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Abstract

In this thesis, the measurements performed at CRYRING, Stockholm Univer-
sity, on the dissociative recombination of C2H

+, C2H
+
4 , C2D

+
5 , C3H

+
7 , C3D

+
7 ,

C4D
+
9 , Na+(D2O), CF+, CF+

2 and CO+
2 are presented. The dissociative re-

combination is the reaction in which a positive molecular ion captures an
electron and stabilizes the capture by dissociation into neutral fragments.
This reaction is of importance in many plasma environments, both naturally
occurring, such as planetary atmospheres and interstellar clouds, and man-
made, such as plasma enhanced reactors.

The results from this study show that the hydrocarbon ions have a large
probability for breaking several hydrogen bonds as well as a carbon-carbon
bond. In the DR reaction of Na+(D2O), the fracture of the cluster bond
is by far the dominating pathway, and the single F detachment is shown
to be the main dissociation channel for the fluorocarbon ions. The carbon
dioxide cation, CO+

2 , dissociates exclusively into CO and O, which makes a
difference in atmospheric models. The DR rate coefficient is also presented for
the different ions. Besides a discussion of the results, this thesis also includes
a presentation of the experimental technique and analyzing procedure.
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M. af Ugglas, and M. Larsson.
Int. J. of Mass Spectr., 237, 25 (2004)

VI. Dissociative recombination cross-section and branching ratios
of protonated dimethyl disulphide and N-methyl acetamide
A. Al-Khalili, E. Uggerud, R. Zubarev, J. Semaniak, P. Andersson, V.
Bednarska, A. Ehlerding, W. D. Geppert, F. Hellberg, M. Kaminska, F.
Kjeldsen, A. Paal, R. Thomas, M. af Ugglas, J. Vedde, V. Zhaunerchyk,
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Chapter 1

Introduction

Environments where ions, neutrals and electrons co-exist and form a volume
with zero net-charge are called plasmas. Since these conditions can apply
to so many diverse fields, such as interstellar clouds or industrial etching
plasmas, the processes involved become important to study. One of these
reactions is dissociative recombination, on which this thesis is based. This
process will be described further in the next sections. I will thereafter use
the following chapters to explain how this reaction has been measured using
the heavy ion storage ring CRYRING, and the results thereof.

1.1 Dissociative recombination

1.1.1 The dissociative recombination process

Dissociative recombination (DR) is the process where an electron is captured
by a positive molecular ion, and the capture is stabilized by dissociation. One
pathway for the reaction is the capture of the electron into a highly (dou-
bly) excited neutral state of the molecule, followed by dissociation; this is
the so-called direct DR process and it is schematically shown in figure 1.1.
The dissociation reaction is in competition with autoionization back to the
molecular ion and a free electron, where the electron is re-emitted to the con-
tinuum. Autoionization can take place provided the potential energy of the
system exceeds the ionization energy of the molecule; once the dissociation
has brought the potential energy to be beyond the ground state of the ion,
autoionization becomes impossible.

Intuitively it might seem strange that the electron, with a mass several

1



2 CHAPTER 1. INTRODUCTION

Ee

A + B

A + B +

AB**

AB+
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Figure 1.1: The direct DR process for a diatomic ion, where the ion captures an electron
with the energy Ee into a double excited neutral state AB∗∗, and dissociates along that
potential. The dashed line indicates the internuclear separation where autoionization is no
longer possible.

thousand times smaller than the ion, in the collision with the molecular ion
can have such large effect on the molecular nuclei as to cause the molecule
to fragment. Historically it was also believed that this process was very slow
and of less importance, due to the weak interaction between electronic and
nuclear motion within the molecule. The first discussions about DR as an
important atmospheric reaction was in 1931, in an attempt to explain the
origin of the auroral green line, 557.7 nm, as coming from the dissociative
recombination of O+

2 [1]. Six years later, in 1937, DR was dismissed as being
too slow to be a significant atmospheric process [2].

In a publication in 1946, Bates and Massey stated the need for detailed in-
vestigations of the dissociative recombination reaction, due to the difficulties
of assessing the importance of the reaction [3]. One year later they published
calculations showing that if the dissociative recombination is a rapid pro-
cess, it could be responsible for the neutralization in the ionosphere, and
the difficulties in explaining this neutralization would thereby be avoided [4].
Following this, Bates published his model of dissociative recombination in
1950, which is the model described in figure 1.1 [5], and showed that DR can
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be a very rapid process.

As illustrated in figure 1.1, DR involves the crossing of a repulsive neutral
state and the ionic state. Below the ionic state there are an infinite number
of neutral Rydberg states, which might have the same symmetry as the re-
pulsive state. Using adiabatic, or Born-Oppenheimer, potentials to describe
these states, the crossing between states of the same symmetry is forbidden,
and thus this causes a problem in modeling DR since the repulsive and the
ionic curve do not cross. The interactions between these states then have to
be described by non-adiabatic couplings in order to get around this problem.
A repulsive diabatic state can be constructed by removing the Rydberg char-
acter and thereby obtaining an electronic state with only valence character.
This state is then allowed to cross the Rydberg manifold [6]. In the simple
picture, one can think of the adiabatic representation as a tool for describing
adiabatic processes, where the system is able to continuously adjust to the
changes. The rapid departure of the nuclei along the repulsive state is bet-
ter described in a diabatic representation. Of course, a much more detailed
theoretical description is necessary to correctly describe the different rep-
resentations, see for example [7]. The conclusion, however, is that by using
a diabatic representation of the molecular states, the crossings between the
ionic potential and the repulsive state are more easily described.

The magnitude of the dissociative recombination cross section is put into
perspective when compared with, for instance, the cross section for atomic
recombination. The atomic recombination process at low pressures can pro-
ceed by either radiative recombination or dielectronic recombination, which
are both radiative processes. The rate constants for the radiative recombina-
tion reaction are low, typically in the order of 10−12 cm3/s or lower [8], and
the radiative recombination rate constants for molecular ions are expected to
be in the same order [6]. The rate coefficient for dissociative recombination
is typically 10−7 cm3/s, and thus for molecular ions the dissociative recom-
bination process is a much faster process, which is totally dominating over
radiative recombination.

Due to the Coulomb attraction between the positive ion and the elec-
tron, the cross section for the reaction is large for small interaction energies.
It was shown by Wigner [9] that for particles with low relative energy in a
long-range potential such as the Coulomb potential, the cross section should
follow an E−1-dependence. This was also found in the following studies of
the DR process by Bates and Dalgarno [10] and Bardsley [11], who showed
that for low interaction energies (<1 eV) and assuming the ions to be in
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their vibrational ground state, the cross section of the direct DR process
could be described by an E−1-dependence. This is also assuming that the
lifetime against autoionization is long compared with the time it takes for
the molecule to dissociate.

1.1.2 The indirect pathway for the DR process

The dissociative recombination reaction can also proceed through an alterna-
tive pathway, where the energy that is released when the electron is captured
is transferred to ro-vibrational excitation of the molecule. The electron will
then be bound in a ro-vibrationally excited Rydberg state. Subsequently,
pre-dissociation may take place to the repulsive doubly excited state as illus-
trated in figure 1.2. This process also competes with autoionization from the
Rydberg state and the doubly excited state, similar to the direct DR process.

A + B

A + B

A + B +

AB**

AB* AB+
 

 

Po
ten

tia
l e

ne
rg

y

Internuclear distance

Figure 1.2: The indirect DR process for a diatomic ion. The electron is captured by the ion
into a vibrationally excited Rydberg state AB∗, which pre-dissociates in a non-radiative
transition to the doubly excited state AB∗∗.

The indirect process was first described by Bardsley in 1968 [11]. It is a
resonant process as it can only take place for interaction energies matching
a vibrational level of the Rydberg potential, and the cross section of the in-
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direct process will not show a simple E−1-dependence like the cross section
of the direct process.

Since the repulsive, diabatic state will couple to the ionization continuum,
it will also couple to the Rydberg manifold, and therefore both the indirect
and the direct process take place together [11]. This means that the interfer-
ence between the indirect and the direct process has to be taken into account
in DR calculations; this was introduced using multichannel quantum defect
theory, MQDT, by Giusti in 1980 [12]. In that publication it was also shown
that the contribution from the indirect process will give rise to structure in
the cross section at low interaction energies.

For some ions there are no doubly excited neutral states crossing the ionic
ground state potential close to its minimum; this is the case for example for
HeH+ and H+

3 [13]. The dissociative recombination then proceeds though the
so-called tunneling mode of DR, which includes a non-adiabatic coupling be-
tween the ionic state and a dissociative state close to the ionic potential or
a Rydberg state, in the direct and indirect process, respectively [13].

1.1.3 DR of polyatomic ions

The extension to polyatomic ions follows naturally, but the picture becomes
more complicated since the number of states and curve crossings increases.
Theoretical calculations on triatomic systems are very difficult to perform,
mainly due to the number of states involved in the reaction. Due to the com-
plexity of the problem, some effort has been put into developing statistical
models [14, 15] which could predict for instance the product branching frac-
tions with less computational power. The model by Strasser et al. [15] applied
on H+

3 agreed well with experimental results, and the model by Galloway and
Herbst [14] also showed a consistency with experimental data for H3O

+ and
HOCO+. For H3S

+ and OCSH+ in the same study, however, the agreement
was bad, which also illustrates that no final model with predictive power yet
has been developed.

In the simple picture, a polyatomic ion ABC+ can dissociate through
four different dissociation channels, (α)-(δ), as shown in table 1.1. Eα-Eδ is
the kinetic energy release in the reaction through the specific dissociation
channel assuming the ion and the products are in their ground states; this
energy release is calculated using the enthalpies of formation, ∆Hf , from the
NIST Webbook [16] unless otherwise stated in the papers. In the reaction
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Reaction Products and Channel label
energy release

ABC+ + e → AB + C + Eα (α)
A + BC + Eβ (β)
AC + B + Eγ (γ)
A + B + C + Eδ (δ)

Table 1.1: Illustration of the dissociative recombination channels for a polyatomic ion
ABC+, leading to different sets of products.

ABC+ + e → AB + C, the energy release, Eα, is

Eα = ∆Hf (ABC+)− [∆Hf (AB) + ∆Hf (C)], (1.1)

where ∆Hf (ABC+) typically can be found from the ionization potential of
ABC, IP(ABC), as

∆Hf (ABC+) = ∆Hf (ABC) + IP(ABC). (1.2)

1.1.4 Additional ion–electron reactions

Depending on the reaction energy and the ionic species, other processes be-
sides dissociative recombination can take place in the interaction between a
positive ion AB+ and an electron. In resonant ion pair formation two charged
particles, one negative and one positive, are formed, i.e. A− and B+ or B− and
A+. In this process the reaction starts in the same way as for dissociative
recombination, i.e. with the electron being captured into a doubly excited
state of the molecule. From the doubly excited state, dissociation continues
onto the neutral ion-pair potential.

At higher interaction energies, when the energy of the incoming electron
is higher than the dissociation energy of the molecular ion, dissociative exci-
tation can occur, in which one ionized and one neutral fragment is formed.
This process proceeds by excitation into either a repulsive state of the ion,
which leads to dissociation, or into a Rydberg state belonging to the excited
ion. This Rydberg state can autoionize back to the ground state of the ion,
and dissociate into ionic fragments while it is above the dissociation limit
for the ion. This process is called resonant dissociative excitation. When the
electron carries enough energy to further ionize the ion to form AB2+, it can
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undergo dissociative ionization, leading to two ionized fragments, A+ and B+.

1.2 Applications of the dissociative recombi-

nation

1.2.1 Hydrocarbon chemistry

The study of dissociative recombination of hydrocarbon ions is of importance
in the modeling of both interstellar and atmospheric environments, as well as
in laboratory applications. The main objective in our study of these ions is in
plasma enhanced combustion; in supersonic vehicles the ignition and combus-
tion of the fuel has to be extremely fast, and the ignition delay time becomes
an important parameter to reduce in order to achieve an enhancement of the
reactor performance. By introducing a plasma torch in the reactor, modeling
shows that the reaction efficiency is increased [17, 18], which can be due to
factors such as the increased temperature or the decomposition of large fuel
molecules into smaller fragments with lower ignition temperature. Another
reason, however, is the radical production from dissociative recombination of
the products from air plasma reactions, which is one reason why the DR of
hydrocarbon ions is interesting to study. The increased number of radicals in
the reactor help initiate and propagate the combustion reaction.

Hydrocarbon molecules and ions have also been observed in the interstel-
lar dense and diffuse clouds, from the small neutral molecules CHn, n=1,. . . ,4,
to larger species such as C6H6 and C8H. In diffuse clouds, carbon exists
mainly as C+, since the ionization potential of carbon is less than the ion-
ization potential of hydrogen. The reaction with H2 to form CH+ and H is
endothermic, and thus the carbon chemistry is believed to begin with the
slow radiative association reaction of C+ with H2 [19]

C+ + H2 → CH+
2 + hν. (1.3)

The CH+
2 can then react rapidly to form larger hydrocarbon ions, and

neutral molecules are produced in the dissociative recombination of these
ions [20].

In dense clouds H2 is the most abundant molecule, and it can be ionized
by cosmic rays and produce H+

3 in H+
2 +H2 collisions. H+

3 donates a proton
to almost anything it collides with, and this is the starting point of most
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reactions in this environment; the simple carbon containing ions are formed
by the reaction of atomic carbon with H+

3 and further reactions with H2 [21]:

C + H+
3 → CH+ + H2 (1.4)

CH+ + H2 → CH+
2 + H (1.5)

Another field where hydrocarbon reactions are of interest is for example
in magnetic fusion devices, where the graphite walls or divertor plates in-
teract with the hydrogen plasma and produce hydrocarbon molecules. These
molecules are ionized by the plasma electrons and protons, and a number
of small hydrocarbon ions and neutrals are formed. This process of course
heavily erodes the graphite, and in order to properly model the hydrocar-
bon transport and diagnostics, one needs to have information about the rate
coefficients of the different reactions taking place in the reactor, including
dissociative recombination [22–25].

1.2.2 Alkali ions in atmospheric plasmas

During the reentry of hypersonic vehicles into the atmosphere, a shock wave
is created around the vehicle, compressing the air around it and heating it
to temperatures high enough to cause ionization. A plasma layer is formed
around the vehicle, which can affect the radio frequency communication be-
tween the vehicle and a receiving station on the ground or on a satellite. The
characterization of this plasma and the neutralizing reactions, such as disso-
ciative recombination, are therefore important. Since alkali ions are abundant
in these plasma environments, and since the conditions support clustering to
other atmospheric molecules such as water, it is meaningful to study the dis-
sociative recombination of these ions.

1.2.3 Fluorocarbon ions in the semiconductor industry

Fluorocarbon plasmas are widely used in the processing of semiconductors,
where it is used in the etching of dielectric materials. The conditions for hav-
ing a high etching rate are not the same as the conditions for having the best
etching selectivity to the underlying layer, which makes it an important task
to model and control the plasma chemistry [26]. The production of radicals,
and the type of radicals formed, is an important part in this chemical descrip-
tion. One of the ways to produce these radicals is dissociative recombination



1.3. OTHER RELEVANT EXPERIMENTAL TECHNIQUES 9

of the ion fragments from dissociative ionization of the source gas molecules
(e.g. CF4), and the behavior of those ions in the DR reaction is important
to survey.

Fluorinated molecules are also found in the shielding layer of space-
traveling vehicles, and, similar to the alkali-cluster ions described in the
previous section, they can be released at the reentry into the atmosphere,
due to the increased heat and pressure.

1.2.4 The role of carbon dioxide in atmospheric models

Another environment where DR plays a role is in the atmosphere of other
planets, particularly the ionosphere of Mars and Venus, where different re-
actions can lead to ”hot” atoms, that is atoms with a translational energy
well above thermal values. Atoms with sufficiently high energy can escape
the atmosphere, giving an escape flux of particles that is included in models
of these environments [27]. The abundance of non-thermal C-atoms in the
ionosphere of Mars and Venus has been discussed in a number of publica-
tions [28–32], in which attempts of determining the main sources of atomic
carbon and the most important source of escaping C-atoms have been made.
Since DR of CO+

2 is a potential source of this non-thermal carbon, correct val-
ues for the product distribution and the reaction rate coefficient is important.

1.3 Other relevant experimental techniques

The results presented in this thesis are compared with results obtained with
other experimental techniques, which therefore require a short presentation.
The intention is not to give a complete overview but to primarily give insight
into additional DR experiments performed on the ions included in this thesis.

For example, the DR rate coefficient of CO+
2 was measured using a mi-

crowave stationary afterglow apparatus [33]. This method was the first method
used to measure DR; the first experimental studies of DR on N+

2 and O+
2 were

published in 1949 [34,35]. The principle of this technique has been described
in detail by Bardsley and Biondi [36]; a microwave technique is used to create
a discharge in a gas-containing cavity, and when the discharge is turned off
the ions and the electrons are left to recombine. The recombination rate is
measured by observing the decay of electron density in the gas, which can
be monitored since the density of electrons affects the resonant frequency in
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the experimental cavity. The shift in frequency is measured as a function of
time, thereby giving the recombination rate. In these experiments, thermal
conditions are achieved, and loss of electrons due to other factors such as
diffusion are modeled or assumed to be low. The main drawback with this
technique is that the ions are formed in the same region where the reaction
takes place and where measurement are performed. This might lead to the
presence of excited molecules in the interaction region.

The DR rate coefficient for CO+
2 as well as for some of the fluorocarbon

and hydrocarbon ions has also been measured using a flowing afterglow tech-
nique [37–40]. With this technique, the problem of having the ion production
and recombination taking place in the same region is circumvented. The re-
combination rate can be measured by probing the electron concentration in
the flow tube using a movable Langmuir probe. This FALP (Flowing After-
glow Langmuir Probe) technique has been described for example in [41]. In
the FALP-Mass Spectrometry (MS) technique, the FALP is equipped with
a movable quadrupole mass spectrometer for characterization of the after-
glow, in combination with the movable Langmuir probe [42]. This method
was used for example in the DR measurements of CF+

3 [39]. With the FALP
method it has been possible also to extract full or partial DR product infor-
mation for some molecular ions, such as H2O

+ [43], H3O
+, CH+

5 , HCO+
2 and

N2OH+ [44]. The measurements were done using laser-induced fluorescence
and VUV absorption spectroscopy to detect the products. However, this tech-
nique is difficult and it is rarely possible to get the full product information,
but rather for instance the amount of atomic vs. molecular fragments [44].

A different approach to measuring DR rate coefficients is to use an ion
beam technique. A single-pass merged beams apparatus has been used to de-
termine the DR rate coefficients of for example the smaller hydrocarbon ions,
CH+ - CH+

5 [45,46] and C+
2 - C2H

+
3 [47]. The technique has been described in

detail by Auerbach et al. [48]. In this set-up an ion beam and an electron beam
are merged, and the relative velocity can be adjusted. With the merged beams
technique it is possible to detect the fragments produced in the reaction. In
the studies of C+

2 - C2H
+
3 , it was possible to determine the amount of carbon

bond fractures [47], but not the individual product channels. The main dif-
ference between this technique and the afterglow techniques, however, is the
possibility to easily measure the energy- or temperature-dependence of the
DR rate, which makes the results more useful since they can be applied to
other conditions than 300K. With this technique it is difficult to determine
or control the vibrational population of the ions, although by controlling the
buffer gas pressure etc. in the ion source it is possible to control the pop-
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ulation to some extent, which is shown for example in the experiments on
CH+ [45, 46].

The merged beams measurements were preceded by measurements with
crossed and inclined beams. In the inclined beams set-up of Peart and Dolder
[49,50] there is a small inclination angle of 10◦ between the ion beam and the
electron beam, and this method was used to measure the DR cross section of
for example D+

2 and H+
3 [49,50]. Using an inclined beam, some experimental

difficulties concerning the merging of the two beams were avoided. An impor-
tant property of this method is that by increasing the angle, the interaction
energies are raised, which limits the range of possible energies and makes it
impossible to reach a zero eV center-of-mass energy [48]. For crossed beams
experiments, the situation is the same. Therefore these set-ups are mainly
used for studying high-energy reactions, even though DR measurement, for
example for D+

2 [51], were undertaken with this method.

Another type of merged beams set-ups are the ion storage rings. This
thesis describes measurement with this method, and some of the ions pre-
sented here have also been previously measured at other storage ring facilities,
mainly the ASTRID storage ring in Denmark, where DR measurements of
hydrocarbon ions, fluorocarbon ions and the carbon dioxide cation have been
undertaken [52–55]. With the storage ring technique, it is possible, as will
be explained in the following chapters, to determine both the reaction cross
section and the product distribution, which is an advantage compared with
the other techniques. Another advantage is the possibility of vibrational re-
laxation of the ions in the experiment.

During the last few years, ion–electron reactions have also been studied
at the electrostatic storage ring at KEK, Japan [56]. This technique has not
been applied to any of the ions presented in this thesis; however, with this
technique it is possible to study even heavier species. This makes it suitable
for measuring large hydrocarbon molecules and biomolecules in the future,
although for heavy ions it is not possible to reach velocity matched conditions,
due to the low velocity of the ions.
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Chapter 2

CRYRING ion storage ring

The details of the design, components and working principle of the heavy ion
storage ring CRYRING has been previously described in detail in a number
of publications, for examples [57–59]. A schematic picture of the storage ring
is shown in figure 2.1. In this chapter I will try to describe the parts of
the apparatus that are of importance to the experiments and that I have
worked with, such as the ion sources, the electron target and the detection
system. First, however, let me just highlight some of the general properties
of the storage ring technique that are of fundamental importance to our
experiments.

2.1 Storage ring basics

A few basic properties of the storage ring technique, which makes it suitable
for studying ion-electron reactions at low energies:

◦ The ultra high vacuum in CRYRING, around 10−12 torr [60], increases
the lifetime of the stored ions compared to higher pressures, since the
number of collisions with background molecules is reduced. This makes
it possible to store ions for several seconds. The long storage time means
that the beam is ”recycled”; a single injected beam passes through the
interaction region many times, which reduces the amount of sample
needed.

◦ The long storage time of the ion beam is also important since it gives
those ions with a permanent dipole moment time to vibrationally relax.

◦ The merged beam configuration between the ions and electrons allows
for zero eV interaction energy in the merged section.

13
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Figure 2.1: The heavy ion storage ring CRYRING

◦ The high velocity of the ions makes it possible to achieve velocity
matched conditions with the electrons which, due to the mass differ-
ence, requires the energy of the ions to be in the order of at least 1
MeV.

◦ The acceleration of the ion beam reduces the velocity spread of the ions
due to kinematic compression, leading to better energy resolution.

2.2 Ion sources

The conditions under which the ions are produced can influence the measure-
ments in terms of the amount of internal excitation of the ions and contami-
nation from other ions. Different ion sources are used and they are sometimes
modified in order to achieve the desired population etc. In the experiments
presented in this thesis, a traditional filament Nielsen type ion source [61]
was used. The operating principle of that source is to apply a voltage to the
filament to cause emission of electrons which subsequently ionize the precur-
sor gas or gas mixture introduced into the source chamber. To enhance the
efficiency of the ionization, typically a carrier gas such as argon or neon is
introduced together with the gas of interest; these gases are easily ionized
and both the secondary electrons and the ions can help ionize the source
gas. The use of a carrier gas also reduces the amount of sample needed. The
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pressure in this ion source is typically low, ∼ 10−3 Torr, and the temperature
is high, ∼ 1000K [62], due to the heating of the filament, which means that
the ions can be created with a broad vibrational and rotational population.
The ions are extracted from the source by an anode potential of around 100V.

This type of ion source is usually the best choice to create the ions pre-
sented in this thesis, in particular the hydrocarbon ions, since it simply pro-
duces larger amounts of ions that are otherwise hard to create. Another ad-
vantage with the filament ion source concerns the design; compared with the
other available ion source which is based on a hollow cathode design [63], the
filament source has a larger exit aperture and thicker isolating layers, which
are less likely to get covered in soot when introducing hydrocarbon species
into the source. The drawback of this ion source concerning the vibrational
population of the ions is not an important issue for the ions in this thesis,
since they have a permanent dipole moment and are infra-red active.

The non-deuterated hydrocarbon ions presented in this thesis were made
from 1-bromo-propane, C3H7Br, and ethylene, C2H4. The deuterated species
were made from C3D7Br and C4D9Br. In the case of the sodium-water ion,
NaD2O

+, the ions were produced by reacting Na+, produced from evaporat-
ing NaCl, with D2O. The NaCl salt was vaporized inside an ’oven’, a heating
wire around a small tube containing the salt, inside the ion source.

In the experiments with CF+ and CF+
2 , the source was operated in a

different mode, in which the pressure was raised to 10−1 Torr and the ex-
traction potential increased to around 1 kV. Under these conditions it was
possible to create a plasma without the use of the filament. This method of
operation is therefore similar to a hollow cathode ion source [63]. A similar
operating procedure was also used to create the carbon dioxide ions, CO+

2 ,
but with the additional help of the filament.

2.3 Electron target

The electron target is an important part of the experimental setup when
studying ion–electron reactions. In CRYRING, the electron beam is merged
with the ion beam in one of the straight sections of the ring. The electrons
are bent by a magnetic field into the merging region, and travel parallel with
the ions over a length of 0.85 m, before being demerged from the ion beam
by another magnet. The electron cooler is shown in figure 2.2.
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Figure 2.2: The electron cooler at CRYRING

Since the electron–ion interaction energy has to be well defined in the
experiment (see section 3.1), it is important to have electrons with a low
temperature, that is a small velocity spread. Therefore the electrons are pro-
duced by a cathode (4 mm in diameter) in a magnetic field of about 3T,
achieved by using a superconducting magnet. They are then accelerated to
the desired velocity. The magnetic field in the straight section of the cooler
is only 0.03 T, leading to a 100 times expansion of the electron beam, and
thus the transverse electron temperature is decreased by a factor of 100 [64].
Since the cathode temperature is about 1000-2000 K, the transverse electron
temperature after the expansion is about 10-20 K, or correspondingly kT⊥ =
1-2 meV.

The largest contribution to the longitudinal velocity spread, kT‖, arises
from electron–electron interactions, and can be expressed as [64]

kT‖ =
ke2n

1/3
e

4πε0

(2.1)

where k is the Boltzmann constant and ne is the electron density under stan-
dard conditions. This spread is about 0.1 meV. Directly after the cathode,
the velocity spread of the electrons has a Maxwellian distribution, deter-
mined by the temperature of the cathode. However, since the transverse and
longitudinal energy distributions, kT⊥ and kT‖, are affected separately by
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the adiabatic expansion and the electron interaction as described above, the
electron velocity distribution in the interaction region is best described by a
flattened Maxwell-Boltzmann distribution:

f(ve) =
me

2πkT⊥

(
me

2πkT‖

)1/2

exp

(
−mev

2
e⊥

2kT⊥
−

mev
2
e‖

2kT‖

)
(2.2)

where ve⊥ and ve‖ are the transverse and longitudinal velocities, respectively.

Besides acting as an electron target in the experiments, the electrons also
help reduce the velocity spread of the ion. Due to the Coulomb interaction,
the ions experience a cooling force, resulting in a reduction in the phase-space
occupied by the ion beam. This process is less efficient for heavier ions due
to the mass difference between the ions and the electrons. Since the Coulomb
force is dependent on the electron density [65], which in turn is reduced with
the electron velocity, the actual force is also weaker for heavier ions.

2.4 Data acquisition and detection system

2.4.1 Silicon detectors

The neutral fragments originating from the dissociative recombination reac-
tion are detected with ion-implanted silicon detectors. The detector operates
as a pn-junction semiconductor, where by applying a reverse bias to the detec-
tor, the silicon layer is depleted. The incoming particles create electron-hole
pairs in the depleted silicon layer; the number of electron-hole pairs created
is proportional to the energy of the incoming particle, i.e. the detector is
energy sensitive.

At the beam energies normally used, the detection efficiency is unity for
the incoming particles. However, the collection efficiency can be less than
unity in some of the experiments due to high transverse kinetic energy of the
fragments (see section 4.3). The main parameter determining the resolution
of the detector is the leakage current that flows through the semiconductor
junction. This current appears as noise in the detector output, and increases
with the size of the detector. Thus, detectors of different sizes are used to
obtain both optimal collection efficiency and energy resolution. Since the
amplitude of this noise in the detector is approximately constant, it is also
clear that high-energy fragments, which create a voltage output high above
the noise level, will have better resolution than low energy fragments. The
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energy of the particles depends on the parent ion mass since heavy ions have
a lower revolution velocity than light ions.

2.4.2 Data acquisition

The detector is connected to a charge sensitive pre-amplifier. The signal is
then amplified in a linear amplifier and read/monitored by either a multi-
channel analyzer (MCA) or a multi-channel scaler (MCS) via a single channel
analyzer. Since the fragments all travel with approximately the same velocity
after the dissociation, their energy is proportional to their mass, and thus the
pulse-height spectra recorded with the MCA can be used to determine the
masses of the neutral fragments formed in the reaction. The MCA collects
data continuously without timing information, and therefore a time gate is
needed to define the time of the measurement; the MCA only reads signal
during this gate. The MCS is used to record the number of neutral fragments
vs. time, and a trigger signal starts this data acquisition in each cycle. The
data acquisition system is illustrated in figure 2.3.
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Figure 2.3: A scheme of the data acquisition electronics.

2.4.3 Normalization detectors and Ion current mea-
surements

A relative measurement of the ion current in the ring during the measure-
ments can be obtained by measuring the neutral particles originating from
collisions of the ions with rest gas molecules. For this purpose, two different
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detectors were used during my PhD studies. The first was a scintillation de-
tector, consisting of a BaF2-window and a photomultiplier tube. This detector
is situated in the zero-degree arm of the straight section immediately before
the electron-ion interaction region. The second detector which has been used
is a stack of two micro channel plates (MCPs), situated in a section after the
electron target. Neutral fragments created in the straight section prior to the
detector will give rise to a signal proportional to the number of ions in the
ring, and this makes it possible to normalize spectra taken at different times
during the experiment, which is necessary for example in background sub-
traction. The detection efficiency of the scintillator-photomultiplier system
is mainly limited by the spatial size and position of the ion beam; for heavy
ions with low energy and large transversal spread there is a risk that the
detector system only detects part of the neutral fragments. This might cause
an additional uncertainty for cases where the ion beam orbit is changed dur-
ing an experiment. This problem is avoided using the second detector since
the micro channel plates are position sensitive. By connecting the MCPs to
a monitoring system one can make sure that the fragments are centered on
the detector, and that the beam orbit does not change [66]. This possibil-
ity to center the ion beam, together with other improvements regarding the
set-up, resulted in an improved count rate with the MCPs compared to the
scintillator system. The MCPs thus show a better signal to noise ratio, which
is the main advantage in using that normalizing system.

This detector system was also used while measuring the absolute ion
current. This current was either measured directly using the signal from a
Bergoz beam charge monitor with continuous averaging and an integrating
current transformer [67], or by a capacitive pick-up calibrated to the integrat-
ing transformer signal [67]. By using the pick-up the noise level is reduced.
The transformer, however, requires a higher ion current than the silicon de-
tectors can tolerate without saturation or damage. Therefore, the absolute
ion current was measured separately from the DR-measurement, and the two
measurements were normalized to each other using data from one of the two
relative ion current measurements described in the previous paragraph, in
order to obtain the absolute cross section.

In the experiment on C3H
+
7 , there were technical problems with the scin-

tillation detector. Instead the signal from a pick-up was recorded on a spec-
trum analyzer, and recorded simultaneously with the DR measurement. That
signal was normalized to the current transformer in a separate run. There
are several possible drawbacks with this method; the ion current is measured
only at one specific time every cycle, and it is difficult to take cycle-to-cycle-
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variations of the current into account. The normalization of the pick-up to
the transformer was also a possible source of error.



Chapter 3

DR cross section

As described in section 1.2, DR occurs in a number of different plasmas. An
important property of the reaction is the cross section, which describes the
probability for the reaction to take place under certain conditions. This has
the unit of area, since it corresponds to the hypothetical geometrical area
which would have the same scatting probability. The reaction rate coefficient
similarly describes the rate of the reaction related to the concentration of the
species involved in the reaction, and has the unit (concentration)−1(time)−1,
i.e. cm3/s. The following chapter describes how this cross section and rate
coefficient can be found experimentally.

3.1 Reaction energies

The absolute velocity of the ions and electrons are of importance in terms of
resolution and count rate of the experiment. For the properties of the reaction
itself, however, it has to be studied in the ion–electron center-of-mass frame.
Due to the mass difference between the ions and the electrons, the center-
of-mass velocity can be considered to be the same as the relative velocity
between the ions and the electron. This velocity, vcm, can be expressed in
terms of the ion and electron velocities, vi and ve, respectively as

vcm = ve − vi (3.1)

or

vcm =
√

v2
e + v2

i − 2vevi cos θ, (3.2)

where θ is the intersection angle between the two beams. The interaction
energy in the center of mass frame then becomes

21
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Ecm =
1

2
µv2

cm (3.3)

where µ is the reduced mass of the ion and electron masses, mi and me:

µ =
mime

mi + me

. (3.4)

The mass difference between the ion and electron makes it possible to ap-
proximate the reduced mass to the electron mass, simplifying (3.3) to

Ecm =
1

2
mev

2
cm. (3.5)

By combining (3.5) and (3.2), the interaction energy is given by

Ecm = Ee +
me

mi

Ei − 2

√
Ee

me

mi

Ei cos θ. (3.6)

It can be noted that zero center-of-mass energy is only possible to reach with
a merged beams setup such as the experiment described in this thesis, where
the interaction between the electrons and ions is co-linear, that is the angle
θ between the two beams can be approximated to zero. The expression for
the center of mass velocity, (3.2), can then be further simplified to

vcm = |ve − vi|. (3.7)

The interaction energy in this co-linear case becomes

Ecm =
1

2
me(ve − vi)

2. (3.8)

The first term in (3.8) is the electron energy, and the second term corresponds
to the electron energy under velocity matched conditions, when ve = vi. This
electron energy is called Ecool, since this is the energy corresponding to the
most effective cooling conditions. Another way to express (3.8) is

Ecm = (
√

Ee −
√

Ecool)
2. (3.9)

3.2 Energy resolution

The energy resolution, the uncertainty in the interaction energy, is defined
by

σ(Ecm) =
√

< (δEcm)2 >, (3.10)



3.3. CORRECTIONS TO THE ENERGY SCALE 23

where δEcm is given by

δEcm = Ecm(Ee + δEe, Ei + δEi, θ + δθ)− Ecm(Ee, Ei, θ). (3.11)

where δEe and δEi are the uncertainties in the electron and ion beam en-
ergies, respectively, and δθ is the error in the intersection angle. The errors
in beam energy appear since the ions and electrons are not perfectly mono-
energetic, but have an thermal velocity spread. Thus, δEe and δEi are related
to the corresponding beam temperatures, T⊥ and T‖, respectively. Since the
longitudinal electron temperature is much smaller than the transversal tem-
perature it can be neglected and, for low interaction energies, the electron
energy resolution can be expressed as√

< (δEe)2 > = kT⊥ +
1

2
kT‖ ≈ kT⊥. (3.12)

Due to the relatively large mass of the ions compared with the electrons,
their thermal motion have a negligible effect on the energy resolution, and
since θ = 0 (merged beams setup), the derivatives with respect to θ vanishes.
The uncertainty in θ can then be expressed as [68]

δθ =

√
< v2

⊥ >

< v‖ >
=

√
kT⊥
Ee

(3.13)

By expansion of (3.11) it can be shown [68] that in the limit where ve → vi,
i.e. zero interaction energy, the energy resolution is given by

δEcm = Ee(δθ)
2 = Ee

kT⊥
Ee

= kT⊥. (3.14)

3.3 Corrections to the energy scale

Due to the electron–electron repulsion, the electrons in the beam give rise
to a space charge potential, Vsp. This means that they will not reach the
energy corresponding to the cathode potential, Vcathod, which would be the
case without the repulsion. Thus, the energy of the electrons in the center of
the beam will be

Ee = eVcathod − eVsp. (3.15)

This space charge potential can be calculated using the Poisson equation

∇2Vsp(r) =
−ρ(r)

ε0

(3.16)
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where ρ(r) is the electron density at a radial distance r from the center of
the electron beam. This density is approximately constant over the radial
distribution of the beam, and thus ρ(r) ≈ ρe. In a vacuum chamber with
radius rb and with an electron beam with radius re the space charge potential
is described by

Vsp =
ρer

2
e

2ε0

(
0.5 + ln

(
rb

re

))
, (3.17)

where the first term is the contribution from within the electron beam, and
the second term from the field outside the electron beam.

In the expression for the space charge given above, the effect of residual
gas ions, which may screen the electron space charge, has been neglected.
Neutral residual gas in the electron cooler can be ionized by the electron beam
when the electron energy exceed the ionization energy of the gas molecules,
which is usually the case. These ions will then be confined to the beam
volume, that is the ions will be trapped by the space charge potential. By
introducing a factor d as a scaling factor to the cross section for ionization
of the gas, eq. (3.17) can be modified to

Vsp =
ρer

2
e

2ε0

(
1− d

σ(Ee)

σ(Ecool)

)(
0.5 + ln

(
rb

re

))
, (3.18)

where σ(Ee) and σ(Ecool) are the cross sections of ionization of the residual
gas at an electron energy Ee and at cooling energy, Ecool. By comparing the
real input cathode energy, i.e. the experimental electron energy, with the
energy calculated from the revolution frequency of the ions, which gives the
electron velocity at 0 eV energy, it is possible to find a value of d at zero eV
relative energy. Then this space charge effect can be corrected for according
to (3.18) in an iterative procedure.

The residual gas consists mainly of H2, and a parameterization of the
cross section for the ionization of H2 by electron impact [69] has been used
in the correction of the energy scale in our experiments.

3.4 Measuring the recombination rate

In order to study the recombination reaction at different center of mass ener-
gies, the velocity of the electrons can be changed relative to the ion velocity,
thereby changing the interaction energy. The standard procedure for doing
so is shown in figure 3.1(a). The example shown is for CF+

2 , but the basic
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principle is the same for all ions. The energy of the electrons is raised to
an energy corresponding to typically 1 eV relative energy, and then linearly
decreased to give the electrons a velocity lower than the ion velocity. The
change in center of mass energy during this procedure is shown in figure
3.1(b). An important feature in this procedure is the fact that during the
ramp an interaction energy of zero eV is achieved, which makes it possible
not only to study the reaction at low energy but also to accurately determine
the interaction energy for all measured energies.
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Figure 3.1: (a)The scan of the electron energy in the laboratory frame. (b)The center-of-
mass energy during the velocity scan of the electrons. (c)The measured signal from DR of
CF+

2 at the different electron energies.

During this scan over the interaction energy, the neutral particles created
in the electron-ion reaction are detected on the semiconductor detector in
the straight section following the interaction region (see section 2.4.1). That
signal is shown in figure 3.1(c). The high count rate in the beginning and
end of the measuring cycle correspond to an interaction energy of zero eV,
where the DR cross section is at its highest. As seen there is a peak in the
middle of the scan, also corresponding to zero eV interaction energy, when
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the electron velocity is matched to the ion velocity during the ramping of the
electron energy. By performing a symmetric scan across this point, the two
sides of the scan can be overlapped to find the proper energy scale and to
more easily determine whether structures shown on either side of the peak
is a true feature of the reaction or some experimental artifact, such as ions
trapped in the space charge of the electron beam.

The measured dissociative recombination rate coefficient in the interac-
tion region, αm, can be derived from the spectrum, figure 3.1(c), in terms of
the signal count rate, dN/dt, together with the electron and ion densities, ne

and ni, respectively, and the interaction volume Vint.

αm =
1

Vint.

1

neni

dN

dt
. (3.19)

The electron and ion densities can be expressed in terms of the velocity and
the current of the electrons and ions, ve, Ie, vi and Ii, respectively, and the
geometrical cross section of the beams, Ae and Ai, as

ne =
1

Ae

Ie

vee
(3.20)

ni =
1

Ai

Ii

vie
. (3.21)

Ii can be measured in the experiment as described in section 2.4.3. The
electron current Ie can be obtained directly by measuring the current at the
electron cooler anode. The velocity of the electrons can be determined from
their energy Ee:

ve =

√
2Ee

me

, (3.22)

and the velocity of the ions can be determined from the ion revolution fre-
quency, f, and the circumference of the storage ring, C:

vi = Cf. (3.23)

The geometrical cross sections of the electron and ion beam are given by the
radius of the beams, re and ri.

Ae = πr2
e (3.24)

Ai = πr2
i .
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It is worth noting that re � ri, such that the ion beam is always inside the
electron beam, and that the electron beam is homogeneous. Therefore, the
interaction volume is limited to the volume of the ion beam,

Vint. = Ail, (3.25)

where l is length of the straight section of the electron cooler. The rate ex-
pression in (3.19) can then be evaluated as

αm =
πr2

e

l

vevie
2

IeIi

dN

dt
. (3.26)

Due to experimental limitations described in 2.4.3, the ion current could
not be measured simultaneously with the recombination rate. After the rate,
denoted A, was measured with a suitable ion current Ii,A together with the
background collision rate (dNbgr/dt)A, the ion-beam current was significantly
increased and in a separate run, B, only the current, Ii,B, and the rate of the
background collisions, (dNbgr/dt)B, were re-measured. Normalization of the
two measurements gives

Ii,A = Ii,B

(
dNbgr

dt

)
A(

dNbgr

dt

)
B

. (3.27)

This results in the following expression for the dissociative recombination
rate:

αm =
πr2

e

l

vevie
2

IeIi,B

(
dNbgr

dt

)
B(

dNbgr

dt

)
A

(
dN

dt

)
A

. (3.28)

For CF+
2 , this rate is shown in figure 3.2.

3.5 Extracting the reaction cross section

The measured DR rate coefficient, (3.26), is really an averaged value over the
electron-velocity spread:

αm =< vcmσ >=

∫ ∞

0

vcmf(ve)σd3ve (3.29)
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Figure 3.2: The dissociative recombination rate of CF+
2 measured at CRYRING.

where f(ve) is the velocity distribution of the electrons as described in eq.
(2.2). For interaction energies well above the energy resolution limit, this
does not have a noticeable effect on the rate, and therefore the DR cross
section is simply the DR rate coefficient divided by the velocity.

σ(E) =
αm

vcm

=
< vcmσ >

vcm

(3.30)

For interaction energies close to and below the electron resolution, the
cross section was unfolded from the electron energy distribution using a nu-
merical Fourier transform technique. The convolution theorem [70] states
that

F(f · g) = F(f) · F(g), (3.31)

which applied to (3.29) means that the Fourier transform of α, F(α), is
the Fourier transform of the electron energy distribution, f(Ee), times the
Fourier transform of the cross section:

F(α) = F(< vcmσ >) = vcmF(f(Ee))F(σ). (3.32)

σ can then be found by an inverse fourier transform
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σ =
1

vcm

F(< vcmσ >)

F∗(f(Ee))
. (3.33)

The CF+
2 DR cross section obtained after deconvolution from the electron

temperature distribution, eq. (3.33), is plotted together with the cross section
found simply through division by the velocity, eq. (3.30), in figure 3.3. It
can be seen that the effect of the deconvolution starts at energies around 2
meV, which is close to the transversal energy spread of the electrons. The
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Figure 3.3: The dissociative recombination cross section of CF+
2 measured at CRYRING.

Solid line (–) represent the deconvoluted cross section, filled circles (•) are the cross section
including the electron velocity spread.

data points shown in figure 3.3 are smoothed in order to avoid any small
statistical irregularities in the data which would cause scatter in the Fourier
transformation of the data. Despite this some artificial structure is still seen
in the deconvoluted cross section in figure 3.3, e.g. at around 0.1 meV and
5 meV. Note also that the data has not been corrected for the longitudinal
energy spread of the electrons (∼ 0.1 meV), which can still influence the cross
section at interaction energies of that order.
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3.6 Thermal rate coefficient

In modeling interstellar and industrial conditions, the DR rate that is used is
not the rate at a specific energy but the rate in the presence of a Maxwellian
distribution of electron energies, corresponding to a specific temperature. To
calculate this from the experimental results, the rate can be folded with the
isotropic electron energy distribution equal to the temperature.

α(Te) =
8πme

(2πmekTe)3/2

∫
σ(Ecm)Ecme−Ecm/kTedEcm (3.34)

Applying this procedure for the cross section of CF+
2 shown in figure 3.3,

results in the thermal rate coefficients plotted in figure 3.4. From the analyt-
ical expression of the cross section one can, of course, fold the cross section
with any arbitrary energy distribution corresponding to the conditions one
want to study. To be able to get the most information out of the results, it
is therefore important also to present the cross section in its analytical form.
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Figure 3.4: The thermal DR rate coefficient of CF+
2 .

The thermal rate coefficient shown in figure 3.4 has a temperature depen-
dence of -0.76. A similar temperature dependence is seen for all the ions pre-
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sented in this thesis and for all positive ions previously studied at CRYRING.
As mentioned in section 1.1.2, Bardsley showed in 1968 [11] that the direct
DR process gives a thermal rate proportional to T−0.5

e for low electron en-
ergies (< 1 eV), assuming that the ion is initially in its vibrational ground
state and the lifetime of the resonant state against autoionization is long
compared with the time for dissociation. The fact that some of the ions show
a steeper dependence might indicate the presence of the indirect DR pro-
cess. It can also be an indication that ions in excited vibrational states are
present in the reaction [11]; in storage ring experiments, however, ions with
a permanent dipole moment should have time to vibrationally relax before
the measurement take place.

Recent FALP measurements of the DR rate of HCO+, N2H
+ and C3H

+
3

have indicated no such dependence of the rate on the temperature over the
range 200-500K [71,72]. However, this is also is in disagreement with previous
results from both storage ring and FALP measurements [73–78]. Below 200K
the temperature dependence for N2O

+ in [71] approaches the values previ-
ously observed [73–76], although the authors in [71] indicate that the number
of data points they measured at those energies are insufficient to make any
strong comparison. The remaining difference between the results has so far
not been explained, and a similar non-dependence of the temperature has
not been observed for other systems.

3.7 Corrections due to geometry

In the ideal case, the ions and electrons would merge co-linearly, starting
in a well defined spot, to give the same center of mass energy in the whole
interaction region. Experimentally, however, the electrons have to be bent
into and out of the path of the ions. This is done by bending the magnetic
field guiding the electrons. In these two regions, the interaction energy will be
larger than in the parallel section, and the DR products will therefore stem
from recombination processes which occur over a range of different energies.

The geometry, i.e. the beam angle, has been determined from magnetic
field measurements, which makes it possible to calculate the deviation in en-
ergy from the value in the parallel region, ∆E(x, E), for a given energy E.
Thereafter the following correction can be made to the measured recombi-
nation rate, α(E)m, to give the rate without contributions from the merging
regions, α(E):
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α(E) = α(E)m −∆α(E), (3.35)

where

∆α(E) =
1

l

∫
α(∆E(x, E))dx− α(E), (3.36)

and l is the length of the interaction region. Since the deviation in energy,
∆E(x, E), is changed by the correction, the correction has to be done itera-
tively.

For the ions presented in this thesis and in the measured energy range,
the correction of the rate is around 20% , depending on the mass of the ion,
i.e. the velocity of the electrons. The effect of the correction on the DR rate
coefficient for CF+

2 is shown in figure 3.5
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Figure 3.5: The DR rate coefficient for CF+
2 , filled circles (•) are the data points before

the toroidal correction, open circles (◦) after the corrections.

3.8 Uncertainties in the cross section

The recombination rate coefficients that we obtain have some uncertain-
ties connected with them. All the experimental data, that is the mcs-data
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counting the DR products as a function of time, the two necessary sets of
normalization data and the current measurement (section 2.4.3), have sta-
tistical uncertainties, which are assumed to be Poisson-distributed, and the
quadratic sum of them are usually shown as error bars for the rate coefficient
and cross section. The sum is typically around 10-15% for low energies and
20% for energies closer to 1 eV, due to the poorer statistics at those energies.

The systematic errors that have been considered in the experiments con-
cern the length of the interaction region (∼ 5%), the circumference of the ring
(< 1%), the radius of the electron beam (∼ 5%) and the calibration of the
current measurement (∼ 5%). As discussed in section 2.4.3, the method of
using the spectrum analyzer in this normalization to the ion current for C3H

+
7

differed from the normal scheme, and could thereby have inferred a larger
error than assumed at the time (5%-10%). Another estimation is, however,
not possible to do with the present information.
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Chapter 4

DR product distribution

For polyatomic molecules the dissociation can proceed via several competing
channels to give different sets of products, as discussed in section 1.1.3. The
cross section, σ, measured by the technique described in the previous chapter,
is the total cross section for the DR process, and does not give any knowledge
about the product distribution. Once this information is available, the partial
cross sections, σi, for each DR channel i can be extracted from the DR
branching fraction, ni, into that channel as

σi = niσ. (4.1)

As mentioned in section 1.2, this type of information is important in
order to properly model different plasma chemistry environments, such as
planetary atmospheres, or industrial processing plasmas. The importance of
knowledge concerning the number of radical species produced in the DR of
different hydrocarbon ions necessitates determination of the fragmentation
of the molecular ions and the partial cross sections [17,18,23].

In the ideal case, knowledge about the internal state distribution of the
fragments would also be valuable. However, due to the mass and complex-
ity of these systems, it has not been possible to measure this information
experimentally.

4.1 Measuring the DR product distribution

In order to determine the products from the dissociative recombination re-
action, the signal from the energy sensitive semiconductor detector is con-
nected to a multi channel analyzer to give the pulse height spectrum of the
signal. Such a spectrum for CF+

2 is shown in figure 4.1(a). This spectrum

35
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also contains signals due to background processes, built up by products from
reactions such as charge transfer collision of the ions with the rest gas in
the storage ring. These background contributions can be monitored in a sep-
arate run with either the electron beam switched off, in which case DR is
impossible, or with the electron energy set to a value where the DR cross
section is very low, typically around 1 eV. The latter method is the technique
which is mostly used in the experiments presented here, since the measuring
conditions then are the same for both runs. It has been demonstrated that
the results obtained from these two different techniques are equivalent [79].
The background contribution obtained in the CF+

2 experiment is shown in
figure 4.1(b).
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Figure 4.1: The pulse height spectrum of the DR products of CF+
2 , recorded by collecting

all the fragments on the semiconductor detector. (a) The signal including background (b)
The background measured with a collision energy of 1 eV (c) The background subtracted
spectrum.

Since the two spectra (with and without DR) are recorded in two sep-
arate runs, they need to be related to each other in order to subtract the
background correctly. This is done by using the scintillator or the MCP de-
tector described in section 2.4.3, which measures the neutral fragments from
background processes in the ring. By recording a spectrum with this detector
while measuring the neutral particles on the energy sensitive semiconductor
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detector, we get a relative measurement of the ion current, and by integrating
the measured counts during the measurement window we can relate this to
the number of ions in the ring during the measurement. The spectra recorded
with the MCP detector during both the background measurement and the
DR measurement of CF+

2 is shown in figure 4.2 as the upper and lower curve,
respectively. In this experiment the measurement gate was set between 4 s
and 6 s, as indicated by the shadowed areas in the figure.
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Figure 4.2: The spectra from the MCP detector used for normalization of the CF+
2 mea-

surements. The upper curve is recorded during the background measurement, the lower
during DR measurement. The filled areas show the signals during the measurement time
gate, and these signals are integrated and divided to find the normalization factor between
the measurements.

The background-subtracted spectrum is shown in figure 4.1(c). As seen,
only one peak corresponding to the ion beam energy, 1.92 MeV, is observed.
This is due to the fact that the maximum time separation between the frag-
ments (typically around 10 ns for a MeV beam) is shorter than the integration
time of the detector, which is limited by the electronics to be a few µs. This
means that the fragments from one dissociation event will be detected at
the full parent ion mass. Obviously this type of spectrum does not carry
any information about the break-up of the ion, and in order to extract that,
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further action needs to be taken. This original spectrum can, however, be
useful as an indication of the detector resolution and as a fixed point in the
calibration of the output voltage of the detector to an absolute mass scale of
the fragments. Yet another purpose of this spectrum is discussed in section
4.3.

4.2 Extracting the product branching frac-

tions

In order to overcome the problem of identifying the products as discussed
in the previous section, a transmission grid is inserted in front of the detec-
tor. This grid has a transmission t of 0.297 ± 0.015, where the probability
of transmission through the grid is independent of the particle mass or en-
ergy [80]. Since it is now possible that fragments from a single DR event are
stopped by this grid, the signal from the detector will be related to those par-
ticles which are detected. The DR product pulse height spectrum for C2H

+

recorded with this grid in front of the detector is shown in figure 4.3. In this
spectrum we see signal at the masses of H, C, CH, C2 and C2H.

To further illustrate the principle of the transmission grid, consider the
dissociation channel C2 + H from the DR of C2H

+. To detect only the H-
atom from the channel C2 + H has the probability t(1−t), since that requires
the C2-molecule to be stopped, (1 − t), and the H to be transmitted, (t).
Similarly, to detect only the C2-molecule from that DR channel has the same
probability, t(1−t), to be detected, since it requires the H-atom to be stopped,
(1−t), and the C2 to be transmitted, (t). By examining all possible fragments
and channels in this manner, an equation system can be set up to solve the
probability for the different dissociation channels.


N(H)
N(C)

N(CH)
N(C2)

N(C2H)

 =


t(1− t) 0 t(1− t)2

0 t(1− t) 2t(1− t)2

0 t(1− t) 2t2(1− t)
t(1− t) 0 t2(1− t)

t2 t2 t3


 Nα(C2 + H)

Nβ(CH + C)
Nγ(2C + H)


(4.2)

Nα−Nγ denotes the number of DR events through channel α−γ. N(H) is the
integrated number of hydrogen atoms from the reaction, which is extracted by
fitting the peaks in the spectrum to Gaussian curves and obtaining the area
under the curve. N(C) is the number of carbon atoms, etc. The equation
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Figure 4.3: The pulse height spectrum (background subtracted) of the DR products of
C2H+, recorded with the grid in front of the detector. The peaks correspond to H, C, CH,
C2 and C2H, respectively, and the dotted lines show Gaussian fittings to the curve, see
text for details.

system above, (4.2), is the one used to analyze the pulse-height spectrum
obtained from the DR of C2H

+. As seen, H can be produced from the channels
α and γ, whereas C can stem from channels β or γ and so on. The factor of
2 entering in the term for C and CH coming from channel γ is due to the
fact that there are two ways to form C or CH from the fragments produced
in that channel, since the two carbon atoms are indistinguishable.

4.3 Corrections to the DR product distribu-

tion

For some molecular ions, lighter fragments from certain dissociation channels
may receive sufficient kinetic energy to miss the detector. This particle loss
can be estimated by returning to the spectrum obtained without the grid in
front of the detector; for C2H

+ this spectrum is shown in figure 4.4. This
kind of particle loss also occurred from the DR reactions of C2H

+
4 and C3H

+
7

which are also presented in this thesis. In this measurement all fragments
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Figure 4.4: The pulse height spectrum of the DR products of C2H+, recorded without the
grid in front of the detector. The two peaks correspond to the masses of C2 and C2H, the
sharp peak at low energy is due to noise.

are supposed to reach the detector simultaneously, and so every DR event
should contribute to the signal at an energy corresponding to the full ion
beam energy. When a fragment is lost, the resulting fragments appear at
an energy corresponding to ion beam energy minus the energy of the lost
fragment. In the example of C2H

+, hydrogen atoms originating from the
dissociation channel α might escape the detector, resulting in the detection
of only C2, which is also seen in the spectrum in figure 4.4 as a peak at 3.7
MeV. From this data, a loss coefficient, c(H), can be introduced:

c(H) =
N(C2)

N(C2) + N(C2H)
. (4.3)

This coefficient represents the total probability that the hydrogen atom
is not detected, i.e. the probability of missing a hydrogen atom from any
DR event. In order to implement this loss in the analysis, it is necessary
to express it as the probability of losing a fragment from an event through
a specific channels, Lchannel. If there is only one dissociation channel where
fragments can miss the detector, as in the example of C2H

+, this probability
can be found through
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Lα =
c(H)

nα

(4.4)

where nα is the branching fraction for channel α. Since this changes the
probability of detecting the total sum of all fragments from this channel,
C2H, from nαt2 to nαt2(1−Lα), the equation system (4.2) has to be modified
accordingly and solved through an iterative procedure:


N(H)
N(C)

N(CH)
N(C2)

N(C2H)

 =


t(1− t)(1− Lα) 0 t(1− t)2

0 t(1− t) 2t(1− t)2

0 t(1− t) 2t2(1− t)
t(1− t) + t2Lα 0 t2(1− t)

t2(1− Lα) t2 t3


 Nα(C2 + H)

Nβ(CH + C)
Nα(2C + H)


(4.5)

Nα, . . . , N(γ) can be found by finding the least-square solution to the
equation system (4.5). It can then be normalized to find the correct branching
fractions

ni =
Ni∑
Ni

, i = α, . . . , γ (4.6)

It should be pointed out that for ions where the pulse height spectrum
is less well resolved, such as C3H

+
7 , this loss factor cannot be determined

uniquely from the spectrum without the grid, but a range of loss factors can
be estimated by peak fitting, together with a consideration of the kinetic
energy and the size of the detectors. Then instead all values for Li in the
range of possible values are considered.

4.4 Uncertainties in the product distribution

The uncertainties associated with the product distribution measurement and
analysis is somewhat complicated to solve analytically for these larger sys-
tems. Instead, a routine has been used to vary the different parameters within
their uncertainty; by studying the distribution of the results one can estimate
the total uncertainty.

The statical uncertainty plays a larger role in the data from the detec-
tor counting background processes (section 2.4.3) than in the pulse height
data, since the uncertainty in the former measurements will propagate to an
error in the normalization factor between the signal and background mea-
surements. With the scintillator type of detector, this uncertainty leads to an



42 CHAPTER 4. DR PRODUCT DISTRIBUTION

error in the normalization factor of typically 5-10%, which is then considered
in the analysis by changing the normalization factor within these limits. For
the MCP detector, this error is normally reduced to less than 5%.

The error in fitting the gaussian curves becomes important for the less
well resolved spectra, such as that for C3H

+
7 . In order to account for this

uncertainty, the width, height and position of the curves are changed within
reasonable limits and the propagation of these changes to the peak areas are
implemented in the analysis. The transmission of the grid has an uncertainty
of 5% which is also included in the analysis.

The particle loss discussed in section 4.3 also introduces an additional
uncertainty in the results. For those experiments with fully resolved spec-
tra, C2H

+ and C2H
+
4 , this simply introduces an additional error due to the

background subtraction, similar to what is described for the ordinary mea-
surements with the grid. This in turn leads to an error in the loss factor
L(i), which is typically small, ∼ 2%, but which can be implemented in the
analysis. For C3H

+
7 , which has a much less resolved spectrum, the error was

larger.



Chapter 5

Results and discussion

5.1 Paper I-IV - Hydrocarbon ions

As mentioned in section 1.2, dissociative recombination is an important part
of the reaction chain leading to breakdown of the hydrocarbon fuel in reactors
of supersonic vehicles. In this combustion reaction, the dissociative recombi-
nation reaction not only act as a termination step but also produces radicals
which can further enhance the reaction. The decomposition typically starts
with an aliphatic fuel, e.g. octane C8H18, reacting with an atmospheric ion.
This is followed by dissociation/decomposition, secondary ion-fuel reactions
and as a terminating step dissociative recombination [81].

Another field where hydrocarbon chemistry plays a role is in fusion reac-
tors. The plasma facing surfaces, e.g. the walls and divertor plates, in fusion
devices are typically made of graphite, due to its ability to maintain it’s struc-
ture upon heating and keep radiation losses to a minimum. The drawback,
however, is that in the presence of a hydrogen plasma the carbon sputters
and forms methane and other larger hydrocarbon impurities; this can ac-
count for up to 50% of the erosion of the graphite surfaces [24]. Laboratory
studies of carbon materials being bombarded with hydrogen ions and atoms
have shown that for impact energies of 1-100 eV, the main products formed
are CH3, CH4, C2H2, C2H4, C2H6 and C3H8. At lower impact energies the
relative abundance of the heavier species is increased, and even dominates
below 1 eV [23]. Computer modeling of the reactions of hydrocarbon neutrals
and ions with the hydrogen plasma in the fusion reactor has highlighted the
need for information about these reactions, including the DR rate coefficients
for small hydrocarbon ions.

43
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In paper I-IV, the dissociative recombination of hydrocarbon species con-
taining two, three and four carbon atoms was studied. For the smallest
species, C2H

+, C2H
+
4 and C2D

+
5 in paper I and II, the dissociation chan-

nels available at 0 eV interaction energy are presented in table 5.1. The
energy indicated is the maximum kinetic energy release assuming the parent
ion and the neutral products are all in their ro-vibrational ground state. For
C2D

+
5 the energies are given for C2H

+
5 ; the shift in energy between the two

isotopologues is assumed to be small.

Reaction Products and energy release Channel label

C2H
+ + e C2 + H + 6.6 eV (α)

CH + C + 4.0 eV (β)
2C + H + 0.4 eV (γ)

C2H
+
4 + e C2H3 + H + 5.7 eV (α)

C2H2 + H2 + 8.7 eV (β)
C2H2 + 2H + 4.2 eV (γ)
C2H + H2 + H + 2.9 eV (δ)
CH4 + C + 4.4 eV (ε)
CH3 + CH + 3.4 eV (ζ)
CH2 + CH2 + 3.0 eV (η)

C2H
+
5 + e C2H4 + H + 6.6 eV (α)

C2H3 + 2H + 1.8 eV (β)
C2H3 + H2 + 6.3 eV (γ)
C2H2 + 3H + 0.3 eV (δ)
C2H2 + H2 + H + 4.9 eV (ε)
CH3 + CH2 +3.8 eV (ζ)
CH4 + CH + 2.7 eV (η)
C2H + 2H2 + 8.5 eV (θ)
C2H + H2 + 2H + 4.0 eV (ι)
CH3 + C + H2 + 0.5 eV (κ)

Table 5.1: The exothermic DR reaction channels at 0 eV interaction energy for C2H+,
C2H+

4 and C2H+
5 . Energies were calculated using values from the NIST Webbook [16].

The product distributions were measured at 0 eV interaction energy, and
the results of these measurements are shown in table 5.2. The pulse height
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spectra for these ions were well resolved, which made it possible to extract
the product information. In the case of C2H

+ and C2H
+
4 , a loss of H and

H2 from the detector was also determined and corrected for. For C2H
+, this

meant that 15% of the H-atoms in channel α were not detected, the corre-
sponding number for C2H

+
4 was 26% of the H and 4% of the H2.

Reaction Product Branching fraction

C2H
+ + e C2 + H (α) 0.43 (0.03)

CH + C (β) 0.39 (0.04)
2C + H (γ) 0.18 (0.04)

C2H
+
4 + e C2H3 + H (α) 0.11 (0.07)

C2H2 + H2 (β) 0.06 (0.03)
C2H2 + 2H (γ) 0.66 (0.06)
C2H + H2 + H (δ) 0.10 (0.04)
CH4 + C (ε) 0.01 (0.01)
CH3 + CH (ζ) 0.02 (0.02)
CH2 + CH2 (η) 0.04 (0.02)

C2D
+
5 + e C2D4 + D (α) 0.12 (0.03)

C2D3 + 2D (β) 0.27 (0.04)
C2D2 + 3D (δ) 0.13 (0.03)
C2D2 + D2 + D (ε) 0.29 (0.03)
CD3 + CD2 (ζ) 0.17 (0.01)

Table 5.2: Product distribution for C2H+, C2H+
4 and C2D+

5 .

One of the most outstanding features in these experimental results is the
high probability of multiple hydrogen detachment for C2H

+
4 and C2D

+
5 ; the

three-particle fragmentation for C2H
+
4 is as high as 76%, and C2D

+
5 undergoes

a four-particle fragmentation, which had not been observed before for this
type of molecule. The high probability for breaking a carbon-carbon bond,
especially for C2H

+, is also worth noting. This high probability for breaking
the carbon bond has also be seen for the larger ions C3H

+ [52] and C4H
+ [53].

In early theoretical publications the main dissociation channel of these
ions was assumed to be the detachment of a single H-atom. This assumption
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was made for C2H
+
5 by for example Green and Herbst [82] and Bates [83],

who expected channels β, δ and ε to be small and channel α and ζ to be
the main dissociation pathways. The argument for these conclusions was the
increased number of transitions necessary with the removal of two valence
bound hydrogen atoms compared to one, which would make these channels
less likely.

Even if DR of many of the smaller hydrocarbon ions have been examined,
there is still a need for information about the species that have not yet been
studied. Therefore it is interesting to compare the results from these smaller
ions in order to see if there are any behavioral trends that could be applied to
larger molecular ions. In the comparison it is worthwhile to also include the
results from C2H

+
2 [84] and C2H

+
3 [85]. The channels with similar properties

were added together, and those channels with single hydrogen detachment,
multiple hydrogen detachment and the fracture of the carbon bond, were
collected and the result is illustrated figure 5.1. It can be concluded that the
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Figure 5.1: DR branching fractions for C2H+
n ions, n = 1, . . . , 5, where similar dissociation

channels have been added together. Results for C2H+
2 and C2H+

3 are taken from reference
[84] and [85], respectively.

exothermicity alone does not explain the difference in product distribution,
since the carbon bond breakage is very low for C2H

+
3 and C2H

+
4 , while it

is around 20% for both C2H
+
2 and C2D

+
5 , even though the exothermicity of
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these channels for C2H
+
4 and C2D

+
5 is almost the same.

A more detailed attempt to compile the present results from ions con-
taining two or more hydrogen atoms was undertaken in order to find trends
in the product distribution [86]. Even though these extrapolations still need
to be further developed, a few conclusions can still be drawn, for example
by studying the hydrogen detachment probability vs. the exothermicity. In
figure 5.2, the ratio between multiple hydrogen detachment and single hy-
drogen detachment is displayed vs. the exothermicity of the channel leading
to double hydrogen detachment. Figure 5.2 differs slightly from the corre-
sponding figure 1 in [86]; figure 5.2, however, is based on the results in paper
I-IV. Also results for other hydrocarbon ions [84, 85, 87–90] and hydrogen
containing ions [91–96] are included in the figure.
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Figure 5.2: Ratio between channels where two or more hydrogen atoms are detached and
the channel with single H detachment vs. the exothermicity for 2H detachment. Filled
circles (•) represent hydrocarbon ions [84, 85, 87–90], open circles (◦) are other systems
[91–96]. The dashed line(-) represent a fit to all data points, excluding C3H+

4 .

The trend in the data shown in figure 5.2 is not unambiguous, but it is
clear that a higher energy release for the three-body fragmentation favors
the multiple hydrogen detachment.
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In figure 5.2, data from larger hydrocarbon ions are included. Three of
these ions, C3H

+
7 , C3D

+
7 and C4D

+
9 , were studied in paper III and IV. These

ions have many exothermic dissociation channels, but experiments showed
that dissociation does not happen through all of the energetically possible
pathways. The main focus in the experiments on these ions, as well as the
other hydrocarbon ions, was to find the product branching fractions, fore-
most for modeling purposes in combustion research. However, the analysis of
the C3H

+
7 proved to be somewhat difficult due to experimental circumstances

such as the loss of light fragments from the detector (section 4.3) and the
limited resolution at higher masses (see section 2.4). Therefore the experi-
ment was repeated with the deuterated isotopologue C3D

+
7 .

The results from the C3H
+
7 and C3D

+
7 experiments are listed in table 5.3.

One reason for the difference in product distribution might be the difficulties
in analyzing the data from C3H

+
7 , making the data obtained for C3D

+
7 more

reliable. The difference in carbon bond breaking, however, appears to be a
true feature, since that result is not affected by the resolution and therefore
equally reliable for both measurements. For C3H

+
7 the carbon bond was bro-

ken in 37% of the DR events, the corresponding number for C3D
+
7 is 44%.

The results reported by Angelova et al. shows a 33% probability for cleavage
of the carbon bond for C3H

+
7 [52].

The DR of C4D
+
9 was measured with the hope to resolve the products

and determine their distribution. This ion has been studied previously at
the ASTRID storage ring, where only carbon bond breaking could be deter-
mined [54]. In that study also the remaining ions in the C3H

+
n - and C4H

+
n -

groups were studied with the same level of resolution [52, 53]. However, it
turned out that the resolution in our study was not sufficient, and we were
unable to get the complete DR branching information on C4D

+
9 . From our

measurements only the amount of carbon bond breaking could be deter-
mined; the carbon bond between a C3- and a C-fragment was broken in 39%
of the DR events, i.e. all the carbon bonds were preserved in 61% of the
events. This is in very good agreement with the two studies from Mitchell
et al. and Angelova et al., which showed that the carbon bonds were un-
broken in 61.5% [54] and 57.5% [53] of the events, respectively. Note that
the specific products in the dissociation of C4D

+
9 into one C3-fragment and

one C-fragment could not be determined, even if paper IV states that CD2-
molecules are formed. In fact, by studying the possible geometries of the
C4D

+
9 ion (see next paragraph), the ejected fragment is most likely to be a

CD3-molecule.
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Product channel C3H
+
7 C3D

+
7

(for C3D
+
7 : interchange H for D) Branching frac-

tion
Branching fraction

C3H6 + H 0.42 (0.10) 0.13 (0.05)
C3H5 + H2 0.12 (0.08)

0.12 (0.05)
C3H5 + 2H 0.22 (0.08)
C3H4 + H2 + H 0.09 (0.05) 0.09 (0.02)
C2H4 + CH3 0.04 (0.02)

0.03 (0.02)
C2H4 + CH2 + H 0
C2H3 + CH4 0.19 (0.05)

0.02 (0.02)
C2H3 + CH3 + H 0.15 (0.04)
C2H2 + CH4 + H

0.11 (0.02)
0.03 (0.03)

C2H2 + CH3 + H2 0.21 (0.04)

C3H3 + 2H2

<0.05
0

C2H6 + CH 0
C2H5 + CH2 0

Table 5.3: Product distributions for C3H+
7 and C3D+

7 .

The connection between the geometry of the C3- and C4-hydrocarbon
ions and the dissociation products has been examined in publications from
the Aarhus storage ring [52–54], where it was concluded that if a channel
involves the break-up of a single carbon bond, this channel is important. If
on the other hand the molecule is cyclic, or if the dissociation channel re-
quires the breakup of a double carbon bond, the probability of this channel
is significantly decreased. In the C4D

+
9 ion, the charge can be located on

either the primary (n-C4D
+
9 or i-C4D

+
9 ), secondary (s-C4D

+
9 ) or tertiary posi-

tion (t-C4D
+
9 ). The primary forms are rearranged to the more stable tertiary

form, and also the secondary form is thought to undergo rearrangement to
the t-C4D

+
9 [97]. The fact that no C2-fragments are observed in our experi-

ment also supports the t-isomer to be the dominant isomer in the experiment.

Applying the procedure used for figure 5.2, while studying the carbon-
carbon bond breakup as a function of the number of hydrogen atoms in the
hydrocarbon ion, results in figure 5.3. In this comparison also results from
Angelova et al. are included [52]. There appears to be a clear connection be-
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tween the the probability for breaking a carbon-carbon bond and the number
of H atoms, with a minimum för the species with three H atoms; however,
since hydrocarbons with more H atoms have less double carbon bonds than
the species with few H atoms, the connection to the molecular geometry and
chemical bonds discussed in the previous paragraph might play a role in this
comparison.
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Figure 5.3: The probability for breaking a carbon bond vs the number of H atoms in
the hydrocarbon ion. Filled triangles (N) represent C2-ions measured at CRYRING, filled
circles (•) C3-ions measured at CRYRING and open circles (◦) are C3-ions measured at
the ASTRID ion storage ring [52].

In an experiment by Heber et al. at the ASTRID ion storage ring [98], the
carbon-bond breaking for the molecular carbon ions C+

3 -C+
6 was studied. Sim-

ilar to the hydrocarbon ions only two-particle fragmentation was observed
for all ions in that study, and in the case of the linear C+

4 the fracture of the
central bond was slightly more probable than the break-up of the end bonds.

One of the main objectives in this study presented in paper I-IV was
to find out which products are formed in the dissociative recombination, in
particular the amount of radicals formed from each ion. This information
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can then be used in modeling plasma enhancement of reactors etc. It was
found that for the smaller hydrocarbon ions, containing two carbons, on the
average close to or more than two radicals are produced per DR event. The
full results are summarized in table 5.4.

Ion No. of Ref.
radicals

C2H
+ 2.18 Paper I

C2H
+
2 2.28 [84]

C2H
+
3 2.25 [85]

C2H
+
4 1.87 Paper I

C2D
+
5 1.95 Paper II

C3H
+
7 1.38∗ Paper III

C3D
+
7 1.27 Paper IV

Table 5.4: The average amount of radicals produced per DR event. ∗In the case of C3H+
7 ,

an average number has been calculated; the full range is 1.0-1.73.

The DR cross sections and rate coefficients measured for the hydrocarbon
ions in paper I-IV are presented in figure 5.4 and table 5.5. The rate mea-
sured for C3H

+
7 is very large, twice the rate measured for this ion and similar

systems using the FALP-technique [99]. Due to experimental problems, the
absolute current measurement had to be done in a slightly different way,
thereby introducing larger uncertainties into the measurement, as discussed
in section 2.4.3. The technique was unique to the experiment on C3H

+
7 , and

it is possible that it resulted in a larger error in the absolute cross section
than estimated at the time.

Previous measurements of the rate for C2H
+
5 using the FALP technique

reported a value of 9.0×10−7 cm3/s [37], and 7.4×10−7 cm3/s [40] at 300 K.
Both of these rates are higher than the rate we reported in paper II. One pos-
sible explanation for this difference could be an isotope effect; a lower DR rate
for the deuterated species is also seen for example in H3O

+/D3O
+ [94] and

NH+
4 /ND+

4 [91]. The DR rate for C2H
+ agrees very well with previous results

reported from a single pass merged beam experiment of 2.7×10−7(T/300)−0.5

cm3/s [41, 47]. Note that the results from Mul et al. [47] were corrected in
the later publication [41].
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Figure 5.4: The DR cross sections for the hydrocarbon ions in paper I-IV.

Ion Cross section Slope Thermal rate
at 1 meV [cm2] E−n, n= coefficient [cm3/s]

C2H
+ 7.6 × 10−13 1.1 2.7 × 10−7(T/300)−0.76

C2H
+
4 1.7 × 10−12 1.2 5.6× 10−7(T/300)−0.76

C2D
+
5 7.6 × 10−13 1.1 2.8× 10−7(T/300)−0.79

C3H
+
7 5.2 × 10−12 1.1 1.9× 10−6(T/300)−0.68

C3D
+
7 6.6 × 10−13 1.2 2.3× 10−7(T/300)−0.73

C4D
+
9 2.8 × 10−12 1.0 5.8× 10−7(T/300)−0.59

Table 5.5: DR cross sections and rate coefficients for C2H+, C2H+
4 , C2D+

5 , C3H+
7 , C3D+

7

and C4D+
9 .
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5.2 Paper V - Na+(D2O)

As discussed in section 1.2, the dissociative recombination rate of Na+(H2O)
is important in characterizing the plasma layer formed during the reentry of
vehicles into the atmosphere. One of the largest contribution to this plasma
comes from alkali metals, mainly Na+ and K+, which are emitted from the
surface of the vehicle and ionized. Since the pressure in this environment is
high, and recombination of atomic ions is a slow process, neutralization of
the alkali ions take place mainly through a three-body process, where the ion
either is neutralized in the reaction with an electron and a third body, (5.1),
or cluster to an atmospheric gas molecule, such as water, also in the presence
of a third body to carry the surplus energy of the reaction, (5.2). This ionic
cluster can then be neutralized by dissociative recombination, (5.3).

Na+ + e + M → Na + M (5.1)

Na+ + H2O + M 
 Na+(H2O) + M (5.2)

Na+(H2O) + e → neutral products (5.3)

Besides water, the alkali ion can also cluster to other atmospherically
abundant molecules, such as O2 or N2. The binding energy, however, is lower
for such clusters than for Na+(H2O) [100–102], which is why Na+(H2O) is
important in the neutralization reactions of Na+.

Information about the rate of the three-body reaction, (5.1), is an impor-
tant parameter in the characterization of the reentry plasma around vehicles.
This rate is, however, difficult to measure experimentally. Instead we focused
on the clustering reactions, which can be determined with information about
the rate of the dissociative recombination of Na+H2O, since the equilibrium
constant for reaction (5.2) is known [100].

The rate expression for Na+ depends on the rates of the reaction (5.2)
and the concentrations of the reactants:

d[Na+]

dt
= −kf [Na+][H2O][M ] + kr[Na+(H2O)][M ], (5.4)

where kf and kr are the forward and reverse reaction rate coefficients, re-
spectively. The forward rate coefficient has been measured using helium as
the third body [103], and the corresponding atmospheric value has been es-
timated [104].
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In the rate expression for Na+(H2O), the loss due to dissociative recom-
bination also has to be taken into account, α being the DR rate coefficient:

d[Na+(H2O)]

dt
= kf [Na+][H2O][M ]− kr[Na+(H2O)][M ]−

− α[Na+(H2O)][e]. (5.5)

These rate expressions, (5.4) and (5.5), can be evaluated for the two
cases where the rates are limited by either the effective reverse rate constant,
kr[M ], or by the dissociative recombination rate constant, α[e]. Since kf and
the equilibrium constant are known, the additional information needed in
order to evaluate these limiting cases for atmospheric conditions is the DR
rate coefficient. A DR reaction rate coefficient of 2.3 × 10−7 cm3/s at 300
K was measured in the experiments presented here for Na+(D2O), with a
temperature dependence of -0.95, as shown in figure 5.5. This led to the
conclusion that at high altitudes, the process is limited by the clustering
rate, which means that the cluster recombines with electrons as soon as it is
formed.
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Figure 5.5: The DR rate coefficient for Na+(D2O).
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In the study of Na+(D2O), the DR product branching fractions were also
measured. The use of deuterium was due to experimental reasons, since this
gives a larger mass separation between the neutral fragments and thereby a
better resolution. It was found that the cluster bond between the Na+ and
the water was broken in 92% of the events, as could be expected due to the
weak binding strenght. NaOD was formed in 5% and NaO in 3% of the DR
events. Only two body channels are exothermic for the reaction with 0 eV
electrons.

The DR branching behavior of Na+(D2O) is similar to that observed for
other cluster ions, e.g. D+(D2O)2 [105]. The DR reaction rate coefficient of
2.3 × 10−7 cm3/s for Na+D2O, however, is lower than the rate constant mea-
sured for many other ions clustering to water, ammonia or carbon monox-
ide, e.g. D+(D2O)2 [105], NH+

4 (NH3)2 and NH+
4 (NH3)3 [106], and CO+(CO)

and CO+(CO)2 [107], which all have DR rate coefficients in the order of
10−6 cm3/s. Generally the DR reaction rate has been found to be extremely
large for cluster ions. This phenomenon has been studied theoretically by
Bates [108], but is not yet fully explained.

5.3 Paper VI and VII - Fluorocarbon ions

Fluorocarbons plasmas are used in various types of applications, for instance
they are widely used in semiconductor processing industry, where fluorocar-
bon gases and mainly CF4 are used as processing gases [26, 109]. Another
relevant use is as a way to deposit thin fluorinated carbon films, used as
insulating layers in VSLI (Very large scale integration)-chips [110]. In the
future development of these applications, knowledge about reactions with
the plasma constituents are important. The production of active radicals,
such as CF, is important, and can proceed from CF4 in two ways; either by
dissociative ionization of the CF4 followed by recombination, or by electron
impact dissociation of CF4, directly creating smaller neutral molecules.

The dissociative ionization cross section and the electron impact disso-
ciation cross section of CF4 are both of the same order of magnitude [111],
and from the electron impact dissociation of CF4, CF3 molecules are formed
in 75% of the events. The probability for creating CF in this reaction is only
15%, and for CF2 it is even less, 10% [112]. Since the competing mechanism
for producing CF is the dissociative recombination of the products from the
dissociative ionization reaction, CF+

2 and CF+
3 , the product branching frac-

tions for these reactions are important to determine.
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Reaction Products and
energy release

CF+
2 + e CF + F + 6.1 eV

C + F2 + 2.1 eV
C + 2F + 0.5 eV

CF+
3 + e CF2 + F + 5.3 eV

CF + F2 + 1.6 eV
CF + 2F - 0.08 eV

Table 5.6: The exothermic DR reaction channels at 0 eV interaction energy for CF+
2 and

CF+
3 . The energy releases were calculated using values from the NIST webbook [16], except

for the heat of formation of CF+
3 , which was calculated from the appearance energy of

CF+
3 from CF4 [113].

For CF+
2 and CF+

3 , the dissociative recombination channels available at 0
eV interaction energy and their corresponding energy release are shown in ta-
ble 5.6, the energy releases are as usual calculated assuming that the ion and
products are in their ground states. The branching fractions from both CF+

2

and CF+
3 show a very similar behavior, where the main dissociation channel

is the loss of a single F-atom, 71% and 80% for CF+
2 and CF+

3 respectively.
In no DR events was the formation of F2-molecules observed; this requires
rearrangement and might not be likely. Nevertheless, such behavior has been
seen for example for H2O

+ and H3O
+ [89,93], and for CH+

2 and CH+
3 [87,89].

From these results it appears as if the CF and CF2 radicals in etching
plasmas are mainly produced by dissociative ionization of CF4 followed by
recombination. Laser induced fluorescence measurements on the production
and loss of CF and CF2 radicals in a pulsed plasma support this conclusion,
since it was found that the amount of CF and CF2 radicals formed was com-
parable to the incident flux of CF+

x ions [114].

The dissociative recombination rate coefficient for CF+ has been mea-
sured both at the ASTRID storage ring and by our group at CRYRING.
In the latter measurement we performed an absolute measurement of the
ion current, giving the possibility to deduce the absolute rate coefficient and
cross section of the reaction. The DR rate coefficient for CF+ as a function
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of detuning energy between the ion beam and the electron beam is shown
in figure 5.6, the measurement from ASTRID has been normalized to the
CRYRING data between 10-100 meV. The change in slope in the ASTRID
data below 10 meV is due to the higher electron temperature in that exper-
iment, kTe⊥ = 25 meV.
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Figure 5.6: The DR rate coefficient for CF+. The rate coefficient measured at ASTRID
(◦) has been normalized to the CRYRING data (•) in the 0.01-0.1 eV range.

Two resonant peaks are seen above 1 eV in figure 5.6, at 1.5 eV and 7.5
eV. The origin of these peaks can be discussed using the potential curves
of CF+ from Petsalakis et al. [115], shown in figure 5.7. For example, the
lowest electronic state, a3Π, lies at higher energy than the lowest resonance.
This indicates that the electron is captured into Rydberg states of the neu-
tral molecule, positioned between the ground and first excited state of the
ion. Using the same argument, the peak at 7.5 eV might be explained by
electron capture into Rydberg states below the 11Π state of the ion. Similar
resonances were observed for other diatomic ions, such as HD+ [116, 117],
HeH+ [118, 119] and CD+ [120]. Furthermore, some polyatomic ions have
also been reported to have similar features, for example CH+

2 [87], CH+
3 [89],

CH+
5 [88] and H3O

+ [89].
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Figure 5.7: Potential energy curves for CF+ from [115]. Full curves (–) are 1Σ states (thick
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(· · · ) 3Π states.

At ASTRID, the reaction with CF+ was studied for energies up to 12.3
eV, which is above the threshold for dissociative excitation, in which one
ionized and one neutral fragment is formed. The energy threshold for the
channel C+ + F lies 6.73 eV above the ground state X1Σ+, and in the ex-
periment only that channel was observed. The C + F+ channel lies 12.89 eV
above the ground state; since this energy was not reached in the experiment
the channel will not be accessible unless there is a metastable state populated
in the ion beam, from which the energy threshold would be lower. In fact, the
a3Π state in CF+ is a metastable state, since the triplet-singlet transition to
the ground state is forbidden due to spin conservation. This state lies in the
range of around 3.6 eV [121, 122] to 4.8 eV [115, 123, 124] above the ground
state. The lifetime of this state has not been measured, but it is believed
to be relatively long [125, 126]. A corresponding metastable state is seen for
example in CH+ [120], in the iso-valent CCl+ [127] and CBr+ [128], and in
the iso-electronic NO+ [129,130]. The fact that the channel C + F+ was not
observed in the experiments indicates that the a3Π state in CF+ is not pop-
ulated. This in turn implies that the lifetime of the a3Π state must be short
enough to ensure a complete decay before the measurement was started, i.e.
in three seconds. The lifetime of the a3Π state was also estimated in paper
VI to be around 86 ms.
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In paper VI the lifetimes of the ro-vibrational states were also calcu-
lated, since preliminary results indicated a high rotational temperature of
the CF+ ions. This result, however, was probably due to the resolution in
the experiment being worse than normal, and we believe it to be not the true
temperature.

The DR cross sections for CF+
2 and CF+

3 are shown in figure 5.8. For
this measurement a reliable value for the absolute ion current could only be
determined for the CF+

2 data measured at CRYRING. Since the DR cross
section for CF+

3 shows similar behavior to the cross section for CF+
2 , and the

DR rate coefficients for the similar systems CH+
2 ,. . . ,CH+

5 are indistinguish-
able [46], we chose to normalize the CF+

3 data to CF+
2 in the energy range

0.01-0.1 eV in order to extract the thermal rate coefficient. With this method
the DR rate coefficient was found to be 3.7×10−7(T/300)−0.76 cm3/s for
CF+

2 and 2.6×10−7(T/300)−0.48 cm3/s for CF+
3 . The agreement with previous

FALP measurements on CF+
3 , which reported a rate coefficient of 2.8×10−7

cm3/s [39], is very good.
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Figure 5.8: The DR cross section for CF+
2 and CF+

3 . The cross section for CF+
3 has been

normalized to CF+
2 below 0.1 eV.
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The cross section for CF+
2 was measured for interaction energies between

1 meV -1 eV. Due to problems in the detector resolution the reaction with
CF+

3 was only studied for energies down to 10 meV. For the latter ion the
measurement was continued up to 24 eV interaction energy in order to study
high lying resonances. A clear structure was observed around 8 eV, and a
second structure appeared at 15 eV. The lack of information about the ex-
cited states of CF3 made it impossible to exactly determine the origin of
these resonances. However, it is expected that they are caused by electron
capture into Rydberg states followed by dissociation, in a similar way as for
CF+. As mentioned in the discussion for CF+, this resonant feature has also
been seen in other polyatomic ions [87–89].

5.4 Paper VIII - CO+
2

The carbon dioxide cation is a very abundant species in the ionosphere of
Mars and Venus [131], which makes it an interesting ion to investigate when
trying to model the abundance of atomic carbon and the escape of carbon
out of the atmosphere.

The potential mechanisms for producing atomic carbon (thermal or non-
thermal) are photo-dissociation, electron impact dissociation, photo-dissociative
ionization and electron impact dissociative ionization of CO and CO2, and
dissociative recombination of CO+ and CO+

2 [31]. The first models of the
Martian atmosphere highlighted the need for a quantitative measurement
of the DR rate coefficient, and the first experimental determination was re-
ported in 1967 by Weller and Biondi [33]. They used a microwave stationary
afterglow technique, and measured a rate coefficient at 300K of 3.8×10−7

cm3/s. This result was followed by several measurements giving rate coeffi-
cients in a narrow range of 3.1-4.0×10−7 cm3/s at 300K [37,38,132]. Storage
ring experiments by Seiersen et al. in 2003 reported a higher rate coefficient
of 6.5×10−7(T/300)−0.8 cm3/s [55]. Since it is important to know whether or
not it is possible to form non-thermal species from DR, the internal product
distribution from DR of CO+, has been both measured and modeled [28,133],
and much work has been put into determining the states of the CO molecule
formed in the DR of CO+

2 [132,134–138].

The dissociative recombination of CO+
2 has previously been assumed to

proceed via the channel

CO+
2 + e→ CO + O + 8.3eV, (5.6)
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where the carbon and oxygen are produce in their ground or excited states.
The channel forming O2

CO+
2 + e→ C + O2 + 2.3eV, (5.7)

has been assumed to be negligible due to the rearrangement of the bonds
necessary in this reaction, and the non-dissociative radiative recombination
channel

CO+
2 + e→ CO2 + 8.3eV, (5.8)

is forbidden due to momentum conservation.

However, the storage ring experiments by Seiersen et al. reported a 9%
probability for reaction (5.7) [55], and thus this reaction was included in
the models of the Martian and Venusian ionospheres as a source of atomic
carbon [31, 32]. The results from those models show that in the Martian
atmosphere the density of ambient C is significantly raised due to the dis-
sociative recombination of CO+

2 , since this reaction becomes the dominating
source of atomic carbon. However, the contribution from this carbon to the
escape flux of C is small; this is instead dominated by the photo-dissociation
of CO [31]. In the Venusian ionosphere, on the other hand, DR of CO+

2 does
not appear to be the dominating source of carbon [32].

Due to this rather surprising result, together with the high rate coeffi-
cient found in the experiment and the importance of this ion, we decided to
measure the DR of CO+

2 at CRYRING. Channel (5.8) was also included in
our analysis since Seiersen et al. reported a small but significant probability
for this channel.

The pulse height spectra from our DR measurement on CO+
2 at zero en-

ergy is shown in figure 5.9. As seen, we do not detect any C-atoms in the pure
DR-signal, indicating the branching fraction to channel (5.7) to be negligible.
In paper VIII, the results are presented as 0(+4%) for the C + O2-channel
and 0(+2%) for producing neutral CO2, when the uncertainties in the grid
transmission and background subtraction has been taken into account. An
interesting comparison to make is to the DR of OCS+, which also show a
97% probability for the analogous channels [139].

The discrepancy between our results in paper VIII and the results from
the ASTRID ion storage ring [55] could possibly indicate that slightly more
background should have been subtracted in the ASTRID data, since that is
the most likely source of error in the measurement. The use of different ion
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background spectrum is included for clarity to show the position of the C signal present
in the background.

sources, where the ion source used in paper VIII is believed to produce colder
ions than the one in [55], could possibly be a second explanation.

Since the present results show in principle a 100% breakup into the
CO + O channel, the inclusion of the C + O2 channel in the ionospheric
modeling of Mars and Venus appear to have been unnecessary. The exclu-
sion of the channel will lead to a lower production of C from DR of CO+

2 .

The DR rate coefficient reported in paper VIII, 4.2×10−7 cm3/s, is also
in good agreement with the previous results reported by [33,37,38,132], and
is smaller than the rate coefficient reported by Seiersen et al. [55], again
suggesting some problems with the ASTRID measurement.



Chapter 6

Conclusions

The dissociative recombination of molecular ions has been studied using the
ion storage ring technique, which is a type of merged beams apparatus. Dif-
ferent groups of ions have been studied: Hydrocarbon ions, C2H

+, C2H
+
4 ,

C2D
+
5 , C3H

+
7 , C3D

+
7 and C4D

+
9 , which give insight into radical chemistry in

combustion, fluorocarbon ions, CF+, CF+
2 and CF+

3 , which are relevant in
the semiconductor industry as well as in atmospheric re-entry plasmas, and
an alkali-cluster ion, Na+(D2O), which is also of interest to atmospheric re-
entry plasmas. Finally, the carbon dioxide cation has been studied because
of its important role in different atmospheric models.

In the DR of the hydrocarbon ions, with the exception of C3D
+
7 , there was

a high probability for multiple hydrogen detachment. For C3D
+
7 , the fracture

of carbon-carbon bonds was very large; this break-up was also observed for
the smaller species but with less probability. Due to the large degree of frag-
mentation observed in the DR reactions the amount of radicals produced in
the reaction was often high (>2), which is believed to increase the efficiency
of combustion.

In the DR of the Na+(D2O), the dissociation of the cluster bond was, not
surprisingly, found to be by far the dominating pathway for the reaction. The
rate coefficient of the DR reaction was found to be 2.3×10−7(T/300)−0.95,
which when used for atmospheric conditions suggests that the recombination
rate of Na+ is limited by the clustering rate of Na+ to water.

The fluorocarbon ions CF+
2 and CF+

3 showed a large probability (71%
and 80%) for single F detachment in the dissociative recombination process,
resulting in CF and CF2, respectively. The DR rate coefficients of these reac-
tions were found to be 3.7×10−7(T/300)−0.76 cm3/s and 2.6×10−7(T/300)−0.48

63
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cm3/s, while the DR rate coefficient for CF+ was slower, 5.2×10−8(T/300)−0.8

cm3/s.

The DR of the carbon dioxide cation was found to produce exclusively
CO and O. Thus the inclusion of the C + O2 channel in the atmospheric
models based on previous experimental results [55] appears not to have been
necessary.
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. . . min familj och mina nära och kära för allt stöd och all uppmuntran
under de här åren!
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K.-G. Rensfelt, A. Simonsson, . Skeppstedt, and M. af Ugglas, “Studies
of electron cooling with a highly expanded electron beam,” Nucl. In-
str. Meth. A 441, 123 (2000).

[65] H. Danared, “Electron cooling for atomic physics,” Phys. Scripta T59,
121 (1995).

[66] A. Källberg, A. Paál, J. Gál, J. Molnár, and G. Székely, “NIM-PC based
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