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Abstract

Imaging of Neutral Fragmentation Products from Fast Molecular Ion Beams -
Paving the Way to Reaction Studies in Cryogenic Environment

The focus of this work are experimental studies on dissociative recombi-
nation in merged-beams experiments at storage rings. Dissociative recom-
bination of the sulfur hydride cation (SHT) has been investigated at the
magnetic Test Storage Ring (TSR) in Heidelberg, Germany. Measurements
of the reaction rate coefficient and momentum spectroscopy of the fragmen-
tation products have been performed. From these, the total reaction cross
section and the branching ratios of the different product states were derived.
These kind of studies will be continued at the new electrostatic and Cryo-
genic Storage Ring (CSR) in Heidelberg. Operated at cryogenic tempera-
tures, the vacuum conditions are improved by several orders of magnitude
which enables the storage of heavy molecules in their lowest ro-vibrational
quantum state. In this way, gas phase processes can be investigated un-
der conditions similar to those found in interstellar media. A new multi-
coincidence particle imaging detector was developed. For experiments on
dissociative recombination in this harsh environment, the detector has been
partly simulated, constructed, built and tested.






Zusammenfassung

Abbildung neutraler Fragmentationsprodukte von schnellen Molekiilionenstrahlen
- Wegbereitung fiir Reaktionsuntersuchungen in kryogener Umgebung

Der Schwerpunkt dieser Arbeit sind experimentielle Untersuchungen von
Dissoziativer Rekombination in Experimenten mit iiberlappenden Strahlen
an Speicherringen. Dissoziative Rekombination des Schwefelhydrid Ka-
tions (SHT) ist am magnetischen Testspeicherring (TSR) in Heidel-
berg untersucht worden. Es wurden sowohl Messungen des Reaktion-
sratenkoeffizienten, als auch Impulsspektroskopie der Fragmentationspro-
dukte durchgefiihrt. Hiermit wurde der vollstandige Reaktionsquerschnitt
und das Verzweigungsverhaltnis der verschiedenen Produktzustdnde bes-
timmt. Diese Art von Untersuchungen werden in Zukunft bei dhnlichen
Experimenten an dem neuen elektrostatischen und kryogenen Speicher-
ring CSR in Heidelberg fortgesetzt werden. Bei kryogenen Temperaturen
kénnen erheblich verbesserte Vakuumbedingungen erzielt werden, was die
Speicherung von schweren Molekiilen in ihren niedrigsten Rotations- und
Schwingungszustianden ermdglicht. Auf diese Weise konnen Gasphasen-
prozesse unter Bedingungen dhnlich denen von interstellaren Medien unter-
sucht werden. Ein neuer ortsauflosender Teilchendetektor wurde entwick-
elt. Fiir Experimente von Dissoziativer Rekombination in dieser widrigen
Umgebung ist der Detektor teilweise simuliert, konstruiert, aufgebaut und
getestet worden.
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1 Introduction

Atomic and molecular gas-phase reactions play an important role in all forms of nat-
ural and artificial plasma media. On earth, plasmas can mainly be found in artificial
environments such as fusion reactors, combustion engines and fluorescence lamps.
Prominent natural occurrences are the outer layers of planetary atmospheres, the so-
called ionospheres, exposed to ionizing stellar and cosmic radiation. In the universe,
the majority of visible matter is in fact ionized [1|. Diffuse and dense interstellar
clouds in the interstellar medium (ISM) exhibit a great variety of molecular ions [2].

Molecular signatures in astronomical observations are used to probe the chemical
compositions and physical properties of various astronomical environments. The
conditions and dynamical processes in these environments can be investigated by
comprehensive modeling of the whole chemical network. This requires a detailed
understanding of all involved interaction processes between atoms, molecules, both
in neutral and ionic form, as well as electrons and photons. The formation of
molecular systems in the interstellar media (ISM) occurs both in the gas-phase as
well as on the surfaces of ice and dust particles. Gas-phase reactions can be better
modeled compared to surface reactions, as the latter rely on uncertain assumptions
|3]. Hence, a good understanding of gas-phase reactions can also help to constrain
contributions from surface reactions.

Dissociative recombination (DR) is a key reaction in the vast chemical network of
interstellar media and other plasma environments, which are governed by gas-phase
reactions with ionic species [4-6]. This dissociation mechanism of molecular ions is
induced by recombinations of free, low-energy electrons which leads to the forma-
tion of neutral fragments. Recombination of electrons with molecular ions exhibit
very large cross sections, typically, three to five orders of magnitudes larger than
atomic-ion recombinations [7]. The barrier-less nature of dissociative recombination
makes it most efficient towards lower collision energies in an energy range from meV
to eV. For this reason, dissociative recombination is one of the most important pro-
cesses of the gas-phase chemistry, especially, in cold plasma environments such as
interstellar media with typical temperatures well below 100K [8]. Only very little
energy is available in such an environment, so that practically all endothermic gas-
phase reactions are inhibited. This makes DR an often dominant destruction and
neutralization mechanism of molecular ions which in particular frequently marks
the endpoint of a molecular formation chain. Beyond that, dissociative recombi-
nation is an exothermal reaction with energy releases of typically a few eV. This
makes it also a considerable source of energy for chemical reactions especially in
cold environments.

The reaction data required for atmospherical or astrochemical models can be ob-
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1 Introduction

tained in laboratory studies. However, the multitude of reactions that need to be
considered exceeds by far the experimental capacities in the foreseeable future. DR
is a particularly complex gas-phase reaction and despite major advances in over 60
years of DR research there are still significant discrepancies between theory and
experiment even in case of fundamental systems [4]. Hence, experimental stud-
ies provide important benchmarks for the development of theoretical models both
regarding molecular structure and dynamics. In context of astrochemical models,
some of the assumed energy excess of DR reactions may be stored in excited product
states, accompanied by a lower release of kinetic energy. In current astrophysical
models, this has not been considered as of now. Yet, it might have a considerable
effect on the energy dissipation of DR reactions in interstellar media.

The focus of this work are experimental studies of dissociative recombination
in merged-beams experiments at cooler storage rings, which are ideal platforms
for high-resolution gas-phase reaction studies under well defined conditions. Ion
storage rings provide efficient means for both beam preparation and diagnostics, as
well as efficient separation and detection capabilities of both charged and neutral
reaction products. The ion storage helps to define the initial quantum state of the
investigated ions. Electron coolers facilitate the preparation of high brilliance ion
beams and enable high-resolution electron-ion interaction studies.

In this work, dissociative recombination of SH™ was investigated in such a merged-
beams experiment at the magnetic Test Storage Ring (TSR) in Heidelberg, Germany.
These investigations were motivated by large discrepancies in several astrophysical
studies concerning this fundamental sulfur-bearing molecular ion [9,10]. This was
one of the heaviest diatomic molecular ions investigated at TSR and was pushing
the experimental technique to its limits.

Dissociative recombination experiments will be continued at the new Cryogenic
Storage Ring (CSR) in Heidelberg, Germany. At the time of this work, this is
the worldwide largest fully electrostatic storage ring, which can be operated at
temperatures down to the cryogenic range of only a few Kelvin. With cryogenic
temperatures it is possible to prepare state-selected beams down to their rotational
and vibrational ground state and thus effectively mimic the conditions of interstellar
media. In addition, the vacuum pressure improves by orders of magnitudes, in
comparison to room-temperature storage rings, which enables significantly longer
storage times of the ion beam. An electron cooler will allow both phase-space cooling
and electron-ion interaction studies. Both, the electrostatic storage and the longer
storage times facilitate studies of, in particular, heavier molecular species. Within
the scope of this work, a detector system for neutral reaction products which is
operated inside the harsh environment of CSR has been developed.

In Chapter 2, the role of molecular ions in astrophysical observations is briefly
discussed, based on the specific case of SHT. The most important molecular frag-
mentation processes, induced by recombination of low-energy electrons, are intro-
duced with emphasis on dissociative recombination. The experimental techniques
and instrumentations used in this work are introduced in Chapter 3. In Chapter 4,
the results of the experimental investigation on dissociative recombination of SH*
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in a merged-beams experiment at TSR are reported. The merged-beams rate coeffi-
cient was measured from which the reaction cross section was extracted. From this,
a thermal plasma rate coefficient was derived which can be used in astrophysical
models. In addition, fragment momentum spectroscopy has been employed. The
relative branching ratios of different DR product states could be determined with
a new analysis procedure. This new method is also useful for future measurements
at CSR. In Chapter 5, the development of a multi-coincidence imaging detector for
neutral reaction products, operated in the cryogenic environment of the new CSR,
is described. The results of a preceding off-line test as well as the first operations
at room- and cryogenic temperature conditions are reported. Chapter 6 concludes
with a summary of the results of the investigations of SH™ and the achieved perfor-
mances of the new detector system and gives an outlook to further improvements
and prospects for DR investigations at CSR.
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2 Molecular Fragmentation Processes

The key for a priori understanding of chemistry is the quantum dynamics of molecules.
In particular, molecular ions play a central role in various chemical systems such
as salt-solutions, acid-base reactions and electrolysis, not least, in the photosyn-
theses which forms the foundation to most of the known life [11]. Less prominent
chemical systems are interstellar gas clouds, which are dominated by ionic processes.
The chemical reactions in these environment proceed under almost ideal conditions:
Due to the typically very low particle densities in these gas clouds only binary colli-
sion processes occur and by virtue of the low temperatures the number of quantum
mechanically relevant energy levels is limited so that an a priori modeling seems
feasible. Nevertheless, the chemistry in these structures, supported by astronomical
observation, is quite complicated, which is important for the evolution of interstellar
media.

At the beginning of this chapter, the role of molecules for astrophysical studies of
the interstellar medium is shortly reviewed based on the specific case of SH™. The
experimental studies on dissociative recombination of SHT performed in this work
(see Ch. 4) were motivated by large discrepancies in several astrophysical studies
concerning this fundamental molecular ion. The most important fragmentation
processes of molecular ions, induced by electron recombination, are introduced with
an emphasis on the DR process.

2.1 Molecules in Interstellar Media

The interstellar medium refers to the tenuous gas and dust filling the void between
stellar systems [12]. New stars are formed from this material by gravitational col-
lapse in the denser regions of the interstellar medium. This material is returned back
again by supernovae, enriched by new elements produced in stellar nucleosynthesis
processes. These denser environments are referred to as molecular clouds as most
of the hydrogen is present in molecular form with typical particle densities of 102
to 10* particles per cm® and temperatures in the range from 6 K to 50 K [8]. Other
interstellar environments exhibit even lower particles densities, but in some cases,
also temperatures up to 10* K [8].

Astronomical observations rely on the electromagnetic radiation both absorbed
and emitted by atoms or molecules. Electronic transitions in atoms and molecules
are typically in the order of eV corresponding to the visible range or higher. Molecules
have, due to their additional degrees of freedom, vibrational transitions typically in
the 0.1eV range (infrared) and rotational transitions from about 1meV to 10 meV
(THz to radar). For molecular observations in the radio band major progress was
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2.1 Molecules in Interstellar Media

achieved in the recent past by earth-based telescopes such as the Atacama Large Mil-
limeter /submillimeter Array (ALMA) [13], which went into operation in 2011, or be-
fore by its prototype the Atacama Pathfinder Experiment (APEX) [14]. The earth’s
atmosphere is opaque for electromagnetic radiation beyond the ultraviolet regime.
Furthermore, most of the infrared spectrum is absorbed, which is most interesting
for rotational transitions of molecular species. Here, observations were made with
airborne observations such as the Stratospheric Observatory for Infrared Astron-
omy (SOFIA) [15,16] or satellite borne telescopes like the Spitzer Space Telescope
(NASA) [17] or the Herschel Space Observatory (ESA) [18]. Their spectra show
signatures of a large number of both neutral and ionic molecular species in many
different astronomical environments. By 2013, the Cologne Database for Molecular
Spectroscopy (CDMS) [19] listed more than 170 molecular species [20]| which have
been identified. However, some species are difficult to observe in cold environments
due to a lack of a suitable transition dipole moment, which is the case for homonu-
clear diatomic molecules, including the most abundant Hs molecule. Because of
their symmetry, these species have no electric dipole moment and all ro-vibrational
transitions within the ground state are quadrupolar with low spontaneous emission
coefficients [8,21].

Instead of a direct spectroscopic identification, the abundance of such invisible
species can be inferred from observable proxy species which chemically react with
these molecules by modeling the corresponding astrochemical network. For this rea-
son, even rare molecules such as the heteronuclear SH' are of interest, which is a
focus of this work. The gas-phase chemistry in interstellar environments depends
on the local physical conditions concerning the gas density, the gas temperature
as well as the radiation field. These can be inferred from the observed rotational
level populations and transition strengths. In cold environments, only exothermal
reactions are possible and even those may have potential barriers or activation bar-
riers, respectively, which must be overcome first. In photodissociation regions and
shocks, endothermal reactions or reactions with activation barriers may become pos-
sible [22]. Their small rotational and vibrational transition energies make molecular
species especially well suited as probes for cold astronomical environments, even
despite their small relative abundances. More abundant molecular species can be
also quite effective coolants as they can convert kinetic energy via collisions into
internal excitations, which may decay via radiative transitions, whereas the emitted
radiation may escape the local environment.

The chemistry in such cold and dilute environments is mostly driven by binary
exothermic reactions. In the presence of ultraviolet photons, molecules can be
photodissociated or photoionized, besides the ionization by cosmic ray particles.
Molecules can be effectively formed by mostly barrier-less ion-molecule reactions
which may be destroyed and neutralized by also barrier-less dissociative recombina-
tion (see Sect. 2.2.3). Formation can also be achieved via neutral-neutral reactions
or radiative association.

In order to utilize the spectroscopical observations for model predictions any in-
volved formation and destruction mechanisms have to be taken into account. In
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2 Molecular Fragmentation Processes

current models [3,8|, both gas-phase as well as surface-catalyzed reactions on ice or
dust particles are considered. Especially, surface reactions are not so well under-
stood as the grain composition, structure, and surface coverage is not well known.
Gas-phase reactions can, on the other hand, be experimentally measured with high
accuracy. If one turns the argument around, one can compare the model predictions
from the better known gas-phase reactions in order to constrain the contributions
from surface reactions. Nevertheless, such accurate experimental rate measurements
are also quite involved so that most of the reactions have an unknown rate coeffi-
cient. In these models, the rate coefficients k£ are usually approximated by the
Arrhenius-Kooji formula [23]

B
k(T) =« (%) exp(—%) cm’s ™t (2.1)

In the case of diatomic molecules, a typical rate coefficient of
300 72
apr =2 x 1077 (T) cm®s . (2.2)

is assumed. However, the DR rate coefficients of some investigated diatomic molecu-
lar species showed significant deviations from these assumed values. As an example,
in the case of CF*' [24] the measured rate coeflicient was a factor of four lower
compared to the typical rate coefficient.

2.1.1 The Case of SH™

The gas-phase chemistry of sulfur-bearing molecules in interstellar media has been
studied for more than 40 years [25]. SHY is one of the most fundamental molecules
of the sulfur based chemistry, which has been identified as a potential probe for
comets, photodissociation regions, shocked interstellar gas, diffuse molecular clouds
[26] and later also for X-ray dominated regions [27]. After several attempted sighting
between 1988 and 1991 [28-30], SHT could be successfully observed for the first
time towards the galactic center within the APEX survey 2008 [31]. Since then,
it could be detected with the Herschel space observatory in other environments,
such as protostar disc outflows, star forming regions and photodissociation regions
[9,10,32,33].

In the following, some of the most important formation and destruction reactions
of SH™ are discussed, which determine the characteristic chemistry of this molecular
ion. Sulfur is ionized by the interstellar radiation field

S+hv—St+e (2.3)

and in dilute clouds it is mostly present in form of ST ions [25]|. Since proton trans-
fer reactions are often barrierless, they are feasible ion-destruction and formation
processes [34]. However, the most obvious formation of SH* via the most abundant

16



2.1 Molecules in Interstellar Media

H,; molecule
ST +H, — SH" + H (2.4)

is endothermic by 0.84 eV in contrast to most other elements. This reaction requires
an additional energy source in interstellar media with temperatures typically being
below 100 K. Both Millar et al. [35] and Pineau des Forets et al. [36] proposed in
1986 that SH™ could be efficiently formed in shocked diffuse clouds and turbulences.
In dense clouds with large abundances of Hj, the formation via proton transfer
seems feasiable [25]

S+ H; — SH" + H,. (2.5)
In 2008, Abel et al. [27] proposed an alternative formation via
S** + Hy, — SHY + HT. (2.6)
Considering the ionization energy of about 23 eV from S* to S**, this pathway seems
to be possible only in X-ray dominated environments. Interestingly, the destruction
of SH* via proton transfer with H,

SH* +H, — SHy +H (2.7)

is also endothermic [25]. In environments with low fractional ionization SHT is
primarily destroyed in reaction with neutral species as [25]

SH"+0 —SO* +H (2.8)
SH* + O — S* + OH (2.9)
SH* + N — SN* + H (2.10)
SH" + N — St + NH (2.11)

which also link the chemical network of sulfur-bearing molecules with those of
oxygen-, nitrogen-, and carbon-bearing molecules. In environments with large ion-
ization degree and accordingly large electron densities, the destruction of SH* may
be dominated by exothermic DR [25]

SH" +e- - S+H (2.12)

which is considered with a reaction rate coefficient typically 2 to 3 orders of magni-
tude larger than other processes at low collision energies [16].

Despite their highly endothermic direct formation via proton transfer from the
atomic cations (see Eq. 2.4), both CH" and SHT have been observed in surprisingly
large quantities |9, 37, 38|, which indicates local reservoirs of energy exceeding by
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2 Molecular Fragmentation Processes

far that provided by UV-photons [39]. The large difference in endothermicity of
these formations routes leads to a strong effective temperature dependency of their
abundance ratio n(SH™)/n(CH") |22]. For this reason, this ratio is used as a tracer
for turbulent dissipation regions. [9,22,40]

The relevant astrochemical networks of sulfur- and carbon-bearing molecules have
been recently described in detail by Neufeld et al. [16]. In trying to model the
astrochemical network, the predicted abundances of SHT were about a factor of
four [10] and even an order of magnitude lower [9] compared to those observed.
As a possible explanation for this discrepancy, an incomplete description of the
dynamics in such shock waves or turbulent dissipation regions was suggested [9].
However, underestimated formation or overestimated destruction rate coefficient
may also contribute.

Regarding the destruction rate of SHT via dissociative recombination, prelimi-
nary results of theoretical investigations on dissociative recombination of SH™ were
recently published by Kashinski et al. [41,42]. Their calculated rate coefficient is
almost two orders of magnitude below the typically assumed rate coefficient (see
Eq. 2.2). At the time of the presented work, no other experimental work on disso-
ciative recombination of SHT is known. For these reasons, SH* was experimentally
investigated in this work.
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2.2 Fragmentation Mechanisms induced by Low-Energy Electrons

2.2 Fragmentation Mechanisms induced by
Low-Energy Electrons

Molecular structures and processes are usually described by means of potential en-
ergy surfaces. The basic concept is briefly introduced at the beginning of this section
before the most important fragmentation mechanisms of molecular ions, induced by
low-energy electron collisions, are described. The DR process is explained in more
detail as it is the focus of this work. Comprehensive reviews on the more recent DR
research were given by Florescu-Mitchell and Mitchell in 2006 [6], and by Larsson
and Orel in 2008 [4].

2.2.1 Potential Energy Surfaces

Potential energy surfaces (PES) describe the potential energy between the con-
stituents of a molecule depending on their geometry. Those are usually obtained
by solving the Schrédinger equation with the adiabatic Born-Oppenheimer approx-
imation [43|. Here, the nuclei of a molecule are considered stationary as the much
lighter electrons may react instantaneously to any nuclear motion. Under this as-
sumption, the solution can be separated into electronic and nuclear motions. The
electronic wave function is then determined for a static molecule as a function of its
geometrical parameters, e.g., bond lengths or angles. The solutions are electronic
eigenenergies which, in a next step, describe the nuclear motion depending on the
nuclear configuration of the molecule. In case of diatomic molecules, these hyper-
surfaces simplify to one-dimensional potential energy curves (PEC) as a function of
the internuclear distance.

A minimum of a PES gives the geometrical equilibrium distance(s) of a molecular
state while vibrational motions of the nuclei are described by oscillation around this
minimum. Binary molecular reactions with electrons or photons can be understood
as propagations within the corresponding PES landscape. The geometry parame-
ters, that change during the reaction, are also referred to as reaction coordinates.
Fragmentation processes of molecules typically proceed along repulsive PES.

The Born-Oppenheimer approximation delivers reasonable results for non-dege-
nerate electronic states, which are well separated in energy. This approximation
breaks down when PES of the same total symmetry lie energetically close to each
other. For molecular energies where such crossings or near-crossings of the different
PES occur, the electronic and nuclear motions become coupled. In this case, the
nuclear motion can no longer be assumed to be determined by the PES of a single
electronic state.

In diatomic molecules, adiabatic potential curves of states with the same symme-
try are not allowed to cross according to the non-crossing rule formulated by von
Neumann and Wigner [44]. The crossings of diabatic potential curves are converted
to avoided crossings in the adiabatic limit. In the multidimensional case of PES
crossing may occur as conical intersections.

19



2 Molecular Fragmentation Processes

2.2.2 Overview of Fragmentation Mechanisms

Binary collisions of molecular ions with free electrons can lead to internal excitations,
ionization, neutralization, dissociation or even some combined processes. Especially
recombinations of low-energy electrons with molecular cations can lead to different
kinds of fragmentation processes with either neutral or charged products, which
can also be excited. After a brief description of such collision processes, the most
important dissociation processes induced by recombinations of low-energy electrons
are introduced for the simple case of diatomic cations AB™.

In collisions of molecular ions with electrons, unstable neutral complexes can be
formed, which are also referred to as (electronic) resonance states. Those can be
either repulsive or bound and also ro-vibrationally excited. The capture of electrons
into large, highly excited orbits leads to so-called Rydberg states. However, such
bound states can still couple to crossing repulsive states. Unstable neutral complexes
that consist of ro-vibrationally excited bound states can also be destroyed by reverse
capture, i.e., autoionization, where an electron is re-emitted. Such a collision is
called inelastic, if the electron is emitted with less kinetic energy and the ion is
internally excited. If the collision already starts from ro-vibrationally excited states,
the electron can also be re-emitted with even higher kinetic energies, which is referred
to as a superelastic collision. If the metastable neutral complex converts by quantum
mechanical coupling to a repulsive state, the molecule dissociates into several neutral
fragments. This transition of the complex from a bound to a repulsive state is
referred to as predissociation.

The various fragmentation processes induced by electron-ion collision are clas-
sified as follows: Dissociative Recombination (DR) is a fragmentation process
where an electron is captured by a molecular ion forming an excited neutral complex
which ultimately dissociates via a doubly excited repulsive state AB** into neutral
fragments

ABT+e — S AB* > A+B
NS

2.13
The molecular ion can be either promoted directly into this doubly excited repulsive
state or, before, into a (singly) excited Rydberg state AB*, which then couples to
a repulsive state. These direct and indirect pathways are described in detail in
Section 2.2.3.

If the kinetic energy of the incident electron is sufficient to promote the molecular
ion AB™ into its vibrational continuum, the system can also dissociate via disso-
ciative excitation (DE) with neutral and ionic fragments

ABT+e¢ ——
NS

{A+ +B+e”
AB*

AtBrpe (2.14)
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2.2 Fragmentation Mechanisms induced by Low-Energy Electrons

Again, such a dissociation can either proceed directly or indirectly via autoionization
of an intermediate excited state AB*. In the latter case, the charge distribution
among the fragments is determined by the internal structure of AB*.
At even higher collision energies ionization of both product fragments becomes
possible
ABT + e — AT+ Bt + 2 (2.15)

which is referred to as dissociative ionization (DI). Also this process can proceed
resonantly via an intermediate state and a subsequent autoionization.

In some cases, the intermediate neutral states may even have, at low energies,
dissociation channels which lead to pairs of both positive and negative fragments

AT+ B~

2.16
A +B* (2.16)

AB++€—>AB*H{

This process is referred to as ion-pair Formation (IPF) or in some cases as
resonant ion-pair formation (RIP).

2.2.3 Dissociative Recombination

Dissociative recombination, as introduced in the previous Section, has typically dif-
ferent pathways, which can be distinguished as direct and indirect DR as well as
DR via core-excited Rydberg states and direct predissociation. In the following para-
graphs, these different types are described in more detail and depicted schematically
by means of potential energy curves in the Figures 2.1 and 2.2. At the end of this
section, the possible DR pathways are discussed for the concrete case of SHT, which
was investigated in this work. All the different types of DR can be described also
for polyatomic molecular ions by a generalized form of the reaction equation 2.13 as

M*(n, {o}, )+ e (B) —— M™* — S FY + 57 Expry.
(n,{v},J) ( )\ > Z i ZZ: KFR,
M*

(2.17)

The molecular ion M in the internal state (n,{v}, J)! recombining with an electron
of kinetic energy F. can form, possibly via a excited neutral complex M*, a repulsive
state M**. This repulsive state dissociates into several neutral, potentially internally
excited, atomic or molecular fragments FE*). The different pathways are explained
in the following paragraphs. The energy excess of such a reaction can be released
in form of the kinetic energies Fxrr, or partly stored as internal excitations of
the reaction products FE*). These kinetic energy releases (KER) are characteristic
quantities, which depend both on the structure of the molecule and the dynamic

propagation into different pathways along the potential energy surfaces. The relative

IThe electronic and rotational states are denoted by n and J, respectively. {v} describes the
various vibrational quantum numbers of the polyatomic molecular ion M ™.
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2 Molecular Fragmentation Processes

abundances of these product states are referred to as product state branching ratios.
In case of polyatomic ions, there are typically several different dissociation channels
with different combinations of fragmentation products.

Direct Process

The direct DR process, proposed by Bates and Massey in 1947 [45, 46|, requires a
neutral repulsive state crossing the ionic ground state, as schematically illustrated
in Figure 2.1a. The incident electron with the kinetic energy FE. excites a valence
electron of the molecular ion and is captured, according to the Franck-Condon prin-
ciple, into a doubly-excited repulsive state of the neutral complex M**. As this
intermediate complex propagates along the repulsive potential surface, its potential
energy is transformed into kinetic energy of its constituents, which leads to a stretch
of the chemical bond. The complex can autoionize until it passed all crossing of the
potential energy in the repulsive state becomes lower then all bound state PES of

AT4+B AT+ B
__---- Rydberg
EKER EKER
A+ B A+B
Internuclear distance ’ Internuclear distance ’
(a) direct (b) indirect

Figure 2.1: Schematic representation of the direct and indirect dissociative recom-
bination processes. The ground state of the molecular ion AB™ (green) is crossed by
a repulsive resonant state AB** (blue) of the ion. The arrows indicate the process
propagations and relevant energies.

(a) Direct process: The incident electron is captured within the Franck-Condon re-
gion (gray bar) into a resonant state from which the system dissociates along the
repulsive potential.

(b) Indirect process: The incident electron is first captured into a vibrationally ex-
cited AB Rydberg state (dashed) of the series converging to the ion ground state.
By coupling to the repulsive state the system can predissociate also outside the
Franck-Condon region (gray).
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2.2 Fragmentation Mechanisms induced by Low-Energy Electrons

the ion. The general equation of this process is

M (n, {v}, J) + e (E.) — M™ — Y F + B (2.18)

which simplifies in the diatomic case to
AB(v,J) + e (E,) — AB*™ — A® 4+ B® 4 Fyrpr. (2.19)

In direct DR, the incident electron is captured via a vertical, purely electronic
transition within the Franck-Condon region of its vibrational level into the steeply
decreasing PES of M** with transition energies which vary smoothly with the inter-
nuclear distance. The projection of the Franck-Condon region onto the energy axis
(see Fig. 2.1a) determines the dependence of the direct recombination cross-section
on the electron energy F.. If the Franck-Condon region lies at large electron en-
ergies, then a peak occurs. If the Franck-Condon region is close to zero electron
energies this leads to a characteristic E~! behavior of the DR cross section (see also
Section 4.3.3).

In 1950, Bates [46] predicted a rate coefficient for direct DR of about 1077 cm™3s~!
at temperatures of 250 K, which was still too low compared to the experimental data.
In 1968, Bardsley [47] proposed another important, the indirect, pathway.

Indirect Process

In the indirect DR process, the incident electron is first resonantly captured into an
intermediate state as illustrated in Figure 2.1b. Each state of a molecular cation
marks the endpoint of a Rydberg series of neutral bound states. Therefore, vibra-
tionally excited Rydberg states M* are accessible close above the ground state of the
cation. The incident electron can be resonantly captured in a Rydberg state if its
energy matches the transition energy into the discrete level of such a bound state.
During this capture process, the electron directly excites the molecular ion core ro-
tationally or vibrationally. Subsequently, the Rydberg state can be predissociated,
analog to the direct case, by coupling to a crossing doubly excited repulsive state
M**. This coupling is then also possible outside the Franck-Condon region of the
molecular ion. The general equation for this process is

M* 4+ e (B) — M — M™ — > F o+ Eypg (2.20)

which simplifies in the diatomic case to
AB*(v,J) 4+ e (E.) — AB* — AB™ — A 4+ B® 4 Eypp. (2.21)

In this way, the indirect process may produce the same products as the direct pro-
cess, which cannot be distinguished. The interference of both pathways causes sharp
resonances in the energy depended total cross-section and oscillations in the distri-
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(A+B)*
__.--- Rydberg*

AT B At+B

Energy
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> \
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(a) core-excited resonance (b) direct predissociation

Figure 2.2: Schematic representation of the dissociative recombination processes
via core-excited resonances and direct predissociation analog to Figure 2.1.

(a) Core-excited resonance: Similar to the indirect process, the electron is captured
into a vibrationally and core-excited Rydberg state of the series converging to an
electronically excited ion state (cyan) above the ground state. The system can
predissociate by coupling to a crossing repulsive state.

(b) Direct predissociation: In case of a high-lying resonance the incident electron
may couple directly, non-adiabatically to a repulsive neutral state, which lies outside
the Franck-Condon region of the incident molecular ion.

bution of final states as a function of energy. Such resonances can occur especially
at small impact energies, where the direct process has a smooth E~! dependence.

Core-excited Resonance

Towards higher collision energies it may even possible to excite the molecule into
Rydberg states corresponding to electronically excited ion states, which is illustrated
in Figure 2.2. The DR via such a core-ezcited Rydberg state [4] proceeds analog to
indirect DR and was first theoretically described by Guberman for DR of OH™ [48].
Later, it has been experimentally observed for OH™ [49] and CH™ [50] by Amitay et
al., and theoretically described for CH™ and CD™, showing that this process causes
resonant features at higher energies in the total cross section [4].

Direct Predissociation

In some cases, DR may proceed via a direct non-adiabatic coupling into a high-
lying dissociative (Rydberg) state below the ionic ground state without any initial
excitation [4]. This so-called direct predissociation, illustrated in Figure 2.2, was
first described by Guberman in the context of his DR-~studies of HeH™ [51].
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3 Neutral Fragment Studies at Cooler
Storage Rings

The previous chapter explained the importance of molecular ions for the gas-phase
chemistry in interstellar media. The modeling of such environments, based on as-
trophysical observations, requires a detailed knowledge of all involved gas-phase
reactions. This basically includes all interactions of atomic, molecular or cluster
species in neutral or ionic form as well as electrons and photons. However, the
multitude of possible interaction reactions exceeds by far the experimental capaci-
ties in the foreseeable future. Thus, the model predictions rely in many cases only
on rough estimates. Therefore, experimental studies of fundamental reactions with
high resolution under well defined conditions are needed to provide benchmarks for
the development of the corresponding theoretical models.

In the following, heavy ion storage rings are presented as particularly powerful
and successful experimental platforms for studying gas-phase reactions of molecular
ions under systematically controlled conditions. The basics of synchrotron physics
are described as far as needed for the work reported here, focusing on the two heavy
ion storage rings of the Max Planck Institute of Nuclear Physics in Heidelberg,
Germany. Subsequently, it is demonstrated how an electron cooler storage ring
forms an experimental merged-beams setup which, combined with neutral fragment
imaging (see Sect. 3.2), is an ideal platform for studies of electron recombination
reactions of singly-charged molecular ions. Such experiments have been conducted
at the former TSR (see Ch. 4) and prepared for the new CSR (see Ch. 5), which are
both described in more detail in Section 3.1.4 and 3.1.5.

Gas-phase Reaction Studies

Early gas-phase reactions studies of (molecular) ions have been performed in-situ
in the same plasma discharge where the ions are created. Experimental methods
based on this principle, like flowing afterglow and later the ion flow tube, have been
developed further since then and are still used to this day [52-55]. Despite the great
progress with mass spectrometric and spectroscopic probing techniques, challenging
aspects of such methods are the limited control of the purity and strong excitations
of the sample. Both leads to complex ensembles which complicates the interpretation
of the results.

High-resolution studies of ion reactions in the gas-phase require a good control and
efficient detection of both reactants and products. In the best case, the reactants are
well isolated and prepared, the reaction occurs under well controlled conditions and
the products are detected with a high efficiency. The most powerful experiments
have been realized with fast beams especially at cooler storage rings.
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3 Neutral Fragment Studies at Cooler Storage Rings

Fast-Beam Experiments

In fast-beam experiments ions are, after their creation, first accelerated to high
velocities, then selected by the desired mass-to-charge ratio and finally transported
to the interaction experiment. A fast ion beam can be formed by extracting ions
from their source on a high potential. Higher beam energies can be achieved with
appropriate acceleration facilities. Kinetic beam energies in the range from a few
keV to several MeV are typically used for atomic and molecular experiments. The
ion of interest with a certain mass-to-charge ratio can be selected, for example,
through narrow apertures after dispersing the ion beam in a magnetic dipole field.
Ion beams with high velocities can be easily guided by ion-optical elements to their
interaction targets. High beam velocities favor a highly efficient detection of the
reaction products at high energy resolution. Furthermore, disturbances by residual
gas collisions are reduced towards higher kinetic beam energies. Extremely small
collision energies can be realized in a merged-beams geometry (see Sect. 3.1.2),
which is especially important for investigations of capture processes with increasing
cross-sections towards lower collision energies.

Usually, ions are produced in a highly excited state. In single-pass experiments
the time-of-flight from the source to the experiment is typically too short for the
ions to radiatively decay into their ground state which makes the interpretation of
the results more difficult. Given a electric dipole moment that allows spontaneous
radiative decay to occur, de-excitation of the ions can be realized by simply storing
them for a sufficient period of time.

3.1 Storage Ring Experiments

A fast ion beam can be stored by "bending" it on a closed orbit in a heavy ion storage
ring. In combination with the experimental advantages of fast beams, storage rings
offer very good experimental control of all systematics.

Magnetic Storage Rings
The technical foundation of magnetic storage rings are (strong-focusing) proton
synchrotrons [56, 57| developed in the 1950s for nuclear physics research, which
are, meanwhile, also well established tools for atomic and molecular physics. The
ions are confined on a closed orbit by magnetic ion-optical deflectors and focusing
elements. The field free straight sections between the deflectors can be used for
beam manipulation and diagnostics as well as the experimental equipment. The
experimental performance of these devices could be significantly improved in terms
of beam lifetime and energy resolution with the introduction of phase-space cooling
techniques. Besides stochastic cooling [58], laser cooling [59] and radiation damping,
the most commonly used technique is electron cooling (see Sect. 3.1.3). The latter
also marks the foundation of many electron-ion interaction experiments.

Several magnetic cooler storage rings used for heavy-ion atomic physics came
into operation at around 1990: The TSR (1988) [60] at the Max Planck Institute
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3.1 Storage Ring Experiments

for Nuclear Physics (MPIK) in Heidelberg (Germany), the Aarhus STorage RIng
in Denmark (ASTRID) (1989) [61] at ISA in Aarhus, Denmark, the Experimental
Storage Ring (ESR) (1990) [62] at the Gesellschaft fiir Schwerionenforschung (GSI)
in Darmstadt, Germany, and the CRYRING! (1992) [63] at the Manne Siegbahn
Laboratory (MSL) in Stockholm, Sweden.

Starting with compact experiments in gas discharge cells, physics moved to higher
and higher energies, building among the biggest, most complex and expensive sci-
entific devices in the world. This is not necessary for atomic and molecular physics
investigation and in the last decade there is a trend to more compact electrostatic
devices.

Electrostatic Storage Rings

The concept of an electrostatic storage ring was first realized in form of the Brook-
haven electron analogue [64], an electrostatic synchrotron for 1-10 MeV electrons,
which was only used as a test facility between 1953 and 1957. In 1997, the first
fully ELectrostatic Ion Storage ring in Aarhus (ELISA) [65, 66|, Denmark, came
into operation which was designed for storage of heavy ions. This 7m long storage
ring has a racetrack design with two large, originally, spherical deflectors. In 2000,
this design was reimplemented with cylindrical deflectors in the form of the ESRING
[67,68] at the High Energy Accelerator Research Organization (KEK), Japan, and
later even upgraded by an electron target [69]. More recently, the FLSR [70] at
the University of Frankfurt, Germany, became operational. The design was even
realized in a miniaturized version called Mini-ring [71] in Lyon, France.

Molecules can be easily rotationally excited even by the ambient black-body radi-
ation at room temperature. By cooling the whole vacuum vessel to cryogenic tem-
peratures molecular ions can be prepared in their ro-vibrational ground state for
species, if they have transition dipole moment to de-excite. In addition, the vacuum
pressure can be improved by several orders of magnitudes due to cryo-adsorption
which leads to significantly longer storage times. The relatively compact sizes of
these ELISA-type storage devices make them feasible for completely cryogenic im-
plementations. The ELISA design was both implemented in a version operated
at liquid nitrogen temperature as the room-temperature Electrostatic ion storage
ring (TMU E-ring) [72] (2004) as well as in a 4 K-version as the Rlken Cryogenic
Electrostatic (RICE) ring 73] at Rlkagaku KENkyusho (RIKEN), both located in
Tokyo, Japan. Another cryogenic implementation is the Double ElectroStatic Ton
Ring ExpEriment (DESIREE) [74,75] at the MSL in Stockholm, Sweden. It consists
two 8.6m long ELISA-type rings to store ions of opposite charge with a common
merged-beams section. Recently, the CSR at the MPIK in Heidelberg, Germany,
was commissioned at cryogenic temperatures. The beam guiding vacuum chamber
could be cooled down to about 5 K and the residual gas pressure was estimated from
first experiments to reach the order of 10~ mbar. In this way, the conditions in the
interstellar medium are simulated. With a circumference of 35m this is currently

LA ring operated together with a CRYebis electron beam ion source.
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3 Neutral Fragment Studies at Cooler Storage Rings

the largest fully electrostatic storage ring. It is the only cryogenic and electro-
static storage rings which will feature an electron cooler allowing experiments with
phase-space cooled, low-emittance ion beams comparable to previous experiments at
magnetic cooler storage rings. The CSR is described in detail in Section 3.1.5. Many
of the technical concepts for realizing this electrostatic and cryogenic storage ring
were developed and tested at the Cryogenic electrostatic Trap for Fast ion beams
(CTF) [76].

Another advantage of fully electrostatic storage devices is that magnetic fields
are avoided which can cause mixing of magnetic fine-structure states. This can, for
example, change autodetachment rates and the corresponding lifetime [77] compli-
cating the interpretation of such measurements.

3.1.1 Storage Ring Properties

In an electromagnetic field with the electric and magnetic field vectors E and B an
ion with ¢ elementary charges experiences the total force

F=q(E+7xB) (3.1)

as the sum of electric and Lorentz forces at the particle velocity ¢. In order to
confine a charged particle of mass m on a circular trajectory with radius p, this
force has to be equal to the centripetal force
- mu?
|F|=F = —— (3.2)
P

in the non-relativistic approximation, which is sufficient in the context of this work,
as shown later. In case of purely magnetic and purely electrostatic deflection fields,
respectively, the associated bending radii p,, and p. are given by

,om—mv—i and p, =

muv? 2k
-~ ¢B  ¢B

E B (3.3)
In both cases, the deflecting force is perpendicular to the particle velocity so that
the product of the bending field and radius is a constant of the motion proportional
either to the momentum p or to the kinetic energy Ey of the ion. These quantities
characterize the ability to store a charged particle in an electromagnetic field and
are referred to as magnetic and electric rigidity, respectively,

2F
Bp,, = P and Ep, = —2. (3.4)
q q

In a magnetic storage ring all ions with the same momentum and charge-state are
stored at a given field strength and, accordingly, in an electrostatic storage ring ions
with the same kinetic energy and charge-state. In practice, the maximum achievable
electrical field strength are limited by the ion optics. For this reason, high energy
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3.1 Storage Ring Experiments

storage rings often use superconducting bending magnets.
The maximum storage velocities of magnetic and electrostatic storage rings are

1/2
Umax = iBPmax and Umax = (iEpmax> ) (35)
m m

respectively. The electrostatic storage has a weaker ¢/m dependence which can be an
advantage for investigations of very heavy ions. However, it remains to be noted that
in both cases the maximum ion velocity decreases with increasing charge-to-mass
ratio.

For ion beams of a given beam velocity, only particles with a certain mass-to-
charge ratio can be stored on a stable closed orbit in a storage ring. If this ratio
is altered after an interaction in an experiment the reaction products are separated
from the stored beam by the following deflectors. Charged products are deflected
according to their mass-to-charge ratio and can be intercepted by movable counting
detectors close to the stored ion beam. Neutral products are not affected by the
bending elements and can be detected with stationary detectors in the forward
direction.

Beam losses in an ion storage ring are mostly caused by collisions with residual gas
molecules. In order to realize sufficiently long beam lifetimes a residual-gas pressure
of, typically, 10719 mbar is required. The beam lifetime

r=to (3.6)

v Ungo

is limited by the ratio of the mean free path length | = (ngo)™!, given the residual-
gas particle density ny and the interaction cross section o, and the ion beam velocity
v. The particle density, as a direct measure for the quality of the vacuum,

p

"= LT

(3.7)
depends on both the residual-gas pressure p and the ambient temperature T" together
with the Boltzmann constant kg. In order to use the pressure as a measure for the
vacuum quality for storage devices operated at different temperatures it is commonly
given in room temperature equivalent (RTE) units so that it represents the same
density as measured at any other temperature.

The residual-gas pressure in a vacuum system is limited by the gas desorption
rates from all surfaces. By cooling the whole vacuum vessel down to cryogenic tem-
peratures, these rates are reduced by orders of magnitudes resulting in corresponding
improvements of the residual gas pressure and storage times. In this way, the condi-
tions of interstellar media can be mimicked both in terms of ambient radiation field
and particle densities (see Sect. 2.1). Long storage times are especially helpful for
investigations of heavier molecular ions, which have much longer cooling times (see
Sect. 3.1.3)

The rotational level spacing of molecular ions is typically in the order of a few
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3 Neutral Fragment Studies at Cooler Storage Rings

to tens of meV, which can be easily excited by the black-body radiation of a room-
temperature environment. The typical energy of the black body radiation can be
estimated with Wien’s displacement law which gives the wavelength A« at the
maximum energy density for a given temperature T’

2897.8 ym K
Amax (1) = — 7

(3.8)
For room temperature this results in a typical energy of about 130 meV. In order to
enable the preparation of molecular ions, with a transition dipole moment, in their
ro-vibrational ground-state the ambient temperature should not exceed about 10 K
corresponding to a typical excitation energy of 5meV.

3.1.2 Merged-Beams Technique

Since the first successful experiments in the mid 1960s [78, 79|, the merged-beams
technique has been well established for quantitative studies of collisional interactions
between combinations of atoms, ions, electrons or photons [80] including short-lived
or chemically-reactive species. This technique provides access to very low collision
energies at very high energy resolution with efficient detection of reaction products
at any scattering angle.

In a merged-beam experiment two fast beams are merged on a common trajec-
tory for a finite distance of typically several tens of centimeters [80]. In this overlap
geometry, very low collision energies can be realized in the center-of-mass frame by
matching the velocities v; and vy of the two reactant beams in the laboratory frame.
Following the interaction region, the reaction products can be effectively charge-to-
mass separated from the parent beams by electromagnetic fields and, due to the high
kinetic energies, detected with high efficiency. A challenging exception are reactions
of two neutral species with neutral products. Moreover, it is possible to collect
collision products which have been scattered under any angle, which is particularly
useful for investigation of exothermic reactions such as electron capture and disso-
ciative processes. Both the collision energies and the possible kinetic energy released
are small compared to the kinetic energy of the center-of-mass system. Therefore,
the reaction sphere formed by all scattering angles is kinematically compressed into
a narrow cone in the forward direction. In this way, all reaction products scattered
in 47 can be detected with high efficiency on a detector of compact dimensions (see
also Sect. 3.2).

In a merged-beams experiment the absolute reaction cross section ¢ for the forma-
tion of a certain product with rate R at the relative collision velocity v, = |v; — 9|
can be determined as [80]

R

Q v,

g

(3.9)
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if the beam overlap €2 in the reaction volume V' [80]

is accessible given the reactant particle fluxes J; and J,. Most challenging in such
experiments is the accurate determination of the beam overlap integral €2. One
specifically for storage ring experiments advantageous overlap geometry is obtained
when the stored ion beam is completely immersed into a homogeneous second beam
over an interaction length L;;;. Under these conditions, the particle flux J; of the
enveloping beam can be considered constant in the interaction region so that the
reaction rate becomes independent of the overlap profile which results in

me = Jl / Jng = 77/1U1[2Lint = Tlllegvg (311)

given the density of the first beam n; and the number of ions in the interaction
region Ny, which is deduced from the current of the stored ion beam Is.

The cross sections of some investigated processes have sharp onset or strongly
resonant character, which is particularly the case for resonant pathways in electron
capture processes like DR (see Sect. 2.2.3). With a sufficiently high energy resolution
it may be possible to assign features in the energy-depended cross section to certain
pathways of the investigated process. In a merged-beams experiment the energy
resolution is essentially limited by the remaining relative angular and velocity spread
of the two interacting beams. In practice, the so-called rate coefficient is measured

R
11Ny

a = (ov,) = (3.12)
as a convolution of the cross section with the collision velocity vectors v,..

Heavy ion storage rings are in particular well suited for merged-beams experiments
due to their powerful preparation and manipulation capabilities of high-quality ion
beams. As the ions recirculate through the interaction region with high repetition
rates, a large effective ion flux can be realized from a small amount of ions. The
long storage times facilitate the decay of initially highly excited states of the ions.

3.1.3 Electron Cooling and Experiments with Merged
Electrons

A merged electron beam in a storage ring can be used for both effective phase-space
cooling of the stored ion beam and high-resolution electron-ion collision experiments.
3.1.3.1 Electron Cooling

According to Liouville’s theorem the phase-space volume, occupied by the positions
and momenta of an ensemble of stored particles, cannot be reduced by conserva-
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tive fields. However, for many experiments at storage rings an energetically well
defined ion beam of small diameter with low divergence and small longitudinal mo-
mentum spread is desired. In a thermodynamic description this means to reduce
the temperature of the stored ion beam in a co-moving frame. Several cooling tech-
niques such as radiation damping or stochastic cooling are available [58,59]. In
particular, electron cooling, proposed by Budker in 1966 [81], is a very efficient
method for phase-space cooling. It became the standard cooling technique at most
medium energy (few MeV /u) storage rings and has been extended towards much
higher-energetic machines [82] in the more recent past.

In an electron cooler the hot, stored ion beam is merged with a cold, intense
electron beam, which completely encloses the ion beam and is typically guided by
weak solenoid magnetic fields. Given the nominal ion beam energy Ej in the storage
ring, the electron beam velocity is adjusted to match the ion beam velocity by
fulfilling the condition

Ecool = %EO- (313)

(2

By multiple Coulomb collisions energy is transfered from the hot ion beam to the
cold electron beam. After repeated passings of the cooler the ion beam can be cooled
down to almost the electron beam temperature 7,. The phase-space cooling leads
to increased particle densities at smaller beam diameter and smaller divergence due
to the reduced beam velocity spreads. In case of molecules, non-destructive inelastic
electron scattering can occur as described in Section 2.2.2. By super-elastic collisions
(SEC) this can even lead to vibrational or rotational cooling of the ions [83,84].

The resulting ion beam temperature is finally limited by the competing intra-beam
Scattering (IBS) of the ion beam, so that, in most cases, the ion beam cannot fully
reach th electron beam temperature. The electron beam is continuously renewed to
avoid its heating. The cooling time for an ion beam with mass m and ¢ elementary
charges by an electron beam with particle density n. and temperature 7. behaves
like [85]

3/2
mTe

TO(—2 .
q= Te

(3.14)

It should be noted that electron cooling becomes more challenging for larger ion
masses as longer storage times are required.

3.1.3.2 Merged-Beams Electron Experiments

Electron-ion interactions can be investigated in a merged-beams experiment for non-
zero collision energies by detuning the electron beam velocity with respect to the
ion beam velocity. The corresponding detuning energy is given by

By = %mevﬁ - (ﬁ - «/ECOO1>2 (3.15)
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for non-relativistic beam velocities in the ideal case with collision angles of 6§ = 0,
the electron energy FE,. and the cooling energy FE ., as defined in Eq. 3.13. The
relativistic form of this formula used in the analysis is given by Kieslich et al. [86].
The small, unavoidable merging angles in the merging and de-merging sections lead
to contributions with slightly increased collision energies.

Merged-Beams Rate Coefficient

The merged-beams rate coefficient (see Eq. 3.12) is experimentally determined for
different detuning energies Eq. Its relation to the underlying cross-section o(E) is
expressed according to [87] as

Oé(Ed) = /O’(E)’Ufmb(E, Ed,T”,TL,X)dE (316)

with the center-of-mass electron-ion collision energy E and relative velocity v, re-
spectively, and the experimental collision energy distribution fy,,, which considers
both the electron beam energy spread, characterized by the effective temperatures
T, and Tj (see below), and the experimental geometry X given for the parame-
ter Fy varied in the experiment. The collision energy is given by £ = %,tw? The
overlap geometry determines the contributions with increased collision energies in
the merging and de-merging sections, which have been discussed for T\ = T} = 0
by Lampert et al. [88]. There is no analytical representation of fu,, known which
accounts for both the velocity spread and the overlap geometry [87]. In order to
extract the cross section from the measured rate coefficient, in this work a numerical
method was used developed by Novotny et al. [87,89], which is also briefly described
in Section 4.3.3.

Merged-Beams Energy Resolution

The energy resolution in a merged-beams experiment is determined by the velocity
spreads, i.e. the variances (Av)?, of both involved particle beams. The velocity
spreads of the electron beam can be characterized by the temperatures

2ksT) 2kpT]
(Av,)? = = and (Av,)? = T” (3.17)
The mean collision angles can be estimated with v = 2Fy/m; as
Av,)? kT, m;
56,3} - ( z)x — D ﬁ (318)

Vg Ey me,

For typical values found at TSR (see also Sect. 3.1.4) of the ion beam energy with
Ey ~ 10°¢V and electron temperatures with kg7 ~ 107°eV and kgTj ~ 107*eV
one finds

Oe,l ~3x107% and 6, ~107°, (3.19)
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which is large compared to typical values of cooled ion beams
61 ~3x107" and &~ 107", (3.20)

so that the contribution from the ions can be neglected. When the electron beam
temperatures are converted into a collision energy spread, the result for the FWHM
energy spread is [90]

AE ~ \/(n(2)ksT1)® + 16 In(2)ky T} Es. (3.21)

For mean detuning energies E; > kg7, the experimental energy resolution AFE is
limited by kg7j, and, towards lower average collision energies, it is limited by kg7 .
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3.1.4 Test Storage Ring

The heavy-ion Test Storage Ring TSR has been operated from 1988 to 2012 at the
MPIK and it is planned to continue operation at the ISOLDE facility at CERN in
Geneva, Switzerland [60,91-93]. Originally designed for nuclear physics experiments,
it has been used for many atomic and molecular physics experiments. In this work it
was applied to study the dissociative recombination of SH as reported in Chapter 4.
In the following, the parts of the TSR facility relevant for the SHT measurements
are described.

TSR lon Production and Acceleration

At TSR a broad variety of ions could be investigated which could be provided by
different combinations of ion sources and accelerators [94]. A single-stage Van-de-
Graaff accelerator was used to accelerate SHT ions to a beam energy of 2.65 MeV.
The ions were transfered to the TSR via an ~ 100 m long magnetic beam line. The
vacuum pressure was gradually reduced from ~ 107" mbar to ~ 10~ mbar along
the beam line. The ions entered the TSR through a differential pumping region,
leading to a pressure of ~ 3 x 107! mbar inside the TSR realized mainly with Ti
sublimation and ion getter pumps [91] and bake-out up to 300 °C |95].

TSR Design

The TSR, schematically shown in Figure 3.2, is a magnetic storage ring with a closed
orbit circumference of 55.4m. In each corner the ion beam is bent by each two 45°
dipole magnets with a rigidity of 1.5 Tm and focused by five quadrupole magnets
and three sextupole magnets. The four straight sections between the corners have
a length of 5.2m each. The first section is used for both multi-turn beam injection

Figure 3.1: Photograph of the Test Storage Ring.
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Figure 3.2: Schematic overview of TSR. After its injection, the ion beam is con-
fined on a closed orbit by dipole and quadrupole bending and focussing magnets.
Both the electron Cooler and Target can be used for phase-space cooling of the
stored ion beam and as targets for merged-beams experiments. The Beamline for
Advanced Molecular Breakup Investigation (BAMBI) houses the detectors for the
neutral reaction products.

and extraction and another section is used for several beam diagnostics devices. In
the two remaining sections TSR employed as a unique feature two merged electron
beam devices which can both be utilized at the same time for cooling of the stored
ion beam and merged-beams experiments. According to their usual usage they are
referred to as Cooler [96] and Target [97]. In the corner sections behind each cooler
the products are separated from the stored ion beam and can be detected by several
different particle detectors.
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TSR Electron Cooler and Target

Since 2003, the TSR featured two electron coolers. The original electron Cooler [9§]
could provide intense electron beam from a thermionic emitter cathode of about 1 A
with an energy spread of about 0.11eV or 1100 K, respectively. Its electron beam
was guided by solenoid magnetic fields on the straight sections and was merged
with the ion beam by toroid magnetic fields from an angle of 45°. The interaction
regions of both Cooler and Target have a length of about 1.5m in the 5.2 m-long
straight section. This leaves space for additional experimental equipment and avoid
disturbances from the dipole bending magnets. As the electron and ion beam are
no yet perfectly aligned in the toroidal merging sections, the effective overlap length
is slightly shorter.

The second device, installed in 2007, was specifically designed for high-resolution
measurements. Its liquid nitrogen cooled photocathode could provide electron beams
with much lower energy spread and the superconducting gun coils allow much higher
magnetic expansion factors. For this reason, it was primarily used for the experi-
ments and accordingly referred to as electron Target. Furthermore, the cooling force
is proportional to the electron temperature. The associated cooling time is given in
Equation 3.14. This makes cooling of heavier molecular species only possible with
the electron Target [60,99]. However, the maximum electron current of the Target
was limited to ~ 1mA [100]. For this reason the Cooler was still used for either
additional phase-space cooling or measurements with low ion beam currents or pro-
cesses with very low reaction rates. Both devices used adiabatic expansion by which
the transversal electron temperature can be decreased by a factor ranging from 1
to 30 for the Cooler and up to more than 100 for the Target [60,99,101]. However,
this decreases also the electron beam density.

For the measurements of SHT, reported in Chapter. 4, the Cooler was not used
as its electron temperature was too high to effectively cool such a heavy ion beam
(compare Eq. 3.14). The Target was used with an expansion factor of 20, which
offers a good compromise of electron density and energy resolution (see Sect. 3.1.3.2).
Based on previous experiments [87| with this expansion factor, the electron beam
velocity spreads were assumed with

kpT) = (1.65 £ 0.35) meV, and 3.99
kpT| = 2572 eV, (3.22)
TSR Detectors

At the electron Cooler and Target various electron-ion interaction processes could be
studied producing different products which were separated by the deflection magnets
in the corners following the experiments. Charged products were deflected according
to their mass-to-charge ratio and could be detected with movable counting detec-
tors [102] close to the stored ion beam. Positively charged ions were studied in
experiments investigating ionization or dielectronic recombination [103]. The DR
process produces neutral fragments which are not deflected in the bending magnets
and propagated downstream the electron Target along the Beamline for Advanced
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Molecular Breakup Investigations (BAMBI) [104] which is equipped with various
detector systems which can all be used for DR investigations. The detectors in
this beamline were protected by a beam shutter against high particle fluxes, e.g.,
during injection and synchrotron acceleration. For the merged-beams DR rate coef-
ficient measurements of SHT, a 10 X 10cm? surface barrier detector was used [104].
Fragment momentum imaging measurements (see Sect. 3.2) were carried out by two
different detector systems: First, a 78 mm Micro-Channel Plate (MCP) detector
with fast phosphor screen anode (P47) at a distance of 12.24 m with a high position
resolution [105]. Second, an Energy-sensitive MUIti strip detector system (EMU) at
a distance of 9.41 with worse position resolution [106,107]. In this work, the MCP
detector was used.

The reaction studies carried out at the successful TSR shall be expanded towards
heavier molecular and cluster systems. On one hand, the electron cooling of heavier
ions requires, according to Eq. 3.14, longer beam lifetimes. On the other hand, one
likes to investigate molecular ions in an environment mimicking the harsh conditions
found in interstellar media with temperatures typically below 100 K and particle
densities of at best 10 cm? [12]. Both these criteria could be realized in an improved
way in the CSR described in the following section.
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3.1.5 Cryogenic Storage Ring

The Cryogenic Storage Ring CSR, shown in Figure 3.3 will serve in the future as
platform for further storage ring experiments at the Max Planck Institute for Nuclear
Physics in Heidelberg, Germany. The CSR is an electrostatic storage ring which can
be operated at temperatures ranging from room temperature down to cryogenic
temperatures of about 5K at residual gas pressures below 107 mbar (RTE) (see
Sect. 3.1.1). The electric rigidity of about 600kV of the bending electrodes allows
storage of heavy charged particles with energies up to 300keV per unit charge ¢,
which is considerably lower than the MeV energies at TSR. Tts electrostatic design
makes it well suited for investigations of heavy molecular or cluster systems. Until
now, CSR is the worldwide largest fully electrostatic and cryogenic ion beam storage
device. In addition, it features an electron cooler allowing phase-space cooling of
the stored ions and merged-beam experiments with electron beams analog to its
predecessor TSR.

CSR lon Production and Acceleration

The beam energies of up to 300 keV /q do not necessarily require larger acceleration
facilities and can be realized by extracting ions from a high-voltage platform at air.
The high-voltage platform of CSR provides enough space to accommodate multiple
different ion sources. The experimental program of CSR includes investigations of
atomic, molecular and cluster ions with both positive and negative charge. Depend-

Figure 3.3: Photograph of the Cryogenic Storage Ring just before the first commis-
sioning at room-temperature in spring 2014. The outer isolation vacuum chamber is
still open. The beam-guiding chamber is wrapped in copper. The isolation vacuum
chamber was closed before the storage operation.
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Figure 3.4: Overview model of CSR. After an ion beam (red) is injected into the
CSR (1) it its confined on a closed orbit with electrostatic 6° (2) and 39° (3) deflec-
tor electrodes (green) and quadrupole doubletts focusing elements (blue) (4) in each
corner. CSR features a variety of beam diagnostic devices (magenta) such as several
pick-up electrodes for position (5), current (6) and Schottky-noise (7) measurements,
three beam-viewers (9), and a RF-electrode (8) for bunching. Merged-beams exper-
iments will be performed at an electron cooler (orange) in section (B) with detectors
(black) for charged (9) and neutral (10) reaction products in corner (IIT). A ultra-
violet (UV) light emitting diode (LED) (11) was installed in corner (II) for tests of
the detectors even without stored ion beam. In the future, further linear sections
will be equipped with a merged-beams experiment with neutral atomic beams in
section (A) and a reaction microscope in section (D).
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ing on the application different ion sources are used. Many systems can be ionized
with a Penning ion source. Negative ions can be well produced with a Metal-Ion
Sputter ion Source (MISS) source, positive ions with an Electron Cyclotron Reson-
cance (ECR) ion source, large biomolecular ions with an electrospray ionization
(ESI) source, metal ion cluster clusters with a Laser VAPorization (LVAP) source.
A 22-pole Radio-Frequency Quadrupole (RFQ) trap will allow the accumulation and
internal-state cooling with buffer gas of the ions before they are injected into CSR.
Most of these ion sources will be installed using a beam distribution station which
is currently being developed.

CSR Design

Figure 3.4 shows an overview model of the vacuum chambers and electrodes of the
CSR. The ring lattice has a quadratic four-fold symmetric layout with an ion beam
orbit circumference of 35m. In each corner a group of four electrodes bend the ion
beam in total by 90°. The approximately 2.4 m-long straight sections between the
corners have no ion-optical elements. This space is used for experimental instru-
mentation and ion beam diagnostics.

The CSR is an experimental platform for various reactions studies investigating
the interaction dynamics of charged particles with photons, electrons and neutral
particles. In order to separate the charged and neutral reaction products from
the stored ion beam, the bending electrodes are divided into a mirror symmetric ar-
rangement with each one 6° dipole deflectors at the end and two 39° dipole deflectors
around the center of each corner. The ion beam is focused by two sets of quadrupole
doublets before and after the array of bending electrodes. Charged products with
an either altered mass or charge are deflected with respect to the closed orbit of the
stored ion beam. They can be intercepted right next to the stored ion beam by mov-
able detectors after the bending electrodes [108|. This way each bending electrode
acts as a product mass-to-charge spectrometer. Neutral products are separated from
the stored ion beam after the first 6° deflector.

For an ion beam injection one of the 6° electrodes is switched off. Before the first
injected ions make a full revolution the same electrode is quickly switch on again.
In this way, a long ion bunch is stored in the ring. After a few seconds storage
time the injected bunch disperses into a continuous stored beam due to its intrinsic
velocity spread, The first straight section after the injection corner houses a 1m-
long cylindrical electrode coaxial with the stored beam which can either be used for
re-bunching of the stored ion beam by applying a radio-frequency with an appro-
priate amplitude modulation or for synchrotron acceleration and deceleration. This
electrode also encloses the main interaction region of future atom-ion experiments.

The different beam diagnostic devices of CSR are distributed over the entire ring
[109,110]. All straight sections, except the one reserved for the future electron cooler,
have two pairs of capacitive position pick-up electrodes at the beginning and the end
right before and after the quadrupole doublets. The diagnostic sections contain an
ion current pick-up electrode and a Schottky-noise pick-up electrode.
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Figure 3.5: Photograph of beam profile monitor of CSR with schematic trajectories.
The ion beam passes under an angle of 45° through a grid onto an aluminum plate
on high potential. The released secondary electrons are accelerated trough the grid
on ground potential towards an MCP with phosphor screen which is observed from
outside of CSR’s cryostat.

CSR Beam Profile Monitors

The spatial profile of the injected ion beam can be measured destructively at three
different positions, marked 9 in Figure 3.4, during the first revolution by so-called
beam profile monitors, which are also referred to as first-turn diagnostics. Those
have been implemented for CSR within the scope of this work. The design is based
on the beam diagnostics system developed for the REX-ISOLDE facility at CERN,
Geneva, Switzerland [111,112]. A first prototype for CSR was developed by T.
Sieber [113]| and tested at the CSR prototype CTF [76]. The first results of the
beam profile monitors of CSR are reported in [109].

Two beam profile monitors are placed at ion-optically equivalent positions at
the end of the first linear section (A) after the injection corner (I) and the opposite
diagnostics section (C), respectively. The third beam profile monitor is placed in the
injection corner in between the 39°-electrode where the beam has almost completed
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Figure 3.6: Thermal layers of CSR. In this pic-
ture, not all shield parts are assembled. The dif-
ferent layers are indicated by white dashed lines.
The inner beam-guiding vacuum chamber is en-
closed by an outer isolation vacuum chamber
and is, in addition, encapsulated in two nested
thermal radiation shields wrapped in multi-layer
insulation. The inner chamber is mounted via
titanium posts on the base plate of the inner
thermal shield which in turn rests via titanium
posts on the bottom of the outer chamber. The
outer thermal shield is mounted via thin Inconel
wires from the bottom of the base plate of the
inner shield.

its first turn.

Each beam profile monitor has an aluminum converter plate that can be moved
into the ion beam orbit. The ion beam produces secondary electrons on the converter
plate which are accelerated towards a stationary MCP with phosphor screen anode,
which is observed from outside of CSR’s cryostat. The detection unit is a commercial
solution (BOS-40 by Beam Imaging Solutions). Both the converter plate and the
MCP are inclined by 45° with respect to the ion beam. This twofold projection
under a 45° angle enables a direct, undistorted imaging of the beam profile.

The converter plate is being moved by a rotational mechanics, which is used
for all movable components at CSR (see Section 5.2.3.3). The drive chain can be
mechanically and, thus, thermally decoupled at several places to prevent any heat
input. When the converter plate is retracted from the ion beam, its momentum is
absorbed by titanium springs. The original design of the prototype converter plate
holder was changed as it did not allow the specified acceleration voltage of up to
—5kV. The aluminum converter plate is mounted in a sandwich of stainless steal
plates separated by ceramic pearls. The tungsten grid is fixed with a copper ring
between two stainless steel plates with an according aperture for the ion beam.

CSR Vacuum and Cryostat System

In order to realize cryogenic ambient temperatures below 10 K the structure of CSR
follows the design of a typical cryostat as shown in Figure 3.6 [114-116] which has
been developed and tested at CSR’s prototype facility CTF before [76,117]. The
beam-guiding ultra-high vacuum tube is enclosed by an isolation vacuum chamber,
which prevents convection for a better thermal isolation. In addition, the inner
chamber is encapsulated in two nested layers of infra-red radiation screens which
were estimated in advance to be cooled down to 40 K and 80K, respectively. In
addition the outer shield is wrapped in multi-layer insulation by Ruag Space GmbH
[118], which consists of multiple layers of highly reflective aluminum foil thermally
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insulated by a thin fleece of glass fiber. The cutting pattern of this insulation was
design in this work.

The inner chamber contains electrostatic ion optics and can be cooled down below
10 K through a superfluid helium circuit. In order to maintain the electrode adjust-
ment in cold operation the electrodes are supported individually directly on the
concrete foundation and are mechanically decoupled from the chambers via bellow
tubes.

A particular challenge of CSR is that it can be both operated at room and cryo-
genic temperatures. In order to achieve sufficient UHV conditions (107! mbar) at
room temperature, the inner beam pipe together with all beam-facing equipment
is bakeable to 250°C. However, the multi-layer insulation cannot withstand such
high temperatures. During bake-outs, the temperature of the outer radiation shield
is kept well below 100°C with a water cooling system. At room temperature, the
beam-guiding chamber is pumped by non-evaporative getter pumps (NEG), ion-
getter and charcoal cryo-pumps. At cryogenic operation, these are supported by
cryo-condensation pumps, cooled down to 2K in order to bind hydrogen, reducing
the vacuum pressure to better than 10~!3 mbar RTE.

CSR has a non-magnetic design in order to avoid disturbances of the rather slow
stored ion beams by stray or remnant magnetic fields, which could cause high beam
losses or even inhibit a beam storage. Ton-optical simulations of CSR by M. Grieser
have shown that a beam storage could be inhibited even by the earth magnetic field
in the extreme case of light protons at the minimum beam energy of 20keV [119].
For a future optional field correction all remnant magnetic fields should be avoided.
For these reasons, all parts close to the ion beam orbit are specified to have a very
low magnetic permeability of u, < 1.01.

CSR Experiments

CSR is designed to combine the benefits of a low-energy, cryogenic molecular ion
beam trap with those of a proven heavy ion storage ring. Consequently, the field-
free, so-called ezperimental sections occupy a significant part of the CSR beam line.
Already in the design phase, several target experiments have been conceived [120)].
They include facility for fast ion-neutral collisions backed by a reaction microscope
(ReMi), a collinear target beam line for slow ion-neutral collisions [121], as well as
a merged electron-ion target and cooler section [110].

The newly developed electron-cooler is scheduled to be installed in CSR begin-
ning of 2016. It will enable both phase-space cooling of the stored ion beam and
merged-beams electron-ion experiments. A simplified model is shown in Figure 3.7
The Cooler will employ the photocathode from the TSR electron Cooler (see also
Sect. 3.1.4 and [85]), including its magnetic expansion, which can provide very cold
electron beams with kinetic energies down to 1eV [122]. At a maximum ion storage
energy of 300keV this allows phase-space cooling of ion beams with masses up to
160u [120] in a merged-beams interaction region with a length of about 1m.

Apart from this, the new cooler is a complete redesign both regarding the merging
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Figure 3.7: Simplified model of the CSR electron cooler showing only the beam
guiding elements. In the future electron cooler the stored ion beam (i) is merged
with a cold electron beam (e) by a combination of solenoid (1-5) and dipole fields
(6). The deflection of the ion beam trajectory is compensated by additional dipole
correction magnets (7) preceding and following the interaction section between the
focussing quadrupoles (8). Reaction products are separated from the stored ion
beam by the 6° and 39° deflectors (9,10). Charged products are detected with the
movable COMPACT, neutral products with the static NICE detector.

and de-merging of the electron beam with the ion beam in cryogenic environment
inside CSR as well as the transition from the electron emitting and collecting parts
at room-temperature. The much lower storage velocities at CSR compared to TSR
lead to relatively larger non-linear disturbances of the stored ion beam trajectory
by the toroidal merging and de-merging fields [123].

As the electron cooler could not be finalized on time for the first cryogenic opera-
tion, a laser experiment was installed in the straight section marked (B) in Figure 3.4
for the first experiments [124]. This will be removed again when the electron cooler
is installed. Meanwhile, it is planned to still use a laser in this section. It will be
shoot in via adjacent ports behind the 6° deflectors originally foreseen for further
detectors for changed products.

For these first experiments, a pulsed Optical Parametric Oscillator (OPO) laser
(EKSPLA NT 342B with SH/SF generator) was used, covering a wavelength range
from 192nm to 2600nm with repetition rates of up to 20 Hz and specified pulse
energies of up to 30mJ in the visible and 6 mJ in the UV range. The laser could
be either shot in across the stored beam or at a grazing angle of about 3.4° for an
elongated beam overlap of about 2.2m. During the first beamtime, neutralization
of stored ions by electron capture from the remaining residual gas was very unlikely
given its very low gas density. In order to determine the ion storage time in CSR
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photodetachment of negative ion species was observed. For this a cw-HeNe laser
(632.8 nm) was coupled into section (B) using the same path as intended for the
OPO Laser. It was possible to switch between both lasers with a flip mirror.

Furthermore, a merged-beams experiment for the interaction study of neutral
atoms with the stored ions [121] will be installed in 2016. This experiment is located
in the straight section following the injection. The atom beams are produced by
photodetachment of a parent anionic ion beam, produced on a second platform with
energies up to 60 keV, with an intense infrared laser.

CSR Detectors

At the commissioning in 2014 and the first cryogenic operation in 2015, two different
detector systems were installed inside CSR in the corner section downstream of the
future electron cooler (see Fig. 3.4). Neutral product particles can be detected by
an imaging detector with a diameter of 120 mm situated straight ahead at a distance
of 3.8 m with respect to the center of this straight section. This detector has been
developed within the scope of this work and is described in detail in Chapter 5.
With regard to its purpose the detector is referred to as NICE detector, which
is a acronym for Neutral particle Imaging in Cryogenic Environment (NICE). It
is placed next to the 39° electrode in corner, marked 10 in Figure 3.7, and its
position is marked 10 in Figure 3.4. For the detection of charged collision products,
a second movables particle counter [108,125| was installed in CSR. These products
can be intersected by a movable particle counter [108] at the according position
next to the stored ion beam. This detector is referred to as Cryogenic Movable
PArticle ConTer (COMPACT). The particles hit a bent aluminum converter plate
and produce secondary electrons. These electrons are accelerated towards a small
MCP where the particle event can be detected with a efficiency of >99 % for typical
energies used at CSR. The detector is situated after the first 6°, right before the
next 39° deflector. The chambers of CSR have ports after each bending electrode
already foreseen for further detectors of this type. For the next beamtime in 2016,
the port directly after the first 6° will be equipped with another detector of this
type, which can detect even lighter reaction products.

CSR First Beamtimes

CSR was commissioned at room temperature from March to May 2014 [109]|. During
this first beamtime the storage ring has been tested and characterized with its beam
diagnostics and detectors (see Sect. 3.1.5 and 5.4). The CSR components developed
within this work, i.e., the beam profile monitors and, in particular, the NICE de-
tector, were first tested within this commissioning beam time. Further tests were
performed after the CSR cryogenic cooldown as described below.

After the first successful operation at room-temperature the storage ring was pre-
pared for its first cryogenic operation. This included especially the manufacturing
and installation of all missing diagnostic pick-up electrodes, temperature sensors,
thermal shields, and the full enclosure in Mylar superinsulation. Finally, CSR was
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operated at cryogenic temperatures for the first time between March and July 2015.
Several atomic, molecular and cluster ions have been investigated already in this
first beamtime. Besides comparative performance measurements with Ar™ and O™,
two first showcase experiments were performed investigating the photodetachment
of OH™ [124] and the photodissociation of CHT. Both experiments were conducted
using the merged laser-ion interaction section installed in place of the future elec-
tron cooler. Hence the already installed detector array intended for future electron
target measurements could be employed during these laser-experiments. The large
MCP-based neutral product detector developed within this work, and described in
Chaper 5, was especially useful in this first experimental run of CSR. In both the
OH~ and the CHT experiments, the molecular rotational population density can
be determined as a function of laser frequency which reflects directly the internal
temperature of the stored molecular ions and indirectly the ambient photon field of
the storage vessel. In this manner, CSR’s capability of storing internally cold ions
could be demonstrated. Several other systems have been studied, which are being
analyzed, e.g., carbon and silver dimer anions as well as the Cobald clusters Cos and
Cos were investigated for their autodetachment and -dissociation as well as photon
induced processes.
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3.2 Neutral Fragment Momentum Imaging

Fragmentation reactions lead to explosions of molecules in their center-of-mass
frame. Besides the total energy-dependent reaction cross section, an important
parameter of such reactions is their energy balance, especially, in the context of
astrochemical networks (see Sect. 2.1). This contains information about the struc-
ture and the different reaction pathways of the molecule. The kinetic energy re-
lease (see Sect. 2.2.3), characteristic for the fragmentation, is distributed among
the fragments due to the conservation of momentum according to their mass ratios.
Fragmentation reactions with charged products can be investigated kinematically
complete with, e.g., Velocity Map Imaging (VMI) [126] techniques or reaction mi-
croscopes [127-129]. However, reactions with neutral fragments, such as dissocia-
tive recombination (see Sect. 2.2.3), cannot be investigated with these methods. In
merged-beams experiments at storage rings, the kinetic energy release can be mea-
sured with the so-called neutral fragment momentum imaging, or short fragment
imaging, method [130]. In the following, the basic concept of this method is ex-
plained based on the simple case of diatomic molecules. The kinematics of such an
experiment is illustrated in Figure 3.8.

The energy excess of a dissociation reaction can go partly into internal excitations
of the product fragments in, possibly, excited quantum states and is partly released

beam ©- i 1.3 5 of 9\ Vo
axis ® O o
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Figure 3.8: Schematic reaction kinematics of DR investigated with neutral frag-
ment momentum imaging. The heteronuclear molecular ion AB™ recombines with
an electron and, subsequently, dissociates into two neutral fragments A and B. At
the detector position, the two fragments are separated by the distance D which is
proportional to \/Exgr. The momentum is partitioned amongst the fragments ac-
cording to their mass ratio. The molecular ions have a random orientation in the
azimuthal angle ¢ and the polar angle § with respect to the beam axis. The latter
determines the distance d and arrival-time-distance At of the two particle impacts
on the detector. In reality, the distance to the detector L is much larger compared to
the fragment distances D, so that d and At can be derived as orthogonal projections.
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in form of kinetic energy Exggr of the product fragments. The different dissociation
channels with the corresponding quantum states of the products are denoted by n.
The momentum transfer leads to the relative fragment velocity

W

mamp r
=" M- 3.24
A ma + mp (1+7)2 ( )

—

Urn = ‘uA,TL — UB,n

with the reduced mass of the two fragments

with fragment masses my and mg, and their mass ratio r = ma/mg, assuming the
momentum transfer from the electron capture to be negligible. The center-of-mass
of the two product fragments still propagates with the velocity of the parent ion

beam
2F,
vo = 1/ WO (3.25)

which is determined by the kinetic energy E, and the total mass M = ma + mp
of the stored molecular ion beam. When the center-of-mass of the two fragments
reaches the detector position at the distance L after the time-of-flight trop, the
two fragments are separated by the distance D,,. As Exgr < Fjy, the dissociation
angle # in the center-of-mass frame is kinematically compressed to the angle § in
the laboratory frame, which can be derived from the time-of-flight relations

L D,
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The kinetic energy release of the dissociation channel n can then be determined as

to

1 1 (D, \°
Exprn = 5’“ (5nU0)2 = 5# <TUO) (3.28)

The molecules in the electron target are not aligned, thus, have a random orientation.
In the center-of-mass frame, all relative coordinates of a dissociation with the same
Exgr,» then lie on a sphere of diameter D, which transforms, in the laboratory
frame, into two narrow cones of diameter 2d, and 2dg at the detector position L.
This way, all fragments can be detected, independent of their break-up geometry, on
an area of compact dimensions. The projection of the reaction sphere onto the plane
detector can be considered orthogonal assuming the small angle approximation with
D < L and consequently 0 < 1. The dissociation angle 6 (see Fig. 3.8) determines
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the corresponding transversal fragment distances d and the longitudinal arrival-time-
differences At at the detector with

d = Dsin(0) (3.29)
Az = Dcos(f) = voAt (3.30)
= D =Vd*+ Az? = /d?® + v At? (3.31)

Measurable Kinetic Energy Release

As mentioned before, the kinetic energy release Fxgr is partitioned amongst the frag-
ments according to their mass ratio. In the case of heteronuclear diatomic molecules
this results in larger relative velocities of the lighter fragments and, accordingly,
larger dissociation cones at the detector position. If both fragments shall be de-
tected, the maximum kinetic energy release that can be measured, decreases with
larger mass ratios as the dissociation cone of the light fragments increase beyond
the solid angle covered by the detector. Only the heavy fragment can be detected
in this case. Going to more complex polyatomic molecular ions means on one hand,
typically, a higher parent molecule mass which leads to lower ion beam velocities
and, accordingly, larger dissociation cones. On the other hand, Fxgg is partitioned
amongst more fragments resulting in smaller dissociation cones. In the following,
the limits for the detection of both and heavy fragments only in a diatomic frag-
mentation are discussed for TSR and CSR given their geometrical and energetic
constrains.

The fragment distance of a diatomic molecule projected onto the detector surface
is, as depicted in Figure 3.8, the sum of the distances of both product fragments
d = da + dg with respect to the center-of-mass. With the momentum balance
dama = dgmp the distance of the heavier fragment A to the center-of~-mass can be
expressed as ;

mp

da

(3.32)

Given a detector with diameter d,,y, the geometrical limit for detection of only the
heavier of both product fragments is

mp

dmax =2 dA,max (1 + %> . (333)

Figure 3.9 shows the maximum FEkggr that can be measured in case of heteronuclear
diatomic molecules with different mass ratios at TSR and CSR. The corresponding
expressions for Exgr are given in the caption. This representation assumes an well-
cooled, narrow stored ion beam, which is well-aligned with the detector center. With
larger mass ratios of the fragments the maximum Fxgr for which both fragments
can be still detected is significantly reduced as the dissociation cone of the lighter
fragment gets too large to fit onto the detector area. The size of the dissociation
cones can be reduced by higher ion beam energies which in turn enables measure-
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Figure 3.9: Maximum kinetic energy release Fxgr that can be measured for di-
atomic heteronuclear molecules of mass M and mass ratio r at TSR (green) and
CSR. (blue). This is limited by the maximum possible storage energies, which are
limited by the corresponding rigidities (Bp ~ 1.5Tm and Ep ~ 600kV), and the
maximum Oy.x, Which is geometrically constrained, according to Eq. 3.27, by the
available detector diameter Dy,ax and maximum Target distance Lyax = Lo+ AL/2
(6I5R ~ 1/160 and 0SSR ~ 1/36). The corresponding expressions for the maximum
Fxgr, derived from the Equations 3.28, 3.24, 3.5, and 3.33, are given in the table
below for the different cases. The maximum FExgg is only displayed for molecular
masses up to M = 160u, which is the maximum mass, that can be still cooled with
the electron Cooler at CSR. The extreme case of diatomic hydride molecules with
M = r at TSR is highlighted in orange. The maximum Fxgr at CSR, which is
highlighted in blue, behaves with mass ratio for any molecular mass M the same
way as at TSR for a molecule of mass M = 32u. Hence, CSR will exceed TSR’s

capabilities for molecular system heavier than SHT.
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3 Neutral Fragment Studies at Cooler Storage Rings

ments of larger kinetic energy releases. However, the maximum storage velocities
are limited by the available magnetic or electric rigidity, respectively, according to
Equation 3.5. Another limiting factor is the maximum dissociation angle in the
laboratory frame 0., (see Eq. 3.27) for the available detector diameter dp,., and
the given maximum distance to the Target L., = Lo + AL, with the the distance
of the detector to the center of the Target Ly and the overlap length, which is for
both TSR and CSR AL ~ 1. The detector for the experiments at CSR has been
developed in this work (see Chap. 5). A detector with 12cm at a distance of about
3.8m from the center of the electron target has been implemented. For the DR
experiments at TSR a detector with 8 cm diameter at a distance of about about
12.2m has been used.

In this work, the heteronuclear SHT ion with mass M(SH™) ~ 33u has been
investigated at TSR, which is reported in Chapter 4. In this case, most of the light
hydrogen fragments missed the detector, although the storage ring was operated
at the highest possible storage energy. For the data analysis a new method has
been developed for the determination of the product state branching ratios from the
position informations of only the sulfur fragments, which is presented in Section 4.4.
As shown in Figure 3.9, the maximum Fxrr at CSR behaves with mass ratio for
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Figure 3.10: Maximum kinetic energy release which can be measured for diatomic
molecules as a function of the ion beam energy for CSR. The limiting case of homonu-
clear molecules with a mass ratio r = ma/mg = 1 is emphasized by the black solid
line. As the momentum is distributed among the fragments according to their mass
ratio, the maximum measurable Exgr decreases if both fragments shall be detected
(orange). In turn, it increases if only the heavier fragment is detected (green). In
the extreme case of diatomic hydride molecules the mass ratio can be read directly
as the mass of the heavier binding partner.
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3.2 Neutral Fragment Momentum Imaging

any molecular mass M the same way as at TSR for a molecule of mass M = 32u
and will exceed TSR’s capabilities for molecular system heavier than SH*.

With regard to the future DR experiments at CSR, its maximum measurable
kinetic energy release for diatomic molecules in the available ion beam energy range
is depicted in Figure 3.10. For homonuclear systems the maximum FExgg is limited to
roughly 30eV at the maximum kinetic beam energy Fy = 300keV. The ion beam
energy should be adjusted such that, preferably, the whole detector area is used
in order achieve an optimal resolution of the kinetic energy release. The maximum
measurable EFxgr decreases if both fragments shall be detected and, in turn, increases
if only the heavier fragment is detected.

Fragment Mass Identification

If the imaging detector does only provide position sensitivity, fragments of different
masses can be identified geometrically for a well localized, cooled ion beam of narrow
diameter and small divergence as the fragment distances to the center-of-mass scale
with their mass ratios (see Sect. 4.4.3.1). For polyatomic systems this becomes
increasingly difficult and is not viable in some cases. Here, a detection system with
both position and energy sensitivity has the advantage that the fragment masses
can be inferred from the detected energies as the well defined kinetic energy of a
dissociating molecular ion is distributed among its fragments according to their mass
ratios.

Distance Probability Distributions
The various distance probability distributions of fragment distances in a merged-
beams experiment are, e.g., derived in the Theses of S. Novotny [131, 132| or by
Amitay et al. [50] and are schematically depicted in Figure 3.11. In the following,
only isotropic dissociations are considered.

The probability distribution of the absolute fragment distance of each dissociation
channel n with dissociation angle ¢, is

Pn(D) - {5H1AL o 5aniH = D < 5”Lmax

) (3.34)
0 otherwise

given the finite interaction length AL and the boundaries of the electron Target, for
the distance to its center Ly,

Luwin = Lo — AL/2

3.35
Lumax = Lo+ AL/2 (3.35)

This requires the reconstruction of the absolute fragment distance from both the
transversal and longitudinal projections, d and Az, onto the detector. If either
one of those is missing or cannot be measured correlated, they have to be consider
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3 Neutral Fragment Studies at Cooler Storage Rings

independently with

—L_ larccos ( —%— ) — arccos [ —2— for 0 <d <9, Ly
57l Ln]ax 5’"/ Llllln

Py(d) = L_ larccos ¢)} for 0,ALpin < d < 0, ALpmax

5nALmin
otherwise
(3.36)
and for the longitudinal distance Az = vyAt, given the arrival-time difference At,

In %) for 0 < |Az| < 8, Limin
1 min
P,(z) = 55 L In &ﬁz‘ax) O Lnin < |Az] < 6, Linax (3.37)

0 otherwise.

The kinetic energy releases of the different dissociation channels can be determined
by fitting the total probability distributions

P(d) = anPn(d), (3.38)
P(Az) = b,Py(Az), or (3.39)

P(D) =) b,Pu(D). (3.40)
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3.2 Neutral Fragment Momentum Imaging
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Figure 3.11: Schematic distance distributions of fragment momentum imaging.
The graph in the center shows the transversal fragment distance d versus the longi-
tudinal fragment distance Az, which describes a half circle with radius D?, corre-
sponding to the Target center. The graphs on the top and left show the respective
projections. An integration over the azimut angle 6 results in the distribution of
fragment distances D on the bottom. The width of this distribution is caused by
the given length of the interaction region AL and scales with the dissociation angle
0,. Looking at the transversal projection of the reaction sphere of dissociation frag-
ments onto the detector, the density of events is increasing towards the edge of the
sphere. The length of the interaction section AL leads to a superposition of reaction
spheres of different sizes around DY, which results in the characteristic saw-tooth
shape of the transversal projection.
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4 Dissociative Recombination of SHT

Diatomic hydride molecules are among the most simple molecules in the interstel-
lar medium. The most fundamental sulfur-bearing molecular ion sulfanylium SH™
forms the basis of the interstellar sulfur chemistry. The role of SHY in the chemistry
of interstellar media was already discussed at the beginning of Chapter 2. As men-
tioned before, the observed abundances of SH* have been underestimated in several
astrophysical studies by a factor of four [10] and even by an order of magnitude [9],
respectively. One of the reasons for these discrepancies could be an underestimated
reaction rate for dissociative recombination of SH™, the dominant destruction pro-
cess in the presence of low-energy electron collisions (see Sect. 2.2.3).

Within the scope of this work, the first experimental investigations on dissocia-
tive recombination of SHT have been performed in a merged-beams experiment
(see Sect. 4.2) at the TSR in Heidelberg, Germany, which is described in detail in
Section 3.1.4. In two complementary measurements the merged-beams DR rate co-
efficient (see Sect. 4.3) and the product state branching ratios (see Sect. 4.4) have
been determined.

SH™ is one of the heaviest diatomic molecules which has ever been investigated
at TSR. In addition, SH' has a considerably large reaction energy release of about
6.8eV. As explained in Section 3.2, due to the momentum distribution among the
two fragments with a large mass ratio and the limited kinetic beam energy at TSR
most of the light hydrogen fragments missed the detector. Nevertheless, the product
state branching ratios could be determined with a new analysis procedure from the
obtained imaging data. In this sense, these measurements also pose as a test case
in view of future DR experiments at CSR, where even heavier molecules will be
investigated.

In the following Section, some properties of SH and SHT are discussed, which
are relevant for the physical discussion of the results of the merged-beams DR rate
measurements in Section 4.3.5 and the momentum imaging measurements in Sec-
tion 4.4.4.

4.1 Properties of SH™

At this point the expected DR pathways and the involved energies (see Sect. 2.2.3)
of the investigated system are discussed. The reaction energy AFEpr of SHT DR
is defined as the kinetic energy released by the dissociation from ground state SH*
into ground state products S and H for a collision energy of 0eV. There are multiple
ways to determine this energy release. First, it was calculated via the asymptotic
dissociated system S + H' with the value of the proton affinity of sulfur Eps at
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4.1 Properties of SH”

300 K, considering its temperature correction to 0K, and the ionization energy of
hydrogen Fjp as

AFEpr(SHT) = E3VK(S) — ng 300K — Ey(H) = (—6.78 = 0.10) eV (4.1)

Alternatively, the reaction energy can be calculated via the asymptotic dissociated
system ST 4 H with the dissociation energy of the v = 0 ground state Dy = D, —
/2 hew, of SHT and the ionization energy of sulfur as

AEpr(SHY,X?S7) = Dy(SH*) — Ey(S) = (—6.82 + 0.01) eV (4.2)

The specified uncertainty of this value is estimated from the number of significant
digits of the underlying dissociation energy value D,, which might be too low. Con-
sidering this, the two values are consistent within 0.4eV. The reference values for
these calculations are listed in Table 4.1.

For a given reaction energy, the energetically accessible product excited states
can be determined. In case of SH*, the reaction energy is sufficient to excite the
sulfur products into their 1Dy, 'Sy and °S, levels. However, it is not enough for an
excitation to H(n = 2). The kinetic energy releases of the different product excited
states can be determined as

KER = — (AEpg + Ex(S)). (4.3)

The asymptotic levels of these states are depicted in the right hand part of Figure 4.1.
They were calculated with respect to the ground state of SH™ via the reaction energy
of DR and the well known excitation energies Fg of sulfur from the NIST Atomic
Spectra Database [133], also listed in Table 4.2, as

Potential energy curves of both the neutral SH and ionic SHT were calculated
by Park and Sun [137] in 1992. These curves are shown in Figure 4.1 and shall

Table 4.1: Reference values for reaction energy calculations.

Parameter Symbol Value Ref.
Tonization energy Er(H) 13.598 434005 136(12) eV [133]

Ei(S) 10.36001(12) eV [134]
Proton affinity E30K(S) 265182%2?% lcfi]/md [139]
Dissociation energy D (SH™) 3.70eV™)  [136]
Vibrational constant w.(SH™) 2547.7cm™! [136]

() Rostas et al. give a two-digit number for the dissociation energy without error
estimate.
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4 Dissociative Recombination of SH™

Table 4.2: Product excitation states for DR of ground state SHT at an electron-
ion collision energy of 0eV. The KER values of the different product states are
determined with Eq. 4.3 for the reaction energies according to Eq. 4.1 (KER®) and
Eq. 4.2 (KER®) and the sulfur excitation energies Fx(S) from [134]. The product
excited states with negative KER become energetically accessible, when the collision
energy exceeds its absolute KER value.

Product state Ex(S) KERWY KER®
H S (eV) (eV) (eV)
152Sy/2  3s%3p* 3P, 0.000 6.78 6.82
152Sy/,  3s%3p* 5Py 0.049 6.73 6.77
1s 281/2 3s523p* 3Py 0.071 6.71 6.75
152Sy,, 3s*3p* D, 1.145  5.63 5.67
152Sy/2  3s%3p* 1Sy 2.750  4.03 4.07
1s2Sy/  3s?3p*(*S°)4s °S5 6.524  0.25 0.29
152S1/  3s%3p*(*S°)4s 3SO 6.860 —0.08  —0.04
152S1/2  3s%3p*(*S°)4p 5PC1’ 23 7.866 —1.09  —1.05
15281y, 3s°3p*('S°)4p °Pg,, 8.045 —1.27 —1.23

indicate possible dissociation pathways for a first interpretation of the experimen-
tal results obtained in this work. The asymptotic energies of these potentials show
significant discrepancies compared to the asymptotic values calculated according to
Equation 4.1 with the values listed in Table 4.2. For the generation of the depicted
curves, the numerical values of the calculated potentials, given in [137], were inter-
polated in second order. The zero energy in Figure 4.1 was set to the ground state
level of SH. The vibrational ground state in the SHT X 3%~ potential of Park and
Sun was then put to this zero energy, shifting all other energies of their calculated
curves by the same amount. In their calculation, Park and Sun were focusing on
the valence orbitals of SH and considered the possible configuration interaction with
higher excited neutral molecular levels only in a later step of their paper, indepen-
dent of the potential curves shown. In contrast to Park and Sun, the admixture of
higher excited configurations was taken into account for some of the states in the
more recent calculations by Kashinski et al. [41,42]. They show a strong interaction
of the dissociating %IT curve of SH (see Fig. 4.1) with configurations involving n = 4
Rydberg states (see Fig. 6 in |41]). The associated highly excited neutral potential
curves can give rise to vibrationally excited Rydberg levels driving the DR process.
Also, they may serve as pathways to the highly excited S(°S,) state, which lies only
about 0.27eV below the ionization limit of SH. Moreover, there is an excited sulfur
product level 23S only about 0.6 eV above the ionization limit of SH, which becomes
energetically accessible for DR at sufficiently large collision energies. Investigations
of similar systems have shown that such states often contribute as they become
energetically available [139].

o8



4.1 Properties of SH”

SH**
4_ \\
2+ . )
S \ SC’P) + H(’S)
) SCP)+HCS) —
> 0 SCS) + H(S)
o0 SCS) + H?S)
Q
3
-2
—4 S('S) + H(?S)
S('D) + H(®S)
-6
SCP) + H(?S)
-8
-10

Figure 4.1: Potential energy curves of SH (green) and SHT (blue) by Park and
Sun [137]. The numerical values of the potential curves given in that paper were
interpolated in 2nd order. However, some of these values needed to be slightly
adjusted in order to match the curves depicted in their paper. In addition, the
vibrational levels of the X 3X~ potential are indicated. The Frank-Condon region of
the SHT X3%~ ground state is highlighted by a gray bar. The energy levels of SH
Rydberg states, measured by Lange et al. [138], are indicated for the electronically
excited a'A and b!YX* states of SHT. On the right hand side are the asymptoic
energies for dissociated S and H fragments obtained by Equation 4.1 with the values
listed in Table 4.2.

As shown from the approximative molecular results in Figure 4.1, the ground state
of SH* can be expected to be crossed by both the 2IT and *II doubly-excited repulsive
SH valence states which lead to the excited sulfur products S(*D) and sulfur in the
ground level S(®P), respectively. In comparison, the ?II state has a more favorable
Franck-Condon overlap, which suggest stronger direct contributions from this state.
The repulsive state 22T, corresponding to the S(!S) product state, appears to have
no Franck-Condon overlap, which may prevent a direct contribution from this state.
An indirect dissociation via this state may be still possible with a preceding capture
into a vibrationally excited Rydberg state or a direct non-adiabatic coupling. Fur-
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4 Dissociative Recombination of SH™

ther indirect pathways via core-excited Rydberg state may also be possible. Some
of these neutral autoionizing molecular Rydberg states were observed by Lange et
al. [138] with two-photon resonance enhanced multi-photon ionization spectroscopy.
The energies of bound Rydberg states of the series converging to the electronically
excited a'!A and b'XT states of SHT are also shown in Fig. 4.1. Especially, two
Rydberg states converging to the a' A state of SHT are closely above the ionization
limit of SH and may facilitate DR via a capture into these core-excited Rydberg
states as observed before, e.g., by Amitay et al. [49,50].

4.2 Experiments at the Test Storage Ring

The Test Storage Ring was already introduced in Section 3.1.4. Various aspects of
the experimental setup and technique have been described in detail, e.g, by Amitay
et al. [50], Wolf [140], Krantz et al. [L00], and Novotny et al. [87,141]. At this point,
aspects specific to the investigations of SHT are discussed.

4.2.1 Setup

The SHT ions were produced in a Penning ion source from a gas mixture of hy-
drogen sulfide HyS and molecular hydrogen Hs and accelerated in a 3 MV pelletron
accelerator [94]. An SH™ ion beam of typically 100 A was stored in TSR at an en-
ergy of (2.649 +0.010) MeV and merged with a cold electron beam in the electron
Target (see Sect. 3.1.4). The Target was both used for phase-space cooling of the
stored ion beam (see Sect. 3.1.3) and served as a merged-beams interaction medium
for the DR experiments (see Sect. 3.1.2). The Cooler was not used as its electron
beam velocity spread was too high to effectively cool such a heavy ion beam (see
Sect. 3.1.3). The Target was used with an expansion factor of 20, which offers a
good compromise of electron density and energy resolution (see Sect. 3.1.3.2). Based
on previous experiments [87] with this expansion factor, the two components of the
effective collision velocity distribution were assumed with

kg1 = (1.65 £ 0.35) meV, and

4.4
knT) = 25%3° peV. (4.4)

The electron beam density was typically n. ~ 3 x 10 cm ™3,

The neutral fragments emerging from the electron-ion interaction region were de-
tected downstream in the BAMBI beamline (see Sect. 3.1.4). Two different systems
were employed for the detection of the neutral reaction products. First of all, the po-
sition sensitive MCP detector with phosphor screen anode was used as a diagnostic
tool to optimize the overlap of the electron and ion beam. Later, it was used for the
neutral fragment momentum imaging measurements (see Sect. 3.2) from which the
branching ratios of possible product states were determined based on the measured
fragment distance distribution on the detector (see Sect. 4.4). The adjustment of
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4.2 Experiments at the Test Storage Ring

the electron beam and the momentum imaging measurements were performed for
zero electron-ion collision energy only. The energy-dependet merged-beams DR rate
coefficient was measured with a 10 x 10 cm? energy sensitive silicon detector using
a well established measuring scheme for molecular systems (see Sect. 4.3). Those
results are presented in the following Section.

During the experiments, most of the light hydrogen fragments missed the de-
tectors. There are several reasons for this (see Eq. 3.29). At the dissociation the
momentum is distributed among the fragments according to their mass ratio, which
is quite large in the case of SHT with mg = 31.972u and my = 1.008 u, respectively.
In conjunction with the relative large kinetic energy releases of up to 6.8eV this
leads to very large dissociation cones of the light hydrogen fragments. In princi-
ple, it is possible to compress the dissociation cones by increasing the kinetic beam
energy, however, this is limited by the rigidity of the bending magnets.

4.2.2 Internal Excitations of SH™T

The ions are produced in electronically, vibrationally, rotationally and fine-struc-
ture excited states. In TSR, the ions have been stored for about 11s before the
measurement in order to radiatively relax and thermally equilibrate with the ambient
black body radiation of the storage ring enclosure at room temperature. To estimate
the level population of the stored ion ensemble the various possible decay modes
needed to be considered. In the following, the different contribution are discussed
in detail.

A lifetime of about 1 us was measured for the electronic transition A3IT — X33~
by Brzozowski et al. [142]. According to Park and Sun [137] there should be two
more electronic bound states, a! A and b!X*, lying between the ground state X33~
and the excited a’Il state. For these states no published lifetime values could be
found. The lifetimes of the vibrational levels of the X3X~ ground state of SHT have
been calculated by Senekowitsch et al. [143]. The slowest Av = 1 transition from
v=1—v=0is listed with a lifetime of about 19 ms. Thus, it is expected that all
ions reach their electronic and vibrational ground levels within seconds of storage.

As no publications about the radiative relaxation of the rotational levels of SH
could be found, this was calculated within the scope of this analysis. The temporal
evolution of the rotational level population of the stored ions was estimated with
a radiative relaxation model, analog to that of Amitay et al. [144], which consid-
ers both spontaneous radiative decay as well as stimulated emission and absorption
by the ambient 300 K black-body radiation. The rotational radiative lifetimes of
X3% were calculated analog to [144] for rotational levels ranging from N = 0 to
N = 14. Since SHT has a non-zero total electron spin in its electronic ground state
3%}, the rotational energy levels are denoted by N, corresponding to the total angular
momentum except the spin. Here, since the electronic orbital angular momentum
component A along the internuclear axis vanished, N corresponds to the quantum
number of the molecular rotation. The decay rates of higher levels decay were cal-
culated to be negligibly fast. The obtained Einstein coefficients, which corresponds
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4 Dissociative Recombination of SH™

Table 4.3: Calculated rotational decay rates of X3% (v = 0) SHT.
N E (V) A(sh

0 0.0 0.0

1 0.0023 1.42x1073
2 0.0069 1.37 x 1072
3 0.01375 4.94x 1072
4 0.02285 1.21 x 107!
5 0.03425 2.43 x 107!
6 0.05025 6.83 x 107!
7 0.06855 1.03

8 0.08015 1.475

9 0.11195 2.03

10 0.13695 2.72
11 0.16435 3.54
12 .0.19405 4.5
13 0.22605 5.67
14 0.26035 6.976

to the inverse lifetimes, are listed in Table 4.3. The model calculation uses the
dipole moments from Senekowitsch et al. [143]. Furthermore, the level energies were
estimated assuming an harmonic molecular potential with B,N(N + 1) given the
rotational constant B, of 1.2meV, also from Senekowitsch et al. [143].

The initial rotational level population was assumed to be Boltzmann distributed
at a temperature of 8000 K, analog to a similar DR experiment on CF™ [24]. The
resulting temporal evolution of the rotational level populations ranging from N =
0 to N = 11 are depicted in Figure 4.2 together with the temporal evolution of
the average excitation energy given by the sum of all rotational levels weighted
by their population. One can see that the SH™ molecules do not completely reach
the thermal equilibrium with the 300 K ambient photon field, highlighted in red,
during the measurements. After the first 11.3s of ion storage, the model predicts
a remaining average rotational level population exceeding the 300 K equilibrium
by approximately 50 % at about 440K. The excitation energy averaged over the
ion population during the measurement window, from 11.3s to 25.0s, exceeds room
temperature excitation by only 21 % corresponding to a temperature of about 360 K.
This is an upper estimate, as no further pathways are considered. Omitted are spin-
orbit couplings, which may provide additional pathways, or an acceleration of the
rotational cooling via super-elastic ion collisions with electrons as observed before,
e.g., by Shafir et al. [145].
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Figure 4.2: Modeled temporal evolution of the rotational level populations (a) and
the average excitation energy (b) of SHT. The excitation energy is given by the sum
of all rotational levels weighted by their population. The ion ensemble was assumed
with a initial temperature of 8000 K. The level of the ambient 300 K black body
radiation is indicated by a red constant line in (b).

63



4 Dissociative Recombination of SH™

4.3 Merged-Beams DR Rate Coefficient
Measurements

According to Equation 3.12, the merged-beams DR rate coefficient can be deter-
mined from the detected count rate of neutral product fragments emerging from
the interaction section in the Target normalized by the electron beam density and
number of ions in the interaction section. For these measurements, the neutral
fragments were detected with a 10 x 10 cm? energy sensitive silicon detector. As
mentioned before, most of the light hydrogen fragments missed the detector during
the measurement. Still, the heavier sulfur fragments from all DR events are confined
on the detector aperture and can be counted. Various types of background occur.
The events from residual gas induced processes (e.g. collision induced dissociation)
can be identified by acquiring data with the electron beam being turned off. From
electron-induced background events only dissociative excitation can produce neu-
tral fragments. The channel ST + H is not detected on the detector due a to too
low kinetic energy of the H fragment. The other channel, S + H' opens only at
6.3 eV collision energy, which is above the energy range covered in this experiment.
Hence, for electron-ion collision energies below 6.3eV, DR is the only electron in-
duced process giving rise to any neutral fragment on the detector. The DR rate
can be determined from the electron-induced count rate subtracting the background
from collision induced dissociation events.

The collision energies were varied in a range from 0eV to 8eV. The rate coet-
ficient was determined by normalizing the background corrected rate of detected
sulfur events by the electron beam density and the number of interacting ions (see
Eq. 3.12). The count rate from background neutral fragment events in the residual
gas, obtained when the electron beam was switched off, are subtracted before. The
electron beam density was determined in a separate measurement of the electron
beam current, energy and profile [103]. The number of stored ions can be inferred
from the ion beam current. However, the typically store ion current in the oder of
100 nA is orders of magnitudes below the sensitivity of the current transformer of
TSR [146] normally used for this purpose. To overcome this limitation, first a rela-
tive rate coefficient as a function of the electron-ion collision energy was measured
by normalizing to a proxy signal for the ion beam current. In this case, the back-
ground rate was used, which originates mainly from collisions of the stored ions with
the residual gas. Then, this relative rate coefficient was scaled by an absolute value
measured for a single energy in a separate measurement. The investigated energy
range was covered in segments of several overlapping high-resolution spectra. Next,
the amplitudes of these spectra were fitted to a low-resolution overview spectrum
covering the whole energy range (see Sect. 4.3.2). Finally, the spectrum was scaled
by a separate measurement of the absolute rate coefficient at zero collision energy,
described in the next Section.

The obtained rate coefficient was converted in two steps into a plasma rate co-
efficient, in order to enable the use of these experimental results for astrochemical
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models. First, the DR cross-section as a function of collision energy was extracted
by a deconvolution of the experimental collision energy distribution (see Sect. 4.3.3).
Finally, this cross-section was convolved with a thermal Maxwell-Boltzmann distri-
bution in order to obtain the plasma rate coefficient as function of the collisional
plasma temperature (see Sect. 4.3.4). The plasma temperature reflects the collisional
velocity spread in a plasma at given temperature, but not the internal excitation of
the ions [87]. This conversion procedure was performed with the method developed
by Novotny et al. [87], which also allows a propagation of the statistical and system-
atic uncertainties. The most important steps are briefly described in the according
Sections 4.3.3 and 4.3.4, respectively. The results of these rate measurements are
discussed in Section 4.3.5.

4.3.1 Absolute DR Rate Coefficient Measurement

The absolute rate coefficient was determined with the life-time method described in
detail by Novotny et al. [147] or Kreckel et al. [148] which is based on the work of
Pedersen et al. [149]. In short, the ion beam decay is measured within one injection
both with the electron beam being turned on and off. Assuming an exponential
decay in both cases one can extract the absolute DR rate coefficient from the inverse
difference of the two decay constants.

The measurement is performed under cooling conditions for velocity matched
electron and ion beams. The measured rate at zero collision energy is assumed
to originate only from DR and collisions with residual gas. In case of SHT ion-
pair formation after electron capture is energetically not accessible at zero collision
energy as both channels are above the dissociation limit of SHT. Therefore, DR is
the only electron induced process introducing an ion beam decay to be considered
for this rate coefficient. The absolute rate coefficient was determined for three
independent runs, where the electron beam was turned off at different times. The
obtained results are listed in Table 4.3b. The last run, where the on and off periods
were exchanged, showed a significantly larger rate coefficient compared to the other
two measurements and also did not overlap within its uncertainty. The value of the
absolute merged-beams DR rate coefficient for zero collision energy is based on the
weighted average of the results for the three measurements, its uncertainty as the
variance of the measured values with respect to the value of the weighted average.
In one separate run with the electron-beam turned on all the time it was checked
that the decay is exponential within the uncertainty. Finally, the uncertainty of the
electron beam density measurement needs to be included. The total uncertainty of
the electron beam density was estimated to be 5% considering the uncertainty of
ion beam positions within the electron beam profile (2.7 %), the temporal evolution
of the beam profiles, space charge effects and calibrations. This contribution is
independent of the collision energy. Including the uncertainty for the electron beam
density measurement the total uncertainty increases from 15.3% to 15.8%. This
gives a final results of (1.83 4 0.29) x 107¢ cm3s~.
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Figure 4.3: Absolute rate coefficient measurement. The lifetime of the stored beam
was measured for zero collision energy. Three measurements were performed, were
the electron beam was switched on and off at different times. The electron on times
are listed in (b). Measurement (II) is shown in (a). The results are listed in (b).

4.3.2 Energy Dependent DR Rate Coefficient Measurement

Measurement scheme

The energy dependent DR rate coefficient was measured with a well established
scheme which has been successfully used for similar DR investigations of, e.g, HCI*
and NH* [87]. The injected ion beam was first pre-cooled for 9s. After 8s from
the beam injection the mechanical shutter was opened, which takes about 1s. In
the following data acquisition phase each measurement point was measured in a
repeated cycle of four different steps with different electron beam energies, which is
illustrated in Figure 4.4.

In the first cooling step, the stored ion beam is cooled by setting the electron
energy to the cooling energy (see Eq. 3.13) for matched electron and ion velocities
to achieve a zero electron-ion collision energy. In the next measurement step, the
count rate at the detector was recorded for a certain electron-ion collision energy
(see Eq. 3.15) in order to obtain the merged-beam DR rate coefficient. This energy
was changed with each beam injection within the investigated energy region. In the
following reference step, the detuning energy was always set to the same value of
about 1eV. The rate measured in the reference step may be used as a proxy signal
for the stored ion beam current in order to re-normalize the scans covering different
energy ranges. In the last background step, the background rate of the detector was
measured directly by turning off the electron beam.

Each cooling step was applied with a dwell time of 50 ms, the other steps with a
dwell time of 25 ms, respectively. The power-supply of the electron cathode requires
a certain time before it stabilizes. In order to ensure stable conditions during the
data acquisition, an additional 5ms were added before each step as a settling time
for the voltage suppliers. At a typical ion beam lifetime with an exponential decay
constant of about 3.1s, 125 of these cycles were measured between 11.3 and 30s
after each injection.
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Figure 4.4: Measurement cycle scheme for energy dependent rate measurements.
The upper graphs shows schematically the detuning energies during the four different
steps cool, meas, ref, and bg within each measurement cycle, which is continuously
repeated during the acquisition phase of each injection. In the last bg step, the
electron beam is turned off. The measurement energy was varied between injections.
The lower graph shows the relative ion beam intensity.

Analysis
The analysis was performed following an already well established approach of, e.g.,
Amitay et al. [50]. The whole energy spectrum (see Fig. 4.5) was measured piecewise
with several high-statistics energy scans of appropriate resolution for the different
energy scales and, afterwards, merged together with suitable normalizations of each
scan. First, each scan was analyzed independently.

In this work, the experimental merged-beams DR rate coefficient of SHT was
determined, based on the general Equation 3.12, according to

RDR
neNi

QDR — (45)

from the rate of detected DR events Rpr normalized by the electron density n. and
the number of ions in the interaction region N;. The actually detected rate Ryeas
needs to be corrected for the background rate to obtain

RDR = Rmeas - éRbg (46)
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Figure 4.5: Experimental merged-beams DR rate coefficient of SHT with error bars
indicating the the statistical uncertainty of the data. The spectrum is described in
the text and discussed in Section 4.3.5. The indicated energy thresholds are

(1) vibrationally excited states of SHT X3%~,

(2) electronically excited a' A and b'S* states of SHT,

(3) core-excited neutral SH Rydberg states measured by Lange et al. [138], while
the colors indicate the corresponding ionic states which mark the series limit in (2),
(4) energy thresholds for excited sulfur product states,

(5) energy thresholds for (a) DE into S* + H, (b) DE into S + H*.

The background is systematically measured with a relatively lower rate, as illustrated
in Figure 4.4, which is accounted for by the scaling factor

§(At) = exp (2/7) (4.7)

assuming a typical beam lifetime of 7 = 3.1s and the average time difference At =
47.5ms between the measurement and background steps. These values lead to a
typical scaling factor of £(7) = 1.015.

During these measurement, the signal of the reference step showed even for long
integration times the same rate as in the background step. Therefore, the refer-
ence data were used together with the electron beam off data for the background

measurement
Zf]ref Rref + toff Roff

tref + toﬂ”

Rbg = (48)

given their respective measuring times.
The number of ions is determined via the ion current, which is difficult to mea-
sure. For this, the rate measured at a common reference energy may be used to
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re-normalize the different energy spectra in amplitude. Another possibility is to use
the measured background with electron beam turned off as a proxy signal, which
is proportional to both the residual gas pressure and the ion current. This works
well for measurement time periods of a single energy scan, for which the residual gas
pressure can be assumed to be constant. However, the pressure may vary over longer
time periods. Therefore, the energy scans are scaled to a common overview scan cov-
ering the whole investigated energy range. In each run, the relative rate coefficient
as a function of collision energy are scaled by a single scaling factor to match the
overall amplitude of this overview run. An improper scaling in this procedure could
potentially introduce artificial structures at the joints of adjacent runs, which has
been carefully checked for the obtained spectrum. Finally, the whole spectrum was
scaled to match the value of 1.83 x 107% cm3s™! for zero collision energy determined
in the absolute rate measurement, described in Section 4.3.1.

Overall, the measured rate coefficient, depicted in Figure 4.5, is strongly decreas-
ing towards higher collision energies. The spectrum also shows multiple sharp fea-
tures of increasing relative magnitude towards higher energies with respect to the
overall decline. For collision energies below 2 x 107%eV the rate coefficient levels
off. This behavior is caused by the experimental collision velocity spread, discussed,
e.g., in [87]. For the structures in the energy range from 107 eV to 107! eV it has
been carefully checked that these are not caused by mis-matched energy spectra. In
the collision energy range from 1 x 1072eV to 3 x 10~ eV multiple sharp resonance
structures can be observed which are strongly enhanced. For energies larger than
0.3 eV no signal above the background could be measured. The measured spectrum
is further discussed regarding the possible DR pathways in Section 4.3.5.

Uncertainties
The uncertainty of the scaling of the energy dependent DR rate coefficient is mainly
determined by the uncertainties of the electron density, which was already discussed
in Section 4.3.1. Changes in the ion beam storage lifetime due to pressure fluctua-
tions may also contribute, which are discussed in the following

As mentioned before, the background rate is always measured after the measure-
ment step in the measuring cycle (see Figure 4.4), thereby, with a systematically
lower rate which is account for by the scaling factor £ given in Equation 4.7. Fluc-
tuations in the residual gas pressure led to different ion beam lifetimes in the range
from 2.5s to 3.2s mostly around 3.1s. The corresponding correction factors are
1.019 and 1.015. Therefore, the uncertainty by the background subtraction is about
0.4 % of the background level. This uncertainty is negligible, especially, compared
to the statistical uncertainty of the measured rate coefficient shown in Figure 4.5.

4.3.3 DR Cross-Section

The measured merged-beams DR rate coefficient « (see Eq. 3.12) is smoothed by
the experimental energy resolution determined by the energy spread of the elec-
tron beam. In order to derive the cross-section o of the investigated reaction the
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experimental energy spread needs to be deconvolved. In the following the used de-
convolution procedure is briefly introduced. The obtained spectrum is discussed
later in Section 4.3.5.

Deconvolution Procedure

In this work, a numerical deconvolution method was applied which has been suc-
cessfully used for the analysis of the similar systems HCI™ and NH* [87,139]. The
method is described in detail in [87]. In contrast to the traditional methods [88,150],
it directly includes both the electron beam spread the the overlap geometry. In the
following, the used numerical method is briefly introduced.

Starting from Eq. 3.16, the measured rate coefficient « is approximated by a
model rate coefficient o/. The corresponding cross-section o(FE,) is approximated
by a discrete function ¢'(FEy) with energy intervals comparable to the energy reso-
lution AF at E,; as given in Eq. 4.1. The energy intervals have variable lengths
adjusted according to the experimental energy resolution. The effects of both com-
ponents of the electron beam velocity spread kgT| and kg1 as well as the complete
merged-beams overlap geometry X, represented by fun(E, Eq,T),T1,X), can be
Monte-Carlo simulated. The computation was further accelerated by fixing the as-
sumed electron energy spreads kg7| and kg7 (see Eq. 3.22) as well as the merged
beams geometry X as these parameters are expected to be constant during the
measurements. Finally, the values of the approximating function ¢’ are adjusted
iteratively by minimizing the x? between the modeled o and measured a.

Uncertainties

The statistical uncertainties of the measured rate coefficient o were propagated to
the derived cross-section o numerically. A set of 1000 simulated rate coefficients was
created, where each energy point was randomized within its statistical uncertainty;,
and then deconvolved to a cross-section. The resulting distribution of ¢ was analyzed
for its mean value and the standard deviation of values lower and higher than the
mean value. These values were then used as an approximation of the propagated
statistical error and are displayed as asymmetric statistical error bars in Figure 4.6.

The uncertainties introduced by the collision velocity spreads kg7) and kgT (see
Eq. 3.22) have been investigated analog to the measurements of HCI* [87]. The
randomized rate coefficients for the propagation of the statistical error were also
evaluated for the extreme temperature values given by adding/subtracting the tem-
perature uncertainty to its nominal value. The difference from the cross-section
based on the nominal values of kg| and kg7 were added in quadrature and are
displayed as gray error bars in Figure 4.6. According to their relative magnitude,
this uncertainty is dominated by its transversal contribution.

The uncertainty of 15.8 % from the absolute scaling of ay,;, (see Sect. 4.3.1) enters
directly into the uncertainty of the cross-section.
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Figure 4.6: Derived DR cross-section of SHT (solid line histogram). The lower edge
of the lowest energy bin at zero collision energy is not shown. The black error bars
represent the statistical uncertainty propagated from the measured o, The gray
error band shows the uncertainties from the collision velocity spreads (see Eq. 3.22).
The dashed line indicates the typical cross-section o(F) oc E~! of the direct DR
process, which is arbitraryly scaled.

4.3.4 Plasma DR Rate Coefficient

For the direct usage of the experimental results in astrophysical models, a thermal
plasma rate coefficient was derived. After a astrophysical discussion, the statistical
and systematic uncertainties are discussed.

Convolution
The plasma rate coefficient oy, was derived from the obtained cross-section o

ap(T) = /000 o(Eywf(E,T)dE (4.9)

by a convolution with a thermal Maxwell-Boltzmann collision velocity distribution

F(B,T) = 2@ (l@LT)/ exp (-%) (4.10)

as a function of the plasma temperature T', which leads to

oy (T) = \/;T_m (kBlT)/ /OOO o (E)E exp (‘k;}%) dE. (411)
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Figure 4.7: Experimentally derived DR plasma rate coefficient of SH* as a function
of the collisional plasma temperature (full black line). The gray band indicates the
total systematic error originating from the uncertainties on the absolute scaling,
background subtraction, as well as in kg7] and kgTj. The statistical uncertainties
propagated from ay,, are smaller than 5% at all temperatures and the representing
error bars are barley distinguishable in the plot. The relative deviations of the
parameterization fit agf, shown below, are, within about 1.2 % for all temperatures.
The typically assumed DR rate coefficient for diatomic ions is indicated by a dashed
line (see Eq. 2.2).

The obtained plasma rate coefficient of SH* is depicted in Figure 4.7 for plasma
temperatures in a range from 10 K to 10 000 K. It should be noted, that the plasma
temperature only represents the spread of collision velocities between electrons and
ions. The internal excitation of the ions is expected to be around 360 K according
to the discussion in Section 4.2.2.

Uncertainties

The statistical error of the measured rate coefficient o, was propagated to the
plasma rate coefficient o, in the same way as for the cross-section o (see Sect. 4.3.3)
with a set of 1000 rate coefficient model results randomized within their statistical
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uncertainty. The propagated statistical uncertainty does not exceed 5% for all tem-
peratures. Both uncertainties of the absolute and background scaling propagate
directly to ap. The absolute scaling uncertainty of 15.8 % dominates the total un-
certainty at most temperatures. The background scaling uncertainty is independent
of the plasma temperature 7}, and is negligibly small at all displayed plasma temper-
atures. The contribution of the collision velocity spread is also propagated analog to
the error propagation for the cross-section. Its temperature dependency can be well
well approximated by £7.3 x 1075(1 K/T},)"® ecm3s™*. The systematic uncertainties
were added in quadrature for each plasma temperature 7}, which results in a total
systematic uncertainty of ~ 21 % at 10K, ~ 18 % at 100K, ~ 16 % at 1000 K, and
~ 17 % at 10000 K, respectively.

Parameterization

Plasma rate coefficients are usually parameterized so that they can be easily used in
astrochemical models and databases. Novotny et al. [87] have shown for HCI™ that
neither the commonly used two-parameter functions, e.g. from Florescu-Mitchell &
Mitchell [6], nor the more general three-parameter extension, used in astrochemical
databases as UMIST [151] or KIDA [23], are able to approximate the experimentally
determined plasma rate coefficient better than 40 % over a temperature range from
10K to 5000 K. A new parameterization was proposed by Novotny et al. [87] as

300K\"
apt (Tp) = A ( ) + B, (4.12)
Ty
where
o T
B = T;:ljh Z c; exp (—T—z) ) (4.13)
i=1 pl

The first term corresponds to the usual rate coefficient energy dependency of DR
also found in the typically used Arrhenius-Kooji formula (see Eq. 2.1). The other
terms in B correspond to rate coefficients «; convolved as in Eq. 4.11 from Dirac-
delta shaped cross-sections o; o< 6(E'—kgT;). In this way, any plasma rate coefficient
can be approximated.

The experimental plasma rate coefficient of SHT, determined in the scope of this
work, was fitted with this function (4.12) for temperatures ranging from 10K to
10000 K. The resulting fit parameters are listed in Table 4.4. In this case, the data
can be approximated better than 1.2 % over the full temperature range.

4.3.5 Discussion

In the following, the obtained experimental results are discussed with regard to the
different expected DR pathways as introduced in Section 4.1.
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Table 4.4: Parameters of the approximated DR plasma rate coefficient o, of SHT
according to Equation 4.12.

Parameter Value
A 9.81 x 1078 cm3s™!
n 9.10 x 107!
c1 —1.03 x 107*K*?cm3s™!
Co 3.31 x 1073 K”2ecm3s ™!
C3 1.01 x 1072 K¥2cm?s ™!
T 1.86 x 10> K
T 2.08 x 10? K
T 2.16 x 10* K

Rate Coefficient and Cross-Section

The derived merged-beams DR rate coefficient, depicted in Figure 4.5, exhibits
diverse features, which can be attributed to different pathways of the underlying
dissociation process. In the figure, the known energies of involved states with respect
to the X3Y~ ground state of SHT are indicated as reference points. The depicted
energy levels of vibrationally excited states mark the upper limit of a converging
series of SH Rydberg states, which can be both involved in direct and indirect DR
pathways. In addition, the available data on low-lying, electronically excited ionic
states and the known corresponding SH Rydberg states are shown. Furthermore,
the energetic thresholds for opening of product excited states are indicated.

Overall, the rate coefficient and cross-section (see Fig. 4.6) are strongly decreasing
towards higher collision energies with an energy dependence of approximately o o
E~!, which is characteristic for direct DR [4,6]. Moreover, multiple distinct features
are visible which are characteristic for indirect DR pathways. In the collision energy
range from 1 x 1072eV to 3 x 107! eV multiple sharp resonance structures can be
observed which are strongly enhanced with respect to the overall £—! dependence
of direct DR. This suggests indirect pathways via vibrationally or core-excited SH
Rydberg states. There is a particularly strong resonance around 0.18 eV before the
rate coefficient declines to the experimental background level at about 0.3eV. This
strong decline as well as some of the resonant features can be attributed to the
presence of the v = 1 vibrational level at about 0.32eV [137], which marks the limit
of a corresponding Rydberg series of SH states. Moreover, the strong resonance
around 0.18 eV roughly coincides with a known core-excited Rydberg state of the
series converging to the electronically excited alA state.

For collision energies below 2 x 10~%eV the rate coefficient levels off. This is an
expected behavior which is caused by the experimental collision velocity spread,
discuss, e.g., in [87]. Beyond that, the rate coefficient shows a rather sharp knee at
about 2 x 107*eV. The two measuring points of the derived cross-section in this
energy region indicate a deviation from the overall E~! dependence. This may be
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caused by the presence of a low-lying state. If it is interpreted as a resonance it
would be a feature of indirect DR. If it is interpreted as a resonant capture which
does not lead to a dissociation of the molecule, this would lead to a drop in the
cross-section. In both cases a resonant capture is involved.

Astrophysical Relevance

The derived plasma rate coefficient is enhanced by a factor of 2 at low temperatures,
compared to the typical DR plasma rate coefficient for diatomic molecular ions,
given in Eq. 2.2. However, it declines more rapidly and is lower for temperatures
higher than ~ 50K. From about 500K to 2000 K the curve is parallel due to a
bump around 1000 K corresponding to the resonant structures in the measured rate
coefficient around 0.1eV. Between 500 K and 2000 K, the measured rate coefficient
is a factor of about 2.5 lower than the typical plasma rate coefficient and deviates
even more towards higher temperatures.

It may be noted, that Florescu-Mitchell and Mitchell [6] erroneously quoted in
their comprehensive overview of theoretical and experimental DR investigation a
rate coefficient for SH*, which was, in fact, measured for SHy at CRYRING by
Hellberg et al. [152]. This is a factor of 2 to 5 times larger than the rate coefficient
measured in this work. Nevertheless, the KIDA and UMIST astrochemical databases
list the typical rate coefficient (see Eq. 2.2) for diatomic molecules for DR, of SHT

In the context of using SH as a probe for warmer astrophysical environments with
temperatures larger than 50 K, our measurements suggest a reduced SH™ destruc-
tion rate by DR compared to the case of using the typical plasma rate coefficient of
diatomic molecules. Hence, the abundances of SHT predicted by the astrochemical
models based on those typical values should be underestimated. Indeed, the inves-
tigations of Nagy et al. [10] and Godard et al. [9] show that the modeled values are
a factor 4 to 10 lower than the observed SH* abundances. Our new results on DR
of SH' will contribute to resolving this issue once used in the models. However, the
large scale of the discrepancy suggests that also other improvements of the models
are needed.
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4.4 Neutral Fragment Momentum Imaging
Measurement

In addition to the rate measurements, SH* was investigated at zero collision en-
ergy by the neutral fragment momentum imaging technique, which is described in
Section 3.2. As already mentioned at the beginning of this chapter, most of the hy-
drogen fragments missed the detector owing to the momentum distribution among
the fragments with very different masses and the limited kinetic beam energy (see
Sect. 3.2). For the first time, such "incomplete" imaging data were analyzed in order
to determine the product state branching ratios (see Sect. 4.4.3). Furthermore, for
one highly excited product state with small kinetic energy release both fragments
could be projected on the detector, so that the according kinetic energy release could
be determined directly (see Sect. 4.4.2).

Measurement Scheme

For the fragment momentum imaging measurements, a different scheme as for the
rate measurements was used. The data from two different runs with slightly different
timings were used for this analysis. After each injection, the ion beam was cooled in
the first 11s. During this time, the shutter was closed. These data can be used to
determine the MCP dark count rate. In the time period from 11.3s to 18s for ond,
and 11.3s to 14.3s for the other run, the electron beam was turned off. The data
from this time period are used to determine the contributions from events which do
not originate from DR reactions. These are mainly reaction with the residual gas
which can also occur outside the interaction region. Finally, the electron beam was
set to zero collision energy in the following time period up to about 23s in order
to investigate DR reactions. In this period, the imaging data were only obtained at
cooling conditions with zero collision energy.

4.4.1 Position Calibration

The phosphor screen anode of the MCP detector was observed with a CCD camera.
First of all, the distances of the fragment impacts on the projected images in the
camera need to be associated with the absolute dimension on the phosphor screen.
A simple method is to illuminate the whole detector in order to associate the size
of the projected image of the detector on the camera to its known dimensions.
However, the optical imaging may introduce some higher order aberrations. A more
accurate calibration was performed utilizing a mask with a regular hole pattern,
which provides more reference points distributed over the whole detector area. The
mask was aligned parallel a few millimeter in front of the detector. The holes of
2mm diameter are arranged in a rectangular pattern with distances of 10 mm to
their next neighbor. By associating the relative recorded positions to the known
dimension of the mask pattern, a transformation matrix can be derived [132|, which
can even account for higher-order optical aberrations. Both the measured mask
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Figure 4.8: Position calibration for the transformation from pixel positions to
metric dimensions. The detector is calibrated with a regular grid pattern. (a) shows
the measured mask pattern with the included points marked in red. (b) shows the
deviations of the fitted spot positions from the positions calculation from the derived
transformation, which are typically smaller than 0.1 mm.

pattern and the deviations from the fitted spot positions are depicted in Figure 4.8.
The deviations are typically smaller than 0.1 mm.

4.4.2 Kinetic Energy Release Measurement of S(°S,) Product
State

The kinetic energy release of the diatomic dissociation processes can be determined
from the distribution of fragment distances as described in Section 3.2. In the case
of SHT, as explained in the beginning of this chapter, most of the light hydrogen
fragments missed the detector due to the limited beam energy and the momentum
distribution among the fragments with very different masses. However, SHT is ex-
pected to have a highly excited °S, product state with a small kinetic energy release
of only about 0.25eV (see Table 4.2). The dissociation cone of this product state
was small enough in order to project both its fragments onto the detector.

The kinetic energy release was determined by a fit of the measured two-body
fragment distance distribution of two-hit events with the model function given in
Equation 3.36. These two-hit events are identified by a coincidence of two light
spots in one camera frame. The fit needs to consider the internal excitation of the
ions. A dissociation of an internally excited ion into the same final state has a ki-
netic energy which is larger by the excitation energy compared to the dissociation
of an ion in the ground state. This leads to larger dissociation cones. Accordingly,
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the population of multiple rotational levels leads to a broadening of the observed
fragment distance distribution. The fit model consists of a superposition of mul-
tiple distance distributions for each rotationally excited level. The rotational level
population was assumed to follow a thermal Maxwell-Boltzmann distribution. The
DR cross-sections from the different rotational levels were assumed to be constant,
within each product-state channel. The model calculations of the internal excita-
tions, discussed in Section 4.2.2, predict that the ions are more rotationally excited
compared to the 300 K radiation field of the enclosure at room-temperature. The
mean excitation energy corresponds to a Maxwell-Boltzmann distribution with a
temperature of 360 K. Overall, the population densities are still shifted towards
higher rotational levels.

The graphs in Figure 4.9 show the transversal fragment distance distribution of
S- and H-fragments produced by DR of SHT. Only data from a single run were
used and the distance distribution was generated without any further cut on the
center-of-mass distribution. For particle distances between 0 and 25 mm on can see
the characteristic sawtooth-like distribution of the 55, product state dissociation
channel. There are also contributions from the tails of the product state dissocia-
tion channels with higher kinetic energy releases. The distribution was fitted for the
®Sy product state (red) with the KER as free parameter and the tails of the distance
distributions of higher energetic product states were approximated by one fragment
distribution with a fixed average kinetic energy release of 5.9eV (green) as well as the
branching ratios of the two considered channels. The fit was performed three times
assuming different fixed mean temperatures of 0, 65 and 300 K, respectively. The
results for the measured kinetic energy releases are listed in Table 4.5. The distri-
bution can be reproduced quite well even without assuming any internal excitation
(see Fig. 4.9a). The fit with a 300 K rotational excitation is significantly broadened,
but cannot reproduce the peak better. The best fit result was, in fact, achieved by
neglecting any rotational excitation. As the fit model assumes a constant DR rate
for all rotationally excited states, this low temperature may only reflect higher rates
for lower rotational levels. Super-elastic cooling by electrons could also lead to a
sub-thermal level population [84].

The fits for the three different excitation temperatures result in KER-values be-
tween 0.255 and 0.276eV. The statistical uncertainty from the fit is much lower
than this KER spread. Given the limited possibilities on finding the actual internal
excitation of the stored SHT ions, the difference of these values by about 20 meV
is used as an estimate for the systematic uncertainty of the measured KER-value.
Within their uncertainties, the measured KER-value agrees with both values derived
from the reaction energies based on the proton affinity of sulfur (see Eq. 4.1) and
the dissociation energy of SHT (see Eq. 4.2). With this measured KER value the
reaction energy can be determined, according to Equation 4.3, as

AEpg = — {KER (S (°S2) + H (®S1/2)) + Er (S (°S2)) }

4.14
= —(6.79 +0.02) eV. (4.14)
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Table 4.5: Results of transverse distance distribution fits in Figure 4.9. The dis-
tance distribution was fitted assuming different rotational excitation temperatures.
The best result was achieved for an intermediate temperature of about 65 K. The
measured kinetic energy release for the highly excited S(*Ss)+H(2S;2) product state
agrees within its uncertainty with both values derived from the reaction energy of
SH*. Also, the derived branching ratio agrees well with the value determined later
in Section 4.4.3.

Rotational S(%Sy) + H(1s) Others 5
temperature ~ KER (eV) Branching ratio max X/NDE
0K 0.276 £0.003 5.0x+£04 950+£04 1 0.94
65 K 0.273£0.002 524+04 9484+£04 7 0.88
300K 0.255+0.000 6.0+0.8 94.0+0.8 15 1.27
Result 0.27+0.02 52+0.6

Table 4.6: KER values of DR product states of SHT derived from the measured
KER of the S(°S,) product state according to Eq. 4.14. All values have an uncer-
tainty of 0.02eV

Product state KER
H S (eV)
152Sy/,  3s?3p* 3P, 6.79
152Sy/2  3s%3p* 3P, 6.74
152Sy/2  3s%3p* 3Py 6.72
1s 281/2 3823]?4 1D2 5.65
1s 281/2 3s523p* 1S, 4.04

152Sy/2  3s?3p*(*S°)4s °S5  0.27

With this value, the kinetic energy releases of the other product excited states were
derived according to Equation 4.3, which are listed in Table 4.6. We can also provide,
in addition to the value by Rostas et al [136], another experimental value for the
dissociation energy Do(SH™ 3 ¥7) according to Equation 4.2 with

DO(SHJr) = AEDR + E[(S) = (357 + 0.02) eV. (415)

Furthermore, the proton affinity for 0 K could be determined more precisely than
the value given by Hunter and Lias [135] according to Equation 4.1 with

EPX(S) = AFEpg + Er(H) = (6.80 £0.02) eV. (4.16)

In all cases the uncertainties of the derived values are determined by the error of
the measured KER value since the respective reference energies, listed in Table 4.1,
are know to a much higher precision.
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Figure 4.9: Transversal distance distribution of S- and H-fragments produced by

DR of SHT (gray).

The solid black line illustrate the sum of the fitted dissocia-

tion channels, the solid red line the contribution from the product state channel
S(°Sy) + H(1s), and the dashed green line the contributions from the other product
states with an approximated average KER of 5.9eV. The fragment distribution
was fitted up to 32mm. The fits include a broadening by populations of rotation-
ally excited levels (see Text) for temperatures of 0K (a), 65K (b), and 300K (c),
respectively. The fit results are listed in Table 4.5.
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4.4 Neutral Fragment Momentum Imaging Measurement

4.4.3 Heavy Fragment Imaging

The great advantage of fragment imaging with all fragments hitting the detector
is, that the coincidence requirement of two or more fragments hitting the detec-
tor effectively suppresses background events. Furthermore, the relative fragment
distances on the detector are independent of the beam profile. In the following, a
new analysis approach is described to determine the product state branching ratios
from the positions of only the heavy fragments in dissociation reactions of diatomic,
heteronuclear molecules. This method becomes of interest when it is not possible
to project all dissociation products on the detector (see Sect. 3.2) as it was the case
for the investigated SH™ ion. It requires a narrow, well-cooled ion beam and suffi-
ciently accurate knowledge about the involved reaction energies of the investigated
molecular ion.

As described in Section 3.2, the kinetic energy released in a molecular dissoci-
ation is distributed among the fragments as a consequence of the conservation of
momentum according to their mass ratios. In case of dissociations of heteronuclear
molecules, the heavier fragments form smaller dissociation cones, which can be more
easily projected onto a detector of limited size. The distribution of distances of the
heavy fragment to the global center-of-mass of the stored ion beam reflects the ki-
netic energy release in a similar way as the distribution of relative distances between
both fragments P,(d) (see Eq. 3.36). For an ideal needle-like beam, the distances
of the individual fragments ds and dy with respect to the center-of-mass of each
dissociation is, according to Eq. 3.32, a fraction of the fragment distance d

d
Py(d) — PS(ds) =P, | —= | - 417
(d) — P (ds) <1+$—§> (417
The beam profile as projected on the detector leads to displacements of the center-
of-masses of each individual dissociation with respect to the global center-of-mass

of the ion beam

den = \/(958 - xCM)2 + (ys — yCM)Q- (4.18)

Conversely, the beam profile can be experimentally determined from the center-of-
mass distribution foum(z,y) of those events for which all fragments are detected and
unambiguously identified by their masses. As a consequence, the distribution of the
different fragments distances with respect to the global center-of-mass P, can be
determined by the convolution

Py = BY* fou (4.19)

Both, PS and fcy can be represented as two-dimensional functions with typically
radial symmetry which can be easily convolved numerically. The numerical methods
used for the generation of the distance-from-beam-center model distributions are
described in more detail in Appendix A.1. N

The shape of P can only be resolved by the convolved distribution PS5, if the
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4 Dissociative Recombination of SH™

beam profile is significantly narrower. Therefore, a well cooled ion beam is required
for this method. Using the relative amplitudes of these model distributions as free
parameters, the branching ratios can be determined, analog to Equation 3.38, by
fitting the measured distance-from-beam-center spectrum (see Sect. 4.4.3.3). The
systematic uncertainties of this method are discussed in Section 4.4.3.4. The final
results are discuss in Section 4.4.4.

4.4.3.1 lon Beam Properties deduced from Two-Hit Events

In order to generate a distance-from-beam-center spectrum for the heavy sulfur
fragments the beam profile and center needs to be known. The beam-center position
and the beam-profile as projected on the detector are obtained from the center-of-
mass distribution of the available two-hit events.

Fragment Mass Assignment and Beam Center Determination

In order to determine the center-of-mass of each dissociation event, the fragment
masses need to be identified. An energy sensitive detector provides a direct mass
sensitivity, as the well known kinetic energy of a dissociating molecular ion is dis-
tributed among the fragments according to their mass ratios. The used MCP de-
tector does not provide a viable energy-, and thus, no direct mass-resolution (see
Sect. 3.2). However, also the relative fragment distances to the center-of mass are
partitioned according the their mass ratio (see Eq. 3.32). An unambiguous mass
assignment is possible for a stable, narrow, well-cooled stored beam of ions with
fragments of adequately different masses.

In our method for the mass assignment, the fragment coordinates of each event
are permuted iteratively such that the resulting center-of-mass is closest to the
global center-of-mass. The beam-center coordinates were determined by Gaussian
fits of the x- and y-projections of the center-of-mass distribution (see Fig. 4.10) to
x = (28.11 £0.06) mm and y = (26.62 4+ 0.01) mm, respectively. The beam center
was displaced by about 10 mm with respect to the detector center. This leads to
decreasing slopes in the distance-from-beam-center histograms for distances larger
than 35 mm.

Beam Profile Determination
The knowledge of the profile of the ion beam is crucial for the generation of the
modeled distance-to-beam-center distributions, which are then used to determine the
product state branching ratios. The beam profile is well reflected by the center-of-
mass distribution of DR events where both fragments are detected. Two corrections
need to be taken into account:

1) Non-DR contributions: The center-of-mass distribution includes also contri-
butions from non-DR events which may originate from reactions with the residual
gas occurring outside the electron-ion interaction region. Such background events
may broaden the center-of-mass distribution and should be subtracted accordingly.
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4.4 Neutral Fragment Momentum Imaging Measurement

These contributions were measured in a separate measurement step with the electron
beam turned off.

2) Permutational misassignments: The center-of-mass determination relies on the
correct assignment of the hydrogen and sulfur fragments to the detected fragment
positions. The iterative procedure, briefly described in the previous paragraph, al-
ways prefers the heavy sulfur fragments to lie close to the beam center. The masses
may be assigned incorrectly when the projected fragment distance on the detector is
smaller than the displacement of the event center-of-mass with respect to the mean
center-of-mass. This may occur for dissociation events with a small dissociation
angle 0 (see Fig. 3.8). The center-of-mass of an incorrectly assigned event lies closer
to the mean center-of-mass. By this the center-of-mass distribution gets artificially
narrower. Therefore, the center-of-mass data were filtered for fragment distances
greater than 20 mm. For these events the risk of mis-assignments is minimal. How-
ever, for the available data no clear difference between the filtered and non-filtered
data could be observed (see Fig. 4.11).

Using the radial symmetry of the experiment one can evaluate the beam profile
only in the radial projection as a distribution of distances from the beam center,
depicted in Figure 4.11. In contrast to a Cartesian representation, this has especially
advantages for larger distances. Thereby, it is possible to perform a background
subtraction despite the weak statistics.

Alternative Method for the Beam Profile Determination

According to Equation 4.19, the distance-from-beam-center distribution of one-hit
events P,(d$™) originates from a convolution of the distribution for an ideal needle-
like beam P,(ds) and the beam profile fyeam. Pn(ds) can be determined from two-
hit data according to Equation 4.17. The beam profile fie.m can be derived by
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Figure 4.10: Center-of-mass distribution of two-hit events in x- and y-projection,
which corresponds to the beam profile. This was fitted with a Gaussian function.
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Figure 4.11: Distribution of distances from the center-of-mass for two-hit events
(left graph). The unfiltered data are shown in black. The red and blue curves
include both a background subtraction. The latter has an addition filter on events
with large fragment distances. No clear difference can be observed between those
two curves. All distributions are normalized to an integral of 1. The deviations from
the unfiltered data (right) are below 20 % for the distances up to 15 mm.

an according deconvolution of these two distributions. In this case, however, the
statical quality of the data was not sufficient to follow this approach.

4.4.3.2 Sulfur Fragment Distribution from One-Hit Events

The product state branching ratio of SHT shall be determined from the distance-
from-beam-center distribution of only the heavier sulfur fragments. For this purpose
the one-hit data are used as a base and corrected for other minor contributions. The
corrections are applied as follows:

I subtract MCP dark counts from one-hit shutter-closed events scaled by their
measuring time ratio,

IT subtract single hydrogen events from two-hit events with electron-beam on,

III subtract non-DR contributions from one-hit events with electron-beam on, cor-
rected for MCP dark counts, adjusted to the remainders distribution at larger
distances,

IV add sulfur events from two-hit events with electron-beam on.

In the following paragraphs, these corrections are discussed in detail. The data
for particular contributions are shown in Figure 4.12. The scaled contributions are
shown in a cumulative representation in Figure 4.13. Furthermore, each step is
visualized separately.
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Figure 4.12:

Data of distance-from-beam-center distributions:

(1) all one-hit events with electron beam on,

(2) MCP dark counts from one-hit events with closed shutter,

(3) single hydrogen events from two-hit events with electron beam on,
(4) non-DR contributions from one-hit events with electron beam off,
(5) single sulfur events from two-hit events with electron beam on.
The scaled contributions are shown in Figure 4.13.

85



4 Dissociative Recombination of SH™

0 5 10 15 20 25 30 35 40
Distance from beam center (mm)

Figure 4.13:

Cumulative distance-from-beam-center distribution showing all identified contribu-
tions with appropriate scaling. In order to generate a spectrum of one-hit sulfur
event only, the following corrections had to be considered:

(1) The derived distribution of sulfur fragments is extracted from the total curve,
which includes the contributions from (5) and is corrected for the contributions from
(2) to (4):

(2) MCP dark counts from one-hit beam-off data scaled by its measuring time ratio,
(3) non-DR contributions from one-hit electron-off data corrected for the MCP dark
count rate,

(4) single hydrogen events from two-hit data scaled by the MCP efficiency ratio,
(5) missing sulfur events from two-hit data.

The fit of the resulting spectrum is shown in Figure 4.18.
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4.4 Neutral Fragment Momentum Imaging Measurement

MCP Dark Counts

Even if no particles hit an MCP detector one can observe a so-called dark-count
rate, believed to originate mainly from beta-decay of “°K in the bulk material of the
glass substrate, which are uniformly distributed over the detector area [153]. The
dark-count rate is determined in the first 11s of each injection when the detector is
still covered by a mechanical shutter. For the correction, the measured rate is scaled
by the ratio of acquisition times of the shutter being closed and open. This scaling
factor might be overestimated if the camera is saturated (see Sect. 4.4.3.4). This
correction needs to be applied to both the DR data, with the electron beam being
turned on, and the non-DR data, with the electron beam being turned off, which
are both depicted Figure 4.14. The dark-count contribution increases towards larger
radii as the available detector area increases linearly. Also, most of the DR, signal is
concentrated at the detector center so that the relative contribution of the homoge-
neously distributed dark counts increases towards larger radii. The comparison of
the data with and without electron beam shows significantly larger contribution of
dark counts for the DR data, which indicates a saturation of the camera due to the
higher signal rates. The influence of this scaling factor on the result of the product
state branching ratios is further discussed in Section 4.4.3.4.

Single Hydrogen Events

Although most of the hydrogen fragments missed the detector, some still hit the
detector which originated either from dissociations with a sufficiently low kinetic
energy release or which dissociated under a small angle with respect to the ion beam
axis. On the other hand, even if both fragments hit the detector surface, some of
them are not detected due to the limited open-area-ratio of sensitive channels which
mainly determines the detection efficiency €. The efficiency of the used MCPs was
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Figure 4.14: Distance-from-beam-center distribution of single-hit data with cor-
rection (I) for MCP dark counts with the electron beam turned on (a) and off (b).
The corrected data are depicted in black while the statistical errors are indicated by
vertical bars. The uncorrected data are highlighted in red.

87



4 Dissociative Recombination of SH™

2005 Figure 4.15: Distance-from-beam-
180 center distribution with correction
128: (IT) for single hydrogen events. The
2 1200 data, including the corrections for dark
é 128;: counts (blue), were subtracted by the
o8 hydrogen fragment distribution from
40 two-hit events scaled by the probability
20 detecting only one of the fragments P,

o=

T T S N I BRI | I--H‘W
5 10 15 20 25 30 35 40 (black).

Figure 4.16: Distance-from-beam-
center distribution with correction (III)

300
250 for non-DR contributions. The non-DR
200 contributions were determined in a
2 150k separate measurements step with the
é 1000 electron beam turned off. Before the
o subtraction (magenta), the contribu-
0 tions were scaled such that the integral
matched the spectrum between 27 and

SyT5 10 15 20 25 30 35 40 35mm. The final result is depicted in
Distance from beam center (mm) black.

estimated with about 60 %. The distribution of hydrogen fragments in the single-hit
data was estimated by the distribution of the assigned hydrogen fragments in the
two-hit data, which was scaled by the the probability of detecting only one out of
two particles given a two-hit event

P(1)2) = % = 66.7%. (4.20)
The correction for single hydrogen hits is depicted in Figure 4.13 in blue. The
peak structure around 20 mm is suspected to originate from the lowest energetic
dissociation into the S(°S;) + H(1s) product state. With this correction it was
significantly lowered but not completely accounted for. The correction for H-only
events is depicted in Figure 4.15.

Non-DR Contributions

The last considered contamination of single-hit data originate from non-DR reactions
such as collisions with the residual gas, which also occur outside the electron-ion
interaction region. Their contribution was determined in the measurement phase,
when the electron beam is turned off and the beam shutter is open. Before these
data were subtracted, their contribution was corrected for MCP dark counts rate as
well. After the single-hit data were corrected for all other contributions, these data
were scaled to match the amount of remaining background at larger distances in the
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Table 4.7: Fit results for branching ratios of the different product excitation states.
The systematic uncertainties were estimated from the distribution of fit result from
1000 fits, randomized within their expected uncertainty (see Sect. 4.4.3.4), the sta-
tistical uncertainty from a single fit. The assumed KER values were derived from
Eq. 4.1.

KER Branching ratios (%)

Product state (eV)  (value)(stat)(sys)

H(1s)+S(°Sy) 025  4.65 4 0.02 + 0.26
H(1s)+ S ('Se)  4.03  0.57 + 1.10 + 0.99
H(1s)+S('Dy) 563  60.77 + 1.90 + 0.50
H(1s) + S (*Po_3) 6.74  33.73 + 1.90 + 3.54

single-hit data, depicted in Figure 4.16. In order to determine a appropriate scaling,
first, a suitable range for the matching needs to be estimated. Even the largest
dissociation cone with the largest KER of about 6.8eV has a limited diameter of
about 3.6 mm and further displacements are well estimated by the center-of-mass
distribution of two-hit events (see Fig. 4.11). The distribution shows a significant
decrease for distances larger than 15mm which gets even more pronounced when
additional filters are applied. This sets the lower limit for the fitting range to about
20mm. The shape of the distribution suggested a good matching in the range from
27mm to 35 mm, which was finally used.

Sulfur Events from Two-Hit Data

Till this point, only single-hit data have been processed. Missing are sulfur events
from two-hit data, which can be added directly without any scaling. Their contribu-
tion is depicted in Figure 4.17. The resulting spectrum, depicted in Figure 4.18, is
used for the determination of the product state branching ratios, which is described
in the next section.
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Figure 4.18: Normalized distance-from-beam-center distribution of sulfur frag-
ments (black crosses). The fitted sum of the model distributions from different
DR channels (colored lines) is highlighted in red with the 95% confidence interval
of the fit for each given bin as gray areas. The contribution of the Sy channel is
zero in this fit, while its expected peak position is marked by the cyan arrow in the
Figure.

4.4.3.3 Fit Results

The distance-from-beam-center distribution were generated for all four presumed
product state channels which are energetically accessible at zero electron-ion collision
energy (see Table 4.2). Each of the sub-distributions was normalized to unity. In the
resulting model distribution each of the sub-distributions is scaled by a free fitting
parameter representing its branching ratio.

Figure 4.18 shows the fit results of the distance-from-beam-center distribution as
derived in the previous Section. The data points of the distance-from-beam-center
distribution are shown with their statistical error bars as black crosses. The fitted
sum of the model distributions of the different DR channels is highlighted in red.
The fit results with the estimated systematic errors are listed in Table 4.7.

The branching ratio of the S(°S,) state has the smallest uncertainty as it is well
separated from the other channels. The branching ratio of the S(*Sy) product state
channel is found to be zero within its error bar. The KER values of the other two
S('Dy) and S(®P) product state channels differ only by about 17 %, thus display
similar shapes. The fitted scaling factors are therefore strongly correlated. The
experimental resolution is not sufficient to resolve the triplet splitting of dissociation
into the ground state level.

Most of the data points agree with the model fit within their statistical error
bars. Only very few isolated points show larger deviations, which may well be
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statistical outliers. Overall, the derived sulfur fragment distance distribution can be
well reproduced by the model fit. The systematic uncertainties are discussed in the
following section. The obtained results are physically interpreted with regard to the
different DR pathways in Section 4.4.4.

4.4.3.4 Uncertainties

The systematic uncertainties of the determined branching ratios were estimated
from the distribution of fit result from 1000 fits, where both the input parameters
for generating the distance-to-beam-center spectrum and the model distributions
were randomized within their expected systematic uncertainty. In the following,
the systematic uncertainties of the contributing parameters are discussed. The last
paragraph of this Section describes the error estimation for the branching ratios
including all contributions.

Camera Saturation

The camera can be operated with acquisition rates of up to about 20 frames per sec-
ond which results in losses of data for DR event rates close of above this maximum
rate. In addition, after each recorded event the system first needs to process the
data, which leads to a dead time of about 20 ms. Because of this, not all dissociation
events can be detected. That does not matter when detecting both DR fragments in
the usual fragment imaging as only the fragment distances are of interest. However,
in the one-fragment based method presented here, the derived distribution was also
corrected for rate-depended contributions. The MCP dark counts are determined
from the background data with closed shutter which have lower rates compare to
the signal data with open shutter, and thus, are less effected by a saturation of the
camera. Therefore, the scale factor of the non-DR contributions might be overes-
timated. Considering the signal-to-noise ratio, the dark counts of the data with
electron beam were scaled in the range from 80 % to 100 % of the original value.

MCP Efficiency

The detection efficiency of an MCP is mainly limited by the surface coverage, the
so-called open-area-ratio of the sensitive channels. For high-energy heavy particles
it can be assumed that a electron avalanche is triggered by each particle hitting a
sensitive channel. The detection efficiency of the employed MCP is expected to be
at most 60 %. On the other hand, it may have degraded by the intense use over
the years. We estimate the lower limit for the efficiency to about 50 %. This range
was used in the randomized fitting routine for the propagation of the systematic
uncertainties.

Kinetic Energy Release

The value of the assumed kinetic energy releases (see Eq. 4.1) has an uncertainty
of 0.2eV. For the error propagation all KER values were shifted by the same value
randomized within this uncertainty.
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Toroid Effects

The electron beam is merged and de-merged with and from the stored ion beam in
toroidal magnetic fields. That can lead to two distorting effects of the imaging data
which need to be considered:

e Non-zero collision energies: As the electron beam is merged and de-merged
with and from the stored ion beam via toroidal fields, the angle between the
ion and electron beams lead to non-zero collision energies in these regions,
although the beam velocities were matched in the central interaction region.
Assuming that the ion beam is not deflected by the electron beam, this can
be modeled based on the known geometry of the electron beam.

o Jon beam deflection: If the electron and ion beams are not perfectly aligned,
the ion beam can be deflected in the merging and de-merging sections, which
lead to distortions of the collision angles. This effect is stronger towards cool-
ing conditions, when the electron beam induces the largest friction force. If
present, the cylindrical overlap symmetry, and consequently, the circular reac-
tion profiles on the detector are distorted. No significant distortions could be
observed at the measurements of SHT.

Given the beam sizes and the relatively low kinetic electron beam energy of about
43 eV, the maximum collision energy change in the toroids is 0.5eV. The contri-
bution of the toroidal distortions to the total rate coefficient was estimated by a
convolution of the modeled collision energies in the toroid section with the mea-
sured rate coefficient. At zero collision energy this leads to a change of only about
1%. The contributions to the distance distributions of the sulfur fragments were
estimated for the worst-case scenario: All products are assumed to dissociate with
the maximum possible KER of 6.8eV, so that the products are detected at the
largest possible distances. Under these assumption, less than 1 x 1075 of the sul-
fur fragments appear at distances larger than 4 mm from the center-of-mass for a
given event. This effect is negligible compared to the other contributions and not
considered for the total systematic uncertainty.

Estimation of Systematic Error

In order to propagate of the uncertainties of the previously discussed parameters to
the uncertainties of the derived branching ratios, these parameters were randomized
within their expected uncertainty ranges and the fit was executed many times for
each set of parameters. The distribution of fit results was then analyzed for its mean
squared error as an estimate for the propagated systematic uncertainty.

For each KER-value, 100 different convolved model distance distributions were
generated. FEach of those distributions were fitted with 10 different randomized
MCP efficiencies and dark count scales, as those parameters can be easily varied.

The values of the mean branching ratios and their standard deviations for the
different fits are given in table 4.7. The fit stability and the correlation of fit param-
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Figure 4.19: In order to estimate the uncertainty of the fit procedure, all param-
eters were randomized within their expected uncertainty. The two-dimensional his-
tograms show the distribution of the resulting branching ratios against the x?/NDF-
value (number of degrees of freedom) as a quality parameter for the fit.

eters are illustrated in Figure 4.19. The fitted branching ratios are displayed versus
x2/NDF (number of degrees of freedom) as an measure for the fit quality.

The branching ratio of the low-KER S(°Sy) channel is defined best as its events
mainly originate from the almost background free two-hit data and is well separated
from the other dissociation channels. The branching ratio of the second DR channel
S(!Sp) is compatible with zero within its error bar. The other two DR channels
S(*D,) and S(®P) are strongly correlated. Nevertheless, their values only scatter by
a few percent within the range of the randomly varied parameters.

4. 4.4 Discussion

Kinetic Energy Release

The small kinetic energy release of the DR product channel with the highly excited
S(°Sg) state could be measured directly from two-hit events, as both sulfur and
hydrogen fragments from this product state could be projected onto the detector.
The obtained value of (0.27 £0.02) eV is consistent with the values derived from
available reaction and atomic structure data (see Table 4.2). From this value, the
kinetic energy releases of the other product states could be derived including the
DR reaction energy AFEpr of SHT. Moreover, a more precise value of the proton
affinity compared to the value listed by Hunter and Lias [135] could be determined
as well as another experimentally consistent value for the dissociation energy of the
v = 0 ground state Do(SH',3>%7) compared to the value by Rostas et al. [136].
Furthermore, the fit of the fragment distribution provides a branching ratio of this
state of about 5.2 %.

Product State Branching Ratios

The SHT DR product state branching ratios, derived from the neutral fragment
imaging measurements, agree well with the qualitative expectations from the po-
tential energy curves by Park and Sun [137] discussed in Section 4.1. The largest
contribution of about 62 % comes from the SH 2II state dissociating into the excited
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sulfur 'Dy product state with H(281/2). This was expected, as this state crosses the
X33~ ground state of SH* and has a favorable Franck-Condon overlap. The SH
411 state asymptotically leading to sulfur products in the 3Py_, ground levels has a
significantly smaller contribution of about 33 %. According to the potential curves,
this state is also crossing the X?Y~ ground state of SH™ but has a significantly
smaller Franck-Condon overlap. For the SH 2X% state, leading to the sulfur 'S,
product state, only a minor contribution was expected as it crosses the potential of
SH* outside the Franck-Condon region and, in fact, the measured branching ratio
is compatible with zero within its uncertainty. The highly excited °S, product state
close to the dissociation limit was measured with a distinctive contribution of 4.7 %
using the new heavy-fragment imaging method. This is consistent with the value of
(5.2 4+ 0.6) % determined from the fit of the fragment distances from two-fragment
imaging.

4.5 Outlook on Future DR Experiments at CSR

Merged-beams DR, experiments in Heidelberg will be continued at the CSR storage
ring. In comparison to the DR experiments performed at TSR, at CSR even heavier
and more complex molecules will be investigated at significantly lower kinetic beam
energies up to 300keV. These molecules can have even larger mass ratios which
lead to a similar situation as for the presented SHT investigation, where most light
fragments missed the detector. Therefore, the heavy-fragment imaging technique
developed in this work will be crucial for future investigations at CSR.

Within the scope of this work a position sensitive MCP-based detector has been
developed for the CSR, which is described in the next chapter. This will enable
investigations of product state branching ratios in the same way as for SH*. While
this kind of detector is not energy sensitive it is possible to assign masses geometri-
cally in case of simple diatomic heteronuclear systems with a well cooled ion beam.
In such cases, even recombination rate coefficients can be determined.

The advantages of experiments at CSR compared to TSR are foremost founded
on the operation at cryogenic temperatures. On one hand this leads to vacuum
condition improved by up to several orders of magnitudes, which strongly reduces
background reactions with the residual gas. This enables much longer storage times
which is, according to Eq. 3.14, of particular importance for the cooling of heavy
systems. On the other hand, the reduced temperature of the ambient radiation field
gives the possibility to store ions in their ro-vibrational ground state.
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for Cryogenic Environment

In this work, a detector system has been developed for the investigation of neutral
products originating from reactions of molecular ions (see Sect. 2.2) in the cryogenic
ultra-high vacuum environment of the CSR. Different eligible detection systems were
evaluated regarding their performance and applicability considering the experimen-
tal and technical requirements of DR experiments at CSR (see Sect. 5.1). The
solutions in question for the position- and time-sensitive read-out were partly sim-
ulated (see Sect. 5.1.4) with regard to the targeted experiments. The detector was
designed and built (see Sect. 5.2). The key components of the realized detector
system were characterized under cryogenic conditions with regard to their suitabil-
ity for CSR operation (see Sect. 5.3) Finally, the detector was operated during the
first two beamtimes of CSR, first at room-, later at cryogenic temperatures (see
Sect. 5.4).

5.1 Concept

The detector was designed to meet the performance goals of molecular fragmentation
experiments in the context of the technical requirements which originate from the
operation in the harsh environment of CSR.

5.1.1 Technical Requirements

The CSR is described in detail in Section 3.1.5. Tts technical requirements for the
installed components stem mainly from its wide temperature range, the extremely
high vacuum and the avoidance of stray or remnant magnetic fields.

The CSR operates in a temperature range from a few Kelvin to room temperature.
In addition, the inner chamber and all its components must withstand bake-out
temperatures of up to 250 °C in order to achieve a vacuum at the order of 10~ mbar
at room temperature. Thus, the choice of materials has to comply with the standard
ultra high vacuum (UHV) requirements. For the mechanical design of all parts the
different thermal expansion coefficients have to be considered. On one hand, the
linear thermal expansion coefficients of metals are typically in the order of a@ ~
10 x 1079 K1, which leads to linear thermal contractions in the order of AL/ ~
aAT ~ 0.1% upon cooling from room temperature to a few Kelvin [154]. On the
other hand, the values of glass and ceramics materials can be one to two orders of
magnitudes lower. Especially, the different expansion coefficients of material parings
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have to be taken into account. Otherwise, brittle materials like glass and ceramics
can break, bolted joints can become loose and joined parts can move as a result of
repeated thermal cycling.

For the parts in the isolation vacuum, interfacing the inner beam-guiding vacuum
chamber at cryogenic temperatures with the outer vacuum vessel at room tempera-
ture, the heat input onto the inner chamber has to be taken in to account. While all
parts inside the thermal shields have to be bakeable, the targeted vacuum pressure
of only about 10~ mbar permits a larger selection of materials.

As discussed in Section 3.1.5 magnetic stray fields need to be avoided at CSR
as they could possibly significantly disturb the trajectories of the stored ions and
charged reaction products. In the case of very light ions the earth magnetic field can
prevent an ion beam storage [119]. Possible correction fields must be homogeneous
over a large spatial range and should not be deformed by magnetically polarizable
materials. For these reasons, all parts close to the ion beam orbit must have a very
low magnetic permeability of u, < 1.01.

5.1.2 Design Goals

For the investigations of electron-ion reactions at CSR, the stored ion beam will
be merged with a cold electron beam over a distance of about 1m [110]. Analog
to the experiments at TSR, the diameter of the stored ion beam shall be reduced
by electron cooling to below 1 mm (see also Sect. 3.1.3 and 3.1.4). The ion beam
energies can be varied in the range from 20keV to 300keV whereas the electron-
ion collision energies can be varied in a range from about 1 meV up to 1keV. The
neutral reaction products emerging from the straight merged electron-ion interaction
section shall be intercepted by the detector developed within the scope of this work.
In particular, the molecular fragmentation by recombination with cold electrons
shall be investigated in a similar manner as in preceding experiments at TSR (see
Sect. 3.1.4). Besides reaction rate measurements (see Sect. 3.1.2), a technically
challenging application is the investigation of molecular fragmentation processes
with the fragment momentum imaging technique, which is introduced in Section 3.2.

Geometrical Constrains
At CSR, the neutral product fragments are separated from the stored ion beam by
the first 6° deflector electrode pair (see Fig 3.4 and 3.7). In principle, it would be pos-
sible to extract the neutral product fragments to a conventional room-temperature
detection setup by extending the beam guiding vacuum system outside the CSR
cryostat. In such a scheme the apertures facing room temperature have to be lim-
ited in size in order not to compromise the thermal stability of the beam pipe cooled
down to cryogenic temperatures. This would limit the angular acceptance to only
about 0.7° in case of a NW63 opening.

While the center-of-mass of the product fragments propagates with the velocity
of the parent ion, the reaction spheres in the center-of-mass frame grow during the
time-of-flight to the detector (see Sect. 3.2). The lower kinetic energies at CSR
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Table 5.1: Maximum projected fragment distances dp,., and arrival-time differences
Atnax at the foreseen detector position inside CSR in case of homonuclear diatomic
molecules with Exgg = 1eV for the minimum and maximum kinetic energies at
which a singly charged molecular ion can be stored. The arrival-time differences
scale with the velocity of the parent ion beam, which depends on the mass of the
parent ion at given kinetic energy. For heteronuclear diatomic molecules both the
fragment distances and arrival-time differences become larger.

Parameter Minimum Maximum
Ekin 20.0keV  300.0 keV
Amax 53.7 mm 13.9mm
Atax(21) 38.71ns 2.6ns

Atmax(1601)  346.0ns 23.0ns

compared to experiments at TSR lead to very low ion beam velocities, especially
in the case of even heavier molecules than were possible to investigate in the room-
temperature storage ring. Thus, the reaction spheres grow relatively faster. As a
consequence the detector should be placed closer to the interaction region in order
to maximize the angular acceptance for neutral fragments.

The bending electrodes of CSR were designed such that reaction products can
be efficiently separated from the ion beam. A reasonably close position for the
detector is right next to the second 39° bending electrode following the 6° electrode
with a distance to the center of the electron cooler of 3.8 m, where a large NW320
flange has been foreseen in advance for this detector. The available space allows the
implementation of a detector with a diameter of up to 120 mm which corresponds
to an opening angle of the dissociation cone of 1.8° for the center of the target. This
results in an experimental limitation for the measurements of kinetic energy releases
with the fragment momentum imaging technique. This is discussed for both TSR
and CSR in Section 3.2. In the following, typically expected fragment and arrival-
time distances on the detector in this experimental configuration are discussed.

Typical Fragment and Arrival-Time Distances on the Detector

For this estimation, the extreme case of homonuclear diatomic molecules is con-
sidered. For heteronuclear diatomic molecules both the fragment distances and
arrival-time differences become larger. In the homonuclear case, the kinetic energy
released at a dissociation is distributed equally among the two identical product
fragments (see Eq. 3.27). Thus, the fragment distance D at the detector position
is independent of the fragment masses and scales with \/Exer/E,. The transversal
and longitudinal projection scale in the same way. Table 5.1 lists the projected
fragment distances d and arrival-time differences at the foreseen detector position
for a dissociation with a typical kinetic energy release of 1eV at both the minimum
and maximum ion beam energies of CSR. The largest projected fragment distances
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on the detector of 53.7mm in case of a 20keV ion beam still fits comfortably on a
detector with a diameter of 120 mm. By adjusting the beam energy the maximum
arrival-time differences can be varied in the order of 10ns to 100 ns.

5.1.3 Detector Choice

The detector for the DR reaction products should, in principle, provide as much
information about the neutral final state as possible, but it still needs to be able
to operate at the extreme thermal conditions inside CSR. Moreover, the kinetic
beam energies at CSR are at least one order of magnitude lower compared to, e.g.,
previous experiments at TSR. These low particle energies effectively prohibit the
use of surface-barrier diode detectors, which have previously been successfully used
for storage ring experiments [106, 107, 155-157|, as the penetration depths of the
particles are typically too low in order to reach the detection volume. Such detectors
have typically a metallic coating as electrical contact layer. As an example, the
penetration depths in aluminum have been calculated with the software package
SRIM (Stopping Range of Tons in Matter) [158] to be below 100 nm for 50 keV argon,
below 180 nm for 40keV carbon and below 50 nm for 2keV hydrogen particles.

However, the cryogenic environment of CSR, does provide suitable conditions for
the operation of open micro-calorimeter detectors. While they are more commonly
used for high-resolution X-ray spectroscopy, these kind of detectors are increasingly
considered for high-resolution mass spectroscopy [159-162]. After first preparatory
measurements [159] such a detector is also being developed for CSR.

For the first investigations of simple diatomic and triatomic molecular ions at CSR,
an MCP-based detector [163] with position sensitive anode has been implemented
in this work. This will allow, in particular, investigations with the fragment imag-
ing technique (see Sect. 3.2) of ro-vibrationally cold ions. It has been shown that
MCP-based detectors perform reasonably well under cryogenic conditions [164,165],
also with phosphor screen [166] and delay-line anodes [167]. The semi-conducting
nature of the microchannel walls leads to a strong increase of the MCP resistance,
which increases the recharge times of the individual channels [168] after an electron
avalanche has been triggered. This may limit the maximum particle rates which can
be detected with such a detector.

The readout solutions for MCP detectors can be divided into two classes, optical
and electronic [169,170]. The electron clouds emerging from the MCP are either
converted into fast-decaying light spots which are then observed by a high-speed
camera system, or their induced fast signal is read-out directly by an electronic
system. There are hybrid systems which employ both optical and electric read-
out techniques to order combine the advantages of both types of anodes [171,172].
Simple electronic anode types, like wedge-strip and resistive anodes, provide a good
position resolution from only 3 to 4 electrical channels. However, they cannot resolve
multiple hits that arrive within a few ns. Advanced charge-dividing anode designs,
like strip or pixel anodes, provide a very good performance [169] at the expense of
a considerable complexity of the system. In the last decades, so-called delay-line
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anodes enjoyed growing popularity [173]. Here, the position information is encoded
into timing signals, which reduces the number of required signal lines significantly,
while they are capable of detecting event rates in the order of 105571

The detector designed in this work will be used for all experiments at CSR. involv-
ing neutral products as well as a diagnostics tool for the optimization of the beam-
overlap in the electron cooler (see Sect. 3.1.5). The long cool-down and warm-up
periods of each about two to three weeks place strong demands on the reliability of
the detection system, which is not easily accessible. For the detection system of neu-
tral particles at CSR, mainly two state-of-the-art designs of delay-line and phosphor
screen anodes have been considered which promise a sufficient performance for DR
experiment at a reasonable degree of complexity with regard to the implementation
at CSR. Those two designs are briefly introduced before the final anode solution is
discussed.

Phosphor Screen Anodes

A MCP detector with phosphor screen anode was for example successfully used for
the DR experiments of SH* presented in this work (see Ch. 4). While this anode
type provides a very good position resolution, it presents as a greater challenge
to also measure the associated arrival times of the particle impacts. In preceding
experiments at TSR, the relative arrival times of the particles were deduced from the
fast intensity decay of the light spots on the phosphor screen in a quite involved set-
up with two camera systems [131]|. It is also possible to measure the arrival times
with segmented photomultiplier tubes, provided that the particles are separated
spatially such that their emitted photons are recorded by different detector segments.
This method has already been successfully employed with strip-like photomultiplier
anodes in several experiments [141,174,175]. In general, the electronic complexity
of such a system tends to rise with that of the physics case under investigation,
as it relies on the principle that each molecular fragment is detected by a different
detector segment.

With a new read out system, developed by Urbain et al. [172], it is possible to
associate the fast electronic signal, measured on a single electric line connected to
the phosphor screen, to the light spots recorded by a fast camera. This system is
described in more detail in Section 5.1.5.

Delay-Line Anodes

In principle, a position sensitive delay-line consists of a single wire which is wound
as a large coil to form a double plane of wires. As the charged electrons, emitted by
the MCP, are collected on the wire a current pulse propagate to both ends of the
wire within the times t; and t;. From the arrival-time difference, the position with
respect to the center of the plane can be deduced according to

x=wv,(t; —t3) (5.1)
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with v, being the effective signal velocity perpendicular to the windings of the delay-
line. In this way, the position information is encoded in the delay signal ¢; — t5. By
adding another, crossed delay-line, one can determine the two-dimensional impact
positions on the detector plane. For a given length of the delay-line wire [ and the
pulse propagation velocity along the wire v, the time sum of a signal pair is constant

[ = ll + lg = U(tl + tg) = const. (52)

Multiple particle impacts can be distinguished by their time sum with respect to a
common reference signal, e.g., from the MCP with

T1 + T2 = tl -+ tz — QtMcp = const (53)

where 77 and 75 are measured with respect to the reference signal ¢y;cp. However, for
this two-dimensional configuration signals may interfere on the delay-line for large
particle impact rates. By adding a third redundant layer in a hexagonal structure
the multi-hit performance can be significantly improved [176]. According to its
hexagonal shape this type of delay-line is referred to as hexanode.

The great advantage of delay-line anodes is that they provide a high position and
time resolution at a reduced complexity by encoding both the position and time
information of the particles impacts in the same n-tuple of timing signals. Especially
hexanode delay-lines are capable to distinguish multiple events with events rates in
the order of 10°s~!. A comprehensive Monte-Carlo simulation has been carried out
in this work in order to investigate possible obstacles for the detection of correlated
DR particle events with delay-line anodes. The results from these simulations served
as a basis for the decision between the two considered anode designs. The results of
these simulations are briefly discussed in Section 5.1.4

Final Anode Solution

A delay-line hexanode delivers an very good imaging performance for detecting
multihit-events in the order of 10°s~!. However, the Monte-Carlo simulations con-
ducted within this work (see Sect. 5.1.2) have shown that this type of anode is
not the best choice for the targeted DR experiments at CSR and a implementation
would present some considerable challenges. The signal propagation times on such
a delay-line are in the same order of magnitude as the the arrival-time differences
of the fragments from DR reactions at CSR. This leads to signal interferences with
strong event losses associated to the geometry of the hexanode, independent of the
overall detected reaction rate. Furthermore, this kind of read-out requires typically
seven (1 MCP, 6 hexanode) electrical signals of very high quality. Moreover, the
wide temperature range may considerably stress the wound wires.

Instead, a more conservative and robust approach was chosen by using a phos-
phor screen read-out. In combination with the new read-out principle, developed
by Urbain et al. [172], it is possible to correlate the light spots with the electrical
timing signals and thus perform a three-dimension measurement of the fragment
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distances in a rather economical setup. The original data acquisition system devel-
oped by Urbain et al. was also used for the first measurements at CSR, presented
in Section 5.4. Another advantage of this approach is the fact that all its electronics
is outside the cryostat of CSR. Therefore, it is easily accessible and can be updated
with more powerful hardware in the future.

5.1.4 Delay-line Anode Simulation

A Monte-Carlo simulation of a DR experiment at CSR has been conducted in order
to investigate possible issues using a MCP detector with a delay-line hexanode. The
simulation program is written in C++ using ROOT libraries developed at CERN
for the data analysis and presentation [177]. The different parts of the simulation
are defined in separate classes. The algorithms of those classes are briefly described
in Appendix A.2. The Monte-Carlo simulation is divided into four major parts:

1. generation of a DR event with the according fragment positions and arrival-
times at the detector,

2. simulation of the detector response as delay-line signals for a given MCP effi-
ciency,

3. simulation of the electronics with signal discrimination including dead time
and signal jitter effects, and the final

4. analysis of the signals to reconstruct the impact positions.

The code for generating the DR events is based on a well-tested program used also
for simulations of DR events at TSR [178]. In the following, the expected issues of a
delay-line read-out are briefly discussed before the simulation results are presented
for one representative example.

After a particle impact, two time signals are induced on the delay-line, which
propagate with an effective velocity perpendicular the windings of about 0.4 mm ns—!
[179] in case of a hexanode delay-line for a 120 mm MCP detector. Hence, the signal
propagation time across each delay-line layer is in the order of 100 ns. This time is
in the same order of magnitude as the typical arrival-time difference of the product
fragments estimated in Section 5.1.2. Signal interferences of multiple hits on the
delay-line lead to signal losses. Some of the lost signals may be reconstructed by
the time-sum criteria (see Eq. 5.3).

A typical DR experiment was simulated with an artificial diatomic homonuclear
molecular ion beam with two fragments of an intermediate mass of 16 u stored at the
maximum beam energy of 300 keV at CSR and assuming an electron cooled ion beam
radius, similar as for similar TSR experiments, of 0.5 mm. In order to investigate the
resolving power in terms of kinetic energy release, DR events with kinetic energy
releases of 0.1, 0.3, 1, 3 and 10eV were simulated. An MCP with a diameter of
120 mm and a detection efficiency of 60 % was assumed. The corresponding hexanode
delay-line has a width of 160 mm in order to cover the whole MCP surface. The
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Figure 5.1: Results of Monte Carlo simulations of DR fragments detected with
MCP and hexanode delay-line. The histograms in the first row show the response
of the MCP, the graphs in the second row the discriminated delay-line signals,
and the graphs in the third row include reconstructed events. The histograms in
the first column show the two-dimensional distribution of particle impacts on the
detector surface. The graphs in the second row show the transversal and longitudinal
fragment distances analog to Figure 3.11. The histograms in the third row show
the three-dimensional fragment distances also analog to Figure 3.11. The green
histograms represent the simulated DR events, the remaining contributions including
the respective steps.
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spacing of the wires was assumed with 1 mm. The response of the electronics was
simultated by adding a normally distributed signal jitter with a width of 0.1ns and
a signal dead time of 10 ns. This also partly accounted for the expected signal width
of a few ns.

Figure 5.1 shows the results of the Monte Carlo simulations of DR events detected
by an MCP with a hexanode delay-line. Figure 5.1a shows the response of the MCP
considering its efficiency. Figure 5.1b shows the results deduced from discriminated
delay-line signals including a 10 ns dead time and a normally distributed signal jitter
with a width of 0.1ns. For the results shown in Figure 5.1c, missing signals were
reconstructed using the time-sum criteria (see Eq. 5.3). The graphs in the left col-
umn show the spatial distribution of the detected fragments. The reaction spheres
projected onto the detector cover circular areas with a diameter oc vV KFER. The
density of these circular areas is increasing towards their respective maximum diam-
eter. The graphs in the next two columns show the fragment distance distributions
d versus Az and the derived absolute fragment distance D analog to Figure 3.11
described by the Equations 3.34, 3.36 and 3.37.

After the simulated signal discrimination, all events with arrival-time differences
smaller than 10 ns are lost. The spatial distribution exhibits "holes” with a hexagonal
pattern, which can be attributed to the geometry of the delay-line. In the correlation
graph of the transversal and longitudinal fragment distances, the discriminator dead
time of 10ns manifests itself in a dead window along Az with a width of about
12mm. Furthermore, stronger losses can be observed for dissociation angles slightly
below 60° and 120°. This corresponds to the angles of the hexagonal coordinate
system of the delay line, as the impact coordinates are always reconstructed from
two of the three layers.

The distribution of absolute fragment distances shows a strongly decreasing re-
sponse function of the detector towards lower kinetic energy releases. As a conse-
quence KERs of 1eV can already not be resolved anymore. It is possible to recon-
struct much of the lost signal. Still, events with KER, of up to 1eV are affected.
The irregular shape of the detector response in the dissociation space is difficult to
address in a real experiment.

There is another disadvantage of such a delay-line anode in view of planned exper-
iments at CSR. It is already foreseen to combine this detector with another smaller
position- and energy-sensitive microcalorimeter detector for measurements of heav-
ier neutral fragments. The necessary hole in the detector center leads to large areas
covered by only two delay-line wires, which are less multi-hit capable, or even a
star-shaped area in the center with only one layer, where the hit positions cannot
be reconstructed (see Fig. 5.2).

Further, even more complicated delay-line designs were investigated, but they
could not circumvent the fundamental issue of this anode type for detecting corre-
lated particles events with arrival-time differences in the order of the signal propa-
gation time on the delay-line anode with typically a few 10ns. Moreover, an imple-
mentation at CSR would require a high-quality transmission of all electrical signals
in order to achieve the simulated performance. Therefore, this anode scheme was
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: 40 mm =37.5 mm

Figure 5.2: Hexanode delay-line with central hole. The three different delay-line
layers are highlighted in red, green, and blue. The area covered by the MCP is
indicated by the shaded circle. The brighter star-shaped area in the center is only
covered by one delay-line layer and therefore not position sensitive. Only a small
fraction of the detector is still covered by all three layers.

finally rejected in favor of a conservative approach using a phosphor screen anode.
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5.1.5 3D Imaging with Correlated Brightness-Amplitude
Assignment

An MCP-based detector with phosphor screen anode allows independent measure-
ments of the particle impact positions by determining the positions of the light spots
on the phosphor screen and their arrival-time difference from the fast electronic sig-
nals induced by the collected electron clouds on the phosphor screen anode. In order
to retrieve the combined position and time information of each hit, the measured
light spots and electrical pulses of all hits of a dissociation event have to be assigned
to each other.

A new acquisition scheme has been developed by Urbain et. al. [172] where the
time and position signal are correlated by their respective signal intensities. With
regard to its operating principle this read-out scheme is also referred to as COrrelated
BRightness-Amplitude (COBRA). The data acquisition system by Urbain et al.
was also employed with the detector system developed in this work during the first
operation tests at CSR at room temperature conditions (see Sect. 5.4).

Electron multiplication in an MCP is a cumulative effect of many secondary elec-
tron ejections from the microchannel walls. Following a quasi-Poissonian distribu-
tion [180], each ejection process yields a random number of electrons, each of which,
in turn, produces more secondary electrons at the next wall collision. At high gain
operation of an MCP, the total number of electrons in the avalanche converges
towards an upper bound defined by space-charge screening of the accelerating po-
tential. This results in a narrow anode pulse height distribution, which is a beneficial
effect in many applications. However, when operating the MCP at low operating
voltage, far from the space-charge saturation limit, the random electron multiplica-
tions accumulate freely, resulting in a broad distribution of pulse current intensities.
Upon collection at the phosphor screen anode, this yields a correspondingly broad
distribution of spot brightness. Under suitable conditions, the relative pulse current
intensities and spot brightness intensities of an ensemble of nearly coincident parti-
cle hits onto the detector can thus be used to relate the arrival time and position
coordinates of each hit. This is the essence of the COBRA 3D imaging scheme.

The great advantage of this read-out scheme is the fact that the positions and
arrival times are still measured independently. In a DR experiment, the transversal
and longitudinal particle distances, as projected on the detector, are correlated by
the absolute distance of the fragments. The molecules have random orientations
during the fragmentation. The correlation by the absolute fragment distance of
the dissociation fragments results in an complementary measurement of spatial and
temporal distances. The dissociation events of a diatomic molecule with large spatial
separation, have a small temporal separation and vice versa. This always leads to a
relatively small uncertainty of the inferred absolute fragment distances.
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5.1.5.1 Spatial Correction of the Intensity Correlation

Since the COBRA scheme assigns the position and arrival-time signals by their
correlated intensities, it is important to first correct those for variations which may
originate from inhomogeneities in the phosphor layer or MCP gain. They may also be
affected by aberrations of the optical system. In the following, a correction procedure
is described which was developed for the first tests with a COBRA DAQ within the
first beamtime of CSR. The results of those tests are presented in Section 5.4.

For the correlation correction only one hit events with one pulse and one spot are
considered, which can be unambiguously assigned to each other. First, the detector
image is subdivided in n x n rectangular segments indexed by k£ and [. For each
detector segment (k,l) the intensity correlation of all one-hit pulse amplitudes A;
and light spot brightnesses B is fitted with the linear function

Ay = a(k,1) - By + b(k,1). (5.4)

The spot brightnesses of all segments are then corrected by the obtained fit param-
eters a(k,l) and b(k, 1) to

By = a(k,1) - By + b(k, ). (5.5)

Then, the correlation of A; and él follows the unity line. After all intensities have
been corrected, the same acceptance condition, described in the following paragraph,
can be applied to all data.

5.1.5.2 Permutation Validation

After the signal intensities have been corrected for spatially inhomogeneities of the
correlation function, the position and arrival-time signals are associated by their cor-
related intensities. The essential part of the COBRA assignment is the algorithm for
identifying the correct permutations of the multiple pulse amplitudes and light spot
brightnesses. While this is already described in [172], at this point, a mathematical
formulation is given. Figure 5.3 illustrates schematically the assignment algorithm
for two hit events. In this graph the correlated events are distributed along the
correlation axis in a band with a certain spread. All possible signal permutations
are validated by a fixed acceptance threshold o,, to lie in this band.

For the sorting algorithm, the signals are indexed by the tupel {1,2,...,n}. Then,
a single permutation of this index order is the bijective correspondence

7:{1,2,....,n} = {1,2,...,n} (5.6)

which assigns each natural number between 1 and n a number in the same domain.
In the tupel notation the permutation function is represented by

7= (r(1),7(2),...,7(n)). (5.7)
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Figure 5.3: Schematic illustration of the COBRA permutation validation and re-
construction of recorded pulse amplitudes A; and light spot brightnesses B;. One
hit events show a correlation of the signal intensities of both the electrical pulse
heights and the light spot brightnesses. Multi-hit events are validated based on the
acceptance threshold o, determined from correlated distribution of one-hit events.
The blue points are the measured multi-hit pulse and light spot signal intensities.
The possible permutations are validated (green) or rejected (red) via the acceptance
threshold o, shown in (a). The reconstruction shown in (b) is explained in the text.
An ambiguous three particle event is illustrated in (c).

Each application of 7 gives a new distinctive tupel. An n!-fold application leads
to the original tupel. For each permutation 7/ € II = {7/ : j € {1,2,..,n!}} the
correlation spread o,; can be defined as the largest distance of all pulse and spot
intensity pairs (Ai, Eﬂ-j(i)> from the correlation diagonal

‘Ai — By

(5.8)

For a fixed acceptance level o,, the number of accepted permutations can be defined
as

Ny = Z O (04 — 0ri) (5.9)

i eIl
with the heaviside function
0:2<0
O(x) = g with = € R. (5.10)
l1:2>0

Only one of all the permutations is correct. This permutation may be rejected
by the threshold criteria or more than one permutation is accepted which leads to
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ambiguities. In Figure 5.3, the accepted permutations are highlighted in green, the
rejected permutations in red. The events can be classified by the number of accepted
permutations

n, =0 as invalid,
n, = 1 as wvalid, or

n, > 1 as ambiguous.

This can be used to characterize the performance of the COBRA assignment. This
is also discussed for the experimental results obtained during the first beamtime of
CSR. described in Section 5.4.1. Some effects may disturb the event validation and
reconstruction: For signals of similar intensities, may be more than one permutations
is accepted which introduces ambiguities in the assignment. Therefore, this method
works best for very different signal intensities from a broad MCP pulse height dis-
tribution. Such an ambiguous case is illustrated in Figure 5.3c for a three-hit event.
The method also does not work directly for overlapping signals. However, in some
cases those signals can be reconstructed, as described in the following paragraph.

5.1.5.3 Event Reconstruction

In the case of overlapping signals, the total number of recognized pulses and spots
does not agree anymore, as illustrated in Figure 5.3b. This may occur for pulses
close in time and spots close in space. Then, the superimposed signal is observed
with the combined intensity of both signals. This case can be identified, when the
number of signals in both channels differ by one and the difference of the total
intensities in both channels is smaller then the acceptance threshold

=1 =1

Assuming that the pulse and spot intensity signals are correlated, one can split up
the sum signal into two signals with the same intensity ratio as measured on the
other channel. This is a very strong condition as any signal spread is neglected and,
therefore, may require a lower acceptance threshold. The events with those artificial
signals can be validated as described before.

< 0., (5.11)
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5.2 Realization of the Detector Hardware

In this Section, the realized detector system is described in detail, which considered
all the conceptual aspects discussed before. With regard to its purpose, the system
is referred to as NICE detector which is an acronym for Neutral particle Imaging in
Cryogenic Environment. The layered design of the CSR cryostat imposes a natural
subdivision of the detector system into three groups characterized by their function
and temperature regime. These are

1. the cryogenic particle sensor inside the beam-guiding chamber of CSR at cryo-
genic temperatures of a few Kelvin,

2. the interfacing components in the isolation vacuum of CSR between the inner
and outer chamber at a few tens of Kelvin, and

3. the readout electronics outside the cryostat of CSR at room temperature.

Figure 5.4 shows a cutaway model of the whole detector systems inside CSR. The
particle sensor is a cryo-compatible implementation of an MCP detector with phos-
phor screen anode, which is observed from outside the cryostat. The optical path
extends across all temperature regimes and is briefly described in Section 5.2.1,
before the three functional groups are discussed independently.

All interfacing components had to be design for a sufficiently low heat transfer
from the room temperature side towards the cryogenic beam-guiding chamber of
CSR. Furthermore, a heating of the particle sensor has been implemented.

Heat Transfer

The cryostat design of CSR with an isolation vacuum prevents a convective heat
transfer. For the optical observation of the detector, apertures in the thermal shields
are required. Here, the radiative heat transfer needs to be considered. A body with
temperature 7' and surface area A emits radiation at a power of [181]

Qem = €(T)AcT". (5.12)

where o = 5.6704 x 1078 W/m?K* is the Stefan-Boltzmann constant. The emissivity
¢(T) is a material specific property for a, so-called, gray body, which describes the
ratio of the radiated heat flow with respect to a black body, which completely absorbs
all radiation. For example, the typical emissivity of glass is well above 0.9 while that
of technical metal surfaces can be also in the order of 0.01. Further emissivity values
are listed, e.g., in [182]. The radiative heat transfer between two bodies is discussed
for a simple case, which is a good approximation for the estimations at CSR. The
body shall be placed in a surroundings of temperature Ts which behaves as a black
body. The medium between the body and the surroundings shall be transparent
for radiation. In turn, the gray body absorbs the heat Qabs from its surroundings
with temperature Ts analogous to Equation 5.12. This results in a net flow of heat
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P

Figure 5.4: Cutaway model of the NICE detection system inside the CSR. The
cryogenic beam-guiding vacuum chamber (1a) is enclosed by another isolation vac-
uum chamber (3a) at room temperature. In addition, there are an inner (2a) and
outer thermal shield (2b). The outer shield is wrapped in multi-layer superinsulation
(not shown) and has a water cooling to protect the foil during the bake-out.

All components of the cryogenic particle sensor are mounted on the inner mounting
flange (1b). The detector housing (1d) both capsules the light path and provides
the mounting structure for the sensitive components. Neutral particles, as indicated
by the red, dotted line, hit the MCP (le). The released electron clouds produces
light spots on the phosphor screen (1f). They can be observed with a high-speed
camera (3f) outside CSR’s cryostat at a 90° angle via a Al-mirror (1g) through a
large cryo-compatible view-port (1c) on the inner chamber, a sapphire infrared-filter
on the outer thermal shield (2e) and a standard view-port (3e) on the outer detector
flange (3b). The electronic signal from the phosphor screen anode is guided via a
bare stainless steel wire through the shields (2d) to a decoupling box (3d) on the
outer detector flange.

The MCP can be either covered by a beam-shutter or a calibration mask (1h). The
model shows the mechanics of the lower calibration mask. The flaps are mounted di-
rectly on the axis of bellow-sealed rotary feed-throughs (1i), which can be moved via
an intermediate drive (2c), thermally anchored on the 40-K stage, with a standard
rotary feed-through (3c) mounted on the outer detector flange.
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between the body and its surroundings of
Q = Qem - Qabs = E(T)AU (T4 - Ts4) . (513)

For all interfacing components connecting different temperatures regimes, the heat
conductance needs to be considered. For isotropic substances, the heat flux vector
is always perpendicular to the isothermal surface [181]. The heat flow dQ through
a surface element dA with its normal vector n is [181]

dQ = —\(T)VTndA (5.14)

where A\(T') is the thermal conductivity, which may also be temperature dependent.
For a long cylinder of length [ with constant cross section A, this simplifies to

=4 /TQ \(T)dT (5.15)

[ Jg

where T} and T5 are the temperatures on both ends.

5.2.1 Optical Design

The phosphor screen is observed by a high-speed camera system from outside the
cryostat of CSR. This requires an optical path through all thermal layers of CSR.
In order to fully exploit the available camera optics and to be able to combine
different optical read-out solutions the optical path was optimized for a 50x50 mm
beam-splitter right outside the outer view-port. Figure 5.5 shows a schematic ray
tracing diagram which was used to determine the necessary aperture dimensions.
The openings in the thermal shields were thermally closed by a infrared-filter made
out of sapphire glass. Sapphire has a very high thermal conductivity coefficient
and a transmission of more than 85% in a spectral range from about 0.3 um to
5pm [183]. The according calculations, as presented in Sect. 5.2.3.1, suggested
that a direct observation with relatively large transparent openings in the different
thermal layers of CSR is feasible. Therefore, the use of a magnifying optics was not
necessary. This way additional distortions and possible misalignments due to CSR’s
thermal cycles could be avoided.

It is already foreseen to combine the realized NICE detector later with an ad-
ditional, smaller position- and energy-sensitive detection system behind the NICE
detector. This will be especially useful for the study of heavy polyatomic molecular
ions. A microcalorimeter-based detector system is in development [159]. For this

reason the phosphor screen is observed from a 90° angle leaving the space behind
the NICE detector free.
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Figure 5.5: Ray tracing diagram of the optical system of the NICE detector. The
dimensions of the apertures were chosen so that the light can be collected by a
50 x 50 optical beam splitter independent of the following camera systems. This
aperture covers a solid angle of about 3° for the observation of the phosphor screen.
The dimensions and positions of the different optical apertures are also listed in
Table 5.2. The light from the phosphor screen (1) is reflected by an Al-mirror
(2) (see Sect. 5.2.2.5), passing through a cryogenic view-port on the experimental
vacuum chamber (3) (see Sect. 5.2.2.6), a sapphire IR-filter on the inner thermal
shield (4) (see Sect. 5.2.3.1) before it exits CSR’s cryostat through a outer view-port

(5).

5.2.2 Cryogenic Particle Sensor

The heart of the detection system is the sensitive particle sensor inside the inner
chamber of CSR cooled to cryogenic temperatures. Figure 5.6 shows a picture
and a model of the fully assembled sensor unit as it was finally installed at CSR.
All components are mounted on lateral NW320 flange with a Helicoflex® sealing.
The particle sensor consists of an MCP with an position-sensitive phosphor screen
anode. The electrons emerging from the MCP are converted into fast decaying light
spots, which can be observed with a high speed camera. The electrons induce also
small current pulses on the conductive layer of the phosphor screen, which are used
as arrival-time signals of the impinging particles. The MCP unit with its heating
module (see also Fig. 5.7) is mounted on the front side of the detector housing
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Table 5.2: Dimensions and positions of the different optical apertures with respect
to the phosphor screen. The values are taken from the construction model and may
slightly differ by a few mm from the real values.

Element Distance  Size  Thickness Material
MCP -8 120

Phosphor screen 0 126 3.8 Borofloat 33
Mirror center 80 128 15 Aluminium
Extension tube 216 125

Cyrogenic view-port 379 135 8 Borosilicate
Outer shield (IR-filter) 440 105 3 Sapphire
Outer view-port 656 148 15 Borosilicate

which encloses the optical system inside the experimental vacuum. The MCP can
be covered either by a beam shutter or a calibration mask. The components are
discussed in detail in the following paragraphs.

All vacuum interfacing components mounted on the NW320 flange had to success-
fully undergo a thermal cycling procedure, described in Section 5.3), for three times
before they were installed. At CSR, almost exclusively Helicoflex® sealings are used
on the inner chamber which are explicitly specified for the wide temperature range.
Despite this, only conflat (CF) sealed feed-throughs and view-ports were used on
the mounting flange of the NICE detector. Conflat sealings with smaller diameters
are known to work at cryogenic setups and such ’standard’ vacuum components
are more readily available. Given the technical boundary conditions, as described
in 5.1.1, only materials listed in Table 5.3 were used for the components in the
extremely high vacuum (XHV) vacuum inside CSR.

The particle sensor can be tested at CSR with photons from a UV LED (SETi
UVTOP 240) mounted at the opposite side of the CSR straight section for the
purpose of detector tests [108] (see Fig 3.4, (11)). This is very useful for the position
calibration with the mask.

5.2.2.1 Housing
The housing of the detector has several functional purposes. It serves as

1. a mounting and alignment structure for MCP, phosphor screen and mirror,

2. positioning of the detector in space with good alignment with respect to the
ion beam axis,

3. thermal anchor on the beam-guiding vacuum chamber,

4. electrical shielding of the open high-voltage potential of the nearby 39°-deflector
electrode, and
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Figure 5.6: Colored model (left) and photograph (right) of the cryogenic particle
sensor. All components are mounted on a NW320 flange (1) of the inner chamber.
The detector housing (2) provides both an optical enclosure as well a mounting
structure for all sensitive components. The MCP unit (4) with its heating element
(5) is mounted together with the phosphor screen (7) from both side of a stainless
steel mounting plate (3). The light from the phosphor screen is reflected by a 90°-
mirror (8). The MCP can either be covered by a beam-shutter (9) or a calibration
mask (10).

5. screening of the optical path.

The front of the housing is a 3 mm thick stainless steel (316LN) plate, on which the
MCP and phosphor screen are mounted from both sides. The mounting plate can
be removed independently from the housing, which makes it possible to easily store
the sensitive MCP and phosphor screen separately in case of longer maintenance
periods of CSR. The mounting plate is fixed on the U-shaped aluminum (EN AW-
5083, AlMg4.5Mn0.7) back cover of the housing, which acts both as a mounting
structure as well as a heat sink. Due to the different thermal expansion coefficients
of stainless steel and aluminum, the front plate is fixed by five cylinder-head screws
secured by CuBe spring washers. One countersunk screw in the lower left corner
defines the lateral position.

The 90°-mirror is mounted on the aluminum side cover of the housing. This
is installed in the final step after the electrical connection to the phosphor screen
has been established. The side cover faces the high-voltage terminal of the 39°-
deflector (see Fig. 3.4). For this reason, the fixing screws of the mirror holder are
countersunk. The leading edge of the side cover exceeds the MCP in order to shield
the high voltage. The detector housing encloses the optical read-out from stray light
in the experimental chamber. In order to keep it relatively light-tight all fittings
have overlapping edges.

The housing is mounted via an aluminum adapter piece on the mounting flange.
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Figure 5.7: Cross section of cryogenic particle sensor unit. The MCP (1) and the
phosphor screen (2) are mounted from both sides of stainless steel plate (3). The
back electrode of the MCP holder (1b) is countersunk in the mounting plate. The
phosphor screen holder (2a) has a slim, high-voltage proof design with according
field forming end caps (2b) at its three mounting points. The MCP holder can be
heated (4) via a tungsten wire, clamped between ceramic rings (4a). All screws are
fastened via CuBe spring washers.

Larger misalignments of the absolute detector position can be compensated by re-
working this adapter piece. In a first test assembly at room temperature the align-
ment of the detector center with respect to the ion beam axis was checked via a
telescope from the opposite side of the CSR straight section, which was used for the
alignment of the ion-optical elements. It was found that the detector center was
perfectly aligned horizontally and only 2mm lower with respect to the ion beam
axis.

5.2.2.2 Microchannel Plates

A detector as large as possible is desired for the DR investigations at CSR. Given the
geometrical constrains of CSR (see Sect. 5.1.2), the largest sensitive aperture size,
which could be realized at the foreseen position next to the 39° bending electrode
at a distance of 3.8 m from the electron target center (see Fig 3.4) was 120mm. A
thorough research showed that at that time only PHOTONIS could deliver MCPs
with such a large sensitive area. MCPs of this size were only offered with a thickness
of 1.5 mm and relatively large 25 pm pores to ensure the mechanical stability of the
plates, while MCPs with smaller pores provide shorter pulses. For this detector two
MCPs in Chevron configuration are used. The Chevron configuration effectively
suppresses ion feedback [163]. The specifications of the used MCPs are listed in
Appendix A.3. As a future upgrade, MCPs with tapered pores are being considered,
which increase the open-area-ratio, and thus, the overall detection efficiency from
typical 60 % up to about 90 % [184].

The recharging of the individual microchannels, and thus, the rate capability of
the MCP depends both on the resistance of the microchannels and the detected
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Table 5.3: List of materials used for the NICE detector in the inner XHV vacuum
chamber.

Material Designation Application

Stainless steel 1.4435 BN2 Flange, mounting plate, flap mechanics,
(X2CrNiMo18-14-3) MCP & phosphor holder, screws (A4)

Aluminum EN AW-5083 Housing, mirror, mirror holder, flaps
(AIMg4.5Mn0.7)

Copper Cu Feedthrough contact pins

Beryllium cooper  BeCu2 Spring washers

Alumina ceramics Al,O3 99.6 Electrical isolators

Silver Ag Screw coating

Constantan CussNigdMn, Heating wire

Borosilicate Viewport

particle rates. The high resistive coating inside the channels has semi conducting
properties with a negative temperature coefficient. This leads to a strong increase of
the resistance towards lower temperatures. In this case, Extended-Dynamic-Range
(EDR) MCPs are used, which have a lower resistance at room temperature compared
to the normal type MCPs. The lower resistance leads to a faster recharging of
the MCP channels. This makes a larger dynamic range of count rates accessible.
However, this type of MCPs also tends to have a larger dark count rate. Kiihnel et
al. [167] tested the behavior of normal and EDR MCPs at cryogenic temperatures.
Meanwhile, the atomic layer deposition technique is used to produce microchannels
with functional films, which have more favorable conductance and secondary electron
emission characteristic at cryogenic temperatures [185].

A long recharge time of the individual channels can lead to a local deterioration
of the detection efficiency in the detector regions with higher particle fluxes. This
might be an issue when heteronuclear molecular ions are investigated at CSR under
cryogenic conditions. The heavier fragments will be concentrated on the inner part
of the detector whereas the lighter fragments will distribute over a larger detector
area. In such cases the reaction rates have to be chosen sufficiently low. To ensure
operation at very low ambient temperatures an additional heating module has been
designed, which described in the next Section. This module gives the possibility to
heat the MCPs locally by a few tens of Kelvin. The supporting frame was made
out of stainless steel, which provides both a certain stability and also a sufficient
thermal decoupling of the connected CSR chamber, when the plate is heated. The
MCPs should be removed at each longer period of CSR maintenance, when the inner
vacuum chamber is vented. That is why the MCP holder was designed as a separate
unit, which can be easily stored independently.

Based on the experiences of the first operation tests at CSR (see Sect. 5.4.1),
the Chevron MCP stack was arranged in a configuration, which is more suitable
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for the COBRA read-out. As described in Section 5.1.5, the signal assignment of
the COBRA read-out technique relies on different signal intensities from a broad
distribution of sufficiently large signal amplitudes. The signal intensity distribution
is determined by the pulse height distribution generated by the MCP-stack, which
can be controlled by its operation voltages. In general, larger amplifications and,
thus, pulse heights are achieved as higher voltages are applied across an MCP. At the
same time, the pulse height distribution gets more narrow as the triggered electron
avalanches deplete more of the available charge in the channels. To achieve a broad
pulse height distribution, the MCP stack should be operated with a voltage as low
as necessary. On the other hand, both the electrical as well as the optical signal
need to have a sufficient amplitude. The brightness of the light spots generated
on the phosphor screen may be further amplified by higher acceleration voltages
towards the phosphor screen. For the electrical pulses, this trade-off can be addressed
by operating both MCPs with different gains. By operating the first MCP with
a lower gain, a broad pulse height distribution can be produced, which is then
further amplified by the second MCP. This can be achieved by controlling the voltage
between the two plates. However, the original MCP holder design of the NICE
detector does not provide this possibility. A similar effect could be achieved by
arranging the two MCPs such, that the one with lower gain faces the impinging
neutral particles. According to the specifications, the gain of the two MCP differ by
about one order of magnitude at the same voltage (see Tab. A.1).

Moreover, the two microchannel plates are separated by a spacer ring of 0.2 mm
thickness. As the two plates are not perfectly plane, the distance between the two
plates is better defined which may provide a more homogeneous amplification across
the plate. With a slightly larger distance, the electron cloud emerging from the first
plate may distribute over several channel of the second plate. With more channels
involved in the amplification process, this may lead to larger and brighter light spots
on the phosphor screen.

5.2.2.3 Particle Sensor Heating

The heating module is based on resistive Constantan wire. The wire has a length of
an about 0.9m and a diameter of about 0.1 mm, resulting in a resistance of about
55 €2, which is largely independent of the temperature.

The effect of the heating on the resistance of the MCP was investigated in a
cryogenic test described in Section 5.3. It could be shown that by using this heating,
the MCP temperature can be elevated by several tens of Kelvin higher with respect
to the cryogenic environment.

The heating module has a horseshoe shaped mounting plate which can be screwed
to the MCP holder ring of the rear MCP electrode. The holder is made out the same
stainless steel material as the the MCP holder to avoid any difference in thermal
expansion. Starting at the upper left end the Constantan wire is wound around
the detector circumference back and forth in one loop. The wire is point welded
at each end to stainless steel plates which act as a connection terminal. The wire
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Figure 5.8:

(a) Calculated MCP temperature profiles for different elevated temperatures
AT = T(R) - Tchambem

(b) Calculated MCP temperature profiles with respect to heater temperature T'(R),
(c) Calculated temperature difference over MCP for different elevated temperatures.

is stretched around posts of screws in the mounting plate isolated by thin ceramic
tubes.

The temperature profile over the MCP surface was estimated with an according
heat flow calculation. As the heating module extends over about 80 % of the cir-
cumference, one can formulate the heat flow trough and the cylindrical isothermal
surfaces, using Equation 5.13 and 5.12,

dT'(r + dr)

0= 2n(r—+dr)h X y (ingoing conductive heat flow) (5.16)
r
dr
—27r h A d(r) (outgoing conductive heat flow) (5.17)
r
—2mrdr eo (T(r)* —Ty,) (efective radiative heat loss). (5.18)

The MCP temperature T'(r) is assumed to be elevated with respect to the cham-

ber temperature Typamber- With the approximations dT(Z:dr) — dq;l(r) 4+ LT0) gy,

T dr
subsequently, dr + r — r one obtains

reo (T(r)* = Ty,) = hA (dzy) + rd Z;T)> (5.19)

This differential equation was solved with Mathematica with the boundary condi-
tions

dT'(r)
dr

=0 and T(R) = Theating (520)

which leads to

€0

T B =) (1) = Thaer) (5.21)

T<T) = Theating -
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This results can be solved recursively. First, T(r) is calculated with T'(r)* — Tk
which is then propagated recursively. After about 10 iterations the solution stabi-
lizes. The standard value for the thermal conductance A = 1.1 x 1072 W/m/K [186]
of MCP lead-glass was taken. The resulting temperature profiles are shown in Fig-
ure 5.8 for different temperatures of the heating.

5.2.2.4 Phosphor Screen

The phosphor screen was provided by German Imaging Detector Solutions (GIDS).
As phosphorescent material, P47 (Y3SiO5:Ce) was used which has a fast decay time
of about 120ns to 0.1 % of its peak intensity [187]. The phosphor material is often
deposited on top of a conductive indium tin oxide (ITO) layer Due to the semi-
conducting properties of this material, the behavior at cryogenic temperatures is
uncertain. Instead, the conductive layer is provided by a 50nm-thin aluminum
coating, which also acts as an reflective layer and improves the yield of photons
detected by the camera. This imposes an additional energy threshold on the electron
clouds from the MCP to penetrate the aluminum layer. On the other hand, the
photon yield is strongly enhanced with higher electron energies. For this reason the
phosphor screen holder was designed, and later also successfully tested, to hold high
voltages up to 10kV. The optical aperture of the phosphor screen holder is 6 mm
larger that of the MCP holder in order to avoid distortions of the electrical field
on the conical edges. The substrate as a diameter of 130 mm. The proximity to
the high voltage terminal of the 39° electrode imposed strong spatial constraints.
Therefore, the design of the holder had to be minimized (see Fig. 5.7).

5.2.2.5 Mirror

The thermal cycles of CSR result in a significant thermal shrinking and expansion.
In case of the mirror, this might effect its alignment and could possibly cause defor-
mations of the reflective surface. First, a glass mirror was taken into consideration
but rejected due to the different thermal expansion coefficients of glass and the re-
flective coating. Instead, a full metal mirror made out of UHV-grade Aluminum
(EN AW-5083, AlMg4.5Mn0.7) was realized. The bulk was manufactured in the
local mechanical workshop. Then, the reflective surface was machined by LT Ul-
tra Precision Technology via a special diamond milling procedure. The surface is
specified with a shape accuracy of less than 3.0 um and a roughness of less than
10nm. Such a surface has good broad band reflection properties. In order to avoid
deformations of the reflective surface the bulk material has a thickness of 15 mm. In
addition, the mounting points on the top and bottom of the mirror were milled to
small wings so that deformations of the holder do not stress the bulk material. The
mirror holder is mounted on the side cover of the detector housing and horizontally
positioned via a fitting joint.
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5.2.2.6 Cryogenic Viewport

The optical design, described in Section 5.2, requires a large view-port on the inner
chamber (see Fig. 5.4, 1¢). The mounting flange of the cryogenic particle sensor
was extended by an NW125 tube. This solution offers more space on the flange,
in particular, for the high voltage feed-through of the phosphor screen anode. The
tube extends the inner chamber up to the inner thermal shield reducing the necessary
aperture of the view-port.

The bake-out temperatures at CSR of about 250 °C narrowed down the possible
choice of glass materials to borosilicate and sapphire. View-ports, explicitly speci-
fied for cryogenic temperatures, were not available in the required size. Promising
candidates were tested with the thermal circling procedure described in Section 5.3.

The optical design (see Sect. 5.2.1) requires a view-port aperture of up to 80 mm.
In principle, a NW100 view-port offers a sufficiently large optical aperture, but
the glass may be uneven at its welded glass-metal joint. In order to avoid optical
aberration a larger NW150 view-port was chosen and successfully implemented.

5.2.2.7 Beam Shutter and Calibration Mask

The cryogenic particle sensor can be covered by two different flaps, either a beam
shutter or calibration mask. The beam shutter is a 2mm thick aluminum plate
covering the whole MCP surface when it is turned in front of the detector. In
addition, a calibration mask can be moved in front of the particle sensor, which
enables a more precise position calibration of the camera system against distances
on the detector analogous to the previous measurements at TSR (see Sect. 4.4.1).
The mask has a rectangular grid pattern of 1 mm holes with distances of 10 mm
to the neighboring holes (see Fig. 5.9). The pattern has three holes in between
as reference points for the picture orientation. The mask can be projected onto
the detector either by illumination with neutral particles or by a UV LED installed
at the opposite site of CSR (see Fig. 3.4, (11)). The advantage of a calibration
with photons is, that the divergence of the photon beam is well known and can be
accounted for in the calibration. The drive mechanics for both the shutter and the
mask is explained in Section 5.2.3.3. Both flaps are directly mounted on the axis of
commercial rotary feed-throughs (Agilent Technologies 1.6691301 on CF16 flange).
The rotation axis of the shutter is on top of the detector, the axis of the mask on the
bottom. The mask is positioned closer to the MCP in order to minimize deviations
of the mask image on the detector due to beam divergence. The distance of the
mask to the MCP surface is (28.9 + 0.8) mm. The distance of the beam-shutter to
the MCP surface is about 45 mm.

5.2.3 Isolation Vacuum Components

The layered cryostat design of CSR requires that all parts in the beam-guiding
chamber at cryogenic temperatures must be interfaced or connected to the room
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Figure 5.9: Drawing of mask pattern as observed from outside the cryostat of CSR.
The MCP size is indicated by a gray circle. The orientation holes as well as the MCP
center are highlighted by crosses.

temperature outer cryostat. Here, especially the thermal input on the inner chamber
had to be considered. A maximum heat input power of about 100 mW has been
estimated for the chamber of this detector. The main interfacing components are
all electrical connections, the windows and openings for the detector as well as the
flap drive mechanics. These components will be discuss in detail in the following
sections.

5.2.3.1 Infrared Filter

The optical read-out scheme (see Sect. 5.2.1) requires on the one hand an optical
transparency for the wavelengths emitted by the phosphor screen. On the other
hand, the experimental chamber has to be shielded effectively from the infrared
radiation from the warm room-temperature parts. An optical filter does not only
have to absorb infrared photons, it needs to have a sufficient heat conductance to
dissipate the radiated power. Sapphire has a sufficient optical transparency in the
desired wavelength region around 400 nm (see Sect. 5.2.2.4) of about 85 % [183] as
well as a very high thermal conductivity. The thermal conductivity of sapphire rises
steeply from a few 10 Wm~! K1 at room temperature to values in the order several
10*W em ™! K=! around 40K (see Fig 3.15 in [154]). For an upper estimate the filter
is assumed as a black body with emissivity of 1. An assumed shield temperature of
40 K results in a effective radiative heat transfer (see Eq. 5.13) onto the filter surface
of 4W. Comparing these numbers, there is no significant warm up of the filter glass
to be expected.

The aperture in the inner thermal shield is not covered by any filter. For the
calculation of the heat balance this hole is considered as a black-body radiator at a
temperature of the outer thermal shield of about 80 K. This leads to a heat transfer
of 20mW compared to 1.3mW of the originally foreseen 40 K-shield. The filter
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was placed on the outer thermal shield, as the radiative heat input from the room
temperature chamber on the outer shield is higher than the heat input from the
inner shield on the inner chamber. The spectral transmission of sapphire [188] is
increasing from about 30 pm. Integrating the transmission spectrum one finds, that
the transmitted power is of an acceptable magnitude of 7.6 mW. Then the upper
limit for the radiative heat transfer sums up to about 28 mW.

5.2.3.2 Electrical Connections

The NICE detector requires a limited number of electrical connections which cause
a certain heat flux from the outer chamber at room-temperature onto the connected
parts inside the cryostat of CSR. There are several high-voltage lines for the phosphor
screen anode and the two MCP electrodes and two low-voltage lines each for the
MCP heating and the sliding contact connection of the flap drive axis on the inner
shield (see. Sect. 5.2.3.3). In order to minimize the heat flux on the inner beam-
guiding chamber, all cables, except for the phosphor anode and detector ground,
were thermally anchored on the inner radiation shield, which was estimated with
pessimistic value of 40 K. The cables were interfaced to the vacuum systems with
copper feed-throughs. The feed-through-pins on the experimental chamber were
connected with screw terminals made out of high-purity copper and fixed with set
SCTrews.

Table 5.4: Heat flux onto inner chamber of CSR by electrical connections at about
10K and the inner thermal shield at about 40 K. The heat flux was calculated
for each wire according to Eq. 5.15. Ty is the assumed temperature of the next
thermal thermal anchoring point. The heat transfer coefficient of stainless steel was
approximated with the parameterized data from [189], the coefficient of Manganin
with the tabulated data from [190]. The coefficient of silver was approximated by
the similar coefficient of Cub0 [191].

%] Length T, Heat load

Connection Material No.

(mm) (em) (K)  (mW)
Thermal load on experimental chamber at about 10K > =164
Phosphor anode Stainless steel 1x  1.20 62 300 5.5
Detector ground Stainless steel 1x  1.20 62 300 2.5
MCP high-voltage Manganin 2x  0.25 70 40 0.009
MCP heating Silver 2x  0.25 70 40 2.7
Thermal load on inner thermal shield at about 40 K > =104
MCP high-voltage Manganin 2x  0.25 210 300 0.1
MCP heating Silver 2x  0.25 210 300 2.8
Drive pick-up Silver 2x  0.25 260 300 2.3
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The electrical high voltage connection of the phosphor screen anode is also used
as a signal line for fast current pulses induced by the electron clouds from the MCP
on the phosphor screen anode. These signals are capacitively decoupled outside the
cryostat (see Sect. 5.2.4.1). The connection was realized with a short, rigid stainless
steel wire with a sufficiently low thermal conductance, which lead to an acceptable
heat flux onto the inner chamber (see Table 5.4). The wire is not shielded. On one
hand this would have been difficult to realize in a defined way given the high voltage
of up to 10kV. On the other hand, a shielding would induce an additional capacity,
which would broaden the signal. However, this way the impedance of the signal line
is not well defined which may lead to signal reflections. Another stainless steel wire,
connected to the inner chamber, was guided in parallel to the signal wire. After the
shield insets are mounted these wires can be connected from outside through the
opening of the viewport. The high-voltage connections for the MCP electrodes are
provided by Kapton-insulated Manganin wires from Allectra specified up to 6 kV and
for cryogenic applications. For the low-voltage lines of the MCP heating and drive
pick-up PEEK-insulated (poly ether ether ketone) silver wires were used. These are
the same cables also used for the thermo-sensors of CSR.

The heat flux towards the inner beam-guiding chamber was was calculated for all
connections with Equation 5.15. The results and the cable dimensions are listed in
Table 5.4. The total heat flux of all cables onto the inner chamber was calculated
to be less than 17mW. The total heat flux on the inner radiation shield, where
all cables, except the anode connection, were thermally anchored, was calculated to
be less than 11 mW which is negligible compared to the high cooling power on the
inner thermal shield.

5.2.3.3 Flap Drive Mechanics

As described in Section 5.2.2.7, the detector can be either covered by a beam shutter,
in order to protect the sensitive MCP from too high beam intensities, or a mask for a
precise position calibration. The drive mechanics, apart from the parts in the inner
chamber, of both the shutter and mask flaps are the same as used to move the beam
profile monitors [109] and the movable counting detector COMPACT [108] of CSR.
It is divided into three parts thermally anchored at different temperature stages to
minimize the thermal input on the experimental chamber. First, the flaps inside the
experimental vacuum are directly mounted on the axis of the rotary feed-through.
The second axis going through both the inner and outer thermal shield is thermally
anchored on the ground plate of the inner shield at about 40 K. The third axis
is mounted directly on the rotary feed-through on the outer flange, via which the
mechanics is moved from the outside.

The axis on the inner shield has a fork on each end which surround bars on the
two corresponding rotary feed-throughs at the inner and outer vacuum chamber.
The forks consists of round tubes made out of stainless steel to minimize the cross-
section and hence the heat conductance. The two forks are mounted on opposite
sides so that the axis is balanced in every position. The axis is guided in a sliding
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(b) Flaps closed

(c) Mask closed (d) Shutter closed

Figure 5.10: Mechanics of NICE beam shutter and calibration mask.

bearings made from PEEK (poly ether ether ketone). This way the axis is electrically
decoupled. An additional sliding-contact in form of a titanium sheet metal stripe is
spanned across the axis. This gives the possibility to check if this axis is contacted
to the grounded inner or outer axis.

Inside the experimental vacuum are mechanical stops which define the two end
positions for each flap, which can be fine adjusted by set screws. The flap sheets are
mounted slightly off-center. The resulting imbalance is even amplified by counter
weights attached to the bar on the other side of the rotary feed-through. They
are mounted under an angle so that they holds each flap for both end positions in
place. This way the flaps only have to be moved over the point of balance. After
that they fall to the other end position by themselves. As an example, figures
A.2 illustrate schematically the procedures to close the beam shutter. In the start
and end positions the fork drive can be mechanically decoupled and, therefore,
prevent any conductive heat flow. As the fork drive is thermally anchored on the
inner radiation shield, there is no additional radiative heat transfer onto the inner
chamber.
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5.2.4 Read-out Electronics

The first measurements with the NICE detector, described in Section 5.4, were
performed during the first beamtime of CSR with the COBRA data acquisition
system by Urbain et al., which is briefly described in Section 5.2.4.2. The system is
reimplemented at CSR with more recent hardware. In the following, the electronic
decoupling for the fast signals for the phosphor screen is described.

5.2.4.1 Electronic Signal Decoupling Circuit

The aluminum coated phosphor screen is utilized as a large collector anode for the
electron clouds emerging from the MCP. On the one hand the anode has to be
provided with a static high voltage of up to 10kV. On the other hand the short
current pulses shall be decoupled from the high voltage as a timing signal of the
particles hitting the detector. The decoupling circuit is illustrated in Fig. 5.11. The
circuit can be divided into four functional groups: A decoupling box which interfaces
the signal source with the high voltage source and the signal amplifier.

The signals are ns-short current pulses. They are induced by electron clouds
emerged from the MCP collected on the phosphor screen anode. The geometry of
the phosphor screen and the coplanar arrangement with the MCP at a distance of
8 mm. At the outer feed-through pin a capacity of about 84 pF has been measured,
which is one of the limiting factors of the obtained signal width.

signal source decoupling box HV
current low-pass source
ulse anode signal line filter
p ‘ —_— — I —
i 2Q 130 Q 70 kQ 10 kQ

3MQ 84 pF damping decoupling L4 7 ¢
T resistor resistor

CSR vacuum amplifier
H s
940 nF lng
decoupling ug :g U D 50 Q
capacitor f‘é z
—
a

signal reflection delay-line

Figure 5.11: Schematic phosphor anode signal and high-voltage decoupling circuit.
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The signal line was realized as a direct and as short as possible connection between
the inner and outer vacuum chamber. As described in the previous section the wire
is made out of stainless steel which has a relatively high thermal resistance limiting
the conductive heat input. The wire is interfaced with standard CF copper pin-feed-
throughs.

The decoupling of the static high voltage and the fast current pulses is realized in
a decoupling box, which is mounted directly on top of the feed-through of the outer
chamber. Tt interfaces the signal source with the HV source and the signal amplifier.
This way all components are easily accessible. The high voltage is provided by a
15kV power supply from ISEG. In the decoupling box high frequency noises from
the power supply are filter by a low-pass filter with a cut-off frequency of about
20kHz. The decoupling resistor ensures, that the fast current pulses are collected
by the decoupling capacitor. An additional protection resistor of 1k() makes sure
that the capacity is always properly grounded to avoid damages of the amplifier
when it is connected. Finally, the signal is fed into a Stanford Research SR445 fast
preamplifier with an input impedance of optionally 502 of 500€2. This amplifiers
has four stages from which the first two with a total gain of 25 are used. The input
impedance was set to 5002 as the signal line is not specifically designed for 502
and this way larger pulses can be obtained. It is has a gain of 25 with low-noise
and a rise time of less than 1ns. Furthermore, the signal connection to the pre-
amplifier is split. An additional delay-line cable terminated by a near-short is used
to destructively interfere reflected signals with an inverted and delayed version of
the first pulse at the input of the signal amplifier. In this way, signal reflections can
be reduced and shorter pulses can be achieved.

An additional adjustable resistor is used to damp signal reflections between the
decoupling capacitor and the possible connection points in the signal source. It also
changes the wave impedance of the signal source (green) which should be matched
for a good signal transmission.

In addition, a ground wire is guided in parallel to the signal wire from the inner
chamber to the decoupling box. It is fixed on the mounting of the wire support
on the extension tube of the mounting detector flange. The shielding of the high
voltage line is connected to the ground of the decoupling circuit. Also, the ground
in the decoupling circuit can be connected to the box housing, which is attached to
the outer flange. In order to avoid further ground loops a floating power supply is
used for the preamplifier.

5.2.4.2 COBRA Data Aquisition System

The COBRA data aquisition system (DAQ) by Xavier Urbain [172] consists es-
sentially of two independent data acquisitions, which are controlled by a field pro-
grammable gate array (FPGA) electronics. The phosphor screen is observed by
a high speed camera Microtron FEoSens CL with 1280x1024 pixel of 14x14um size
and 8 bit resolution. It operates internally with a frame rate of about 10 kHz. The
Full Camera Link interface has a bandwidth of 5.44 Gbit/s [192] which practically
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limits the acquisition rate to about at 500 Hz at full resolution and about 2.5kHz
at a reduced resolution of 512x512 pixel. The electrical signal is digitized by an
Aquiris DP110 PCl-card with a sampling rate of 1 Ghz and 8bit resolution. The
frame grabber of the camera and the digitizer card are both placed in the same
data acquisition PC. Both systems run independently at the same time and buffer
all their data. In the original DAQ, the signal line is split. Besides the connec-
tion to the digitizer, the other branch is fed into a discriminating NIM logics. The
generated trigger signal is processed by an FPGA circuit to trigger the read-out of
both data acquisition systems. The images from the camera are analyzed online.
Only the essential data are stored, which are mainly the center-of-mass position and
the integrated intensity. For each pulse the area, amplitude, time position and five
sampling points are stored: The point with the largest amplitude together with its
two neighboring points as well as the two smallest sampling values on the left an
right side of the peak below the predefined software threshold. The three points
around the maximum are interpolated by a parabola in order to determine the tim-
ing signal with an accuracy below the sampling time. In addition, the pulse area is
determined as the sum of all sampling values above the software threshold. In this
way, the amount of stored data is reduced.
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5.3 Tests and Characterizations

The temperatures in CSR range from a few Kelvin at cryogenic operation to 250 °C
at bake-out, which place strong demands on the design of all components, especially
those installed inside or at the beam-guiding vacuum chamber. Material pairings
with different thermal expansion coefficients cause significant mechanical stress in
this wide temperature range. For this reason all critical components needed to be
tested accordingly. Furthermore, the detector sensor module was also cooled down
to cryogenic temperatures and the strongly temperature-dependent resistance of the
MCPs was characterized.

All vacuum interfacing components installed at the beam-guiding vacuum cham-
ber, which are the electrical and mechanical feed-throughs as well as the large view-
port, had to successfully undergo a thermal cycling procedure for three times. In
each cycle, the components were baked-out at a temperature of 260°C and were,
subsequently, immersed into liquid nitrogen at 77 K. Only components passing a
final helium leak check were installed at CSR.

All movable components at CSR use the same kind of rotation mechanics, which
is described in more detail in Section 5.2.3.3. This kind of mechanics is used to
retract the beam profile monitors in and out the closed beam orbit, to move the
COMPACT detector on its worm drive [108] and to retract the beam shutter and
calibration mask of the NICE detector. The whole drive train was tested extensively
in a dedicated cryogenic test setup for the COMPACT detector by K. Spruck [125].

In order to characterize the total temperature-dependent resistance of the used
MCPs and to test the heating solution, the detector modules was installed in a test
setup and cooled down to cryogenic temperatures before the detector was installed
at CSR. The resistance-temperature dependency determined this way can be used as
a calibration to infer the MCP temperature from its resistance when it is operated at
cryogenic temperatures. The resistance is a very sensitive temperature indicator in
this region, due to the strong non-linear temperature dependency towards cryogenic
temperatures.

After the detector was installed at CSR, the resistance has been measured again
for different temperatures during the first cool down of CSR in March 2015. The
results of both measurements are presented in the following. Furthermore, the setup
and the procedures of the first cryogenic tests are described in detail, which were
performed before the components were installed for the first cool down of CSR. The
MCPs were not yet operated with high voltage during the first tests as the vacuum
pressure was not sufficiently low.

Cryogenic Test Setup

The temperature-dependent resistance of the used MCPs was characterized in a
dedicated cryogenic setup, which was originally designed by S. Vogel for tests of the
cryogenic amplifiers of CSR’s beam diagnostics [110]. Figure 5.12 shows a model
of the setup. The setup contains a dual stage pressurized helium cold-head whose
inner stage cools down to about 20 K. The experimental platform is attached to the
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second, coldest stage of the setup, while the first cold-head stage cools a protective
radiation shield to about 35 K. Given the spatial constrains, the mounting construc-
tion for the MCP holder has been designed in a way that it mimicked the properties
of the original stainless steel mounting plate (see Sect. 5.2.2). The copper mounting
plate on the top of the cold head was adapted by an aluminum plate with a suffi-
ciently large diameter to support the MCP holder on its foreseen mounting threads.
The mounting construction was elevated by four aluminum blocks so that the holder
could be thermally connected via the foreseen mounting threads. This construction
should mimic the aluminum cover of the original detector housing which acts as a
heat sink for the stainless steel mounting plate. The mounting plate was emulated
by small stainless steel plates of the same thickness. The distances between the
threads for the MCP holder and the aluminum block were chosen similar to the
according threads on the original mounting plate.

Figure 5.12: Model of the cryogenic test setup, which was originally designed for
tests of the cyrogenic amplifiers installed at CSR [110]. The setup consists of a
bell-shaped vacuum chamber (1) containing a dual-stage cold head (2). A thermal
shield (3) is connected to the first stage of the cold-head and wrapped into several
layers of Mylar insulation foil (not shown). Each thermal stage can be heated by a
20 W resistive heater (4). The second stage is adapted by a Al mounting plate (5)
on which the MCP unit of the NICE detector is mounted with its heating module

(6).
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The MCP unit was enclosed by a thermal shield made out of aluminum sheet
metal in order to achieve as low temperatures as possible. The thermal shield was
covered by twenty layers of Mylar super-insulation. The vacuum pressure was di-
rectly measured in the vacuum chamber of the test setup. At room temperature
a residual gas pressure of about 1 x 10~*mbar was achieved, at the lowest tem-
peratures of ~ 20K it was about 3 x 107%mbar. The vacuum pressure inside the
thermal shield may have been even higher as the inner volume was only pumped
through small holes and slits in the thermal shield. Hence, a safe operation of the
MCP could not be assured.

Temperature Measurements

The temperatures of several components were measured with silicon diodes and
Pt1000 RTD. The silicon diodes were placed on the first and second stage of the cold
head as well as on one of the small stainless steel mounting plates of the MCP holder,
which is marked (3) in Figure 5.13. Unfortunately, latter silicon diode did not work
properly. For this reason some additional Pt1000 temperature sensors were installed

Figure 5.13: Photograph of the cryogenic test setup. The MCP unit (1) was
mounted together with its heating module (2) on the cold-head. Its temperature
was monitored with a silicon diode (3) and a Pt1000 resistance temperature detectors
(RTD) (4) on two different a stainless steel mounting plates. Further two Pt1000
sensors were placed at aluminum mounting blocks (5).
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at several positions, which are less accurate at the lowest temperatures. One of these
sensors was installed on the mounting plate of the MCP holder, which is marked
(4) in Figure 5.13. Two further Pt1000 sensors were placed on aluminum mounting
blocks (5). Apart from this the damaged silicon diode, all temperature sensors
were in reasonable agreement. The three Pt1000 sensors installed at the second
cryostat stage showed typically 2 K more than the corresponding silicon diode. The
largest discrepancy of 4.3 K was observed at the lowest temperature. In thermal
equilibrium, the MCP temperature was determined by the mean value of the three
Pt1000 sensors and the silicon diode on the second stage. The mean square error of
these four sensors was taken as an estimate of the measurement uncertainty.
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Figure 5.14: Total resistance of the MCP stack of the NICE detector measured
towards cryogenic temperatures. The values of the calibration measurement (black
dots) were fitted with a power function according to Equation 5.22 (red line). The
measured values are also listed in Table A.3 in the Appendix. The values measured
during the first cool down of CSR show a good quantitative agreement with the
calibration. These values were measured on a regular basis with a measuring voltage
of —100V before the MCPs were operated at high voltage. The range was set to
a value so that the resistance could be also monitored at high voltage. This is the
reason for the large error bar of these values.
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Resistance Measurements

The total resistance of the MCPs was measured via the bias-current across the stack
at a low measuring voltage. The measuring voltage was sufficiently low to prevent
triggering of electron-avalanches, which should be avoided under such vacuum con-
ditions. The bias-current was continuously monitored with a floating nanoampere-
meter by applying a measuring voltage of only —100V to the top electrode. The
back electrode was grounded via its connection to the housing.

In order to measure the temperature-dependent resistance, the whole system was
thermally equilibrated at different temperatures. First, the setup was cooled down
to about 20 K. Then, the system was heated up with a constant heating power
using a resistive heater attached to the second stage of the refrigerator cold-head
(see Fig. 5.12). Once all temperature sensors on the second stage and the monitored
MCP resistance indicated a thermal equilibrium, the MCP resistance was measured
with different nanoampere-meters at two different measuring voltages. Their mean
value was used as an estimate for the MCP resistance. Each resistance was measured
with a measuring voltage of 100V and 250V. Six values were measured in the
range from 20K to 70 K, which are also listed in Table A.3 in the Appendix. The
resistance values obtained at the different measuring voltages differed by about 0.8 %
down to 40K and then up to 5.9% at 20K. The applied measuring voltage leads
to a resistive power loss at the high-resistance MCPs. The electrical power loss
during the permanent resistance monitoring ranged from 0.3pW at 20K to 2mW
at room temperature. The maximum electrical power during the absolute resistance
measurements ranged from 1.7pW at 20K to 370 pW at 70 K.

During the cool down of the first cryogenic commissioning of CSR in 2015, the
MCP resistance was again monitored on a regular basis with a floating nanoampere-
meter. The cool down process extended over a time period of about three weeks so
that the MCP temperature was assumed to be near thermal equilibrium with the
chamber temperature. The chamber temperature was measured by a Rhodium-Iron
temperature sensor. In order to avoid any heating of the MCP by the measurement,
again, a measuring voltage of —100V was used as in the previous calibration mea-
surements. The results of both this resistance measurements and the calibration
measurements are depicted in Figure 5.14. The calibration data points could be
best approximated with a saturating power function

R(T) =aT"+ Ry. (5.22)
The determined fit parameters

Ry = (3.30£0.11) x 10°Q
a=(1.30£0.14) x 10" Q/KP
b= —4.259 +0.027
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were then used to infer the MCP temperature from the inverse function

T = (R_R())i. (5.23)

a

The resistance values measured during the cool down of CSR show a good quanti-
tative agreement with the calibration curve.

Active Heating

The MCP heating module, described in Section 5.2.2.3, was also tested in the cryo-
genic test setup after the resistance-temperature calibration measurement. The
system was first thermalized at about 20 K. Then, a constant current was applied
to the MCP heating module until the system thermally equilibrated again. In this
way, heating powers of about 50, 200 and 400 mW were applied. These values are in
the order of magnitude, what may be applied at CSR. Figure 5.15 shows the tem-
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Figure 5.15: The MCP unit of the NICE detector was heated by its heating mod-
ule. The temperature of the MCPs (blue) was deduced from their total resistance
using the calibration measurement. The temperature gradient follows a exponential
saturation curve (red). The time constants are given in table 5.5. The temperature
of the nearby Pt1000 sensor (green) on the mounting plate. By applying a few
100 mW the plate could be warmed up by a few 10 K while the temperature sensors
on the mounting showed only a very small increase of a few K.
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Table 5.5: Results of the tests of the heating module of the NICE detector at cryo-
genic temperatures. For a given heating power P, the evolution of the temperature
deduced from the MCP resistance (see Fig. Figure 5.15), was fitted with a exponen-
tial saturation function according to Eq. 5.24. For the first fit at 50 mW, T was
set to the previous equilibrium temperature. For the other two fits, this parameter
was set to 0 K. From this the asymptotic temperature Tyicp = AT + Ty and the
warm-up with ATycp respect to the initial equilibrium temperature of 18.4 K were
determined. Neglecting the threshold behavior, the uncertainty of the fit parameters
is even lower than the given number of digits. The warm-up of a nearby Pt1000
temperature sensor is listed as ATp;.

p 7 Twmep ATmcp ATpg
(mW) (h) (K) (K) (K)

0 0.00 184 0.0 0.0
52 1.05 25.9 7.5 0.2
202 1.27 40.8 224 1.1
408 1.42 56.6 38.2 2.7

perature of the Pt1000 sensor closest to the detector and the temperature deduced
from the MCP resistance. The temperature derived from the MCP resistance shows
an about 4 K lower value under the equilibrium condition before the measurement.
This may be attributed to the uncertainty of the temperature measurement which
was used for the calibration. The stainless steel mounting plate provides a good
thermal decoupling. Even with the highest heating power of about 400 mW the
temperature of the closest temperature sensor only rose by 2.7 K, while the decrease
in the MCP resistance suggests a temperature rise by almost 40 K. The rise of the
MCP temperature shows an expected exponential saturation behavior, which was
approximated with

Tuce(t) = AT <1 — exp (—t _Tto)) + Ty (5.24)

In Figure 5.15, the fitted temperature curves are highlighted in red. The fit results
obtained for the different heating powers are listed in Table 5.5.
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5.4 Operation at CSR

The NICE detector was operated in this work during the first two CSR beamtimes.
The CSR was commissioned in March 2014 at room temperature conditions [109].
During this beamtime the COBRA data acquisition system of Urbain et al., intro-
duced in Section 5.2.4.2, was used for the NICE detector read-out. The detector was
tested and optimized, in particular, for a good performance regarding this read-out
solution. The results of these tests are presented in the following Section 5.4.1. After
the first beamtime, the detector was prepared for its foreseen operation at cryogenic
temperatures (see Sect. 5.3). In the second beam time between March and July 2015,
CSR operated at cryogenic temperatures. The NICE detector was first characterized
regarding its performance at these temperatures (see Section 5.4.2) and then used
for the various first laser experiments (see also Sect. 3.1.5). The experimental setup
is described in Section 3.1.5.

5.4.1 Room-Temperature Operation

For the commissioning at room-temperature, the thermal shields, including the water
cooling system, were not yet assembled. To prevent damage of the already present
Mylar superinsulation foil, the beam-guiding vacuum chamber was baked at only
about 120°C. Furthermore, the NEG pumps were not yet installed. Under these
circumstances, a residual gas pressure of about 10~" mbar could be achieved in the
inner beam-guiding vacuum chamber, which resulted in ion beam lifetimes in the
order of only 1ms [109].

The NICE detector was tested with neutral products from residual-gas collisions
as neither the foreseen electron cooler nor the laser interaction experiment were yet
available for this first beamtime. These tests were carried out with atomic Art and
molecular N ion beams of each 60 keV kinetic energy [109]. The first optimizations
were performed with signals produced by neutral Ar atoms. Later, the dissociative
electron capture reaction

NFf+X — N+N+X* (5.25)

was used as a source for nearly-coincident two-hit events on the detector in order to
investigate and optimize its performance in combination with the COBRA read-out
electronics in view of the foreseen DR experiments at CSR. Furthermore, it was
possible to generate detector signals even without a stored ion beam by UV photons
from the LED installed at the opposite side of this ring section (see Fig. 3.4, (11)).

Electrical Signal from Phosphor Screen Anode

The electron clouds emerging from the MCPs are accelerated towards the phosphor
screen anode, where they create a fast electrical signal which is then decoupled for
the high-voltage line with the circuit described in Section 5.2.4.1. This electrical
signal is used as a fast arrival-time signal for the particles impinging on the NICE
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Figure 5.16: Typical pulse waveform of 25keV neutral particle measured during
the commissioning beamtime at room temperature with ORTEC VT120C amplifier.
Another signal with lower amplitude is shown, which was measured without amplifier
and pulse-shaping measures.

detector. A clear and narrow signal is required for measurements with ns-resolution.
During the commissioning beamtime, the signal was amplified with an unipolar
ORTEC VT120C fast pre-amplifier with a gain of 20 and an input impedance of
50€2. Figure 5.16 shows a typical pulse shape recorded for a 20 keV neutral nitrogen
product fragment. The Figure shows also a second signal with lower amplitude
which was measured without amplifier. The integration of this un-amplified signal
delivers an estimate for the number of involved electrons of about 7 x 10°.

This signal seems to consist of two superimposed pulses separated by about 3.6 ns.
This is most likely caused by reflections on the signal line inside the CSR vacuum as
the propagation time agrees roughly with the physical dimensions of the signal line.
The second delayed pulse of the signal can be almost eliminated by a destructive
interference with an inverted and delayed version of the first pulse. This was achieved
by adding a short delay-line wire in front of the amplifier, which is terminated by
a small adjustable resistor to ground. The amplitude of the reflected signal can be
adjusted by this resistor. A resistor of about 1) was used. In this way, the about
20 ns-long tail of the original pulse can be effectively reduced resulting in a clean,
about 3.2ns wide pulse. There is still a minor contribution of the second pulse
visible in its tail.

During the commissioning beamtime the NICE detector was typically operated
with the voltages listed in Table 5.6.
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Table 5.6: Typical operation voltages during commissioning beamtime at room
temperature.

MCP front —1.95kV to —2.4kV
MCP back 0.0kV
Phosphor screen anode 7.5kV to 8.5kV

Pulse Height Spectra

The pulse height distributions of MCP dark counts, 25-keV neutral N particles, and
UV photons are depicted in Figure 5.17. The pulse height distribution of MCP dark
counts, believed to originate mainly from beta-decay of ‘“°K [153|, corresponds to
a negative exponential distribution. Massive particles with keV-energies, however,
produce a broad, almost Gaussian shaped distributions with larger pulse amplitudes.
Therefore, the background can be suppressed by a threshold on low pulse amplitudes.
UV photons typically produce small pulses similar to MCP dark counts, as the
energy of the 245 nm-photons may only be sufficient to eject single electrons from
the microchannel wall. These small pulses can only be used to a limited extent for
the optimization of the decoupling circuit.

COBRA Read-Out Tests and Optimizations

Beside the obligatory optimization of the acquired signals, the basic correction and
analysis procedures for the COBRA read-out, described in Section 5.1.5, were exe-
cuted. These are described in the following Sections before the first acquired frag-
ment imaging data are presented.
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Figure 5.17: Pulse height distributions of (a) MCP dark counts, (b) 25-keV neutral
N particles and MCP dark counts, (¢) and UV photons with background measured
with a discriminator level of 120 mV.
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Figure 5.18: The two-dimensional histogram in the upper left panel shows the
correlated signal intensity distribution of pulse heights and spot brightnesses of
unambiguous one-hit events. An appropriate correction of the spot intensities, de-
scribed in Section 5.1.5.1, leads to the histogram in the upper right panel. The by
45° rotated distribution in the lower left panel illustrates the intensity correlation
spread which is then determined by the projection on the correlation spread axis
depicted in the lower right panel.
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Figure 5.19: Correction parameters determined for the correlated one-hit intensity
distributions by linear fits in each of the 10 x 10 segments. These are used for the
correction of the intensity correlation distribution depicted in Figure 5.18.

COBRA Signal Intensity Correction

The COBRA signal assignment principle, described in Section 5.1.5.2, relies on
the correlation of the electrical pulse heights and light spot brightnesses. Spatial
inhomogeneities of the phosphor screen or the MCP gain can lead to variations of
the signal intensity correlation across the detector surface. These variations must be
first corrected according to the procedure described in Section 5.1.5.1. For the signal
intensity correction, only one-hit data are considered which can be unambiguously
assigned to each other. In Figure 5.18, the upper left graph shows the distribution of
all correlated one-hit signal intensities of the whole detector. The slope of the signal
intensity correlation appears to change across the surface which leads to a broad,
asymmetrically distorted correlation distribution. For the intensity correction, the
detector surface is segmented into n X n segments. For each segments the intensity
correlation distribution is fitted linearly and the spot brightnesses are normalized
accordingly. Figure 5.19 shows the resulting two-dimensional distribution of the
correlation fit slopes and offsets for a 10 x 10 segmentation. The correlation fit slopes
vary in a range from 0.95 to 1.24. The accordingly corrected intensity correlation
distribution is depicted in the upper right graph in Figure 5.18. The spread of
the signal intensity correlation distribution can be dramatically improved. Such a
correction can in principle be further improved by a finer segmentation. However,
at the given statistics of the presented dataset the biggest improvement is already
achieved with a 5 x 5 segmentation. By rotating the distribution by 45°, the signal
intensity correlation spread can be determined by a projection on the y-axis (see
lower two histograms in Fig. 5.18). The correlation spread of the one-hit data is
obtained by a fit with a normal distribution. The width of this distribution oy
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is then used as a basis for the acceptance level for the COBRA assignment, for the
identification of the valid signal permutations of pulse and spot signal intensities.

COBRA Event Validation Performance

For a multi-hit event, there are several possible permutations of pulse amplitudes
and spot brightness intensities from which only one is correct. As described in Sec-
tion 5.1.5.2, each permutation of the pulse and spot signal intensities is validated by
its correlation spread, defined in Equation 5.8, with respect to a constant acceptance
threshold o,. If only one signal permutation of pulse heights and spot brightnesses
is accepted by the threshold criteria, the event is assumed to be correctly identi-
fied. If all possible permutations are rejected, the event is invalid. If more then one
permutation passes the threshold criteria, the event is ambiguous.

In Figure 5.20, the ratios of valid, invalid and ambiguous events are shown for
different acceptance levels as multiples of the measured correlation spread of one hit
events described in the previous Section. The highest ratio of accepted events of
almost 80 % can be achieved with an acceptance level of about o, = 2.36 opi;, which
is about the full-width-half-maximum (FWHM) of the correlation spread. With
smaller acceptance levels, more events get rejected, with higher levels the number
of ambiguous cases increases. For this plot an additional filter on the arrival-time
differences of two hit events was applied. The time signals for shorter arrival-times
were distorted, as described later.

3D Fragment Imaging with COBRA Read-Out

As a test case for future DR experiments, dissociative electron capture reactions of
N5 with the residual gas molecules (see Equation 5.25) resulting in two neutral frag-
ments have been investigated. Such reactions were used to investigate the behavior
of the NICE detector system for near-coincident fragmentation events. The neutral
reaction products, created within the about 4.3 m-long section between the two 6°
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deflectors, were detected on the NICE detector (see Fig. 3.4, (2)). The fragment
imaging results, obtained with the COBRA read-out, are depicted in Figure 5.21.
The coordinates in pixels were calibrated to the outer dimensions of the detector.
For this, the detector was completely illuminated with photons from the UV LED
and a single picture of the detector was taken with the camera and analyzed. The
upper left and lower right histogram in Figure 5.21 show the distribution of longi-
tudinal and transversal fragment distances obtained from the measurements of the
electrical pulses and light spots, respectively. The two-dimensional histogram in
the lower left panel shows the correlated distribution analog to Figure 3.11. The
arrival-time signal is disturbed in a region up to 30 ns, which is highlighted in red
in the Figure and discussed later. The resulting distribution of fragment distances
is shown in Figure 5.22 together with some expected distributions for different ki-
netic energy releases. Here, the distribution of undisturbed data for arrival-time
differences greater than 30ns is highlighted in green. A limitation in the arrival-
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Figure 5.21: Measured distance distributions, analog to Figure 3.11, with two
neutral N product fragments originating from collision induced dissociation reactions
with the residual gas molecules. The upper histogram shows the distribution of
longitudinal fragment distances d, from the arrival-time measurement, the right
histogram the distribution of transversal fragment distances d observed with the
camera. The correlated distances are shown in the lower left panel. Critical arrival-
time differences smaller than 30 ns are highlighted in red.
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Figure 5.22: Derived absolute fragment distance distribution of the two N product
fragments originating from collision induced dissociation reactions with the residual
gas molecules. (a) shows the measured distribution while the green shaded his-
togram shows only data with uncritical arrival-time differences greater than 30 ns.
(b) shows expected distributions for different kinetic energy releases, given the 4.3 m-
long interaction section between the 6° deflectors.

time differences leads directly to a limitation of the kinetic energy releases that can
still be resolved. In this case it is advisable to stick with the conventional two-
dimensional imaging. All distributions are shown for distances in the range of the
physical dimensions of the detector of 120 mm. Most of the observed fragment dis-
tances are well below this value. Therefore, it can be assumed that most of the
fragments were indeed projected on the detector aperture despite the broad beam
profile. The long interaction zone leads to very broad fragment distance distribu-
tions as illustrated in in Figure 5.22b. The smooth tails towards larger fragment
distances in all distributions suggests a superposition of dissociations with many
different kinetic energy releases. For the given detector size the maximum kinetic
energy that can be fully projected on the detector for an ideally centered beam is
4.6eV. Given the broad beam profile, this limit is further reduced accordingly and
lead to losses towards larger distances.

As shown in Figure 5.21, the longitudinal fragment distance distribution seems
to be disturbed for small arrival-time differences. Figure 5.23a shows a histogram
of the arrival-time differences of two-hit events. The fraction of valid, invalid and
ambiguous COBRA events are highlighted in green, red, and blue, respectively. The
events were validated with an acceptance level of 3 oq,5. For arrival-time differences
smaller than 30ns, a large fraction of events is rejected, due to disturbances of

142



5.4 Operation at CSR

500~
400~
2] %) i
5 S 300 i
Q o L
o) o
200 J
100 U}E@ﬂ
R I B 1 0: | | | J
50 100 150 200 250 300 350 400 0 5 10 15 20 25 30
Arrival-time difference (ns) Arrival-time difference (ns)
(a) (b)

Figure 5.23: Distribution of arrival-time difference for two-hit events within a
arrival-time window of the first (a) 400 ns and of the critical (b) 30 ns. The fractions
of valid, invalid and ambiguous COBRA events are highlighted in green, red and
blue respectively.

the pulse amplitude of the second pulse. Figure 5.23b show the same distribution
with higher resolution in this critical region. The number of detected events shows
oscillatory fluctuations for different arrival-time differences with a time period of
about 5ns. This time period is similar to the delay of reflected signals observed
for single pulses as discussed before. This indicates a connection to the observed
reflections on the signal line observed in the pulse shapes (see Fig 5.16). The unipolar
ORTEC amplifier was identified as a possible source for these observed distortions.
The pulse shape was artificially shortened by the destructive interference with a
delayed and inverted signal. The additional introduced signal reflection may also
lead to positive signal amplitudes at the input of the amplifier which then cannot
be fully amplified by the ORTEC amplifier. They may cause some of the observed
signal distortions. Therefore, a linear amplifier was used for the second beamtime
which is described in the following.
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5.4.2 Cryogenic Operation

The CSR was first operated at cryogenic temperatures between March and Juli
2015. The beam-guiding vacuum chamber was first baked-out at about 180 °C and
the NEG pumps were activated. In this way, a significantly improved residual-
gas pressure of about 107! mbar compared to the first commissioning could be
achieved at room temperature. The CSR was then cooled down slowly to avoid
excessive temperature gradients, which could endanger the leak tightness of the
vacuum system. The beam-guiding vacuum chambers reached its final temperature
of ~ 5K after about three weeks. For this beamtime, a new LabView-based data
acquisition system has been implemented by O. Novotny , with similar components
as the acquisition system by Urbain et al.(see Sect. 5.2.4.2). It also uses a FPGA
electronics to control and synchronize all different sub-systems.

Ice Deposits on Infrared Filter

During the cool down of CSR, unfortunately, an ice deposit formed on all infrared
filters of the NICE detector and the beam profile monitors. During the progression
of the beamtime, these deposits accumulated further. For this reason, no imaging
could be performed with the NICE detector during the first cryogenic beamtime.
At the DESIREE facility |75] such deposits have been observed as well on some of
the fused silica infrared filter glasses. In their case, luckily, not on the one for the
detector [193]. These deposits are presumed to originate partly from water, as the
pipes of the water cooling system were open in vacuum after the bake-out and may
served as a water reservoir. However, even after the warm-up some residue remained
on the filter which suggests also other components.

An attempt to remove the presumed water ice deposit with microwave radiation
was without success. J. M. Labello estimated in his thesis about water ice deposits in
cryogenic vacuum [194] the required power density for infrared desorption of a water
cryo-deposit in vacuum using the 3 um O-H stretch band of water. The estimated
value of about 375 kW /cm ™3 is far to high for a practical implementation. Moreover,
the given condensation coefficient of water (see Fig. 1.15 in [194]) rises steeply to one
at a partial pressure of 107% Torr and a surface temperature of about 160 K. Below
this temperature any water molecule touching such a cold surface is expected to stick
to it. This transition temperature may also agrees roughly with the temperature at
CSR when the deposits were first recognized. No effective method could be found to
remove cryo-deposits in vacuum once they appear. The only viable solution seems
to be to avoid the formation of such deposits in the first place.

The holders of the infrared filters are thermally anchored on the outer radiation
shield. Each filter glass surface is directly exposed to one of the few openings where
probably most of the gas inclusions in the Mylar superinsulation foil are pumped.
Therefore, the holder of all filters must be redesigned. The infrared filters of the
DESIREE are shielded by extended tubes [193]. This may also help in our case to
reduce the gas flow above the filter glass surfaces. Furthermore, the filter glasses
may only be weakly thermally coupled or even decoupled from the outer radiation
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shields. By keeping each filter warmer than its environment during a CSR cool
down, most of the gas should preferably condense or re-sublimate first on other
colder surfaces. In the end, it still needs to cool down to the temperature of the
shield in order to protect the inner chamber from too high radiative heat transfer.

Electrical Signal

The unipolar ORTEC amplifier, used during the first commissioning beamtime, was
identified as a possible source for disturbances of the pulse amplitudes of consecutive
signals with arrival-time differences below 30ns. These disturbances practically
inhibit the COBRA signal assignment. For the second beamtime, a bipolar signal
amplifier (Stanford Research SR445) was used with a bandwidth of 350 MHz. This
amplifiers has four cascadable amplifier stages from which only the first two with a
total gain of 25 were used. The input impedance was set to 500 €2, as the signal line
is not specifically designed for a 50¢2 impedance and this way larger pulses could
be obtained. Figure 5.24 shows a typical pulse waveform, which was optimized at
room temperature. The pulses are broader compared to the pulses achieved with
the ORTEC setup. The pulse FWHM now agrees with the unamplified waveform
in Fig. 5.16. However, even the use of this linear amplifier could not eliminate these
signal disturbing effects. Some attempted changes of the signal decoupling box were
also without success. Future optimizations of the signal transmission properties will
require an improved impedance matching of the whole signal line in order to reduce
the observed reflections. The copper feedthrough may be exchanged by stainless
steel feedthroughs to avoid transitions between different material. A shielding of
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Figure 5.24: Typical pulse waveform of 25keV neutral particle obtained during
beamtime 2015 at room temperature measured with Stanford Research SR445 am-
plifier.
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the wire may help to achieve a more defined impedance of the signal line to match
with the signal amplifier. However, it is challenging to implement as it needs to
allow a high voltage in the order of 10kV and, especially, the heat flow towards the
inner parts of CSR needs to be avoided.

MCP Cool Down and Heating

The resistance of the used MCPs was characterized in a temperature range of 20
to 70 K before the detector was installed at CSR. As the resistance shows a strong
temperature dependence, it is possible to infer the MCP temperature from its resis-
tance (see Sect. 5.3). During the cool down of the first cryogenic commissioning of
CSR, the resistance was monitored on a regular basis and compared, with the CSR
chamber temperature as a reference, to the values determined during the calibration
measurement. These results are presented together with the temperature calibration
in Section 5.3. As the CSR reached its final temperature after the cool down, the
Rhodium-Iron temperature sensor attached to the chamber of the NICE detector
showed a temperature of about 4 to 5 K. At these temperatures, the MCP resistance
was in the order of a few 10 T€). From this resistances a temperature of about 5K
can be inferred, which is in good agreement with the temperature displayed by the
Rhodium-Iron sensor attached to the according CSR chamber.

At the very lowest temperatures below 10 K, the pulses amplitudes were signif-
icantly smaller. The MCP was heated analog to the cryogenic tests, described in
Section 5.3. Figure 5.25 shows the evolution of both the MCP resistance and the de-
duced MCP temperature in time as it is heated with a power of 48 mW starting from
a temperature of about 5K. This heating power leads to an elevated temperature
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Figure 5.25: Time evolution of the MCP resistance (a) and the deduced temper-
ature (b) while heating the MCP with a power of 48 mW starting from the coldest
temperature at CSR. As the MCP temperature is increased by 10 K, the resistance
decreased by about two orders of magnitude in the 100 G{2 region.
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by about 10 K while the resistance was reduced by about two order of magnitude in
the 100 G2 region. The temperature evolution can be estimated with the exponen-
tial saturation function given in Equation 5.24. The resulting heating time constant
of about 1.1hours is similar to the value of 1.05hours determined during the first
cryogenic test with a heating power of 52 W starting from about 26 K.

Pulse Amplitude Spectra during Cool Down

Pulse amplitude spectra for neutral 60-keV Ar and 30-keV N particles were mea-
sured on a regular basis during the cool down of CSR. Figure 5.26 shows some of
the measured pulse amplitude spectra obtained for neutral particles originating from
collisions with residual gas molecules. The pulse amplitude spectra at 188 K and
101 K are from N, the others from Ar particles. The MCPs were always operated
with about (1766 £ 1)kV on the front and 0V on the back electrode. To com-
pare their overall shape, the spectra are normalized to their total number of counts
and shifted by the temperature of CSR. Given the different signal rates, the dark
count contributions may vary. The pulse amplitude distributions appear to shift
towards larger amplitudes at lower temperatures. At the coldest temperatures of
CSR, the residual gas pressure improved so much, that no neutral particles produced
by collisions with residual-gas could be detected any more on the NICE detector.

250

CSR

K

N

o

o
IIII|IIII'
IIII|IIII

150

100

Normalized Counts + T

50

08 06 -0.4 -0.2
Pulse amplitude (V)

'
I
N
[y
o

Figure 5.26: Pulse amplitude spectra measured during the cool down of CSR.
The spectra at CSR temperatures of 188 K and 101 K were obtained from neutral
products of a 60 keV-N3 beam, the others from a 60 keV-Ar™ ion beam. The spectra
are normalized to their number of total counts in order to compare their shape as
the signal rate varied between the measurements. This leads to different dark count
contributions.
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Figure 5.27: Pulse amplitude spectrum at an MCP temperature of about 30 K.
The pulse amplitude spectra (a) of 60keV OH (black line) and MCP dark counts

events (gray line) could be separated by a temporal discrimination on the signal
induced by the pulsed OPO laser (b, green lines).
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At these temperatures neutral particles could only be observed by laser induced
photodetachment or photofragmentation reactions.

Pulse Amplitude Spectra at Cryogenic Temperatures

The change of the pulse amplitude distribution with temperature of the MCPs below
60 K was investigated in a measurement series via the photodetachment signal of
a stored OH™ ion beam produced with the pulsed OPO laser. The OPO laser,
described in Section 3.1.5, was operated at 632.8 nm with about 500 pJ/pulse. This
ion was later also investigated with the NICE detector in one of the first showcase
experiments at CSR (see Sect. 3.1.5). Within the same measurement series, further
comparison measurements with the COMPACT detector were performed which are
described later.

For these pulse amplitude measurements, the NICE detector was first warmed up
with the heating element described in Section 5.2.2.3 to an elevated temperature
of about 58 K with a heating power of about 360 mW. After the MCP resistance,
and thus, the MCP temperature stabilized, the heating was turn off. While the
NICE detector was cooling down to the ambient temperature of the CSR chamber,
the rate of neutral OH particles produced by photodetachment was measured as
a function of storage time for 600s. In the last 20s, the ion beam was dumped
to measure the detector background rate directly. After each short laser shot, the
neutral products generated in the interaction region arrived at the detector in a time
window of about 0.5 us (see Fig. 5.27b). The data acquisition is triggered by the
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Figure 5.28: The left panels shows the pulse amplitude spectra of 60keV OH
at temperatures below 60K measured with the pulsed OPO laser. The spectra
are, analogous to Fig. 5.27, discriminated on the laser induced signal. The spectra
are normalized to their total count number and shifted by the respective MCP
temperature. The right panels shows the fit maximum positions and widths, from
the normal distribution fits (red lines), for different MCP temperatures. The spectra
at about 14 K and 20 K, highlighted in green, are measured with a reduced operation
voltage, as the pulses got too large for the amplifier. The maximum positions of
these measurements for the same settings were estimated from other measurements
and are indicated by vertical bars. The spectrum at 6 K was measured the next day.

laser, so that it is possible to discriminate the laser induced particle signal in time.
The discrimination time window was set to a range from 13.5 x 107%s to 16 x 107 s,
By such a discrimination the background can be effectively suppressed by a factor
of about 10° and signal rates even far below the dark count rate can be investigated.
This is shown in Figure 5.27 with the pulse amplitude distributions of particle and
MCP dark count events at an MCP temperature of about 30 K. These spectra are
normalized to their acquisition time.

Figure 5.28 shows all acquired pulse amplitude spectra of particle events normal-
ized by their total number of counts and shifted by their respective MCP tempera-
tures inferred from the MCP resistance. In order to characterize the change of the
pulse amplitude distributions, the spectra were fitted with normal distributions (red
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lines in Figure 5.28). The spectrum at 6 K was measured the next day and cannot
be well reproduced by the normal distribution fit. For all other distributions the
statistical uncertainties of the derived maximum positions of the distributions are
well below 1 %, for the distribution widths below 1.6 %. The values for the maximum
positions and widths of the distributions for the different MCP temperatures are de-
picted in the same Figure on the right side. The spectra and data points highlighted
in green were measured with a reduced MCP operation voltage of 1740kV instead of
1767kV, as the amplitude amplitudes, in fact, got too large for the amplifier in this
temperature range. The maximum positions for the same settings were estimated
from other measurements and are indicated by vertical bars. The given uncertainty
of the MCP temperature is estimated from the temperature difference during each
measurement inferred from the MCP resistance. Furthermore, the uncertainty of the
temperature calibration is estimated with 10%. Not included are the estimations
from the temperature profile calculations in Section 5.2.2.3, as these are only based
on a thermal conductivity value for room temperature. These calculations suggest
for a heating to 55K a temperature difference at the center of the MCP of 8 K.
While these spectra were not measured under equilibrated thermal conditions, they
agree qualitatively with other later measurements with MCP temperatures above
15K.

While the MCP was cooling down, the widest pulse amplitude distribution was
effectively achieved at around 20 K. Around 10K, the pulse amplitude distribution
rapidly shifted and deformed towards lower pulse amplitudes. This is a clear indi-
cation of charge depletion. Given the large resistance at these temperatures, the
microchannels cannot be recharged fast enough. During the later experiments the
NICE detector was typically heated to temperatures in the range from 20 K to 30 K.

Rate-Dependent Charge Depletion

The charge depletion of the individual microchannels depends, besides their recharg-
ing properties, on the rate of detected particles. This was, for example, observed in
a lifetime measurement of OH™ with the photodetachment signal using the HeNe
cw-laser (see Sect. 3.1.5) at 632.8 nm. Figure 5.29 shows the evolution of the pulse
height with storage time while the MCP was heated to about 20 K. With count
rates of about 700s~! in the beginning, the pulse height spectrum is strongly shifted
towards lower amplitudes and has its maximum around 0.4 V. With longer storage
times and, accordingly, decreasing count rates the pulse amplitudes recover again.
This is an indication that the available charge in the microchannels is, in the be-
ginning, depleted to fast by consecutive particle impacts. The electrical pulses are
recorded with a waveform digitizer which only records pulses with amplitudes above
a certain threshold. As the pulse height spectrum is shifted below this threshold,
the detected counts rates are reduced. This can be observed in this case for the mea-
sured lifetimes for storage times below about 100s. If this behavior is characterized
in more detail, it may be possible to compensate for this effect by an appropriate
higher order analysis. The first experiments were performed with particle rates of
only a few 100s™! for which no charge depletion effects could be observed.
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Figure 5.29: Pulse amplitude evolution (a) with storage time and, according to
the beam decay, different detected count rates (b) at cryogenic temperatures. The
MCP was operated at about 20 K. The beam lifetime is measured with the CW
laser induced signal. At higher rates the pulse height distribution is shifted towards
lower values.

Comparison Measurements with COMPACT Detector

To investigate whether the detection efficiency of the NICE detector was preserved
operating at cryogenic temperatures, a comparison measurement series was per-
formed with the COMPACT detector. The COMPACT detector is designed and
tested for particle counting efficiencies of almost 100 % even under cryogenic con-
ditions [125|. This measurement series was performed in between the previously
described measurements with an OH™ beam and the OPO laser where the MCP
was first heated to about 58 K and then cooled down to the ambient temperature
of the CSR chamber. In this case the photodetachment signal from a HeNe cw-
laser at 633nm was used (see Sect. 3.1.5). For the comparison measurements, the
COMPACT detector was positioned such that it covered half of the surface of the
NICE detector. The beam-profile was measured before by detecting the rate on
the COMPACT detector for different positions. The resulting beam full-width-half-
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Figure 5.30: lon beam lifetime of an OH™ beam measured with both the NICE and
COMPACT detectors simultaneously. In this case, the temperature of NICE inferred
from its resistance was at about 17K. The COMPACT detector was positioned
such that it covered half of the NICE detector and measured at the same time. The
apparent differences in the curve slope is given by the high dark count rate of the
NICE compared to COMPACT detector

maximum (FWHM) of about 20 mm corresponds to the width of the aperture of
the COMPACT detector. By shifting the COMPACT by about half of the FWHM,
both detectors were exposed to a comparable flux of neutral particles emerging from
the laser interaction section. Although equipped with an MCP heating as well, the
COMPACT detector did not exhibit any depletion effects at particle count rates be-
low about 2000s~! even at the lowest temperature of 5 K. Hence, the temperature
could be kept constant during the cool down of the NICE detector.

As an example, Figure 5.30 shows the measured rate on both the NICE and COM-
PACT detector versus storage time. For this measurement the NICE detector had
a resistance suggesting a temperature of about 17 K for which it showed among the
broadest pulse height distributions. Both rates R were fitted with an exponentially
decaying function

t
R = Ryexp (—;) + Rog (5.26)

with a constant term for the dark count rate R,s measured with the ion beam turned
off. The first error is the statistical error from the lifetime fit. The second error was
determined from the difference of two lifetime fits where the value for the background
was fixed to its minimum and maximum values including its uncertainty. Consider-
ing their respective dark count rates, both detectors showed in fact about the same
particle rate and an ion beam lifetime which is consistent within its uncertainty.
Figure 5.31 shows the ratios of the averaged rates obtained during these lifetime
measurement. The NICE MCPs were first heated to about 58 K. After the heating
was switched off, these lifetime measurements were performed while the detector
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Figure 5.31: Mean rate ratio measured with the NICE and COMPACT detector,
while the NICE detector was cooling down. The COMPACT detector was positioned
such that it covered half of the NICE detector. The two red data points were
obtained with a lower operation voltage of NICE as the pulses got too large for its
signal amplifier.

was cooling down. The error bars indicate the variations of these ratios within each
lifetime measurement. Analogous to the OPO measurements, the two data points
at about 15 and 17K were measured with a lower operation voltage, as the pulse
height spectrum did in fact got too large for the signal amplifier. The increase of
the relative detected rate for lower operation voltages with the NICE detector may
be a sign of a saturation of the signal amplifier before. While one cannot derive a
conclusive value for the detection efficiency from these measurements, they suggest,
that the counting efficiency of the NICE MCPs is still preserved at temperatures as
low as about 15K for sufficiently low particle rates.

The advantage of the COMPACT detector for these kind of continuous lifetime
measurements is its much lower dark count rate of about 0.1s~! compared to dark
count rates in the order of a several 10s~! of the NICE detector. The dark count rates
of MCPs are believed to originate mainly from beta-decay of “°K [153] embedded in
the glass substrate and, therefore, scale with the volume of the MCP. The MCPs
of the COMPACT have a much smaller diameter of 18 mm compared to the NICE
detector with a diameter of 120 mm Together with the much lower MCP resistance
(~ 200 GS?) this leads to a significantly larger dynamic range of the COMPACT
detector.

In contrast, the anode signal line of the movable COMPACT detector is much
longer and of lower quality than that of NICE. It was also not designed for near
coincident particle hits and is characterized by much broader anode pulse shapes.
Furthermore, its bent converter electrode leads to variations of the time-of-flight
depending on the altitude of the impacts on the converter electrode. Hence the
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NICE detector was much more useful in experiments on photodetachment in a pulsed
laser beam, with multiple impacts of a few tens of particles on the detector in a time
window of typically a few 100 ns. This allowed measurements with higher signal rates
compare to COMPACT detector.

The absolute detection efficiency of MCP detectors can be measured precisely by
coincidence measurements of molecular dissociation reactions with, e.g., both neutral
and charged fragments similar to the more recent studies with keV-energy particles
by Takahashi et al. [195] or Gaire et al. [196]. At CSR, both neutral and charged
products can be detected in coincidence with the NICE and COMPACT detectors,
respectively. In order to collect all charged fragments with the COMPACT detector,
a more narrow ion beam is required. Such a narrow, cooled ion beam will become
available at CSR once the electron cooler becomes operational.
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5.5 Summary and Outlook

A multi-coincidence imaging detector for neutral reaction product particles has been
developed, tested and used for the first experiments at CSR. This so-called NICE de-
tector is an MCP based detector with phosphor screen anode which can be operated
at cryogenic temperatures. It employs the new COBRA read-out which facilitates
three-dimensional imaging of neutral fragmentation products.

During the first commissioning of CSR at room temperature, the NICE detector
was tested and optimized for the COBRA read-out scheme. In the second cryogenic
beamtime of CSR the detector was used for first fragmentation experiments. After
its first cool down, the CSR reached temperatures of about 5 K. Although operation
of an MCP is challenging at cryogenic temperatures, the MCPs of the NICE detector
operated successfully thanks to a heating element which could be used for localized
heating of the detector. Hence, the NICE detector could be used successfully as a
fast counter for nearly-coincident neutral products in the first CSR beamtimes.

The shape of the pulse height distributions of the MCPs does not change sig-
nificantly with temperatures down to about 15 K. In fact, the pulse height spectra
tended to shift towards higher amplitudes till MCP temperatures of about 20 K. Be-
low this temperatures the signal amplitudes degraded and were not usable any more
below 10 K. This behavior indicates a strong charge depletion in the microchannels
due to its high resistance at these temperatures which inhibits a recharging of the
individual microchannels. Using the heating element of the MCPs, the detector was
operated most of the time at elevated temperatures between 20 and 30 K without
affecting the temperature of the surrounding CSR chambers to more than 2 K. Fur-
thermore, a rate dependent charge depletion could be observed for particle rates of
several 100s™!. This limits the dynamic range of detectable particle count rates.
However, in the experiment with the pulsed OPO laser it was possible to discrimi-
nate on the laser induced signal in time-of-flight, by which the background could be
suppressed by a factor of 10° to 106.

First preliminary comparison measurements with the COMPACT detector indi-
cated, that the NICE detector still has a good counting detection efficiency even at
cryogenic temperatures down to 10 K.

During the cool down of CSR, the infrared filter on the outer radiation shield
became opaque due to ice deposits on its surface. This will require a redesign of the
filter holder for which possible constructive countermeasures have been discussed in
Section 5.4.2.

The pulse shapes of the fast electrical signals decoupled from the phosphor screen
high-voltage line indicated some considerable reflections on the electrical signal line.
The analysis of two-hit events showed, that these kind of reflections disturbed the
amplitude of consecutive pulses with arrival-time differences below 30 ns which dis-
turbs also the COBRA event recognition in this time period. The use of a bipolar
instead of a unipolar signal amplifier could not resolve this issue. Therefore, the
electrical transmission properties of the signal line need to be further improved.
Alternatively, the use of an optical timing read-out can be considered.
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The NICE detector was already used as a fast counter of nearly-coincident neutral
products for the first physical experiments at CSR with an pulsed OPO laser (see
Sect. 3.1.5) and will be used for DR experiments in combination with the upcoming
electron cooler.
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This work has reported on experimental studies of molecular fragmentation which
have been conducted at the former Heidelberg storage ring TSR, and on preparations
regarding a continuation of these experimental techniques at the new cryogenic CSR
setup.

The DR process of the sulfur hydride cation SHT with electrons has been exper-
imentally investigated at the TSR ion storage ring at a well-established merged-
beams setup for electron-ion collision studies. In two different measurements, the
merged-beams DR rate coefficient and the product state branching ratios have been
determined.

In astronomical observations, the signatures of this ion are, for example, used to
probe turbulences in interstellar media. However, the observed abundances have
been significantly underestimated in the model calculations. In view of the astro-
physical model calculations, a thermal plasma rate coefficient was derived from the
rate coefficient obtained in this work. The deduced plasma rate coefficient differs
from the typically assumed rate coefficient in both the amplitude and the depen-
dence on the plasma temperature. It falls below the plasma rate coefficient used
in the models at temperatures above 50 K, which is relevant for higher SH* abun-
dances in ISM. Using our new data in the models will lead to a lowering of the
SH" destruction rate and thus an increase of the modeled SH* abundance. This
will result in an at least partial lowering of the discrepancies between observed and
modeled SH™ abundances.

Furthermore, SH* has been investigated with the neutral fragment momentum
imaging technique at near-zero electron-ion collision energy. This measurement was
complicated by the fact that most of the light hydrogen fragments missed the detec-
tor due to the large mass ratio of the constituents of this molecule and the limited
ion beam energy at TSR. Only for one highly excited product state, both fragments
could be detected and the according kinetic energy release could be determined di-
rectly. Based on the well known excitation energies of the product channels, the
reaction energy could be derived. The obtained value agrees within its uncertainty
with the derived reference values. In fact, the obtained value can be used to derive
a more precise value for the proton affinity of sulfur.

As part of this work, a new method has been developed to determine the branching
ratios of the different DR product excited states by the available imaging data of
only the heavier fragments, in this case sulfur. Given the well-cooled ion beam, it
was possible to extract a distance spectrum of only the heavier sulfur fragments
with respect to the center-of-mass of the beam. This spectrum could then be fitted
with the relative amplitudes of model distributions for the different product excited
states to determine the branching ratios.

157



6 Conclusion and Outlook

All these experimental results on DR of SH serve as an important reference for
ongoing theoretical investigations which are in a preliminary stage [41,42]. The rate
coeflicient predicted by theory is still almost two orders of magnitudes too low.

In the second part of this work, experimental DR studies have been prepared
for the CSR ion storage ring by developing a multi-coincidence position- and time-
sensitive detector for neutral reaction products. In consideration of all the technical
and experimental requirements, the main challenges stemmed from the cryogenic
operation temperatures and the, in comparison to TSR, much lower ion beam en-
ergies. For the first CSR experiments an MCP-based imaging detector system has
been implemented. Different position read-out systems were considered and partly
simulated. Finally, an MCP detector with a phosphor screen anode was imple-
mented - the NICE detector. The COBRA read-out scheme, developed by Urbain
et al. [172], is used for this detector, enabling a three-dimensional imaging of the
dissociated fragments. The independent and complementary measurements of both
the transversal position and longitudinal arrival-time ensure a fragment distance
determination with high accuracy for all molecular orientations.

The NICE detector was tested and optimized for the COBRA read out scheme
during the first commissioning of CSR at room temperature. In the second cryogenic
beamtime of CSR, the detector was already used for first fragmentation experiments.
After its first cool down, the CSR reached temperatures of about 5 K. Although
operation of an MCP is challenging at cryogenic temperatures, the MCPs of the
NICE detector operated successfully thanks to a heating element which could be
used for localized heating of the detector. Hence, the NICE detector was used
successfully as a fast counter for almost coincident neutral products in the first CSR
beamtimes.

In the NICE detector, the electrical pulses created by the electron clouds emerging
from the MCPs on the phosphor screen anode are used as a timing signal. With
the realized signal decoupling circuit, short electrical pulses with a width of about
6 ns have been achieved, which already provides a good foundation. An obstacle
during the first cryogenic operation was ice deposits re-sublimating on the sapphire
infrared filter which prevented any imaging measurement. In view of the foreseen
fragment imaging measurements, this issue will have to be solved. The appropriate
constructive measures are ongoing to address this issue. A fully optical read-out
scheme of the NICE detector with a fast segmented photomultiplier could be realized
as a future upgrade.

In the near future, CSR will be complemented by the electron cooler required
for the merged-beams DR reaction studies. In combination with the cryogenic en-
vironment this will provide unique opportunities for experiments with internally
deexcited and phase-space cooled ion beams. Interestingly, the situation encoun-
tered in the TSR studies of SH, during which the light hydrogen fragments missed
the detector aperture in most cases, will be common in future CSR experiments.
Hence, the heavy-fragment imaging technique developed in this work will be crucial
for future investigations at CSR. Moreover, an energy- and position-sensitive micro-
calorimeter detector is being developed [159]. This will be placed behind the NICE

158



detector, which will receive a central hole for the heavier dissociation products to
reach the micro-calorimeter. This detection system will expand the capabilities of
the DR studies at CSR, especially for heavier and more complex systems.
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A Appendix

A.1 Numerical Methods used for Heavy Fragment
Imaging

In the following, the numerical methods used for the generation of the distance-
from-beam-center model distributions of the heavy fragment (see Sect. 4.4.3) are
described in more detail.

A.1.1 Numerical Sampling of Model Distributions

The distance distribution PS of, in this case, sulfur hits needs to be numerically
convoluted with the measured beam profile. For this, a random sample of distances
dg distributed according to PS) is required. This could, in principle, be generated
directly by randomly sampling the inverse cumulative distribution function, also
known as quantile function. Unfortunately, the expression of P? is too complicated
for a straight forward inversion. A widely used numerical approximation is the Monte
Carlo integration method, which can approximate any distribution with arbitrarily
high accuracy. In this case it involves the following steps:

d

1. Generate random radius 7 € [0, rpax] With rpa = §

2. Generate random probability density p € [0, Pmax] With Dmax = PS5 (6, Limax)
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Figure A.1: Schematic illustration of Monte Carlo integration method used for
the generation of a set of random numbers distributed according to P,(ds). The
Monte-Carlo selection process is shown on the left, the according histogram on the
right side.
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3. If p < P3(r) accept r

This method is not very efficient in this case, as the distribution P° is quite narrow
and most of the generated values are rejected (see Fig. A.1). In order to optimize
the computation time, the range of randomized values was set to the maximum of
possibly occurring values 0, Ly, according to Equation 3.27 and 3.35.

A.1.2 Numerical Convolution of the Calculated Distance
Distribution with the Beam Profile

Following the definitions in Section 4.4.3, the convolution of the both two-dimensional
distribution of DR distance-to-event-centers P> and the beam center-of-mass distri-
bution f., can be performed numerically by randomly sampling coordinates from
both distributions following their probability density. The sampled values added to-
gether represent a random value of the desired convolved fragment-to-beam-center
probability distribution PS. Specifically, as the beam profile is evaluated only in
the radial dimension (see Fig. A.1) one has to randomize the missing coordinate,
the angle. Here an uniform distribution {0,...,27} is used. In principle, this is
also true for the distance distribution. The numerical convolution was carried out
as follows:

1. Get random DR hit distance dg distributed according to the model distribution
PS (see previous section),

2. Get random distance d¢gy, from experimentally measured center-of-mass dis-
tribution feur

3. Generate random angles pg, ooy € {0, ..., 27}

4. Calculate impact coordinates on the detector with respect to the beam center

x%M = ds cos(ps) + donm cos(pom)

y%M = dg sin(ps) + dev sin(penr)

5. Store convolved distance of the heavy sulfur fragment with respect to the
center-of-mass of he beam in histogram

B =\ (@80)° + (5’ (A1)

As both angles are randomized by a uniform distribution, one angle randomization
is obsolete and can be skipped in the numerical implementation of this procedure.
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A.2 Delay-Line Monte-Carlo Simulation Alogrithm

A Monte-Carlo simulation of a DR experiment at CSR has been conducted in order
to investigate possible issues using a MCP detector with an delay-line detector.
The simulation program is written in C+-+ facilitating the ROOT library from
CERN [177]. Each logical element was described by its own class. In the following
the classes are briefly described in the order of their execution.

1. MBEvent: Generate merged-beams event

Generate random position within the merged-beams interaction section
considering a Gaussian beam profile and a certain target length

Calculate mean collision velocity.

Generate random electron velocity in the center-of-mass frame assuming
a Gaussian-distributed transversal and longitudinal velocity spread for
all three degrees of freedom.

Calculate collision energy

Generate random isotropic molecule orientation (collision angle )
Generate random molecule rotation (collision angle ¢)

Apply angular anisotropy

Randomize the kinetic energy releases according to the branching ratios
of the different dissociation channels

Add rotational excitation to kinetic energy releases
Add collision energy to kinetic energy releases
Calculate fragment velocities

Calculate fragment coordinates at the detector position

2. MDLDetector: Simulate detector response

a)

b)

c)

Remove electron clouds which miss the detector surface or are lost due
to MCP efficiency

Calculate attenuation of the electron cloud intensity for lower delay-line
layers

Hit wires
i. Calculate time delay till both wire ends

ii. Propagate signals by sorting them by their arrival time

3. MDLElectronics: Simulate detector electronics

a)
b)

Discriminate signal by removing signals below given signal threshold

Digitize signal amplitude according to 8 bit-ADC of given range
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¢) Remove signals within dead time tgeaq

d) Add Gaussian signal jitter

4. MDLAnalysis: Analyze detector signals
a) Identify signal combinations (two different algorithms)

i. By time sum with respect to MCP signal: Test all combinations of
MCP pulses and the timing signals from the wire ends A and B of
all layers [. If the time sum

() + () = 2 (twrep() +th) — toum < Ot (A.2)
is within the acceptance window ot of the expected time sum save

signal index values.

ii. By time sum of delay-line signals with respect to signal permutations:
Test all combinations of timing signals from the wire ends of all layers.

3 C) + ()] = [EA0) + t5()] - 2[tg" — 5] < ot (A.3)

iii. Save only best combinations
b) (Optional) Reconstruct missing MCP signal

¢) (Optional) Reconstruct missing Delay-Line signals

)
)

d) Assign signals to hits
) C

alculate hit coordinates
For the two pulses at both ends of a delay-line wire caused by a fragment
hit the coordinate for one dimension perpendicular to the wire windings
can be reconstructed. The coordinate can be derived from the pulse time
difference At,. at both ends of the wire.

€

[)Z(tA — tB) = I(Ate) (A4)
This gives the position of the fragment hit with respect to the center of
the area covered by the delay-line wire. The absolute position of the hit

on the wire / wire length for the signal to propagate with respect to wire
end A is given by

1
ZA(Ate) = 5 (vsignalAte + L) : (A5)

f) Reconstruct hit positions
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A.3 MCP Specifications

The two MCPs used for the NICE detector were manufactured by PHOTONIS and
were retrieved by Scientific Instruments. They have the following specifications:

Table A.1: Mechanical specification of microchannel plates.

MCP front back
Serial number 09MO0018-17 11MO0023-28
Outer diameter 127 mm

Active diameter 120 mm

Channel diameter 25 pm

Center to center 32 um
Thickness 1.5 mm

L/D ratio 60:1

Bias angle 8°

Border rimless

Open Area Ratio 65 % 58 %
Type Extended Dynamic Range

According to the specification sheet the bias current of the two microchannel
plates only matches within 10 % for a high voltage applied. If the two microchannel
plates are directly attached to each other, there will be a larger voltage drop over
MCP 1 with the higher resistance. Although the amplifications differ by one order
of magnitude for the same voltage, this uneven voltage drop should equalize the
difference in amplification.

Table A.2: Electrical specification of the microchannel plates.

MCP Voltage Bias current Gain

(kV) (uA)
front 0.9 540 1.0 x 10*
back ’ 620 2.0 x 10°
front 1.9 740 5.8 x 10°
back ’ 780 5.2 x 106
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A.4 Resistance-Temperature Calibration Data

Table A.3: Measured values of temperature-resistance calibration described in Sec-
tion 5.3.

P TMCP RIMCP R‘(T)

(mW) (K) (€2) R(298K)
0 2979413 (3.67 £ 0.02)x10° 1
668 725403 (1.60 £ 0.02)x108 44
484 50.7+£1.2 (7.15 + 0.06)x 10 195
357  42.1+1.7 (1.53 4 0.04)x10° 417
242 30.6+£0.9 (6.19 & 0.01)x10° 1687
121 237413 (195 + 0.03)x10"° 5309
0 192437 (3.83 £ 0.03)x10° 10584

166



A.5 Flap Mechanics Procedures

A.5 Flap Mechanics Procedures

Figure A.2 to A.5 show schematically the opening and closure procedures of the
shutter and mask drive mechanics of the NICE detector. Figure A.2 contains a
more elaborate description of the scheme itself.
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Force closure Force closure
Start fork shutter
0°0°0° 15°0°0° 30° 15°0°

Equilibrium position Shutter freefall Shutter closure

60° 45°30° 60° 45° 60° 60° 75° 90°

Decouple fork Decouple fork Decouple bar
90° 75° 90° 105° 90° 90° 90° 90° 90°

Figure A.2: Schematic illustration of shutter closure procedure. The other proce-
dures are shown in the Appendix A.5. The shutter flap in the experimental vacuum
chamber is indicated as a blue line. On the isolation vacuum side of the rotary
feed-through, a bar with a counter weight is mounted, which is also highlighted in
blue. The fork drive mechanics, highlighted in green, is thermally anchored on the
40 K shield. The fork is moving the inner feed-through has a lighter shade than the
fork moved by the outer feed-through. The bar on the outer axis is in highlighted in
red. The angles of the rotation of each element with respect to the starting position
are given in the according colors on top of each diagram. In addition the angles are
indicated by areas in the according colors.

168



A.5 Flap Mechanics Procedures

Force closure Force closure
Start fork shutter
0°0°0° -15°0°0° -30° -15°0°

Equilibrium position Shutter freefall
-90° -75° -60° -90° -75° -90°
N\
®
Decouple fork Decouple bar
—105° -90° -90° -90° -90° -90°
\
= ==

Figure A.3: Schematic illustration of shutter opening procedure, analog to Fig-
ure A.2. The shutter falls into the final position by itself over an angle of about
30°.
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Force closure

Start fork
0°0°0° 15°0°0°

Equilibrium position Mask freefall

45°30° 15° 45° 60° 75°

Decouple fork Decouple fork
90° 75° 90° 105° 90° 90°

Force closure

shutter

30°15°0°

Mask closure

60° 75°90°

Decouple bar
90° 90° 90°

Figure A.4: Schematic illustration of mask opening procedure, analog to Fig-
ure A.2. The mask has a freefall angle of about 60°. The last 15° it can be gently

put into the final position over another 15°.
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Force closure Force closure
Start fork shutter
0°0°0° -15°0°0° -30° -15°0°

Equilibrium position Mask freefall Decouple bar
—105° -90° -75° —-105° -90° -90° -90° -90° -90°

Figure A.5: Schematic illustration of mask closure procedure, analog to Figure A.2.
The mask has a maximum freefall angle of about 30° between the equilibrium posi-
tion and the final position.
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