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Abstract

Dissociative recombination is the process in which a molecular ion recombines
with an electron and then fragments into neutral products. This process has
been studied in many experiments over the years at the ion storage ring
CRYRING at the Manne Siegbahn Laboratory, Stockholm University. In
this thesis the experimental methods and data analysis procedures used to
investigate dissociative recombination are presented together with the results
for several diatomic and triatomic ions. Cross sections and branching frac-
tions of the different breakup channels have been determined. An imaging
system was introduced to study the fragmentation channels in detail. The
main focus is on the dynamics of the three-body breakup of triatomic dihy-
dride ions. This work includes the results from the dissociative recombination
of NO+, SH+

2 , SD+
2 , PD+

2 , NH+
2 , CH+

2 , H2O
+ and H+

3 .
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Chapter 1

Introduction

1.1 Dissociative recombination

In this work one single process has been under investigation, namely disso-
ciative recombination (DR). This is the process of a slow moving electron
colliding with a molecular ion and subsequently forming neutral fragments.
If you imagin an electron with almost no kinetic energy colliding with a much
heavier ion you might not think of multiple bond breaking, rearrangement
of bonds and high kinetic energy release. In fact these properties are what
characterize the DR process.

In order to go into some detail of this process, an arbitrary diatomic
ion, AB+, is chosen as an example. Figure 1.1 shows the potential energy
curve of this ion. In the ideal case, both particles have zero relative kinetic
energy and, due to the Coulomb force, the electron comes close enough for
a reaction to occur. The target electron excites one of the binding electrons
into an antibinding orbital and an excited neutral molecule is formed, AB∗∗.
This doubly excited state is repulsive and the potential energy is transformed
into kinetic energy (KER) of the nuclei.

AB+ + e −→ AB∗∗ −→ A+B +KER (1.1)

From the moment the electron is captured there is a competition between
the ejection of an electron back into the continuum, autoionization, and
the dissociation. For the dissociation process to have a fair chance in this
competition it has to be a very fast process, because autoionization occurs on
a femtosecond timescale. When the internuclear separation of this molecule
has become greater than the crossing point between the neutral state and
the ground vibrational level of the ion, the system no longer has sufficient
potential energy to autoionize and it dissociates. Since the nuclei do not

1
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Figure 1.1: Schematics of potential curves important for the direct and the indirect
process.

have to move far before reaching this critical point the DR is a very efficient
process.

For low collision energies, and as long as the long range interactions are
the same, the cross section is inversely proportional to the collision energy,
independent on what particles are interacting. This was first shown by E. P.
Wigner in a paper from 1948 [1]. This law implies that the the efficiency of
the DR reaction increases as the relative velocity between the ion and the
electron decreases. This is natural, of cource, since an electron with zero
relative velocity to an ion always comes close enough for a reaction to occur
due to the Coulomb attraction.

The dissociation process discussed so far is known as the direct process and
it was first introduced by D. R. Bates in 1950 [2]. In 1968 another pathway
for the DR process was introduced by J. N. Bardsley and it has ever since
been called the indirect process [3]. The name comes from the fact that it is
a two-step process. The incoming electron is captured into a Rydberg orbital
forming an intermediate Rydberg state, AB∗, and therefore the kinetic energy
of the incident electron has to be transformed into vibrational and rotational
energy of the nuclei. Since rovibrational levels are discrete this is a resonant
process. The Rydberg state can either autoionize or predissociate through
the doubly excited states also responsible for the direct process.
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AB+ + e −→ AB∗ −→ AB∗∗ −→ A+B +KER (1.2)

All ions do not have such doubly excited states crossing their electronic
ground state. One might think that this would slow down the DR process
significantly. Both HeH+ and H+

3 are systems with no repulsive curves cross-
ing the ionic ground state. Despite this, the cross section of the DR reaction
is large. It has been shown that if the repulsive curve is close to the ionic
state the overlap between the wave functions is large enough for DR to occur.
This tunneling mechanism can both be a direct and an indirect process.

There are in general also three other possible electron-ion reactions, Res-
onant ion-pair formation (RIP),

AB+ + e −→ A+ +B− +KER (1.3)

dissociative excitaion (DE),

AB+ + e −→ A+ +B +KER (1.4)

and radiative recombination (RR),

AB+ + e −→ AB + hν. (1.5)

Ion-pair formation proceeds in a similar way to DR with the exception
that both positive and negative fragments are produced. The dissociative
excitation process first becomes important at collision energies higher than
the dissociation energy of the ion. Both the RIP and the DE cross sections
are usually much smaller than the DR cross section at low collision energies.

In the radiative recombination process the excess energy is removed from
the molecule by photon emission. For most excited states of diatomic mole-
cules the radiative lifetimes are greater than 10−9 seconds, which is much
longer than the dissociation and the autoionization lifetimes [4]. For larger
systems, it is possible that the excess energy is divided among a larger set
of energetic degrees of freedom, which could be in favor for the complex to
stay intact long enough for radiative decay to occur. No clear evidence for
this has been observed for the molecular ions studied so far in ion storage
ring experiments.

1.2 DR outside the laboratory

Plasmas are the most common state of matter in the visible universe. In
plasmas cold enough to be composed of molecular ions, the DR becomes im-
portant because it is the main loss mechanism of positive ions and electrons.
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The high exothermicity of the DR process often results in both energeti-
cally excited products and high kinetic energies. The products can be highly
reactive and influence the chemistry of the plasma.

Plasmas where DR is of importance are not only naturally occuring, like
in the ionosphere of planets and in the interstellar media, but can also be
produced, for example, in plasma assisted combustion in airbreathing engines
[5] and in plasma etching in the semiconductor industry [6].

To give an example of those data which are needed from experiments,
dense molecular clouds in star forming regions are good examples. These
clouds are made of gas and dust, have a particle density of 103 − 105 cm−3,
and can be as large as 105 solar masses [7]. The dust particles shield the inner
part of the clouds from solar radiation and can be totally opaque in the visible
part of the spectrum. Since the dust protects the gas from UV radiation,
molecules are not quickly destroyed and chemical reactions producing large
molecules can proceed. In order to understand the chemistry in these clouds
chemical models are needed. A result from such a model is the solution
of coupled differencial equations that contain the time derivatives of the
concentrations of individual species present in the cloud [8]. Each individual
differencial equation relates the time dependence of a specific concentration
to its formation and depletion rates. In order to solve these equations to
obtain the concentrations as function of time, reaction rate coefficients for
the different reactions are needed. Many molecular ions have been found in
dense clouds [9] and the DR is primarily responsible for the depletion of ions
and the formation smaller molecules.

In transparent clouds with particle densities of 10− 103 cm−3, UV radia-
tion from nearby stars destroy most molecules, and prevents the formation of
larger molecules. The dominant molecular ion found in these diffuse clouds
is H+

3 [10]. Even though it is the simplest of polyatomic ions the DR rate
coefficients obtained by experiments and calculated with theoretical meth-
ods have not agreed until very recently [VI][11, 12]. The theoretical works
on H+

3 have showed that calculations of the DR cross section and branching
fractions of the DR process are complicated.

Experiments are necessary, not only to support the development of theo-
retical predictions, but are also the only source of data to support chemical
models. The temperatures of dense clouds can be as low as 10 K and therefore
rate coefficients and branching fractions at low collision energies are needed.
The DR rate coefficients and branching fractions have shown to depend on
the internal energy of the ions and this places high demands on experiments.
This field has over the years struggled to present results from measurements
with cold ions and at low collision energies.

Another example of the importance of DR is in the not so distant ionosphere
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of our planet. NO+, together with O+
2 and N+

2 , are the most important mole-
cular ions in the earth’s ionosphere [13]. N(2D) is the most reactive species
of the three lowest states of nitrogen and, therefore, the quantum yield of
N(2D) in the DR of NO+ is of importance. Quantum yields are also of impor-
tance for the understanding of atmospheric airglow. For example, emission
from O(1D) to O(3P ) is responsible for the red airglow at 633 nm and the
N(2D) to N(4S) transition is responsible for the airglow emission at 520 nm.
The sometimes high kinetic energy release involved in the DR process may
also cause fragments to escape the planetary gravitational field [14]. These
examples show that the internal state distributions of atomic fragments is of
importance for atmospheric chemistry.

1.3 Experimental developments

The first experimental results of ion-electron recombination were obtained
in microwave afterglow experiments by Biondi and Brown in the late 1940s
[15]. They measured the electron density as a function of time in an afterglow
plasma and found a rapid electron loss. Later a Pebry-Perot interferometer
was added to the experimental set-up to detect the emission from excited Ne
in plasma containing Ne+

2 . Broad shapes under the thermal Gaussian profiles
of these emission lines were caused by the fast DR products [16, 17]. The DR
was thereby proven to be the responsible mechanism for the rapid electron
loss.

Before ion storage rings were introduced most experiments used differ-
ent types of stationary and flowing afterglow techniques (e.g. see review by
Mitchell [18]), and trapped ion techniques (e.g. [19, 20]). Most of these
measurements concerned the DR rate coefficients, but some experiments
measured the internal state distribution of diatomic molecules by spectro-
scopic techniques, detecting excited atomic fragments (e.g. Kley et. al. [21]).
Single-pass merged beams experiments have also been used (see e.g. Auer-
bach et. al. [22]), and the product fragments from the DR of polyatomic ions
was first studied by this technique [23]. Investigations of the branching frac-
tions for polyatomic molecules have also been investigated using the afterglow
technique. The branching fractions were measured for the DR of H2O

+ by
Rowe et. al. [24], but the ions in the plasma were probably both electronically
and vibrationally excited, and the results were therefore difficult to interpret
and of less relevance to interstellar chemistry.

The first 50 years of the experimetal history of DR has only been briefly
summarized in a few lines and with only a few examples of references. The
development, of course, deserves more attention than this, but is too broad
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to be covered in this introduction.
The introduction of ion storage rings in 1993, improved the study of the

DR process [25, 26, 27]. Due to the improved collision energy resolution,
and better controlled internal energy population of the ions, compared to
single-pass merged beams experiments, detailed cross section measurements
were possible. The technique of measuring branching fraction used in single-
pass merged beams [23] was also introduced to storage ring experiments by
Datz et. al. [28] and it was the beginning of series of branching fraction
measurements of the DR of ions of interest for interstellar and atmospheric
chemistry.

Until 1995 the internal state population for the breakup of diatomic ions
had been studied by spectroscopic techniques. In 1995 imaging detectors were
introduced to storage rings to measure the separation between the breakup
fragments of diatomic ions [29]. The distance between the two atoms squared
is proportional to the kinetic energy released in the process and the branching
fractions between the different channels can be determined. This method has
developed further to investigate the three-body breakup of triatomic ions,
where not only the internal state distributins are measured, but also the
angular dependence and the kinetic energy sharing between the fragments
are investigated. Results using this imaging technique are the main subject
of this thesis.



Chapter 2

Experimental technique

The ion storage ring is an important tool for investigating DR. The basic idea
behind the experiments is that a circulating ion beam is merged with an elec-
tron target and the neutral product fragments are detected with energy- or
position sensitive detectors. There are several advantages with this technique
and here are a few examples:

• The high ion beam energy makes it possible to study ion-electron col-
lisions in a merged beams configuration.

• It is a multipass experiment, the ions pass through the electron target
many times before new ions have to be injected.

• The long lifetime of the ion beam, typically a few seconds, allows ions
with a permanent dipole moment to radiatively relax to the ground
vibrational level prior to the experiment.

• The merged beams technique allows for close to zero collision energies
in the center-of-mass (c.m.) frame. The electron energy is also easily
adjusted to study DR at higher collision energies.

• The study of DR cross section as a function of collision energy can be
used to calculate the thermal rate coefficient for wide range of electron
temperatures.

• Branching fractions of different product channels can accurately be
determined.

• The product fragments can be detected with an imaging detector to
study internal energy distributions and the breakup process in detail.

7
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Figure 2.1: The ion storage ring CRYRING.

2.1 Ion storage ring CRYRING

The ion storage ring CRYRING (Figure 2.1) is located at the Manne Sieg-
bahn Laboratory (MSL) in Stockholm. In this thesis the storage ring is not
explained in detail, instead the focus is on the two most important parts of
the experiment, the ion source and the electron target.

The positive ions are created in an ion source situated on a high volt-
age platform (40 kV) called MINIS. After extraction from the source, the
ions are mass selected using a bending magnet and pass through a radio
frequency quadrupole (RFQ). The RFQ accelerates ions with a charge over
mass ratio q/m of 0.25 or larger to an energy of 300 keV prior to injection,
where m is the ion mass in amu. The nearly circular ion storage ring has
a circumference of 51.6 m and is made up by 12 straight sections. The or-
bit of the ions is fixed by the 12 dipole magnets that connect the straight
sections. Every other of the straight sections consists of elements important
for the beam dynamics and diagnostics, such as quadropole- and sextopole
magnets focusing the beam and correction dipole magnets. In the remaining
sections, detectors, beam targets and other devices such as the injection and
acceleration units are situated. The ions are injected in multiple turns and
then further accelerated using a radio frequency (RF) unit. The acceleration
process takes about 1 second and the maximum kinetic energy the ions can
get is given by the magnetic rigidity of the dipole magnets. The magnetic
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rigidity is the maximum magnetic field strength (1.2 T) times the bending
radius (1.2 m). The maximum kinetic energy of an ion of charge q and mass
m (amu) is given by the expression

Emax = 96
q2

m
MeV (2.1)

In one of the straight sections, the ions are merged with an electron beam.
The electron beam is used both as an electron cooler and as target for the
ion-electron reaction. The neutral products in the DR process are not bent by
the dipole magnet after the electron cooler and leaves the ring tangentially
into a zero-degree arm where detectors are situated and the products are
detected.

2.1.1 Ion production

An experiment is usually started by producing the molecular ions to be stud-
ied. There are several types of ion source that have been used on the MINIS
platform to produce molecular ions, and three have been used in the experi-
ments presented in this thesis.

Filament ions source

The ion source used in most experiments is a Nielsen type hot-filament ion
source [30]. Electrons emitted from a heated filament ionize gas or vapour
inside the source. The low pressure (10−4 - 10−1 Torr) and high temperature
of the filament give rise to vibrationally and rotationally excited ions. Ions
with a permanent dipole moment can vibrationally and rotationally relax by
emitting photons while they are stored in the ring. The lowest rotational
temperature is set by the temperature of the beam tube, approximately 300
K, unless the ions are produced colder. If the relaxation process is slow, or
a temperature lower than 300 K is needed, other sources have been used to
produce vibrationally and rotationally cold ions.

Hollow cathode ion source

JIMIS, a hollow cathode ion source, works at a temperature >600 K and
at a higher pressure (>0.1 Torr) than the hot-filament source [31]. A high
voltage (1-5 kV) creates an electrical discharge and ionizes the gas. Due to the
relatively high pressure in the source the ions are vibrationally quenched by
collisions with other gas molecules before they are extracted from the source.
This source is used mainly for molecular ions which have no permanent dipole
moment, and therefore do not radiatively relax.
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Figure 2.2: The electron cooler at the ion storage ring CRYRING.

Supersonic expansion source

In some experiments information of the population of rotational levels of the
ions in the ring has been of importance. In order to produce rotationally
cold H+

3 a supersonic expansion source was developed in a collaboration with
a group at the University of California, Berkeley [VI].

Approximately 2 atm H2 gas was pulsed through 0.5 mm diameter pinhole
into a vacuum chamber. The pulse gate was ∼400 ms and the repetition rate
was ∼0.1 Hz. As the gas expanded through the pinhole it was ionized in a
discharge created by a dc voltage >450 V. A skimmer was used to select the
coldest part of the beam and to prevent unwanted discharges due to the high
gas flow.

Under these conditions the source had been spectroscopically character-
ized at the Berkeley lab, and the rotational temperature was determined to
be 20-60 K.

2.1.2 Electron cooler

The DR cross section has its maximum at zero relative collision energy, and
therefore, a merged beam configuration is preferred, in which the velocity
of the electrons can be matched to the velocity of the ions. CRYRING is
equipped with an approximately 1 m interaction region situated in one of its
twelve straight sections [32, 33, 34]. Figure 2.2 is a schematic picture of the
so called electron cooler. The electrons are extracted from a 4 mm cathode in
a magnetic field of about 3 Tesla created by a superconducting solenoid. The
magnetic field is decreased by a factor of one hundred before the electrons
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are merged with the ion beam. Due to this decrease in the magnitude of the
magnetic field, the electron beam is expanded 100 times in area, making a
beam 40 mm in diameter. The electron beam is bent into the ion beam path
using a toroidal shaped magnetic field. After a 85 cm long section where the
electron and ion beams are parallel, the electrons are bent out from the ion
beam and collected at the anode.

The electron cooler serves two purposes. The velocity of the electrons is
matched to the velocity of the ions. The ions pass through the continuously
renewed electron beam each turn in the ring. Due to the Coulomb interaction,
heat is transferred from the ions to the much colder electrons. This results in
translationally colder ions and a better defined ion beam. The electron cooler
also serves as target for the DR process. After the velocity of the electrons
has been matched to the velocity of the ions, the energy of the electrons can
easily be elevated to investigate interactions at different collision energies.

Interaction energy

Electrons with mass me and velocity ve and ions with mass mi and velocity
vi pass through the interaction region with the laboratory energies,

Ee =
1

2
mev

2
e , (2.2)

and

Ei =
1

2
miv

2
i , (2.3)

respectively. Since mi is much larger than me, the reduced mass µ =
mime/(mi + me) ≈ me and therefore we say that in the c.m. frame the
ions are considered to be at rest and the electrons move with the relative
velocity,

vrel = ve − vi. (2.4)

This can also be expressed as,

v2
rel = v2

i + v2
e − 2vive cos θ, (2.5)

where θ is the angle between the two velocity vectors. In the collinear part of
the electron cooler, θ is close to zero and the relative velocity can be written
as,

vrel = |ve − vi| . (2.6)

The energy of an electron-ion interaction in the (c.m.) frame and can be
written as

Ecm =
1

2
µv2

rel ≈
1

2
mev

2
rel, (2.7)
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In the experiment the collision energy is calculated relative to when the
experimental conditions are such that the electron and ion velocities are
equal,

vi = ve = vcool. (2.8)

The relative velocity, vd, is called the detuning velocity and it is equal to vrel

at collision energies larger than the energy resolution. From the assumption
that µ = me, the following expression were used to calculated the collision
energies, √

Ed =
√
Ee −

√
Ecool, (2.9)

where

Ecool ≈
1

2
mev

2
cool, (2.10)

and Ee = qU where q is the electron charge and U is the cathode voltage
of the electron gun. The electrons induce a space charge potential along
the radius of the electron beam. This is corrected for and it is described in
Section 3.5.2.

Electron temperature

The temperature of the electrons, just after extraction from the cathode,
corresponds to the cathode temperature (∼1000 K). The velocity distribution
of the electrons can be described by a Maxwellian distribution,

f(ve) =
( me

2πkTe

)3/2

exp
(
− mev

2
e

2kTe

)
, (2.11)

where me is the electron mass, k is Boltzmans constant and Te is the electron
temperature. The velocity distribution in the transversal direction (perpen-
dicular to the ion beam) is not the same as in the longitudinal (parallel to the
ion beam) direction. Therefore the Maxwell-Boltzman distribution becomes
anisotropic,

f(ve) =
me

2πkTe⊥

( me

2πkTe||

)1/2

exp
(
− mev

2
e⊥

2kT⊥
−
me(ve|| − vd)

2

2kT||

)
(2.12)

where Te⊥ and Te|| are the transversal and longitudinal components of the
temperature. The longitudinal velocity spread mainly depends on electron-
electron interactions, and the longitudinal energy resolution is kTe|| = 0.1
meV.

The reason for creating electrons in a high magnetic field and then de-
creasing the field is related to the transversal velocity spread. In the adiabatic
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expansion of the electron beam, the ratio kTe⊥/B, where B is the magnetic
field, has to remain constant [35]. A hundred times expansion, therefore,
reduces the electron temperature from 1000 K to 10 K which correspond to
kTe⊥ = 1 meV.

The collision energy resolution

The rate constants are measured as function of Ed ≈ Erel and therefore it
is important to know the energy resolution δErel. The energy resolution has
been shown to be similar to the electron energy resolution by R. Mowat [36].
Equation 2.5 can be expressed in terms of kinetic energies as,

Erel =
me

mi

Ei + Ee − 2

√
me

mi

EiEe cos θ. (2.13)

The energy resolution can be defined as
√
< (δErel)

2 >, where

δErel = Erel (Ee + δEe, Ei + δEi, θ + δθ)− Erel (Ee, Ei, θ) . (2.14)

Since δEi, δEe and δθ are small δErel can be expressed as a Taylor expansion.
In the merged beam experiment, θ = 0, and terms of the first two orders of
this expansion are,

δErel (θ = 0) =

(
1− vi

ve

)
δEe +

me

mi

(
1− ve

vi

)
δEi+

1

2

(
me

mi

1

EiEe

) 1
2

δEeδEi +
1

4

vi

ve

1

Ee

(δEe)
2 +

1

4

ve

vi

me

mi

1

Ei

(δEi)
2 +

√
me

mi

EiEe (δθ)2 .

(2.15)

The first order term, which includes the energy spread of the ions, is negligible
since the ion is much heavier than the electron. Using the remaining first
order term to calculate the energy resolution results in an energy resolution
much smaller than the energy resolution of the electrons. It is therefore
necessary to include the second order terms. In CRYRING experiments the
velocity spread of the ions, δv, is approximately less than 1 · 10−3 · vi[37] and
its contribution to the energy resolution is negligible. The terms inversely
proportional to the laboratory energies are negligible. Only the (δθ)2 term
remains and this error can be estimated from the angle between the transverse
and the longitudinal electron velocities as,

δθ ≈ tan δθ =

√
< kTe⊥ >

Ee||
. (2.16)
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Figure 2.3: A schematic over the detection beam line and its detectors.

For velocity-matched conditions where vi = ve the (δθ)2 term is,

(δθ)2 =
< kTe⊥ >

Ee

, (2.17)

and the energy resolution is therefore approximatly the energy resolution of
the electron beam,

δErel(θ = 0) =< kTe⊥ > . (2.18)

2.2 Detection of the DR fragments

In the detection beam line there are two different detection systems. Their
positions are shown in Figure 2.3. The detector closest to the electron cooler
is an energy sensitive detector which outputs a signal proportional to the ki-
netic energy of the detected fragments and it is used to measure the chemical
branching fractions and the DR cross sections. This detector can be removed
and further down the beam line the fragments instead hit a position sensitive
detector. This detector is used to study a specific DR channel in detail and
information such as the internal energy distribution is measured. The two
detector systems are described in more detail in the next two paragraphs.

2.2.1 Energy sensitive detector

In order to measure the DR rate an ion-implanted surface barrier detector
(SBD) with a 100% efficiency is used. The kinetic energy of the incom-
ing particles produce electron-hole pairs in the semiconductor material (Si).
Outside the vacuum a pre-amplifier feeds a linear amplifier with a signal
of an amplitude proportional to the charge released by the detector. This
amplified signal is used in two ways.



2.2. DETECTION OF THE DR FRAGMENTS 15

In order to determine the DR cross section the number of DR events as
function of collision energy is needed and the signal is therefore sent through
a discriminator before it is registered by a multi-channel-scaler (MCS), which
counts the number of events as function of time.

For a measurement of the relative difference between the product channels
the amplified signal is sent directly to a multi-channel-analyser (MCA) which
records the number of events as function of energy. This detection system is
not fast enough to separate the individual fragments from the same DR event
and therefore each event produces a signal proportional to the total kinetic
energy of the molecule. To overcome this problem a metal grid with known
transmission is placed in front of the SBD. How a spectrum with the grid
inserted in front of the detector is used to determine the branching fractions
is explained in Section 3.2. The diameter of the holes is 80 µm and the grid
is 50 µm thick, which is enough to stop all particles not passing through a
hole. The transmission of the grid has been determined to be 0.297± 0.015
(3σ uncertainty) from two separate measurements [38].

2.2.2 Imaging detector

In the DR process the atomic fragments of a diatomic molecule diverge from
the c.m. with velocities proportional to the square root of the kinetic energy
released (KER). Measuring the distance separation between the two frag-
ments at a certain time after the breakup give information about the kinetic
energy released, i.e. the internal energy taken by the atoms. This is done
with an imaging detector situated at the end of the detection beam line,
approximately 6.3 meters from the center of the electron cooler.

For example, for a 3.15 MeV NO+ dissociating into N(4S)+O(3P ), the
travel time for the c.m. of the system, from the center of the electron cooler
to the detector, is 1.4 µs. The kinetic energy released in this process is 2.7
eV and the maximum separation between the fragments at the detector is 12
mm.

A detector system that can measure such a separation is shown in Figure
2.3 and it is similar in design to the one by Amitay et . al . [39] and it has been
described in detail in a number of papers [31, 40] and in the thesis of S. Rosén
[41]. Inside vacuum a stack of three microchannel plates in combination with
a phosphor screen generate flashes from the particles striking the first MCP.
The effective diameter of this detector system is 77 mm. The reason for
a triple-stack of MCPs is that the electron gain is saturated after the third
plate, and therefore the intensities are similar for all particles. The light from
the phosphor goes through a glass window and outside the vacuum chamber
it is focused onto an image intensifier. The light from the intensifier is focused
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onto a 1 x 1 mm2, 64 x 64 pixels, CCD chip. A photo-multiplier-tube (PMT)
simultaneously viewing the phosphor screen is used to switch off the image
intensifier after all products from a single DR event has been detected and
also to trigger the read out of the camera. Switching off the image intensifier
prevents more than one DR event to be detected in the same camera frame.
The detector collects data on an event by event basis, i.e. one DR event is
detected in each camera frame. A spot finding routine in software is used to
determine the spot positions. Each pixel has a dynamic range of 0-256 and
the light is distributed over several pixels. The spot position is determined
from the center of intensity of these pixels. This procedure can improve the
position resolution to be less than 1 pixel [41].

The efficiency of this detector is not unity. It has been measured to be
approximately 0.6 [41] and is mainly due to the efficiency of the MCPs.

This detector can only measure the distance between the fragments pro-
jected on to the two-dimensional detector. One way to measure the absolute
distance between them would be to measure their difference in the time of
arrival. For some experiments, a position and time sensitive detector has
been used. In order to obtain information about the time of arrival of the
particles, 30% of the light emitted by the phosphor is focused on a segmented
16 strip PMT using a beam splitter and a lens. The PMT signals trigger a
16 channel CFD. A triggered CFD channel gives rise to a current output
connected by a charge sensitive analog to digital converter (ADC). Using a
common stop, differences in the amount of collected charge is proportional
to the difference between the particles’ arrival time. The ADC is connected
to a buffer memory and all three modules work in a CAMAC environment.
The time resolution is about 1 ns. However, for several molecular systems,
this is not sufficient to separate channels which are close in energy.

This system is also complicated and time consuming to set-up. Since
beam time is limited the two-dimensional approach was used in most ex-
periments. In this thesis the only experiment where the 3D method was
employed was for H2O

+.
In the studies of three-body breakup of triatomic molecules such as H2O

+

it is important to identify the different products. I order to do so a thin foil
of aluminum or carbon is placed in front of the first MCP. The foil is 5 mm
in diameter and its density was optimized together with the beam energy
in order to make sure that the hydrogen atoms were stopped and the heavy
fragment passed through. Most of the kinetic energy release is taken by the
hydrogen and the heavy particle does not move far from the center of the
well defined ion beam. Only frames containing three particles of which one
was detected in a position behind the projection of the foil were analyzed.
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Data analysis

3.1 Cross section and thermal rate coefficient

The mean distance an ion travels in the electron beam before it dissociates
into neutral fragments is called the mean free path, λ, and its magnitude
depends on the density of electrons, ne. The DR reaction cross section for
a known relative collision velocity can be defined as the proportionality con-
stant between the mean free path and the electron density,

λ =
1

neσ(v)
. (3.1)

The reaction cross section, σ, can be seen as a measure of the ”size” of the
ion seen by the target electron. Another quantity of interest is the collision
frequency at a certain electron density, the rate constant, defined as,

α = vσ(v). (3.2)

For each electron energy there is a relative collision velocity distribution,
and therefore the average rate constant, < vdσ >, is actually measured. The
electron beam is normally expanded to 4 cm in diameter before it is merged
with the ion beam and it is assumed that there is a 100% overlap between
the ions and the electrons in the electron cooler. The size of the ion beam in
the electron cooler can be estimated from the image on the phosphor screen
approximately 6.3 m from the interaction region. The number of DR events
per unit time as function of the detuning velocitiy, dNDR(vd)/dt, is measured
by the detector system. This is usually done by ramping the cathode voltage
linearly in time during 1-2 seconds of each beam cycle. Each scan starts with
the electrons moving faster than the ions, the electrons then pass through

17
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Figure 3.1: The energy scan used in the measurement of the DR cross sections of
34SH+

2 .

zero collision energy, and the scan ends with a the electrons moving slower
than the ions. An example of such a scan is shown in Figure 3.1.

In order to determine the rate constant, the density of electrons in the
interaction region of length l and radius r, and the number of stored ions in
the ring at a given time, Ni, also have to be known.

< vσ(vd) >=
dNDR(vd)/dt

ne(l/C)Ni

, (3.3)

where C is the length of CRYRING. The relation between the electron density
and the electron current, Ie, is,

ne =
Ie

πr2eve

, (3.4)

where ve is the velocity of the electrons and e is the electron charge. The ion
current, Ii, is related to Ni as,

Ni =
IiC

qevi

, (3.5)

where qe is the ion charge and vi is the ion velocity. The formula used to
determine the experimental rate constant is:

< vdσ >=
dNDR(vd)

dt

πr2e2vive

IiIel
. (3.6)
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The ion beam velocity was calculated from the measured revolution frequency
of the ions and the ring circumference, C, and the electron velocity from the
cathode voltage of the electron gun. The electron beam current was measured
at the anode right after the electrons were bent out from the ion beam.

The absolute ion beam current was measured in a separate measurement
using a Bergoz Beam Charge Monitor with continuous averaging (BCM-
CA) and an integrating current transformer [42]. A signal proportional to
the absolute ion current was measured simultanously to normalize it to the
DR measurement. This normalizing procedure is similar to the background
normalization procedure explained in Section 3.5.1.

At relative collision energies much larger than the collision energy reso-
lution, the DR cross section can be calculated by dividing the rate constant
by the detuning velocity, < vdσ > /vd. For collision energies lower than, and
of the order of, the collision energy resolution, this is not a good approxima-
tion. The relationship between the rate constant and the cross section can
be written as

α =< vdσ >=

∫ ∞

0

vef(ve)σ(ve)d
3ve, (3.7)

where f is the velocity distribution of the electrons described by Equation
2.12. The cross section at a well defined collision energy can be obtained by
deconvoluting the rate constant with the electron energy distribution. This
is done using the Fourier transform technique. Fourier transforming both
sides of Equation 3.7 we get

F (α) = veF (f)F (σ). (3.8)

The cross section can be found by applying the inverse Fourier transform,

σ(vrel) =
1

ve

F−1

(
F (α)

F (f)

)
. (3.9)

A number of corrections were performed to the experimental data. The
background correction, and the so-called toroidal correction are described in
Section 3.5.

The cross section as a function of collision energy can be used to calculate
the thermal rate constants, α(T ). This is a function of temperature and can
be described as a measure of the rate of depletion of electrons and ions in an
environment in thermal equilibrium of temperature T . The relation between
the cross section and the thermal rate constant is,

α(Te) =
8πme

(2πmekTe)
3/2

∫ ∞

0

Eσ(E)exp

(
− E

kTe

)
dE (3.10)

The thermal rate constant is obtained by numerically integrating this expres-
sion.
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3.2 Chemical branching fractions

In an electron-ion collision a highly excited neutral molecule is formed and
due to this surplus of energy both molecular and atomic fragments usually
are formed in the breakup. For example in the DR of NH+

2 all three possible
product channels are energetically allowed:

N +H2 + 8.2 eV (α) (3.11)

NH +H + 7.0 eV (β) (3.12)

N +H +H + 3.7 eV (γ) (3.13)

The kinetic energies were calculated assuming that the products are in their
ground electronic states and ground rovibrational levels. In the experiment
each fragment obtain a fraction of the total ion beam energy proportional to
its mass. The SBD used in the DR cross section measurements was also used
here. The amplitude of the signal from the detector is proportional to the
kinetic energy depleted in the semi-conductor material. This signal was am-
plified and recorded in a spectrum showing the number of events as function
of energy. Due to the long integration time of the detector system compared
with the difference in the time of arrivals between the DR fragments, all frag-
ments from the same DR event were detected simultaneously and the total
ion beam energy was recorded. This problem was overcome by inserting a
metal grid with a known transmission, T , in front of the detector (see Section
2.2.1). With the grid in front of the detector there is the probability T for
a fragment to be detected and (1-T ) not to be detected. Figure 3.2 show
the spectrum obtained for NH+

2 both with and without the grid inserted. A
system of linear equations is used to determine the branching fractions. For
example, the relative number of counts in the H peak, NH , come both from
the β and the γ channel, and can be expressed as T (1−T )nβ +2T (1−T )2nγ,
where nβ and nγ are the branching fractions of these two channels. From
all the experimentally resolved peaks an over-determined equation system is
obtained.

NH

NN

NNH

NNH2

 =


0 T (1− T ) 2T (1− T )2

T (1− T ) 0 T (1− T )2

0 T (1− T ) 2T 2(1− T )
T 2 T 2 T 3


 nα

nβ

nγ

 (3.14)

The channel which involved no fragmentation has not been included in these
equations, but it is normally included and its branching fraction is usually
negligible. How the background was corrected for is described in Section
3.5.1.
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Figure 3.3: Schematics of two particles striking the imaging detector.
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3.3 Internal state distributions of diatomic

molecules

In the DR of diatomic molecules an imaging detector have been used to
measure the separations between the two product atoms at a distance L from
the interaction point. Figure 3.3 illustrates two atoms striking the detector.
The internuclear separation is proportional to the square root of the kinetic
energy released in the DR process. The detector measures the projection of
this distance on the two-dimensional MCP. The projected separation, d, can
be written as,

d =

√
KER

Ebeam

(ma +mb)2

mamb

L sin θ, (3.15)

where KER is the kinetic energy release in the process, Ebeam is the ion beam
energy, and ma and mb are the masses of the fragments. The time difference,
∆t, between the two particles striking the detector can be written as,

∆t =
1

vi

√
KER

Ebeam

(ma +mb)2

mamb

L cos θ. (3.16)

If no direction is preferred upon dissociation, the dissociation is referred to
as isotropic. For such a dissociation, distribution of distances between the
fragments corresponds to a sphere projected on a two dimensional surface:

P (d) =
d/dmax

dmax

√
1− (d/dmax)2

, (3.17)

where dmax is the maximum distance between the fragments. The distribu-
tion assumes a point source of dissociating fragments. If the length l = 85
cm of the electron cooler is taken into account by integrating Equation 3.17
from L− l/2 to L+ l/2 the distance distribution is given by:

P (d) =
1

dmax2 − dmax1

[arcsin (d/dmax1)− arcsin (d/dmax2)] , (3.18)

where dmax1 and dmax2 are the maximum separation from the back and front
of the electron cooler, respectively. Figure 3.4 shows two isotropic distance
distributions, including and ignoring the length of the electron cooler. It can
be seen that the length of the cooler influences the resolution to the worse.

Analytical distance distributions are calculated for all channels and then
scaled to fit the experimental data in order to determine the branching frac-
tions. How the background and the internal energy of the ions were corrected
for is explained in Section 3.5.
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CRYRING.

3.3.1 Anisotropic distance distributions

The DR is believed to be a very fast process on a rotational timescale, and
therefore a preferred axis orientation relative to the direction of the incoming
electron can effect the distance distribution. In the previous section the dis-
tribution of fragments around the ion beam axis is considered to be isotropic,
i.e. there is no preferred direction of the dissociation. This is true if the rel-
ative velocity between the ions and the electrons is zero, since then there is
no preferred angle between the ion internuclear axis and the direction of the
target electron. At higher collision energies the DR is not averaged over all
angles and the angular product distribution might be of importance.

The first theoretical predictions of the angular distribution of the DR
products was presented by G. Dunn in 1962 [43]. Another important the-
oretical work by O’Malley and Taylor concerned the angular distributions
of products in dissociative attachment [44]. In a recent theoretical paper
by S. L. Guberman, detailed predictions about the angular distributions of
diatomic molecules are presented [45]. All three papers show that from the
experimentally observed angular dependence information about the symme-
try of the neutral molecular state can be obtained.

Anisotropy effects in the angular distributions have been observed in sev-
eral experiments [I][46, 47], all of them at collision energies higher than zero.
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Amitay et. al. have shown how to calculate analytical distance distributions
of diatomic molecules taking anisotropy effects into account [48].

The two-dimensional detector is placed perpendicular to the ion beam
axis. The information we want is the probability, P , for the molecular in-
ternuclear axis to point into the solid angle dΩ = sin θdθdφ. The angular
dependence is independent of the azimuthal angle φ, and since it is also a
function of cos θ, it is convenient to write it in terms of Legendre polynomials,
pk, of the order of k,

P (cos θ) =
∞∑

k=0

akpk(cos θ). (3.19)

Terms with odd k are zero in this expression, since events with angles θ and
π − θ are not distinguished. After normalization, so that a0 = 1, the first
two sets of Legendre polynomials can be written as,

P (cos θ) = 1 +
a2

2

(
3 cos2 θ − 1

)
. (3.20)

Since the distribution has to be larger or equal to zero, a2 may take any value
between -1 and 2. For the extreme value, a2 = −1,

P (cos θ) =
3

2
sin2 θ, (3.21)

and for a2 = 2,
P (cos θ) = 3 cos2 θ. (3.22)

The two distributions are called the sin2 θ- and cos2 θ-distribution, respec-
tively. For the case when a2=0 the distribution is isotropic. These distrib-
utions can then be expressed as function of distance projected on the plane
of the detector, taking into account the length of the electron cooler. The
isotropic distribution have been presented in the previous section (Equation
3.18), and the sin2 θ- and the cos2 θ-distribution can be described as,

P (d) =
4

π

1

dmax2 − dmax1

√
1−

(
d

dmax2

)2

−

√
1−

(
d

dmax1

)2
 , (3.23)

and

P (d) =
3

2

1

dmax2 − dmax1

 d

dmax1

√
1−

(
d

dmax1

)2

+ arcsin

(
d

dmax1

)
−3

2

1

dmax2 − dmax1

 d

dmax2

√
1−

(
d

dmax2

)2

+ arcsin

(
d

dmax2

) ,

(3.24)
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Figure 3.5: Three different types of angular distributions used in the analysis of
diatomic molecules.

respectively. The three types of angular distributions are plotted in Figure
3.5.

3.4 Three-body breakup

Ion storage ring experiments have shown that the three-body breakup of
triatomic molecules such as XH+

2 , where X is H,C,N,O or P, is the dominant
process [III,IV,VI][49, 50, 51]. The imaging technique has been used to study
the three-body breakup in detail. The information we have retrieved from
the experimental data are:

1. Branching fractions of the different channels.

2. The angle between the two light fragments with respect to c.m. at
dissociation.

3. How the available kinetic energy is shared between the fragments.

For a diatomic molecule the distance d between the two fragments is pro-
portional to the square root of the kinetic energy released in the DR process.
In a similar way the three mass-weighted distances with respect to the c.m.
in the molecular plane representing a triatomic molecule is proportional to
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Figure 3.6: Schematic picture of the distances and angle studied in the plane of
the detector.

the square root of the kinetic energy released in the DR process (see Figure
3.6). It is here called the total displacement (TD),

TD =

√
d2

H1
+ d2

H2
+
mX

mH

d2
X . (3.25)

Here it is important to identify the heavy fragment, X, in order to determine
the TD distribution. This was done by placing a thin foil made of aluminum
or carbon in front of and in the center of the first microchannel-plate (see
Section 2.2.2). The parameter TD was calculated for all three-body events
and histogrammed.

If the three-body fragmentation is not a two-step process,

XH+
2 → XH +H → X +H +H, (3.26)

it occurres approximately in the molecular plane of the parent molecule. A
measurement of the angle between the two light fragments with respect to the
c.m. in the molecular plane therefore reflects the geometry of the molecule
upon dissociation. In the experiment, all molecules do not dissociate in
the plane of the detector. Instead the detected events with large TD were
chosen, since most of those events dissociated approximately in the plane of
the detector. The angle χ was measured for those events and histogrammed.

The third property investigated was the partitioning of the kinetic energy
released between the fragments. According to energy and momentum conser-
vation most of the kinetic energy released in the DR process is given to the
two light fragments. With the same arguments as for the measurement of the
angle χ, only events with large TDs were analysed. The distances between
the hydrogen and the c.m., dH1 and dH2 , were measured and histogrammed.
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Figure 3.7: a) Represent the momentum vectors for each fragment in the molecular
plane. b) The Euler angles used in the MC-simulation.

In order to evaluate all this information Monte-Carlo simulations were per-
formed to compare with the data.

3.4.1 Monte-Carlo simulations

In Section 3.3 analytical distributions were used to evaluate experimental
distance distributions of diatomic molecules. For three-body breakup there
are no such analytical distributions. Instead Monte-Carlo (MC) simulations
similar to the ones described in a paper by U. Müller and P. C. Cosby [52]
were used to evaluate the data.

Let us consider a triatomic molecule, XH2, with mass M and velocity
V0 dissociating into three atoms in the electron cooler. The conservation of
momenta gives,

MV 0 = mH1V H1 +mH2V H2 +mXV X . (3.27)

This can also be described in the c.m. frame as,

mH1 (V H1 − V 0)+mH2 (V H2 − V 0)+mX (V X − V 0) = uH1+uH2+uX = 0.
(3.28)

For a triatomic molecule it is always possible to find a plane in which the
atoms are situated (the molecular plane). The momentum vectors for all
three atoms in this plane are shown in Figure 3.7. The momentum of one
of the hydrogen, uH1 , has been chosen to be along the x′-coordinate and
the other two in the x′,y′ plane. Two parameters are used to describe the
momentum vectors in the molecular plane, the angle χ between the two light
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fragments with respect to the c.m., and

0 < ρ =
KERH1

KERH2

< 1, (3.29)

where the two light fragments have the same mass and H1 has less or equal
velocity to H2. The momentum vectors in the x′,y′ plane can be described
as

u′
H1

= (|uH1|, 0, 0) (3.30)

u′
H2

= (|uH1|
√
ρ cosχ, |uH1|

√
ρ sinχ, 0) (3.31)

u′
X = (−|uH1|(1 +

√
ρ cosχ),−|uH1|

√
ρ sinχ, 0) (3.32)

where

|uH1| =
[

2m1KER

(1 + ρ) + (m1/m3)(1 + ρ+ 2
√
ρcosχ

]
(3.33)

and KER is the total kinetic energy released in the reaction. The Euler angles
(θ,φ,ψ) (see Figure 3.7) were used to transform the momentum vectors from
the molecular to the laboratory coordinate system, u′′. The two coordinate
systems are related by the transformation S-matrix, u′

H1

u′
H2

u′
X

 = S

 u′′
H1

u′′
H2

u′′
X

 , (3.34)

where,

S =

 cosψ sinψ 0
− sinψ cosψ 0

0 0 1

  cos θ 0 − sin θ
0 1 0

sin θ 0 cos θ

  cosφ sinφ 0
− sinφ cosφ 0

0 0 1

 .

(3.35)
Rotation in the x′,y′ plane is descibed by ψ and the rotation of this plane
around z is described by θ and φ. The Euler angles ψ and φ are random
between 0 and 2π and cos(θ) is random between -1 and 1. Note that ’random’
is a flat distribution with all numbers having the same probability. The
coordinate system was selected such that the beam was directed along the
x-axis and the detector was in the y,z-plane. The time t it takes for the ion
(with mass M) to travel from the position where it dissociates to the detector
(distance traveled L) is

t =
L√

2Ebeam

M

(3.36)
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Figure 3.8: The distance distribution measured for SD+
2 . MC-simulations were

performed to determine the branching ratio of the two channels.

The distance di traveled by the fragment in laboratory frame can then be
written as,

di =
u′′

i t

mi

(3.37)

where u′′ is the momentum given to the fragments in the laboratory frame.

Distance distributions

The distances, di, in the x,y-plane were used to calculte the TD distributions.
For each of the energetically allowed three-body fragmentation channels a TD
distribution was simulated. The simulations were then scaled and summed
in order to determine the branching fractions. This is illustrated in Figure
3.8. The reliability of these simulations have been investigated by comparing
an MC simulation to an analytical distribution of a diatomic molecule. In
this MC-simulation ρ was set to 1 and cosχ to -1, i.e. the heavy particle gets
nothing of the kinetic energy release, all of it was shared between the lighter
fragments. The result from this simulation was compared to the analytical
distribution using Equation 3.18. This is illustrated in Figure 3.9.

A number of assumptions were made in the MC-simulations:

1. The dissociation events were assumed to be distributed uniformly along
the length of the interaction region.
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Figure 3.9: MC-simulation of a linear breakup of a triatomic molecule compared
to an analytical function (Equation 3.8) used for a diatomic breakup.

2. The kinetic energy available at dissociation was assumed to be shared
randomly among the fragments, consistent with momentum conserva-
tion.

3. The orientation of the dissociating XH∗
2 molecules was assumed to be

randomly distributed and the emission of fragments in c.m. (cosχ) was
assumed to be isotropic.

Angular distributions

In order to investigate the angle χ between the two light fragments upon
dissociation, events with large TDs were selected and histogrammed as func-
tion of cosχ. Those events were chosen since most of them dissociated in the
plane of the detector and therefore the angle, χ, calculated from the three
spots in the camera frame was similar to the angle in the molecular plane.
The task was to attain an initial distribution of angles to investigate how the
molecule breaks up.

A first step was to compare the experimental data to a MC-simulation
where the input for cosχ in the molecular plane was a random distribution
between -1 and 1. The argument for choosing such a distribution is given
below.
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In Figure 3.10 one of the light fragments is positioned along the z-axis.
For the dissociation to be considered isotropic the probability dP to find the
other light fragment on a surface area dS has to be constant over a sphere,
i.e.

dP

dS
= constant. (3.38)

If the radius of this sphere is 1, dS = sinχdχdφ, and after integration of dφ
from 0 to 2π we are left with

dP

sinχdχ
= constant, (3.39)

which implies that,
dP

d cosχ
= constant. (3.40)

This shows that if the breakup is isotropic, the distribution of cosχ is flat
between -1 and 1. Any deviation from such a distribution suggests that there
is preferred breakup geometry of the intermediate molecular state.

Trajectories using the same selections of TDs as for the experimental data
(SD+

2 ) were histogrammed and plotted. Figure 3.11 shows the initial distri-
bution for this simulation, cosχMC

i and Figure 3.12 shows the distribution
in the plane of the detector, cosχMC

D , together with the experimental data,
cosχexp

D . In order to investigate the difference between the experiment and
the result of the MC-simulation, the experimental distribution, cosχexp

D , was
divided by the simulation, cosχMC

D , and the result is shown in Figure 3.13.
This ratio indicates that angles close to 0 and 180 are preferred. A guess for
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Figure 3.11: Initial angular distribution in the MC-simulation.

how the experimental initial distribution looked like was:

cosχexp
i =

cosχexp
D

cosχMC
D

cosχMC
i . (3.41)

This distribution was used in another simulation to compare with the exper-
imental distribution, cosχexp

D , and the result is shown in Figure 3.14. This
procedure of investigating the initial distribution of angles in the experiment
was first used for H2O

+ [V].

Kinetic energy distributions

The excess energy in the three-body breakup process can be as large as several
eV. Therefore it is interesting to investigate how this energy is distributed
among the fragments. The mass weighted distance displacement from the
c.m in the molecular plane squared for any of the particles is proportional to
the kinetic energy taken up by that particle. In systems such as XH+

2 , where
X is much heavier than hydrogen, energy and momentum conservation result
in that most of the available kinetic energy is shared among the two light
fragments. From the experimental data the distances dH1 and dH2 (see Figure
3.6) were measured and histogrammed. Also here, events with large TDs were
used, of which most dissociated parallel to the plane of the detector.

In order to draw some conclusions about the breakup dynamics from
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(cosχexp
D ) together with the results from a MC-simulation starting from a initial

flattened distribution (cosχMC
i ).
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Figure 3.14: The calculated initial distribution (Figure 3.13) was used in a second
MC-simulation, resulting in a cosχD distribution to show the agreement with the
experimental data.

such a spectrum, MC-simulations were performed for comparison. In the
MC-simulation ρ is the ratio between the kinetic energies of the two light
fragments (see Equation 3.29). In Figure 3.15 three simulations are shown
together with the experimental data retrieved for the DR of SD+

2 . In one
simulation this parameter was assumed to be a random flattened distribution,
ρ=random. In the other two simulations ρ was 0.1 and 0.5, respectively. The
first scenario in which ρ=0.1, one of the two fragments takes most of the
kinetic energy and in the second case one of them takes twice the energy of
the other one.

3.4.2 Understanding the dynamics

Depending on the system under investigation, both atomic and molecular
fragments can be formed in the violent DR process. For a diatomic molecule,
which only breaks up into two atoms along the internuclear axis, the excess
energy in the reaction can be converted only into electronic energy of the
atoms. The relative populations of all possible internal energy distributions
can be investigated. From the angular distributions information about the
symmetry of the neutral molecular state can be obtained.

The same information can also be retrieved for the three-body breakup
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Figure 3.15: The distance between the c.m. and the deuterium atoms for events
dissociating approximately in the plane of the detector in the DR of SD+

2 .

of triatomic molecules, such as XH2. Here the fragmentation process is more
complex than in the breakup of diatomic molecules, because of the increased
number of degrees of freedom. There are different scenarios of how a tri-
atomic molecule after recombining with the electron fragments into three
atoms. Maul and Gericke [53] have discussed the three-body breakup in the
photodissociation process and here the same terminology is used. They de-
fine the breakup as sequencial if the time from the first bond is broken, to
the time when the second bond is broken, ∆t = t1 − t2, is longer than the
mean rotational period, τrot, of the molecule.

XH+
2 + e− −→

t0
(XH2)

∗∗ −→
t1

XH +H −→
t2

X +H +H. (3.42)

For ∆t/τrot < 1 the breakup is called concerted, and it can be considered
either to happen instantaneous, ∆t/τrot=0 (synchronous concerted), or on
the time scale of 0 < ∆t/τrot < 1 (asynchronous concerted).

From the experimental data it is possible to investigate how the frag-
mentation proceeds. If the breakup is concerted, structure may appear in
the angular distribution, since the molecular fragment has not had time to
rotate long enough to completely lose the orientation of the first atomic frag-
ment.

If the the breakup is synchronous concerted the kinetic energy transferred
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to both hydrogen atoms will be the same and the intensity of the kinetic
energy distribution peaks at ρ = 1 in the dH spectrum.

A sequencial breakup can be revealed by investigating how the available
kinetic energy is partitioned between the two light fragments. For example,
let us consider the channel where three ground state atoms are produced.
This process may result from a two step process,

XH+
2 + e− −→ XH(ground state) +H −→ X +H +H. (3.43)

In the first step, together with an escaping hydrogen, the molecule had to
be formed in a rovibrationally excited level close to the dissociation limit of
the ground electronic state, in order to further dissociate. Due to energy and
momentum conservation restrictions, the escaping hydrogen atom takes up
most of the kinetic energy available. In the second step, the other hydrogen
takes the remaining part of the available kinetic energy in the breakup of XH.
This scenario would appear in the dH spectrum (see MC simulation ρ=0.1
in Figure 3.15).

3.5 Corrections to the experimental data

3.5.1 Background corrections

In most experiments there are always contributions to the experimental data
from other processes than the one under study. Even though the dipole
magnet after the electron cooler prevents all charged particles from entering
the detection beam line, there are neutral fragments other than those arising
from the DR reaction contributing to the signal.

There is ultra-high vacuum (< 10−11 Torr) in the CRYRING, but rest gas
molecules react with ions producing neutral products causing a finite beam
lifetime and also background to the measurement. The major part of the
rest gas consists of hydrogen (95%), and the remaining 5% are CH4, H2O,
CO, CO2 and Ar [54]. Ions circulating in the ring can either break up in
collisions with a residual gas molecule or it can charge exchange with rest-
gas molecules. Both these processes are inversely proportional to the beam
energy and therefore the contribution from background events are larger for
heavy ions [55]. How the background contributions were compensated for in
the different types of measurements is described in the following paragraphs.

Cross sections

In the cross section measurements the cathode voltage of the electron gun
was scanned linearly between two values. When the scan started the ions
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usually were faster than the ions, but after passing the velocity matched
condition the electrons were slower than the ions. Before and after the scan
the electrons were switched off for some time and the detector only measured
background events. The background measurements on both sides of the scan
were fitted to an exponential curve and this curve was subtracted from the
data.

Instead of switching off the electron beam the collision energy can be set
to a value, typically 1 eV or higher, where the DR rate is much smaller than
the rate of background events. In this way the experimental conditions in
the electron cooler are preserved.

Chemical branching fractions

In the measurements concerning the chemical branching fractions, the back-
ground contribution to the experimental data was obtained in separate mea-
surements. In these measurements the electrons were either switched off or
adjusted to a collision energy where the background rate was much higher
than the DR rate. It is then necessary to normalize the background mea-
surement to the DR measurement before the background contribution is sub-
tracted, since the number of ions in the ring is different in each beam cycle.

A detector monitoring fragments from collisions of ions with gas mole-
cules in the beam tube was used. The gas pressure in the ring is considered
to be constant and therefore this signal is proportional to the ion beam cur-
rent. This signal is monitored simultaneously with the rate on the SBD
and it is used to normalize the background contribution to the experimen-
tal data. There are two types of detectors used and both are situated in
zero-degree beam lines after a straight section of CRYRING. The one mostly
used nowadays consists of a double stack of microchannel plates and the sig-
nal generated by the electron showers is monitored by a CFD and is counted
as function of time.

The other detector, also counting products from ion and molecule col-
lisions, was a scintillation detector (BaF2 crystal) in combination with a
photomultiplier tube.

Imaging data

In the imaging measurements of three-body breakup the foil-technique was
used to detect events with two light fragments and one heavier (see Sec-
tion 2.2.2). This technique reduced the background significantly and those
measurements have not been background subtracted.

In the case of two-body distance distributions, background spectra were
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taken in separate measurements with the electrons switched off or at a high
collision energy. Analytical functions (Equation 3.15) were used to calculate
the maximum separations. The signal at distances larger than this maximum
was used to normalize the background spectrum to the DR spectrum.

3.5.2 Space charge corrections

In the electron cooler an electron beam with radius rb passes through a
grounded beam pipe of radius rt. The electrons create a self induced space
charge potential which results in a deceleration of the electrons. The kinetic
energy of the electrons used to determine the collision energy is calculated
from the cathode voltage of the electron gun and therefore it has to be
corrected for this space charge effect.

Here an infinitely long cylindrical beam is assumed and the charge density
is approximately uniform, ρ(r) = ρe. The Maxwell equation,

∇ · E =
ρ(r)

ε0
, (3.44)

can be used to describe the electric field inside the tube,

E(r) =
ρe

2ε0
r (0 ≤ r ≤ rb) (3.45)

E(r) =
ρe

2ε0

r2
b

r
(rb ≤ r ≤ rt). (3.46)

In order to find the maximum change in electron kinetic energy, the electro-
static potential φ(r) along the axis is needed. This is obtained by integrating
the electric field from the center of the electron beam out to the wall of the
beam tube,

φ(0) =

∫ rt

0

E(r)dr =
ρer

2
b

2ε0

(∫ rb

0

r

r2
b

dr +

∫ rt

rb

dr

r

)
, (3.47)

φ(0) =
ρer

2
b

4ε0

(
1 + 2ln

(
rt

rb

))
. (3.48)

Using Equation 3.4 together with the formula for the classical radius of the
electron,

re =
e2

4πε0mec2
, (3.49)

Equation 3.48 can also be be written as,

φ(0) =
Iemec

2re

vee2

(
1 + 2ln

(
rt

rb

))
. (3.50)
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The presence of residual gas molecules in the electron cooler, mainly hy-
drogen, complicates the situation further. The kinetic energy of the electrons
is often high enough to ionize hydrogen. These ions are then trapped in the
space charge potential and cause neutralization. It is assumed that this neu-
tralization is proportional to the ionization cross sections, σ(ve), and the
hydrogen density, here represented as a scaling parameter, A. Equation 3.50
therefore takes the form,

φ(0) =
Iemec

2re

vee2
(1− Aσ(ve))

(
1 + 2ln

(
rt

rb

))
. (3.51)

The electron energy is then corrected by subracting the energy caused by the
space charge potential from the cathode voltage, Ecath.

Ecorr = Ecath − eφ(0) (3.52)

The scaling factor, A, is determined at cooling energy, Ecool, calculated from
the ion revolution frequency and the circumference of the ring.

3.5.3 Toroidal corrections

The interaction region is normally defined as the 85 cm part of the electron
cooler where the velocity vectors of the electrons and the ions are parallel.
The electrons are bent in to and out of this interaction region using toroidal
shaped magnets. In these two regions, which both are 25.5 cm long, the
velocity vectors are not parallel and the collision energy is larger than in the
parallel region. The collision energy as function of x (starting from the end
of the parallel region and xmax=25.5 cm is the end) can be decribed as,

E(x) = E|| +mevevi (1− cos θ(x)) . (3.53)

The angle θ between the two velocities as function of x in the toroidal parts
has been determined in a measurement of the direction of the guiding mag-
netic field (see Figure 3.16). Since the DR rate coefficient approximately is
inversely proportional to the square root of the collision energy the contribu-
tion from these two regions is small, but not negligible and has been taken
into account, both in cross section measurements and in the measurements of
internal energy distributions. The corrected rate coefficient can be obtained
from the measured rate coefficients αm using the following expression:

α (Erel) = αm (Erel)−
2

l

∫ xmax

0

α (Erel (x)) dx, (3.54)
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Figure 3.16: The angle θ as a fuction of distance x in the toroidal regions.

where l is the length of the region where the velocities of the electrons and
the ions are equal. A numerical procedure was used to iteratively obtain the
corrected rate coefficients.

Since the collision energies and, therefore, also the kinetic energy releases
are different from that in the parallel region, these events might be of im-
portance to the measured internal energy distributions. In order to make a
correct estimate of the contribution from the toroidal regions to the experi-
mental data, the DR rate and distance distributions for all collision energies
in the electron cooler have to be known. The influence of the toroidal re-
gions have been estimated using known DR rates and, as much as possible,
experimentally measured branching fractions.

3.5.4 Rotational effects on distance distributions

In the analytical distance distributions and in the MC simulations (see Sec-
tions 3.3 and 3.4) the ions are assumed to be in their ground electronic state
and in their lowest vibrational and rotational levels. Ions with a permanent
dipole moment normally spend enough time in the storage ring to radiatively
decay to the ground vibrational level before the acquisition is started. This
is not the case for the rotational levels. The temperature of the molecules
is assumed to be in equilibrium with the ring (300 K) or higher source con-
ditions and in the case of a diatomic molecule distributed according to the
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general rotational distribution:

Population ∝ (2J + 1)exp(−BJ(J + 1)/kT ), (3.55)

where J is the rotational quantum number, B is the rotational constant, T
is the rotational temperature and k is Boltzmanns constant. Taking the ro-
tational distribution into account, the distance distribution can be expressed
as:

Prot =
∑

J

(2J + 1) exp(−BJ(J + 1)/kT )P (d, J) . (3.56)

In the case of the triatomic molecules the average of the three rotational
constants of the ion is used as input to Equation 3.55 in order to estimate
the rotational energy distribution. This distribution was then used in the
MC-simulations.

3.6 Estimating the errors

An important question is of course: How good are these measurements?
There are both statistical and systematic uncertainties contributing to the
error. How the errors were treated and how they were taken into account are
described here.

3.6.1 Errors in the cross section measurements

There are statistical uncertainties in both the measured DR rate, the ion
beam current measurement, and in the measurements used to normalize the
ion beam current to the measured DR rate. The statistical uncertainties are
usually shown as error bars in the graphs of the DR cross sections.

The systematic errors include the uncertainties in the geometry of the
electron cooler, the electron- and ion beam currents, and the circumference
of the ring. The length of the interaction region is estimated to be 85±5 cm,
the electron beam radius 2±0.1 cm and the length of the orbit 5163±5 cm.
The error of the electron- and ion currents are estimated to be 1.5% and 5
% respectively. The relative uncertainties are added together and the total
systematic error is approximately 20%.

3.6.2 Errors in the branching measurements

In these measurements the number of counts as function of energy is mea-
sured in two separate measurements, at zero collision energy and at a higher
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collision energy where the DR count rate is much smaller than the back-
ground. These two spectra are normalized with a scaling factor obtained
according to the procedure described in Section 3.5.1. The integrated area
under each peak from the background subtracted spectrum is used to de-
termine the branching fractions. This introduces an error for each peak
(∆Ni), arising not only from the spectrum taken at zero collision energy, but
also from the background spectrum and the scaling factor used to normalize
them. The relative statistical error is obtained from the quadratic sum of
these relative errors.

Also present is a systematic error due to the measured transmission of
the grid, T = 0.297 ± 0.015 (3σ level). How the statistical uncertainty and
the error in T influenced the solution of the equation system (see Equation
3.14) was investigated from calculations using all combinations of T ± ∆T
and Ni ±∆Ni. The largest contribution to the error of the branching ratios
is usually the error of the transmission of the grid, ∆T .

3.6.3 Errors in the electronic branching fractions

The imaging technique is used to determine the branching fractions of ener-
getically allowed channels for dissociated diatomic- and triatomic molecules.
The branching fractions are determined by scaling either analytical or MC
simulated distance distributions to the experimental data usually with the
help of least-square fitting routines. A number of parameters were varied in
this procedure, such as the scaling factor between distance on the screen and
pixels in the camera, the length of the interaction region and the distance
between the electron cooler and the detector and the kinetic energy released.
By changing these parameters within their individual error limits an estimate
of the error in the branching fractions was obtained.



Chapter 4

Results

In this thesis the results from six published papers are presented. First the
results concerning the DR of NO+ are discussed, where the electronic branch-
ing fractions as function of collision energy was investigated and compared
with a simple statistical model. The DR of NO+ also acted as a probe to
detect the spin-forbidden transition of the a3Σ+ state to the X1Σ+ ground
state. This resulted in a measurement of the radiative lifetime of the a3Σ+

state.

Paper II-V concern the DR of triatomic dihydrogen ions. The chemical
branching fractions are discussed and the three-body breakup was studied,
which resulted in a detailed investigation of the breakup dynamics. The
results from the three-body breakup of H2O

+, NH+
2 , CH+

2 , PD+
2 and SD+

2 are
presented and discussed.

In Paper II and IV the DR cross sections and thermal rate coefficients
were determined for 34SD+

2 and PD+
2 . These results will not be discussed

here and I refer to the papers.

In Paper VI my contributions was mainly the analysis of the chemical
branching fractions, but the most important part of that study concerned
the DR cross sections. The DR of H+

3 has been a controversial topic for
many years and I have decided not to discuss this complicated story in this
thesis and I therefore only refer to the paper.

4.1 The DR of NO+

The DR cross sections of NO+ has been studied extensively both theoretically
and experimentally for many years. The first storage ring measurement of
NO+ was done at the Astrid storage ring in Aarhus by Vejby-Christensen
et. al. (VC from here) [46]. They measured the DR and the DE cross sections

43
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Figure 4.1: The neutral states that play a role in the DR of the X1Σ+ state and
the first a3Σ+ state. The potential curve of the X1Σ+ state and the neutral curves
are taken from Schneider et. al. [56].

as function of collision energy in the energy range 1 · 10−4 to 20 eV and the
internal state distribution at 0, 0.75 and 1.35 eV collision energy. In the
DR of NO+ three channels are open at zero collision energy of which the
N(4S)+O(1D) first excited channel is spin-forbidden. As this dissociation
limit only correlates with quartet molecular states, a spin-flip is required
during the electron capture or the dissociation process.

NO+ + e− −→ N(4S) +O(3P ) + 2.77 eV

N(4S) +O(1D) + 0.80 eV

N(2D) +O(3P ) + 0.38 eV

N(2P ) +O(3P )− 0.81 eV

(4.1)

The neutral states that play a role in the DR of the X1Σ+ state and the first
a3Σ+ state are shown in Figure 4.1. The metastable a3Σ+ state is longlived,
since it can only decay by a triplet-singlet transition, which is spin-forbidden.

There were three main reasons for us to redo this experiment at the
CRYRING. First, in the measurement by VC, there were contributions to the
distance spectrum which could not be fully explained and therefore we wanted
to study this in more detail. Second, in the cross sections measured by VC
there was a resonance present at around 5 eV collision energy. At this collision
energy the overlap with the A′2Σ+ state which correlates with ground state
products becomes significant. This was explained in a theoretical paper by
Schneider et. al. [56]. VC showed that ground state products only contribute
to a few percent of the total signal at zero collision energy, but calculations
showed that as much as 30% might break up into only ground state fragments
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at 5 eV. This prediction could be tested in experiment. Third, the metastable
state can decay to many different dissociation limits and the DR products
from this state could also act as a direct probe for the radiative lifetime of
this state.

The experimentally determined branching ratios are shown in Figure 4.2
for 2 meV, 1.25 eV and 5.6 eV collision energies. At 2 meV the contribution
to the main channel, N(2D) + O(3P ), was 95% and the remaining 5% came
from the N(4S) + O(3P ) state. This is compared to 85% measured by VC.
At 1.25 eV another channel was open and detected. The major contribution
was also here the N(2D) + O(3P ) channel.

The experimentally determined branching ratios were compared with a
simple statistical model. The orbital angular momentum and the spin de-
generacy for both atoms are multiplied to obtain the number of available
capture states. For example, at zero collision energy three product chan-
nels are allowed and the calculated branching ratios are presented in Figure
4.2. If NO+(X1Σ+) captures an electron, a repulsive state with spin S=1/2
(multiplicity of 2) is formed. If only spin-allowed transitions are considered,
this reduces the number of allowed product states. The two approaches
presented here are named the ’spin unconstrained’ model and the ’spin con-
strained’ model and the results obtained are presented in Figure 4.2. The
experimentally determined branching ratios at 0 eV, 1.25 eV and 5.6 eV col-
lision energy for the X1Σ+ ground state are presented in histogram form in
Figure 4.2. The agreement between experimental data and the statistical
model is striking, especially considering the simplicity of the model. It is not
clear why these predictions are in agreement with experiments. The theoret-
ical approach to the DR process is very complex and, to date, no complete
calculations exist for the branching behaviour for molecules heavier than H2

and HeH [57, 58, 59]. Another statistical model has been used to study the
DR of H+

3 [60].
Data are usually taken after several seconds of storage in the ring. In this

experiment, data were also taken early in the beam cycle in order to record
product fragments that originated from the metastable a3Σ+ state. The
branching behavior was also investigated for this state. The energy difference
between the X1Σ+ ground state and the first excited a3Σ+ state is about 6.3
eV. Therefore almost the same number of channels are energetically allowed
for both processes. The only difference is that the a3Σ+ state is a triplet state
and both a doublet and a quartet state can be formed when recombining with
an electron. Thus, none of the channels are spin forbidden. It is interesting to
note the difference in the branching fractions for theX1Σ+ state and the a3Σ+

state. For the metastable a3Σ+ state the experimental branching fractions
are similar to both models. For the ground X1Σ+ state the implementation



46 CHAPTER 4. RESULTS

0
1 0
2 0
3 0
4 0
5 0
6 0
7 0
8 0
9 0

1 0 0

 

 b
ra

n
ch

in
g

 f
ra

ct
io

n
s 

(%
)

 

  

 

 

 

i)

0
1 0
2 0
3 0
4 0
5 0
6 0
7 0
8 0
9 0

1 0 0
 

 

b
ra

n
ch

in
g

 f
ra

ct
io

n
s 

(%
)

 

   

 

ii)

0

5

1 0

1 5

2 0

2 5

3 0

3 5

4 0
 

 b
ra

n
ch

in
g

 f
ra

ct
io

n
s 

(%
)

 

 

  

 

 

iii)

iv)

a
b

c

d

e

f

g

h i
j a b

c

d

e

f
g

h i j a

b

c
d

e

f
g

h
i

*

a
b

c

d

e

f

g

h i a b

c

d

e

f

g

h
i a

b

c
d

e

f
g

h i

a
b

c

d
a

b

c

d

a b

c

d

a
b

c

a
b

c

d

a b

c

0

5

1 0

1 5

2 0

2 5

3 0

3 5

4 0
 

b
ra

n
ch

in
g

 f
ra

ct
io

n
s 

(%
)

I

 

I I

 

 

 

I I I

Figure 4.2: Experimental and model branching fractions for the ground state
X1Σ+ at i) 0 eV, ii)1.25 eV, iii) 5.6 eV collision energy, and (iv) the metastable
a3Σ+ state at 0 eV collision energy. In each case, three data sets are plotted.
(I) the branching ratio determined from the multiplicity of available states. (II)
as (I) but also accounting for spin selection rules. (III) The experimental data.
These results are compared to statistical models. The histogram bars correspond
to the branching fractions of N(4S)+O(3P ) (a), N(4S)+O(1D) (b), N(2D)+O(3P )
(c), N(2P )+O(3P ) (d), N(4S)+O(1P ) (e), N(2D)+O(1D) (f), N(2P )+O(1D) (g),
N(2D)+O(1S) (h), N(2P )+O(1S) (i), N(4S)+O(5S) (j). The asterisk (*) denotes
that the N(4S)+O(5S) channel could not be detected due to the small particle
separation.
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Figure 4.3: Distance spectra taken at different time intervals after ion injection
into CRYRING in order detect DR events from the metastable a3Σ+ state.

of the spin selection rule in the model improves the branching ratios with
respect to experimental data (see Figure 4.2).

Figure 4.3 plots distance spectra taken at different times after injection.
The signal from each time window was normalized against a spectrum taken
after sufficient time such that the ions created in the metastable state have
completely decayed to the ground electronic state. The number of DR events
from the a3Σ+ state in each time window act as a direct probe of the radia-
tive lifetime of the metastable state. A complication in this experiment is
the delay due to the acceleration process of the ion beam, since this repre-
sent several half-lives of the metastable decay. Faster high voltage supplies
accelerating the beam up to maximum energy in a few hundred milliseconds
have recently been installed, but these were not accessible for this experi-
ment. For the a3Σ+ state of NO+, the radiative lifetime was determined to
be 730(50) ms. This result agrees well with recent experimental results using
other techniques [61, 62].

In the ion source, vibrationally excited levels will probably be populated
in the metastable a3Σ+ state. The decay of the metastable a3Σ+ state may
be dependent on the vibrational level. Decay from vibrationally excited lev-
els results in larger particle separations, due to the extra increase in available
reaction energy. No such dependence was seen in the experiment. We con-
clude that either the branching does not strongly depend on the vibrational
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a3Σ+ τinter(υ)[ms]

1 522
2 272
3 190

Table 4.1: Calculated vibrational decay lifetimes within the NO+ a3Σ+ state.

level, or the vibrational levels decay so quickly to the ground vibrational level
of the metastable a3Σ+ state that we cannot resolve this. Calculations were
performed in order to estimate the vibrational radiative lifetime within the
metastable a3Σ+ state (see Paper I). The vibrational radiative lifetime (τinter)
for the three lowest vibrational levels are presented in Table 4.1. The cal-
culated lifetimes are all shorter than the radiative lifetime of the metastable
a3Σ+ state.

This is the first time that DR has been used to determine the radiative
lifetime of a positive molecular ion at CRYRING. A similar measurement
has been performed at the TSR in Germany, where the radiative lifetime of
the metastable a3Π state of CH+ was measured to be 7±1 s [48].

4.2 Chemical branching fractions

Up to this date there are no calculations predicting the distribution among
the available DR channels of polyatomic ions larger than H+

3 . D. R. Bates
made an attempt to develop a theory based on considerations of the valence
bonds [63]. The theory predicts that channels which follow from the least
rearrangements of valence bonds in the breakup process will be favored. In
the case of a triatomic molecular ion such as XH+

2 , which is a subject of this
thesis, dominance of the XH+H channel was predicted. Analysis of storage
ring experiments of ions of this type show that three-body breakup is instead
the preferred pathway. Table 4.2 show the branching ratios for XH+

2 ions,
where X is H,C,N,O, and P, measured at the lowest possible collision energy.

The experiments show that the dominant channel is the three-body breakup
with more than 55% for all the triatomics studied at CRYRING. Three of
them are included in this thesis, H+

3 , NH+
2 and PD+

2 . PD+
2 had never been

studied before, but the branching fractions for H+
3 and NH+

2 have both been
measured previously.

The branching fractions as function of collision energy of H+
3 was care-

fully carried out by Datz et. al. in 1995 [28]. The cross section for H+
3 has

been shown to depend on the rotational temperature [12, 66, 67]. There-
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X [ref.] X+H+H/KER[eV] XH+H/KER[eV] X+H2/KER [eV]

H [VI] 0.64(0.05)/4.8 - 0.36(0.05)/9.2
H [28] 0.77(0.02) - 0.23(0.02)
C [49] 0.63(0.06)/2.3 0.25(0.04)/5.8 0.12(0.02)/6.8
N [III] 0.57(0.08)/3.7 0.39(0.05)/7.0 0.04(0.03)/8.2
N [50] 0.66(0.01) 0.34(0.02) 0.00(0.02)
O [51] 0.71(0.05)/3.1 0.20(0.04)/7.5 0.09(0.06)/7.6
O [64] 0.68(0.20) 0.22(0.10) 0.10(0.10)
O [65] 0.57(0.06) 0.30(0.05) 0.13(0.03)
P [IV] 0.78(0.07)/3.3 0.14(0.05)/6.2 0.08(0.02)/7.85

Table 4.2: The chemical braching fractions measured in ion storage ring experi-
ments.

fore a supersonic expansion source was introduced [VI] in order to produce
rotationally cold ions. Not only the cross sections but also the branching
fractions were measured for rotationally cold H+

3 . The three-body breakup
is slightly decreased for cold H+

3 compared with the measurement where the
rotationally distribution of the ions was assumed to correspond to at least
300 K. This result indicates that not only the cross section, but also the
branching behavior depends on the internal energy of the ions.

Due to the difference in the branching pattern of NH+
2 compared with

the other ions of type XH+
2 , an improved experimental set-up was used in

another measurement [III]. In that measurement the N+H2 channel was not
zero, but still smaller than for other XH+

2 ions.

It was mentioned in the beginning of this section that there is no the-
oretical model that has succeeded in predicting the branching fractions of
polyatomic ions larger than H+

3 . Kokoouline et. al. have performed calcula-
tions that reproduces the experimentally determined branching ratio in the
DR of H+

3 [11]. A few attempts have been made to predict the branching frac-
tions using statistical methods. Galloway and Herbst [68] used a statistical
phase-space theory to predict the branching for DR of some experimentally
investigated tetratomic ions, but concluded that this method was not effec-
tive enough to, in general, predict the branching fractions. For the simplest
polyatomic ion, H+

3 , a statistical model was used to predict the energy de-
pendence of the branching fractions [60]. That model was based on simple
statistical assumptions about the redistribution of energy among the dissoci-
ating nuclei and the population of electronic potential surfaces. Those results
agreed very well with the experimental results.
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X+H(2S)+H(2S) KER Exp. Stat. model I (II)

C(3P ) 2.45 0.51 0.64 (0.72)
C(1D) 1.19 0.49 0.36 (0.28)
N(4S) 3.72 0.53 0.20 (0.36)
N(2D) 1.34 0.45 0.50 (0.54)
N(2P ) 0.14 0.02 0.30 (0.10)
O(3P ) 3.04 0.78 0.64 (0.75)
O(1D) 1.07 0.22 0.36 (0.25)
P(4S) 3.30 0.11 0.20 (0.27)
P(2D) 1.90 0.75 0.50 (0.51)
P(2P ) 1.00 0.14 0.30 (0.22)
S(3P ) 2.75 0.60 0.64 (0.70)
S(1D) 1.60 0.40 0.36 (0.30)

Table 4.3: The electronic braching fractions measured for the three-body breakup
of XH+

2 . The experimental results are compared with two statistical models.

4.3 Three-body breakup

4.3.1 Electronic branching fractions

For the triatomic ions investigated in this thesis three-body breakup was
the dominant channel. In order to investigate this channel in more detail an
imaging detector measured the position of the products on a two-dimentional
detector approximately six meters from the interaction region. The total
displacement from the c.m. in the plane of the detector was measured as
explained in Section 3.4. The total displacement is proportional to the square
root of the kinetic energy released in the breakup process. The branching
fractions of the available three-body breakup channels were determined from
the comparison of the measured distance distributions with MC simulations
(see Section 3.4.1). Experiments have only been carried out at zero collision
energy and the results are presented in Table 4.3.

The experimental results show that except in the case of NH+
2 where

there is almost no contribution to the highest excited N(2P ) channel, all
available product channels are significantly populated in the DR process.
In a similar way as for diatomic molecules the results were compared with a
statistical model in which the degeneracy of angular momentum and spin are
taken into account. In the DR of H2O

+ the experimental results showed a
better agreement to statistical predictions if the degeneracy of states for each
channel also is multiplied by the square root of the kinetic energy released,
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thereby including the degree of freedom in translational energy. Even if none
of these two models pin down the experimental measurements to the percent
level, overall the agreement is very good.

4.3.2 Detailed breakup dynamics

The positions of the fragmented particles are also used to investigate the
breakup process further. The experimental data were analysed according to
the procedure explained in Section 3.4 and discussion on how to interpret
the results are found in Section 3.4.2.

For all three-particle events the angle χ (see Figure 3.6) was calculated
and histogrammed. In Figure 4.4 the angular distributions obtained from
the ground state channels of CH+

2 , NH+
2 , H2O

+, PD+
2 and SD+

2 are shown.
In each graph the equilibrium angle of the ionic ground states are also shown
[69, 70, 71, 72]. All results have in common that at open geometry (cosχ <
−0.8) the signal is largest.

For both CH+
2 and NH+

2 the equlibrium angle is close to cosχ = −1 and
the barrier to linearity is small, 0.12 and 0.03 eV, respectively [70]. For
H2O

+, PD+
2 and SD+

2 the equilibium angles are not close to cosχ = −1 and
the barrier to linearity are of the order of eV. This suggests that the neutral
excited molecule has to rearrange the positions of the nuclei before it breaks.

In the case of H2O
+ calculations have shown [V] that Rydberg states both

with open and superbent geometries (cosχ ≈ 1) are of importance for the
three-body breakup. Maby this is also true for the other ions investigated
here. For the three-body breakup of SD+

2 and PD+
2 , the angular distributions

for the first excited channels were also obtained and they are shown in Figure
4.4.

Most of the kinetic energy released in the DR process is given to the two
light fragments. In order to investigate how this energy was shared between
them, the distances from the c.m. were measured for events dissociating
preferentially parallel to the detector. The measured distances were his-
togrammed (see Section 3.4.1 for details) and are shown in Figure 4.5. Also
included in Figure 4.5 are the results from MC-simulations in which different
values of ρ have been used. The input parameter ρ is the ratio between the
kinetic energies of the two light fragments (see Equation 3.29).

In the case of water the experimental data is similar to a MC-similation
in which ρ is random, meaning that the kinetic energy is shared randomly
between the two atoms.

For NH+
2 the distribution is narrower, values of ρ close to 1 dominates,

suggesting that the kinetic energy is equally shared between the two frag-
ments. Using ρ = 0.4+0.6×random as input in the MC-similation results in
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Figure 4.4: The experimentally determined initial angular distribution for CH+
2 ,

NH+
2 , H2O+, PD+

2 and SD+
2 . The dotted lines are the equilibrium angles of the

ionic ground states.

a distribution shown in Figure 4.5. This function predicts that the maximum
difference between the two kinetic energies is 1/0.4=2.5.

The spectrum taken for the DR of CH+
2 is broader than for NH+

2 , but it
is not as close to a random distribution as for H2O

+. Another function for
the energy sharing, ρ = 0.2 + 0.8× random, was used in the simulation and
compared with data. This comparison suggests that the maximum energy
sharing is 5E1 = E2.

In the spectrum from the DR of SD+
2 two broad peaks are visible on the

otherwise structureless spectrum. A simulation for ρ = 0.5 shows the position
of these peaks in Figure 4.5. Results from a fit using about 60% of random
energy sharing and 40% from distributions of ρ <0.7 of which ρ=0.3-0.5 were
dominating, is also shown in Figure 4.5. A more detailed discussion of this
spectrum is found in Paper II. There the possibily of a two-step process via
the predissociative SD(A2Σ+) state is discussed.

The results from the DR of PD+
2 is not shown in Figure 4.5 since the

analysis procedure was slightly different. All events were analyzed and the
analysis showed that the kinetic energy was randomly shared between the
fragments.

Both CH+
2 and NH+

2 show narrower energy distributions than H2O
+, SD+

2

and PD+
2 . A possible interpretation is that the central parts of these shapes

is correlated with the synchronous concerted mechanism. The angular distri-
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Figure 4.5: The experimental distributions of the distances between c.m. of the
system and positions of the light fragments for CH+

2 , NH+
2 , H2O+ and SD+

2 . Also
included in the graphs are results from MC simulations in order to interpret the
results.

butions shown in Figure 4.4 show that cosχ = −1 is the preferred breakup
geometry for all ions studied here. Since the equilibrium angles of CH+

2

and NH+
2 both are close to linear, an instantaneous (synchronous concerted)

breakup process would result in close to cosχ = −1 angular distributions
and the kinetic energy shared equally between the hydrogen atoms (ρ = 1).
For H2O

+, SD+
2 and PD+

2 , instantaneous breakup in the symmetric stretch
motion can not explain the measured angular distributions; the nucleus have
to stay longer on the surface before both bonds are broken, resulting in a
more random kinetic energy sharing.
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[24] B. R. Rowe, F. Vallé, J. L. Queffelec et. al., J. Chem. Phys. 88, 845
(1987).

[25] T. Tanabe, I. Katayama, N. Inoue et. al., Phys. Rev. Lett. 70, 422
(1993).

[26] P. Forck, M. Grieser, D. Habs et. al., Phys. Rev. Lett. 70, 426 (1993).

[27] M. Larsson, H. Danared, J. R. Mowat et. al., Phys. Rev. Lett. 70, 430
(1993).

[28] S. Datz, G. Sundström, C. Biederman et. al., Phys. Rev. Lett. 74, 896
(1995).

[29] D. Zajfman, Z. Amitay, C. Broude et. al., Phys. Rev. Lett. 75, 814
(1995).

[30] K. O. Nielsen, Nuclear Instruments 1, 289 (1957).

[31] J. R. Peterson, A. Le Padellec, H. Danared et. al., J. Chem. Phys. 108,
1978 (1998).

[32] H. Danared, Physica Scripta T59, 121 (1995).



BIBLIOGRAPHY 59

[33] H. Danared, Nuclear Instruments in Methods in Physics Research A.
391, 24 (1997).

[34] H. Danared, A. Källberg, G. Andler et. al., Nuclear Instruments in
Methods in Physics Research A. 441, 123 (2000).

[35] M. Jensen, Ph. D. Thesis, University of Aarhus (2001).

[36] R. Mowat, Internal report, unpublished (1993).

[37] S. Rosén, R. Peverall, M. Larsson et. al., Phys. Rev. A 57, 4462 (1998).

[38] A. Neau, Ph. D. Thesis, Stockholm University (2002).

[39] Z. Amitay and D. Zajfman, Rev. Sci. Instrum. 68, 1387 (1997).

[40] R. Peverall, S. Rosén, J. R. Peterson et. al., J. Chem. Phys. 114, 6679
(2001).

[41] S. Rosén, Ph. D. Thesis, Stockholm University (2001).

[42] A. Paal, A. Simonsson, A. Källberg, J. Dietrich, and I. Mohos, EPAC
9th European Particle Accelerator conference, Lucerne, 2745 (2004).

[43] G. Dunn, Phys. Rev. 176, 207 (1968).

[44] T. F. O’Malley and H. S. Taylor, Phys. Rev. Lett. 8, 62 (1962).

[45] S. L. Guberman, J. Chem. Phys. 120, 9509 (2004).

[46] L. Vejby-Christensen, D. Kella, H. B. Petersen and L. H. Andersen,
Phys. Rev. A 57, 3627 (1998).

[47] J. Semaniak, S. Rosén, G. Sundström et. al., Phys. Rev. A 54, 4617
(1996).

[48] Z. Amitay, D. Zajfman, P. Forck et. al., Phys. Rev. A 54, 4032 (1996).
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