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Preface xi

Outline of the thesis

Chapter 1 gives a general motivation of the work presented in this thesis.

Chapter 2 provides motivations for studying electron-anions collisions and
introduces the most important reactions occurring upon electron impact on a
negative ion. Moreover, a brief overview of the field is given to initiate the
reader unfamiliar with the research field. Finally, questions addressed in this
work are outlined.

Chapter 3 presents the experimental techniques employed in this work to real-
ize experimental studies of electron scattering. Ion sources used for negative-
ion production are described followed by introductions to the experimental
setups at two storage rings, ASTRID and ELISA.

In Chapter 4, results on electron collisions with PO−
n (n = 0–3) are reported.

The measured reaction cross sections are presented in addition to the branch-
ing ratios of the most important reactions occurring as a result of electron im-
pact.

Chapter 5 deals with electron impact on small anion-water clusters, the partic-
ular clusters being OH−(H2O)n (n = 0–4). Cross sections for various reactions
have been measured, and also the relative importance of different reaction
channels is elucidated.

In Chapter 6, the influence of water molecules on the electronic stability of
NO2−

2 , a small doubly charged negative ion, is investigated. This has been
done by bombarding NO−

2 (H2O)n (n = 0–2) with electrons and studying the
capture of the incident electron.

Chapter 7 gives a brief conclusion and discussion on the outlook for new ex-
periments on electron-anion collisions.

Chapter 8 introduces a new experimental setup. This setup may be used to fol-
low the temporal evolution of photoexcited molecular ions. Presently, prelim-
inary results on the timescales for dissociation of photoexcited chromophores
are presented.

Chapter 9 forms the last chapter of the thesis and serves as a brief summary.
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C H A P T E R 1

Introduction

The present thesis deals with electron- and photon-induced fragmentation of
molecular ions. The main part of the work concentrates on understanding the
interactions between electrons and negative molecular ions. A smaller part is
concerned with the molecular dynamics following photoabsorption by large
molecular cations. Both processes are of fundamental interest to study, since
they play an important role in the world that surrounds us.

Collisions between electrons and negative ions occur constantly in the at-
mosphere of the Earth and may also take place in interstellar clouds. Not
only in these naturally occurring plasmas, but also in man-made ones used
for materials processing do these reactions influence the chemical composi-
tion. Hence, knowledge about electron-ion interactions is needed to model
the properties of these media. Moreover, the interactions between electrons
and molecules are of relevance to life sciences. One of the main mechanisms
behind radiation damage has been suggested to originate from collisions be-
tween biological molecules and low-energy electrons. Through ionization, the
incident radiation produces free electrons which may inflict severe damage to
surrounding biomolecules by causing cleavage of molecular bonds, directly
or indirectly.

The absorption of light and the subsequent photophysical processes oc-
curring in photoexcited molecules are examples of other types of reactions
ubiquitous in nature. The interactions between light and molecules are re-
sponsible for, for instance, photosynthesis and human vision. Thus, studies
of the response of biomolecules to absorption of light provide a piece of infor-
mation that contributes to achieving a more detailed understanding of many
processes important in biology.

Apart from the fact that both electron and photon collisions with molecu-
les are common in nature, it is also of more general interest to study them.

1



2 Chapter 1. Introduction

Investigations of these interactions form the basis of obtaining a better under-
standing of the underlying physics involved. As a result, the ability of theory
to describe such reactions and make predictions is brought to a higher level.

The current work focuses on experimental investigations of the interac-
tions of electrons or light with ions. Some of the phenomena mentioned above
take place in environments, which are bound to affect the nature of the reac-
tions. However, a satisfactory understanding of complex reactions can emerge
only from knowledge about more simple systems, the description of which is
feasible to theory. The approach chosen here is thus to study such interactions
in the gas phase. Here, the molecular ions are isolated implying that any in-
fluence of the surroundings is absent, and consequently the processes can be
studied under more controlled conditions as compared to, for instance, liq-
uid phase experiments. Hence, this work represents one step of the way to a
full understanding of reactions that occur when electrons or light interact with
molecules.
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C H A P T E R 2

Overview of electron-anion
collisions

The present chapter serves as an introduction to the field of electron-anion
collisions. It begins with motivations for studying negative ions and an outline
of the different processes occurring as a result of electron impact on an anion.
Earlier experimental work on the subject is reviewed along with theoretical
studies aiming at reproducing the measured cross sections. Since electron-
anion collisions may be used to probe unstable multiply charged anions, a
section on doubly charged anions is included. Finally, the questions addressed
in the present work are outlined.

2.1 Introduction

Negative ions, anions, exhibit properties which are remarkably different from
those of their neutral and positive counterparts. Whereas the positive and
neutral species have an infinite number of bound excited states, anions only
have a few, if any [1]. This contrast may be traced to the different nature of
the binding potentials. In neutral molecules and positively charged ions, the
electrons are bound by the long-range Coulomb potential which is capable
of supporting an infinite number of bound states. However, in a negative
ion, the excess electron feels a short-range r−4 potential. This r−4 dependence
originates from the interaction between the excess electron and an induced
dipole moment in the remaining neutral system. At a distance r, the elec-
tric field, ~E ∝ ~r/r3, of the excess electron induces a dipole moment, ~P ∝ α~E,
α being the polarizability, to the neutral species which in turn gives rise to

5



6 Chapter 2. Overview of electron-anion collisions

an attractive potential, V(r) ∝ ~P · ~E ∝ r−4. Unlike the Coulomb potential,
this weaker potential only allows for a finite number of bound states. As the
short-range potential emerges from interactions between the charge cloud of
the neutral parent and the additional electron, the motion of the electrons are
inherently correlated. For anions, inter-electronic interactions thus become
relatively more important than the attractive interactions between electrons
and the nuclei, which normally dominate the positive and neutral species.
As electron correlations often account for the properties of anions, the inde-
pendent electron model provides a poor description of these systems. More
sophisticated models beyond the Hartree-Fock approximation must therefore
be employed. Given the fact that electron correlations are difficult to handle,
anions accordingly present a challenge to theory, and comparison between
experiments and theory thus provides a sensitive probe of the ability of vari-
ous models to correctly describe these correlation effects. It should further be
noted that electron correlations are of interest to theoretical physics in general
since such effects are a common theme in physics, for example superconduc-
tivity is a result of electron-electron interactions.

Apart from being interesting from a fundamental point of view, anions
also play an important role in various branches of physics. Already in 1939,
Wildt proposed that H− is the predominant source of the opacity of the Sun
and of photospheres in general [2, 3], a theory later confirmed by calculations
and measurements [4, 5]. Not only H−, but also other atomic and molecular
anions are of importance to astrophysics as they are considered to take part
in the chemistry of stars and interstellar media. An example is that of small
linear carbon cluster anions which exhibit absorption spectra comparing very
well with spectra of interstellar media [6]. In our own atmosphere, anions are
abundant in the form of e.g. O−

2 and ClO−, and such species must therefore
be included in models aiming at describing the atmosphere [7, 8]. Further-
more, negative ions are present in plasmas and discharges which are of im-
portance to laser action and materials processing. The properties of plasmas
are strongly dependent on the presence of anions, and hence knowledge about
cross sections for various collisional processes involving anions is needed to
model plasma behavior.

The present work involving scattering of free electrons by negative ions
was initiated for mainly two reasons. Firstly, it is the aim to gain more insight
into the collision dynamics by characterizing the reaction cross sections with
respect to threshold behaviors and general energy-dependencies. For atomic
and small molecular anions, the detachment cross sections display very simi-
lar features. It is therefore interesting to investigate if the same general trends
persist when the complexity of the target is increased. Secondly, electron scat-
tering provides a unique tool for studying unstable multiply charged anions
in the isolated phase. These systems are very intriguing and present a chal-



2.2 Electron-induced reactions 7

lenge both to experiments and to theory. Experimentally, the problem arises
due to the extremely short lifetime of the order of 10−15 s, which makes it vir-
tually impossible to study such states by direct observations. The theoretical
description of these unstable species is complicated by both the coupling to
the continuum and especially the high degree of electron correlations, which
are of utmost importance. A more elaborate discussion on electron scattering
as a means of studying unstable multiply charged anions is given below.

2.2 Electron-induced reactions

The quantity studied in electron-anion collision experiments is the cross sec-
tion for various electron-induced reactions. Due to the detection scheme used
in the present work, only cross sections for reactions leading to production of
neutral fragments can be measured. In the following, emphasis is therefore
put on reactions producing neutral fragments.

When free electrons collide with anions, several processes can occur. The
negative ion can be neutralized in the collision by detachment of a bound elec-
tron:

AB− + e− →
{

AB + 2e−

A + B + 2e−
, (2.1)

illustrated here for the case where an electron collides with a heteronuclear di-
atomic anion, AB−. In the first reaction, the anion interacts with a free electron
producing a neutral molecule, AB, and two free electrons in a pure detachment
process. Electron impact might also cause a transition to a dissociative poten-
tial energy curve of the neutral leading to two neutral atoms, A + B, and two
free electrons with the final result of detachment plus dissociation (or dissociative
detachment). In Fig. 2.1, these reactions are illustrated in terms of the relevant
potential energy curves of the anion and the neutral.

Other processes leading to production of neutrals are dissociation and dou-
ble electron detachment combined with dissociation:

AB− + e− →
{

A− + B + e−

A+ + B + 3e−
, (2.2)

In the pure dissociation event, the anion is lifted to an excited electronic state,
which is dissociative, while the colliding electron escapes with reduced en-
ergy. The dissociation proceeds through an excited repulsive state of the an-
ion, and hence the process may be called dissociative excitation in accordance
with the nomenclature used in electron impact on positive ions [9]. Similarly,
the process of double electron detachment plus dissociation may proceed by a
repulsive state of the positive ion.
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Figure 2.1: Schematic representation of some of the possible reaction mecha-
nisms arising from electron impact on an anion. The red curves represent poten-
tial energy curves for different electronic states of the monoanion, AB−, the blue
ones relevant potential energy curves for the neutral, AB, while the black one
shows the potential energy curve for a doubly charged anion, AB2−.
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The minimum collision energy needed for a certain reaction to become pos-
sible is referred to as the threshold energy, and one may ask what is the thresh-
old energy for a particular process. The naive answer is that the energy of the
incident electron at the threshold must equate the energy difference between
the initial and final states, that is the energetic threshold. However, this is not
quite the case, as the situation is complicated by the Coulomb repulsion in the
incoming channel. For the incident electron to trigger a reaction, it must first
come sufficiently close to the anion which involves overcoming the Coulomb
repulsion. To some extent this can be accomplished by tunnelling through
the Coulomb barrier, but the reaction probability is strongly enhanced if the
projectile electron carries more energy than needed to cause the actual transi-
tion. Hence, the effective threshold energy for any electron-induced reaction is
higher than the energetic threshold. As an example, the effective threshold en-
ergy for pure detachment is found to be a factor of 2–3 higher than the actual
binding energy of the target excess electron [10, 11].

The dominant reaction channel is usually pure detachment, since electron
binding energies for anions are generally smaller than dissociation energies.
If, however, the overlap between the nuclear wave functions in the anionic
and neutral molecules is unfavorable, pure detachment is suppressed, and the
flux goes into dissociation instead [12, 13].

All the processes presented above can occur at any incident-electron en-
ergy above the threshold energy for the reaction. This is true since the pro-
jectile electron leaves the molecule after the collision and is allowed to carry
away an arbitrary amount of energy. Therefore, the processes are non-resonant
and give rise to cross sections that are smooth functions of the energy of the
incoming electron. Meanwhile, some reactions can cause pronounced struc-
tures in the cross section, and the origin of such structures can in principle be
traced to two different types of resonant processes.

One possibility is that the incoming electron excites the anion to a resonant
state in the continuum, which subsequently autodetaches and/or dissociates:

AB− + e− → AB∗− + e− →





AB + 2e−

A + B + 2e−

A− + B + e−
. (2.3)

Here, the asterisk symbolizes an excited state. However, the resonant char-
acter of these processes is relaxed as excitation may occur at any incident-
electron energy above the threshold, like the case for the non-resonant pro-
cesses. Consequently, the reactions in Eq. (2.3) are not expected to result in
resonant structures in the cross section.

In another type of process, the incoming electron is captured into a reso-
nance state of a doubly charged negative ion (dianion) which subsequently de-
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Figure 2.2: The scattering problem shown schematically. The potential energy
of the scattering electron is shown as a function of the electron-anion distance for
two values of the angular momentum l. E0 represents a low-energy state of the
dianion which is unlikely to be populated due to the thickness of the barrier, E1 a
‘visible’ state of intermediate energy, and E2 a state which can only be supported
if the incoming electron carries an angular momentum greater than zero.

cays:
AB− + e− → AB2− → decay products. (2.4)

This is a true resonant process in the sense that the energy of the incident
electron must match the energy of the resonance state for the reaction to occur.
Hence, such a process can give rise to peak-like structures in the cross section.

Due to the Coulomb repulsion, it may seem unlikely that the projectile
electron can be captured and thereby become part of a transient dianion. To
explain how this may still happen, it is useful to describe the collision dy-
namics in more detail, and a schematic illustration of the scattering problem
is shown in Fig. 2.2. When the electron scatters on the anion, the long-range
interaction is mainly electrostatic repulsion, and the potential energy there-
fore increases as the electron approaches the target. As the electron comes
closer to the target it experiences the electrostatic attraction of the target nuclei,
and thus a decrease in potential energy. When the long-range repulsion and
the short-range attraction are combined, a repulsive Coulomb barrier emerges
behind which dianionic states may exist (the resonances are thus shape reso-
nances [14, 15]). For the incoming electron to populate these states in a scat-
tering event, the Coulomb barrier has to be penetrated through quantum me-
chanical tunnelling. However, if a dianionic state is located at low energy
where the barrier is thick, penetration becomes virtually impossible, thus hin-
dering the free electron from becoming part of a new dianion. At higher en-
ergies, the barrier is less impervious and excited states, if existing, might be
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populated.
The presence of the Coulomb barrier has been discussed by several au-

thors [16–18], and the existence of the barrier has indeed been verified exper-
imentally through a series of photoelectron spectroscopy studies of multiply
charged anions [19, 20]. The exact form of this repulsive Coulomb barrier is
very difficult to describe as it depends strongly on the interaction between the
incident electron and the electron cloud of the anion [16, 18]. In addition, a
repulsive centrifugal term l(l + 1)/2r2 (l is the angular momentum of the free
electron) needs to be taken into consideration, a contribution which height-
ens the barrier. As a consequence, states which lie above the Coulomb barrier
may be supported if the incoming electron carries an angular momentum of
l > 0 [21].

The electron scattering technique presents an unique opportunity to study
transient dianionic states situated in the electronic continuum. Most other
techniques used for studying gas-phase dianions, like mass spectrometry and
photoelectron spectroscopy, rely on the dianions exhibiting a sufficiently long
lifetime to be detected in the experiments, usually implying that the lifetimes
must be greater than 10−7–10−6 s. As states near the top of the barrier are
extremely short-lived with lifetimes in the order of femtoseconds, such tran-
sient species cannot be studied by these techniques. Instead, these short-lived
states can be probed by bombarding monoanions with free electrons as de-
scribed above. The states give rise to peak-like structures superimposed on
the non-resonant cross section with widths that are partially determined by
the lifetime of the dianion formed [21]. Typically, the observed width is a few
eV, implying a lifetime τ in the order of femtoseconds (∆E ∼ h̄/τ). Thus, a
structure in the cross section is an indication of dianion formation.

It should be noted that the continuum dianionic states are only observed
in scattering experiments if they lie in a certain energy range. The upper en-
ergy limit arises from the fact that the state must be located below the top of
the combined angular momentum and Coulomb repulsive barriers. If not, the
state becomes a virtual state with an extremely short lifetime, since there is no
potential barrier keeping the incoming electron trapped. From the relationship
between the resonance width and the lifetime, this implies that the resonance
structure becomes extremely wide and is washed out. As already discussed,
the lower energy limit is governed by a low probability to tunnel through the
barrier. However, there is another effect which influences the lower energy
limit. In the experiments considered here, the formation of transient dianions
is identified by detection of neutral decay fragments. Hence, for the state to be
observable, decay into neutral fragments must be possible, which imposes a
restriction on the resonance energy. First of all, to create neutrals the resonance
energy must be greater than the electron-binding energy of the monoanion or
the lowest energy for dissociation into charged and neutral fragments. Sec-
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ondly, due to their mutual repulsion, the escaping charged fragments, possi-
bly electrons, must carry kinetic energy at far distance. Hence, the resonance
energy must exceed the sum of the two energy contributions for the dianion
to be detectable in experiments.

2.3 Previous investigations

Several investigations on electron-anions collisions have been carried out prior
to this work, and an overview of these investigations is given in the following
section. The two main aspects of electron-anion collisions are the threshold
behavior of the detachment cross section and structures in the cross section
attributed to the formation of doubly charged negative ions. The overview
describes the two aspects separately, and both experimental and theoretical
results are outlined.

2.3.1 Threshold behavior

As already mentioned, Wildt suggested in 1939 that H− is the predominant
source of the opacity of the Sun [2], and later this hypothesis was in fact con-
firmed [4, 5]. Electron-impact detachment was considered an important mech-
anism for the destruction of H− and knowledge about the absolute cross sec-
tion and its energy dependence was needed to model photospheres. Motiva-
tions for initiating experiments were thus laid out, and the first experimental
results on electron-impact detachment from H− were published in 1966 by Ti-
sone and Branscomb [22]. They used a so-called crossed-beams setup where an
H− beam of well-defined energy was crossed at right angles (θ = 90°) with
an electron beam. In the following years, several experimental results using
the crossed-beams technique were obtained [23–25], but a common feature
was lack of data in the threshold region. To obtain a low collision energy, it
was necessary to go to low electron energies in the laboratory frame, and in
this energy range, the experiments struggled with poor electron beam intensi-
ties. This situation resulted in an extremely low signal-to-noise ratio making
measurements impossible. In the 1970s, Peart and Dolder therefore employed
an inclined-beams method where the angle, θ, between the ion and electron
beams was changed to 10°–20°. Changing the angle made measurements at
low collision energies possible as higher electron beam energies could now
be employed to obtain the same collision energies as for the crossed-beams
setup. Using this method, Peart and coworkers measured electron-impact de-
tachment cross sections for H− [26–28], C− [29, 30], O− [29, 30], and F− [31].

After these experiments in the 1970s, no experiments in the field of electron-
anion collisions were carried out for almost two decades. Only with the ad-
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vent of magnetic storage rings was the field revitalized. Magnetic storage
rings had been used in nuclear and particle physics for many years, and in
the early 1990s a small number of ion storage rings dedicated to atomic and
molecular physics came into operation. In such rings, the ion beam is confined
by magnetic fields to circulate in a closed orbit, and during storage, it is merged
(θ = 0°) with an electron beam in one ring section. This setup has several ad-
vantages in comparison with the crossed-beams technique as pointed out in
the reviews by Larsson [32] and Andersen [33]. The first use of a storage ring
as a means to study electron-anion collisions was reported by Andersen and
coworkers in 1995, who studied electron-impact detachment of D− [34]. The
high-quality data clearly demonstrated that the storage ring combined with
the merged-beams technique was a powerful tool for measuring the energy
dependence of cross sections for electron induced reactions in the threshold
region. Since then, a number of experiments have been carried out mainly
at the storage rings ASTRID in Aarhus and CRYRING in Stockholm. Several
atomic anions have been studied [10, 34–41] along with diatomic anions [11–
13, 42–45] and small polyatomic negative ions [21, 46–50]. Moreover, the ap-
pearance of electrostatic storage rings [51] and ion traps [52, 53] have made it
possible to study large molecules like DNA building blocks [54, 55] and other
heavy, large molecules [56–58]. It should also be mentioned that experiments
concerning electron collisions with multiply charged negative ions have been
reported [55, 59].

Needless to say, a lot of information is contained in all these experiments,
and only the main features will be stressed here. It was established that the
detachment cross section is characterized by an effective threshold 2–3 times
larger than the electron binding energy. As explained in Sec. 2.2, this effect can
be accounted for by the Coulomb repulsion in the incoming channel, which
the projectile electron must overcome to cause detachment. Furthermore, the
detachment cross section has a smooth energy dependence, which is expected
due to the non-resonant character of the process. For molecular anions, elec-
tron impact can also induce dissociative reactions, but for small anions — with
only a few exceptions [12, 13, 50] — pure detachment is still observed to be the
dominant process. Finally, a comparison of the detachment cross sections for
the various types of ions reveals that the cross section shapes are remarkably
similar, even when atomic anions are compared to large biomolecules.

Over the years, also the threshold behavior of the photodetachment cross
section of anions has been studied intensively [60], and in the threshold re-
gion, the Wigner law [61] provides a good description of the cross section.
But whereas the threshold behavior for detachment by photon impact is well-
understood, this is not the case for detachment by electron impact. As com-
pared to photodetachment, the situation for electron impact detachment is far
more complex, since there are at least three species in the final state as opposed
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to only two in the case of photodetachment. Moreover, the famous Wannier
theory [62] describing the threshold behavior for single ionization of neutrals
or positive ions by electron impact is not applicable to negative ions, since the
residual is a neutral species rather than a positive ion.

Detachment by electron impact is a process very difficult to handle the-
oretically due to the necessity of describing two continua, and correlations
between the two free electrons in the final channel complicate things even fur-
ther. Most of the early theoretical studies concentrated on describing the cross
section in the high energy range, where variations of the Born approximation
are applicable [63–69]. Inherently, these calculations are of limited validity
in the near-threshold region. As the first, Hart and coworkers [70] investi-
gated the cross section in the threshold region by making use of only general
properties of the three-particle wave function outside a finite reaction zone.
Unfortunately they did not realize the importance of an effective threshold.
Most other calculations make use of two-electron models where only the in-
cident and target excess electron are taken into account. These models can be
divided into three subgroups: classical models [71, 72] in which both electrons
are described classically, semiclassical calculations [64, 73–76], which treat the
incident electron classically but the target electron quantum mechanically, and
finally full quantum mechanical models [77–80], which describe both electrons
within the realms of quantum mechanics.

In his classical model, Solov’ev [71] considered that the electric field of the
incoming electron perturbs the binding potential of the target excess electron,
and over-the-barrier escape becomes possible, if the incident electron comes
sufficiently close (see Fig. 2.3). From these considerations, the detachment
probability was related to the solid angle through which escape is possible,
and the cross section was easily calculated. However, escape can occur at in-
cident electron energies below the classical threshold, as quantum mechanics
allows the bound electron to tunnel through the barrier. This approach was
taken by Smirnov and Chibisov [64]. They calculated the detachment cross
section assuming that the ionic electron tunnels through the barrier, a process
very similar to that of electric field ionization [81]. The idea of Ostrovsky and
Taulbjerg [73] was to combine the classical over-the-barrier model with quan-
tum tunnelling. They considered classical escape to be dominating at small
distances between the projectile and the bound electron, while the tunnelling
process was assumed to be important only at larger distances. Whereas the
tunnelling theory was identical to that of Smirnov and Chibisov, Solov’evs
classical model was substantially amended. Here, Ostrovsky and Taulbjerg
introduced the concept of decay rate to account for the fact that the bound
electron does not escape immediately, even if the reaction condition is ful-
filled. Individually, the two models cannot account for the measured cross
sections, but the new model is able to describe the near-threshold region of
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Figure 2.3: Illustration of the detachment process. Shown is the binding poten-
tial and the potential resulting from the perturbation caused by the electric field
associated with the incoming electron. Escape over-the-barrier and by tunnelling
are sketched.

the detachment cross section to some extent. Nonetheless, the range of valid-
ity seems rather limited (see Ref. [73] for comparison of the three models and
the data). A similar simple semiclassical model is that of Kazansky and Taulb-
jerg [74], which is based on a non-stationary quantum wavepacket study. The
wave function of the bound electron is propagated in time during the collision
with the classical electron, and the detachment probability is subsequently re-
lated to the overlap integral between the initial and final state wave functions.
The shape of the simulated cross section turned out to be in good agreement
with experimental results, however, the calculated absolute magnitude was
somewhat lower than the experimental one. Lin and coworkers [75] obtained
good agreement with experiments by employing standard close-coupling the-
ory to describe the bound electron within the framework of quantum mechan-
ics. Using lowest-order distorted-wave theory, Pindzola [77] calculated the
detachment cross section for H− and O− and obtained results that compared
very nicely with the experimental data for the latter. Nevertheless, this was
considered to be somewhat fortuitous as the calculations indicated that strong
correlation effects between the incident electron and the target were present
as also noted by Kazansky and Taulbjerg [74]. Therefore it was concluded
that higher-order perturbational methods probably were needed in order to
describe the process properly.

Inspired by the Wannier theory [62], Rost derived an analytic expression
for the detachment cross section [76]. In this model, the cross section is de-
composed into a product of a background part (a slowly varying contribu-
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tion) and a part containing the dominant energy dependence. The latter part
is attributed to tunnelling of the outgoing electron pair through the Coulomb
barrier, and, in analogy with Wannier’s assumptions, the electrons are con-
sidered to escape back-to-back. The threshold detachment probability is then
obtained by calculating the action along the classically forbidden two-electron
orbit. The analytic expression was compared to the experimental data for D−,
B−, and O− and the agreement was found to be very good indeed.

A completely different method was employed by Robicheaux [79, 80]. He
realized that the correlation between the two electrons in the final channel is
merely an artifact of using an unsuited coordinate system. Hence, the ini-
tial and final state wave functions were described in two different coordinate
systems to suppress correlations related to the choice of coordinates. The cross
section was expressed in terms of the so-called T-matrix elements, which were
calculated and summed for 10–20 partial waves. This procedure yielded re-
sults that were in excellent agreement with the experimentally determined
cross sections for H− and B−. Also the differential cross sections were calcu-
lated by Robicheaux, and they were later confirmed by time-dependent close-
coupling theory calculations by Pindzola and Robicheaux [78], thereby pro-
viding a solid confirmation of both sets of results.

More recently, a formalism originally developed for calculations of electron
impact ionization cross sections of neutral and positive targets was extended
to negative atomic ions by Deutch [82]. Experimental data for H−, B−, C−,
and F− were used to determine empirical parameters required for the appli-
cation of the formalism. With these parameters at hand, the detachment cross
section of O− was calculated and found to be in fair agreement with the exper-
imental data. Moreover, the detachment cross section of Li− was calculated,
but unfortunately it was not compared to the available experimental data of
which the authors were unaware.

By now, it seems that detachment cross sections of atomic anions can be
described quite accurately by theory, and especially the recent full quantum
mechanical calculations show astonishingly good agreement with the experi-
mental data. However, most of the models presented above rely on numeri-
cal simulations that depend on the specific target, and they are therefore not
easily compared to new experimental data on other species. In addition, the
semi-classical and quantum mechanical descriptions assume the target excess
electron to be weakly bound which is not necessarily the case when molecular
anions are considered. For the molecular species, also the possibility of, for ex-
ample, nuclear rearrangement needs consideration, which further complicates
the picture.

In need of a simple analytic expression that might be used to describe the
near-threshold behavior of non-resonant detachment cross sections, a simplis-
tic classical model has been introduced by Andersen [34]. It turns out that the
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simple model is actually able to give a fair description of the detachment cross
section for both atomic and polyatomic anions. The ‘reaction zone’ model
assumes that detachment occurs with constant probability p once the projec-
tile electron is within a distance Rth of the anion. Assuming that the incom-
ing electron experiences a purely repulsive Coulomb potential, the distance of
closest approach D(ρ) becomes (in atomic units):

D(ρ) =
1

2E
+

√(
1

2E

)2
+ ρ2, (2.5)

where ρ is the impact parameter, and E is the energy of the incoming electron.
The non-resonant cross section is then calculated according to:

σNR = 2π
∫ ∞

0
ρdρ

{
p D(ρ) ≤ Rth

0 D(ρ) > Rth

= pπR2
th max

[
0,

(
1− Eth

E

)]
,

(2.6)

where the classical threshold energy for detachment, Eth = 1/Rth (in atomic
units), has been introduced. This simple model has been successful in describ-
ing the near-threshold behavior of detachment cross sections for both atomic
and molecular anions [10, 11]. Some anions exhibit deviations from the model
below the threshold energy where the measured cross section has a smoother
onset than predicted by the classical expression of Eq. (2.6). This effect is as-
cribed to the tunnelling of the target electron out of the binding potential. As
the reaction zone model is purely classical, it does not include tunnelling ef-
fects. The model cross section by Ostrovsky and Taulbjerg [73] including tun-
nelling effects does indeed have a smoother onset in better agreement with
experimental data near the threshold energy. Still, the reaction zone model
provides a better overall description of measured cross sections [10].

In Chaps 4–6 where experimental results of electron-impact detachment
from various anionic clusters are presented, the shape of the detachment cross
sections is discussed with the ‘reaction zone’ model as the starting point.

2.3.2 Dianions

It is well-known that doubly charged negative ions, dianions, like SO2−
4 and

CO2−
3 exist in solutions and solids. In spite of this fact, these ions are not

stable as isolated entities in the gas phase [83–85]. The reason is the large
Coulomb repulsion between the excess electrons which renders the small di-
anions unstable against spontaneous emission of an electron (autodetachment)
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or dissociation into two monoanionic fragments (Coulomb explosion). The sta-
bility of small dianions in the condensed phases is provided by interactions
with solvent molecules or counterions. Hence bringing the species into the
gas phase, where the stabilizing effects of the surrounding media are absent,
causes the small dianions to spontaneously break apart. In larger molecules,
the additional charges can be spatially separated, and consequently the elec-
trostatic repulsion decreases. Therefore it is not surprising that large dianions
may exist as stable entities in the gas phase.

The properties of dianions, be it stability or structure, are extremely chal-
lenging to describe theoretically due to the large amount of electron correla-
tion and the diffuse character of the excess electrons. As mentioned above, the
metastable and unstable states of small dianions may decay by autodetach-
ment or dissociation, which further complicates the theoretical investigation
of such species. For reviews of dianion research, Refs [17, 86–88] should be
consulted.

Over the years, the existence of stable and unstable atomic dianions has
been a matter of some controversy on both the experimental and the theoreti-
cal side. Being the smallest dianion of all, H2− has attracted special attention.
In the 1970s, Peart and coworkers observed structures in the electron-impact
detachment cross section of H− which were attributed to the formation of
short-lived (that is, τ < 10−7 s) states of H2−. The two states were located
at 14.5 eV and 17.2 eV above the ground state of H− [26–28] with resonance
widths corresponding to lifetimes in the order of 10−15 s. From their calcu-
lations, Thomas and Taylor classified the states as (2s)2(2p) 2P and (2p)3 2P,
respectively [89, 90]. Moreover, Schnitzer and Anbar reported that they had
detected states of H2− and D2− with half-lifes of 23 ns in a tandem mass spec-
trometer [91–93]. Two decades later, Robicheaux and coworkers questioned
the existence of such unstable states of H2−. They emphasized that the results
of Peart and Dolder contradicted a proof by Simon [94] stating that a many-
particle system, which experiences purely Coloumbic forces, cannot exist at
energies above the threshold for complete disintegration, which in the case of
H2− is 13.6 + 0.75 = 14.35 eV above the ground state of H−. Furthermore, they
argued that the assignment of the H2− to be of 2P character would violate the
unitarity of the collision matrix, and finally, their two independent ab initio cal-
culations did not show any evidence of resonant states of H2−. The conclusion
of the investigations was that the reported resonance by Thomas and Taylor
was a mere artifact of a too small basis set. These results were followed by
three independent electron-impact detachment experiments [34, 35, 41], nei-
ther of which displayed structures in the cross section, thereby supporting the
investigations by Robicheaux. More recently, the existence of 2p3 4S resonance
states of H2− has been debated [95–98]. The prediction of these states is not in
contradiction with experiments, as the transition to a 4S state of H2− from the
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1S ground state of H− is spin forbidden. To populate the 4S states in electron
scattering experiments would require starting from the 2p2 3P excited state
of H−, but this state has never been observed. Clearly, the question whether
resonance states of H2− exist or not is not yet resolved.

Other atomic dianions stable on the µs timescale have been reported in
mass spectrometry [99, 100], but the claims could not be reproduced or showed
to be flawed (see Refs [101–103] and references therein). The nonexistence
of bound or long-lived (τ ≥ 10−7 s) atomic dianions now seems to be a well-
established fact [17, 104]. As for H2−, predictions of short-lived resonance
states of atomic dianions as O2−, S2−, B2−, and Al2− (see Refs [105, 106] and
references therein) have been made, but for the three first species no sign of di-
anion formation was observed in electron scattering experiments [10, 36, 40].
According to the theoretical calculations, the atomic dianions decay into a free
electron and the atomic monoanion, and hence the dianionic states, if existing,
are not revealed in the detachment cross section, which is measured in the
scattering experiments. To date, unstable atomic dianions have never been
observed experimentally even though theory predicts the presence of such
states. Hence the existence of short-lived states remains an open question,
whereas there is consensus that bound and long-lived states are non-existing.

Turning to molecular dianions, no stable or long-lived di- or tri-atomic gas-
phase dianions are known. Theoretically, it has been concluded by Boldyrev
and Simons, that diatomic and linear triatomic dianions are unstable with
respect to electron loss [107]. However, unlike the case of atomic dianions,
both theoretical and experimental evidence for the existence of short-lived
resonance states of di- and tri-atomic dianions have been reported. Among
the small unstable dianions studied are systems such as C2−

2 [42, 107–109],
B2−

2 [11, 43], BN2− [11, 110], NO2−
2 [21], and CN2−

2 [111].
The first long-lived doubly charged negative ion to be experimentally ob-

served in the gas phase was benzo[cd]-pyrene-6-one (C19H10O2−) in 1969 [112].
Two decades passed before the existence of a gas-phase dianion consisting
of fewer than twenty atoms was reported by Schauer and coworkers who in
their mass spectrum identified carbon cluster dianions as small as C2−

7 [113].
This observation triggered a search for the smallest stable or long-lived iso-
lated dianion both among theoreticians and experimentalists. From theoretical
considerations it was concluded already in 1991 that the earth alkaline tetra-
halides MX2−

4 (M = Be, Mg or Ca; X = F or Cl) [114, 115] are electronically
stable, but unstable with respect to dissociation. However, the lifetime was
expected to be long due to the presence of the Coulomb barrier inhibiting dis-
sociation. Indeed, in 1999, this class of dianions was seen in mass spectra by
Klein and Middleton [116]. Meanwhile, the focus was turned to the alkaline
trihalides MX2−

3 (M = Li, Na or K; X = F or Cl) and particularly LiF2−
3 which
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Scheller and Cederbaum suggested as a possible candidate for the smallest
dianion [85, 117]. Also this species is energetically allowed to dissociate, but
with a lifetime in the order of 1011 years [117] the dianion is essentially stable.
Only recently was the LiF2−

3 discovered experimentally [118]. In terms of the
number of atoms, this dianion is the smallest known, but in fact not in terms
of mass. So far, the lightest species that has been discovered experimentally is
BeC2−

4 [119], which was found in 1999. Most likely, the system is unstable with
respect to electron autodetachment, but it exhibits a long lifetime due to the
presence of the Coulomb barrier [120]. In contrast to LiF2−

3 , which is bound
mostly electrostatically, BeC2−

4 is covalently bound. Finally, it should be men-
tioned that the smallest truly bound dianion to be observed so far is OC2−

5 ,
which was found by Gnaser and coworkers in 2002 [121]. Refs [17, 86, 88]
provide more extensive reviews of the investigations of long-lived and stable
gas-phase dianions.

Experimental studies of the intrinsic properties of dianions were first con-
ducted by Wang and coworkers using photodetachment photoelectron spec-
troscopy [19, 20]. Their studies presented the first conclusive experimental
evidence for the existence of the repulsive Coulomb barrier which at that time
had already been inferred by several authors [16–18]. The experiments re-
vealed that photons of energies considerably larger than the binding energy
were needed to detach the excess electron. This fact could only be accounted
for by the existence of a barrier. Even photoelectrons with more kinetic energy
than the incoming photon were observed [122], an observation only possible
if the binding energy is negative. In the latter case, the electrons are trapped
behind the Coulomb barrier, and the lifetime of the anion is governed by tun-
nelling through the barrier.

As mentioned above, dianions are commonly found in solids and in solu-
tions, since they are stabilized in these condensed phases through interactions
with counterions or solvent molecules. To elucidate the influence of counter-
ions on the properties of stable and unstable dianions, Wang and coworkers
have studied free singly and doubly charged alkali metal sulfate ion pairs,
M+(SO2−

4 ) and [M+(SO2−
4 )]2 (M = Na, K) [123]. Experimental evidence was

given that the complex can be considered as a distorted free SO2−
4 interact-

ing electrostatically with the alkali metal cation. Further, the presence of the
counterion was found to stabilize the dianion by several eV [123].

The effect of surrounding water molecules have also been addressed by
the Wang group. They investigated the sequential hydration of several dian-
ions, and have thus provided the first direct information on how the electronic
stability changes as a function of solvation [84, 124–127]. It was observed
that each of first few water molecules increases the electron binding energy
by roughly 0.6 eV, and that further addition of water molecules successively
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stabilizes the dianion, even though the stepwise increase in binding energy
becomes smaller. For a review on photoelectron spectroscopy on dianions,
Refs [87, 128] should be consulted.

2.4 Open questions

The investigations outlined in the preceding section have indeed been essen-
tial for obtaining an understanding of the electron-anion collision process and
of the properties of small doubly charged anions. To summarize, the key ob-
servations concerning the electron-induced fragmentation processes were:

• The cross section for electron-induced detachment exhibits
a characteristic shape, which is well-described by a classi-
cal model cross section.

• The threshold energy for electron-induced detachment is
2–3 times larger than the electron binding energy.

• For most systems, the dominant process is pure detach-
ment.

• For some molecular ions, structures due to the formation
of transient dianions are visible in the cross section.

With these observations, many of the initially unclear points concerning the
electron-anion collision process were clarified. However, there are still inter-
esting questions that deserve an answer.

Since only a few of the molecular anions studied prior to this work con-
tained more than two atoms, the route followed here is to investigate the effect
of molecular size on the different aspects of electron-induced reactions. To be
more specific:

◦ Does the detachment cross section change shape for more
complex molecular ions?

◦ How does the size of the system influence the properties
of resonant dianion states?

◦ What influence do water molecules have on the properties
of resonant dianion states?

◦ What is the fragmentation pattern of weakly-bound — as
opposed to covalently-bound — anions?

These questions are addressed in the following chapters.
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C H A P T E R 3

Experimental techniques

In the following, the experimental techniques that are employed in this work
for studying electron-anion collisions are presented. The chapter begins, as
all these experiments do, with ways to produce various ions, and in partic-
ular two different types of ion sources are introduced. Subsequently, the ex-
perimental setup at ASTRID along with the ASTRID storage ring itself are
described followed by a section on how cross section and branching ratio
measurements are conducted. The last part of the chapter gives an introduc-
tion to the ELISA storage ring and the experimental setup used at this ring to
study electron-anion collisions. A description of the experimental procedures
at ELISA concludes the chapter.

3.1 Ion production

A large variety of ion sources exists, and the working principles of one source
can be quite different from that of another. None of the sources are universal,
but rather each of them is characterized by being designed to produce specific
types of ions. Thus, some ion sources are useful for producing negative but
not positive ions, some are able to produce ions from gaseous materials but
not from solids, while still others are suited to bring large biomolecules into
the gas phase.

To produce the ions studied in the present work, two different ion sources
have been used, and they are the subjects of interest for the remainder of this
section.

23
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Figure 3.1: Schematic drawing of the discharge chamber in the Aarhus Nega-
tive Ion Source.

3.1.1 The Aarhus Negative Ion Source

In the early 1970s, Middleton designed an ion source which he described as be-
ing close to universal [129]. The source was a sputter source capable of deliver-
ing high intensity beams (several µA) and was especially useful for producing
ions from solids. Inspired by the work of Middleton, the working principles
of the Aarhus Negative Ion Source (ANIS) [130, 131] are essentially the same
as the Middleton source, however the design is different.

The general idea of a sputter source is to produce the desired anions from a
solid sample by bombarding the sample with suitable cations (here Cs+). This
process takes place in the heart of the ANIS source, which is the discharge
chamber sketched in Fig. 3.1. Two filaments connected in series are placed in
the chamber, one at each end, and during normal mode of operation a cur-
rent of ∼40 A is supplied to these. Not only do the filaments heat up the
discharge chamber to ∼500 °C, but the surrounding source housing is heated
as well. Through contact with the hot housing, a cesium oven located below
the discharge chamber is heated to 100–130 °C, which leads to evaporation of
cesium from the reservoir. Using a thermocouple, the oven temperature can
be monitored to control the cesium consumption, and, if needed, the oven can
be heated even further by a third filament. When the cesium vapour enters the
discharge chamber it is ionized by the electrons emitted from the hot filaments,
and a plasma is formed. The plasma is confined by a magnetic field transver-
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sal to the beam direction. The Cs+ ions are accelerated to a cathode contain-
ing the solid sample, and as the cathode is kept at high voltage (typically −2
to −3 kV), the energetic ions sputter material from the cathode surface upon
impact. On the cathode surface a layer of cesium is formed from which the
sputtered neutrals or ions capture electrons through charge-transfer processes.
This effect drastically increases the negative ion yield as seen by Krohn [132].
The end of the cathode has a concave shape of radius Rsphere which serves to
focus the repelled negative ions onto the outlet opening opposite the cathode.
Due to the focusing effect, the distance between the cathode and the outlet has
a tremendous effect on the output intensity [131], which attains its maximum
at the distance Rsphere.

If the desired ions cannot be produced by the use of solids alone, gases
can be supplied through an inlet. By introducing a gas into the discharge
chamber, the chemical composition of the plasma is changed, thereby leading
to the production of different ion species. This option of combining the use of
solid and gaseous materials is one of the great advantages of the source, which
makes it close to universal.

The drawback of the source lies in the limited time of operation before
maintenance. After some days of use, the cathode sample might be sputtered
away and needs to be renewed. For that purpose, the source is equipped with
an air-lock valve which offers the possibility of changing the cathode without
breaking the vacuum. If, instead, the oven runs out of cesium, the source
must be vented in order to remove the oven for reloading. This is a lengthy
procedure since the filaments usually require outgassing after exposure to air.
Finally, the filaments are worn down by continuous operation leading to an
increase in resistance. Hence, the power deposited in the source increases
for fixed current, and this might cause overheating of the source. In the end,
the filaments must be replaced, which involves taking apart the entire source.
The durability of the filaments is very dependent on whether or not a gas is
supplied to source, and, if so, which type of gas is used. However, during
operational periods of one to two weeks only the cathode and occasionally
the cesium oven need attention.

When chances are that the desired anions most easily can be produced
from a solid or from a combination of solid and gaseous materials, the sputter
source is employed, but due to its drawbacks, other sources — e.g. the one
described below — present better alternatives for ions that can be produced
using only gases.

3.1.2 The Cold Cathode Ion Source

An ion source that works extremely well with gases is the Cold Cathode Ion
Source. This source is a hollow-cathode glow discharge source and is one of
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Figure 3.2: Schematic drawing of the cold cathode glass ion source (left) and
the working principle (right).

the simplest ion sources that can be made. As seen in Fig. 3.2, the source
consists of only very few parts. The outer part of the source is a glass tube
which is open at one end and closed at the other except for a small nozzle
serving as a gas inlet. Inside the glass housing a cylindrical metal electrode
is placed, which can be connected to an external supply by a wire leading
through the glass. Furthermore, the electrode is in contact with a smaller
coaxial metal cylinder allowing for tighter plasma confinement, and the small
cylinder serves as the hollow cathode. By use of a quartz disc, these electrodes
are electrically isolated from the front of the accelerator onto which the source
is mounted. The high pressure (order of several mbar) region of the ion source
is separated from the vacuum of the accelerator (10−5–10−4 mbar) by a metal
plate with a small orifice which allows for ion extraction. This plate also serves
as an anode connected to platform ground. A gas is supplied through the gas
inlet, and the pressure is controlled by a needle valve.

When the cylindrical electrode is on negative potential relative to the front
of the source, free electrons initially present in the ion source are accelerated
from the hollow cathode to the front of the source. On their way, electron-
ion pairs are created through collisions with neutrals. Positive ions formed in
these reactions are accelerated in the opposite direction, causing the emission
of more electrons as they bombard the cathode. If the generation of electron-
ion pairs is sufficient to make up for the loss to the electrode and the walls of
the source, a stable plasma is formed inside the inner cathode cylinder. As the
ion mobility is much smaller than the electron mobility, a sheath of positive
space charge emerges between the cathode and the plasma. The potential of
the essentially charge-neutral plasma is close to that of the anode, a fact also
stemming from the different mobilities µ of electrons and ions: the resistance
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R+ (∝ 1/µe) between the plasma and the anode is much smaller than the re-
sistance R− (∝ 1/µi) towards the cathode, since the former is determined by
the higher electron mobility. Hence, a substantial fraction of the potential ap-
plied between the cathode and anode appears across the cathode sheath re-
gion [133, 134]. The applied voltage is roughly −300 V, and consequently the
voltage drop from the plasma to the cathode is sufficiently large to accelerate
the secondary electrons emitted from the cathode to high energies. Upon en-
tering the plasma, the energetic electrons efficiently cause ionization of atoms
and ions. As a result of the potential difference between the plasma and the
anode, the negative ions present in the plasma are extracted through the small
hole in the anode plate. In order to prevent simultaneous extraction of elec-
trons, a magnetic field transversal to the direction of extraction is applied by
placing a magnet outside the source. The field causes electrons to be deflected
away from the outlet opening whereas the much heavier anions are only little
influenced.

The source is very easy to run and essentially only two parameters are
needed for optimization: the ion source pressure and the discharge current.
Stability and long time use (several weeks) without any maintenance are some
of the source characteristics which often make it the first choice for anion pro-
duction.

3.2 The merged-beams setup at ASTRID

The experimental studies of electron-ion collisions presented in Chaps. 4 and 5
of this thesis were carried out at the Aarhus STorage RIng, Denmark (ASTRID).
In the ring, ions are stored at high energies (MeV) and during storage they are
merged with an electron beam in one of the ring sections. The electrons are
provided by an electron cooler device capable of producing an intense beam
of electrons with a narrow velocity distribution. The following sections serves
as an introduction to these two main experimental ingredients, the ASTRID
storage ring and the electron cooler. The latter is described with emphasis on
how to obtain high energy resolution in experiments.

3.2.1 The ASTRID storage ring

The ASTRID storage ring is a dual-purpose device, which can be used for elec-
tron as well as ion storage [135, 136]. During electron storage, the ring serves
as a source of synchrotron radiation, which is of use to experiments cover-
ing a wide range of scientific fields (see Ref. [137] for more information on
synchrotron radiation research at ASTRID). When used for either positive or
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Figure 3.3: Schematic drawing of the ASTRID heavy-ion storage ring with the
injection beamline.

negative ion storage, electron-ion collisions and proton dosimetry with special
attention on cancer therapy are the main research topics.

ASTRID is shown schematically in Fig. 3.3. It has a square geometry with
a circumference of 40 m. Each of the four corners consists of two 45° dipole
magnets, and the straight sections are equipped with quadrupole magnets
for focusing purposes and correction dipole magnets for final beam position-
ing. Furthermore, in each straight section two sets of pickup electrodes are
placed, which are used to monitor the ion beam position in the ring. Various
ion sources can be mounted at the accelerator platform where ions of charge,
Q·e, (Q being either positive or negative) are produced, extracted and pre-
accelerated to an energy of usually 150·|Q| keV. In order to single out a partic-
ular ion of those produced in the source, the ions are mass-to-charge analyzed
by a separator magnet. Hence, merely ions of a given mass-to-charge ratio
are guided through the beam line beyond the magnet. Further downstream, a
chopper allows a beam pulse with a spatial length corresponding to the ring
circumference to pass while the remaining ions are deflected away from the
beam. After passing the chopper, the beam pulse reaches another separator
magnet and then the septum magnet, which injects the ion bunch into the
ring. An electrostatic kicker placed opposite the septum deflects the ions into
a closed orbit in the ring thus leading to storage (single turn injection). Sub-
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sequently, the stored ions are bunched by means of a radio-frequency (RF)
system where the frequency is set to an integer multiple, n, of the revolution
frequency, thereby producing n ion bunches (a typical number is 18–25). To
accelerate the ions to final energies of order MeV, the RF is then ramped up
synchronously with the magnetic fields in the dipole and quadrupole mag-
nets. The maximum momentum pmax attainable for a given ion is determined
by the magnetic rigidity, B · R=1.93 Tm, where B is the maximum magnetic
field strength obtainable by the magnets and R the radius of curvature of the
ring lattice. pmax is found by equating the Lorentz force, QevB, with the rela-
tivistic centripetal force, pv/R, (p being the relativistic momentum and v the
velocity), and hence the maximum kinetic energy is:

Emax
kin =

√
p2

maxc2 + M2c4 − Mc2 =
√

(QeBRc)2 + M2c4 − Mc2

= 931.5
[√

0.3858Q2 + M2 − M
]

MeV,
(3.1)

where M the ion mass in atomic mass unit (amu) and c the speed of light.
In practice, however, this maximum kinetic energy was for a long time not
achievable due saturation effects in the dipole magnetic fields. These effects
complicated the synchronous ramping of the quadrupoles with the dipoles
thus making it extremely difficult to reach the maximum energy. Recently, the
ramping procedure was facilitated by employing the result of measurements,
which mapped out the current vs magnetic field characteristics of the dipole
and quadrupole magnets. Hence, the limit set by Eq. (3.1) is now feasible.

The ion beam lifetimes at these high energies are determined by charge-
changing collisions with residual gas in the ring. The mean pressure, main-
tained by more than 40 vacuum pumps, is in the low 10−11 mbar region, which
results in typical lifetimes of a few seconds for molecular ions.

The acceleration of ions in the ring makes it possible to store virtually any
ion, positive or negative, provided that a reasonable beam current can be ex-
tracted from the ion source. However, as the acceleration procedure takes
a few seconds, it is difficult to study electron collisions with short-lived ion
species.

3.2.2 The electron cooler

The electron target for collision experiments is provided by the electron cooler
mounted in one of the straight sections in the ring (see Fig. 3.3). Figure 3.4
shows a sketch of the electron cooler device. The electron beam is produced in
the gun and transported by magnetic fields to the interaction region where it is
merged with the ion beam. After the 0.95 m-long overlap section, the electrons
are separated from the ions by deflecting them into a collector.
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Figure 3.4: Schematic drawing of the electron cooler at ASTRID. Electrons cre-
ated at the cathode are accelerated to the anode from where they are guided
through the interaction region and into the collector by magnetic fields.

The name ‘cooler’ refers to the fact that the electron cooler device can be
used to phase-space cool the ion beam. On each roundtrip in the ring, the
ions are passed through the cold electron beam travelling at the same mean
velocity as the ions. Going through the interaction region, the ions undergo
Rutherford scattering by the electrons. In this process, heat is exchanged be-
tween ions and electrons through Coulomb interactions, and the continuously
renewed electron beam thus serves as a heat reservoir for the ions. The result
is a reduction of the ion velocity spread in all three spatial directions. For an
elaborate discussion of the subject, Ref. [138] should be consulted.

In the present work, the electron cooling technique was not employed,
since the molecular systems under investigation were too heavy to allow for
phase-space cooling on a reasonable timescale. Therefore, the electron cooler
merely served as a means of producing an intense electron beam of well-
defined energy.

The electron beam is produced in the electron gun, which has a modified
Pierce geometry [139]. The cathode is a 1 cm diameter BaO coated tungsten
cathode, which emits electrons through thermionic emission when heated to
∼1200 K. The electrons are accelerated from the cathode kept at negative po-
tential Vcath towards a grounded anode grid with a transmission of∼80%. The
extracted electron current Ie is space-charge limited and relates to the cathode
potential through Child’s law [140]:

Ie = PV3/2
acc . (3.2)

Here, Vacc = −Vcath is the acceleration voltage (10–2000 V). The constant, P, is
the perveance determined by the geometry of the electron gun. For an electron
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beam of radius, Re, and a cathode-anode distance of d, the perveance can be
expressed as [140]:

P =
4
9

πε0

√
2e
me

(
Re
d

)2
, (3.3)

where me is the electron mass and ε0 the permittivity of free space. The dis-
tance between the cathode and anode can be changed from outside the vac-
uum chamber, thus allowing for some control of the current. During the ex-
periments described here, the current is typically in the order of a few mA.

The space charge potential

After acceleration, the electrons enter a drift region where they are transported
to the merging section. In this region, the central electrons within the cylin-
drical beam move slower than the outer ones as the latter shield the ground
potential of the surrounding vacuum chamber. This fact has a non-negligible
effect on the electron energy in the laboratory frame, Elab

e , which is given by:

Elab
e =

1
2

mev2
e = e(Vacc + Vsp). (3.4)

Here, ve is the electron velocity and Vsp the negative space charge potential
due to presence of the electrons. The electron beam is represented by a charge
distribution of uniform number density, ne, and with sharp boundaries [141].
The distribution has a cylindrical symmetry and is surrounded by the coax-
ial cylindrical vacuum chamber, which is grounded. The potential resulting
from this configuration is found analytically by solving the Poisson equation
or by employing Gauss’s law (see appendix A), which leads to the following
expression:

Vsp(r) =
eneR2

e
4ε0

[
2 ln

(
Re
R

)
+

(
r

Re

)2
− 1

]
, r < Re . (3.5)

R and Re are the radii of the vacuum chamber and the electron beam, respec-
tively. As seen, the potential, and hence the electron energy, depend on the
distance r from the center axis. If the electron current, Ie = eneπR2

eve, and Elab
e

are introduced instead of the number density, ne, and the electron velocity, ve,
a simplified expression for Vsp(r) is obtained:

Vsp(r) = −Ksp(r)
Ie√
Elab

e
. (3.6)

Here, Ksp(r), is a positive factor purely dependent on the geometrical param-
eters and the position in the electron beam (see Eq. (A.11)).
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In the interaction region, the ion and electron beams are aligned to a good
approximation. The radius of the electron beam is Re = 1.06 cm, and the
radius of an uncooled ion beam is Ri ≈ 0.5 cm [142]. Due to the finite ion
beam size, the ions will interact with electrons at different radii and hence
experience different electron energies. This effect contributes to the energy
resolution in the experiment as discussed on p. 36, although it is not necessar-
ily the limiting factor. Nonetheless, the average electron energy of electrons
interacting with the ion beam can be found by integrating the space charge
potential over the extent of the ion beam and subtracting this potential from
the acceleration voltage. The result is:

Elab
e = e

(
Vacc − Keff

sp
Ie√
Elab

e

)
, (3.7)

where Keff
sp is a constant obtained by averaging Ksp(r) over the ion beam. The

constant is called the space charge constant, and from the above equation, it is
evident that Keff

sp must be known in order to calculate the electron energy. The
space charge constant can be determined experimentally as described below.

In electron-collision experiments, the measured quantity is the cross sec-
tion mapped out as a function of the collision energy (also referred to as the
relative energy). For parallel electron and ion beams, the relative energy, Erel,
is defined as:

Erel =
1
2

me(ve − vi)
2 =

[√
me
Mi

Ei −
√

Elab
e

]2
, (3.8)

where Mi and Ei are the ion mass and energy. The relative energy is changed
by varying the electron energy while keeping the ion energy fixed. The mea-
surable quantities are Vacc, Ei and Ie, and as Eq. (3.7) must be solved to find
Elab

e , it is necessary to know Keff
sp in order to calculate the collision energy.

However, there are two ways of obtaining a certain relative energy: either the
electrons are faster than the ions (ve > vi) or the other way around (ve < vi).
Clearly, the cross section for a given reaction is independent of which species
is faster, and hence measurements of the cross section for ve > vi must be iden-
tical to those for ve < vi. The requirement that the cross section is symmetric
around ve = vi allows Keff

sp to be determined and thereby making it possible to
calculate the relative energies.

Energy resolution

An important parameter in the experiment is the energy resolution. The rel-
ative ion energy spread in ASTRID has been measured to be in the order of
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10−4 [143], whereas the relative laboratory energy spread of the electrons is
of order 10−2–10−3 due to, for example, acceleration voltage ripple. Since the
energy spread of the ions is an order of magnitude smaller, the spread in rel-
ative energy is mainly governed by the electrons. Therefore, it is essential to
produce an electron beam with a narrow velocity distribution.

When first emitted from the hot cathode, the velocity distribution of the
electrons is a thermal three-dimensional Maxwell distribution characterized
by the cathode temperature, T0:

f (ve) =
(

me
2πkT0

)3/2
e−mev2

e/2kT0 . (3.9)

The cathode temperature is∼1200 K yielding a mean energy of 〈Ee〉 = 3/2kT0
= 0.16 eV. However, accelerating the electrons breaks the spherical symmetry
of the velocity distribution as the longitudinal (parallel to the beam direction)
and transversal (perpendicular to the beam direction) degrees of freedom are
affected differently. To the first approximation, the transversal velocity spread
is unchanged after acceleration whereas the longitudinal one undergoes a
kinematic compression. After the acceleration stage, the velocity distribution
is therefore characterized by two different temperatures, a longitudinal tem-
perature, T‖, and a transversal one, T⊥. In the frame moving with the average
electron velocity, the velocity distribution is described by a flattened Maxwell
distribution:

f (v) =
me

2πkT⊥
e−mev2

⊥/2kT⊥

√
me

2πkT‖
e−mev2

‖/2kT‖ , (3.10)

where v⊥ and v‖ are the transversal and longitudinal velocities in the mov-
ing frame. The temperatures are defined according to the equipartition theo-
rem of statistical mechanics stating that the mean value of each independent
quadratic term in the energy is equal to kT/2 [144]:

1
2

kT‖ =
1
2

meσ2
v‖

=
1
2

me

(
〈v2

‖〉 − 〈v‖〉2
)

,

1
2

kT⊥ =
1
2

meσ2
vα

=
1
2

me

(
〈v2

α〉 − 〈vα〉2
)

, α = x, y,
(3.11)

where vx and vy are the two transversal velocities relating to v⊥ through the
equation v2

⊥ = v2
x + v2

y.
Due to energy conservation, the longitudinal energy spread, σE, is constant

during acceleration and is therefore equal to the initial spread of (kT0)/
√

2.
When accelerated to an energy, E0, the relative energy spread of the electrons
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is given by σE/E0, which is twice as large as the relative longitudinal velocity
spread, σvz /〈vz〉. Accordingly, the longitudinal electron temperature in the
moving frame is found to be [138]:

1
2

kT‖ =
1
2

meσ2
vz =

1
2

me

( 〈vz〉σE
2E0

)2

=
(kT0)

2

8E0
. (3.12)

Under typical conditions, the expression above results in values of kT‖ in the
order of 0.01 meV, which is orders of magnitude smaller than kT0. However,
another contribution to the longitudinal temperature has to be taken into ac-
count. Prior to acceleration, the electrons have some potential energy aris-
ing from Coulomb interactions. This energy is left unchanged by the accel-
eration as the time scale involved is too short for electron interactions to oc-
cur. Subsequently, the potential energy is partly converted into kinetic energy
thereby influencing the electron temperature, a process known as longitudinal-
longitudinal relaxation. Hence, the change in potential energy must be added
to the longitudinal temperature, which then becomes [138]:

kT‖ =
(kT0)

2

4E0
+ C n1/3

e , (3.13)

where C is a constant. The additional term is estimated to be in the order
of 0.1 meV making it in fact the dominant contribution to the longitudinal
temperature. Consequently, kT‖ is essentially independent of the acceleration
energy. The longitudinal temperature can be determined experimentally by
studying narrow structures in scattering cross sections, and measurements of
dielectronic-recombination cross sections yield a temperature of kT‖ = 1.0±
0.5 meV [141].

While the longitudinal temperature is greatly reduced by the acceleration,
the transversal temperature is left unchanged as already mentioned. The en-
ergy associated with the transverse degrees of freedom is stored in cyclotron
motion as the guiding magnetic field causes a spiralling motion of the elec-
trons in the plane perpendicular to the beam direction. Superimposed on this
motion is a magnetron motion caused by the transversal electric field arising
from the space charge of the electron beam. The energy stored in the mag-
netron motion is of the order of 0.01–0.1 eV and the transverse temperature is
therefore expected to be somewhat higher than the cathode temperature. Re-
duction of the transversal energy is accomplished by an adiabatic expansion
of the electron beam, a method first employed by Danared [145]. The tech-
nique relies on the fact that the action integral is an adiabatic invariant [146].
This implies that the magnetic flux through the electron orbit is a constant of
motion provided that the magnetic field varies slowly compared to the orbit-
ing frequency of the motion [147]. The magnetic flux, Φ, through a cyclotron
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orbit of radius, rc, is given by:

Φ = Bπr2
c , (3.14)

where B is the magnetic field strength. In terms of the cyclotron frequency,
ωc = eB/me, the kinetic energy contained in the motion can be expressed as:

Ec =
1
2

meω2
c r2

c =
e2BΦ
2πme

. (3.15)

As is evident, the cyclotron energy is linearly dependent on B. Hence, the
transversal energy can be diminished by subjecting the electrons to a slowly
decreasing magnetic field when travelling from the gun to the interaction re-
gion. The kinetic energy is reduced by the adiabatic expansion factor, fa, de-
fined as

fa =
Bgun

Bsol
, (3.16)

as is likewise the transversal temperature:

kT⊥ =
kT0
fa

. (3.17)

As the magnetic flux through a cyclotron orbit is constant, Eq. (3.14) implies
that the radius of the orbiting motion increases, and accordingly the electron
beam is expanded to a radius of:

Re = R0
√

fa , (3.18)

where R0 = 0.5 cm is the radius of the cathode. In all experiments presented
here, the value of the expansion factor was kept at 4.5, yielding a transversal
temperature of kT⊥ ' 25 meV. The energy removed from the transverse de-
grees of freedom is put into the longitudinal motion, but the energy transfer
does not influence the longitudinal temperature considerably. The additional
energy spread can be viewed as an increase in the cathode temperature in
Eq. (3.13) by the amount kT0(1− 1/ fa). However, the dominant contribution
is still that of the longitudinal-longitudinal heating, and the longitudinal tem-
perature is therefore unaffected by the expansion.

Having established the transversal and longitudinal electron temperatures,
the energy resolution in the experiment can be obtained. As mentioned pre-
viously, the collision energy spread is essentially governed by the electron en-
ergy spread, and therefore the ion energy spread is neglected in the follow-
ing. Furthermore, the ions probe different parts of the electron space charge
field, which in addition to the thermal electron velocity spread, influences the
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collision energy spread. For the time being, however, this contribution is ne-
glected, but it will be dealt with shortly.

Assuming parallel beams, the electron velocity distribution in the ion rest
frame is given by:

f (u, ∆) =
me

2πkT⊥
e−meu2

⊥/2kT⊥

√
me

2πkT‖
e−me(u‖−∆)2/2kT‖ , (3.19)

where u⊥ and u‖ are the transversal and longitudinal electron velocity com-
ponents in the ion rest frame. Furthermore, ∆ = |〈ve〉 − vi| is the detuning
velocity between the ions and the electrons, and vi and 〈ve〉 are the ion and
electron beam mean velocities, respectively. The detuning energy, defined as
Ed = me∆2/2, is equal to the relative energy in Eq. (3.8). The longitudinal ve-
locity, u‖, is isolated from the equation Ee = me(u2

⊥ + u2
‖)/2, and in Eq. (3.19)

u‖ is then substituted by the resulting expression. By integrating over the
transverse velocity, the electron energy distribution in the rest frame of the
ions is found to be

f (Ee, Ed) =
∫

f (u, ∆)
du‖
dEe

du⊥. (3.20)

f (Ee, Ed) is the distribution of collision (or relative) energies and thus deter-
mines the energy resolution of the experiment. The integral above can be
solved numerically, and the results for three different detuning energies are
shown in Fig. 3.5. To illustrate the effect of the adiabatic expansion of the elec-
tron beam, distributions for an expanded (kT⊥ = 25 meV) and unexpanded
(kT⊥ = 100 meV) beam are shown.

An important characteristic of the electron energy distribution is the en-
ergy spread, δEe(Ed), as a function of the detuning energy. The expression for
the energy spread is derived in appendix B and the result is:

δEe(Ed) =

√
(kT⊥)2 +

1
2
(kT‖)2 + 2kT‖Ed. (3.21)

As is clear from Fig. 3.5, the energy distributions are neither Gaussians nor
symmetric, and hence the energy spread calculated above should be inter-
preted with care. Nonetheless, Eq. (3.21) implies that the energy resolution
at low relative energies is determined by the transversal temperature and by
the longitudinal one at higher energies (Erel & 10 eV), a trend also evident in
Fig. 3.5.

The above equation neglects the additional spread in collision energy which
stems from the fact that the ions probe different parts of the electron space
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Figure 3.5: Electron energy distributions in the ion rest frame calculated for
three different detuning energies. The solid and dashed curves represent distribu-
tions with transversal temperatures of kT⊥ = 25 meV and 100 meV, respectively.
In all cases, the value used for the longitudinal temperature is kT‖ = 1 meV.

charge potential. To take this contribution into account, it is assumed that at
each radial distance, r, the electron velocity distribution in the ion rest frame
obeys Eq. (3.19), where ve(r) =

√
2Elab

e (r)/me is now a function of the radial
distance. Here, Elab

e (r) is a solution to the equation

Elab
e (r) = e

(
Vacc − Ksp(r)

Ie√
Elab

e (r)

)
. (3.22)

The electron current is related to the acceleration voltage through Eq. (3.2),
and hence the energy difference between electrons in the center and at the
edge depends on the perveance. The collision energy distribution is now ob-
tained in a similar manner as Eq. (3.20), except that the distribution must be
averaged over r. Figure 3.6 shows the longitudinal collision energy spread
for two different values of the perveance. The situation from the left graph is
taken from an experiment on PO−

2 with meEi/Mi = 15.5 eV, Vacc = 70 V and
P = 2.79× 10−3 mA/V3/2, and in the right one, the value of the perveance has
been doubled. As evident, the perveance may be chosen in such a way that the
resolution is determined by the thermal spread. However, if the perveance is
too large, the contribution from the space charge potential cannot be ignored.
Roughly speaking, the additional spread becomes significant when the energy
difference, ∆Esp, between electrons in the center and at the ion beam edge is
larger than the energy spread obtained from Eq. (3.21), that is

∆Esp = Elab
e (Ri)− Elab

e (0) > δEe(Ed). (3.23)
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Figure 3.6: The longitudinal collision energy distributions for two different val-
ues of the perveance. The dashed curves represent the distribution on the center
axis of the electron beam (infinitely narrow ion beam), whereas the solid curves
show the distribution for an ion beam of radius Ri = 0.5 cm. To illustrate the
change in spread, the latter distribution is overlayed the first (dotted curves).

3.3 Experimental procedures at ASTRID

The interesting quantities in electron-anion collisions are the cross section for
various processes as a function of collision energy and the branching ratios of
the different reaction channels. This section is devoted to a description of how
these quantities are actually measured in the merged-beams setup at ASTRID.

Experiments are initiated by extracting ions from the ion source, injecting
the desired ions into ASTRID, and accelerating them to final energies in the or-
der of MeV. Since the injection and acceleration stage has a duration of several
seconds, the ions are expected to be in thermal equilibrium with the surround-
ings during storage. While circulating in the ring, the ions undergo collisions
with residual gas causing the formation of neutral particles. Upon arriving
at the next dipole magnet, the ions continue along the stored orbit whereas
the neutrals pass unaffectedly through the magnetic field thereby leaving the
ring. Placed in one of the corners of ASTRID are various detectors which are
used to detect the neutral products (see Fig. 3.3). One is a Micro Sphere Plate
with a fluorescent phosphor screen. This imaging detector serves merely as a
means of obtaining a visual image of the ion beam position in the ring and is
not employed during actual measurements. Instead, an energy sensitive solid
state surface-barrier detector (SSD) is utilized. When impacting on the SSD,
the neutrals give rise to a signal proportional to the energy deposited in the
detector. If a collision neutralizes the ion in the right section, the formed neu-
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Figure 3.7: Pulse height spectra with OH−(H2O)2 stored in the ring. Left: Spec-
trum without a grid in front of the detector. Right: Spectrum with a grid of 68%
transmission inserted in front of the detector. X denotes O, OH or H2O as these
cannot be separated by the detector.

tral fragments hit the detector and deposit the full energy, Ei, of the ion beam.
However, if charged fragments are formed in the collision, only the energy
carried by the neutrals is deposited as the charged fragments do not reach the
detector because of the dipole magnetic field. Since each fragment formed in a
collision carries a fraction of the full energy proportional to its mass, the pulse
height spectrum of the SSD contains information about the chemical compo-
sition of the ion beam. An SSD spectrum recorded with OH−(H2O)2 stored
in the ring is shown in Fig. 3.7. Due to the finite energy resolution of the de-
tector, O, OH and H2O cannot be distinguished, and the signals from single
hydrogen atoms cannot be resolved from electronic noise. Accordingly, only
three distinct peaks show up in the spectrum. Furthermore, the detector can-
not resolve molecules from groups of molecular fragments of the same total
mass arriving within a few microseconds as the two events deposit the same
amount of energy. Therefore, each peak sums up the detections of several
different events as also indicated in the figure.

After using the SSD to check that it is in fact the desired ions that are stored,
the next step is to ensure good overlap between the ions and the electron beam.
In the initial optimization, the imaging detector is used to visually center the
electron-induced signal on the SSD detector. Afterwards, the overlap is ad-
justed more carefully by monitoring the signal from the SSD and optimizing
the signal-to-background ratio and the total count rate.
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3.3.1 Cross section measurements

The cross sections for electron-induced reactions are measured as a function of
relative energy by varying the electron energy in the lab frame while keeping
the ion energy fixed. One measurement cycle consists of injecting and acceler-
ating the ions, merging them with the electron beam to perform the collision
measurements, and finally ramping down the dipole magnets to prepare for
the next injection. During each cycle, the collision energy remains constant,
and the measurement at a particular energy is repeated for a given number of
injections before the electron energy is changed. During a measurement, the
count rates in each peak appearing in the SSD spectrum are recorded as a func-
tion of storage time. To allow for subtraction of the count rate stemming from
residual gas collisions, the electron beam is chopped by alternating the grid
anode in front of the gun between 0 V and −3 kV. The typical chopping fre-
quency is 20–40 Hz. Furthermore, the electron current and acceleration volt-
age are recorded in each cycle.

Due to the finite spread in relative velocity, it is not possible to extract
the cross section directly from measurable quantities. Instead, the quantity
extracted from the experiments is the rate coefficient

〈vσ〉(Erel) =
∫

vσ(v) f
(

v,
√

2Erel/me

)
dv, (3.24)

which is the velocity-weighted cross section averaged over the relative-veloci-
ty distribution. In the expression, v is the relative velocity, σ the cross sec-
tion, and f (v,

√
2Erel/me) the three-dimensional distribution of relative veloci-

ties from Eq. (3.19).
In terms of the measurable quantities, the total rate coefficient for all pro-

cesses leading to an event in SSD peak number k can be expressed as

〈vσ〉meas =
N(k)− N0(k) f

Ni

vi
Lεne

, (3.25)

which is then measured as a function of the relative energy, Erel. Here, v is
the electron velocity in the ion rest frame, σ the cross section, vi the ion veloc-
ity, ne the electron density, L the length of the interaction region and ε(= 1)
the detection efficiency. N(k) and N0(k) are the rates of neutrals in SSD peak
number k measured with the electron beam on and off, respectively. The factor
f = exp(Tch/τ), where 1/(2Tch) is the chopping frequency, accounts for the
fact, that the two rates are not recorded simultaneously. Thus, the finite life-
time τ of the ion beam must be taken into consideration. Since N0 is recorded
as a function of storage time and is proportional to the number of ions in the
ring, this quantity can be used to determine the ion beam lifetime. Ni is the
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Figure 3.8: Close-up of the toroid region where the electrons and ions separate.

rate of ions passing through the electron cooler. Determination of Ni, and
thereby the absolute rate coefficient, requires a measurement of the number of
ions stored in the ring. However, the device normally used to measure the ion
beam currents in these experiments has a lower limit of about 50 nA. For most
of the experiments presented here, the currents extracted from the ion source
were of the order 10–100 nA, thus making it difficult to perform current mea-
surements. Nevertheless, relative rates were found by substituting Ni with
the rate of background events, a quantity proportional to the number of ions
in the ring as already mentioned.

In the toroid regions of the electron cooler, where the electron and ion
beams merge and separate, electron and ion velocities are not strictly paral-
lel. This leads to higher relative energies in these regions than in the center of
the interaction region. Consequently, the rate coefficient measured at a given
relative energy, 〈vσ〉meas , contains a small contribution from higher relative
energies which must be subtracted to obtain the true rate coefficient 〈vσ〉. The
collision energies encountered in the toroid regions can be written as

Etor
rel (z) = Elab

e +
me
Mi

Ei − 2
√

Elab
e Ei

me
Mi

cos θ

= Erel + 2
√

Elab
e Ecool


1−

√
R2

T − z2

RT


 ,

(3.26)

where Ecool = me
Mi

Ei is the electron energy at which the ions and electrons
travel at the same velocity. Furthermore, z is the longitudinal position in the
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the measured rate coefficient for two different values of the ion storage energy ex-
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toroid region, θ the corresponding angle between the electron and ion veloci-
ties, and RT the radius of curvature of the electron beam in the toroid magnet.
At a given relative energy, the measured rate coefficient can then be expressed
as

〈vσ〉meas(Erel) · L0 = 〈vσ〉(Erel) · L0 + 2
∫ zmax

0
〈vσ〉(z)dz

= 〈vσ〉(Erel) · L0 + 2
∫ Emax

Erel

〈vσ〉(E′) ·
(

dz
dE

(E′)
)

dE′,

(3.27)

where Emax is the maximum collision energy reached at the position zmax =√
(RT+Re)2−R2

T, and L0 is the length of the region where the ion and electron
velocities are parallel. From the measured rate coefficient, the toroid contribu-
tion can be found by exploiting the above equation in an iterative manner. The
true rate coefficient is then obtained by subtracting the calculated contribution
from the measured one. For a model cross section, Fig. 3.9 shows the measured
rate coefficient including the toroid contribution to illustrate the toroid effect.
All data presented in this thesis are corrected for toroid contributions.

Having obtained the rate coefficient 〈vσ〉, it is now possible to extract the
cross section, which is calculated by dividing the rate coefficient by the aver-
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age relative velocity, that is

σ ' 〈vσ〉√
2Erel
me

. (3.28)

If the velocity distribution is highly asymmetric, the true cross section is poorly
approximated by the above equation. However, as can be seen in Fig. 3.5,
this is true only for very low collision energies (in the order kT⊥). Since
the threshold energies for electron detachment for all ions investigated in the
present thesis are far above this energy region, the true cross section is well-
approximated by Eq. (3.28).

3.3.2 Branching ratio measurements

While cross sections are always extracted by the analysis presented above, the
analysis to obtain the branching ratios of different reaction channels varies
from molecule to molecule. This is of course due to the fact that the reac-
tion channels of two different molecules are not comparable, and hence each
molecule must be treated individually. Nonetheless, the overall procedure is
the same, and therefore the measurement technique and the following analy-
sis are presented through an example.

The SSD pulse height spectrum from the OH−(H2O)2 experiment (see
Chap. 5) is shown in Fig. 3.7. As mentioned, it is not possible to distinguish
between O, OH and H2O due to the finite energy resolution of the detector.
Neither is it possible to resolve the peaks corresponding to the detection of one
or several hydrogen atoms from electronic noise present in the SSD spectrum
at low energy. Thus, only three distinct peaks appear in the spectrum arising
from the detection of one, two, and three entities, X, where X represents O,
OH or H2O. Furthermore, the detector cannot resolve molecules from groups
of molecular fragments of the same total mass. For instance, an X2 molecule
will induce the same signal as two X fragments arriving simultaneously. How-
ever, this problem must be surpassed if the branching ratios are to be found.
In order to separate such channels from each other, a well-established grid
technique is used [148–151]. Here, a grid of a finite transmission, T, is inserted
in front of the detector (see Fig. 3.3). In the present experiments, two different
grids of transmissions T ' 24% and T ' 68% are used.

Only neutral fragments are detected, and accordingly no information is
obtained about channels that do not lead to neutral fragments. Such channels
are therefore neglected in the following. Moreover, some channels cannot be
distinguished from each other as they lead to the same neutral fragments, and
these are thus treated as only one single channel. Bearing this fact in mind,
electron scattering on a system consisting of three identical entities, X, such as
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OH−(H2O)2, can lead to the following reaction channels:

X−
3 + e− → X3 + 2e− (Ca)

X2 + X + 2e− (Cb)

X + X + X + 2e− (Cc)

X−
2 + X + e−

X+
2 + X + 3e−

· · ·
(Cd)

X− + X2 + e−
X+ + X2 + 3e−
· · ·

(Ce)

X− + X + X + e−
X+ + X + X + 3e−
· · ·

(Cf)

. (3.29)

Without a grid in front of the detector, the channels Ca, Cb, and Cc will all
contribute to the signal in the full energy peak as the total mass of all the neu-
tral fragments is the same for each of the three channels. However, with a
grid of transmission, T, inserted in front of the detector it is possible to dif-
ferentiate between these channels since they will contribute to the full energy
peak with different weights: T, T2 and T3, respectively. Figure 3.7 shows the
pulse height spectrum with and without a grid in front of the detector. The
figure shows that the relative intensities of the peaks change when the grid
is inserted. With a grid, the total rate of events, R0, is distributed among the
three peaks according to

R3 = [aT + bT2 + cT3]R0

R2 = [bT(1− T) + 3cT2(1− T) + eT + f T2]R0

R1 = [bT(1− T) + 3cT(1− T)2 + dT + 2 f T(1− T)]R0,

(3.30)

where R1, R2 and R3 are the rates in the peak corresponding to the detection of
one, two and three neutral X fragments, and a, . . . , f are the branching ratios
of the channels Ca, . . . Cf. The branching ratios are normalized through the
equation

a + b + c + d + e + f = 1. (3.31)

As the rates in the three peaks are measured at three different transmissions
(T = 100%, 68% and 24%), ten equations have to be solved (Eq. (3.30) for
each of the three transmissions plus the normalization condition). It should
be noted that the total count rate R0 is not necessarily the same for the three
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different grid measurements, and hence the number of unknowns is nine (six
branching ratios and three total count rates). Usually the total count rates are
eliminated from the equations by solving the set of equations for R1/R3 and
R2/R3 instead.

The system of equations is solved using a standard χ2-minimization rou-
tine, yielding the branching ratios for the different decay channels.

3.4 The crossed-beams setup at ELISA

Investigations of electron-anion collisions can also be performed at the ELec-
trostatic Ion Storage ring, Aarhus (ELISA). The ions are injected into the ring
where they are stored for a few seconds. Shortly after injection, the ions are
crossed with an electron beam in a straight section of the ring. The electrons
are provided by ETRAP which is a device capable of producing a beam of
electrons or a cloud of trapped electrons. In the following, the ELISA storage
ring is described in further detail along with the ETRAP device. Finally, the
experimental procedures at ELISA are outlined.

3.4.1 The ELISA storage ring

The ELISA storage ring [51, 152] differs significantly from conventional mag-
netic storage rings, such as ASTRID, in a number of ways. A fundamental
difference is the principle of operation. Where magnetic fields are used to
store ions in ASTRID, ELISA relies solely on electrostatic fields for steering
and focusing purposes. As a consequence, ELISA has different properties than
ASTRID, a fact becoming more obvious when comparing the equations of mo-
tion for ions in the two rings. The magnetic field strength, B, required to de-
flect an ion of mass m and charge q into a circular orbit of radius R is found by
equating the Lorentz force, mvB, with the centripetal force, mv2/R:

B =
mv
qR

=
√

2mE
qR

, (3.32)

where v and E are the velocity and energy of the ion, respectively. It is evident
that the required magnetic field strength is dependent on the mass of the ion
for fixed energy. Substituting the magnetic field by an electric field of field
strength E changes the Lorentz force to qE , and instead the equation of motion
yields:

E =
mv2

qR
=

2E
qR

. (3.33)
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The expression reveals that the required electric field strength is independent
of the ion mass for a given energy. Ignoring gravity, this means that for a
given energy-to-charge ratio ions of any mass can be stored in ELISA. This
fact is the major advantage of an electrostatic storage ring as compared to a
magnetic one, since the settings of the electrostatic steering devices remain
the same for any ion — be it H− or a heavy biomolecular negative ion — pro-
vided the energy-to-charge ratio is constant. The latter is easily fulfilled, as
this ratio is nothing but the acceleration voltage. Hence, only the magnet for
mass-selection and a few timing parameters before the ring need considera-
tion when changing between storage of ions of various mass.

In a magnetic storage ring, it is also possible to store heavy ions such as
e.g. C−60, but in these cases the storage energy is limited to the keV-range due
to the finite magnetic rigidity, i.e. finite value of B·R. However, the main ad-
vantage of a magnetic ring over an electrostatic one is mostly related to the
high MeV storage energy that can be obtained for lighter molecules. The high
storage energy enables the use of energy-sensitive detectors to identify the
neutral fragments, but this feature is lost for very heavy ions due to the lower
storage energy.

For comparison, the storage energy in ELISA is limited to 25 keV, which
presently rules out the use of energy-sensitive detectors due to their finite en-
ergy resolution (however, energy-sensitive detectors that can be used for low-
energy electrostatic storage rings are currently being developed [153]). Thus,
only the total count rate of neutrals can be recorded, and no information about
the identity of the fragments is obtained.

Apart from the drawback of low storage energy, ELISA has no other main
disadvantages. The smaller size allows the entire ring to be cooled down by
mounting an insulating box around it and filling the box with liquid nitro-
gen. With this technique, temperature control from room temperature down
to −55°C has been demonstrated [154, 155]. Furthermore, no cooling water
has to be supplied to the ring as opposed to a magnetic ring, where cooling
water is of critical importance due to the large currents (∼1000 A) carried by
the coil windings of the dipole and quadrupole magnets. Hysteresis effects are
absent, and finally, the cost of building an electrostatic storage ring is small.

Design of ELISA

A schematic drawing of the ELISA storage ring is shown in Fig. 3.10. It has a
race-track shape with a circumference of 8.3 m. The ion orbit is defined by a
160° cylindrical electrostatic deflector at each end together with four 10° par-
allel plate deflectors. To position the beam vertically, parallel plate deflectors
are placed before and after the 160° deflectors, and in each of the two straight
sections two pairs of electrostatic quadrupoles serve to focus the ion beam.
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Figure 3.10: Schematic drawing of the electrostatic ion storage ring, ELISA. H
and V denote elements affecting the ion trajectory in the horizontal and vertical
directions, respectively.

Furthermore, the ring is equipped with pickup electrodes, which allow moni-
toring the ion beam position in the ring for intense beams (ion currents greater
than ∼0.1 nA). An RF system located in the second straight section makes it
possible to bunch a circulating ion beam [152], but this feature is rarely used.
In the first straight section of ELISA, the electron target ETRAP is mounted
which is capable of producing an electron beam crossing the ion beam at right
angles. A magnetic field longitudinal to the electron beam provides the ra-
dial confinement of the electrons, and this field, which is transverse to the ion
beam direction, causes the ions to be deflected vertically. To compensate for
this deflection, vertical electrostatic steerers are placed just before and after the
interaction region where the electrons and the ions are overlapped.

It is possible to mount various ion sources on the accelerator in order to
use the most suited source to produce the desired ions. The ions are produced,
extracted from the source, and accelerated to typically 22 keV. If the mounted
ion source produces a continuous beam of ions, a chopper placed immediately
after the acceleration stage can be used to pulse the beam. The chopper allows
a bunch of ions to pass before it deflects the remaining beam away from the
injection beam line. The time duration of the bunch is set to one revolution
time in ELISA to ensure storage of the maximum number of ions. To separate
the desired ions from other ions present in the bunch, the bunch is mass-to-
charge analyzed in a separator magnet, and only the chosen ions continue
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Figure 3.11: Schematic drawing of the ETRAP electron target.

further downstream. To inject the ions, the first 10° deflector in ELISA is kept
at 0 V thus allowing the ions to enter the ring. Just before the first ions have
made a full roundtrip, the 10° deflector is set to a value allowing for storage of
the ions.

The pressure in the ring is 10−11–10−10 mbar resulting in typical ion life-
times in the order of several seconds at the storage energy of 22 keV.

3.4.2 The electron target ETRAP

The electron target for collision experiments is provided by ETRAP which is
mounted in the first straight section of ELISA. A schematic drawing of ETRAP
is seen in Fig. 3.11, and the details of the design and some electron beam prop-
erties are described in Ref. [9]. The ETRAP device has two modes of opera-
tion: it can provide a beam of electrons to study collision processes at relative
energies ranging from ∼3 eV, or, as the name implies, it can trap a cloud of
electrons to study collisions at low relative energies (below ∼1 eV).

The electrons are delivered by a 15 mm diameter BaO-coated tungsten
cathode of the same type as the one mounted in the electron cooler at ASTRID.
From the cathode, the electrons are accelerated towards the anode grid in front
of the cathode. The potential of the anode grid can be changed allowing the
grid to be used for blocking the electron beam or for reducing the electron cur-
rent, which depends on the potential difference between the cathode and the
anode as described by Child’s law, Eq. (3.2). The electrons are guided through
the interaction region by an axial magnetic field of ∼200 Gauss provided by
four external coils. At the end of ETRAP, the electrons are dumped in a biased
Faraday cup used to measure the electron current. Between the anode and
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the cup, a series of nine ring electrodes is placed. The electrodes may be used
to create a Penning trap potential to trap a cloud of electrons in the interac-
tion region (trap mode). However, in the work presented in this thesis, all the
electrodes were grounded in order to create a beam of electrons instead (beam
mode).

Energy resolution

In ELISA, the ion beam and the electron beam cross at right angles as op-
posed to the ASTRID setup, where the two beams are merged. The distri-
bution of collision energies encountered in ELISA is therefore fundamentally
different from that in ASTRID. As described on p. 31, the electron energy in the
laboratory frame depends on the radial position within the beam due to the
space charge potential created by the surrounding electrons (see Eq. (3.22)). In
crossed-beams experiments, the ions traverse the electron beam and therefore
experience the full range of different longitudinal electron energies induced
by the space charge potential. To investigate how this effect influences the en-
ergy resolution in the experiments, it is again useful to consider the electron
velocity distribution. Since the acceleration breaks the spherical symmetry
of the three-dimensional Maxwellian velocity distribution at the cathode, the
distribution is described by the flattened Maxwell distribution of Eq. (3.10). In
ETRAP, the electron beam is not expanded, and the transverse temperature is
therefore equal to the cathode temperature yielding kT⊥ ' 100 meV. Like in
the electron cooler at ASTRID, the longitudinal degree of freedom undergoes
a kinematic compression, which significantly reduces the temperature, but the
actual temperature has not been measured. In the following the temperature
is assumed to have the same value as in the electron cooler, i.e. kT‖ = 1 meV.
At each radial distance r, the longitudinal energy distribution in the laboratory
frame is centered at an energy at this particular distance, Elab

e (r), and may thus
be written as

f (E‖, r) =
1

2
√

πkT‖

1√
E‖

e
−

(√
E‖−

√
Elab

e (r)
)2

/kT‖ . (3.34)

In the expression, Elab
e (r) is the solution to Eq. (3.22), and this solution de-

pends on the acceleration voltage, Vacc, applied to the electron beam and the
electron current, Ie. In Fig. 3.12, the above distribution is plotted for electrons
at the center of the beam and electrons close to the edge for different electron
currents. The calculations assume an electron beam radius of 0.75 cm and a
space charge potential of zero at a radius of 1.7 cm. The inner radius of the
grounded ring electrodes is 1.5 cm, but in the interaction region situated be-
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Figure 3.12: Calculated longitudinal energy distribution at the center of the
electron beam (solid curves, r = 0 cm) and close to its edge (dashed curves,
r = 0.7 cm) for different values of the electron current.

tween two electrodes, the equipotential curves presumably expand slightly
in the radial direction. It is seen that the energy spread at a given radius is
much smaller than the energy difference between Elab

e (r) at different values
of r. Hence, the energy resolution is limited by the energy spread introduced
by the space charge potential. Furthermore, the energy difference between the
center and the edge is seen to increase with increasing current. By integration
over the cross sectional area of the electron beam, the total longitudinal energy
distribution in the lab frame can be found according to:

f‖(E‖) =
1

πR2
e

∫ Re

0
f (r, E‖) 2πr dr. (3.35)

With this distribution at hand, it is possible to calculate the distribution of
electron energies in the ion rest frame. As the ions move transverse to the
electrons in the horizontal plane, only the horizontal electron energy distribu-
tion in the lab frame must be transformed in order to obtain the distribution
of collision energies (see Fig. 3.13 for definitions of the different velocity com-
ponents). The horizontal electron velocity distribution in the ion rest frame is
centered on the ion velocity,

√
2Ei/Mi, which gives the following distribution

for the horizontal electron energy, Ex, in the ion rest frame:

fx

(
Ex,

me
Mi

Ei

)
=

1
2
√

πkT⊥
e−(

√
Ex−
√

meEi/Mi)
2
/kT⊥ 1√

Ex
. (3.36)

To determine the distribution of collision energies, the three-dimensional elec-
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Figure 3.13: Drawing of the different velocity definitions.

tron energy distribution in the ion rest frame is now integrated over the hori-
zontal and vertical energies, Ex and Ey:

f
(

Erel,
me
Mi

Ei

)
=

∫∫
f‖(Erel − Ex − Ey) fy(Ey) fx

(
Ex,

me
Mi

Ei

)
dExdEy, (3.37)

where the vertical electron energy distribution is described according to:

fy(Ey) =
1

2
√

πkT⊥
e−Ey/kT⊥ 1√

Ey

. (3.38)

Figure 3.14 shows the total longitudinal energy distribution from Eq. (3.35) to-
gether with the distribution of relative energies (the equation above) for three
different acceleration voltages. The values used for the ion energy and mass
are 22 keV and 46 amu, which exemplifies collision experiments with NO−

2 ,
and also the values of the voltage and current resemble what is normally used
during experiments. Evidently, the energy resolution is limited by the lon-
gitudinal spread, and only at low acceleration voltages does the transversal
spread contribute significantly. An estimate of the width of the distribution
can be found by substituting Ie = PV3/2

acc and Elab
e (r) ' eVacc on the right hand

side of Eq. (3.22). The width, ∆Erel, is roughly equal to the energy difference
between electrons in the center and at the edge of the electron beam yielding

∆Erel = Elab
e (Re)− Elab

e (0) ' P(Ksp(0)− Ksp(Re))eVacc. (3.39)

Thus, the width is ∼0.8 eV at a mean relative energy of 9 eV and approxi-
mately linearly increasing to ∼3.3 eV at 35 eV.
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Figure 3.14: Calculated electron energy distributions in ELISA. Solid curves
show the distribution of longitudinal electron energies, E‖, while the dashed
curves represent the distribution of relative collision energies, Erel.

Relative energy and the effective space charge constant

In experiments, it is crucial to know the average relative energy for a given
acceleration voltage applied to the cathode. Suppose for a moment that the
electron energy in the laboratory frame is known. Since the electrons and the
ions cross at an angle of 90° the electron energy in the ion rest frame, Erel,
becomes

Erel = Elab
e +

me
Mi

Ei. (3.40)

Note that the above equation is only meaningful if the electron energy stored
in the transversal degrees of freedom is much smaller than the energy stored
in the longitudinal degree of freedom. This condition is always fulfilled in
ETRAP. It is evident that the expression for the relative energy differs from
that of the merged-beams configuration (see Eq. (3.8)). In particular, it must
be noted that the above equation does not allow the relative energy to become
zero. Hence, with the cross-beams setup low collision energies (below ∼3 eV)
cannot be reached.

Finding the relative energy as a function of the acceleration voltage thus
boils down to determining the average electron energy in the lab frame. The
relation between the latter and the acceleration voltage is given by Eq. (3.7)
where Keff

sp is the effective space charge constant. In order to calculate the rela-
tive energies, Keff

sp must be determined experimentally.
However, the procedure used at ASTRID to determine the space charge

constant, described in Sec. 3.2.2, can obviously not be employed here. Instead,
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the cross section of an anion can be measured in the same energy range with
two different (Vacc, Ie) characteristics. For a given value of Keff

sp , the two cross
sections can be mapped out as a function of the relative energy, which de-
pends on both Vacc and Ie through Eqs (3.7) and (3.40). In the region where
the relative energies in the two measurements overlap, the two obtained cross
sections must be identical. Keff

sp is now varied until this requirement is fulfilled.
Using this procedure, the value of Keff

sp was found to be 46.8 V
√

eV/mA.
For several different ions, comparisons between cross sections measured

at both ASTRID and ELISA have revealed that in addition a fixed offset has
to be introduced in Eq. (3.7) in order to obtain the actual electron energy. The
offset can be subtracted from either Vacc or Elab

e , and the difference is only
very subtle in the final results. From a physical point of view, both situations
make sense. The first could be ascribed to contact potentials or cathode work
function effects, whereas the second could be due to a small potential in the
interaction region causing the electrons to be not fully accelerated. For the data
presented in Chap. 6, the offset has been applied to Elab

e , as this was easier in
the calibration procedure. The values obtained for the offset is Eoffset = 1.8 eV,
where this value must be subtracted from energy determined from Eq. (3.7) to
obtain the true electron energy.

3.4.3 Experimental procedures

Experiments at ELISA are conducted in a way that is very similar to the one
employed at ASTRID. Nevertheless, some differences between the two proce-
dures exist, and therefore the technique is outlined below.

Before actual measurements are undertaken, good overlap between the ion
and the electron beam must be ensured. Ions are extracted from the source,
and the desired ions are subsequently injected into ELISA. During storage
in the ring, the ions collide with the residual gas, and neutral fragments are
formed in the process. Neutral fragments produced in the straight sections
leave the ring after the next 10° deflector, since they are not affected by the
electric fields. If created in the first section, the neutrals hit a Micro Channel
Plate (MCP) detector placed behind the 10° deflector (see Fig. 3.10). Unlike
the solid state detector used at ASTRID, the MCP cannot distinguish between
particles of different mass, and only the total count rate of neutrals can be mea-
sured. Shortly before the deflector, the ion beam is crossed at right angles by
the electron beam, and neutrals created in electron-ion collisions therefore also
impinge on the MCP. In order to allow for background subtraction, the elec-
tron beam is turned on and off (chopped) at a frequency of 10–20 Hz. Good
overlap between the two beams is ensured by changing the ion orbit in the ring
slightly until a maximum electron-induced signal on the detector is achieved.



54 Chapter 3. Experimental techniques

The total rate coefficient for production of neutrals is then measured as a
function of relative energy by keeping the ion energy fixed while changing
the electron energy. At ELISA, a measurement cycle starts by injecting the
ions and letting them circulate for a while (50–500 ms) to assure vibrational
cooling and decay of metastable ions. After this period, the ions are crossed
with the chopped electron beam, and the count rates with and without elec-
trons are recorded as a function of storage time. Furthermore, the electron
acceleration voltage and electron current are recorded. After some seconds,
the ion intensity has decayed significantly, at which point the measurement
cycle is stopped, and the remaining ions are dumped in order to prepare for a
new measurement cycle. During each cycle, the electron energy — and hence
the collision energy — remains constant, and the measurement at a particular
energy is repeated a given number of injections before stepping to the next
energy point.

At present, it is not possible to measure the absolute ion current in ELISA,
and therefore the total rate coefficient defined by Eq. (3.25) cannot be put on
an absolute scale. Instead only the relative rate coefficient is extracted from
the measurements, and therefore all constants entering Eq. (3.25) are skipped.
In this case, the expression for the relative total rate coefficient is reduced to

〈σv〉meas =
Ns − Nb f

Nbne
, (3.41)

where Ns and Nb are the count rates with and without electrons, respectively,
ne is the electron density, σ the cross section and v the relative velocity. Due to
the finite lifetime, τ, of the ion beam, a factor f = exp(Tch/τ), where 1/(2Tch)
is the chopping frequency, must be introduced. This factor accounts for the
difference in ion current during the recording of the signal and background
count rates, Nb and Ns. The ion beam lifetime can be extracted from the mea-
surements, since Nb, which is proportional to the number of stored ions, is
recorded as a function of storage time.

The total rate coefficient is converted into a cross section by dividing it with
the average collision energy

σ ' 〈σv〉meas√
2Erel
me

. (3.42)

If the distribution of relative velocities is highly asymmetric or very broad,
the cross section is approximated poorly by the above equation. As seen in
Fig. 3.14, the distributions are not symmetric, and it could be speculated if
the above equation is a good approximation. However, it turns out that for a
number of different ions, the cross sections obtained at ELISA agree very well
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with those measured at ASTRID. Therefore, the above equation is expected to
give a fair approximation of the cross section, though the energy resolution is
limited.



56 Chapter 3. Experimental techniques



C H A P T E R 4

Electron-impact detachment
of PO−

n (n = 0–3)

4.1 Introduction

Small doubly charged negative ions are intriguing systems as already men-
tioned in Chap. 2. They are unstable in the gas phase due to the large Coulomb
repulsion between the excess charges, and the study of the properties of such
systems therefore represents a challenge not only to experimentalists, but also
to theoreticians.

To date, neither electronically bound nor unbound atomic dianions have
been identified, whereas several di- and poly-atomic monoanions are known
to form transient dianions when bombarded with electrons [21, 42, 45–49].
The transient dianions reveal themselves as resonant structures in the electron-
impact detachment cross section of the monoanions. However, though reso-
nance dianion states have now been observed for several systems, it remains
a difficult task to predict for which molecular anions such states actually ap-
pear, a point clearly illustrated by Andersen and coworkers [45]. They studied
electron-impact detachment of the isoelectronic species CN− and BO−, but
only the former exhibits an observable resonant structure in the detachment
cross section. Furthermore, this behavior is different from that of the isoelec-
tronic species of NCO and NCS, both of which are able to form transient di-
anion states [49]. These findings are not readily explained, and it remains an
open question why such a structure is not observed for BO−.

In the present chapter, electron impact on PO−
n (n = 0–3) is under inves-

tigation. This series of anions was chosen because of the resemblance to the

57
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isoelectronic NO−
n . Electron-impact detachment of NO−

2 and NO−
3 has previ-

ously been studied [21, 47], and in both cases, resonant structures were obser-
ved in the detachment cross sections. As the electronic structure of PO−

2, 3 re-
sembles that of the corresponding nitrogen oxide anions, it could be expected
that similar structures are observable for the former species. Thus, the compar-
ison between the two different types of anions can shed more light on the con-
ditions under which short-lived dianions are formed during collision events
and, if observed, on the influence of size effects. Naively, dianions of PO2, 3
should be less unstable than the corresponding nitrogen oxide dianions since
the Coulomb repulsion between the excess electrons in the former species is
lowered as a result of the larger volume. Such an effect has been observed for
the isoelectronic species of NCO and NCS [49].

Regarding electron-impact detachment of P− and PO−, no comparison can
be made to N− and NO−. The latter two ions have not been studied, since N−
is electronically unstable [156, 157] and NO− only very weakly bound with a
binding energy of 0.026± 0.005 eV [158].

4.2 Experiment

The PO−
n anions were formed in the ANIS sputter ion source described in

Section 3.1.1. The cathode consisted of a mixture of 70% InP and 30% Ag, and
to produce the oxygen-containing anions atmospheric air was furthermore let
into the source. The extracted ion currents were in the order of 10–100 nA.
After mass-selection and injection into the ASTRID storage ring at 150 keV,
the ions were accelerated to final energies ranging from 1.72 MeV for PO−

3 to
4.41 MeV for P−. The ion beam and the electron beam were merged several
seconds after extraction of the ions from the ion source, at which time the ions
are expected to be vibrationally cold.

The detector used for neutral particle detection was an energy sensitive
surface barrier solid state detector (SSD) with a diameter of 4 cm. The detector
was located 6 m after the electron-ion interaction region. For P−, a single peak
was observed in the SSD energy spectrum, while three peaks were seen for
PO− corresponding to detection of mass 16 (O), mass 31 (P), and mass 47 (PO
and P + O), respectively1. As the masses of O2 and P are very similar, four
peaks showed up for PO−

2 equivalent to detection of mass 16 (O), mass 31–32
(P, O2, and O + O), mass 47 (PO and P + O), and mass 63 (any combination
of one P and two O atoms). In the case of PO−

3 , a peak corresponding to the
detection of mass 79 would be expected in addition to the four peaks observed
for PO2, since the mass for three oxygen atoms is close to that of one P and

1All masses are given in atomic mass units (amu).
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one O. However, the two peaks corresponding to detection of mass 63 and
79 are compressed into one single peak. This is attributed to the fact that the
fragments lose energy on their way through the dead layer of the detector to
the active area where they deposit their remaining energy. The energy loss is
due to Coulomb interactions with nuclei and electrons of the detector material
and scales with the square of the nuclear charge of fragments, thus being more
significant for the heavier fragments [159]. Furthermore, the energy lost in
the dead layer exhibits a broad distribution thereby causing a non-negligible
spread in the detected energy deposit. Therefore, it is not possible to separate
events leading to total neutralization, that is to PO3 or channels of the same
total neutral mass, from those leading to production of PO2 (or channels of the
same total neutral mass).

To extract the branching ratios, grid measurements were performed for all
molecular ions with two grids of transmission, 68% and 24%, in addition to an
equivalent measurement without a grid (see Sec. 3.3.2).

4.3 Results

4.3.1 P−

The detachment cross section for P− is presented in Fig. 4.1(a). The cross sec-
tion is seen to be zero below a certain onset energy at ∼1.6 eV above which it
increases smoothly with the collision energy. The red line represents a fit by
the classical model cross section (Eq. (2.6)). The model provides a good de-
scription of the data, but small deviations are evident in the threshold region.
These are ascribed to tunnelling, an effect not included in the classical picture.
The threshold energy for detachment extracted from the fit is 2.3± 0.1 eV.

4.3.2 PO−

Fig. 4.1(b) shows the cross section for neutralization of PO−, which is the sum
of the cross sections for pure detachment and dissociative detachment. The
cross section for production of charged fragments is negligible in comparison
and is therefore not shown. The neutralization cross section has an onset at
∼3.0 eV and exhibits a smooth behavior as a function of the collision energy
with a maximum at ∼25 eV.

The red curve is a fit by the model cross section of Eq. (2.6). As seen, the
agreement with the data is good, but the decreasing tendency at high energies
is not reproduced by the model. The cross section decreases due to the smaller
momentum transfer in the high energy collisions, and deviations occur since
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this effect is neglected by the classical model. The value for the threshold
energy extracted from the fit is 3.9± 0.2 eV.

To investigate the relative importance of pure detachment and dissociative
detachment, grid measurements were carried out at four energies. For PO−,
the following electron-induced reactions are relevant:

PO− + e− →





PO + 2e− ∆E = 1.1 eV (a)

P + O + 2e− ∆E = 7.2 eV (b)

P− + O + e−
P+ + O + 3e−

∆E = 6.5 eV
∆E = 17.7 eV (c)

P + O− + e−
P + O+ + 3e−

∆E = 5.8 eV
∆E = 20.9 eV (d)

, (4.1)

where ∆E is the endothermic reaction energy. The reaction energies are calcu-
lated from the heats (or enthalpies) of formation as listed in the NIST Chem-
istry Webbook [160]. Here, also references to the original measurements of
the heats of formation are found. In the energy range where the branching
ratio measurements were performed, no electron-induced signal was obser-
ved in the peaks corresponding to detection of single P or O atoms, implying
that channels (c) and (d) do not contribute to the total cross section at these
energies. The extracted branching ratios are shown in Fig. 4.2(a). As seen,
the dominant reaction channel is pure detachment with a branching ratio of
more than 91% at all four energies. Above 25 eV, the branching ratio appar-
ently begins to decrease as dissociative detachment is setting in. Note that
even though this channel is more endothermic than channels (c) and (d), it
contributes to the electron-induced reaction at lower energies than the latter
channels.

4.3.3 PO−
2

The neutralization cross section for PO−
2 is seen in Fig. 4.1(c). It increases

smoothly with the collision energy after the onset at ∼6.5 eV. The cross sec-
tion for production of charged particles is negligible in the investigated energy
range and is therefore not shown.

A fit by the model cross section (Eq. (2.6)) is displayed as a red curve in the
figure. A threshold energy for detachment of 8.8± 0.2 eV is obtained by the
fit. The fitted curve reproduces the data fairly well, but the measured cross
section exhibits a more smooth behavior in the onset region than predicted by
the model cross section.

Branching ratio measurements were carried out at energies below 35 eV.
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Figure 4.1: Cross section for neutralization as a function of the collision energy
for (a) P−, (b) PO−, (c) PO−

2 , and (d) PO−
3 . The red curves represent fits of the

cross section by the spherical classical model (Eq. (2.6)), while the green curves
represent a model cross section for an elliptical reaction zone (see Sec. 4.4 ).

The reaction channels contributing to the neutralization cross section are:

PO−
2 + e− →





PO2 + 2e− ∆E = 3.6 eV (a)

PO + O + 2e− ∆E = 9.0 eV (b)

P + O2 + 2e− ∆E = 10.0 eV (c)

P + 2O + 2e− ∆E = 15.1 eV (d)

. (4.2)

Again, the endothermic reaction energies, ∆E, are calculated from heats of
formation listed in Ref. [160]. As channels leading to production of charged
fragments only constitute a small fraction of the electron-induced reactions,
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Figure 4.2: Branching ratios as a function of collision energy for (a) PO−, (b)
PO−

2 , and (c) PO−
3 .

they are not listed. The results of the measurements are seen in Fig. 4.2(b).
Below 17 eV, neutralization solely stems from pure detachment (channel (a)),
whereas detachment plus dissociation into PO + O makes up an increasing
fraction of all events at higher energies. At 32 eV, the two channels account for
86± 2% and 8.8± 1.0% of all events, respectively. All other channels constitute
the remaining flux, each contributing less than 2%.

4.3.4 PO−
3

For PO−
3 , it is not possible to separate events leading to neutralization from

those leading to one charged oxygen atom while the remaining fragments re-
main neutral (see Sec. 4.2). The cross section presented in Fig. 4.1(d) for PO−

3
is therefore the sum of the neutralization cross section and the cross section
for production of one charged oxygen. At ∼11.5 eV, the cross section has its
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onset, and it continues to rise until ∼45 eV, whereafter it seems to decrease.
As for PO−

2 , the cross section for production of other charged fragments than
only one oxygen is almost negligible, and is therefore not shown.

The model cross section is found to give the best overall description of
the data with a threshold energy of 13.3± 0.2 eV. However, it is evident that
the model provides a poor description of the measured cross section which
exhibits a markedly different overall shape than the model.

Measurements to identify the reaction channels in play were done at sev-
eral energies in the range from 15 eV to 50 eV. It is found that the most impor-
tant channels are:

PO−
3 + e− →





PO3 + 2e−
PO2 + O− + e−
PO2 + O+ + 3e−

∆E = 5.0 eV
∆E = 7.6 eV
∆E = 22.7 eV

(a)

PO2 + O + 2e− ∆E = 9.1 eV (b)

, (4.3)

where endothermic reaction energies are calculated with the use of Ref. [160].
The three reactions listed as channel (a) are unfortunately indistinguishable
due to energy loss effects in the detector deadlayer (see Sec. 4.2). It is obvious
from Fig. 4.2(c) that channel (a) is the dominant channel in the entire energy
range, but the branching ratio for this channel decreases, as channel (b) is set-
ting in. At all energies in this range, the two channels constitute more than
80% of the electron-induced reactions.

In the SSD pulse height spectra there are indications, however, that the
main contribution to channel (a) might stem from pure detachment. A com-
plete pulse height spectrum is shown in Fig. 4.3 together with the pulse height
spectra of the electron-induced signal in the peak corresponding to detection
of masses 79 amu and 63 amu for three different grids. From the complete
pulse height spectrum, it is clear that the electron-induced signal peaks at
higher energies than the background signal which most likely contains contri-
butions from both mass 63 amu and 79 amu. As some of the electron-induced
events stem from channel (b), flux must be transferred from the a neutral mass
of 79 amu to mass 63 amu upon insertion of a grid in front of the detector.
The figure clearly demonstrates that the electron-induced signal develops a
tail to lower energies when grids are inserted, and, as expected, the tail is
most pronounced at low transmissions. Furthermore, the rough energy cal-
ibration of the SSD pulse height spectrum shows that the tail appears in the
energy range where a signal stemming from mass 63 amu would be expected
(E < 63

79 · 1.72 MeV = 1.3 MeV). As no contribution is found in this energy
range in the spectrum taken without a grid, it is concluded that channel (a) is
probably dominated by pure detachment.
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Figure 4.3: Left: Pulse height spectrum with and without electrons for PO−
3 ,

and the electron-induced signal. Right: Electron-induced signal for the peak cor-
responding to masses 63 amu and 79 amu for three different transmissions.

4.4 Discussion

4.4.1 Threshold energy

The threshold energy for electron-impact detachment of the four anions is
related to the binding energy of the excess electron. The incoming electron
interacts with the anions on a timescale much shorter than the timescales
for molecular vibration and rotation, and hence, the molecular geometry re-
mains unchanged during the detachment process. Therefore, it is relevant to
compare the threshold energy for detachment to the vertical detachment energy
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Figure 4.4: Measured threshold energy for detachment of the PO−
n anions as

a function of the vertical detachment energy (VDE) [162–165]. Filled circles are
the onsets as read from the cross section plots, whereas the open circles represent
the threshold energies obtained by a fit to the classical model cross section. The
dashed line is the 21/4(VDE)3/4 prediction (see text for details).

(VDE) rather than simply the adiabatic electron affinity (EA) (see Ref. [161]
for definitions). However, looking at the photoelectron spectra for PO− [162],
PO−

2 [163], and PO−
3 [164], only PO−

2 exhibits a difference between the EA
and VDE, which is found to be 0.2 eV. The threshold energies are shown as
a function of the VDE in Fig. 4.4. Here, both the threshold energy obtained
from a direct reading of the cross section onsets as well as the values obtained
from the fits by Eq. (2.6) are plotted. The difference reflects the discrepancies
between the measured cross section and the model in the onset region.

For atomic anions, the threshold energy Eth may be related to the binding
energy of the excess electron, Eb, and the extent of the binding potential, d,
through the equation Eth =

√
Eb/d (in atomic units) [10, 71, 73]. In the case of

weakly bound atomic anions, the spatial extent of the binding potential scales
according to d ' 1/

√
2Eb [166], and combining these two relations gives the

following expression for the threshold energy:

Eth =

√
Eb
d
' 21/4E3/4

b . (4.4)

For molecular anions, the binding energy is replaced by the VDE. This expres-
sion is also shown in Fig. 4.4. It is seen that this expression gives a fairly good
estimate of the threshold energy for P−, PO−, and PO−

2 , whereas for PO−
3 the

measured threshold energy is somewhat higher than the predicted one.
A phenomenon that can cause a higher threshold energy for PO−

3 than ex-
pected is the anion polarizability. As the incoming electron approaches the
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Figure 4.5: Schematic drawing of the binding potential of the excess electron.
The target electrons respond to the incoming electron by moving to one side of the
potential, hence leading to a polarization of the anion. The height of the potential
barrier that must be penetrated or overcome in order to escape increases (dashed
line) relative to a potential which ignores the polarization (solid line).

anion, the target electrons respond to its presence by moving towards the op-
posite side of the binding potential as sketched in Fig. 4.5. The electric field of
the projectile electron creates a barrier in the potential through or over which
electrons might escape. However, the increased electron density in the direc-
tion opposite the approaching electron makes the barrier higher relative to the
situation where the polarizability is not taken into account. Thus, the incom-
ing electron must carry more energy to cause detachment than expected from
a model ignoring polarization of the anion. A similar effect has been obser-
ved for strong-field ionization of small metal clusters [167]. As compared to a
calculation relying on a single-active-electron picture, a dramatic suppression
of the ionization was observed there. The discrepancy was attributed to the
cluster polarizability, and when including this effect in the calculation, better
agreement with the observations was obtained.

4.4.2 Cross section behavior

For P− and PO−, the overall shape of the neutralization cross sections are well-
described by the classical model cross section (Eq. (2.6)). This model assumes
that a detachment reaction occurs with constant probability if the incoming
electron comes within a certain distance of the anion. However, for PO−

3 , and
partly PO−

2 , the model is insufficient to represent the overall shape of the mea-
sured cross section, which displays a much smoother behavior than the model
in the onset region. A similar behavior of the cross section is further seen
for p-benzoquinone (C6H4O−

2 ) [57], and also for some of the hydroxide-water
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cluster anions presented in the next chapter. The discrepancy between the data
and the model cross section might be attributed to the geometry of the molec-
ular systems. In the model used above, the reaction zone is chosen to be a
sphere with radius Rth = 1/Eth, which is reasonable for the spherical symmet-
ric atomic anions, but the assumption becomes problematic for, for example,
planar molecules like p-benzoquinone and PO−

3 . As already mentioned, the
nuclei can essentially be considered fixed in space during the scattering pro-
cess. The detachment process is thus likely to depend on the orientation of the
molecule relative to the impacting electron. The reason is twofold: Firstly, the
Coulomb barrier experienced by the incoming electron is no longer isotropic,
but depends rather on the direction of the incoming electron with respect to
the orientation of the molecule; secondly, the binding force experienced by the
detached electron depends on the direction from which it leaves the molecule.
The combination of these effects leads to a dependence of the threshold energy
on the molecular orientation, and the result is a smearing of the cross section.
As a consequence, the model cross section no longer reproduces the observed
behavior.

To investigate how an orientational effect as described above might influ-
ence the cross section shape, the classical model is extended so that the reac-
tion zone is an ellipsoid instead of a sphere. The ellipsoid is characterized by
the lengths of three semi-axes, which in the following are collectively denoted
by a, and the orientation of the ellipsoid with respect to a space-fixed frame is
described by the three Euler angles, α, β, and γ, collectively referred to as Ω.
The reaction probability is now given by:

P(E, Ω, a, ρ, φ) ={
p, ∃θ : D(E, ρ, φ, θ) ≤ R(Ω, a, φ, θ)
0, otherwise

,
(4.5)

where D(E, ρ, φ, θ) is the distance between the incoming electron and the cen-
ter of the ellipsoid, and R(Ω, a, φ, θ) describes the surface of the ellipsoid (see
Fig. 4.6). ρ is the impact parameter of the incoming electron, and θ and φ are
the polar and azimuthal angles, respectively (see Fig. 4.6). For a given orien-
tation, Ω, of the anion, the cross section is given by:

σ(E, Ω, a) =
∫ 2π

0

∫ ∞

0
P(E, Ω, a, ρ, φ) ρ dρ dφ. (4.6)

In the ion beam, the ions have random orientations, and the above cross sec-
tion must be averaged over all orientations before it can be compared directly
to the data. The orientational averaged cross section is computed according
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Figure 4.6: The scattering of an electron in the field of a central potential. The
ellipsoidal reaction zone is drawn along with the definitions of different parame-
ters.

to:

〈σ(E, a)〉 =
1

8π2

∫ 2π

0

∫ π

0

∫ 2π

0
σ(E, Ω, a) sinβ dγ dβ dα. (4.7)

The reaction probability, P(E, Ω, a, ρ, φ), is determined numerically in a MAT-
LAB routine, which also calculates both the orientation dependent and the
orientational averaged cross sections through numerical integration. It must
be noted that the shape of the cross section only depends on the ratios of the
lengths of the three semi-axes, implying that it is determined by only two pa-
rameters.

In Fig. 4.1, the model cross section for an elliptical reaction zone is shown
(green curves) together with the experimental data. For PO−

2 , the relation
between the lengths of the three semi-axes was set to 1:0.5:0.5, whereas it is
1:1:0.3 for PO−

3 . These relations were obtained by comparing the measured
cross sections to numerically calculated cross sections for different ellipsoids.
In addition, the obtained ellipsoids are similar to the shapes of the anions
which for PO−

2 is a bent geometry with a O–P–O bond angle of 119° [163]
and for PO−

3 is a planar geometry with D3h symmetry [164]. The figure shows
that the ellipsoidal model gives a much better agreement with the measured
cross section than the spherical model, implying that an orientational effect
could be the origin of the observed cross section shape.

4.4.3 Dianions

In contrast to NO−
2 and NO−

3 , the cross sections of PO−
2 and PO−

3 do not
show any sign of dianion formation. As the electronic structure of the two
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sets of anions are similar, it was speculated that dianion states of PO2 and
PO3 might be populated in scattering events as was the case for the analogous
NO2 and NO3. For comparison, resonance structures in the detachment cross
section are observed for the isoelectronic species NCO− and NCS−, and the
low-energy resonance position of NCO2− is a little higher than that of NCS2−
owing to the reduced Coulomb repulsion for the latter species [49]. In the case
of NO−

2 , two resonance states were observed: one at 7.2 eV above the anion
ground state and another at 16.5 eV [21]. Drawing parallels with the findings
for NCO− and NCS−, two resonance states would also be expected for PO−

2 .
However, if existing, the low-energy state of PO2−

2 is likely not to be seen in
the experiments: presumably, the resonance position will be lower than the
7.2 eV seen for NO−

2 due to the reduced inter-electronic Coulomb repulsion in
PO−

2 , and decay of PO2−
2 into detectable neutral fragments, that is PO2 + 2e−,

is therefore likely to be prohibited. This is attributed to the fact that the elec-
tron binding energy of PO−

2 is 3.4 eV [163], 1.1 eV higher than NO−
2 [168], and

as kinetic energy for the two escaping electrons further has to be provided, the
emission of two electrons is probably not possible.

The argument given above does not exclude the possibility of observing a
dianion state of PO2 corresponding to the higher-lying dianion state of NO2.
Similarly, the observation of a dianion state of PO3 analogous to that of NO2−

3
at 18.6 eV above the NO−

3 ground state cannot be ruled out on the grounds
of energy considerations. The fact that no such states are observed for nei-
ther PO−

2 nor PO−
3 may be ascribed to several effects: (i) the states simply

do not exist, (ii) the dianions decay by either single-electron autodetachment
or Coulomb explosion in which cases no detectable fragments emerge from
the process, (iii) penetration of the Coulomb barrier at the relevant energies is
suppressed.

4.5 Conclusion

Electron-impact detachment of PO−
n (n = 0–3) was studied for collision ener-

gies in the range 0 eV to about 40 eV. All cross sections exhibit a well-defined
onset at an energy significantly larger than the binding energy of the excess
electron. The measured cross sections were compared to a classical model
cross section, which provided a good description of the cross section behavior
of the smaller ions. However, for PO−

3 , the model cross section clearly failed,
which was ascribed to the cross section being dependent on the orientation of
the molecular anion with respect to the incoming electron.

Measurements to extract the branching ratios for the molecular anions were
conducted, and it was found that pure detachment was the dominant reaction
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channel in all cases. The second most important reaction was dissociative de-
tachment where one of the P–O bonds was broken.

In contrast to their isoelectronic species NO−
2 and NO−

3 , neither PO−
2 nor

PO−
3 is seen to form transient dianion states when bombarded with electrons.
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Electron-impact detachment
of OH−(H2O)n (n = 0–4)

5.1 Introduction

In this chapter, electron impact on small OH−(H2O)n clusters is investigated.
These microsolvated ions are abundant in the atmosphere of the Earth and
play a role for the ion chemistry [169, 170]. Furthermore, these cluster ions
have been suggested to act as condensation nuclei in formation of clouds [171,
172]. In connection with electron-anion collisions, these clusters are interest-
ing since they exhibit properties which are markedly different from all other
anions studied prior to this work. First of all, the water molecules are bound
to the hydroxide anion by hydrogen bonds. As a result, the energy required
to break the OH−-water bond is of the order tenths of eV, an amount much
smaller than the excess electron binding energy, which is of order eV. Hence,
the clusters are fragile compared to covalently bound anions, where the elec-
tron binding energy is generally smaller than dissociation energies. Conse-
quently, the dissociation pattern of the hydroxide-water clusters might be very
different from those of covalently bound systems. Secondly, it is interesting
to investigate if the detachment cross section of more complex targets fol-
lows the same general behavior as for the atomic and polyatomic anions. The
OH−(H2O)n clusters present an excellent opportunity to study electron colli-
sions with targets of increasing complexity by successively adding waters to
the system.

In the following, it will be shown that despite the large complexity of the
clusters, the detachment cross section behavior is very similar to that of small

71
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anions. The main electron-induced reactions are found to be many-body frag-
mentation in contrast to most results on polyatomic anions where pure elec-
tron detachment is dominant.

5.2 Experiment

The OH−(H2O)n ions were formed from water vapor in a cold-cathode ion
source. Discharge currents of 3.5–6 mA produced ion beam currents rang-
ing from ∼2 nA for OH−(H2O)4 to 32 nA for OH−. After preacceleration to
150 keV, the ions were mass selected by an analyzing magnet and injected into
the ASTRID storage ring. After injection, the ions were further accelerated
to final energies ranging from 1.4 MeV for OH−(H2O)4 to 5.7 MeV for OH−.
The ion beam and the electron beam were merged 5 seconds after extraction
of the ions from the ion source, at which time the ions are expected to be vi-
brationally cold.

For the lightest ions (n ≤ 2), a 4× 6 cm2 energy sensitive solid state surface-
barrier detector (SSD) located 6 m after the electron cooler was used to detect
the neutral fragments. For the heavier clusters, a circular SSD of 4 cm diam-
eter was employed, as this detector had a better energy resolution needed to
separate the individual water peaks. Due to the finite energy resolution of
both detectors, only n + 1 peaks appeared in the energy spectrum recorded
with OH−(H2O)n stored in the ring. The masses of O, OH, and H2O are very
similar, and within the resolution of the detector the cluster anions therefore
resemble a system, X−

n+1, consisting of n + 1 equally heavy entities, X. Es-
sentially, only the heavy oxygen atoms can be traced, and it is not possible to
conclude what happens to the hydrogens, that is if the OH and water molecu-
les remain intact or dissociate upon electron impact. Thus, the X entity used in
the following represents O, OH, O + H, OH + H, O + H2, O + H + H, or H2O.
For the same reason, the meaning of ‘total dissociation’ in the present chapter
is that the Xn cluster fragments into n X, e.g. all oxygen atoms are separated.

As the ion beam currents were too low to be measured (below 50 nA),
it was not possible to measure the cross sections on an absolute scale, and
thus only relative cross sections are presented below along with the branching
ratios for the different electron-induced reactions.
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Figure 5.1: Total cross section for reactions leading to neutrals from electron
impact on OH− as a function of the collision energy. The solid line represents a fit
by the model cross section (Eq. (2.6)).

5.3 Results

5.3.1 OH−

Figure 5.1 shows the total cross section for reactions leading to pure detach-
ment (OH), detachment plus dissociation (O + H), and neutral oxygen as a
single neutral fragment (O + H− or O + H+ from double detachment). Only
the total cross section is presented since the O peak was not clearly separable
from the OH peak, and since the H peak could not be resolved. However, it
was found that the main contribution stemmed from pure detachment as the
signal in the partially resolved O peak was negligible. The cross section is well
described by the classical model of Eq. (2.6), and a fit by this model yields a
threshold energy for detachment of 4.5± 0.2 eV. As compared to the fit, the
measured cross section has a small tail to lower values near threshold, and
from a direct reading the onset is found to be roughly 4 eV.

A previous experiment at ASTRID obtained an value of∼3.7 eV for the de-
tachment threshold [11]. The agreement between the two sets of data is found
to be good, and the difference in threshold value thus reflects the uncertainty
in the determination of the onset energy.

5.3.2 OH−(H2O)

The results for OH−(H2O) are seen in Fig. 5.2(a). Pure detachment and/or
dissociative detachment is clearly seen to be the dominant reactions over the
entire energy range. The cross section for neutralization has an onset of∼6 eV
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and increases until 40 eV where a plateau is reached. The classical model
provides a fair description of the overall shape of the cross section although
the threshold value of 7.9± 0.2 eV obtained in the fit is somewhat higher than
the true onset.

The cross section for reactions leading to only one charged X fragment
opens up at higher energies (around 35 eV), but the cross section for these
reactions is low compared with the one for detachment. Since the ionization
energy of OH and H2O is 13.0 eV [173] and 12.6 eV [174], respectively, energy
for double detachment is available at the cross section onset of ∼35 eV, and
thus the charged fragment is likely to be OH+ or H2O+.

To elucidate whether pure detachment or detachment plus dissociation is
the dominant channel, branching ratios were determined by the grid tech-
nique described in section 3.3.2. The result is shown in Fig. 5.4(a). Detachment
plus dissociation is found to be the dominant channel, the average branch-
ing ratio being ∼85%, whereas pure detachment contributes 5 ± 4% to the
total events and reactions leading to a single charged X fragment contributes
10± 4%. The tendency of the clusters to dissociate is also seen in photode-
tachment studies where a photon of energy 4.8 eV (258 nm) causes both de-
tachment and dissociation of the anionic system [175]. Looking at the energy
levels involved in the process, it is plausible that detachment and dissocia-
tion is the most likely process. Several experimental and theoretical studies
have addressed the question of the hydration energies of OH−, and the re-
sults are quite similar [176–184]. As both vertical detachment energies for the
clusters and hydration energies for OH− are needed to obtain the energy level
diagram, the work of Masamura [176] is used since all desired energies are cal-
culated using the same method and level of theory. At the MP2/aug-cc-pVDZ
level of theory, Masamura found a value of 3.6 eV for the vertical detach-
ment energy and a hydration energy of ∆H1,0 = 1.17 eV for OH−(H2O) [176]
(Fig. 5.3). Thus, the neutral state formed after electron detachment from the
anion will be located 3.6 eV above the anionic ground state whereas the energy
level of OH− + H2O is placed 1.17 eV above the anion. As the electron affinity
of OH is 1.828 eV [185], the energy level for the neutral system of OH + H2O
is situated 1.17 eV + 1.828 eV = 3.00 eV above the ground state of OH−(H2O)
(see Fig. 5.3). Therefore it is found that the neutral state, formed upon electron
detachment, lies ∼0.6 eV above the dissociation limit of OH + H2O. Hence,
dissociation of the formed neutral cluster is energetically possible in accor-
dance with the measured branching ratios.

5.3.3 OH−(H2O)2

The cross sections for different reaction channels of OH−(H2O)2 are shown
in Fig. 5.2(b). The onset for neutralization is ∼8.5 eV, and the cross section
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Figure 5.2: Cross sections for the different electron-induced reactions of (a)
OH−(H2O), (b) OH−(H2O)2, (c) OH−(H2O)3, and (d) OH−(H2O)4. The neutral-
ization cross section (the sum of the cross sections for detachment and dissociative
detachment) is clearly the dominant for all ions. For OH−(H2O)3, a resonance is
seen at 15.6 eV in the cross section corresponding to the production of only one
neutral X fragment. This is also the case for OH−(H2O)4, where the resonance
position is 15.2 eV.
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n VDE ∆Hn,0 Edis

1 3.62 1.17 0.63
2 4.56 2.03 0.70
3 5.18 2.76 0.59
4 5.81 3.44 0.54

VDE

Edis
OH(H2O)n+ e−

EA(OH)
OH+nH2O+e−

OH−+nH2O

OH−(H2O)n

∆Hn,0

Figure 5.3: Left: Vertical electron detachment energies (VDE), total hydration
energies for OH− in OH−(H2O)n (∆Hn,0), and the dissociation energies (Edis) of
the neutral clusters in the anion geometry, all values in eV [176]. Right: Energy
level diagram for OH−(H2O)n, showing the location of the different states relative
to one another.

increases smoothly up to 50 eV after which point it reaches a constant value.
A fit to Eq. (2.6) yields a threshold energy of 10.1± 0.4 eV, which is somewhat
higher than the onset since the measured cross section rises more smoothly
than the model cross section. Such deviations near the onset may be explained
by the electron tunnelling out of the binding potential, an effect inherently not
included in a classical model.

Processes leading to a single charged X entity has an onset of ∼20 eV fol-
lowed by a smooth increase, again reaching a constant level at 50 eV. The en-
ergy difference between this onset and the threshold energy for detachment is
comparable to the ionization potentials for OH and H2O, thus making double
electron release the plausible reaction channel. Reactions in which only one X
fragment is detected are by comparison negligible.

Branching ratios for the different channels are shown in Fig. 5.4(b). De-
tachment plus total dissociation (i.e. dissociation into 3 separate X fragments)
is the main channel, on average contributing ∼80% to the total events. The
second most important channel corresponds to total dissociation, the only
difference being the production of a charged X entity. This channel opens
at 20 eV and reaches a branching ratio of 20% at 90 eV. In total, all other
channels contribute less than 10% at all energies above 20 eV. Total dissoci-
ation is also observed upon photodetachment, where the reaction pathway
OH−(H2O)2 + hν → OH + 2H2O + e− is seen for a photon energy of 4.8 eV
(258 nm) [186]. Furthermore, the photodetachment data showed no evidence
of two-body dissociation. Again, the tendency for dissociation can be ex-
plained by looking at the energetics involved in the processes. From the ver-
tical detachment energy for the monoanion and the total hydration energy
found in Fig. 5.3, it is concluded that the energy of the neutral cluster formed
after a vertical transition from the anionic ground state is higher than the dis-
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Figure 5.4: Branching ratios as a function of the collision energy for dif-
ferent electron-induced reactions of (a) OH−(H2O), (b) OH−(H2O)2, and (c)
OH−(H2O)3. In all cases, the dominant channel is detachment followed by n + 1-
body fragmentation, n being the number of water molecules.

sociation limit by ∼0.7 eV (see Fig. 5.3). Thus, total dissociation of the neutral
cluster into its constituent molecules is energetically possible.

5.3.4 OH−(H2O)3

Cross sections for different electron-induced reactions of OH−(H2O)3 are
shown in Fig. 5.2(c). The onset of the detachment cross section is at ∼9 eV
from where the cross section continues to rise smoothly throughout the en-
ergy range. Also shown in the figure is a fit by the classical model of Eq. (2.6)
which yields a threshold energy of 11.4 ± 0.7 eV. In this case, however, the
shape of the measured cross section is not particularly well represented by the
classical model, as the measured one exhibits a more smooth behavior.
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The cross section for reactions resulting in one charged X fragment opens
up at 20 eV and continues to increase in the measured energy interval up to
50 eV. The same behavior is found for the cross section for channels leading to
only two neutral X fragments, though the increase with energy is somewhat
smaller.

An interesting feature at ∼15 eV is seen in the cross section for reactions
leading to a single neutral X fragment. This resonance is attributed to the
formation and decay of the doubly charged negative ion of OH(H2O)3. When
fitted with a Gaussian function, the position of the resonance is found to be
15.6 ± 0.2 eV with a FWHM of 5.7 eV. The width is determined by Franck-
Condon factors, the dianion lifetime, and the energy resolution and may thus
only give a lower bound of the lifetime of the dianion. On account of the high
energy, the resonance state is believed to be an excited state of the dianion
(see discussion section). As the state is found below the threshold energy for
multiple electron release, the transient dianion decays into X−

3 + X + e−. The
decay could be interpreted as OH−(H2O)2 + H2O + e−.

The branching ratios are found in Fig. 5.4(c). Clearly, detachment followed
by four-body fragmentation is the dominant channel with an average of∼80%
for E > 10 eV. It is seen that the branching ratio for this reaction rises from
10 eV to 20 eV where a constant level is reached. In the same energy range,
the branching ratio for the process leading to a single neutral X fragment de-
creases from ∼40% to ∼0%, which is due to the resonance detected in this
decay channel. Finally, the branching ratio for the channel corresponding to
total dissociation into three neutral fragments and one charged X fragment
increases with energy to a final level of 10± 4%, which is also evident from
the cross sections shown in Fig. 5.2(c). As for the smaller clusters, the energy
level diagram for the systems involved provides some insight into the pro-
cess. The values for the vertical detachment energy and the total hydration
energy place the neutral cluster formed upon electron detachment above the
dissociation limit by ∼0.6 eV (Fig. 5.3). Hence, energy for total dissociation is
available.

5.3.5 OH−(H2O)4

The cross sections for OH−(H2O)4 are shown in Fig. 5.2(d). The results are
quite similar to the results for the smaller clusters: Detachment and/or dis-
sociative detachment are the leading channels with a large cross section com-
pared to the other reaction channels. At∼11.5 eV, the detachment cross section
has its onset, and it continues to increase until ∼40 eV, where it seems to level
off. The model cross section is found to give the best overall description of the
data when the threshold energy is set to 12.1± 0.5 eV. Still, the fit is not quite
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satisfactory, as the data clearly lie below the curve in some regions and above
in other regions.

The cross section for reaction pathways leading to the formation of a single
charged X fragment has an onset of ∼15 eV, and rises smoothly with increas-
ing energy. A similar behavior is found for the cross sections for channels
giving two or three neutral X fragments: These cross sections also have onsets
of ∼15 eV, but increase more slowly with energy.

A resonance is found in the cross section for processes leading to a sin-
gle neutral X fragment. This resonance can be fitted with a Gaussian func-
tion yielding an energy of 15.2 ± 0.4 eV and an FWHM of 5.5 eV. The reso-
nance is an indication of dianion formation, and it is believed to be an ex-
cited state of the dianion of OH(H2O)4, owing to the high energy of the re-
sonance (see discussion section). As multiple electron release is energetically
forbidden, the dianion decays into X−

4 + X + e−, which could be interpreted
as OH−(H2O)3 + H2O + e−.

To determine the branching ratios, measurements were carried out at four
energies between 15 eV and 45 eV, but conclusions were difficult to draw
due to the many reaction channels involved. However, the system shows a
marked tendency to dissociate totally upon electron impact detachment as the
branching ratio is ∼60% on average. Again, this tendency is supported by a
comparison of the vertical detachment energy and the total hydration energy
(see Fig. 5.3). Energetically, the neutral cluster formed upon detachment lies
above the totally dissociated neutral cluster by an amount of ∼0.5 eV, which
makes total dissociation energetically possible. Other channels contribute by
less than 40% in total.

5.4 Discussion

5.4.1 Thresholds

None of the cross sections presented above could be put on an absolute scale,
as the ion currents in the storage ring were too low to be measured. An es-
timate might however be given from the classical model (Eq. (2.6)), in which
Rth = 1/Eth in atomic units. All absolute detachment cross sections measured
at ASTRID have been compared to the non-resonant model cross section, and
an average value of the scaling factor p of ∼0.4 was found [47]. Using this
value of p together with the determined values of the threshold energy, the
absolute detachment cross sections for the five anions can be estimated, and
the results are plotted in Fig. 5.5. It is emphasized that the presented curves
only serve as estimates, and a comparison with results previously published
on OH− [11] shows that the estimate for OH− is correct within a factor of
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Figure 5.5: Left: Absolute cross sections as estimated from the model cross sec-
tion of Eq. (2.6) with p = 0.4 for the five anions. Right: Threshold energies for
detachment for the five ions as a function of the vertical detachment energy. The
solid points are obtained when the onset energy is read directly from the cross
section data, whereas the open points represent the threshold energy obtained
from a fit to Eq. (2.6). For comparison, the classical over-the-barrier estimate of
the threshold energy (Eq. (4.4)) is drawn (dashed line).

two. Measurements of absolute cross sections for C−n , Ag−n and Al−n [56, 58]
have been compared to a scaling law by Robicheaux [79, 80], where the cross
section is inversely proportional to the square of the binding energy of the ex-
cess electron. The predicted cross section magnitude deviated no more than
a factor of five from the measured one. According to the model cross section
used here, the magnitude scales inversely proportional to the threshold energy
squared, but the difference between the two scaling laws is small. Therefore,
the estimates given here are expected to be correct within the same range as
Robicheaux’s scaling law, namely a factor of five.

For each of the clusters, the threshold energy for detachment can be com-
pared to the binding energy of the excess electron. As the interaction time
between the anionic clusters and the electron is on the femtosecond scale, the
positions of the nuclei remain fixed during the collision, and hence the ver-
tical detachment energy, VDE, is taken as the electron binding energy of the
molecular species. As already mentioned, the electron affinity of OH was de-
termined through threshold photodetachment to be 1.828 eV [185], and at the
MP2/aug-cc-pVDZ level of theory, Masamura calculated the vertical detach-
ment energies for OH−(H2O)n, n = 1–5 [176]. In Fig. 5.5, the threshold energy
for electron-impact detachment of the five systems is plotted as a function of
the vertical detachment energy. The two sets of points represent threshold en-
ergies obtained from fits to Eq. (2.6) and by direct readings of the cross section
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onset. The difference between the two sets reflects the discrepancy between
the model cross section and the data in the threshold region.

For atomic anions, the threshold energy may be predicted from the bind-
ing energy or vertical detachment energy of the excess electron according to
Eq. (4.4). For comparison, this prediction is represented by a dashed line in
Fig. 5.5. As seen, the expression gives a fair estimate of the threshold energy
for the five clusters.

For some of the clusters, and for OH−(H2O)3 in particular, the classical
model cross section does not represent the measured cross section to a satis-
factory extent as seen in Fig. 5.2. The measured cross sections have a much
smoother rise than predicted by the model, which might be attributed to dif-
ferent effects. Firstly, electron tunnelling out of the binding potential can give
rise to a low-energy tail in the near-threshold region. Secondly, the clusters
have a complex structure as illustrated in Fig. 5.6, which shows the structure of
OH−(H2O)3 as calculated with GAUSSIAN-98 [187] at the B3LYP/6-311+G(d)
level of theory. Looking at this structure, it might be speculated that the de-
tachment threshold energy depends on the orientation of the cluster anion
with respect to the impacting electron. Since the cluster anions have random
orientations in the beam, the measured cross section is averaged over all ori-
entations, which results in a smoother onset than predicted by the model cross
section as also shown in the previous chapter. However, unlike for the PO−

n
anions, the structure of the present clusters is not really well-defined [184] im-
plying that the ion beam contains a variety of different isomers, as also noted
by Clements and coworkers [186]. Therefore, the present data are not com-
pared to the ellipsoidal model introduced in the previous chapter, as there is
no obvious choice for the ellipsoid geometry for these clusters.

Furthermore, it was found that the detachment process was followed by to-
tal dissociation of the clusters into the constituent molecules of OH and H2O,
the branching ratio being ∼75% for n = 1–4. As the clusters are held to-
gether by hydrogen bonds, the binding energy of a single water molecule to
the cluster is small (∼0.2 eV), and the clusters therefore dissociate upon elec-
tron bombardment. This is in contrast to covalently bound systems like O−

3 ,
NO−

3 , SO−
2 [47], NO−

2 [21], and PO−
n (see Chap. 4 of this thesis) where total

dissociation into atomic constituents is not observed. Total dissociation for
the clusters was also observed in combination with the production of a single
charged fragment, and this channel was found to be the second most impor-
tant channel. This process can be understood in terms of double electron re-
lease from the OH molecule. Prior to the detachment process, the water mole-
cules are oriented with one of their hydrogen atoms pointing to the negatively
charged OH. Since the double electron detachment process is fast compared
to the timescale for reorientation of the water molecules, the geometry of the
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Figure 5.6: The geometry of OH−(H2O)3 as calculated with the GAUSSIAN-
98 [187] at the B3LYP/6-311+G(d) level of theory. The geometry is shown from
two different angles of view.

system is unchanged immediately after double detachment, but now the hy-
drogen atoms are pointing towards the positively charged OH molecule. The
interactions between the formed cation and the hydrogens are repulsive, thus
leading to dissociation of the cluster.

5.4.2 Resonances

Resonances are found in the cross sections for n = 3 and n = 4, which are
attributed to the formation of dianions. The lack of resonance states in the
smaller clusters may be due to a combination of effects as will now be dis-
cussed.

As discussed in Chap. 2 of this thesis, small doubly charged anions are
unstable in the gas phase due to the large Coulomb repulsion between the
excess electrons. However, dianion states can be embedded in the electronic
continuum of the singly-charged parent. If such states lie below the top of the
repulsive Coulomb barrier, they have a finite lifetime determined by the ex-
cess electron tunnelling out through the barrier. In this case, the dianion state
might be populated by bombarding the monoanion with electrons in which
case a resonance appears in the scattering cross section.

In the present case, it is believed that for n = 3 the cluster becomes large
enough for the Coulomb energy to be reduced sufficiently to bring an energy
level of the dianion below the top of the repulsive Coulomb barrier. As the ad-
dition of a fourth water stabilizes the system even further, a resonance might
also appear in the cross section for OH−(H2O)4, which indeed is found to be
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the case (see Fig. 5.2(d)). Since the dianionic state in both cases is located as
high as ∼15 eV above the monoanion, the dianions are possibly formed in an
excited state. This is supported by the fact that excited state resonances are
found in the same energy region for, for example, NO−

2 [21] and NO−
3 [47].

The lack of a visible ground state resonance for any of the clusters may be ex-
plained by the repulsive Coulomb barrier being too thick to penetrate at the
resonance energy of the ground state. However, this implies that the dianion
ground state would have to lie at low energy even for the small system of OH
where the electron-electron repulsion is bound to be significant. Yet not only
the size of the system, but also the actual orbitals that come into play deter-
mine the energy level. In fact, dianionic states can have small negative binding
energies even for small systems, an example being C2−

2 which lies above the
monoanion by only 3.8 eV [11]. Furthermore, the ground state could decay
into non-detectable fragments, that is, it decays through simple electron au-
todetachment leaving only the charged parent ion.

5.5 Conclusion

The cross sections for various reactions induced by electron impact on
OH−(H2O)n for n = 0–4 were determined at the ASTRID storage ring. The
threshold energies for detachment were found to be 4 eV for OH− ranging
to 11.5 eV for OH−(H2O)4, reflecting the increase in electron binding energy
upon hydration. The shape of the detachment cross sections was compared to
a classical model cross section which to some extent reproduced the observed
behavior.

Branching ratios for the different reaction channels were determined. In all
cases where n ≥ 1, the dominant channel was electron detachment plus total
dissociation of the clusters into the constituent molecules of OH and H2O, the
branching ratios being ∼80%.

A resonance in the cross sections for OH−(H2O)3 and for OH−(H2O)4 was
observed. In both cases, the resonance was found in the decay channel corre-
sponding to the loss of a neutral water molecule while the rest of the system
remained charged. The resonances were located at ∼15 eV and were ascribed
to the formation of dianions in excited states.
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C H A P T E R 6

Electron attachment to
NO−

2 (H2O)n (n = 0–2)

6.1 Introduction

Though small dianions are unstable in the gas phase, they are important con-
stituents in solids and in solutions. In these environments, stability is pro-
vided by polarization interactions with the surrounding molecules. To obtain
a more detailed understanding of these interactions and how they affect the
stability of small dianions, it is desirable to investigate particularly the transi-
tion from gas phase to solution phase. In practice, this can be accomplished
by studying dianions embedded in small clusters of solvent molecules.

Wang and coworkers have studied how water molecules influence the elec-
tronic stability of dianions [124–126, 188]. For dianions in water clusters, they
were able to measure the electron binding energy (EBE) as a function of the
number of water molecules, adding waters one at a time. The photodetach-
ment studies showed an increase in the EBE upon sequential hydration, and
it was observed that the first few water molecules each increases the EBE by
∼0.5 eV. However, only binding energies of stable or metastable species with
lifetimes in the order of µs could be determined in the experiments, implying
that the dianion-water clusters had to be electronically stable or, at least, be
nearly stable. In the case of SO2−

4 (H2O)n and C2O2−
4 (H2O)n, the smallest clus-

ters that could be studied were limited to n = 3, as these were the smallest
bound state dianions. Hence, it was not possible to deduce how water molecu-
les affect the electron binding energy of continuum state dianions (see Fig. 6.1).

Here, the first evidence of environmental tuning of dianion resonance
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Figure 6.1: Solvation effect of bound and unbound states. The energy of the
singly charged ion is chosen to be the zero point.

states in the continuum is presented. More specifically, the NO2−
2 dianion

and NO2−
2 solvated by a few water molecules have been studied. The NO2−

2
dianion is known to have a lifetime of less than a microsecond [189] in aque-
ous solution. In the gas phase, however, NO2−

2 is found to be unstable by
7.2 eV with respect to loss of an electron with a lifetime of the order of femto-
seconds [21], indicating a tremendous influence of water on the lifetime of the
dianion. To elucidate the stabilizing effect at the single water molecule level,
and the physical properties of NO2−

2 in water micro-solutions, the positive
ground-state energies of NO2−

2 , NO2−
2 (H2O), and NO2−

2 (H2O)2 with respect
to the respective monoanions have been measured in electron scattering ex-
periments. Furthermore, the resonance states have been characterized by their
decay channels.

6.2 Experiment

The present experimental work has mainly been conducted at the ELISA stor-
age ring described in Sec. 3.4. The negative anions were formed in the cold
cathode ion source to which a mixture of water vapor and N2O gas was sup-
plied. At low discharge currents, ion currents ranging from 100 nA for NO−

2
to 5 nA for NO−

2 (H2O)2 were obtained. After acceleration and mass-selection,
the ions were injected into ELISA, where they were stored at an energy of
22 keV. The NO−

2 and NO−
2 (H2O)1, 2 ions were stored in the ring for 0.5 sec-

onds before the measurement started. The vibrational temperature of the ions
is estimated to be room temperature after the 0.5 seconds of storage. After
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this period, the ions were crossed with an electron beam of variable energy.
The electron beam was chopped on and off at 10 Hz to distinguish between
electron-induced and background signals from collisions with the residual
gas in the ring. After the interaction region, neutral products mainly from
electron-detachment reactions were detected by a multi-channel plate detec-
tor.

With the present experimental setup at the ELISA storage ring, no infor-
mation about the products formed in the collision process can be obtained.
However, such information is obtainable from experiments performed at the
ASTRID storage ring where the high storage energy (MeV) allows for the use
of energy-sensitive detectors. As branching ratios for the NO−

2 anion have
already been published [21], only new experiments with NO−

2 (H2O) were car-
ried out at ASTRID in order to determine the most important reaction channels
and the decay pathway of the ground state dianion.

The signal from the solid state detector consisted of only four distinct peaks,
as the masses of N, O, and H2O are rather similar. Furthermore, the kinetic en-
ergy of single hydrogen atoms was so low (the beam energy was 1.919 MeV
resulting in H kinetic energies in the order of 30 keV) that the peaks were
buried in the electronic noise. Hence, within the resolution of the detector the
anion resembles an anion X−

4 consisting of four equally heavy atoms X where
X represents N, O, or H2O. Furthermore, it might be possible to dissociate the
water molecule upon electron impact in which case detection of an X entity
could stem from detection of either O, O + H, O + H2, OH + H, O + H + H,
or O + H + H. On experimental grounds, it is therefore not possible to say
whether the water molecule remains intact or dissociates during the collision.

6.3 Results

6.3.1 Cross sections

Figure 6.2(a) shows the cross section for formation of neutrals as a function
of the electron energy for the three ions NO−

2 , NO−
2 (H2O), and NO−

2 (H2O)2
as obtained at the ELISA storage ring. For NO−

2 and NO−
2 (H2O), the non-

resonant contribution to the cross section is found to follow the functional
form of Eq. (2.6) with threshold energies of 9.0± 0.5 eV and 9.5± 0.5 eV, re-
spectively as shown in Fig. 6.2(a).

In the case of NO−
2 , two structures are superimposed on the non-resonant

background, which confirms the two dianionic states seen in the previous ex-
periment with NO−

2 [21]. Furthermore, the resonance at low energy is evident
for NO−

2 (H2O) and NO−
2 (H2O)2. A fit by Gaussian functions provides reso-
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Figure 6.2: (a) The cross section for formation of neutrals as a function of the
electron kinetic energy for NO−

2 (top), NO−
2 (H2O) (middle) and NO−

2 (H2O)2 (bot-
tom) as obtained at the ELISA storage ring. The vertical line is the position of the
dianion resonance for NO−

2 . Curves are drawn at the resonance positions to guide
the eye. Further, the non-resonant contribution to the cross section according to
Eq. (2.6) is drawn for NO−

2 and NO−
2 (H2O). (b) The cross section for production

of an X fragment as the only neutral fragment as obtained at the ASTRID storage
ring with NO−

2 (H2O). The cross section displays a clear low energy resonance.

nance energies of 7.2± 0.3 eV and 18.8± 0.4 eV for NO−
2

1 and 6.4± 0.3 eV for
NO−

2 (H2O). The signal to noise ratio is poorer for the NO−
2 (H2O)2 data, but the

low energy resonance has clearly moved to an even lower value (5.6± 0.4 eV).
Thus, the addition of single water molecules to NO−

2 increases the electron
binding energy by 0.8± 0.3 eV per water for the ground-state dianion, i.e. the
dianion becomes less electronically unbound upon hydration. The binding
contribution per water molecule of the positive ground state is of the same
order as observed for SO2−

4 (H2O)n and C2O2−
4 (H2O)n bound-state dianions

(n ≥ 3) [124–126].
The width of the resonances is determined by three contributions: Franck-

Condon factors, the experimental energy resolution and the natural width.
These cannot easily be separated, and only a lower limit on the dianion life-

1This indicates that the previously found resonance energy of 16.5 eV was somewhat too low,
as the present ELISA data agree well with the new ASTRID data on NO−

2 .
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time can be given from the width, corresponding to roughly 0.5 fs (FWHM
∼2 eV). As the dianions have decayed before reaching the end of the straight
section, an upper bound on the lifetimes is estimated to be ∼100 ns. For com-
parison, the lifetime of the NO2 dianion is about a microsecond in bulk solu-
tion [189].

6.3.2 Branching ratios

The previous experiments with NO−
2 [21] revealed that the main contribution

to the non-resonant background stems from pure detachment (production of
neutral NO2), which accounts for 75± 15% of the total events. Detachment
in combination with loss of an N or O atom (i.e. production of NO + O or
O2 + N) contributes 25 ± 15% as all channels with charged fragments were
negligible [21]. In the case of NO−

2 , the dianion resonance was found in the
channel corresponding to neutralization of the ion, indicating the following
decay pathway:

NO−
2 + e−(E = 7.2 eV) → NO2−

2 →




NO2 + 2e− ∆E = 2.27 eV
NO + O + 2e− ∆E = 5.45 eV
N + O2 + 2e− ∆E = 6.83 eV

.

(6.1)
Here, ∆E are the reaction energies calculated with the use of Ref. [160]. The
possibility of total dissociation into N + 2O + 2e− is neglected as the energy
threshold for this reaction is 12 eV. No information about the branching ratios
of the different channels was reported.

For NO−
2 (H2O), the dominant reaction in the energy range between 10 eV

and 45 eV is found to be detachment followed by dissociation into two frag-
ments, X and X3, respectively (see Sec. 6.2 for definition of X). This channel
constitutes 50± 7% of the total events. The most likely bond to be broken is
the hydrogen bond between the NO2 and the water molecule, making it plau-
sible that the main channel is detachment followed by dissociation into NO2
and H2O. The second most important channel corresponds to detachment fol-
lowed by breakup into three fragments, i.e. the NO2 molecule dissociates as
well. The branching ratio for this reaction is 20± 5% in the energy range of
10 eV to 45 eV. All other channels contribute less than 10% each and together
account for the remaining 30%.

Branching ratio measurements were also performed at the low energy re-
sonance to identify the decay channels of the NO2−

2 (H2O). The most impor-
tant decay channel was found to be the production of only one neutral frag-
ment, being either N, O, OH, or H2O, as the ASTRID experiment revealed a
clear resonance in the cross section for this reaction (see Fig. 6.2(b)). Since the
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anion-water bond is the weakest bond to break, this is interpreted as decay
into NO−

2 + H2O + e−, which has a branching ratio of more than 50%. The re-
sonance was further detected in the cross section for total neutralization, indi-
cating that other channels also come into play. The measurements showed that
the main neutral channels were NO2 + H2O + 2e− and NO + O + H2O + 2e−,
as the channel N + O2 + H2O + 2e− is energetically forbidden at the reso-
nance energy. However, some of these events stem from the non-resonant
background and are thus not associated with the decay of the dianion.

6.4 Discussion

As shown above, the excess electron in NO2−
2 (H2O)2 is electronically unbound

by 5.6 eV. For comparison, the transition into a true bound state dianion occurs
at n = 3 for SO2−

4 (H2O)n [125, 126], and an equal number of water molecules is
required to make C2O2−

4 stable in the gas phase [124]. Whether this also holds
for NO2−

2 is questionable. If each additional water molecule continues to sta-
bilize the NO2 dianion by the same amount as the two first waters (0.8 eV), at
least ten water molecules are necessary to make the energy negative. Studies
of SO2−

4 (H2O)n and C2O2−
4 (H2O)n [124–126] show that the change in the elec-

tron binding energy when a water molecule is added decreases with the clus-
ter size, n. Therefore, it is expected that many more than ten water molecules
are needed to provide a stable dianion of NO2(H2O)n. However, the character
of the electronic structure of SO2−

4 and C2O2−
4 is different from that of NO2−

2 .
The highest occupied molecular orbital is nonbonding for the former two but
antibonding for NO2−

2 . As a result, the SO2−
4 and C2O2−

4 remain intact upon
hydration, but this is not the case for NO2−

2 . In solution, the NO2 dianion
actually has a short lifetime of about 1 µs [189], and an electronically stable
NO2−

2 (H2O)n cluster for large n likely resembles an NO−
2 and a solvated elec-

tron, where the distance is maximized in order to lower the Coulomb repul-
sion. The repulsion is counterbalanced by the positive electron binding energy
of a water cluster [190] rendering the NO−

2 (H2O)−n system electronically stable
for large enough n.

The dianionic systems studied here may thus only be stable for larger ion-
water clusters, but the interactions between ions and a few water molecules
are still important to elucidate. In proteins, active sites are often shielded from
water by surrounding amino acids, which leaves room for just a few water
molecules in the vicinity of the site. Hence, only the role of single water mo-
lecules, and not the bulk solution, is relevant for the understanding of the
behavior of the active site. The first few water molecules on NO2−

2 introduce
a large change in the electron binding energy as also demonstrated for the
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bound SO2−
4 (H2O)n system [125], making the smaller clusters interesting.

6.5 Conclusion

It has been demonstrated that unbound electronic states of dianions are tuned
in energy by the presence of a few water molecules. More specifically, the
binding contribution of single water molecules to the NO2 dianion has been
directly measured. For the first two water molecules, the energy contribution
is found to be 0.8± 0.3 eV for the ground state dianion. The dianion of NO2
can decay by two-electron emission, possibly in combination with fragmen-
tation. The NO2(H2O) dianion mainly decays into NO−

2 + H2O + e− with a
branching ratio of more than 50%, whereas the channels, NO2 + H2O + 2e−
and NO + O + H2O + 2e−, account for the remaining flux.
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C H A P T E R 7

Conclusion and outlook

The three investigations described in the preceding chapters focussed on dif-
ferent aspects of electron-anion collisions, and the results provide answers to
some of the questions posed in Sec. 2.4.

Firstly, it was observed that the shape of the detachment cross section was
well-described by a classical model cross section for most of the anions. How-
ever, for some of the systems, the measured cross section clearly exhibits a
shape different from that of the model cross section. It was shown that this
could possibly be explained by the detachment process being dependent on
the relative orientation of the molecular anion with respect to the incoming
electron.

Secondly, it was shown that the fragmentation pattern of cluster anions
held together by hydrogen bonds is very different from that of covalently
bound anions. Upon electron impact, dissociation is observed only to a mi-
nor extent for covalent anions, whereas the hydrogen-bonded cluster anions
studied here dissociated into several fragments due to the much smaller dis-
sociation energy.

Thirdly, it was observed that the properties of electronically unstable dian-
ions are influenced by the presence of water. The addition of water molecules
successively lowers the energy of the dianion state relative to the monoanion,
thereby making the dianion less unstable.

Although some questions are now answered by the obtained results, new
questions arise which could possibly be addressed in future studies of electron-
anion collisions.

In the present thesis, a model for estimating the threshold energy for elec-
tron-induced detachment from monoanions has been presented. It was seen
that the model gives a fairly good estimate of the threshold energy. However,
in the case of PO−

3 , the measured threshold energy was significantly higher
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than expected, and it was suggested that this might be an effect of the an-
ion polarizability. It could be interesting to investigate in more detail what
effect the polarizability might have on the threshold energy for detachment.
In this respect, electron impact on two different types of anions of equal size
could be compared. In one system, the excess electron is delocalized over the
entire molecule, whereas in the other species the electron is localized. The de-
localization might cause the threshold energy to be significantly higher than
expected as the target electron is free to move around within the molecule,
thereby possibly avoiding detachment. The two anions to be studied could
possibly contain a carbon chain with suitable functional groups at each end.
The comparison of the threshold energies for the two system could then be
carried out for different lengths of the carbon chain. As the size increases,
it could furthermore be imagined that for the system with the localized elec-
tron it becomes favorable to detach not the HOMO electron but an electron
in the neutral end of the anion. As detachment of electrons in different states
requires different threshold energies, such effects might be visible in the de-
tachment cross section.

As mentioned above, it was shown that the attachment of water molecules
changes the energy of the NO2−

2 transient state with respect to the correspond-
ing monoanion. It would be interesting to repeat this type of experiment with
another solute ion that exhibits a resonance state. The experiments rely on
the detection of neutral fragments, and therefore the resonance energy of the
naked dianion should not be too low, as decay of the transient state into at least
one neutral fragment must be energetically possible. A good candidate for this
study is NO−

3 , which exhibits a resonance state located at ∼18 eV above the
ground state of the monoanion [47]. For this ion, it appears possible to trace
the position of the resonance for larger numbers of attached water molecules
than in the case of NO−

2 .
Another interesting experiment would be to investigate the influence of

other solvent molecules than water on the stability of resonant dianion states.
Solvent molecules with different dipole moments might result in different en-
ergy shifts upon solvation of the unstable states.
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C H A P T E R 8

Dissociation of photoexcited
gas-phase chromophores

8.1 Introduction

The absorption of light by molecules is an extremely important process in na-
ture. In photosynthesis, light is absorbed by, for instance, plants which convert
the energy of the absorbed light into chemical energy, thereby allowing the
plant to live. Light is also used by living organisms to sense the surrounding
environment, a prominent example being the human vision.

In biological systems, the absorption of light is governed by photoactive
proteins, and the particular molecular part of the protein responsible for the
photoabsorption is called the chromophore. Upon absorption of light, the chro-
mophore often undergoes structural changes, which in turn trigger the re-
sponse of the whole protein. The initial chromophore response may be ex-
tremely fast (sub-picoseconds) when residing in the protein [191], but it is not
known whether this is imposed by the protein or if it is an intrinsic property
of the chromophore. Often, it is the assumption that the protein speeds up
the initial process. However, without a detailed understanding of the intrinsic
properties of the chromophore it is difficult to conclude how the presence of
the protein may affect the chromophore photophysics. Therefore, it is crucial
to study the isolated chromophore in order to elucidate what is happening in
the protein. As an example, it is of importance to know the absorption spec-
trum of isolated chromophores in order to understand the perturbations that
influence the absorption spectrum when surrounded by the protein [192].

Insight into the intrinsic response time of chromophores may be achieved
by performing time-resolved pump-probe experiments in the gas phase. In
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such experiments, the molecule is first excited by a short femtosecond light
pulse, the pump pulse. To follow the temporal evolution of the excited mole-
cule, a second pulse, the probe pulse, interacts with the species after a certain
time delay. The effect of the probe pulse is monitored as a function of the
time delay between the two pulses, and this allows elucidating the molecular
dynamics going on upon photoexcitation. This technique was developed by
Ahmed Zewail in the late 1980s, and it earned him the Nobel Prize for Chem-
istry in 1999.

In the present chapter, a new experimental setup is presented. It is the
aim to use this setup to conduct pump-probe experiments on isolated chro-
mophores. Here, preliminary results involving the delayed dissociation of
photoexcited chromophore ions are reported, and these results represent the
first steps on the way to time resolved pump-probe studies. In these prelimi-
nary experiments, chromophore ions are excited with only a single light pulse
and the subsequent unimolecular dissociation of the ions into neutral frag-
ments is studied.

The chromophore under investigation here is named retinal and is shown
in Fig. 8.1. This chromophore is found in a protein called bacteriorhodopsin
which governs the light-sensing function of certain bacteria. In the bacteri-
orhodopsin, the structure of the chromophore is the all-trans form as seen in
the figure. The 11-cis form of the retinal chromophore serves as a photorecep-
tor in rhodopsin proteins. These proteins are present in the human eye and in
the eyes of many other vertebrates where they are responsible for vision. This
is actually the origin of the name ‘retinal’: the chromophore is present in the
retina of the eye. In both proteins, the photoexcitation of the chromophore trig-
gers an isomerization around the double bond between carbon number 11 and
12. This isomerization is the fastest photoreaction known in biology. Hence,
knowledge of the intrinsic response time of the chromophore would be very
interesting for the understanding of the role of the protein in this process.

In the present experiments, a model chromophore, which is not attached
to the protein, is used (see Fig. 8.1). The structure of this chromophore is the
all-trans form from bacteriorhodopsion and the link to the protein is replaced
by a butyl group (–CH2CH2CH2CH3). The model chromophore is protonated
at the nitrogen atom and is hence positively charged. This is also found to
be the case in the protein and the model system studied here is therefore the
biologically relevant species.

8.2 Decay of excited states

To understand the observations made in the experiments presented in the
following, knowledge is required about different decay processes of excited
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Figure 8.1: Structure of the all-trans retinal chromophore in bacteriorhodopsin,
the 11-cis retinal chromophore in rhodopsin, and the all-trans n-butyl model reti-
nal chromophore used here.

states of molecules with many degrees of freedom. The present section there-
fore serves as a brief introduction to the photophysical processes occurring
upon photoexcitation. A more elaborate discussion on the topic may be found
in Refs [193, 194].

Organic molecules are most commonly closed-shell species, i.e. they pos-
sess an even number of electrons, and therefore emphasis is put on such sys-
tems in the remainder of this section. In their ground state, all electrons are
paired, which yields a total spin of S = 0. The ground state is thus a singlet
state and is denoted S0. Upon excitation of one electron, two possibilities for
the total spin, S, exist: either the two unpaired electrons can couple to a total
spin of S = 1 or S = 0. Generally, the triplet (i.e. S = 1) state has the lowest
energy. This is attributed to the fact that electron motion is more correlated in
a triplet state, which leads to a reduction in Coulomb repulsion for the triplet
as compared to the singlet state. The excited singlet states are labelled Sn for
the nth excited singlet state above S0 and similarly for the excited triplet states,
Tn. Note that the ‘0’ subscript is reserved for the ground state (see Fig. 8.2).

To first order, spin is a conserved quantum number in molecular tran-
sitions, and as a consequence absorption of light preferentially excites the
molecule from the singlet ground state to an excited singlet state. After the
initial photoexcitation, several processes are competing, and these processes
are schematically illustrated in Fig. 8.2. Some of the electronic energy may
be converted into vibrational energy via a radiationless transition to a lower-
lying singlet state, a process known as internal conversion (IC). It is also possible
that a radiationless transition brings the system to a lower-lying triplet state
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Figure 8.2: Schematic illustration of the various photophysical processes. Ab-
sorption and emission processes are indicated with straight arrows, whereas the
horizontal arrows indicate radiationless processes. The wavy arrows represent
transitions between different electronic states which convert electronic energy into
vibrational energy. The dashed arrows signify redistribution of vibrational energy
in which process the total vibrational energy is unchanged.

in which case the process is called intersystem crossing (ISC). The rate constant
for internal conversion is dependent on the geometry of the potential energy
surfaces involved in the transition and on the electronic couplings. The rate
constant for the S1 → S0 internal conversion may be of order 105–108 s−1.
However, if the two potential energy surfaces undergo a crossing or touch
at one point (conical intersection), the time scale may be much faster (sub-
picoseconds). The rate for intersystem crossings depends on the spin-orbit
coupling. It is typically of order 106–109 s−1 for the S1 → T1 transition in mo-
lecules without atoms heavier than oxygen, whereas it is of order 10−1–104 s−1

for the T1 → S0 intersystem crossing [193, 194].
Before these processes occur, intramolecular vibrational redistribution (IVR)

normally takes place. In this process, the vibrational energy is distributed
among the vibrational modes, which usually results in a statistical population
of the 3N − 6 modes, where N is the number of atoms in the molecule. As the
energy is merely redistributed, the total vibrational energy is conserved in the
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process.
As regards higher-lying excited states, Sn and Tn (n ≥ 2), internal con-

version to the lowest excited states, that is the Sn → Sn−1 → · · · → S1 and
Tn → Tn−1 → · · · → T1 transitions, is very rapid (picoseconds). Therefore,
relaxation back to the ground state through emission of light normally only oc-
curs from the S1 (this is called Kasha’s rule [193, 194]) and T1 states as the time
scale for these processes is much lower. The spin-allowed radiative transition
from S1 to S0 is referred to as fluorescence and has a rate constant of 106–109 s−1.
The spin-forbidden radiative transition T1 → S0 is known as phosphorescence.
The forbidden character of this transition is revealed in the rate constant for
the process, which is of order 10−1–104 s−1 [193, 194].

In the case where radiative transitions are slow compared to the radiation-
less transitions, decay back to the ground state occurs preferentially through
radiationless transitions. Accordingly, all the energy of the absorbed light is
put into vibrational excitation of the molecule. If the molecule is in a solution,
it can dissipate the excess vibrational energy to the surrounding solvent mole-
cules and thereby stay intact (vibrational relaxation). In the gas phase, however,
things are quite different. Here, vibrational relaxation relies on infrared emis-
sion which is usually slow (milliseconds). Another option is fragmentation of
the molecule. Through IVR, the excess vibrational energy is constantly being
redistributed in the molecule. There is then a finite probability that certain vi-
brational modes may gain sufficient energy to be excited into the continuum,
thereby causing fragmentation of the molecule. This process is known as sta-
tistical dissociation. The timescale for such a decay is dependent on the amount
of energy deposited in the molecule and the size of the molecule. Hence, if
more energy is deposited into the molecule, fragmentation will occur faster, as
more energy is available for redistribution. For a given energy deposit, frag-
mentation of a large molecule happens slower than fragmentation of a small
molecule, as the energy is distributed over more modes in the former case,
thereby lowering the probability to cause sufficient excitation of one single
mode.

If a photoexcited ion were to de-excite by fluorescence or phosphorescence,
it would probably not dissociate once it was back in the electronic ground
state. In the emission process, the molecule gets rid of some of the absorbed
energy implying that much less energy is available for statistical dissociation
following IVR. In the present experiment, only neutral fragments are detected
meaning that photoexcitation events leading to light emission are probably not
observable since, most likely, no neutral fragments are produced as argued.
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8.3 Experimental setup

The experimental setup consists of three basic parts: the ion source for pro-
duction of the chromophore ions, a single-pass beam line for ion transport and
neutral detection, and a laser setup. Here, each of the three parts is introduced
followed by a description of the data acquisition system.

8.3.1 The electrospray ion source

To bring biomolecules to the gas phase requires the use of so-called “soft” ion-
ization techniques. Conventional ion sources, like those described in Chap. 3,
make use of “hard” ionization techniques where ions are formed in harsh en-
vironments, often in the presence of a hot filament emitting electrons. Un-
der these circumstances, the often fragile larger molecules dissociate, thereby
making such sources unsuitable for production of gas-phase biomolecular ions.

In the 1980s, a new type of ion source, named the electrospray ion source,
was developed by John Fenn [195] who was awarded the Nobel Prize for
Chemistry in 2002 for his invention. This type of ion source is now widely
used in many areas of physics and chemistry where gas-phase biomolecules
are being studied.

A schematic drawing of the electrospray ion source used in the present ex-
periments is seen in Fig. 8.3. First, a solution containing the biomolecules of in-
terest is made. A small amount of a solid powder containing the biomolecules
is dissolved in typically either methanol or a one-to-one mixture of water and
methanol. As opposed to the ion sources for production of small molecular
ions, where charging is obtained by removing or attaching electrons, the so-
lute molecules are charged by adding or removing a proton, i.e. by protonation
or deprotonation. Often, the charge state of the solute molecules is controlled
by adding acetic acid or ammonia to produce the protonated or deprotonated
ions, respectively.

Next, a syringe is filled with the solution, and the syringe is then placed in
a syringe pump. The pump ensures a constant flow rate of the solution from
the syringe through a fused silica capillary to the spray needle. The spray nee-
dle is usually kept on a potential of several kilovolts with respect to a heated
capillary, which defines the entrance to the remainder of the source.

The strong electric field at the needle tip charges the emerging liquid, and
due to the Coulomb repulsion the liquid is dispersed into a fine spray of
charged droplets. Upon entering the heated capillary, solvent molecules be-
gin to evaporate thereby decreasing the size of the droplets. Having reached
a certain size (the Rayleigh limit), the Coulomb repulsion between the droplet
surface charges exceeds the forces of the surface tension, and the droplet is
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Figure 8.3: Schematic drawing of the electrospray ion source.

torn apart into smaller droplets. This process continues until the droplet size
is small enough to allow for desorption of the ions into the ambient gas [195].

Following the heated capillary are lenses for focusing purposes and an oc-
tupole beam guide that steers the ions into a Paul trap consisting of a cylindri-
cal ring electrode and two end caps [196]. In trapping mode, a radio-frequency
(RF) potential is applied to the cylindrical electrode while the end caps are at
static potential. Helium buffer gas is let into to the trap to dissipate the initial
energy of the ions as they enter the trap. After some accumulation time, an
ion bunch is extracted from the trap by turning off the RF and biasing the en-
trance and cylinder electrodes in such a way as to expel the ions from the trap.
A typical number of ions in one bunch is of order 103–104 for an accumulation
time of 100 ms. The bunch is then focused and extracted from the source.

8.3.2 The single-pass ion beam apparatus

Figure 8.4 illustrates the setup of the single-pass ion beam apparatus. During
extraction from the ion source, the ions are accelerated to an energy of 20 keV
and focused before they enter a 90° bending magnet. The bending magnet
serves to select ions of a given mass-to-charge ratio, and only these continue
further downstream. Here, they pass deflection plates and quadrupoles used
to steer and focus the beam. In addition, this section of the beam line also
serves as a differential pumping stage to connect the high vacuum region
(∼10−6 mbar) directly after the ion source with the ultra high vacuum region
(∼10−9 mbar) in the laser interaction region. Before entering an electron spec-
trometer surrounding the interaction region, the ion beam is deflected 3° by a
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Figure 8.4: Schematic drawing of the single-pass ion beam apparatus.

set of electrostatic plates. This is done to remove neutrals formed in the pre-
ceding section by collisions with the residual gas, as these fragments would
give rise to a significant background count rate. Moreover, a set of horizontal
and vertical slits just before the spectrometer entrance allows removing neu-
trals as well as collimating the ion beam.

The electron spectrometer consists of a stack of 25 equidistant circular elec-
trodes with increasing aperture diameter. The electrodes are interconnected
through identical resistors, and the last electrode is grounded while the first
one can be biased. When biased, the electrode configuration produces a ho-
mogenous electric field parallel to the ion beam direction. These electrodes
were made for guiding photoelectrons onto a MultiChannel Plate (MCP) de-
tector at the end of the spectrometer, hence the name ‘electron spectrometer’.
Both the detector and the connecting phosphor screen have a central hole in
order to allow the ions and neutrals to pass. However, in the experiments pre-
sented here, this detector was not used. In the first part of the spectrometer,
the ion beam is crossed at right angles with a laser beam, details of which are
postponed to the next section.

The spectrometer is followed by a set of horizontal deflection plates, which
deflects the ion beam into a Faraday cup. As the ion current is too low to be
measured, the cup only serves as a beam dump. Neutrals pass unaffected
through the deflection plates and impinge on a second MCP detector coupled
to a phosphor screen located at the end of the beam line. The impinging neu-
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trals give rise to a burst of electrons, which is amplified through the MCP
detector, and in turn the electrons create a bright spot on the phosphor screen.
To register the arrival of neutral fragments, the signal from the MCP may have
been used, but this signal turned out to be too noisy. Instead, the light emitted
from the phosphor screen is detected by a PhotoMultiplier Tube (PMT) which
provides the final electronic signal used for neutral fragment detection.

8.3.3 The laser system
The femtosecond laser system consists of a modelocked Ti:Sapphire oscilla-
tor (NJA-5, Clark-MXR) which is pumped by a diode laser (Millenia, Spectra-
Physics). To boost the output power of the Ti:Sapphire laser, the laser pulses
are first stretched in time to reduce the peak intensity in order to avoid dam-
age of optical elements in the amplifier, and to reduce nonlinear effects. Then
the stretched pulses are sent into a regenerative amplifier, which is pumped by
an Nd:YAG laser (ORC-1000, Clark-MXR). After several roundtrips in the am-
plifier, maximum power is reached, and at this time, the light is coupled out
of the cavity by a Pockel cell. Subsequently, the light pulses are compressed
in the time domain, and the final result are pulses with a time duration of
∼110 fs and a pulse energy of 0.8 mJ at a repetition rate of 1 kHz. The mean
wave length is 820 nm and the spectral width is ∼15 nm (FWHM).

However, for the retinal chromophore studied here the lowest electronic
excitation, that is the S0 → S1 transition, is at 610 nm [197], and hence the
820 nm photons cannot excite the chromophore electronically. Meanwhile,
the S0 → S2 absorption band has a maximum around 390 nm [197] close to
the second harmonic of the 820 nm. Therefore, the light is sent through a
non-linear BBO (β-barium borate) crystal in which 410 nm light is produced
by second harmonic generation. The conversion efficiency is 25%, yielding an
average power of 200 mW at 1 kHz (0.2 mJ per pulse). Dispersion in the crystal
increases the time duration of the light pulses to 150 fs [198].

After the nonlinear crystal, the 820 nm and 410 nm light are co-propagating,
and the two colors are subsequently separated by means of a dichroic mir-
ror coated for high reflectivity at 410 nm and high transmission at 820 nm.
The 820 nm light is dumped in a beam dump while the 410 nm pulses are
sent through the interaction region on the other side of which the light hits a
power meter. Here, the measured power is 160 mW as losses are introduced
by two mirrors before the interaction region, and, most significantly, by going
through the windows in the vacuum chamber.
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Figure 8.5: Schematic drawing of the timing and data acquisition system.

8.3.4 Data acquisition

A schematic drawing of the timing setup and the data acquisition system is
shown in Fig. 8.5. Prior to the laser shot, a pulse generator receives a trig-
ger signal from the laser. The ions are then extracted from the ion trap after a
given time delay such that timely overlap between the ions and the laser pulse
at the interaction point is ensured. Shortly before neutral fragments stemming
from photoexcited ions are expected to arrive at the MCP, a pulse from the
generator is transmitted to a Time-to-Amplitude Converter (TAC). The func-
tion of the TAC module is to produce a signal with an amplitude proportional
to the elapsed time between two input pulses, and the generator pulse is the
first one of these pulses. Soon after the TAC is started, the generator sends
a gate signal to a Constant Fraction Discriminator (CFD) to which the out-
put of the PhotoMultiplier Tube (PMT) is connected. Accordingly, the CFD is
only active in the short time span when the laser-induced neutral fragments
are anticipated to arrive at the MCP. When a neutral fragment is detected, the
CFD sends a standard signal to the TAC to stop it. The TAC signal is then
transmitted to a MultiChannel Analyzer card (MCA) which records the TAC
pulse height distribution. Assuming that only one neutral fragment per ion
bunch hits the detector within the active time of the CFD, the recorded pulse
height spectrum directly yields the distribution of the time-of-flight (TOF) of
the neutral fragments from the interaction region to the MCP.

However, not only neutrals created by ions interacting with the laser light
contribute to the TOF spectrum, but also neutrals produced in collisions with
residual gas are detected. To extract the TOF distribution of events that are
due to interactions with the laser light, subtraction of the background events
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must be enabled. Conceptually, this can be done by blocking the laser beam of
every second ion bunch and then record the TOF spectrum with laser light on
one MCA card and the background TOF spectrum on another.

In practice, the timing system runs in such a way that every laser trigger
signal causes the system to perform two of the cycles described above. Ac-
cording to this timing scheme, only ion bunches from every second emptying
of the trap are overlapped with the laser pulses. The TAC signal is then sent to
two MCA cards, and in addition the pulse generator creates two gate pulses,
one for each of the two MCA cards. The gate pulses ensure that one card only
records the TAC signal from ion bunches that have interacted with the laser
pulses, while the other card registers the remaining TAC signals. The TOF
distribution for the laser-induced neutral fragments can now be extracted by
subtracting the two recorded TOF distributions from one another.

8.4 Results and discussion

The distribution of flight times is shown in Fig. 8.6 where time zero is defined
by the arrival of the laser pulse at the interaction region. As is evident, the TOF
distribution of background events is smooth and without structures, but when
the ions are crossed by the laser pulse, a pronounced peak is superimposed
on the background signal. Subtracting the two distributions yields the TOF
distribution for the laser-induced neutrals, and this spectrum is shown in same
figure in the graph to the right.

At a first glance, it might be expected that the width of the laser-induced
signal would be very small, as the ions are interacting with a short pulse of a
duration of only 150 fs implying that the interaction time is very well-defined.
Nonetheless, the finite extent of the interaction region, estimated from the
laser spot size to be a few millimeters, induces a spread in the flight time to
the MCP. Moreover, fluctuations in the acceleration voltage cause a spread of
ion energies resulting in an additional spread in the flight time. To elucidate
whether these two effects can account for the width of the observed signal,
Monte Carlo simulations were performed. Using reasonable values for the
voltage fluctuations, the spatial extent of the interaction region and the known
geometry of the experimental setup (the distance from the interaction region
to the detector etc.), a simulated TOF distribution as represented by the red
dotted curve in Fig. 8.6 is obtained. It is clearly seen that the two effects alone
cannot explain the width of the observed peak.

However, another contribution to the peak width turns out to be signifi-
cant. The retinal chromophore ions are cations implying that the laser-induced
neutral fragments can only stem from dissociation of the ions. In the dissoci-
ation process, the emerging fragments must carry some kinetic energy in the
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Figure 8.6: Left: Time-of-flight spectra recorded with laser (red curve) and
without laser (blue curve). A pronounced peak is visible when the laser is on.
Right: Laser-induced signal (black curve) together with a simulation (dotted
curve) taking into account only the energy spread of the ions and the finite ex-
tent of the interaction region.

rest frame of the ion — otherwise dissociation is not achieved. Furthermore,
the momentum gained by the neutral fragment has a random direction, and
in the lab frame this effect adds to the energy spread of the neutral fragments.
By comparison to the simulations presented above, it is concluded that the
kinetic energy release in the dissociation process determines the width of the
observed peak.

From the time-of-flight spectra in Fig. 8.6, not much information on the dis-
sociation processes, like the characteristic decay time of the photoexcited ions,
can be obtained. Meanwhile, it turns out that such information can actually be
extracted if the electron spectrometer is employed. Figure 8.7 shows the TOF
distributions with and without laser when a voltage of +3 keV is applied to the
first electrode in the spectrometer. Again, the TOF distribution of background
events is smooth and structure-less, but when the ions are crossed with the
laser, two pronounced peaks appear in the TOF spectrum. When subtracting
the background TOF distribution, it is clearly seen that there is also a signal
in the region between the two peaks. The strange shape of the laser-induced
TOF spectrum has a quite simple explanation as described in the following.

Figure 8.8 illustrates the effect of the spectrometer voltage on the TOF dis-
tribution. Being positively charged, the retinal ions are decelerated by the
positive voltage applied to the first electrode in the spectrometer, implying
that the ion kinetic energy is reduced to 17 keV at the spectrometer entrance.
On their way through the spectrometer, the ions are slowly accelerated by the
homogenous electric field until at the spectrometer exit they regain their initial
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Figure 8.7: Left: Time-of-flight spectra recorded with and without laser with a
voltage of +3 keV on the spectrometer. Two peaks are visible when the laser is on.
Right: Laser-induced signal (open circles) together with simulations including
only slow dissociation (red dashed curve) and both slow and fast decay (black
curve).

kinetic energy (see Fig. 8.8). The neutral fragments created in the spectrometer
retain the velocity of the parent ion at the time of dissociation, as they are unaf-
fected by the electric fields. Thus, the electric field in the spectrometer causes
a modulation of the velocity of the neutral fragments, and this modulation is
reflected in the TOF distribution.

To explain the origin of the two peaks, it must first be noted that the ions
giving rise to neutrals impinging on the detector are those which have de-
cayed before reaching the deflector after the spectrometer (see Fig. 8.4). The
flight time from the interaction region to this deflector is 3.5 µs at an energy
of 20 keV, and hence only ions decaying within the first 3.5 µs after photo-
excitation contribute to the measured TOF distribution.

Neglecting the energy spread, all ions that decay between the end of the
spectrometer and the deflector have the same velocity, and consequently the
corresponding neutral fragments all impinge on the MCP at the same time.
The result is a large peak in the TOF distribution, and this explains the origin
of the peak observed at early flight times.

In contrast, the neutrals created inside the spectrometer have different ve-
locities dependent on at which point the parent ion dissociated. As the ions
move slower in this region, the neutral fragments produced in the spectrom-
eter have longer flight times to the detector than the ones produced outside.
Hence, the former fragments arrive at the MCP at later times. The part of
the TOF distribution that lies outside the peak at early flight times is there-
fore due to ions dissociating in the spectrometer. Since the ions spend 2 µs in
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Figure 8.8: Illustration of how the homogenous electric field in the spectrometer
influences the time-of-flight spectrum.

the spectrometer, this part of the TOF distribution stems from ions decaying
within the first 2 µs after photoexcitation. The observation of a second peak at
late flight times then indicates that a significant fraction of the ions dissociates
quite rapidly after photoexcitation, i.e. early in the spectrometer where the ion
velocity is low.

The decay of the present model chromophore after excitation by 400 nm
photons was studied at the ELISA storage ring on the millisecond timesca-
le [197]. In those experiments, the time resolution was limited to ∼75 µs, and
consequently only decays with a much longer lifetime than this time reso-
lution could be investigated. It was found that after irradiation by 400 nm
photons the ions decayed on the millisecond timescale through statistical dis-
sociation.

This piece of information may be used to simulate the TOF distribution ob-
served in the present experiment. As previously mentioned, only ions decay-
ing within the first 3.5 µs after photoexcitation contribute to the observed TOF
signal. This timescale is three orders of magnitude smaller than the timescale
for the slow statistical dissociation observed in the experiments mentioned
above. In the present experiment, it can therefore, to a good approximation,
be assumed that the ions undergo this slow dissociation with constant prob-
ability. By use of this assumption, the time-of-flight distribution for neutrals
stemming from this slow decay can be modelled by performing Monte Carlo
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simulations. The result of such a simulation for the slow decay is shown as
the red dashed curve in Fig. 8.7. In addition to fluctuations in the acceleration
voltage and the finite extent of the interaction region, the simulations further-
more include the effect of kinetic energy release in the breakup. The energy
release is chosen so that the width of the simulated peak matches that of the
experimentally observed one. Clearly, the peak at late flight times cannot be
explained by the slow decay as also suggested earlier. If, in addition, an ex-
ponential decay with a lifetime of 100 ns is included in the simulations (black
curve in Fig. 8.7), the simulation is able to reproduce the experimental findings
to a satisfactory extent. Thus, it is concluded that photoexcitation of the ions
leads to at least two different decay processes taking place on significantly
different timescales: the lifetime of ions decaying via the slow statistical decay
is on the millisecond timescale, whereas the lifetime of ions decaying by the
faster process is of order 100 ns.

From the simulations, the fraction of photoexcited ions that decay via the
slow statistical process can be estimated. As already mentioned, the entire
decay curve for the slow decay was measured in another experiment [197].
Using these results it is estimated that of all ions decaying via this process
only 0.8% are actually observed in the present experiment. Furthermore, it is
found that 30% of the observed signal stems from the fast decay. As just a
small fraction of the slowly decaying ions is in fact observed here, this implies
that of all photoexcited ions merely 0.3% decay via the fast process.

8.5 Current status

The results presented in the previous section have all been obtained with the
participation of the author of the thesis. However, during the writing of the
present thesis, a few interesting discoveries have been made, but as the author
has not been directly involved with the experiment in the writing phase, these
discoveries are merely outlined in the following.

Firstly, it has been observed that the ion intensity within an ion bunch is
modulated in time as shown in Fig. 8.9. This effect is caused by the RF po-
tential keeping the ions trapped in the ion trap. During the emptying of the
trap, this potential cannot be switched off instantaneously, and this causes the
ions to ‘splash out’ in small bunches. If the phase of the RF potential at the
time of extraction of ions from the trap is always the same, the microbunched
structure of the ion bunch can actually be exploited. Provided that the RF
phase is locked at extraction, it is possible to overlap the laser and the ions
at the moment in time where the ion density in the interaction region reaches
its maximum. As compared to the situation where the RF phase is random,
the phase locking provides data with better statistics for the same recording
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Figure 8.9: Time-of-flight distribution for the background events when the RF
phase at extraction of the ions from the trap has been locked. The microbunching
of the ion bunch is clearly seen.

time. Thus, the data acquisition becomes more efficient when the RF phase is
locked, which it has been in the more recent measurements.

Secondly, only a small part of the ion bunch is in fact overlapped with the
laser. In Fig. 8.9, it is seen that the time duration of one microbunch is ∼1.5 µs
corresponding to a geometrical length of 20 cm. Since the ions do not have
time to move during the interaction with the femtosecond light pulse, merely
ions within the laser spot of a few millimeters in size interact with the laser
light. As a consequence, only a small number of ions within one microbunch
actually meet the laser light, and all remaining ions merely contribute to the
background events. Using the chopper plates in the beam line (see Fig. 8.4),
only a minor fraction of the ion bunch is now allowed to enter the interaction
region, thereby reducing the background counts significantly. Moreover, since
a very small number of neutrals are created by collisions with the residual gas
in the spectrometer, neutrals from the fast decays arrive at the detector almost
free of background events. Therefore, the signal-to-background ratio at late
flight times is now improved drastically.

The two improvements have made it possible to obtain good-quality data
on the dependence of the TOF distribution on the laser power. These measure-
ments confirmed that the slow decay stems from ions having absorbed one
photon as was anticipated from the previously published results [197]. How-
ever, the number of ions decaying through the fast decay varied as the square
of the laser power. Thus, it was concluded that the fast decay is not due to
another decay mechanism but rather to the absorption of two photons. In the
latter case, much more energy is available for vibrational excitation, and as a
consequence, the probability to excite one mode to the continuum increases,
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thereby leading to a much shorter lifetime.

8.6 Conclusion

An experimental setup, which combines a single-pass ion beam apparatus
with an electrospray ion source, has been presented. The long-term goal is
to use the setup to do pump-probe studies of the fast response of large gas
phase biomolecules to the absorption of light. Here, the first results obtained
with the new setup were reported.

The unimolecular dissociation of the positively charged all-trans n-butyl
retinal chromophore upon photoexcitation at 410 nm was studied. The setup
allowed to investigate the decay of ions within the first 3.5 µs after photo-
excitation. Furthermore, the decay curve could be mapped out for the first
2 µs of the decay, thereby making it possible to observe prompt decay of ions.

It was shown that at least two different dissociative processes were acti-
vated after photoexcitation of the chromophore cations. The timescales of the
two dissociative processes were significantly different. The lifetime of ions
decaying via the slow decay process was determined in another experiment
to be of order milliseconds. In the present experiment, it was established that
the lifetime of the fast decay was of order 100 ns. Through a measurement
of the dependence of the two processes on the laser power, it was found that
the slow decay was caused by the absorption of one photon, while ions de-
caying via the fast decay process had absorbed two photons. This implies that
both decays are likely to be statistical, and accordingly no evidence for any
non-statistical process is found. Furthermore, Monte Carlo simulations were
performed. These were found to be in good agreement with the experimental
observations, thereby bringing confidence to the interpretation of the results.

8.7 Outlook

It has now been demonstrated that with the new experimental setup it is pos-
sible to detect neutral fragments stemming from dissociation of photoexcited
biomolecules with good signal-to-background ratio.

The next step is to build the laser-setup needed to do one-color pump-
probe experiments. This involves splitting up the laser beam in two beams
and setting up a delay stage in one of the beam paths before merging the two
beams again. The TOF distribution is then monitored while the delay between
the two pulses is changed.

For the pump-probe experiment to work, the ions must absorb a photon
from each of the pulses implying that the process to be studied is a two-photon
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process. Even though the probability for two-photon absorption is low, the re-
sults presented in this chapter bring hope that pump-probe studies are indeed
feasible. Here, only a very small fraction of ions absorbed two photons, but
still the two-photon signal was clearly visible as merely a small fraction of the
one-photon signal is observable with the present experimental setup. More-
over, the two-photon signal could even be separated in time from both the
one-photon signal and the main part of the background events, whereby a
very good signal-to-background ratio is obtained for this signal.

In relation to the response process of the retinal chromophore taking place
inside proteins, it would be more appropriate to follow the dynamics upon
excitation of the chromophore to the S1 potential energy surface rather than
exciting the chromophore to the S2 state. However, the S0 → S1 absorption
band is in the 600 nm region [197], and at the moment, the laser wavelength
can only be chosen among the fundamental 820 nm wavelength and the sec-
ond and third harmonic of the Ti:Sapphire laser at 410 nm and 270 nm, respec-
tively. To provide femtosecond light-pulses of tunable wavelength, an Optical
Parametric Oscillator (OPO) will be in used in the future. With the OPO at
hand, it should be possible to study the dynamics following excitation to the
S1, whereby hopefully the main goal of measuring the intrinsic response time
of the chromophore in vacuum could be reached.
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Summary

In the present thesis, electron-induced fragmentation of several gas-phase neg-
ative ions was studied. In addition, the results from an investigation of the de-
layed dissociation of a photoexcited biomolecular positive ion were presented.

Electron impact on PO−
n (n = 0–3), OH−(H2O)n (n = 0–4), and NO−

2 (H2O)n
(n = 0–2) was studied for incident-electron energies in the range from 0 eV to
50 eV. In all cases, the cross section for electron detachment exhibits a well-
defined onset at a threshold energy, which is significantly higher than the
binding energy of the excess electron. This was attributed to the fact that
the incoming electron has to overcome the Coulomb repulsion of the nega-
tive ion before detachment is possible. In most cases, the overall shape of the
detachment cross section is represented fairly well by a classical model cross
section. For some molecular ions, however, significant deviations occur. It was
suggested that the deviations appeared because the detachment process was
dependent on the relative orientation of the ion with respect to the incoming
electron.

For PO−
n , the dominant reaction channel is pure detachment, that is the

excess electron is released upon electron impact. At higher energies, electron
impact furthermore results in dissociative detachment where an P–O bond is
broken. Three- and four-body fragmentation is found to be negligible, as the
molecules are strongly bound.

In contrast, the dominant reaction channel for OH−(H2O)n is observed to
be detachment combined with the fragmentation into n + 1 oxygen-containing
fragments. This significant difference occurs since the hydroxide-water clus-
ters are bound by hydrogen bonds. These bonds are much weaker than the
covalent bonds of PO−

n , and hence total fragmentation requires only little en-
ergy.

Upon bombardment by electrons, several of the ions are capable of form-
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ing transient states of doubly charged negative ions. For OH−(H2O)3 and
OH−(H2O)4, such a transient state is formed if the incoming electron has an
energy of ∼15 eV. For NO−

2 (H2O)n, the energy of the transient state decreases
with the number of water molecules. This implies that the water molecules are
able to make the transient state less unstable against spontaneous emission of
electrons.

Finally, results on dissociation of a retinal model chromophore following
photoexcitation were presented. It was shown that at least two different de-
cays are in play when the chromophore is electronically excited by 410 nm
photons. In one type of decay, the chromophore is excited to the second
excited state of singlet character from where it returns to the ground state
through radiationless decays. The absorbed energy was then converted into
vibrational energy. There is a finite probability that sufficient energy to cause
dissociation is localized in one vibrational mode, and consequently the ions
dissociated on the millisecond timescale. The second type of decay occurs on
a much faster timescale, the lifetime for dissociation being 100 ns. It was found
that this faster decay is due to ions that have absorbed two photons. In this
process, more energy is deposited into the vibrational modes, and dissociation
happens on a much faster timescale.
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Space charge potential

The space charge potential created by the electron beam in the electron cooler
was discussed in section 3.2.2. In the following section, the expression from
Eq. (3.5) is derived.

The electron beam can be regarded as a uniform cylindrical charge distri-
bution with radius, Re. The charge density is given by −ene. To obtain an
expression for the electrical field inside the charge distribution, i.e. for r < Re,
a coaxial Gaussian cylinder of radius, r, and length, L, is drawn (see Fig. A.1).
For this surface, Gauss’s law states:

∮

S
E · da =

1
ε0

Qenc, (A.1)

where the enclosed charge, Qenc, is

Qenc =
∫
−e ne dV = −eneπr2L. (A.2)

The cylindrical symmetry of the charge distribution dictates that the electrical
field, E, must point in the radial direction, and that |E| only depends on the
distance to the axis. Hence, the magnitude of the electrical field is constant on
the curved surface of the Gaussian cylinder. Furthermore, the surface element,
da, and E are parallel in every point, and for this curved portion of the surface,
the integral therefore yields:

∫
E · da =

∫
|E|da = |E|

∫
da = |E|2πrL. (A.3)

As the two ends do not contribute to the surface integral (here E is perpendic-
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Figure A.1: Cylindrical charge distribution of radius, Re, surrounded by a coax-
ial cylindrical chamber of radius, R. A Gaussian surface of radius, r, and length,
L, is drawn inside the charge distribution.

ular to da) Eq. (A.1) becomes:

wwÄ

|E|2πrL =
∮

S
E · da =

1
ε0

Qenc =
−ene

ε0
πr2L

E(r) = − ener
2ε0

r̂, r < Re.

(A.4)

The electrical field in the region between the chamber and the charged distri-
bution, i.e. Re < r < R, can be calculated in a similar manner. By applying
Gauss’s law to a coaxial cylinder with radius r where Re < r < R, E is found
to be:

wwÄ

|E|2πrL =
∮

S
E · da =

1
ε0

Qenc =
−ene

ε0
πR2

eL

E(r) = − eneR2
e

2ε0r
r̂, Re < r < R.

(A.5)

The relation between the electric field and the potential is given by:

V(r) = −
∫ r

O
E · dl, (A.6)

where O is a reference point at which the potential is zero. The electron beam
is surrounded by the grounded vacuum chamber of radius, R, and the ref-
erence point is therefore chosen to be at distance R from the axis. The space
charge potential in the region inside the vacuum chamber but outside the elec-
tron beam is calculated to be:

Vsp(r) = −
∫ r

R
E · dl =

∫ r

R

eneR2
e

2ε0r′
dr′ =

eneR2
e

2ε0
ln

( r
R

)
, Re < r < R, (A.7)
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whereas the potential inside the electron beam is

Vsp(r) = −
∫ r

R
E · dl =

∫ Re

R

eneR2
e

2ε0r′
dr′ +

∫ r

Re

ener′

2ε0
dr′

=
eneR2

e
4ε0

[
2 ln

(
Re
R

)
+

(
r

Re

)2
− 1

]
, r < Re.

(A.8)

This result is recognized as the expression from Eq. (3.5). In experiments, the
known quantities are the electron current, Ie, and the electron energy in the
laboratory frame, Elab

e , and hence the above equations are more convenient
when expressed in terms of these variables. Substituting ne by the electron
current, Ie = eneπR2

eve, and the electron velocity, ve, by Elab
e , the following is

obtained:

Vsp(r) =
Ie√
Elab

e

√
me

4πε0

√
2
·





2 ln
( r

R

)
, Re < r < R

2 ln
(

Re
R

)
+

(
r

Re

)2
− 1, r < Re

. (A.9)

The space charge constant, Ksp(r), is introduced as the part of the potential
only depending on the geometry, and Vsp(r) is finally expressed as:

Vsp(r) = −Ksp(r)
Ie√
Elab

e
, (A.10)

where

Ksp(r) = −
√

me

4πε0

√
2
·





2 ln
( r

R

)
, Re < r < R

2 ln
(

Re
R

)
+

(
r

Re

)2
− 1, r < Re

. (A.11)

Defined as above, the space charge constant is always positive. The value of
the space charge constant can now be extracted as a function of the distance
to the center axis. The radius of the vacuum chamber is R = 5 cm and the
adiabatic expansion factor is kept at 4.5 yielding an electron beam radius of
Re =

√
4.5 · 0.5 cm = 1.06 cm. Using these numbers, the result shown in

Fig. A.2 is obtained.
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Figure A.2: Space charge constant as a function of the distance, r, to the center
axis.
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Collision energy spread in the
merged-beams setup

The expression from Eq. (3.21) giving the collision energy spread in the merged-
beams setup is derived in the following.

The electron velocity distribution is known both in the electron rest frame
(Eq. (3.10)) and in the ion rest frame (Eq. (3.19)). Fig. B.1 shows the relation
between the velocities entering the two distributions. The collision energy
spread is most easily obtained by first relating the electron velocity in ion rest
frame, u, to that in the electron rest frame, v. As Fig. B.1 implies:

u⊥ = v⊥, u‖ = v‖ + ∆. (B.1)

The collision energy, Ee, is the electron energy in the ion rest frame, and from
the result above it is expressed as:

Ee =
1
2

me(u2
⊥ + u2

‖) =
1
2

me(v2
⊥ + (v‖ + ∆)2)

=
1
2

mev2
⊥ +

1
2

mev2
‖ + Ed + mev‖∆.

(B.2)

Ed = me∆2/2 is the detuning energy assumed to be a constant as the ion
velocity spread is negligible. The transversal and longitudinal velocities are
independent variables, as their joint distribution (see Eq. (3.10)) is a product
of the individual distributions [199]. Therefore it is obvious to exploit the fact
that the variance of a sum of variables, X = ∑ Xi, can be calculated according
to [199]:

var(X) = 〈X2〉 − 〈X〉2 =
n

∑
i=1

var(Xi) + 2 ∑
1≤i≤j≤n

cov(Xi, Xj). (B.3)
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Figure B.1: Illustration of the different velocity definitions in Eqs (3.10) and
(3.19).

Here, cov(X, Y) is the covariance of X and Y defined as:

cov(X, Y) = 〈XY〉 − 〈X〉〈Y〉, (B.4)

which is zero if the variables, X and Y, are independent. Combining all of the
above, the variance of the collision energy can be found:

var (Ee) =var
(

1
2

mev2
⊥

)
+ var

(
1
2

mev2
‖

)
+ ∆2m2

evar
(
v‖

)

+ ∆m2
ecov

(
v2

‖, v‖

)
.

(B.5)

The longitudinal velocity distribution is symmetric around v‖ = 0 meaning
that 〈vn

‖ 〉 = 0 for n odd. Thus, the last term above disappears since only odd
moments is seen to enter in the covariance of v2

‖ and v‖. The three remain-
ing variances are found by calculating 〈v2

‖,⊥〉 and 〈v4
‖,⊥〉 from the distribution

given in Eq. (3.10). The result is:

var (Ee) = (kT⊥)2 +
1
2

(
kT‖

)2 + 2EdkT‖. (B.6)

The collision energy spread, δEe(Ed), is defined as the square root of the vari-
ance, and the expression from Eq. (3.21) is now retained:

δEe(Ed) =
√

var (Ee) =

√(
kT⊥

)2 +
1
2

(
kT‖

)2
+ 2EdkT‖. (B.7)
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