ = c1 |L1S1⟩ |nl⟩+ c2 |L2S2⟩ |nl⟩ (4.11)

where c1 and c2 are parameters to be optimized in order to minimize the energy of the system. If the initial
state ψi, is described by a |L1S1⟩ core, then the second term may be neglected, and the coupling elements
become

Hif = ⟨ψi| Ĥ |ψf ⟩ = c1 ⟨ψi| Ĥ |L1S1, nl⟩ (4.12)

In Paper I and II, multiconfigurational Dirac-Hartree-Fock (MCDHF) calculations were employed through
the GRASP2018 atomic structure code [73] to compute these coefficients in order to determine the coupling
elements.

4.4 Ab initio calculations

The coupling elements Hif may also be evaluated directly, if the adiabatic potential energy curves known
known. The quantity ∆(Rx) then corresponds to the difference in energies at the avoided crossing. In order
to compute these energy curves ab initio, one must solve the time independent Schrödinger equation:

Ĥ |ψ⟩ = E |ψ⟩ (4.13)

For a molecular system, the total Hamilton operator Ĥ is given by the sum of the kinetic (T) and electrostatic
interactions (V) between the nuclei (N) and the electrons (e).

Htot = TN + Te + VNN + VNe + Vee (4.14)
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The last term, corresponding to the electron-electron interaction, makes it impossible to solve the Schrödinger
equation and is therefore generally captured by other means. The various computational methods available
uses different type of approximations which provide different levels of accuracy.

In Paper III, the multi-reference configuration interaction (MRCI) method is used. The spatial correla-
tion of the electrons is then captured by using linear combination of orbital configurations to describe the
wave function of the system[74]. The electronic wave functions and associated potential energy curves are
then calculated for each possible molecular symmetry, similarly as in the ACAM model.
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5 Results

5.1 Paper I: Mutual neutralisation of O+ with O+

The mutual neutralisation of O+ with O− is one of the most important charge transfer reactions in the
upper atmosphere. As highlighted in section 1.2, the excited oxygen atoms produced in these reactions
result in ultraviolet equatorial airglow in our atmosphere, and the night-time ionospheric charge density
depends largely on the rates and branching of this reaction.

It was first studied by Olson et al. in 1970[75], who measured the cross section in the 0.3-20 eV collision
energy range, using a merged beam apparatus. Later, in 1989, Peart et al.[76] complemented these results
by measuring the reaction over the 30-2000 eV range, this time using an inclined beams setup. However,
a significant discrepancy was observed for the small gap of energy between the two experiments. This was
eventually settled by Hayton & Peart[77] in 1993 with measurements over the 1-300 eV collision energy
range in a novel merged-beam setup with a time-of-flight technique, and the discrepancy was attributed to
space charge interactions present in the former setup of Olson et al.. It then took nearly 25 years before
the reaction was studied once again. Using a state-of-the-art apparatus built at UCLouvain (Belgium), de
Ruette et al.[59] measured the cross section in the low collision energy range (< 1eV), completing the full
range of energies. Using three dimensional imaging technique, they measured the product energy spectra,
which allowed the determination of the branching ratios of the reaction for the first time.

There was, however, a recurring source of uncertainty in all these experiments, namely the presence of
metastable positive ions. In the experiment of de Ruette et al., these metastables manifested as additional
features in the products energy spectra. As such, the reaction was a perfect test experiment for DESIREE:
The results could be directly compared with those from de Ruette et al., and the storage capacities of
DESIREE could potentially be used to eliminate eventual short-lived metastable species.

The available energy for excitation is given by the difference between the ionization energy of oxygen
(13.62 eV[78]) and its electron affinity (1.46 eV[79]), which is 12.16 eV. Therefore, the reaction can in
principle excite an oxygen atom up to the 3d states (∼ 12.07 eV). However, as MN generally occurs at large
inter-nuclear separations, the electron is found to be mainly captured into the 3p and 3s states, into the
following four channels:

O+(4So) + O−(2Po) →


O(3p 3P) + O(3P) + 1.17 eV
O(3p 5P) + O(3P) + 1.42 eV
O(3s 3So) + O(3P) + 2.64 eV
O(3s 5So) + O(3P) + 3.01 eV.

(5.1)

For the experiment at DESIREE, the O+ beam was produced using the ECR source using molecular
oxygen (O2) whereas the O− beam was produced from a TiO cathode in the SNICS source. The ions were
accelerated to beam energies of 8.28 keV and 7.16 keV, respectively, and a scan of the drift-tube voltage was
performed by evaluating the count rate as a function of the voltage applied to the drift tubes. A maximum
in the count rate, and thus a minimum in the collision energy, was obtained at a voltage of ∼ 570 V, which
was then used during the data acquisitions. Note that this value differs from the calculated value (equation
3.13, U0 = 558 V), since a slightly higher voltage must be applied to reach this value due to the shape of the
potential. The interaction region was then limited to the second drift tube (L ∼ 1.85 m), to yield the best
resolution possible. Figure 5.1 shows the spectrum obtained, along with a fit of the simulated distributions,
as explained in section 3.

The four channels of equation 5.1 were observed, with the O(3p 5P) + O(3P) (red curve) found to
dominate, in agreement with previous results of de Ruette et al.. However, a small shoulder on the third
peak was not accounted for in the simulation. Theoretical calculations using the Multichannel Landau Zener
model combined with ACAM model were performed (see section 4.2 and 4.3), and the results showed that
one channel from the first excited state of the cation, O+(2Do), had a significant cross section, namely:

O+(2Do) + O−(2P) → O(3s 1Do) + O(3P) + 2.75 eV (5.2)

This corresponded to the observed peak position in our spectra, and it was also found to coincide with an
unassigned feature observed in the product energy spectra of de Ruette et al.. This triggered a re-evaluation
of the results by two of the co-authors A. Dochain and X. Urbain, and, after a thorough investigation, it was
found that several small scale contributions in their spectra (not observed in the DESIREE spectra due to
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Figure 5.1: Yield of neutral O pairs as a function of the separation r between the products. The full curve
results from a fit of the individual simulated distributions, shown in colored lines (reduced by a factor 2 for
better visibility).

lower resolution and statistics) also corresponded to channels of this metastable state. Two Rydberg series
were identified, namely:

O+(2Do) + O−(2P) →
{

O(np 3P) + O(3P) + EK

O(nd 3Do) + O(3P) + EK .
(5.3)

These channels were not predicted by the theoretical model since these would require a spin flip in the core,
a process which is forbidden. However, the transition could still potentially occur if those states had mixed
configurations, something which is typically neglected in the ACAM model. As such, MCHF calculations
were performed (see section 4.4) to determine the mixing content of the O+(2Do) cores in these states and
the partial cross sections were computed for all those states.

Despite the inclusion of the mixing configuration, it was found that the theory was not in good agreement
with the experimental observations in regard to these metastable contributions. The calculations predicted
fairly small populations for the Rydberg series, while experimentally those were found to be present in non
negligible amounts. This was particularly intriguing since the theoretical model used typically produces
sensible results, specially when mixing configurational calculations are included [59, 80]. However, the
calculations of the coupling elements in the ACAM model requires the evaluation of the Firsov integral
(equation 4.8), for which certain criteria exist for its validity. It is for example required that the wavefunction
of the active electron is exponentially decreasing in the integrated sphere. In other words, the overlap
between the wavefunction of the active electron on the negative ion and the wavefunction of the active
electron in the Rydberg state of the neutral, should be negligible in order for the model to work. This
depends on where the crossing takes place, and in Janev & Salin’s paper[69], the validity criterion is rather
expressed as:

γ2Rx ≫ 1 (5.4)

where γ2 =
√
2EA (EA being the electron affinity of atom B). In the case of O−, one therefore obtains:

Rx ≫ 9.3 a0 (5.5)

Most of Rydberg states populated by the metastable cation were found to have crossings at lower or similar
internuclear separations to this value, and the criterion is therefore not fulfilled. It was thus hypothesized
that the observed discrepancy was due to this effect. However, in paper II, a different explanation for the
discrepancy between theory and experiment is suggested.
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5.2 Paper II: Mutual neutralisation of N+ with O−

One other highly prevalent atomic ion in the upper atmosphere is of course nitrogen. Since the anion is
unstable, mutual neutralisation may only occur between the nitrogen cation and the oxygen anion, i.e:

N+ +O− → N∗ +O+ EK (5.6)

Since the relevance and applications of the reaction are very similar to the O+/O− reaction, the two sys-
tems have often been studied in conjunction in the past [76, 77]. In the recent aforementioned study of de
Ruette et. al [59], this particular system was also investigated, and the spectrum also showed significant
contributions from metastable ions. Given the previous interesting findings in the MN of O+ with O− at
DESIREE, and the theoretical challenges it represented, it was only natural to choose to study this system
as well. The system also offered numerous kinetic energy release channels and would therefore allow to test
the resolution limits of DESIREE.

Similarly as in the reaction with oxygen, the excess energy is sufficient to excite the captured electron
in the 3s or 3p states of the neutral. However, there also exists a core-excited state in nitrogen into which
the electron may be captured into:

N+(3P) + O−(2P) → N(2s2p4 4P) + O(3P) + 2.15 eV, (5.7)

which can only be described a single-electron process if the state is to be described a mixture of different
configurations. In addition, there are two metastables states of N+ which can potentially be ascribed to the
observed additional features in the spectrum of de Ruette et. al, N+(1D), with a lifetime of ≈ 256 s [81]
and N+(1S), which has a lifetime of about 1 second. The latter could then be potentially be removed at
DESIREE.

Beam energies of 7.00 keV were chosen for the two ions, in order to maximize the detection range and
resolution. The N+ ions were produced from N2 gas introduced to the ECR ion source, and the O− the
same way as in the previous experiment. Other measures, such as optimisation and drift tube selection were
made in the same way as in the previous experiment. However, additional measures were implemented both
in the experiment and the analysis. Apertures were introduced at the entrance and exits of the merged
section in order to improve the collimation of the ion beams, and a cut in the cos θ distributions of the
measured products was applied in order to limit the fringe fields effects, as explained in Section 3.3. As a
result, the majority of the peaks could be individually resolved, as shown in Figure 5.2.
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Figure 5.2: Yield of neutral N/O pairs as a function of the separation r between the products. The full curve
results from a fit of the individual simulated distributions, shown in coloured lines (reduced by a factor 2
for better visibility).

As observed in the O+/O− system, the populations of the channels belonging to the ground state
cation (N+(3P)) were found to be in good agreement between experiment and theory, while several ob-
served contributions from the metastable cation (N+(1D), shown in red in the figure) were not predicted
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by our calculations. However, in contrast to the oxygen system, many states do fully satisfy the previously
mentioned validity criterion of the theoretical model, which suggests that the discrepancy must arise from
other factors. Furthermore, the highly mixed state N(2s2p4 4P) (yellow curve) was well predicted by the
calculations when configuration mixing was included, which suggests that the method used is indeed valid.

If one considers a state where the wavefunction is dominated by the ground state configuration, and we
are interested in the metastable state’s component, then it follows that:

Hif = c1 ⟨ψ(N+(1D)| Ĥ |ψ(N+(1D)nl)⟩+ c2 ⟨ψ(N+(1D)| Ĥ |ψ(N+(3P)nl⟩ = c1H̄1 + c2H̄2 (5.8)

The first term H̄1 corresponds to the one-electron process that we seek to evaluate, while the second term
H̄2 is the two-electron process which the model can not evaluate, but we assume to be negligible. However
this assumption is only valid if:

c1H1 ≫ c2H2 (5.9)

For many states of interest in both N and O, it was found that the mixing coefficient is of the order of 10−2,
which would then require:

H1

H2
≫ 100. (5.10)

While coupling elements of multi-electron processes are generally small, it is not guaranteed that they
are smaller by a factor 100 or more. Therefore, it is likely that the model can not predict these states cor-
rectly due to the presence of non-negligible multi-electron processes. This could also explain the observed
discrepancy in Paper I, where several of the observed states are not well described by theory.

The results of the present paper also showed that a resolution close to the single-pass apparatus of
UCLouvain could be achieved at DESIREE, when careful optimisation of the superimposition beams is
undertaken. This was a particular milestone in the development of DESIREE, as one of the main purposes
of the machine is to determine the branching ratios in MN reactions with accuracy. The two papers (Paper
I and Paper II) show, however, that more advanced models are necessary to correctly describe the reaction,
and in Paper III, ab initio methods are instead used to treat the reaction.
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5.3 Paper III: Mutual neutralisation of I+ with I−

While iodine is present in the atmosphere due to the production of volatile species from algae in seawater, it
rarely reaches high altitudes and therefore is mostly found in its neutral form [82]. The applications of the
MN of iodine ions is therefore mainly of industrial use, more specifically, for electric plasma thrusters. Since
these devices accelerate and eject ions to produce a propulsion, reactions involving ions in the plasma is
likely to play a crucial role in the efficiency of such engines. In that regard, the data available are sparse and
subject to high uncertainties, which makes iodine plasma modelling difficult. The two studies available on
the reaction are over 50 years old and were both performed in afterglow plasmas in quite different experimen-
tal conditions compared to that found in an iodine thruster [83, 84]. Furthermore, the two studies provide
no information on the nature of the products and there are uncertainties regarding the type of ions present
(atomic/molecular). The system was therefore ideal to study at DESIREE, as the setup allows for ions to
be mass-selected precisely and the products can be identified using the imaging detectors available. While
absolute rates can not be determined at DESIREE, or at least not with precision, the product branching
ratios are still of interest as they provide a direct test of theoretical models.

The system proved itself to be complex to investigate, both experimentally and theoretically. Due to the
high electron affinity of iodine, and its lower ionisation potential, the MN reaction is not as energetically
favorable as for the O+/O− and N+/O− systems (about 7.4 eV excess energy, compared to 12-13 eV).
Consequently, only the ground state and the first excited state can be populated, i.e. :

I+ + I− →


I(5p5 2P◦

1/2) + I(5p5 2P◦
1/2) + 5.51 eV

I(5p5 2P◦
1/2) + I(5p5 2P◦

3/2) + 6.45 eV

I(5p5 2P◦
3/2) + I(5p5 2P◦

3/2) + 7.39 eV,

(5.11)

I+ + I− →

{
I(6s 2[2]3/2) + I(5p5 2P◦

3/2) + 0.44 eV

I(6s 2[2]5/2) + I(5p5 2P◦
3/2) + 0.62 eV

(5.12)

For the ground state channel, equation 5.11, the kinetic energy release is quite high, which implies
large separations of the products. Sufficiently high beam-energies must therefore be provided to ensure the
products are captured by the detection system. On the other hand, for the channel with one iodine atom
in the 6s excited state (equation 5.12), the kinetic energy is small, which is problematic as the detection
efficiency decreases rapidly at small separations. Consequently, the system was studied at two different sets
of beam energies. Using low beam energies (13 and 12 keV for the cation and anion respectively), the low
energetic channels (equation 5.12) could be resolved in the spectrum. However, a large portion of the more
energetic channels were found to fall outside the detection system. This can be visualised in Figure 5.3(a),
which shows the simulated detection efficiency as a contour plot, together with the experimentally observed
events. The data was therefore only used to determine the branching ratios between the two fine structure
states.
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Figure 5.3: Detection efficiency maps as a function of the kinetic energy release EK and cos θ at (a) low
beam energies and (b) high beam energies.
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In the acquisition run at higher beam energies (35/30 keV), the more energetic channels are found to
be detected equivalently, as highlighted in Figure 5.3(b). On the other hand, the low energetic channels
are on the edge of the efficiency map and the counts distribution is found to vary as a function of cos θ.
The corrections due to the channel detection efficiency therefore become important. However, the simulated
detection efficiency map agrees well with the observed experimental distribution, and these corrections can
be made rather accurately.

Theoretically, the system was also found to be a challenge, for mainly two reasons: Firstly, iodine is a
heavy element, which means relativistic effects become important. Secondly, the avoided crossings for the
low-energy channels (equation 5.12 take place at very short internuclear separations (about 3Å), where sim-
pler models are no longer valid. The system must therefore be treated with ab initio methods, as described
in section 4.4. The results of these calculations showed complex potentials, with multiple avoided crossings
in close proximity. The dynamics of the collisions were also computed and are to be the subject of a separate
paper. Preliminary calculations indicate great agreement between the experimentally measured branching
ratios and the theoretical ones.
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5.4 Preliminary results: Mutual neutralisation of O+
2 with O−

As mentioned in the introduction, the upper layers of the atmospheres are exposed to high levels of radiation
and are mostly composed of atomic ions, dominated by O+ and N+. In lower layers however, less ionising
radiation is present, due to the absorption from the F layer and the higher pressure, and molecular ions,
such as O+

2 , become prevalent.

Destruction of O+
2 typically occurs through dissociative recombination, a process which has been exten-

sively studied both experimentally [85] and theoretically [16] in the past, due its importance to the green
and red airglow in our atmosphere. However, very little is known about the corresponding mutual neutral-
isation reaction. Early measurements suggests that the cross section for the reaction is of the same order
as for the atomic ions (Paper I), but no information on the nature and distribution of the final products exist.

In early recombination studies, it was found that triatomic systems predominantly formed two reaction
products, with one being a molecule. For the MN of O+

2 with O−, this would be:

O+
2 (v, J) + O− → O2(v

′, J ′) + O + EK , (5.13)

where the kinetic energy released, EK , would depend on the electronic, rotational and vibrational state
of the molecule. With 10.63 eV available in the reaction, a large number of product channels are then
possible.

However, for the triatomic cation O+
3 , it was found instead that the reaction was largely dominated by

dissociation into three atoms [86]. A similar scenario can therefore be thought to occur for the MN of O+
2

with O− as well, as the excess energy is actually sufficient to open up four three-body channels:

O+
2 +O− →


O(1S) + O(3P) + O(3P) + 1.28 eV
O(1D) + O(1D) + O(3P) + 1.53 eV
O(1D) + O(3P) + O(3P) + 3.50 eV
O(3P) + O(3P) + O(3P) + 5.45 eV

(5.14)

To the best of our knowledge, there are no published results on break-up dynamics of MN reactions.
There was therefore an additional strong motivation to study this system at DESIREE.

Given the large kinetic energy in the three body break-up, relatively high beam energies were selected
(40 and 18 keV for the cation and anion beam respectively), and three drift tubes were chosen to be biased,
as a compromise between resolution and count statistics. As expected, only the three-body break-up was
actually observed. Figure 5.4(a) shows the spectrum obtained.
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Figure 5.4: (a) Yield of neutral fragments as a function of their total displacement TD from their center
of mass. The fit of the individual simulated distributions are shown in colored lines. (b) Potential energy
curves relevant for the reaction.

However only two out of the four channels of equation 5.14 were actually observed, with a preference
for the more energetic channel (red curve), where all three oxygen atoms end up in the ground state. This
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was a strong contrast to the dissociative recombination results, which showed a high predilection for the
formation of excited states of oxygen.

Theoretically, MN systems involving molecular ions are difficult to treat since they require evaluating the
potential energy curves along the different reaction coordinates of the multinuclear system. In the absence
of such calculations, we chose to understand the dynamics in a simplified model, in which the anion does not
participate in any bonding, i.e., it is treated as an electron donor only. In this model, the O+

2 /O2 potential
energy curves may be used, with the neutral curves shifted by the electron affinity of O− in order to take
into account the energy required to transfer the electron from the anion.

Using this model, the results are particularly interesting (see Figure 5.4(b)). The O(3P)+ O(3P) chan-
nel has multiple dissociative states coupled to it (red curves), each of which cross the ionic potential (black
curve) at different vibrational quanta in O+

2 (v). On the other hand, the O(1D)+ O(3P) (blue curve) crosses
the O+

2 potential only at its lowest energy, O+
2 (v = 0). It is therefore possible that the higher proportion

of ground states products observed is due to the presence of these additional crossings at higher vibrational
states. As such, the branching ratios could depend on the vibrational state of the cation. Such effects
can be expected, and have also been observed in the dissociative recombination of diatomic ions [87] How-
ever, this is a very simplified approach of the dynamics. For example, it doesn’t explain the absence of
the O(1D)+ O(1D) channel (green curve), which also has a favourable crossing with the ionic potential at
around O+

2 (v = 1).

The Dalitz plots also reveal intriguing dynamics in the reaction. The lower energetic channel has larger
density of events in three specific corners of the break-up dynamics map (see Figure 3.10(b)) which corre-
spond to linear structures. In the higher energetic channel, the opposite is observed, no events are observed
in these regions and furthermore, a very speficic pattern is observed, namely a triangular shape within the
Dalitz circle. This shape is obtained when one fragment gets a specific fraction of the energy frequently,
while the rest of the kinetic energy is distributed randomly between the other fragments. In other words,
the break-up was initially a two-body reaction, shortly followed by dissociation of the molecule, indicating
a sequential break-up.
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Figure 5.5: Dalitz plots of the (a) O(1D)+O(3P)+O(3P) channel (b) O(3P)+O(3P)+O(3P) channel
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6 Conclusions and Outlook

The double electrostatic ion storage ring DESIREE is a unique facility aimed at studying mutual neutral-
isation of oppositely charged ions. It was fully commissioned in 2017, with the first merged beams results
of MN reactions published in 2020 [38]. In the first phase of DESIREE, the conducted experiments have
been mainly aimed at reproducing the pioneering works of Urbain et al. at the single-pass merged beam
apparatus located in UCLouvain.

In Paper I and II, the atmospherically relevant O+/O− and N+/O− reactions were studied, and the
experimental results were found to be in good agreement between the two setups. However, the presence of
contributions from metastable ions raised questions and a collaboration with a theoretical group in Uppsala
was initiated. It was found that the collision dynamics could be well described by the semi classical Lan-
dau Zener model combined with an asymptotic approach for the estimation of the couplings. While good
agreement between and theory and experiment could be achieved for the reaction involving the ground state
cation, the calculations had limited agreement with results involving the metastable state cation, and it was
concluded that multi-electron processes might be present, which would require more advanced theoretical
modelling.

In Paper III, a more complex reaction was selected, which hadn’t been studied previously in any merged-
beam apparatus, namely the ionic iodine collision system. The work was performed in collaboration with a
theoretical group at Sorbonne Université, which seek to model the processes taking place in iodine electric
thrusters. It was found that ab initio calculations were necessary to correctly describe the collision, as
multiple avoided crossings at short internuclear separations were found to be present, which could explain
the observed formation of ground state neutrals pairs.

Lately, experiments on more complex systems have been conducted, such as the one presented in the
preliminary results, i.e the mutual neutralisation of a diatomic oxygen cation with an oxygen anion. The
detection of three products from an MN reaction was thus observed for the first time, and the results were
found to exhibit intriguing dynamics. However, the theoretical treatment of such reactions is very recent
and it is still unknown which level of accuracy can be achieved.

Other preliminary results, not presented here, include NO+ and N+
2 , interacting with O−, as well as I+2

with I−. While NO+ can cool down vibrationally, due to presence of an intrinsic dipole moment, the other
mentioned homonuclear diatomic ions cannot. The goal of future studies is therefore to use isotopologues
of these molecules in order to induce radiative transitions and study the system at lower quantum levels.
This would for example allow to confirm or refute the possible vibrational dependance in the MN of O+

2

with O−. Other projects involve studying systems which are more relevant to cosmology, such as the MN
of the first two ions in the universe, namely HeH+ and H+

2 with H−.
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72E. Wigner and E. E. Witmer, “Über die struktur der zweiatomigen molekelspektren nach der quanten-
mechanik”, Zeitschrift für Physik 51, 859–886 (1928).

73C. Froese Fischer, G. Tachiev, G. Gaigalas, and M. R. Godefroid, “An MCHF atomic-structure package
for large-scale calculations”, Comput. Phys. Commun. 176, 559–579 (2007).

74F. Jensen, Introduction to computational chemistry (Wiley, 2007).
75R. E. Olson, J. R. Peterson, and J. Moseley, “Ion–ion recombination total cross sections—atomic species”,
J. Chem. Phys. 53, 3391–3397 (1970).

76B. Peart, S. J. Foster, and K. Dolder, “Measurements of the mutual neutralisation of N+/O− and O+O−”,
J. Phys. B: At. Mol. Opt. Phys. 22, 1035–1042 (1989).

77D. A. Hayton and B. Peart, “Merged beam measurements of the mutual neutralization of O+O− and
N+/O− ions”, J. Phys. B: At. Mol. Opt. Phys. 26, 2879–2885 (1993).

78Ionization potentials of atoms and atomic ions (1992), pp. 10–211.
79S. J. Cavanagh, S. T. Gibson, M. N. Gale, C. J. Dedman, E. H. Roberts, and B. R. Lewis, “High-resolution
velocity-map-imaging photoelectron spectroscopy of the O− photodetachment fine-structure transitions”,
Phys. Rev. A 76, 052708 (2007).

80A. Dochain, “Systematic study of mutual neutralization reactions between atomic species using the merged
beam method and an asymptotic model” (2022).

81C. Froese Fischer and G. Tachiev, “Breit–pauli energy levels, lifetimes, and transition probabilities for the
beryllium-like to neon-like sequences”, Atomic Data and Nuclear Data Tables 87, 1–184 (2004).
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