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Elektronenrekombinationsexperimente mit rotationsgekiihlten, deute-
rierten dreiatomigen Wasserstoff-Molekiilionen im kryogenen Speicher-
ring CSR

Die vorliegende Arbeit zielt auf das Verstdndnis der Dissoziativen Rekombina-
tion von Elektronen mit deuterierten Isotopologen des dreiatomigen Wasserstoft-
Kations HoD' und DoH™ im kryogenen Speicherring CSR am Max-Planck-Institut
fir Kernphysik ab. Innerhalb des CSR wurden Elektronen— und Ionenstrahlen
iiberlagert und somit Kollisionsexperimente zwischen Ionen und Elektronen un-
tersucht.

Die Molekiilionen wurden bis zu 1000 s im CSR Strahlungsfeld bei Temperaturen
T < 10 K gespeichert. In dieser Zeit kiihlen gespeicherte Ionenstrahlen in ihren
inneren Freiheitsgraden, so dass nur eine geringe Anzahl bekannter Rotation-
szustande verblieb. In dieser Arbeit wird ein Modell zur radiativen Kiihlung der
inneren Freiheitsgrade mithilfe von umfassenden Daten zu molekularen Energien-
iveaus erstellt. Dariiber hinaus beschreibt das Modell Kiihleffekte iiber inelastis-
che Stoe mit Elektronen und durch selektive Entvolkerung von Zusténden durch
Elektronenrekombination.

Der experimentelle Teil dieser Arbeit widmet sich der Untersuchung von Dissozia-
tiver Rekombination von rotationsgekiithlten HoD™ und DyH* Ionen im Bereich
relativer Kollisionsenergien von ~(0-14eV'. Die Ergebnisse werden mit aktuellen
theoretischen Berechnungen von rotationsabhéngigen Wirkungsquerschnitten ver-
glichen. Aus den experimentellen Ratenkoeffizienten der Reaktion werden Plas-
maratenkoeffizienten berechnet und mit Schatzwerten verglichen, die in der Liter-
atur fiir die Modellierung chemischer Reaktionen in interstellaren Molekiilwolken
verwendet wurden.

Electron recombination of rotationally cold deuterated triatomic hy-
drogen ions at the Cryogenic Storage Ring

The work presented in this dissertation describes the ongoing efforts aimed to-
wards understanding the Dissociative Recombination by electrons of the deuter-
ated isotopologues of the triatomic hydrogen cation — HoD* and D,H™ — inside
the Cryogenic Storage Ring (CSR), located at the Max Planck Institute for Nu-
clear Physics. The facility is equipped with a merged electron—ion beams setup,
that permits the investigation of ion—electron collisions.

The molecular ions were stored for up to 1000 s in the CSR environment at tem-
peratures T < 10 K. At such timescales, the rovibrational populations of the
stored ion beams become confined to a small number of identifiable states, ac-
cording to a radiative cooling model based on comprehensive line-lists. The thesis
describes the construction of such radiative cooling models, which in addition to



radiative relaxation include the effects of inelastic electron collisions and selective
depletion by electron recombination.

The experimental part of the present work consists of investigating the Disso-
ciative Recombination reaction of rotationally cold HoDt and DoH™ ions in the
relative collision energy range of ~(0-14el’. Comparisons between experimental
results and state-of-the-art theoretical calculations of the rotational state—specific
cross sections are presented. The experimental rate coefficients are converted to
plasma rate coefficients and compared against prior estimates that have been
used in modelling of interstellar cloud chemistry.
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Chapter 1

Introduction

The triatomic hydrogen ion H3* was first identified by J. J. Thomson in 1911,
during his research endeavors on “positive electricity” (Thomson 1911). Through-
out the following decades, this molecule has been a target of extensive laboratory
and theory studies unveiling various questions on the subject of astrophysics. This
chapter provides an overview on the history of triatomic hydrogen and its role
in astronomy with the purpose of establishing this dissertation within a broader
perspective.

Hs™ consists of three protons and two electrons, making it the simplest poly-
atomic molecular ion possible. After the initial evidence of a mass three signature
in Thomson’s experiments employing a hydrogen discharge, a quest to explain the
production and molecular structure of such a system was initiated. First efforts of
explaining the stability of triatomic hydrogen are credited to Bohr 1919, where he
proposed an equidistant geometrical configuration of the subatomic constituents.
In the paper (Bohr 1919), Bohr came to the conclusion that neutral Hs should
be stable, while deeming H3™ unstable. At that time such a description was re-
garded as a fundamental reconstruction of the contemporary Rutherford atom
conceptions. Consequently, in 1935 Coulson (Coulson 1935) performed calcula-
tions based on molecular orbital theory that suggested an equilateral triangular
shape of the H3* molecule. However, it took until the 60s to firmly establish this
view, when more powerful numerical computer calculation methods had become
available (Christoffersen, Hagstrom, and Prosser 1964). Experimental confirma-
tion of the triangular shape of Hst was first demonstrated in (Gaillard, M. J.
et al. 1978) by means of Coloumb explosion imaging.

During the 70s Carney and Porter published an ab initio potential energy sur-
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face of Hy* (Carney and Porter 1974) followed by calculations of a rovibrational
spectrum (Carney and Porter 1976, 1980). This development was instrumental
for guiding the first laboratory spectroscopy measurements of Hs™ performed by
Oka (Oka 1980).

The first statement regarding the relevance of H3™ in astronomy can be found
in the work of Martin, McDaniel, and Meeks 1961, emphasizing the efficiency of
the reaction process:

Hy + Hy — HI + H+ 1.76eV. (1.1)

This implies that Hz™ is the dominant ion in certain cold hydrogen plasmas,
such as the interstellar medium (ISM). Subsequently, models of interstellar cloud
chemistry (Watson 1973, Herbst and Klemperer 1973) identified Hs* as one of the
main drivers in an ion—neutral chemistry network, facilitating formation of larger
molecules. Figure 1.1 illustrates an excerpt of this reaction network, signifying
the importance of Hs™.

C +

Water Deuterium m+1' 'n-1 Synthesis of organic
formation fractionation o molecules in space
Hzo T CmHn+
: CH* NS
H30+ N2D+ \ CH3 C H+
HIN C /'H2 C m+1' 'n-2
2 + N, CH.* \
H, 2 C,H*
N H,D* A, e,
€ Vop CH
OH* 4o C+H,
O+H, © N T+ AR
O+H 3-e C+H
THZ H+ HZ
2+
Tcosmic ray
ionization
H;

Figure 1.1: The role of the triatomic hydrogen ion in ion—neutral reactions that drive
interstellar chemistry at low temperatures and densities. Figure adapted
from McCall 2001.

After the initial detection of the infrared absorption spectrum in a labora-
tory setting, the search for interstellar Hs™ was triggered. However, rotational



spectroscopy is inaccessible, as the symmetrical shape of the molecule is respon-
sible for the absence of a permanent dipole moment. Furthermore, as no stable
electronically excited states of H3™ are known, spectroscopy has to rely on vibra-
tional transitions. Despite these limitations, the presence of H3™ was eventually
confirmed in dense interstellar clouds by its absorption spectra in the infrared
(Geballe and Oka 1996). Surprisingly, prior to the initial interstellar observation,
Hs™* was detected in Jupiter’s atmosphere (Drossart et al. 1989) by emission lines
in the 2 pym region. While initally unexpected, the discovery later became an im-
portant probe for monitoring conditions of planetary systems. Since then H3* has
been found in various environments, including diffuse interstellar clouds (McCall
et al. 1998), planetary atmospheres (Geballe, Jagod, and Oka 1993 and Trafton
et al. 1993), even in clouds close to the galactic center (Oka et al. 2019). For a
comprehensive review of H3™ astronomy the reader is referred to (Miller et al.
2020).

Deuterium fractionation is yet another topic that warrants a mention of tri-
atomic hydrogen and its isotopologues in the context of astrochemistry. The rel-
ative abundance of deuterium with respect to hydrogen in interstellar clouds is
approximately D/H = 1.5 - 1075, although this ratio exhibits significant variance
throughout the Milky Way galaxy (Vastel, Phillips, and Yoshida 2004). In gen-
eral, the dissimilar ground state energies among hydrogen containing molecules
and deuterated ones lead to exothermic reactions, which are unlikely to occur
in reverse under thermalized interstellar conditions of 10-50 K (Gerlich, Herbst,
and Roueff 2002). As a consequence, the enhanced deuteration gets imbedded
during the production of more complex molecules by protonation reactions (Mil-
lar, Bennett, and Herbst 1989). On the other hand, a decreased D/H ratio with
respect to the primeval conditions indicates a region of stellar activity due to
the lower temperature requirements of deuterium fusion compared to hydrogen,
which leads to a depleted deuterium reservoir. Thus, deuterium fractionation can
serve as a probe for determining the age of interstellar clouds (Briinken et al.
2014).

The destruction of triatomic ions in interstellar environments proceeds either
via the aforementioned ion—neutral reactions or in a dissociative recombination
(DR) process with free electrons:

H+H+H
Hyt s PR (1.2)
Hy + H,
where the molecule fragments in neutral atomic and molecular components. Note,
that the present introduction pertaining to the significance of DR will be limited

to the non—deuterated variant, however, the same main arguments also hold true
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for the DR relevance of the isotopologues. A more detailed overview of the spe-
cific cases of dissociative recombination of HoD' and DyH™ shall follow in the
subsequent chapters. In brief, two examples of where destruction of Hs™ plays an
important role will be given.

In dense interstellar clouds the removal of H3* is driven by DR with free elec-
trons and ion—neutral reactions. Due to a larger fractional abundance of neutrals
(in the gas phase) than free electrons (Herbst 2000), the latter process is con-
siderably more dominant than the former, exemplified by the most prominent
reaction:

H3+ + CO — HCO™ + Hs. (13)

As the creation of H3' is constricted by the availability of Hy*, which in turn
is dependant on the cosmic ray ionization rate (, one can relate the abundances
n and reaction rates k of the involved processes assuming equilibrium conditions
as:

(n(Hy) ~ kcon(CO)n(Hs)kprn(e), (1.4)

thus, emphasizing the role of triatomic hydrogen. In this particular example the
contribution of dissociative recombination of Hs* does not assume a central role,
however this changes when considering diffuse interstellar cloud environments.

Diffuse clouds feature a higher fractional ionization with respect to dense clouds
owing to an increased metallicity (abundance of elements heavier than helium).
Such conditions arise as a result of an increased influx of high energy particles
with respect to the more opaque dense clouds, which leads to the ionization of the
neutral medium and an increased abundance of free electrons (Black 2000). Con-
sequently, in equilibrium, the abundance of H3™ and free electrons that destroy
it is linked to the production reaction by:

CTL(HQ) ~ kDRn(H3+)n(e), (15)

further highlighting the role of DR in understanding the cosmic ray ionization
rate (. In fact, measurements results of DR of Hs* have been directly used for
derivation of the cosmic ray ionization rate, the various attempts are summarized
in a review by (Oka et al. 2019).

Due to the central role of H3* as a universal protonator in interstellar chemistry
reactions, the dissociation mechanisms of this molecule have been intensively in-
vestigated. In most plasmas the destruction of Hz™ is predominantly governed by
dissociative recombination with free electrons. The rate coefficient of this process
has historically been a controversial subject, involving many experiments that
produced results differing by several orders of magnitude. A major contributor of



such a large discrepancy is believed to arise from the internal excitations of the
molecule. To eliminate unwanted influence on the DR reaction, molecules must
be characterized by a well-defined internal energy distribution, ideally enabling
state specific recombination measurements. One way this can be achieved is by
cooling the target system to the lowest rovibrational levels by means of electron
cooling or, if the molecules possesses a dipole moment, radiative relaxation.

The advent of ion storage rings has paved the road for increasingly intricate
atomic and molecular physics studies. Among the first heavy—ion storage rings
to be developed was the Test Storage Ring (TSR) located at the Max Planck
institute for Nuclear physics (MPIK) in Heidelberg (Baumann et al. 1988). Al-
though the TSR was initially designed for research with charged atomic systems,
first experiments on molecular physics were already realized in the early nineties
(Forck et al. 1993). The inclusion of a low energy electron cooler allowed for ex-
periments on recombination and detachment processes with a degree of precision
over the collisional energy on the order of a few mili-electronvolts. Various atomic
and molecular systems have been investigated during the operational life—span
of the TSR, including a series of measurement campaigns on Hz". A few TSR
studies in particular stand out in the context of the history of Hy™ (Kreckel et al.
2005; Kreckel et al. 2010), where the measured DR rate coefficient between Hz™
and free electrons was found to be in good agreement with previous experiments
performed at the CRYRING ion storage ring in Stockholm (McCall et al. 2004).
This milestone is considered to finally settle the debate of the reaction rate on
the absolute scale.

Almost all prior published work on DR of triatomic hydrogen ions have been
performed in room temperature storage rings. It has been showed that vibra-
tionally cold Hs* ions can be obtained by radiative relaxation alone after ap-
proximately two seconds of storage (Kreckel et al. 2002), therefore the inital
temperature of the produced ions is irrelevant, at least in terms of the remaining
vibrational excitation. However, H3* features metastable rotational states with
lifetimes exceeding time scales of weeks and months. Therefore, due to unresolved
questions regarding the stored ion temperature (Kreckel et al. 2010, Petrignani
et al. 2011) and by extent the degree of influence of rotational excitation on the
measured DR rates, the ultimate challenge — state specific dissociation measure-
ments of H3™ — has not been achieved to date. More details regarding the role of
the internal exciation of ions during DR measurements are given in sections 2.6
and 3.1.

In recent decades, the storage ring community has moved from magnetic storage
devices to electrostatic ones, with one of the advantages being mass—independent
storage of ions at a given kinetic energy. Furthermore, a few of the electrostatic
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storage rings have been designed to achieve cryogenic temperatures of around
~10 K, enabling storage of rovibrationally cold ions in an effectively collision—
free environment. Three prime examples of such cryogenic electrostatic devices
are DESIREE in Sweden (Thomas et al. 2011), RICE in Japan (Nakano et al.
2017), and CSR in Germany (von Hahn et al. 2016). The Cryogenic Storage Ring
(CSR) is equipped with an electron cooler, thus experiments probing electron—ion
interactions are possible. Recent examples showcasing the capabilities of CSR on
the subject of ion—electron collisions for astrophysically relevant diatomic systems
can be found here (CH": Paul 2021, OH™: Kalosi et al. 2021, HeH": Novotny et
al. 2019). The case of HeH™" is particularly notable, as the obtained state-specific
electron recombination rate coefficients suggest an enhanced abundance of HeH™
in the early universe.

The research in this dissertation is dedicated towards extending the state-
selective DR measurements from diatomic molecules to the simplest polyatomic
molecule, the triatomic hydrogen ion, while retaining the same quality of control
over the internal excitations as demonstrated for diatomic systems. This work de-
scribes DR measurements of rovibrationally cold HyD™ and D,H™" ions carried out
at the CSR. The ions were stored up to 1000 s in a cryogenic environment with
temperatures of T < 10 K, leaving only three rovibrational levels significantly
populated in the case of HyD" and seven for DoH'. Additionally, the storage
time dependence of the observed DR rates permits the possibility to discern the
contribution of individual rotational states on the overall reaction rate.

The preceding brief introduction shall be followed by an overview of the the-
oretical background of Hs™ and its isotopologues, with the emphasis on the dis-
sociative recombination process. The chapter concludes with open questions re-
garding the subject and evaluates to what degree said questions can be addressed
in the present work. Chapter 3 outlines simulation efforts of H,D* and D,H™
internal state evolution during storage in the CSR and provides an estimate of
the expected population distribution of the molecular ensemble during the DR
experiment. Chapter 4 examines the details of the experimental setup and mea-
surement procedure employed in present work, followed by Chapter 5, in which
the measurement results are discussed and a comparison to prior work is given.
The thesis concludes with an outlook, reflecting on the outcome and describing
the future prospects.



Chapter 2

Theoretical background of the
triatomic hydrogen cation

The purpose of the following chapter is to establish the main properties of the
investigated molecular systems in question. An overview of basic parameters that
describe the characteristics of the molecules shall be given followed by a brief
summary of theoretical approaches, derived from first principles, that aim to
explain the molecular structure. Subsequently, the various possible interaction
processes between molecular ions and electrons will be discussed with particular
emphasis on dissociative recombination and its astrophysical significance in the
case of H,DT™ and D,H™.

2.1 Production and destruction of H;*, H,D™ and
D,H"

The reaction that represents the creation of triatomic hydrogen cations in an
interstellar setting was already denoted in equation 1.1. However, an important
precursor reaction is the ionization of molecular hydrogen

Hy+ ¢ — Hf + ¢~ (2.1)
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followed by
Hy + Hy - Hf + H+ 1.76 eV (2.2)

that ties the cosmic ray ionization rate ¢ together with abundances of Hy, H,
and Hj under astrophysical conditions. The exothermic production reaction of
H7 is very efficient and predominantly limited by the availability of Hy. Thus,
knowledge regarding the creation and destruction rates of these molecules and
their abundances are intertwined and a crucial part of understanding the role of
hydrogen in astrophysics.

Due to the low proton affinity of Hy (4.4 V'), the triatomic hydrogen ion
is often referred to as a universal protonator marking one of the molecule’s fun-
damental roles in astrochemistry, where it serves as a gateway to creation of
more complex systems. The proton transfer reactions can be summarized in the
following equation:

Hi +X — XH" + Hy + AE (2.3)

After formation of Hj, the creation of its isotopologues are driven via three key
reactions:

Hi + HD 2 +H,D* + Hy + AE (2.4)

H,D' + HD = DoHT + Hy + AE (2.5)

D,H" + HD = DI + H, + AE (2.6)

with the exothermicity of the reactions governed by a AE of ~ 232, 187 and 234 K,
respectively. Eventually, HT and its isotopologues initiate ion-neutral reactions
(equation 2.3), paving the road for formation of more complicated molecules or are
destroyed by dissociative recombination processes in collisions with free electrons.

2.2 Molecular structure

2.2.1 Basic considerations

The Schrodinger equation and Born—Oppenheimer approximation serve as key
pillars of quantum chemistry. The former governs the evolution of the wave func-
tion W of a quantum mechanical system while the latter states that due to the
mass difference between nuclei and electrons, the electrons immediately adapt
to changes in a given nuclear configuration. As a consequence, the nuclear and
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electron motion can be viewed as decoupled. The time independent variant of the
Schrodinger equation can be expressed as:
HU(Ry, ;) = EU(Ry, ), (2.7)

where Ry and r; represent the nuclear and electron coordinates, respectively. The
Hamilton operator:

ZkZl 1 Zk
H= B Bl m a5
; k Z 477-50 kl<k:'Rk_Rl’ z,]z<z 771._77]-’ %Zk _)Z_Rk‘

(2.8)

consists of kinetic energy terms of all involved particles and their respective
Coulomb interactions, where M, m, corresponds to the mass of the nuclei and
electron, while Zj; denotes the nuclear charge states of the individual particles.

According to the Born—Oppenheimer approximation the wave function can be
separated as:

U(Ry, 7)) = Uou(Ry) Ve (B, 75) (2.9)

and the energy eigenvalues of the Hamiltonian in the case of a molecule can be
written as:

E(Ry) = Un(Ri) + Evi(v) + Erot(J) (2.10)

where the total energy dependence can be separated into electronic, vibrational
and rotational contributions. A typical approach to derive properties of the molec-
ular structure starts by solving the electronic Schrodinger equation for a set of
nuclear coordinates Rj. The outcome can be approximated by a function that
yields a potential energy surface (PES) that corresponds to Un(ék) Subsequently,
to account for molecular vibration and rotation the eigenfunctions that satisfy
the nuclear Schrédinger equation must be found:

Due to the high degree of complexity that arises from interactions among elec-
trons and nuclei, only the simplest cases of molecular structure calculations fea-
ture analytical solutions. A variety of approximate methods have been developed
to address the problem numerically, such as the Hartree-Fock method, density
functional theory, variational methods to name a few.
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2.2.2 Geometry and potential surfaces

Regarded as the simplest polyatomic molecular ion, Hj takes the shape of an
equilateral triangle in its ground state, while the deuterated isotopologues HoD™
and DyH™ represent the shape of isosceles triangles as depicted in figure 2.1
(Kozin, Roberts, and Tennyson 2000).

o X w

R,., =0.88287 A

R, =0.88408 A
@ O O - o

Figure 2.1: Schematic representation of Hi, HoD* and DoH* ground state geometry.
Bond lengths take from Dalgarno et al. 1973

No stable electronically excited states have been observed for H and its iso-
topologues, therefore the following description is only concerned with the ground
state potential energy surfaces. The potential energy surfaces of Hi, H,DT and
DoH™ are essentially identical within the Born-Oppenheimer approximation. The
most advanced theoretical approaches begin with abinitio calculations of the
non—deuterated variant, thereafter including corrections to the PES associated
to the deuteron. Ultimately, to refine the assignment of rovibrational states, var-
ious other corrections are employed (adiabatic, relativistic, QED) to the Born—
Oppenheimer approximation and the final fit of the PES is compared to spectro-
scopically accurate measurements.

One of most impactful abinitio PES for triatomic hydrogen and its isotopo-
logues was calculated by W. Meyer, Botschwina, and Burton 1986. This global
PES has served as the basis of many modern calculations. Thereafter, Neale,
Miller, and Tennyson 1996 expanded upon previous work by computing a more
extensive line-list that consisted of ~ 3-10° states. The fitted PES included states
up to 15000 cm™! and was able to reproduce experimentally determined energy
levels with a standard deviation on the order of ~0.01 em~'. Such accuracy was
attained due to the simultaneous fit of all three isotopologues, which incopo-
rated the abinitio asymmetric adiabatic surfaces of HoD* and DoH™ (Polyansky
et al. 1995). The aforementioned line-list is considered reliable until energies of
~ 10000 cm ™1, in part due to the absence of spectroscopically accurate data (at
that time) to benchmark the results, and the linearity problem. It is interesting
to note, that around energies of ~10000cm ™! the molecule can sample linear
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2.2 Molecular structure

geometries via the vibrational movement, for which the theoretical basis sets
that are adapted for the ground triangular geometries are ill suited. Although
spectroscopic data above the so called barrier to linearity is available (Kreckel
et al. 2008), not even half of the energetical landscape has been experimentally
investigated, hindering the reliability of any available line-list at high excitation
energies. However, inaccuracies of highly excited triatomic hydrogen level energies
are inconsequential to current experiment, as the molecular ensemble in question
occupies only the lowest rotational states. The present work employs results from
the most recent calculation of the HoDT and D,H* PES that include intricate
corrections to the Born-Oppenheimer approximation (Bowesman et al. 2023). A
full account of theoretical efforts goes beyond the scope of present work, a review
of the experimentally confirmed line positions is available in (Furtenbacher et al.
2013).

20
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Figure 2.2: Potential energy curves of Hi and the relevant energies of the two and three
body dissociation channels. The PEC are depicted in Jacobi coordinates,
as illustrated in the inset of the figure. The zero point energy is set to be at
the bottom of the ground PEC of H3 . PEC taken from Urbain et al. 2019.

For simplicity, only the properties of the H PES shall be briefly outlined,
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Chapter 2 Theoretical background of the triatomic hydrogen cation

while the nuances regarding the isotopologues will be addressed in the subsequent
chapters. Figure 2.2 illustrates molecular potentials of the lowest 1'A’ electronic
state of H7 and the repulsive 2'A’ state in Jacobi coordinates, as indicated in the
inset of the figure. The relevant dissociation channels in a DR reaction for the
particular case of Hj are:

H(1s) + H(1s) + H(1s)
Ho (v, J') + H(Ls),

Hy™ — (2.12)

where the three-body channel kinetic energy (KER) release corresponds to
4.76 eV. The maximum KER of the two body break—up channel amounts to
9.23eV and is, in principle, dependant on the vibrational excitation on the
Hy (', J') product.

As a benchmark system for polyatomic calculations, the triatomic hydrogen
ion and its isotopologues have received a lot of attention. Therefore, molecular
potentials that guide the present experiment are considered to be highly accurate.
The difficulty of understanding the dissociative dynamics stem from the inclusion
of Rydberg states, as will be described in the subsequent paragraphs.

2.2.3 Wave function separation

The derivation of quantum numbers and selection rules provided in the following
paragraph stems from the general assumption that the total wavefunction W,
that describes the properties of the molecular system is separable into four parts:

\Ptot = \Ijel\pvib‘;[jrotansa (213>

where WU, represents the electronic part of the total wave function, while W,
and ¥,,; detail the behaviour of vibrational and rotational nuclear motion, and
¥, denotes the nuclear spin wave function. The considerations that allow for
separation of the total wavefunction are outlined in the following paragraphs.
The description of selection rules for transitions among internal states of any
molecular system begins by finding good quantum numbers that arise from op-
erations in a given point group framework. Two rigorous quantum numbers that
hold true for any molecule are the total angular quantum momentum number F
and parity P = 4+ (Corney 2006). These quantum numbers are always considered
to be well-defined while they do not arise from molecular properties, but rather
from the Hamiltonians invariance in respect to inversion and rotation in space,
or in other words due to isotropy and inversion symmetry of space itself. Dipole
transitions obey selection rules described by quantum numbers F and P :
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2.2 Molecular structure

AF =0,41 (F=0F=0), (2.14)

AP £0 (£ +), (2.15)

The quantum number F can be separated as:
F=1J+1, (2.16)

where is J is referred to as the motional angular momentum and I is known as
the nuclear spin angular quantum number. This sum is valid while the coupling
among both motions is negligible. To a very good approximation the selection
rules of dipole transitions for J and I are:

AJ=0,£1 (J=0J=0), (2.17)

Al = 0. (2.18)

To summarize I, J and P are the only truly good quantum numbers at arbitrary
energies for describing HY , H,D* and DyH* molecular ions, while further selection
rules are derived from symmetry considerations.

2.2.4 Group theory elements

H,D* and DoyH™ ions fall in the category of asymmetric—top molecules. The point
group that represents such systems, and produces selection rules among molecular
states defined by quantum numbers that are derived from symmetry properties,
is called the (5, point group. Classification of a molecule in a certain symme-
try group allows for useful assessments of molecular properties (e.g. presence of
dipole moment, overlap of dipole momentum integrals, etc.) that can be derived
from symmetry operations without performing complicated numerical calcula-
tions. The present summary of group theory elements follows the definitions and
nomenclature as found in (Inui, Tanabe, and Onodera 2012).

The basic symmetry operations are defined as rotation, reflection and inversion
around either a point, line or plane. A common point group is identified if at least
one common point remains unchanged after performing the five basic symmetry
operations:

o Identity or unity operation E — trivial transformation, system remains un-
changed,

« N-fold rotation by an angle of 360°/n,

13



Chapter 2 Theoretical background of the triatomic hydrogen cation

o Reflection in a mirror plane ¢, which contains the principle molecular axis
or in a plane perpendicular to it,

o Inversion through a symmetry centre according to a coordinate transforma-
tion of (x,y,z) — (-X,-y,-2),

o Inproper N—fold transformation S,, — a N—fold rotation transformation, fol-
lowed by a reflection transformation through a plane that is perpendicular
in respect to the rotational axis.

The relevant symmetry operations for HyD™, which are identical for DoH™, are
reflected in figure 2.3. In order to define vibrational and rotational movement of
molecules via symmetry operations, it is useful to summarize the transformations
in multiplication and character tables, as seen in table 2.1. The multiplication
table outlines the products of symmetry operations that are defined as consecutive
transformations. It is clear that the noted four operators govern all symmetry
transformations and thus they build the Cy, group with group of order four. The
character table consists of the irreducible representations denoted by Mulliken
symbols I': Ay, Ay, By and Bs. The (5, group features four classes or symmetry
species that denote each of the one-dimensional (singly degenerate) irreducible
representations, the purpose of which are to summarize symmetry properties of
the system.

<
3

. unity . ’ Rotation
Emm— 1 >
E : Cc2
1 2 v L2 1 1 (2) w2 ) "
]

T T T T T T T T 1
1 : 3
i ' ' Reflection . Reflection .
i L — —_—
i | Oy gy
L1 (2) 1 (1 (2 (1 (2 (2 ‘1
1 I

______________

Figure 2.3: Symetry operations of the C5, point group.

The so called characters (+ 1 in this case) indicate whether the rotational or
reflection transformations are symmetric or antisymmetric, which further notes
the change in sign of the system’s wave function. In principle, the Mulliken sym-
bols hold analogue information as the diatomic molecular state labels 3, IT, A
etc, but for polyatomic systems.
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2.2 Molecular structure

Table 2.1: Multiplication and character tables of the Cs, point group.

!

E Cy o, ; Cy | E Cy o, o,
E|E Cy o, o, Ay |1 41 +1 41
Cy| Cy FE a; Oy Ay | +1 +1 -1 -1
o, |0, o, E Cy By | +1 -1 +1 -1
o, |o, o, Cy E By | +1 -1 -1 +1

2.2.5 Vibrational modes

To describe the motion of an N nuclei molecule requires 3N coordinates. Three
of them define the centre of mass position in respect to a chosen reference frame,
while an additional three coordinates are necessary to describe rotation of the
molecule’s frame of reference in respect to the chosen laboratory frame. Therefore,
3N—6 coordinates remain to characterize the vibrational motion, which for the
case HoD' and DoH™ with N=3, leaves three internal coordinates.

In principle, the nuclear coordinates meant to describe vibrations of the molecule
can be chosen arbitrarly, but in practice it is convenient to define them as linear
combinations of the internuclear distances. For Cy, point group systems that rep-
resent the geometry of triangular configurations such internal coordinates trans-
form according to their irreducible representation symmetry operations, which re-
sults in three decoupled vibrations, referred to as normal modes. Conventionally,
the three modes are labelled with their respective vibrational quantum numbers
as follows: symmetric stretch (breathing) mode v;, bending mode vy and asym-
metric stretch mode v3 as depicted in figure 2.4. It can be shown that the total
displacement of the three elements is characterized by the irreducible decompo-
sition:

Liot = Dirans + Doiv + Lrot, (2.19)

where the motion that is associated with translations, vibrations and rotations
can be expressed by:

Liot = (A1 + By + Ba) + (24, + By) + (A1 + By + By). (2.20)

All displacement patterns that represent the normal mode vibrational motion
can be achieved as linear combinations of their respective irreducible representa-
tions as depicted in the character table 2.2.
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Chapter 2 Theoretical background of the triatomic hydrogen cation

Table 2.2: Character table describing normal modes of the Cs, point group

/

E C o, o, T
U1 —f-]_ +]_ +]. +1 = A1
(%) +1 +1 +1 +1 = Al

vy | 41 -1 -1 +1 =By

v o o

SN v N

Symmetric stretching  Bending Asymmetric stretching

Figure 2.4: Normal modes of DoH™.

2.2.6 Rotations

To simplify the description of rotational motion, it shall initially be considered
as decoupled from vibrations. According to the Cs, point group, all displacement
associated with molecular rotation (labelled as R,, R,, R,) can be expressed by
the irreducible representations A;, B; and B,, as seen in table 2.3. The corre-
sponding quantum numbers for the asymmetric top case of HyD' and D,H™ are
denoted as K, and K., which arise as projections of J on to the principal molec-
ular (5 axis and the axis orthogonal to it in the plane that contains the nuclei, as
illustrated in figure 2.5. The total motional quantum number J together with its
projections, K, and K, are therefore sufficient to label the rotational transitions
within HoD* and Do,H™. Additionally, the rotational angular quantum number
K. can be used to determine the total parity sign, which is given by (—1)e.
Further details of molecular rotational motion in the framework of the Cs, point
group can be found in (Bowesman et al. 2023).

2.2.7 Nuclear spin

The nuclei that make up the molecular system are characterized by their indi-
vidual momentum which can couple together to produce a total nuclear spin.
The corresponding wavefunction ¥, features permutation symmetry that con-
stricts the amount of possible energy levels with their respective rovibrational
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Table 2.3: Character table describing rotational motion of the Cs, point group
E Cy o, o r

s (yz) | +1 -1 -1 +1 =By

+1 -1 +1 -1 =58

C(ry) |1 41 -1 -1 = Ay

~viil=s gy
<
w®
¥

C,axis

Figure 2.5: Motional angular momentum J and its projections Ifa, K..

state labels. Only certain nuclear spin symmetries (modifications) are allowed,
which are commonly referred to as para, meta and ortho. For the case of HyD*
and DoH™T the molecular constituents are protons with a spin of I = 1/2 and
deuterons with I = 1. The projection of the elementary spin I on a reference
axis represents the corresponding magnetic momentum, which can take on the
values of —I, —I + 1...1. Therefore, the nuclear spin I describes a 21 + 1 number
of degenerate states. The symmetry transformation associated with nuclear spin
modifications corresponds to coordinate inversion, which are described by the ir-
reducible representations I': Ay, Ay, By, By. Table 2.4 illustrates a summary of the
irreducible representations in the case of HyD' and DoH™' and their correlation
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Chapter 2 Theoretical background of the triatomic hydrogen cation

to nuclear spin manifolds.
The total degeneracy g of a rovibrational state for HoD* and DoH™ described
in Cy, point group symmetry consists of :

Gtot = 9791, (2.21)

where ¢g; denotes the rotational degeneracy due to projections of angular momen-
tum J as described in the previous paragraph

gy =2J+1 (2.22)

and gy expresses the splitting of rotational levels due to either para or ortho
nuclear spin modification. In a general case, the total nuclear spin degeneracy of
a molecule consisting of n nuclei with corresponding elementary spins I; can be

calculated according to:
n

gn = 12 +1). (2.23)

()

For HyD™ this results in 12 possible degeneracies from which g; = 3 are of para
nuclear spin modification and g; = 9 of ortho, while in the case of DoH™ the total
degeneracy count is 18 with g; = 6 para and g;= 12 nuclear spin modifications
respectively. Additionally, it is important to note that due to the selection rule
Al = 0, transitions among nuclear spin isomers are forbidden. In summary, the

Table 2.4: Possible nuclear spin modifications of HoDT and DoH™T.
H,D* DoH™*
r [somer g; | Isomer g;
A1, As p 3 0 12
By, By 0 9 p 6

Cy, point group framework is used to characterize the vibrational modes and
rotational states of HyD* and DoH™ (Bowesman et al. 2023). Therefore, all tran-
sitions of both molecules are described by the same set of quantum numbers and
state labels: vy, vg,v3, J, Ko, K¢, p/o,+/—, gior, I'. The vibrational quantum num-
bers vy, v, v3 Tepresent their respective vibrational modes: symmetric stretching,
bending and antisymmetric stretching. The angular momentum quantum number
J and its projections K,, K., identify rotational states, while the para and or-
tho nuclear spin modifications identify the appropriate symmetry group denoted
by T.
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2.3 Molecular cation reactions with electrons

2.3 Molecular cation reactions with electrons

In the general case of an abstract triatomic molecular ion ABC™(n,v,J) that
occupies a certain electronic (n), vibrational (v) and rotational (J) state, the
relevant reactions in the context of the present work are:

» Dissociative recombination:
ABC*(n,,J) + e(Ekin) — ABC*™ — A(n') + B(n”) + C(n") +ExEer
» Dissociative excitation:
ABC*(n,,J) + e(Eky) — ABC* — AT (n') + B+(n") + C+(n") + € (Ekin)
« Elastic collision:
ABC*(nv,J) + e(Egin) — ABC*™ — ABC*(n,v,J) + € (Ekin)
« Inelastic collision:

ABC*(n,,J) + e(Eky) — ABC* — ABCH(n/ ', J") + ¢/ (Egkin)

where e(Ej;,) denotes an electron with a certain kinetic energy. Note, that this
list does not fully represent all of the possible break up channels of the DR and
DE reactions for triatomic systems. A comprehensive description pertaining to
the particular case of HyD™ and DyH™ shall be given in the following paragraphs.
In all of the presented examples, the highly excited molecular neutral ABC** is
expected to autoionize on timescales from pico to femto seconds.

An elastic collision does not significantly influence the momentum of the ion,
while the trajectory of the outgoing electron can be drastically changed due to
the large mass difference among the collisional partners. Furthermore, the internal
state of ions remains unchanged.

On the contrary, the inelastic collisions may lead to excitation or de—excitation
of the molecule and although this process is not the main driving force of in-
terstellar chemistry, it can certainly influence the internal energy distribution of
molecules. According to theoretical calculations (see figure 3.3), the cross-sections
of this process typically peak below few tens of mili—electronvolts in relative col-
lision energy, therefore the changes within population occur among rotational
states of the molecules. As present work strives to achieve results that can be
described on the basis of individually populated quantum states, the inelastic
collision process must be considered. Further discussion regarding this topic is
available in chapter 3.
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Chapter 2 Theoretical background of the triatomic hydrogen cation

The main reactions of interest when considering the astrophysical relevance of
Hy,D* and DyH™ molecular ion lie within the dissociative processes, with par-
ticular emphasis on DR, which serves as the defining process at low collisional
energies. During DR the incident electron recombines with the molecular ion and
the resulting neutral breaks up with the excess kinetic energy being redistributed
among the reaction fragments, denoted by the term FExgr. A comprehensive
overview of this particular reaction will follow in the next paragraph.

A similar, yet clearly distinct process that competes with DR is dissociative
excitation, with the key difference emphasized by the reaction fragments. In DE,
the kinetic energy of the electron goes towards excitation of an unstable electronic
state of the molecular ion prior to dissociation into charged and neutral fragments.
Typically, such electronic states are located at least several electronvolts above
the ground molecular state, hence the signal that originates from DE does not
overlap with DR at small collisional energies. Furthermore, DE is very unlikely to
occur in low density and temperature environments, therefore it is not particularly
important for astrochemistry of the ISM.

2.4 Dissociative recombination

The subject of electron—ion interactions has been pursued for more than 70 years,
with the initial focus directed towards examining the relevance of such reactions
in atmospheric processes. The first mention of dissociative recombination in lit-
erature can be found in the work of Bates 1950, where prior experiments of
microwave excited plasma (Biondi and Brown 1949) and the role of DR of molec-
ular ions therein is discussed. Bates already notes that: "... accurate computations
for any specific ions would be extremely difficult to perform". Decades after this
prediction merely a small number of molecular systems can be regarded as fully
investigated and understood, most of them being diatomics. The principle com-
plication to acquiring reliable DR cross sections for both theory and experiment
stems from the large number of electronical and rovibrational states involved and
their mutual interactions. This problem is further exacerbated by going from a
diatomic to triatomic molecule. Therefore, it is beneficial for both experiment
and theory, to reduce the number of occupied molecular states of the investigated
system as much as possible. The present experiment aims to extend the thorough
work performed for understanding DR of diatomic molecular ions to the isotopo-
logues of the simplest triatomic ion — HoD™ and DoH™. In the particular case of
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2.4 Dissociative recombination

DR of H,D™ and DyH™, the reaction channels are:

HD* (0, J)+e~ —  HD*WJ) — H + H +D 467eV
HD + H 9.18eV
Ho + D 9.15¢eV
DoH" (v, J) +e- —  DH™(WJ) — H + D +D 4.72¢V
HD + D 9.23eV
D, + H 9.28eV

with a two—to-three body dissociation channel branching ratio of roughly 1:3
(Datz 1995). Dissociation energies taken from Strasser et al. 2004 and Sprecher
et al. 2010.

2.4.1 Direct and Indirect DR processes

Dissociative recombination can occur via two fundamentally distinct transition
pathways denoted as the direct and indirect processes. The principle reactions
are illustrated in figure 2.6, which outlines the key differences among both of the
mechanisms. To simplify, the processes are explained by potential energy curve
examples of diatomic systems.

The DR reaction is initiated from a certain electronic and rovibrational state
which lies somewhere on the PEC of the molecular ion ABT. In the case of
the direct process, the electron directly undergoes a transition from the ground
electronic state into the dissociative state AB** (figure 2.6 left), which eventually
leads to fragmentation, accompanied by some kinetic energy release distributed
among the neutrals. In the triatomic hydrogen ion and its isotopologues, the
dissociative state is energetically located relative to the ionic ground state such
that a direct transition occurs after exceeding collisional energies of ~ 3-4 eV. As
the dissociative state does not have any discrete energy levels, the rate coefficient
for direct DR is expected to be free of sharp resonances.

The indirect process, which dominates the rate coefficient at low collisional
energies < 1 eV for the particular cases of HyD' and DyH™, is characterized
by an additional transition step not present in direct DR. As seen in figure 2.6
(right), indirect DR proceeds via the incident electron capture into a neutral
Rydberg state ABg. In principle, there exists an infinite series of Rydberg states
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Chapter 2 Theoretical background of the triatomic hydrogen cation

that converge towards the ground state of the molecular ion, which are located
energetically below it. If the PEC of the dissociative state crosses a Rydberg state,
the molecule can undergo dissociation by coupling from ABg to AB** states.
The indirect DR typically occurs when the collisional energy matches the energy
difference between the Rydberg and ion rovibrational states, manifesting as sharp
resonances in the rate coefficient or as a stark decrease in the observed rate due
to interference among the direct and indirect channels.

The first attempt of theoretical calculations to comprehensively explain the DR
process were performed for the case of Hy collisions with electrons (Giusti-Suzor,
Bardsley, and Derkits 1983). One of the key conclusions of the aforementioned
study was the prediction that the electron capture cross section o process follows
an ~ 1/FE collisional energy dependence and by extent a a ~ 1/ \RE) or a ~

1/ \ﬂT) dependence on the rate coefficient. It is to be noted, that this is usually
only visible in the direct DR process.

UAB+

Potential energy

Internuclear Distance R

Figure 2.6: Sketch of the direct (left) and indirect (right) DR processes. The indirect
DR is illustrated to procced via a vibrational Rydberg transition.
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2.5 Recent theory

2.5.1 MQDT

The following paragraph shall outline the principles of Multichannel Quantum
Defect Theory (MQDT) and its application for cross section calculations in the
context of the present work. MQDT is a well-established approach for calculating
cross sections of collisional processes. The current summary of main principles is
based upon a review article by (Ross 1991), while specifics pertaining to MQDT
used in dissociative recombination calculations follows notation as described in
(Giusti 1980) and (Florescu-Mitchell and Mitchell 2006). The most recent theo-
retical treatment of the DR process of HyD™ and DyH™ can be found in the work
of (Kokoouline and Greene 2005a).

In the framework of MQDT, the DR process is described as a collision between
a positive ion in its rovibronic state of energy E,+ and an electron with energy e.
Therefore, the total energy of such system can be expressed as:

Eyi +e=E, (2.24)

where the reaction ends in dissociation, with the total energy of the system being
conserved as
E = Euigs + Epin, (2.25)

where Fy;, is the kinetic energy of the fragments, while Ey;,s denotes the energy
of the dissociative state.

Alternative to DR, the molecule can also autoionize during an elastic or inelastic
collision process, where the ion captures the scattering electron:

E=FE, +¢ (2.26)

As stated before, the DR can proceed via the direct or indirect channels (fig-
ure 2.6) with the latter associated by transitions via Rydberg states. The largest
hurdle in any calculation that tries to reproduce accurate DR cross sections lies
within the inclusion of such Rydberg states, the number of which can in principle
be infinite. MQDT tackles this issue by combining all of the Rydberg series into
a singular channel that is thereafter treated as a quasi quantum state character-
ized by an Rydberg electron with an orbital angular quantum momentum [ that
features projections onto the internuclear axis A. Such assumptions reduce the
problem of infinite Rydberg states to a finite representation. A given Rydberg
series features N, number of dissociation limits related to vibrational energies v
of the ion, which are described by the following notation:
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.« gt 7 R: coordinates of the bound electrons, coordinates of the scattering

electron, internuclear distance in a molecule—fixed system,

e [, [: diabatic and adiabatic approximate quantum numbers of the angular
momentum [ of the scattering electron

e J =N + I, where N denotes the the angular momentum of nuclear
rotation of the ion

MQDT is implemented by defining a number of PES U, ;(R) of their respective
Rydberg states that deviate from the ground ionic potential Uo,(R) by a di-
mensionless quantity denoted as the quantum defect y o. The effective quantum
number n* of a Rydberg state is defined as:

n*=mn— (2.27)
and thus the resulting PES of a Rydberg state is expressed by a modified Rydberg
series formula:

1
2(n — ma(R))?
In order to comprehensively describe the DR process, the reaction is divided

Uni(R) = Uin(R) = — (2.28)

into two collisional regions, depending on the scattering electrons vicinity to the
nucleus:

 Inner reaction zone: r < r9; R < Ry. Ry and ry are critical values (on
the order of few tens of a.u.) that vary depending on systems in question,
where all electrons, including the impinging one are affected by the same
short range, many body interactions and therefore the Born-Oppenheimer
approximation is valid when considering the molecular wavefunctions.

« Outer reaction (asymptotic) zone: r > r9; R > Ry, where only the long—
range Coulomb interaction impacts the impinging electron. The angular
momentum of the ion and electron are fully decoupled. Both, ionization
and dissociation channels are well-defined.

Literature often includes a third reaction region referred to as the intermediate
zone r > ro; R < Ry , where the nuclei and electrons of the ion still interact
with the scattering electron, but the Born-Oppenheimer approximation already
breaks down due to the coupling among angular motion of the electron and the
nuclear rotation.

Thereafter, wavefunctions corresponding to each of the interaction zones are
constructed to eventually compose a total wavefunction of the system ¥ (g™, 7, é)
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One of the main ideas in MQD'T is the notion to describe the DR prosses in terms
of a number of dissociation channels N = N, + N, (N, — auto ionization channels,
N, — dissociation channels) each corresponding to their respective interaction re-
gion. This is typically done in the formalism of scattering theory, where a plane

wave kT

representing the impinging electron scatters on the ion. The scattered
wave that describes the ionization into a certain channel holds information im-
parted by the field that was experienced by the electron, which together with the
scattering matrix S entails all information regarding the nature of the collision.

As an example, a partial DR cross section that occurs through a dissociation
channel d; described by a partial wave [ that scatters of the ion located in an
vibrational level v§ can be expressed as:

i (2.29)

™
g,+

= o’

!
di,vg

where p represents the multiplicity ratio among the final neutral electronic state
and the initial ionic electronic state. A total cross section can thereafter be ob-
tained as a sum of the partial ones. Therefore, a key aspect of a successful MQDT
calculation lies within obtaining the scattering matrix S elements, which are de-
termined via different matrices and their transformations whose eigenvectors may
be used for building the S matrix. The correlation between the scattering matrix
S and the typically utilized K, T, X matrices shall be omitted as it involves a
mathematically heavy procedure.

In summary, for MQDT to produce accurate results, the necessary inputs are:

A precise electronic ground state potential U, (R) with a number of reliably
determined vibrational states NN,

« A number of well defined potentials Uy, (R) of the dissociative states Ny

« Good estimates for the quantum defect values py 2 (R) for the states of
interest

o Clearly defined couplings among the interacting elements in their respective
interaction zones

For further discussion of MQDT implementation and the mathematical apparatus
that it necessitates, the reader is referred to (Florescu-Mitchell and Mitchell 2006)
and (Kokoouline and Greene 2005a).
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2.5.2 Electron impact excitation and de—excitation

As discussed in section 2.3, the internal state of molecular ions can be changed
due to inelastic collisions with electrons. Therefore, it is crucial to determine the
associated cross sections in order to infer its influence on the molecular ensemble.

The most recent theoretical studies (Hamilton, Faure, and Tennyson 2015) de-
voted to calculations of electron impact rotational excitation cross sections of
astrophysically relevant diatomic cations emphasize the fundamental role of this
reaction within the ISM. Similar calculations have been performed for the case
of triatomic hydrogen (Faure and Tennyson 2003), however no published data
pertaining to the specific case of the deuterated variants can be found as of yet.
Computation of inelastic collision cross sections for the systems of interest as
described within the formalism of (Hamilton, Faure, and Tennyson 2015) are
currently under way (Faure and Tennyson 2023) and the preliminary results are
included in present work. The following outline reiterates the main principles of
electron impact rotational excitation calculations, while a comprehensive expla-
nation can be found in (Lique and Faure 2019).

Typically, molecular ions that feature a large dipole moment are expected to
have considerable rotational excitation cross sections with the magnitude scaling
approximately to the square of the dipole moment (e.g. HCO' with u = 4D,
(Faure and Tennyson 2001)). Although the molecular ions of interest in this work
are characterized by smaller dipole moments, the inelastic collision process is
expected to influence the evolution of the population distribution. The bench-
mark method for calculating electron impact excitation cross sections is based on
the Coulomb—Born (CB) approximation (Boikova and Ob’edkov 1968; Chu 1975;
Faure and Tennyson 2002; Neufeld and Dalgarno 1989). A simplified expression
of the interaction process can be written as:

Ton(J, K) 4+ e (k) — Ton(J', K') + e~ (K), (2.30)

where J and K are the angular momentum and rotational quantum numbers that
characterize a given molecular state, while k£ and &’ denotes the initial and final
momenta of the incident electron. k£ and k' are related by:

K? =k +2(E(J,K) - E(J,K")), (2.31)

where E(J, K) is the energy of the molecular state.

The central assumption of the Coulomb—Born approximation states that colli-
sion excitation cross sections between incident electrons and target particles are
defined by long-range interactions (analogue to the outer reaction zone in MQDT
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as described in previous section). This in turn leads to the following cross sections
for rotational excitation in a molecular system:

_ 22} Ak 2.32
UJ—)J+1 3\/3 AE 2J+1) E gff(w’e)7 ( 3 )

cB dmad By (up)2 (J+1) AE
eag ) (

where E denotes the energy of the incoming electron that contributes AFE excita-
tion energy. The atomic unit of energy Ej, and Bohr radius aq are constants that
account for appropriate dimensions of the expression, while g¢(w, €) corresponds
to the Gaunt factor, which represents integration over wave functions of the long-
range Coulomb interaction. The dominant term of equation 2.32 is proportional
to the square of the dipole moment p?% and contains a selection rule that allows
for the change of only one rotational or vibrational quanta for polar molecular
systems (Lique and Faure 2019). However, further advances in electron impact
excitation calculations in the form of R—matrix studies have demonstrated strong
dependence of short-range effects that result in non—negligible rates for transi-
tions with AJ > 1 (Faure and Tennyson 2003), while the standard CB theory
becomes reliable for molecular ions with dipole momentum larger than approxi-
mately 2 D. The foreseen discrepancies expected to arise from the shortcomings of
the CB approximation related to the inner interaction region have been addressed
in recent calculations by (Faure and Tennyson 2023).

To account for the interactions in the inner region, the theoretical treatment
relies on the adiabatic nuclei rotation (ANR) approximation (Chang and Fano
1972). ANR estimates nuclear motion to that of a rigid rotor, which allows for
electron impact excitation cross sections to be calculated by the use of a frame
transformation, which produces a common, fixed body reference frame wherein
the angular momenta of the incoming electron and the rotational motion of the
nucleus can be coupled. The resulting cross section can be expressed as a sum of
T matrix elements :

T ™

_ J
= =R 27D [T

where j’ and I’ denotes the approximate angular quantum number momentum of

: (2.33)

the nuclei and electrons in the fixed body frame.
The full electron impact excitation cross section is acquired by:

T CB PCB
O(J—=J+1) = O(J=i+1) T [U(J—>J+1) - U(J—>J+1)]- (2.34)
At the complete level of theory the total cross section o;_, ;1 calculations consist

of low partial waves (l,,,,=4) within the fixed nuclei approximation accompanied

by Coulomb-Born calculations for high partial waves (I > 4). The term o”? is
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referred to as "Born completion" and represents high partial wave values of [ >

lmaac .

2.6 Open questions

The preceding chapter has outlined the history of triatomic hydrogen and the ef-
fort and progress from both, theoretical and experimental perspectives. However,
there are several lingering questions surrounding H3 and its isotopologues, some
of which stem from the dissociative recombination process.

Any laboratory measurements of the dissociative recombination reaction are as-
sociated with difficulties that arise from the production and storage of molecules.
Typically, ion sources produce molecular ions that are characterized by an initial
temperature of several thousand kelvin, which are stored in room temperature en-
vironments. None of these aspects help to reproduce the conditions of the cold and
diffuse interstellar medium where the DR reactions matter the most. Room tem-
perature storage rings and traps equipped with electron coolers have addressed
the issue by providing storage conditions such that the influence of vibrational
excitation can be separated from the measured DR rate. Thereafter, cryogenic
rings and traps have paved the road to achieve DR rates for molecules which are
barely rotationally excited. However, outside of special cases, it is experimentally
extremely difficult to address the DR reaction on the basis of individual quantum
states. Therefore, the question: "to what degree does the inevitably remaining
internal excitation contribute to the observed rate?" is almost always relevant.

The present work strives to address this issue by utilizing one of the most
advanced cryogenic storage rings — the CSR in tandem with its low temperature
electron cooler, in order to investigate the DR reactions with molecular ensembles
of HoD' and DoH™ that occupy only a handful of rotational states, thus advancing
towards the goal of state selective dissociative recombination measurements of the
triatomic hydrogen ion.

Another long standing question regarding DR of Hy and its isotopologues re-
lates to the contributions of the ortho and para manifolds to the measured rate at
low temperatures. Although concrete conclusions regarding this issue can not be
derived from present results, meaningful insights can still be gained at the level
of internal state definition achieved in present work.

A significant amount of prior experimental results where obtained in relative
measurements. Therefore, it is important to emphasize that the cross sections and
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rate coefficients presented here are given as absolute values with a rather small
overall uncertainty of around 22 % — a value that can be further improved upon.

Due to the availability of a low energy electron cooler which provides the pos-
sibility to reliably measure reactions with collision energies as low as 2meV,
the experimental rate coefficient can be obtained for the astrophysically relevant
collisional range below 10 meV .

Lastly, there are no real benchmarks for the state-of-the-art theory calculations
of the state—specific DR rates of the triatomic hydrogen ion. The obtained rate
coefficients in present work represent the best currently available experimental
results in terms of internal state definition to test said calculations.
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Chapter 3

Simulations of HoD™ and DoH™

internal state dynamics during
storage

In this chapter a description of a radiative relaxation model of HoD* and DyH™
ions is presented with the purpose to asses the expected population distribution of
the stored ion ensemble inside the Cryogenic Storage Ring (CSR). An overview of
considerations regarding the production and initial conditions of the ion ensemble
shall be outlined. The model calculations depict the radiative cooling process with
the inclusion of ion—electron interaction effects, namely inelastic collisions and
state selective depletion by dissociative recombination (DR). Information given
by the time evolution of the internal excitations is a crucial aspect for preparation
of the experimental DR measurement scheme and beneficial for the interpretation
of the observed rate coefficients.

3.1 Basic considerations and previous findings

The production of triatomic hydrogen cations is typically achieved by ionizing a
sample of Hy gas, which creates an environment where the reaction among H, and
H3 can occur (equation 2.2) forming H3 . To produce HoD* and DoH* the target
gas is changed to HD. The resulting plasma that contains the ions of interest is
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characterized by a Boltzmann distribution with temperatures of several thousand
kelvin. The ion source employed in the present work was a duoplasmatron ion
source, which is described in more details in chapters 4.2 and 4.7.

One of the approaches to achieve a rovibrationally relaxed ion ensemble, is to
store the ions in a storage medium that permits relaxation by radiative cooling.
Under ideal conditions, the ions will equilibrate to a temperature governed by the
storage medium. This strategy of course necessitates that the target systems fea-
ture an electric dipole moment or, at least, a transition dipole moment associated
with rovibrational transitions. Therefore, radiative cooling alone is not sufficient
to achieve a molecular ensemble that occupies only the ground molecular rota-
tional states for the case of Hf due to the absence of a permanent electric dipole
moment and the large number of metastable rotational states. HyD™ and DoH™
however, feature a small yet significant dipole moment of 0.6 and 0.48 debye,
respectively. This allows for the molecules to radiatively relax into their lowest
rotational states on timescales on the order of a few thousands of seconds, as will
be demonstrated in the following paragraphs.

To facilitate the storage of molecular ions on timescales that would fully take
advantage of the radiative relaxation process requires a storage medium that
offers cryogenic conditions and low residual gas pressures. Therefore, the CSR
is an ideal instrument in which to store HyD™ and DyH™ ions to prepare them
for the desired DR experiment. The experimental vacuum chambers of the CSR
can reach temperatures lower than 10 K with residual gas particle density on
the order of ~ 1000cm =3, thus providing conditions where HyD* and DyH*
will radiatevly cool to a small number of rotationally excited states. Such ion
ensembles closely represent the minimal internal excitation of molecules located
in interstellar conditions. A more detailed description of the CSR will follow in
chapter 4.1.

As the ions were produced in a duoplasmatron ion source, a Boltzmann distri-
bution of 3000 K was assumed as the initial condition. Although this is a rough
estimate of the ion temperature at production, the choice of the exact initial
temperature is inconsequential as even the symmetric variant of the triatomic
ion is shown to radiatively cool most of its internal energy in a few seconds while
stored in a room temperature environment (Kreckel et al. 2004). Additionally, the
same publication demonstrates that the stored ions couple to the ambient 300 K
radiation very weakly, which is corroborated by experimental evidence (Lammich
et al. 2005).

Ion storage rings are one of the most powerful tools for studies of dissociative
recombination. As such, they have been used in determining the DR rates in
collisions with low energy electrons for H and its isotopologues. The most re-
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cent experiments that investigate the DR reaction have been performed in room
temperature ion storage rings (H,D™: Datz et al. 1995, H3 : Lammich et al. 2003,
DoH*: Zhaunerchyk et al. 2008), where for the case of DoH' a sub-thermal
molecular ensemble has been demonstrated. However, all of the aforementioned
experiments have measured DR rates with rotationally hot ions. Present work

strives to improve upon this issue by obtaining DR rates with rotationally cold
ions for HoD' and DyH™.

3.2 H;D" and Dy;H" line-list

The construction of a model that describes the development of population dis-
tribution among molecular levels as a function of time requires input from a
comprehensive line-list that features sufficiently precise transition strengths be-
tween all of the involved states. In particular, radiative transitions are the most
important ingredients in such a model, as radiative relaxation is the dominant
mechanism for population transfer, as will be demonstrated shortly. Therefore,
the simulations are based on the most recent, spectroscopically accurate line-lists
calculated by (Bowesman et al. 2023) and co—workers in the frame work of the
ExoMol project (Tennyson and Yurchenko 2012).

The complete HyD™ line-list is comprised of close to 33 thousand states con-
nected by over 22 million rovibrational transitions that cover level energies up
to 18500 cm ™!, with total angular momentum quantum number J values ranging
from 0-20, while the uncut version of the DoH™ line-list spans J values between
0-25 and consists of nearly 370 thousand states and 2.29 billion transitions that
extend to state energies of nearly 35000cm~!. In both cases the energy range
and state density of the line-lists well exceeds the requirements to construct a
model that simulates population distribution developement of cold molecular ions
in a cryogenic environment. In its core, the line-lists were calculated within the
formalism of triatomic discrete variable representation (DVR), which is a well-
established approach for computing the rovibrational Hamiltonian of triatomic
molecules (Szalay and Nemes 1994, Light and Carrington Jr. 2000). Initial en-
ergy levels and wave functions are obtained by the nuclear motion code DVR3D
developed by (Tennyson et al. 2004). It should be noted that the DV3RD code
is capable of producing highly accurate results as shown in the case of the non—
deuterated triatomic hydrogen ion (Mizus et al. 2017, Furtenbacher et al. 2013),
where the average standard deviation between experimentally determined and
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theoretically calculated level energies was found to be < 0.2cm™!. The analy-
sis of (Furtenbacher et al. 2013) that aimed to verify the accuracy of the line

I and reveals

list, covers molecular states with frequencies up to ~ 16500 cm™
the majority of the low energy region (< 2000cm™'), relevant for the context of
this work, is characterized by significantly smaller deviations — on the order of
~ 0.05cm™!. This comparison was obtained utilizing the MARVEL (measured
active rotational-vibrational energy levels) protocol (Furtenbacher and Csészar
2012; Furtenbacher, Csészar, and Tennyson 2007), where empirical energy levels
are constructed on the basis of high resolution assigned spectra with the purpose
to increase the accuracy of transition frequency predictions. To refine the preci-
sion and extend rovibrational state labels, the final ExoMol line-list incorporates
molecular levels acquired by the MARVEL procedure.

The HyD' and DoH™ line-lists come in the form of two files titled — (states)
and (transitions) respectively. These files detail the molecular levels with state
specific information and assignments of quantum numbers, and provide transition
strengths among them. In particular, the states files features the nomenclature
that describes a molecular state, in essence consisting of one entry per state. The
transitions file however, features the entire network of interactions consisting of
tens of millions (up to several billion) of data entries, formated as three columns.
The first two denote the numbering of the transition states, while the third column
describes the Einstein A coefficient, which indicates the transition strength. An
excerpt of the states and transition files can be seen in tables 3.1 and 3.2. Further
details regarding the line-lists and their use in practical applications can be found
in (Bowesman et al. 2023).
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Table 3.1: Excerpt of ten lowest rovibrational states of HoD™T states file (Bowesman et
al. 2023) following the nomenclature as established in Tennyson et al. 2004.

i E Jiot  J unc T +/— Twe No. iso vi v vs K, K, Sourcetag
1 0.00000 3 0 0.000E+0 inf + Al 1 p 0 0 O O 0O Ma
267  45.70111 9 1 0.000E+0 2.475E+2 - A2 1 p 0 0 0 O 1 Ma
449 60.02985 27 1 1.000E-5 inf - Bl 1 0 0 0 1 1 Ma
632 7245249 27 1 1.000E-5 8.197E+3 + B2 1 0 0o 0 0 1 0 Ma
733 131.65246 15 2 3.300E-5 3.300E+1 + Al 1 0 0 0 0 2 Ma
1358 138.85912 45 2 2.100E-5 5.319E4+1 + B2 1 o 0 0 0 1 2 Ma
1186 175.93503 45 2 2.100E-5 2.300E+1 - Bl 1 o 0 0 0 1 1 Ma
1012 218.65452 15 2 3.606E-3 3.058E+2 - A2 1 p 0 0 0 2 1 Ma
734 223.85769 15 2 3.606E-3 6.020E+1 + Al 2 p 0 0 0 2 0 Ma
1849 251.41464 21 3 2.000E-3 1.172E+1 - A2 1 p 0 0 0O 0 3 Ma

Notes :

1: State counting number;

E: Term value (cm™');

Giot: Total state degeneracys;

J: Total angular momentum quantum number;

unc: Estimated uncertainty of energy level (cm™1);

7: Radiative lifetime (s);

+/—: Total parity;

[pe: Cop symmetry group;

No.: Symmetry group block counting number;

isomer: Nuclear spin isomer;

v1: Symmetric stretching quantum number;

vy: Bending quantum number;

v3: Asymmetrical stretching quantum number;

K,: Rotational angular momentum quantum number;

K.: Rotational angular momentum quantum number;

SourceTag: The method used to generate the term value; "Ma" for marvelized
energies, "EH" for energies from effective Hamiltonian calculations and "Ca" for
energies calculated using DVR3D.
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Table 3.2: Excerpt from HoD™ transitions file (Bowesman et al. 2023) that lists transi-
tion strengths among molecular states.

f 7 Ayp s
26031 27863 4.10E-2
5849 5203  4.24E-1
4726 2819  T7.31E-1
17763 15841 5.13E-1
11357 9505  9.37E-2
16005 17469 3.50E-2
5429 3953  2.92E-1
6629 7838 1.17E-1
6843 6102 3.81E-1

f: The upper state counting number from the corresponding states file;
1: The lower state counting number from the corresponding states file;
Ay; s71: The Einstein A coefficient.

3.3 Modelling of the rovibrational cooling

The goal of the rovibrational relaxation model is to derive realistic, state—specific
populations that depict the development of the molecular state ensemble as func-
tion of storage time within the CSR, while considering all relevant processes that
might influence said population distribution. In order to achieve this objective,
the following series of ordinary differential equations (ODE) has to be solved:

B - _Tlpz‘(t) =Y Pit)Bip(vir) + Y Prlt)Ari + D Pi(t) Bjip(vji), (3.1)
i k k J

dt
where P; expresses the population of a certain state i at a particular time P;(t).
Index ¢ iterates over all of the molecular states within the model, index k ener-
getically above state ¢ and index j connects to levels below 4.
The terms T%_Pi(t) and Y, Py (t)Ag; account for population transfer due to spon-
taneous decay governed by the finite lifetime 7 of rovibrational states given by:

B 1
S A’

(3.2)

T;
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where the Einstein A; coefficients describing spontaneous emission are extracted
from the line-lists explained in the previous paragraph.

The remaining terms >, P;(t) Byp(vix) and 3°; Pj(t)Bjip(v;i) of equation 3.1
introduce interactions that represent excitation or de—excitation processes, such
as coupling to an ambient radiation field or inelastic collisions between the stored
ions and electrons. p(v) defines the spectral energy density for a given transition
frequency, while the induced absorption Einstein coefficients B;; can be obtained
by the relation:

2,41 &
20+ 18,

A python script that predominantly relies on the SciPy module (Virtanen et
al. 2020) for solving the coupled ODE system was developed. To numerically
solve ODE problems with initial value conditions, the SciPy package employs
the LSODE (Livermore Solver for Ordinary Differential equations) differential
equation solver(Hindmarsh 1983; Hindmarsh 2019).

By (3.3)

H2D+ 2.0E-3 4 DZH+
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Figure 3.1: Stick diagram of initial conditions employed in the simulations. A Boltz-
mann distribution of 3000 K is assumed as the start temperature of the
molecular ensemble, resulting in a thermal population of thousands of rovi-

brational states.

A Boltzmann distribution of 3000 K was assumed as an initial condition for
P;(t =0), determined by equation:

Pi(t = 0) = Ny(2J; + 1)gie B/*T (3.4)

with Ny satisfying the normalization condition:

> R(t) =1 (3.5)
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Figure 3.1 illustrates a stick diagram of the population distribution at ini-
tial conditions, depicting the large amount of rovibrational states occupied by a
molecular ensemble that is characterized by a Boltzmann distribution of 3000 K.
To fully account for transitions among all involved molecular states requires the
input from a comprehensive line-list. In the context of present work, the DoH™
model is comprised of the first 50 thousand rovibrational states accompanied by
a network of 59 million interactions, while the HyD* line-list is included in its
entirety with 33 thousand states and 22 million transitions among them. A typ-
ical simulation requires a run time of around 48 hours up to several weeks on
a dedicated node of the MPIK computer cluster, depending on the maximum
simulated storage time and the fineness of the assigned time bins. The limiting
factor being the large memory requirements necessary to accommodate all of the
transition network.

3.3.1 Radiative cooling

Initially, the simplest form of the model was constructed with the aim to simulate
radiative relaxation from an initial population distribution, while neglecting any
other effects. Thereafter, each subsequent effect is implemented in a step—wise
manner to gain understanding of the degree of influence and relevance. Such an
approach is beneficial for managing expectations and requirements of an upcom-
ing experiment, and crucial for interpretation of acquired results.

Figure 3.2 ilustrates simulations of radiative cooling of HoD* and DoyH™ (solid
lines) in an interaction free scenario, indicating the necessary time scales required
for the rovibrational population to accumulate within a very limited number of
states. HoD™ possess a slightly larger dipole moment compared to DoH' (0.6 D
for HoD" and 0.48 D for DoH™) and is characterized by fewer rotational states
with lifetimes above 100 s, therefore HoD™ exhibits a faster cooling behaviour. No-
tably, the model calculations suggest that in the case of H,D* the vast majority
of population will be accumulated in only three rotational states after approxi-
mately 1000 seconds, enabling the prospect of state—specific measurements. It is
important to note that the ortho and para nuclear spin states do not mix due to
selection rule of Al = 0. Therefore, the best attainable state definition without
manipulating the ortho—para ratio of the system consists of two rotational states.
As the first excited rotational ortho state of HoDT is characterized by a lifetime
that exceeds 8000 s, it is extremely unlikely to attain a better state definition
than in present experiment.
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H,D*

Normalized population

T T T T T T
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3 7.44 Inf| 1 1 1 o 3 6.11] 302.90 1 1 1 o
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Figure 3.2: Simulated population distribution as a function of storage time. Solid lines

represent a simulation scenario of rovibrational relaxation in a collisionless

environment, while the dashed lines depict results which additionally incor-

porate radiative heating due to a two component black body radiation field
(99% 6 K + 1% 300 K) that represents the experimental vacuum environ-

ment of the CSR.

3.3.2 Radiative heating

Although the CSR is a cryogenic ion storage ring, exposure to some ambient
radiation inevitably remains. The main heating effects arise from the room tem-

perature radiation field entering the CSR via sapphire viewports, meant for in-
coupling of laser light, and stray photons emitted by hot filament ion pressure

gauges. Therefore, in the next step the model calculations incorporate coupling
to a black body radiation (BBR) field to account for the heating processes.
The spectral density of a BBR field is calculated according to Planck’s radiation

law:

plv) =

2

hv

3 ew/kT _ 1’

(3.6)
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which together with the Einstein B coefficients from equation 3.3 embeds ra-
diative absorption for each possible transition within the model. To best reflect
realistic experimental conditions, the ambient radiation field consists of two com-
ponents: A 99% 6 K part that represents the temperature of the experimental
vacuum chamber with an additional 1% of a 300 K temperature field to account
for radiation leaks into the CSR. Similar estimates have proven to be reliable in
reproducing measured population distributions of rotationally cold ions in CSR
experiments (Kélosi et al. 2021, 2022). Figure 3.2 portrays the impact of radiative
heating (dashed lines) on the rovibrational population distribution compared to
field—free (solid lines) simulations. A slight increase of internal excitations can
be observed indicated by population transfer between the absolute ground and
rotationally excited states.

3.3.3 Inelastic electron collisions

To account for changes in population distribution due to electron impact reac-
tions, the next step includes recent cross sections from R—matrix calculations
(Faure and Tennyson 2023), the main principles of which where already outlined
in section 2.5.2. Cross sections for electron impact excitation as a function of col-
lision energy can be viewed in figure 3.3, which are characterized by a maximum
value when the collisional energy approaches E = 0 and decrease approximately
to 1/E with increasing energy. As the initial simulation results of the radiative
relaxation model indicate that the population distribution is mostly confined to
less than ten molecular states already after ~ 200 s, it is sufficient to include
the inelastic collision process contribution among only the few relevant states in
question. This constitutes the first lowest four states in the case of HyD™ and the
lowest ten states for DoH™.

Full incorporation of the inelastic collision process within the population evo-
lution model requires not only excitation, but also de—excitation cross sections
0j+1-7, which can be calculated by detailed balance:

9(J + 1) Eo(150) = g(J)(E + AE)oyo 54 (E + AE), (3.7)

where g(J) and g(J + 1) are the statistical weights of the lower and upper molec-
ular levels, respectively.

The energy dependant theoretical cross sections o(F) cannot be directly in-
corporated into the model calculations. The experimentally relevant quantity is
the merged—beams rate coefficient, which represents a rate coefficient obtained
from collisions with electrons that are characterized by a certain collisional en-
ergy distribution, determined by the electron cooler. Therefore, to acquire a rate
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Figure 3.3: Electron impact excitation (solid lines) and de-excitation (dashed lines)
merged—beams rate coefficients among the lowest rotational states for the

case of HyD™. The MBRC of DoH™ are on the same order of magnitude
and exhibit identical threshold character.

coefficient for transitions among molecular states that can be used in the model
calculation, the cross section must be convolved with the collisional energy dis-
tribution function f(E) to obtain merged-beams rate coefficients. Such a convo-
lution is described by the following equation:

amb — \/E /0 ~ {(E)WEo(E)dE, (3.8)

where m is the mass of the electron and f(F) is the energy distribution function
given by the electron cooler (the derivation of the function f(F) is described in
chapter 4.9). The state-specific merged-beams rates at a given energy a™(J;_,;)
corresponds to the rate of population transfer due to excitation or deexcitation
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among the involved states and are incorporated in equation 3.1 to simulate the
inelastic ion—electron collision process.
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Figure 3.4: Simulated population distribution as a function of storage time. Solid lines
represent a simulation scenario of rovibrational relaxation including radia-
tive heating due to a BBR field, while the results indicated by dashed lines
additionally incorporate electron impact excitation and de—excitation rates
among the lowest molecular states that hold most of the population density.

The influence of the inelastic collision process can be gauged by performing
some numerical estimates for the case of HyD*. If one assumes a typical electron
density of n,=1-10%cm ™2 employed in present experiment and multiplies it by
a theoretical rate coefficient for an excitation transition among the two lowest
rotational states a™ (09 — 1o1) = 1.42 - 107" em3s™!, the resulting number
R = n.-a™(0pp — lo1) = 1.42 - 1072 s7! represents the rate of ion transfer
per second among the two molecular states. This comparison calculation consid-
ers the collision energy to be at the peak of the cross section (the full model
calculations incorporate the MBRC value at E; = 1-107%). To account for the
geometrical overlap of the ion and electron beams, R is multiplied by a factor
lo/Co, where [y = 0.721m is the merged—beams overlap length throughout the

42



3.3 Modelling of the rovibrational cooling

CSR circumference Cy = 35.12m, which results in the effective reaction rate of
Resr = R+ (lo/Co) = 2.9 -107%s7'. The Einstein A coefficient that describes
radiative relaxation for the same transition is A = 4.0 - 1072 s~1. Therefore, for
this particular example, it is evident that radiative relaxation occurs faster by
more than an order of magnitude. In more general terms, the radiative cooling
Einstein A coefficients of the highly excited molecular states are on the order
of A~ 1— 7505, thus overwhelming the inelastic excitation process. There-
fore, electron impact excitation rates of the highly excited states are neglected in
present model calculations.

The resulting contribution of inelastic collision interactions on the modelled
population distribution compared to a scenario where this effect is omitted can be
seen in figure 3.4, that indicates an overall de—excitation trend reflected by a slight
population decrease in the excited states, which is transferred to energetically
lower states.

3.3.4 State selective depletion by electron recombination

The most advanced theoretical work on dissociative recombination of HoD' and
DoH™ predict significant differences among the cross sections of the lowest ro-
tational states (Kokoouline and Greene 2005b), which in turn translates into
depletion of molecular state population at various rates during the DR process.
The inital model calculations suggest a population distribution that predomi-
nantly occupies only the lowest approximately 3-10 rotational states. As the goal
of the present effort is to achieve the best possible theoretical prediction of the
stored molecular ion ensemble population distribution, it is prudent to include
the theoretical DR rates of individual states in the model calculations. To account
for the state—selective depletion, an additional term is introduced to equation 3.1
that governs the loss rate of specific states R(.J;) due to DR:

R(Ji) = n.(lo/Co)nea(J;), (3.9)

where n; = 1 is the transverse overlap fraction between the electron—ion beams,
lo = 0.721m is the effective merged-beams overlap length throughout the CSR
circumference Cy = 35.12m, n. denotes the electron density and a(J;) corre-
sponds to the theoretical DR rate of a specific rotational state at A E = 0 col-
lision energy. The simulations consider the depletion of the lowest four or nine
rotational states in the case of HoD™ and DoH™ respectively.

These DR rates were calculated by Viatcheslav Kokoouline and Chris Greene
(Kokoouline and Greene 2023) combining a number of different techniques, namely:
multichannel quantum defect theory (MQDT), adiabatic hyperspherical approach
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and Siegert pseudostates. An in—depth description of the theoretical methodol-
ogy is available in (Kokoouline and Greene 2003, 2004, 2005b) and outlined in
chapter 2.5.1. The key emphasis of the theoretical approach is geared towards
treating rotational excitation of the ion while considering symmetry restrictions
that arise from rotational, vibrational and nuclear spin degrees of freedom. It is
to be noted, that it might appear contradictory to include the DR theory rates
in the model at the present point, as the results of the model calculations will be
later used to weigh the individual contributions of each rotational state in order
to reproduce the experimentally observed DR rate. However, input from theory
must be implored to account for the state—selective depletion and the most re-
liable theoretical predictions of the electron recombination process of HyD" and
D,H™ are the ones employed in present work.

A summary of the theoretical calculations can be seen in figure 3.5, which illus-
trates the state—specific merged—beams rate coefficients as a function of collisional
energy. It is notable that the state—specific rate coefficients differ by more than
order of magnitude in the low energy part, signifying the importance of individual
state contribution to the overall observed DR rate.

Similar estimates regarding the influence of depletion on the population dis-
tribution can be performed as in the case for inelastic collisions (for the case of
HyD™). By plugging in the following numeric values into equation 3.9: n, = 1,
lo = 0.721m, Cy = 35.12m, n.=1-10°cm ™2 and the rate coefficient for the
depletion of the lowest rotational state ™ (0go) = 1.17-1077 em3s~!
at a depletion rate value of R4, = 2.40 - 10~*s~'. This implies that the state
selective depletion has approximately the same influence on the internal popu-

, one arrives

lation distribution as the inelastic collision process. However, it is important to
note that this assessment might not always hold true as theory predicts that some
states feature significantly higher (more than an order of magnitude) depletion
rates than others.

The inclusion of state—specific depletion completes the model that is used as
the main instrument for evaluating the time evolution of the internal population
distribution of H,D* and DyH™ molecular ions. This model serves as the basis to
justify practical decisions regarding the experimental setup (e.g. the measurement
scheme) and guides the interpretation of obtained DR rates.

To summarize, the complete model simulates an ion ensemble undergoing radia-
tive relaxation from a set initial Boltzmann distribution in an environment that
represents the CSR, while incorporating the following effects: Radiative heating,
electron impact inelastic collision process and state-selective DR (of the lowest
rotational states), the dominant effect being radiative relaxation. Figure 3.6 vi-
sualizes the final iteration of the model calculations including state—selective de-
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pletion (dashed lines) compared to a scenario where this effect is excluded (solid

lines).
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represent a simulation scenario of rovibrational relaxation including radia-
tive heating due to a BBR field and the electron impact excitation and
de—excitation rates, while the results indicated by dashed lines incorporate
all of the aforementioned effects in addition to state selective population
depletion, and thus represent the most comprehensive model of present
simulation results.
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3.3.5 Internal energy distribution

An alternative manner to present the results of the simulations is illustrated in
figure 3.7, which depicts the evolution of the average internal energy of HyD™ and
D,H™ as a function time. As shown in previous plots, the reduction in internal ex-
citation occurs faster for HyD™ than DoH™ owing to the larger dipole moment and
smaller amount of long—lived states with lifetimes > 100 s. Curiously, however,
after a simulated storage time of 1000 s DyH™ retains a smaller average inter-
nal energy, despite the higher number of excited rotational states. The reason
for the decreased final internal energy value of DoH™ is explained due to the on
average slightly smaller rotational spacing among the remaining occupied states.
Additionally, the first and following rotational states for DoH™ are energetically
lower with respect to the absolute ground state than that of the HyD™ case. As a
consequense, a normalized internal energy distribution follows the behaviour as
seen in figure 3.7. The simulation results after 1000 s of storage time represents
an ion ensamble that in terms of average internal energy approches conditions of
interstellar molecular clouds.

——H,D*
100 - D,H*

10 4

Average internal energy (meV)

! ! L | ! L |
10 100 1000

Storage time (s)

Figure 3.7: Average internal energy of simulated population distribution as a function
of storage time.
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3.3.6 Extremely long storage times

For completion the simulations where extended to timescales up to 10000 s in
order to draw conclusions regarding the equilibrium population distribution and
gain insight for future experimental prospects. It is evident that both molecular
systems would benefit from extended storage times in terms of achieving a better
state definition, see figure 3.8. This statement is especially relevant for DoHT,
where going from a storage time of 1000 s to 2000 s reduces the relevant number
of involved states from ~ six to three. At the time of preparing and performing
the DR experiment a DoH™ line-list of equivalent quality as in the case of HoD*
was not yet available. Therefore, in the present work, the experimentally obtained
DR data for both molecules extends up to 1000 s of storage time, with the state
definition deemed sufficient based on simulation results for HyD". Beam storage
times within the CSR on the order of 1000 s already pose practical difficulties
associated with various experimental aspects, which are further exacerbated by
time constraints related to the slow data acquisition, necessary to acquire sta-
tistically significant results. Detailed explanation of considerations and reasoning
regarding the choice of the measurement setup can be found in chapter 4.6.3.

The simulation results described in this chapter demonstrate that storage of
HyD* and DoH' molecular ions in the CSR results in a very narrow popula-
tion distribution after timescales on the order of 1000 s. This in turn paves the
road to investigate these systems on the basis of populated quantum states with
unprecedented state definition. Future experiments meant to probe the charac-
teristics of individual rotational states, while excluding the influence from the
remaining populated molecular levels, necessitates experimental diagnostics that
are capable of determining and manipulating the population distribution of the
stored molecular ion beam. Theoretical work on such an approach has already
been performed (Znotins et al. 2021).
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aforementioned effects as described in figures 3.2, 3.4, 3.6. extended up to
a simulated storage time of 10000 s.

49






Chapter 4

Experimental setup and
measurement procedure

4.1 The Cryogenic Storage Ring

The experimental work presented in this thesis was conducted at the Cryogenic
Storage Ring (CSR) facility, located at the Max Planck Institute for Nuclear
Physics in Heidelberg. Commissioned in 2014, after more than a decade of plan-
ning and construction, the CSR represents one of the most successful examples of
current generation storage ring devices of its type. The following paragraph will
provide a brief overview of basic parameters and capabilities of the storage ring,
while an extensive review of the facility’s functionality and infrastructure can be
found in (von Hahn et al. 2016).

As mentioned in the previous chapter, the CSR relies exclusively on electrostatic
ion optics to achieve stable storage of negative or positive ions. This approach
avoids restrictions imposed by the use of magnetic bending and focusing elements
for beam guiding, permitting storage of charged particles independent of the mass
at a given kinetic energy and charge. The CSR was designed to store beams of ions
with kinetic energies ranging from 20 to 300 keV per unit charge. Even though
electrostatic optics offer a reduced beam energy range compared to magnetic
storage rings, they are simpler to use, have smaller fringe fields and any magnetic
hysteresis effects are absent.
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Figure 4.1: Photograph (by Christian Fohr 2013) of the Cryogenic Storage Ring (CSR)
in its assembly phase. The outer walls of the cryostat are yet to be mounted

offering a view of the inner experimental vacuum chambers.

A photograph of the CSR in shown in figure 4.1, illustrating the scale of the
experiment. With a circumference of 35.12m, the CSR features a nested structure
comprised of an inner vacuum chamber (otherwise denoted as the experimental
vacuum chamber), encompassed by the isolation vacuum chamber. A closed—cycle
liquid helium system is used to cool down the storage ring to cryogenic temper-
atures. A commercial cryostat (Linde) delivers liquid helium to the CSR where
it is circulated through the cooling circuits. There are four cooling cycles charac-
terized by the nominal temperature of the circulating helium named - 2 K| 5 K,
40 K and 80 K lines respectively. The two colder 2 K and 5 K lines contact the
experimental vacuum chamber and internal components via copper blocks and
copper stripes. The inner vacuum chambers are surrounded by an aluminium
shield, which is referred to as the 40 K shield, followed by another aluminium
shield wrapped in superinsulation foil, denoted as the 80 K shield. Both of these
insulation layers are attached to their dedicated helium lines. This approach al-
lows for the experimental vacuum chambers to be cooled down to around 4 K and
prevents interactions with 300 K black body radiation. Conveniently, at cryogenic
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temperatures, the vacuum chambers serve as a large cryopump, enabling residual
gas densities of < 10* em ™2 or <1071 mbar room temperature equivalent. These
low temperatures and pressures allow for very long particle storage times, up
to several thousand seconds. On these timescales, molecules with a permanent
dipole moment can radiatively cool down to their absolute rovibrational ground
states (Paul 2021, C. Meyer et al. 2017).

In summary, the CSR presents novel prospects for optical and collisional studies
with internally cold ions, molecules and even clusters.

4.2 Molecular ion beam production

Various types of ion sources can be utilized to generate beams of either positive
or negative ions. For this purpose, the CSR facility is equipped with two different
high—voltage platforms capable of housing multiple ion sources. The platforms
are referred to by their upper voltage limits — 60 £V and 300 kV respectively.
H,D* and DyH™ ions employed in the experiments described in this work, were
produced by a duoplasmatron ion source mounted at the 300 kV high voltage
platform. A target gas is introduced in the ion source volume, where it is ionized
by bombardment of electrons emitted by a cathode filament, creating a high—
density plasma. Subsequently, the plasma is accelerated towards the exit aperture,
becoming an ion beam. In this particular case a mixture of Hy and HD gas was
used to generate the desired beams of HoD' and DoH™ ions. The selected kinetic
energy of 250 keV was chosen to simplify the electron cooling process, which is
further described in section 4.6.2.

After acceleration, the ions are guided towards the CSR via the transfer beam-
line, a schematic is shown in figure 4.2.

The 300 £V beamline part consists of two 45-degree bending dipole magnets
and two electric quadrupole triplets. Together with other beam diagnostics el-
ements, the ion beam can be shaped and monitored, ensuring optimal quality
before entering the CSR. The transfer beam line is equipped with parallel plate
deflectors (choppers) installed close to the source platform, which are used to
define the time structure of the ion beams. This is achieved by fast switching
(~100ns) of the parallel plate deflector voltages, enabling ions to pass through
the beamline only at desired times. For a detailed description of the transfer beam
line and ion sources the reader is referred to (Grussie 2016).
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Figure 4.2: Overview of the transfer beamline used to guide the ion beams from the
source platforms to the CSR (adapted from Grussie 2016). The schematic
outlines the path of the ion beam towards CSR and marks the main beam-
line elements. The ion source platforms are not fully shown and are depicted
representatively. Only the 300 £V platform was utilized in the present work.

4.3 Overview of experimental capabilities

The CSR is a versatile instrument, designed to house a variety of experimental
equipment. A schematic view of the storage ring is shown in figure 4.3, defined
by the four straight sections. After an ion beam has been produced and guided
through the transfer beamline, it enters the storage ring, where a combination
of electrostatic deflectors located at each corner confines the beam to a closed
orbit. Each 90—degree bend is achieved by two major (39-degree) and two minor
(6—degree) cylindrical deflectors. Beam injection is handled by voltage switching
of the first minor deflector on timescales shorter than one single revolution of the
circulating ion beam. Focusing is realized by two quadruple doublets situated at
each of the straight sections, with an approximately 2.6 m field free section in
between reserved for experiments.
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Figure 4.3: Schematic overview of the CSR marked with key beamline elements. The
beam injection section is located at the top left corner of the schematic. The
injected ions (red) circulate counter clockwise throughout the four main sec-
tions of the ring kept on a nominal orbit by a series of electrostatic deflectors
(blue and green). The beams of target ions and electrons are overlapped in
the electron cooler section (dashed blue), thereafter the neutral reaction
fragments exit the nominal orbit and impinge on the NICE detector. Beam
diagnostics elements utilized in the present work are marked in purple.
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The first section counter—clockwise from the beam injection direction is de-
voted to measurements of ion—neutral merged beams reactions. Collision product
analysis is performed by utilizing movable particle detectors located at the next
straight section. Additionally, a dedicated extraction section with its own di-
agnostics is available for determining the properties of ion and neutral beams.
Furthermore, this section features a radiofrequency (RF) system for the purpose
of re-bunching the stored ion beam. Beam bunching is achieved by applying an
alternating voltage on a drift tube. The necessary RF frequency is determined by
a certain harmonic of the circulating ion beam revolution frequency. Although RF
bunching results in a reduced beam lifetime, the method offers an enhanced ion
detection sensitivity, especially relevant for aiding diagnostics of weak ion beams.
More details of the RF system can be found in (von Hahn et al. 2016).

Following the ion-—neutral merged beams section, the second straight section
contains two experimental setups for investigation of ion—electron and ion—photons
reactions. Various types of laser systems covering a broad wavelength range are
available at the CSR facility, with the possibility to intersect the stored ion beam
at two different overlap geometries. Laser light can be introduced in the exper-
imental vacuum through laser ports via sapphire viewports. Two of the laser
pathways offer a crossed beams arrangement, while the third configuration pro-
vides a near—colinear ion-laser beam interaction region with a 1.1-degree grazing
angle.

In order to study ion—electron reactions, the CSR is equipped with a low energy
electron cooler, housed in the same straight section as the laser setup. The electron
cooler produces a spatially well-defined beam of electrons with energies as low as
leV with a narrow energy distribution. This enables phase space cooling of the
stored ions, by decreasing the ion beam size and reducing the velocity spread.
Furthermore, the velocity of the electron beam can be finely tuned, which allows
the beam to function as a collision target in merged—beams studies. As this part
of the CSR setup played a central role in the context of this work, a broader
description will be given in paragraph 4.5.

The next straight storage ring section is reserved for beam diagnostics elements,
which mainly rely on non—destructive methods to determine properties of the
stored beams. A Schottky pickup is available for observation of charge density
fluctuations (Laux 2011), which are present even in coasting (debunched) ion
beams. Such a signal provides confirmation of particle storage and can serve as a
method for determining the lifetime of the ion beam within the CSR. Additionally,
the measured energy spread by the Schottky pickup provides an insight into the
mass composition of the stored beam, identifying potential contaminants with a
different mass, but identical kinetic energy. In order to precisely determine the
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absolute ion current and infer the stored ion number, the diagnostic section is
also fitted with a capacitive current pickup that detects mirror charge of the
circulating particles. Each straight section, apart the one housing the electron
cooler, includes a pair of position pickups used to determine the central position
of the stored particle beam. A comprehensive explanation of every diagnostic
element can be found in (Vogel 2016).

Lastly, the fourth straight section of the CSR is reserved for a reaction micro-
scope setup, which is currently in the last phase of assembly and will be commis-
sioned tentatively in the second half of 2023.

4.4 Particle detectors

As mentioned in prior paragraphs, the CSR is equipped with several microchannel
plate (MCP) based particle detector systems. Any collisional experiment will
produce either charged or neutral reaction products. The COld Movable PArticle
CounTer (COMPACT) detectors are movable single particle counters, suited for
detection of charged fragments that diverge from the nominal ion beam orbit. Four
iterations of this detector type are located in various places within the CSR, one
pair each in the merged beams and electron cooler sections. COMPACT detectors
are characterized by a near unity counting efficiency and a low dark count rate
(<0.1 Hz), operable in a cryogenic environment. Further technical details of this
detector are given in (Spruck et al. 2015).

The electron cooler section is also equipped with an additional detector called
NICE (Neutral Imaging in Cold Environment), dedicated for neutral particle
detection. Dissociative recombination between electrons and triatomic hydrogen
ions produces exclusively neutral fragments, therefore NICE was used for mea-
surements throughout the course of this work. Figure 4.4 depicts a model of the
detector, illustrating the working principles. The detector consists of three main
components: a MCP stack, phosphor screen and a CMOS camera. Particles that
impinge on the detector initiate an electron cascade within the MCP stack. Sub-
sequently, the electrons strike the phosphor screen resulting in photon emission
within a time span of few nanoseconds. The phosphor screen needs to be at high
voltage in order to effectively collect electrons emitted from the MCP. The im-
pinging electrons generate small electronic pulses on top of the high voltage that
is supplied to the phosphorus screen. These pulses are counted by the means of
a special signal decoupling circuit described in the work of (Becker 2016).
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Photons emitted from the phosphorus screen are reflected by a 90-degree alu-
minium mirror that directs the light through a viewport towards a fast CMOS
camera located outside the experimental vacuum. The purpose of the camera
system is to detect light spots that arise from the phosphorus screen providing
additional imaging information. The shutter of the camera is triggered by the
aforementioned electronic signal.

At cryogenic temperatures of <10 K, MCPs are characterized by impedance
on the order of hundreds of G{2, inhibiting detection efficiency. To mitigate this
effect, active heating of the detector to around 40 K is implemented, reducing
the impedance to the 100 M2 region. In these conditions, a count rate of up to
5kHz can be realized without adverse saturation effects. Compared to COM-
PACT detectors, the NICE design has a larger active MCP area, resulting in a
dark count rate of ~50 Hz. To avoid an excessive particle flux, the NICE detector
features a mechanical shutter. Furthermore, a calibration mask — an aluminium
plate consisting of a pattern of evenly spaced 10 mm holes — can be utilized to
calibrate the distance between the impinging particles.

Further details of the NICE detector ranging from design to commissioning at
the CSR are explained in (Becker 2016).

~<Aluminum
mirror

Neutrals

CMOS
camera

G

Figure 4.4: Model of the NICE detector illlustrating its key features and working princi-
ple (adapted from Paul 2021). Incoming neutral particles induce an electron
cascade that impinges on the phosphorus screen. The emitted photons are
detected by a CMOS camera.
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4.5 The electron cooler

The CSR is the only example in the world that features an electron cooler imbed-

ded in a cryogenic, electrostatic storage ring. For the majority of experiments
the electron cooler serves a dual purpose. Firstly, it can be operated as a low—
energy phase-space electron cooling device with electron energies as low as 1eV.
Secondly, the energy of the electron beam can be finely tuned enabling various
ion—electron collisional studies, such as energy resolved dissociative recombina-
tion. This paragraph briefly discuses the working principles of the electron cooler
and its use as a source of a target of cold—electrons within the merged-beams
experimental approach.

A schematic overview of the CSR electron cooler can bee seen in figure 4.5.
The electrons are created from a GaAs photocathode. Compared to thermocath-
odes, photocathodes produce electron beams that are characterized by a nar-
rower energy spread (Orlov et al. 2005; Pastuszka et al. 2000). Located at the
so—called photoelectron gun section of the setup, the GaAs photocathode features
a monolayer of caesium and oxygen that together with the semiconductor creates
a composite surface layer with the property of Negative Electron Affinity (NEA).
In essence, NEA is achieved when the conduction band of the doped semicon-
ductor is shifted above the vacuum level due to the properties of the applied
monolayers (Spicer 1977). This leads to a significantly increased yield of the elec-
trons generated by the photoelectric effect. Depending on the surface properties
of the photocathode, a quantum efficiency of ~8-12 % is achieved by utilizing an
infrared diode laser at A =805nm and 500 mW of output power. Further infor-
mation regarding the development of the photocathodes used in TSR and CSR
can be found in the work of (Weigel 2003) and (Krantz 2009).

After production, the electrons are extracted and the beam is shaped by a
series of electrodes. Additionally, a barrier electrode in the form of a drift tube
with a slightly positive potential with respect to ground is employed with the
purpose of supressing ions that originate from residual gas ionization. Thereafter,
the electrons are guided from the room temperature part towards the cryogenic
section and through the ion—electron interaction zone by solenoid and dipole fields
as illustrated in figure 4.5. The first guiding solenoid magnet that surrounds the
photoelectron gun setup is operated at 3000 GG, followed by three smaller solenoids
producing a magnetic field of 200 G. While passing through this area, the electron
beam undergoes adiabatic magnetic expansion, which is a common technique that
achieves a decreased electron beam transverse temperature at the expense of
reduced beam density. At its core, the adiabatic magnetic expansion is governed
by the ratio between the initial and final magnetic field values B;/By:
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=5,

where the expansion factor o correlates to the initial and final transverse tem-

(%

(4.1)

peratures T';; and Ty by :

Ty
T ;= ; (4.2)

Additionally, following the invariant R?B = const, the increase of the beam radius
can be expressed as:

Ry = \aR,. (4.3)
For a thorough description of the adiabatic magnetic expansion process and its
use in electron coolers, the reader is referred to (Pastuszka et al. 1996).
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Electron gun (B= 3000 G)

collector

Figure 4.5: Schematic of the CSR electron cooler (adapted from Vogel 2016). The ion
beam (red) and electron beam (blue) are merged within the interaction
region.

Following the first expansion region, the electron beam enters the CSR with a
trajectory slightly above the stored ion beam plane. The toroidal solenoid then
performs a 90-degree bend of the electron beam, which in tandem with the merg-
ing coils that provide a dipole-like field to account for the 30—degree incline of the
electrons, diverts the electron beam towards the merged-beams section. While en-
tering the merged—beams interaction section, the electron beam undergoes a sec-
ond expansion stage where the guiding magnetic fields change from B; = 200G
to By = 100G. At this section the electron beam is characterized by its lowest
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temperature — transversely T =2-3meV and longitudinally T =0.3-0.5meV
at an electron density of n, ~ 1 - 10° cm™3 (for the present experiment). Subse-
quently, the electron beam is de-merged from the interaction zone and propagates
towards the electron collector, guided by a series of solenoids that are layed out in
a mirror configuration with respect to the in—coupling part of the setup. In order
to account for unwanted drifts and to steer the position of the electron beam, the
electron cooler features seven pairs of steering coils located at various positions
throughout the setup that enable beam position adjustment in both vertical and
horizontal directions.

The CSR electron cooler setup was partly inherited from the TSR after its
decommission in 2012. An in—depth description of the design adaptations that
resulted in the transfer of an improved electron cooler setup into the CSR can be
found in the work of (Shornikov 2012). Details regarding the construction phase
and technical aspects are discussed in (Vogel 2016), while the assembly and initial
commissioning of the complete system is reported in (Wilhelm 2019).

4.6 DR measurement principles at the CSR
merged—beams setup

The following chapter outlines the principles of dissociative recombination mea-
surements and the practical realization at CSR. The relevant definitions and
properties of the stored ion beam are introduced followed by the fundamentals of
electron cooling at CSR. Lastly, the use of the electron cooler as a collision target
in a merged-beams setup for DR measurements is discussed.

4.6.1 lon beam properties

A stored ion beam within the CSR follows the trajectory of a closed orbit at
a certain revolution frequency defined by fields of electrostatic elements. While
propagating throughout the CSR, the ions exhibit movement around the closed
orbit denoted as betatron oscillations. Furthermore, the circulating ions slightly
fluctuate around the central revolution frequency due to a process denoted as
synchrotron oscillations. Figure 4.6 portrays a simplified representation of the
movement of a particle along a closed ideal orbit influenced by betatron oscilla-
tions f(s). Such motion u(s) is governed by the solutions of the Hill’s equations
(Wiedemann 2015):
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x(s) = Apy/Bu(s)cos(V,(s) + Vyy) (4.4)

y(s) = Ayy/By(s)cos(Wy(s) + ¥y,), (4.5)
or simplified:
u(s) = Ay/B(s)cos(V(s) + Vo), (4.6)
where A, , is the oscillation amplitude, 3,, correspond to betatron functions
and VU, ., represents the starting phase of a particle.
In order to characterize the size of an ion beam propagating around a closed
orbit, the accelerator community uses the concept of beam emittance e, which

can be visualized by the help of an ellipse in phase space (u,u’) (see figure 4.6)
defined by equation:

y(s)u(s)? + 2a(s)u(s)u'(s) + B(s)u/'(s)* = a® = e, (4.7)

where functions a(s) and y(s) are defined as:

o(s) = —55/(5) (4.8)
1+ a?(2)
s) =~ 505 (4.9)

Figure 4.6: Representation of a particle that follows an ideal closed orbit trajectory
(left). The ion beam emittance depicted as a phase space ellipse (right).
Figures adapted from (Wiedemann 2015).

More specifically, € defines the single—particle emittance, that is correlated to
the area of the ellipse and the beam emittance me via the invariant:

E = ma® = e = const (4.10)
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There are various nomenclatures and conventions pertaining to the characteriza-
tion of beam emittance mwe. In present work, the phase space area occupied by the
stored ion beam shall be defined as:

lo = \/€l95(s); 20 =/€7[(s); 30 =/€370(s), (4.11)

otherwise denoted as €1, (=68 %), €2, (=95 %), €3, (=99 %) with an additional,
often used value of €99 (=90 %). The maximal accommodated emittance of a
particular storage device is defined as the acceptance:

A = Tz (4.12)

Equations and terminology discussed in this paragraph were adapted from (Wiede-
mann 2015), further information and references cited therein.

4.6.2 Electron cooling

The idea of superimposing a velocity matched beam of electrons with a beam of
charged particles in order to supress betatron and synchrotron oscillations in a
storage ring environment is credited to (Budker 1967). Thus, the field of electron
cooling was born with the first practical implementation realized for a beam of
protons (Budker et al. 1976).

The basic idea of electron cooling is portrayed in figure 4.7, which illustrates a
velocity matched electron beam interacting with a stored ion beam. At matched
averaged velocities in a co-moving frame of reference (common centre of mass),
the relevant difference between the ion and electron energy spreads is governed by
thermal energy distribution of the ion and electron beams. As ions are typically
characterized by a significantly higher temperature compared to the electrons due
to the manner in which they are created within an ion source, the interactions
driven by Coulomb collisions tend to decrease the momentum spread of the ion
beam. The underlying principle of electron cooling relies on the removal of excess
energy that gets transferred in the collisional process from the "hot" ions to the
constantly replenished "cold" electrons at every revolution cycle. To apply electron
cooling within the CSR, the matched beam velocities condition must be met,
requiring electrons to be at a certain energy F.,, in the laboratory frame of
reference:

Me B — Me rQeng
—Lijon = ———,
Mion 2

where m, and m,,, are the mass of electron and ion, f,., is the revolution fre-

Eeool = (4.13)

quency of the stored ion beam and Cj is the circumference of CSR. At small
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velocity deviations among the two beams, the ion beam experiences a friction
force that leads to deceleration or acceleration, until ultimately both beams end
up with matching average velocities, in a process called dragging. When imple-
mented successfully, electron cooling dampens synchrotron and betatron oscilla-
tions of the stored ion beam resulting in a compressed ion beam with a reduced
emittance and momentum spread that enables high resolution experiments in
a merged—beams configuration. Furthermore, in most cases within the CSR, an
electron cooled beam is characterized by an extended beam life time compared to
an uncooled beam, while electron cooling counteracts detrimental heating effects
that tend to limit beam storage.

4 )

A 4 bion co-moving beam frame +
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N \
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electron ’—\ electron
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Ve|| = Vion)|

Figure 4.7: Concept of electron cooling. The circulating ion beam (red) is merged with
a velocity matched beam of electrons (blue). Collisional interactions within
the co-moving frame of reference result in an ion beam of reduced internal
energy distribution. Figure from (Wilhelm 2019).

4.6.3 DR measurement principle

To investigate the dissociative recombination reaction between electrons and
HyD™ and DyH™' molecular ions, the electron cooler is operated in the colli-
sion target mode. In this regime the energy of the interacting electrons is varied
from the energy value E,.,, defined by the matched beams velocities condition
(equation 4.13) to non—zero collision energy values denoted as Ejqp.

During present measurements, prior to measuring the reaction of interest, the
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4.6 DR measurement principles at the CSR merged-beams setup

electron cooler is operated in the cooling mode for a period of 200 — 1000 s to
achieve the best possible internal state definition in accordance to the simulations
described in the previous chapter. In an ideal scenario this results in an ion beam
with the average velocity and energy defined by:

2Ecoo 2E’£on
<Uion> = \/ : - \/ (414)

me Mion

A collision between an ion with energy FE,,,; and an electron from a perfectly
aligned ion—electron merged beam setup with energy Ej,,, from the perspective
of the ion center of mass, is described by the collisional energy Ecjs (Larsson

2005):
E lab i E. cool
Mme me

2

_ (vﬁam)_»vﬁimﬂ)zzzﬁh, (4.15)

where F; denotes the so called detuning energy or relative collision energy.

ECM = Me

Figure 4.8 depicts the main principle of the dissociative recombination measure-
ments in a merged-beams setup at CSR. The stored ions are overlapped by the
electron beam within one of the straight sections defined by an overlap length of
~ 80 cm. After the DR process takes place, the reaction fragments exit the closed
storage ring orbit and are counted by the NICE detector. In this manner, high
resolution DR spectra are obtained by adjusting the detuning energy Fy. Further
details regarding the experimental process follows in the subsequent chapter.

_________-———Q Neutral
SSEESZZ3I-Z------ooo-oTooc afragment
T detector

ABC*+e > A+B+C C

Figure 4.8: Schematic of a merged—beams experimental setup. A triatomic cation frag-
ments into three neutral particles after a DR reaction with an electron. The
figure depicts only one of several fragmentation channels.
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4.7 lon beam characterization

A thorough characterization of the ion beam properties is essential to achieve
a well-defined ion-electron merged beams configuration within the CSR. The
following paragraph lays out the main definitions, concepts and measurement
procedures associated with ion production and storage within the ring.

4.7.1 Storage of H,D" and D,H™" at the CSR

As mentioned in previous chapters, the H,D* and Do;H™ molecular ions employed
in the present experimental work were produced in a duoplasmatron ion source
located at the 300 &V high voltage ion source platform (figure 4.2). The mass
variety and intensity of ion beams that can be generated by a duoplasmatron
ion source is mainly determined by the input gas and the sampling region of the
plasma jet. In order to produce HoDt and DoH™ ions the source was operated
with a mixture of HD and H, gasses. To separate and select the molecular ion with
the desired mass, the CSR injection beamline is equipped with an analyser mag-
net. The ions are accelerated to a kinetic energy of 250 keV and guided towards
the CSR after filtering of the relevant mass, namely 4« or 5u in current exper-
iments. Before entering the CSR, the continuous ion beam propagating through
the injection beamline is pulsed by one of the electrostatic deflectors (chopper).
Thereafter, the voltage of the first 6-degree deflector is lowered, permitting the
ions to enter the ring. The injection cycle of the ions is defined by the timing of
the voltage switching of the chopper and the first 6-degree deflector. Around 4 A
of current was measured at a Faraday cup located directly before the entrance of
the CSR. Such an ion current is sufficient to fill the storage rings acceptance and
corresponds to a stored particle count of roughly few times 10% per each injection.

Whence parameters of the ion source and injection beamline that correspond
to satisfactory beam currents have been established, suitable settings of the CSR
guiding fields must be implemented to achieve optimal beam storage. The optical
lattice that determines the closed orbit at the CSR is realized by electrostatic
fields that originate from 4 cylindrical deflectors per corner and several quadrupole
doublets throughout the ring (see figure 4.3). As discussed in the previous chapter
the stored ion beam undergoes oscillations around the closed orbit. The betatron
movement of the ions introduces constrictions on the applied guiding field values,
which can be explained by the concept of tune values @), , defined as the number
of betatron oscillations of the stored ion in one revolution of the CSR:

1 S+Co _1
Qx,y = %/s Bgmyds (416)
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If the solution of this equation results in an integer value i then it leads to
a lattice condition where the stored ion returns to the same position after ¢
number of revolutions. As a consequence of this condition, the ions experience
a guiding field value that amplifies the betatron movement, eventually resulting
in a situation where the particle leaves the storage rings acceptance. To avoid
incompatible ion beam storage settings, the use of the tune diagram is employed
as seen in figure 4.9. The straight lines of the tune diagram mark the respective
tune values ), @, at which undesirable resonance conditions are met:

where j, k, and n represent integer numbers.
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Figure 4.9: Tune diagram example of the CSR.. The first order resonances coincide with
the x—axis and y—axis, respectively, while the second order resonance lines
are marked in black. The red lines correspond to third order resonances,
whereas the blue lines depict the fourth order resonances. A typical working
point value is @4~ 2.5-2.7 (avoiding resonances), which depends on the
molecular system and storage mode.

A favourable, resonance free spot of the tune diagram for stable ion storage
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called the working point is selected by adjusting the settings of the quadrupole
doublets. For the present case of storing HyD' and DoH™ ions, the quadrupole
field values were set up to be symmetrical throughout all straight sections of
the ring in a configuration referred to as standard mode. An extended discussion
regarding the appropriate choice of the working point and its influence on ion
beam storage can be found in (Wilhelm 2019).

4.7.2 Radio frequency ion beam bunching

Once the beamline settings of the CSR have been optimized, the characteristics
of the ions beam can be further investigated and adjusted. Typically, the initial
adjustments of the ion beam are performed with a bunched beam in order to
alleviate difficulties associated with the detection of a weaker coasting beam.
A coasting beam is transformed to a bunched beam via the process of radio
frequency bunching, where the circulating ion beam experiences a time dependant
acceleration voltage while passing through a drift tube within the CSR. The basic
principle of RF bunching is illustrated in figure 4.10, where the energy gain of a
particle that passes a region with a certain RF voltage frequency and amplitude
is depicted. The necessary RF frequency required to achieve a bunched beam is
governed by:

Wyf = NWo, (4.18)

where n is an integer and

Wy = 27Tf0 (419)

is the revolution frequency of the stored ion, which for the case of HoD* was
determined to be fy = 98.5121 kH z and for DoH" fy = 88.0260 kH z.

AETf = Urf

o= “)rft

Figure 4.10: Radio frequency ion beam bunching. The energy gain or decrease AFE, ¢
per revolution of a particle that passes through a drift tube with an applied
rf voltage as a function of the radio frequency phase .
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At resonance conditions the particle experiences an energy gain or decrease
AFE, s, while propagating through a drift tube of length L:

AE,; = ZeU,f[cos(® — w,sts) — cos(® + w,ptf)], (4.20)

where Z corresponds to the atomic number of the ion, e is the charge of the
electron, ® denotes the phase of the rf voltage and t; = L/vy refers to the
time that the particle spends within the drift tube. The necessary RF voltage is
determined by:

Upyp(t) = —U,pcos(®); & = wyst (4.21)

The formulas and concepts depicted in this paragraph are adapted from (Tecker
2020), where an extended description of RF bunching derived from basic princi-
ples can be found.

4.7.3 lon beam diagnostics systems

The monitoring of the stored ion beam properties at CSR relies on the use of three
capacitive pick—up systems: the Schottky pick—up, beam current pick—up and six
position pick—ups located at various spots at the storage ring, see figure 4.3. The
fundamental working principle of these pickups are in essence the same and are
based on capacitive detection of the mirror charge induced by the circulating
ion beam. The design and characteristics of these systems are described at great
length in the work of (Vogel 2016) and (Wilhelm 2019). Therefore, only the core
working principles of these systems and their use in the context of the present
work shall be outlined briefly.

A schematic that depicts the detection of induced mirror charge of an ion beam
passing a pickup electrode is shown in figure 4.11. As the ion beam advances
across the hollow tube pickup electrode, the in and outgoing currents I, (¢), oy
and the currents I (t), Ir(t) toward the grounded experimental chamber that are
generated by the mirror charge follow Kirchhoff’s junction rule:

Lin(t) — Lot (t) = Ir(t) + Io(t) = I(tg) — I(to — At)) =~ I(t)At. (4.22)
By using the relations At = Lo /v, Ig(t) = Ugr(t)/R and I(t) = CUc(t) equation
4.22 can be re-written as:

LU

Due to a combination of high resistance of amplifiers used within the setup

(R =5 M Q) and the pick-up capacity of C' &~ 100 pF’, it can be assumed that
C' > 1/R and therefore:

+ CU(). (4.23)
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Experimental vacuum chamber Experimental vacuum chamber
L, L,
) L (t .
L Current pick-up I;(t)) L) Schottky pick-up ﬂ)

electrode electrode

'R(t)l C% llcm I(t)l

-

Figure 4.11: The working principle of current pick—up and Schottky pick—up electrodes.
The circulating ion beam induces a mirror charge in the capacitive circuit
that is used to determine properties of the ion beam. Figure from (Wilhelm
2019).

1(15)6)0 = CU(1). (4.24)

As the measurement chain includes an amplifier with an amplification factor G
the relation between the measured voltage U(t) and the stored ion current I(t)
becomes:
I(t)@ = lC’U(zf). (4.25)
v G
The absolute number of ions within a bunched pulse can be determined by inte-
grating the measured signal U(t), the procedure is explained in section 4.10.4.
The other pickups function in a similar manner with the specifics described in
detail in (Vogel 2016). In summary, the present work employs the various pickup

beam diagnostics systems available at CSR in several ways:

o the current pickup was utilized to determine the absolute number of ions
within the CSR,

o the Schottky pickup was used to investigate the evolution of the momentum
spread of the stored beam and infer the effects of electron cooling,

o the beam position monitors, as the name suggests, served to assist beam
alignment and optimize storage settings accordingly.
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4.7.4 Isochronous mode

As the duoplasmatron ion source was operated with a mixture of Hy and HD gas,
mass 4 u output can in principle consist of 2 isobars, namely Ho,D* and D3 with
molecular weights of my,p+ = 4.02943u and mpy = 4.02766 u (Linstrom and
Mallard 2023). The potential contamination of D3 within the HoD* beam may
contribute to the observed DR rate. Therefore, to eliminate the ambiguity of the
ion beam composition, the contribution of the isobaric constituents need to be
established. For this purpose the CSR is operated in the isochronous mode, in
which the storage ring fulfils the functions of a time-of-Flight (ToF) mass spec-
trometer. The basic principle of ToF mass spectroscopy relies on the differences
in flight time 7', T, among dissimilar mass particles m, mg propagating through

a storage medium:
T m

T\ (4.26)
Increasing the distance travelled enhances the mass resolution Am/m that can
be achieved, which ultimately is limited by the stored particle energy spread.
In isochronous operation mode the ring lattice is setup in a configuration that
results in ion beam paths separating into different orbits, due to the non—identical
kinetic energies of the different mass ions. As a consequence, the flight time
difference of the circulating ions become dependant exclusively on the masses of
the ions. A comprehensive overview of the necessary ring conditions and practical
implication is described in a recent publication (Grieser et al. 2022), where the
general relationship between flight time and mass-to-charge ratio difference at

CSR is derived as:
AT, 1Am/q

T, 2 m/q’

after n revolution cycles, AT, = nAT. Therefore, the revolution time ratio be-

(4.27)
tween Ho,D* and D3 ions that have near identical mass-to-charge can be expressed

TH2D+ _ Mg, p+ (4 28)
TD;_ mD;— ' '

By replacing the revolution time with the more practically relevant revolution

as:

frequency f = 1/T, the ratio becomes

Mo+
Jrzp — (4.29)
fD; MHy,D+

In practice, one way to distinguish between similar mass contributions within the

stored beam is to use the isochronous mode in tandem with the current pick—up
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to obtain the induced current signal as a function of the revolution frequency.
In the present case, such an measurement was used to determine the degree of
contamination of Dy within the HyD* beam and adjust the source settings to
suppress said unwanted contaminant. The isochronous mode offers a mass reso-
lution of up to Am/m =~ 1-1075 | which is sufficient to confidently identify the
relative fraction of DJ within the H,D* ion beam. Two measurement results with
various duoplasmatron ion source settings are shown in figure 4.13. Production of
H,D* using only HD gas results in a beam dominated by DJ ions. However, when
the source is operated with a 4:1 mixture of Hy and HD gas, the output is char-
acterized by a very small fraction (~ 0.03%) of D contamination. Consequently,
the latter settings were used throughout the DR measurement beamtime.

The production of an DoH™ ion beam was significantly simpler in comparison
due to the lack of isotopologues with similar molecular weight at 5u that would
influence the observed DR signal. The analyser magnets are sufficient to isolate
the desired ion and divert any impurities of different mass origin.

1.0 = DS fraction - 64.6 %
= DS fraction - 0.41 %
+
HZD = DS fraction - 0.03 %
0.8 A
C
J
—~ 069 | D,*
. | 2
> J
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©
c 0.4 A J
20 |
n
0.2
0.0 \
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Figure 4.12: DEL contamination measurements at various ions source settings using the
isochronous mode. By adjusting the mixture of Ho and HD gas various ion

source output regimes can be achieved.
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4.7.5 lon beam lifetime measurements

An important metric that describes the quality of the storage conditions is the ion
beam lifetime. As mentioned before in previous sections, the CSR is a cryogenic
storage ring characterized by a residual gas density on the order of ~ 1000 par-
ticles per cm?3 when in cryogenic operation mode. Under optimized beam storage
conditions, the main limiting factor of ion beam storage are losses attributed to
the beam guiding elements, namely the focusing quadrupoles and electrostatic
deflectors. A much smaller, but not insignificant contribution to the decay of
the stored beam is collisions with residual gas, which can serve as a means to
determine the stored ion beam lifetime.

Due to the low temperature environment of the CSR experimental chambers,
the predominant residual gas component is expected to be Ho, which in collisions
with the stored ion beams can produce either two or three neutral reaction frag-
ments. The rate of the reaction fragments are proportional to the stored number
of ions, which are counted by the NICE detector throughout the ion beam storage
time. Therefore, the ion beam lifetime can be determined by measuring the sig-
nal induced by collisions with residual gas. More specifically, a beam lifetime can
be extracted by fitting the measured decay with an exponent, the parameters of
which provide a 7 = 1/e beam lifetime estimate. While a single exponent decay
fit almost never fully represents the observed ion beam storage dependence, it
is a sufficiently adequate metric to set a reasonable estimate on the ion beam
lifetime.

Figure 4.13 depicts the lifetime of a stored H,D™ ion beam under two drastically
different storage conditions, one of which shows the ion beam storage evolution
without electrons (figure 4.13 left). The lifetime indicated by the exponential fit
is on the order of 7 ~ 400 s.

However, during the experimental measurements, the ion beam is overlapped
with the electron beam at various electron beam densities and interaction times,
which typically leads to a reduced beam in terms of the stored number of ions.
Therefore, to estimate the most intense reduction in beam lifetime due to recom-
bination with electrons, a measurement was performed by overlapping the ion
and electron beams continuously throughout the storage time (figure 4.13 right).
At an electron density of n,=2-10%cm™3, this leads to a 1/e beam lifetime of
T ~ 85s. It is important to note that a lifetime measurement example with such
settings is dominated by the DR loss process, which does not represent the ex-
perimental parameters (and ion beam lifetimes) employed during the actual DR
measurement procedure.

During the present experiment, an electron beam was used in the cooling phase
for up to ~ 1000 s, prior to the DR measurements (see section 4.10.3), with a
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beam on—time duty cycle of 50 % and a typical electron density of n, = 1-10° cm 3.

This resulted in an measured ion number of ~ 2 - 10% after ~ 1000 s of storage
time (see section 4.10.4). If one assumes that initially the storage ring acceptance
is fully filled by the ion beam injection, which corresponds to ~ 1 - 10® particles,
this leads to an estimated 1/e beam lifetime of a250-300s, during a typical
measurement scheme. In principle, such conditions permit beam storage up to
several thousands of seconds, whereafter a DR rate measurement can still be
performed.
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Figure 4.13: H,D™ ion beam lifetime measurements at two different storage conditions.
Red curve represents a single exponent decay fit made for the first 580 s of
ion beam storage at two storage conditions: unperturbed ion beam (left),
ion beam that is depleted due to electron recombination by a constantly
applied electron beam (right).

4.8 Electron beam characterization

To facilitate a precise dissociative recombination experiment, the characteristics
of the merging electron beam must be well known. Therefore, considerable prepa-
ration time is devoted towards the investigation of the electron beam properties,
especially in aspects regarding the velocity distribution of the electron beam and
the quality of the beam profile. Settings that deliver a stable electron density
must be found and an optimal merged beams alignment among the ion and elec-
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tron beams needs to be established. The following section outlines measurements
and procedures associated with fulfilling the stated requirements.

4.8.1 Electron beam profile

As described in previous sections, electrons employed in the present experiment
are created in a dedicated electron cooler setup located at one of the straight
sections of the CSR. The basic parameter of interest when characterizing the
photocathodes output lies within the effective electron density, which can be in-
ferred by measuring the current and the effective radius of the electron beam.
The electron beam profile is recorded by scanning the beam across a pinhole lo-
cated at the end of the electron collector section with the help of steering coils
imbedded in the room temperature part solenoid, see figure 4.5. The current is
detected by a Faraday cup after the pinhole that measures the electron intensity
as a function of the applied steering current. Calibration and measurement pro-
cedures that correlates the steering current to a change in beam position were
developed in prior work (Wilhelm 2019). Figure 4.14 illustrates an example of a
photocathode radius measurement that depicts the electron beam intensity as a
function of its radius in a three dimensional contour plot. The goal of these mea-
surements is to obtain the effective radius of the electron beam, which is further
used in calculating the electron density. Additionally, settings that produce ho-
mogeneous beam profiles exhibiting as little as possible deviations with changing
current are established.

The radius of an electron beam that undergoes adiabatic magnetic expansion
is related to the photocathode radius by the expansion factor «:

Tbeam = \/arcathu (430)

where electron beam currents corresponding to 7., values of 1.2113-1.2735mm
were employed in the present work. The present experiment utilized electron
beam currents of 7.5 uA, 15 uA, 50 pA, 100 uA and 150 pA. The aforementioned
key variables define the electron beam density and are crucial for further data
analysis of the obtained DR rates.

4.8.2 Energy and velocity distributions of the electron beam

As the electron beam fulfils the role of a target in the merged-beams experimental
configuration, precise knowledge of the energy and velocity distribution are key
variables necessary to derive accurate merged—beams rate coefficients.

A comprehensive summary that outlines definitions and conventions used to
describe parameters of an adiabatically expanded electron beam in the context of
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Intensity (a.u.)

Figure 4.14: An example of a contour plot depicting the electron beam profile. The
dashed lines mark the approximate diameter of the beam (=~ 8.6 mm) cor-
responding to an effective cathode radius of reqp = 1.2 mm.

merged—-beams experiments performed in the now decommissioned TSR can be
in found in (Pastuszka et al. 1996). Many aspects of the CSR and TSR electron
coolers are analogous, therefore, it is also convenient to follow the established
formalism when defining the velocity and energy distribution of the electron beam.
The longitudinal and transverse electron beam temperature of a cylindrical beam
is expressed as:

KT} = m. (<vﬁ> = <U||>2> (4.31)
kT = %me <<vi> - |<UJ_>|2> (4.32)

where v and v, refers to the longitudinal and transverse electron velocity,
respectively. The electron velocity distribution f(v) in the laboratory frame of
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reference follows the so called flattened Maxwellian distribution:

o me e | mev:  me(yy — <UH>)2
flv) = ( ) T exp ( — . (4.33)

27'(]{3]3 _Ql{fBTJ_ QkBTh

Additionally, it is assumed that due to the strong guiding magnetic fields the
transverse and longitudinal velocity distribution can be viewed as decoupled:

f) = fly)f(vr) (4.34)

The longitudinal temperature of the adiabatically expanded electron beam di-
rectly before the merged beams interaction region is described by the following
formula:

2
a—1 ky T2 e2nl/3
k=11 . c +(C0—=¢ 4.35
il (+<a>> 2E6+ Amey (4.35)

where the first term that encompasses the expansion factor a accounts for energy
transfer from transverse to the longitudinal movement of the electrons known as
the transverse-longitudinal relaxation (TLR) effect, as well as the longitudinal—-
longitudinal relaxation effect (LLR) that both arise from the change in density of
an electron beam undergoing the expansion process. The second term represents
the electron beam kinematic compression factor that results as consequence from
accelerating the electron cloud away from the vicinity of the photocathode, where
T, denotes the cathode temperature and F, refers to the energy of the electrons
accelerated by an applied potential of Uy. The third term serves the purpose of
describing the adiabaticity of the expansion process by expressing the change
in electron density n. via an adiabaticity factor C'. For U, acceleration voltages
on the order of tens of volts the adiabaticity factor has the value of C' ~1.9
as described in (Sprenger et al. 2004). By applying variable values that corre-
spond to typical electron cooler operational conditions into equation 4.35 (e.g.
kT, =25meV, E, = elUy =20 eV, n, = 1-105 cm™3), the longitudinal electron
temperature becomes:

kyT)) = 0.27meV (4.36)

An extended derivation of this formula from basic principles and a step-by-step
implementation of the LLR and TLR effects can be found in (Paul 2021).

The initial transverse electron temperature 7' ; is determined by the room tem-
perature photocathode as kT ; = 25 meV'. The acceleration of the electron beam
occurs only in the longitudinal direction, therefore, it can be assumed that the
transverse velocity f(vLl) distribution remains unchanged throughout the entirety
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of the electron cooler, hence f(v,) adheres to a Maxwell distribution all through
the electron cooler:

2
Me mev]
f(v) kT, ( ZkBTL> (4.37)

As mentioned in chapter 4.5, the transverse electron temperature is further re-
duced by adiabatic magnetic expansion according to equations 4.1, 4.2. Plugging
in the magnetic field values from their respective locations at the electron cooler
(see figure 4.5: By, = 3000G, By = 200G, By = 100G) into the aforemen-
tioned equations, results in an estimate of the lowest transverse temperature limit
under ideal conditions of adiabatic expansion:

T\ min = 1.25meV (4.38)

However, a more tangible lower limit of T}, = 2 — —3 meV has been assumed in
present work, as prior experiments (Kélosi et al. 2021, 2022; Novotny et al. 2013)
have established that even an actively cooled photocathode with a temperature
of T,, ~ 100 K does not achieve the theoretical limit of 7' ,,;,. To summarize, the
applied T, value in the analysis of present experiment exceeds T} roughly by an
order of magnitude and is the dominant contribution that defines the maximal
collisional resolution of the merged—beams interaction process from the point of
view of the electron beam.

4.9 Rate coefficients, cross sections and plasma
rates

To reiterate: the basic experimental premise of the present work is based on a
circulating ion beam stored within the CSR that interacts with the electron beam
target in a controlled merged—beams configuration, initiating a dissociative recom-
bination reaction that leads to collisionally induced neutral reaction fragments,
which are counted by the NICE detector. The experimentally observed count rate
R is dependant on the cross section of the DR process, electron density n. and
the geometry of the overlapped beams:

R = T]L<l0/00)NionneOémb, (439)

where 71, represents the transverse overlap fraction, while the factor l/Cy de-
notes the longitudinal overlap fraction, governed by the length of the merged—

78



4.9 Rate coefficients, cross sections and plasma rates

beams section [y =~ 0.721m and the circumference of the CSR, Cy = 35.12m.
Note that in this context, the merged—beams rate coefficient (MBRC) o™ is not
synonymous with a rate coefficient in its conventional sense, but rather it rep-
resents a convolution between the energy dependent cross section o(E) and the
collisional energy distribution f(FE) that is specific to the experimental setup em-
ployed in the present work. To provide more clarity, the nomenclature is slightly
adapted from equation 3.8 to account for ambiguities:

By = /0 Y wf(E, EJ)o(E)dE, (4.40)

where v = \/% denotes the velocity of the electrons in the reference frame of the
ions and FEj refers to the detuning energy (otherwise called the collisional energy)
of the electron beam with respect to matched ion—electron beam velocities.

The term f(E, E4) describes the probability of an collision event to occur with a
certain collision energy. Although the relative velocity of the collisional partners
is minimized, the electron beam is characterized by a finite temperature that
mainly determines the likelihood of the relative energy of the ion—electron collision
process. The full derivation of the function f(E, Ey) is available in (Novotny et al.
2013). In essence, f(E, E4) encompasses all effects relevant to the center-of-mass
energy spread of the electron beam along with the experimental geometry:

f(E7Ed) :f(E>Ed7T‘H’TJ‘7X)7 (441)

where X represents the overlap geometry. Although there exist analytical approx-
imations of f(FE, Ey) (Schippers et al. 2004), here we employ a collisional energy
distribution produced by Monte Carlo simulations, a method that was developed
by Dr. Oldfich Novotny. The outcome of the simulation for a parameter set rele-
vant for present experiments at a detuning energy of E; = 0 can be seen in figure
4.15. The first of two peaks at around 1 meV arises from the transverse and lon-
gitudinal temperatures of the electron beam, while the high—energy tail at ~1eV/
is introduced by the electron cooler geometry. To elaborate: in practice the ion
and electron beam velocities are matched and detuned within the merged beams
section by a drift tube. However, a part of the collisional distribution can still be
sampled from regions before and after the drift-tube (edges of the merging beam
section) that corresponds to electrons with a higher relative velocity with respect
to the ions. This manifests as the secondary peak in the f(E, Ey) plot. It will
be later shown that the high—energy peak is inconsequential to the measured DR
rate due to the low sampling probability of the f(FE, E,;) distribution in tandem
with the low rate coefficient associated at that particular detuning energy range.

When discussing the relevance of ion—electron interaction processes in the con-
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Figure 4.15: Simulated collisional energy distribution at Fq = 0eV. The simulation
assumes an electron beam with a transverse temperature of 7', = 2meV
and a longitudinal temperature of 7| = 0.3meV. An electron density of
ne = 1.1-10° em™2 and a cathode of temperature T, = 25 meV is assumed.

text of astrophysical environments, it is customary to model said environments
as a plasma with a certain temperature 7}, in which the collisional energies of
a reaction follow a thermal Maxwell-Boltzmann distribution f,(E). Convolving
the energy dependant cross section o(£) with the thermal distribution f,(E)
results in a plasma rate coefficient:

anlT) = [ alByla(EVIE = [ vo(E)| 2 e (—f;) iE

(4.42)
The analytical expression of f,(E) distribution is well described and the numeri-
cal computation of the integral is unambiguous if o(F) is sufficiently well known.
However, as previously stated, the experimentally observed reaction rate and
by extent the cross section is convolved with the collisional energy distribution
function f(FE, E,) that is specific for the current merged-beams configuration.
Therefore, before the plasma rate coefficient can be calculated the cross sections
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need to be deconvolved.

Details regarding the deconvolution procedure can be found in (Novotny et al.
2013). At its core, the deconvolution method is based on an iterative approach,
where an initial model cross section ¢’(E) is convolved with the collisional energy
distribution function f(F, E,) according to equation 4.40. Thereafter the gener-
ated model rate coefficient o/™(E},) is compared to the experimentally obtained
rate coefficient a™°(E,). During the deconvolution process the energy dependant
cross section o(F) is split into narrow energy bins of o;(E) with the assumption
that o;(E) = const throughout the chosen energy interval. By minimizing the
x? value of each energy bin, a model o'™*(E,) that agrees with the experimen-
tal a™(Ey) is obtained. Ultimately, the deconvolved cross section is employed
in equation 4.42 to calculate the temperature dependant plasma rate coefficient
api(Ty)-

In summary, it is important to note that nomenclature as established in equa-
tions 4.39, 4.40, 4.42 shall be followed throughout the rest of the work.

4.10 Data acquisition and analysis procedures

4.10.1 Data acquisition system

When optimal experimental conditions in terms of ion and electron beam control
and characterization have been achieved, the measurements of the DR reaction
are initiated. The main components of the data acquisition system consists of
the NICE detector and the camera—DAQ interface that accompanies it. After the
DR reaction takes place in the merged—beams region the neutral fragments exit
the nominal ring orbit and impinge on the detector. The events are counted by
a CMOS camera that is triggered by the electronic pulses generated by particles
hitting the phosphorus screen. Following detection of the electronic pulses the
signal is digitized into waveforms that contain information regarding the pulse
properties, namely arrival time, amplitude and number of pulses, which are ex-
tracted by online analysis (on CPU).

Complementary to the signal generated by digitizing the pulses generated on the
phosphor screen, the camera records and evaluates data on the basis of individual
frames. The camera continuously integrates the signal that arises from ambient
light. After a trigger signal has been received, the camera will acquire photons
for 2 more p s before closing the shutter, which is a sufficient time window to
identify and correlate signals that corresponds to neutral fragments belonging to
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a concurrent collision event. Thereafter, the acquired data are transmitted to a
frame grabber within a timescale of 1 ms and the camera shutter opens again. A
simplified schematic that outlines the data acquisition process is shown in figure
4.16. As the imaging data are not part of the present analysis, further details will
be omitted.

1 S
Camera trigger (electronic pulse signal)
0
A Camera shutter
open
closed ;
(21s) (2 ps) (50 ps) time
>
Data transfer (1 ms)

Figure 4.16: Schematic of the NICE detector data acquisition timing scheme (figure not
to scale). The dashed lines mark the beginning of measurement events.
To discriminate against events that occur due to stray light, the camera
periodically does not integrate and transfer data for 50 us intervals if there
are no trigger signals.

4.10.2 Detection efficiency

As any MCP detector, NICE is characterized by an intrinsic detection efficiency
that is determined by the surface area of the detector and limited by the inactive
area between the MCP channels. An extended investigation of the NICE detector
detection efficiency (Novotny et al. 2019) resulted in a value of

p = 0.593(15), (4.43)

that is further employed in the present work.

However, due to the nature of the DR process, the KER release can result in
neutral fragments that feature distances at which some of the dissociated products
no longer hit the detector. Therefore, a more important variable that contains the
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intrinsic detection efficiency p of the MCP and additionally includes probabilities
associated with detecting an incomplete amount of fragments of a DR event is
the effective detection efficiency 7.

As the dissociative recombination reaction of triatomic hydrogen cations can
result in either a two body or three body fragmentation, the following probabilities
must be considered.

For a three body dissociation event, the detection efficiency can be calculated
by the following formula:

Neripptes = D° + 3p*(1 — p) + 3p(1 — p)*, (4.44)
where:
« p® — probability to detect all three neutral fragments simultaneously,
o 3p*(1 — p) — probability to detect two out of three neutral fragments,
e 3p(1 — p)? — probability to detect one out of three neutral fragments.

The detection efficiency for a two body dissociation event can be obtained
similarly:
Tdoubles = p2 + p(]- - p) + p(l - p)a (445)

where:
« p? — probability to detect both neutral fragments simultaneously,

» p(1—p) — probability to detect the atomic fragment, but not the molecular
fragment,

e p(1—p) — probability to detect the molecular fragment, but not the atomic
fragment.

By substituting the MCP intrinsic detection efficiency into equations 4.44 and
4.45 one arrives at values of Myippres = 0.93 Naoupies ~ 0.83. The detection effi-
ciency is further utilized when implementing the absolute scaling of the DR rate
measurements where an 7=0.88 +0.05 value is assumed in the analysis. It should
be noted that the detection efficiency is actually a function of the detuning en-
ergy due to the changes in the two-to-three fragment ratio with detuning energy.
Present analysis assumes 1(Ey) to be constant throughout the detuning energy
range and estimates that the influence of such an effect is small enough to be
encompassed within the uncertainty of n=0.88 +0.05.
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4.10.3 DR measurement structure

A typical DR measurement run consists of various phases that feature different
application purposes of the overlapped electron beam. Key properties of the elec-
tron beam that are varied are electron beam density and relative collision energy.
Adjustments in electron beam energy during a measurement run is referred to as
wobbling. The entire measurement run is split into parts that are called schemes
that differ from one another by interaction parameters (timings and detuning
energies) meant to fulfil various purposes. Schemes are further subdivided into
cycles and steps, as illustrated in figure 4.17 which shows the structure of a sin-
gle measurement run. The following paragraph is dedicated to provide details
regarding the significance and purpose of each measurement phase.

In the initial part of the measurement run a cooling scheme is utilized to achieve
an ion beam that is stable, reduced in size and characterized by a minimal energy
spread. With the information provided by simulations that describe evolution of
the molecular ion ensemble internal energy distribution, a decision was made to
designate an electron cooling period of up to 1000 s prior the DR measurement
scheme. These time scales ensure a compromise of a well-defined internal state
definition while retaining practicality in terms of measurement time and count
rate. During the cooling scheme the electron beam is operated at a detuning
energy of Fy; = 0 with a reduced intensity of 7.5 uA compared to the maximal
current used in the measurement steps of 150 A, in order to avoid excessive loss
of the stored ion beam. Furthermore, a 50 % duty cycle is used, characterized by
switching between a 50 ms "beam on" time followed by 50 ms of "beam off" time.

Subsequently, it is assumed that the ion beam energy spread is defined by that
of the electron beam and the measurement scheme is initiated. The measurement
scheme consists of a series of wobbling cycles, each corresponding to a certain
detuning energy that is varied throughout the scheme. Each wobbling cycle con-
sists of a certain quantity of steps (smallest unit in this nomenclature) depending
on the purpose of the measurement scheme. When switching between a detuning
energy of Fy = 0 that corresponds to the cooling step condition, to a detuning
energy of E; # 0 of a measurement step, the electron beam can induce dragging
effects that manifest as a change in the ion beam velocity. To minimize this influ-
ence, the electron beam remains at a detuning energy of F; = 0 for the majority
of the measurement cycle, while switching to the desired detuning energy occurs
only for a fraction of time, typically following the ratio of 4:1 with respect to the
cooling step.

A roughly equivalent amount of time within the measurement cycle is spent
on a reference detuning energy, that is used as a normalization signal for further
analysis. The reference detuning energy is chosen such, that the measured rate
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exhibits no changes with respect to storage time and has no resonant features,
such as coupling to Rydberg state. In the context of DR measurements of small
molecular ions, these conditions are typically satisfied at relatively high detuning
energies of > 10eV and in present work a detuning energy of 12.42 eV was chosen.

Every measurement cycle incorporates an "oftf" step at which the residual gas
background rate is sampled with no electrons present within the storage ring. The
background rate is later subtracted from both the reference and measurement
steps. A 5ms waiting period is inserted between every measurement step within
the scheme to account for stabilization of the electron beam at which times no
rate is sampled. An example of the timings employed in a typical measurement
run consists of:

e =~ 1000s of electron cooling with a 50% duty cycle that corresponds to
consecutive iteration between 50 ms of electron beam "on" and "off" time,

e =300 s of measurement scheme defined by varying between 100 ms of elec-
tron cooling, 25 ms of measurement and reference steps each, followed by
25ms of an "off" step,

e each measurement scheme is completed by a 100 ms cycle sequence of ion
free measurement that corresponds to the detector dark count rate.

Every measurement run is characterized by ~ 50-100 detuning energy values re-
peated hundreds to thousands of times in order to record statistically sufficient
data sets.

The NICE detector is capable of acquiring imaging data, that allows for associ-
ation of induvial collisional events to the number of reaction fragments. Although
such data has been recorded for each measurement, it will not be analysed and
discussed in the present work. Therefore, the current analysis treats all detector
events equally as a single count towards the detection rate, independent of the
branching ratios between the two-body and three-body dissociation channels.
This results in a detected rate of:

AN;
At

where AN; represents number of events within a given time At; that can corre-

Ri:

(4.46)

spond to any of the cycle steps. The typical count rates in the present experiment
were on the order ~ 1000s~!. The total detected rate pertaining to a specific
measurement step as illustrated in the measurement scheme (figure 4.17) is given
by:
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Measurement scheme

Storage time

® Cooling

m Measurement
Reference
Electrons off
Waiting time
No ions

etc.

Storage time

Figure 4.17: Data acquisition scheme for a DR measurement run. A single measure-
ment run consists of several phases denoted as schemes, cycles and steps
corresponding to different detuning energy Fy4 values. A waiting time ac-
companies the change between every measurement step type in order to
account for voltage stabilization. Every measurement run includes steps
for background measurement.

Rmeas.tot = Rdark + Roff + Rmea87 (447)
Rref.tot = Rdark + Roff + Rref7 (448)
Rofrior = Ropr + Raarks (4.49)

where R,.; and Ry.qs are electron induced rates at a certain detuning energy
Ey.
The residual gas induced rate R,f¢: can be further expanded upon as:

Roff.tot = ar.g.ngasNion + Riark (450)

and is dependant on the remaining residual gas particle number n,4,,, number of
ions stored N, and an effective residual gas rate coefficient c.,. The count rate
recorded from the residual gas induced events R,f¢, as well as the detector dark
count rate Rg., need to be subtracted from the overall signal R,,, to separate
the rate R,,.qs that originates solely from electron induced collisions at a certain
detuning energy. R, is defined identically to equation 4.39 and is obtained by
normalizing the count rate recorded in a measurement step R,,cqs.t0t DY @ reference
count rate Ryef.ior:
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Rmeas. ot Ro to Rmeas
Ry = L L , (4.51)
Rref.tot - Roff.tot Rref

where the reference count rate is always measured at a single, constant detuning
energy value throughout all of the measurement runs.
The reference count rate R,.; and the normalization factor S that represents
the signal per number of ions is obtained as:
Rref.tot - Roff.tot _ Rref S

Nion Nion

By using equation 4.39 the electron induced rate R,,..s can be expressed as:

(4.52)

Rmeas mi
N = n1(lo/Co)nea™ . = R3S, (4.53)
which leads to:
Rmeas RTef b
RS = =n.(lo/Cy)n.a™ . 4.54
b Rref Nz‘(m TIJ-( 0/ 0>n X peas ( )
or:
m meas 1
gt FwS R (4.55)

meas nL(lO/CO)ne Nion ’fu(lo/co)ne

As the individual steps (Romeas, Rref, Ross) of the wobbling scheme occur within
a few tens of mili-seconds from one another, the average residual gas induced
rate in one injection cycle remains almost constant and is removed from the elec-
tron induced rate together with the detector dark count rate. Measurement runs
characterized by abnormally high rates within the R,;¢ step typically indicate
a problem and are generally discarded from the analysis. It is important to em-
phasize that equation 4.55 is central for obtaining the main results of the present
work.

4.10.4 lon number determination

To acquire an absolute MBRC each measurement run includes a time window
at which the ion current and by extent the ion number in CSR is determined.
The number of ions is inferred by measuring the mirror charge that arises from
a bunched ion beam propagating through the capacitive current pick—up. The
working principles of the pick—up systems were discussed in paragraph 4.7.3 (see
figure 4.11). Each revolution of the ion beam generates a voltage signal U, (?)
within the pick—up circuit that is characterized by a certain waveform, an example
measurement can be seen in figure 4.18.
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Figure 4.18: Ion number determination. Voltage induced in the current pick—up by a
RF-bunched ion beam is correlated to the number of ions in a bunch as
described in equation 4.56. The average signal (blue) is fitted by either
a parabolic (orange) or Gaussian (green) model in order to calculate the
integral in equation 4.56. An average value of both fits is used in the
analysis. The dashed lines denote the fitted offset value.

Whence a statistically sufficient multitude of the waveforms have been acquired
(=~ 10000) the average voltage signal can be fitted by a Gaussian or a parabola
to correlate the measured signal on the current pick—up with the number of ions
within the ring:

C,Coh

Nio = GLOTOG/ U ( (4.56)
where C), — capacity of the current pick—up, Cy — circumference of CSR, z —
charge state of the ion, Ly current pick—up length, ¢t — ion beam revolution time,
G — amplifier gain. As an example, by substituting in the relevant numbers within
formula 4.56: C, =96.0(48) pF" , Lo=30mm , T, =10.0162 us , G~ 3000, and
evaluating the fitted integral, the number of ions within the CSR is determined

to be 2.44-10°% after ~ 1000 s of beam storage.

4.10.5 Summary of the measurement procedure and
uncertainty estimates

The following section will provide a summary of the measurement procedure and
a breakdown of the statistical and systematic uncertainties of the experimental
measurements.

To reiterate, the initially measured quantity in the present DR experiment is
detected counts on the NICE detector associated with various experimental steps
in a measurement scheme at a given relative collision energy (paragraph 4.10.3).
The measurement steps within one scheme are structured in such a manner (equa-
tion 4.51) that, when combined with key parameters of the experimental setup,
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produces a relative merged—beams rate coefficient at a given detuning energy Fjy
and ion beam storage time t:

Rmb
11 (lo/Co)ne’
where all the variables have been discussed in previous sections. Thereafter, by

Q™ (B t) = (4.57)

varying the relative collisional energy Fy, a DR spectrum is recorded at different
ion beam storage times.

To convert o™ (E4,t) to an absolute rate coefficient requires the input of
the detection efficiency n(FE,) (paragraph 4.10.2) and number of stored ions N;,,
(paragraph 4.10.4):

Rmeas
ni <ZO/CO)ne77(Ed)Ni(m ’

that scales the entire measurement curve.

ams(By 1) = (4.58)

The statistical error of the measured DR rate R at given detuning energy is
calculated by:

OR\? OR\” R\’

where m,o,r correspond to countrates in the measurement, off and reference

steps, respectively. The value of AR significantly varies throughout the experi-
mental DR curve from < 1% to several hundreds of precent in the low rate co-
efficient region. The statistical and systematic uncertainties are always displayed
separately in the present work.

A determination of the transverse overlap value 7, is described in the sup-
plementary material of (Kélosi et al. 2022). Present analysis assumes that 7, is
predominantly governed by the electron beam. After 1000 s of ion storage, it is
reasonable to assume that the remaining stored ion beam and the electron beam
are described by a near unity transverse overlap in the merged—beam section,
therefore n, =1. Previous estimates (Kélosi et al. 2022), suggest a 4% uncertainty
of n; under similar experimental conditions.

An ideal electron target would provide a perfectly defined interaction region
at a certain overlap length among the electron—-ion beams, without any colli-
sional events outside the interaction zone. Furthermore, collisions would occur at
a strictly fixed relative collision energy. In practice, any merged—beams setup is
characterized by an effective overlap length [.¢; that includes geometry effects
and is characterized by a certain collision energy distribution at a given relative
collision energy. The associated uncertainty for the CSR electron cooler was de-
termined in the work of (Saurabh 2019), and for ion beam parameters employed
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in the present work, is calculated to be:

Alers/C
Bless/Co _y 5o (4.60)
lers/Co
The electron density at the merged—-beam interaction zone is given by:
I
Ne = ——%——, (4.61)
ETT o Ve

with equation 4.30 correlating the electron beam (rpe.,) and effective cathode
(reatn) radii. The principle uncertainty of the electron density originates from the
cathode radius (7eqp). As the present experiment employed 7.4, values of 1.2113—-
1.2735mm, the uncertainty is assumed as Ar.,;,=0.0311mm. This leads to an
electron density uncertainty of:

An,

Ne

=10.0%, (4.62)

which is a reasonable estimate compared to previous DR measurements (e.g.,
Paul 2021).

The derivation of the detection efficiency of the NICE detector was given in
section 4.10.2. Here, the value is noted again as n(E;)=0.88+0.05. Thus, the
uncertainty of the detection efficiency is given by:

An(Eq)
n(Ea)

The uncertainty of the stored ion number measurement depends on the eval-

=5.7%, (4.63)

uation of the integral in equation 4.56, the determination of which is described
in the previous paragraph 4.10.4. Every measurement run is accompanied by
an ion number measurement and a fitted waveform. The uncertainty Al when
determining the integral:

I= /O Ut (4.64)

arises from the parabolic and Gaussian fits and their associated fitting parame-
ters, that change on a per measurement run basis. The uncertainty of the integral
in 4.64 throughout the measurements of present experimental campaign is char-

acterized by:
AT
which together with a 5% uncertainty of the amplifier gain G (Paul 2021) leads

to a total uncertainty in the determined ion number:

A]\]’ion
Nion

= 13.7%, (4.66)

90



4.10 Data acquisition and analysis procedures

Therefore, the total systematic uncertainty of the absolute energy dependant
merged-beams rates coefficient determined in the present work is:

Aamb,abs (Ecb t)
amb,abs (Ed’ t)

derived by addition of the individual uncertainties in quadrature.

= 22.4%, (4.67)
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Experimental Results

5.1 Recombination rate coefficient results

The following paragraph details results acquired in the measurement campaign
of February 2022. The two main experimental objectives that were set for the
beamtime can be summarized as follows:

o Investigate the DR process by recording the MBRC spectra of rotationally
cold HyD™ and DyH™ molecular ions at the CSR experimental setup,

e Obtain MBRC rates at various ion beam storage times to probe the time
evolution of the ion ensembles and establish evidence of rotational cooling.

In an ideal experiment, MBRC would be acquired continuously throughout the
ion beam storage time. However, this is not feasible due to practical limitations,
therefore the present measurement campaign has focused on obtaining the DR
rates at select ion beam storage time windows. The measurement runs can be split
into two distinct categories that are characterized by the ion beam storage times
prior the DR measurement scheme. The corresponding timescales are referred
to as short and long ion beam storage times throughout the following chapter.
The intention of such an approach is to identify and illustrate the changes in the
measured MBRC that arise due to sampling the DR reaction with a hotter and
colder molecular ion ensemble.
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5.1.1 MBRC energy dependence

To understand the DR process, it is fundamental to study the cross sections
dependence as a function of the collisional energy. The experimentally obtained
MBRC and the deconvolved cross sections that arise from it serve as a benchmark
for the state-of-the art theory calculations and are further employed to determine
plasma rate coefficients that are typically used to approximate reaction probabili-
ties when modelling astrophysically relevant environments as a plasma in thermal
equilibrium. The derivation of the plasma rate coefficients and the astrophysical
implications will be discussed in paragraph 5.1.5.

Figure 5.1 depicts the recorded MBRC spectra for HyD™ (upper panel) and
DoH™ (lower panel) as a function of detuning (collision) energy. To fully display
the measured results the rates are plotted on a doubly logarithmic scale, where
the changes in relative collisional energy span more than seven orders of magni-
tude throughout which the measured MBRC also changes drastically. The graphs
consists of two comparative plots with MBRC rates acquired at short and long
storage times to demonstrate the largest observed contrast between features of
both curves that arise from the change in internal population distribution of the
stored ions. The following paragraphs explains the general shape of the curves
and elaborates on the origins of specific features.

As described in section 2.4.1, the DR process occurs via the direct and indirect
dissociation pathways. The rise of the measured DR rate in the high energy part
starting at ~3-4¢eV originates from the direct DR process, while the low en-
ergy part and the corresponding emerging structures manifest due to the indirect
process. It is to be noted, that although the electron beam longitudinal temper-
ature 7| is on the order of ~200 eV, the transverse beam temperature is 7'
~2meV (section 4.8). Therefore, T is the main limiting factor of the collisional
energy resolution, meaning that any resonances located below the aforementioned
relative detuning energy threshold will most likely not be visible in the MBRC
spectra. However, the measured energy dependence of the rate coefficient below
E; = 2meV holds valuable insights on the DR process, as will be shown in the
following paragraphs.

The plots in figure 5.1 are shown with purely statistical error bars and do not
encompass the overall uncertainty of 22 % that arises mainly from the absolute
scaling procedure, which together with other uncertainties is discussed in para-
graph 4.10.5. The majority of the data are characterized by a low statistical error,
except the region between ~0.6-4 eV, where the reaction rate decreases by more
than three orders of magnitude compared to the maximal signal.
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Figure 5.1: Experimental merged—beams rate coefficient measured at short (green) and
long (blue) storage times. The graphs are shown with statistical error bars,

while in addition the enitre data set features an absolute uncertainty of
22 % associated with the absolute scaling.
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As the expected behaviour of the direct DR process follows an ~ 1/v/Ey de-
pendence, it is convenient to display the low collisional energy part that exhibits
features attributed to the indirect process by multiplying the entire MBRC curve
by a factor of v/Ey, as seen in figure 5.2. Such a scale emphasizes the structure
emerging in the detuning energy range from 1-300 meV. According to state-of-
the-art theoretical calculations, rovibrational Rydberg resonances play a signif-
icant role in the DR probability. Features in the detuning energy range of 0.1-
0.3 eV are attributed to Rydberg resonances attached to the lowest vibrationally
excited states, which become energetically accessible at 0.274 eV for H,D™ and at
0.244 eV for DoH™ respectively, followed by a sharp drop in the observed MBRC.
The decrease in rate after the vibrational threshold signifies that the energy of
collisional interactions gets transferred into excitation of the molecule, rather
than dissociation, until the direct process takes over at roughly 4 eV, indicated
by the rise in measured MBRC. In a similar manner, the broadened structure at
few mili-electronvolts is explained by DR that occurs via the indirect channel by
coupling to a series of rotational Rydberg resonances, which cannot be separated
with present experimental resolution.

T T T T T T T
1E-5 1E-4 0.001 0.01 0.1 1E-5 1E-4 0.001 0.01 0.1
Collision energy (eV)

Figure 5.2: Experimental MBRC data sets of short (red) and long (blue) storage times
plotted by removing the 1/v/Ey dependence. The resulting scale emphasizes
changes in observed MBRC that arise form the indirect DR process at low
detuning energies. The graphs are shown with statistical error bars, while
in addition the enitre data set features an absolute uncertainty of 22 %
associated with the absolute scaling.
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5.1.2 Storage time evolution

The influence of the rotational excitation on the DR reaction can be evaluated
by examining the MBRC time evolution. As the vibrational lifetimes are on the
order milliseconds, any vibrational excitation is believed to be absent even for
the short storage time measurements, which is corroborated by the results of the
model calculations (section 3.3). Therefore, any observable characteristics of the
MBRC spectra and their changes with storage time are attributed to changes in
the population of individual rotational states.

Both systems exhibit an overall decrease in the measured MBRC with ion beam
storage time, with the change in rate being much more prominent in the case of
DoH™ compared to HoD™ (see figure 5.1). The general trend of decreasing MBRC
is associated with the reduction in average energy left in the system (as seen in
figure 3.7) that occurs due to rotational relaxation of the molecules. Figures 5.3
and 5.4 show that the majority of the change in MBRC is observed within the
first &~ 150 s of storage time for the case of HyD*, where the measured rate at
100 s mostly adheres to that of the MBRC at 1000 s.
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Figure 5.3: Measured HoD™ MBRC at various storage time intervals.
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Figure 5.4: Measured HoDT™ MBRC at various storage time plotted by removing the
1/v/E4 dependence.

In essence, the most prominent shifts in internal population distribution for the
case of HyDT occur within the first 100 s of ion beam storage time, whereafter
no drastic changes in the measured rate can be observed. This implies that most
of the rotational cooling takes place within 100s and any further changes in
the population distribution develop on significantly longer timescales. Similar
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conclusions can be drawn from the results of the model calculations (figure 3.6).

Although, the DoH' data exhibits similar tendencies, the rotational cooling
appears to be slower (figure 5.5), evident by ongoing changes in measured MBRC
at time scales exceeding 300 s, which are particularly apparent in the structured
part of the curve (see figure 5.6). The discrepancies of the cooling behaviour
among the two systems can be understood by examining the simulated population
evolution (figure 3.6) and the theory DR rate predictions of the lowest rotational
states (figure 3.5).

If one evaluates the DR theoretical predictions of the remaining populated
rotational states (figure 3.5), it is evident that the MBRC for DoH™ spans a sig-
nificantly larger range than the HyD™ rates. The corresponding rotational states
are populated longer for the case of DoH™, which leads to the observed changes
in the measured MBRC on timescales of several hundred’s of seconds (figures 5.5,
5.6).

The combination of slower rotational cooling, in tandem with the comparatively
increased population in the higher excited rotational states for DoyH™ at long
storage times is most probably responsible for the increased amount of Rydberg
resonance associated features.

It is to be noted that the acquired data of the measurement runs that span
ion beam storage times from 50 — 300 s and 50 — 400 s for HyD* and DyH™ re-
spectively are binned with 50 s time intervals. Smaller time slices were deemed to
be detrimental to the statistics of the data. A missing aspect in current analysis
relates to correlating the change in the MBRC to changes in population of indi-
vidual quantum states, as performed for HeH" (Novotny et al. 2019) and CH"
(Paul 2021). Despite the relatively distinguished structured part of the MBRC
spectra and the small amount of populated rotational states, there were no ob-
vious features that could correlate a specific rotational state to the MBRC time
evolution.
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1/v/E4 dependence.
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5.1.3 Comparison to previous experiments

To further evaluate the experimental results, it is useful to compare the present
results with previous measurements.

Prior data of HyD™ dissociative recombination measurements in a storage ring
environment are sparsely available, with one of the few attempts being realized
at the room temperature ion storage device CRYRING, located at Stockholm
(Datz et al. 1995). The aforementioned experiment was among the first DR mea-
surements performed at the CRYRING facility, the results of which are overlaid
with present experiment in figure 5.7 (top panel). Both present and prior data
are absolute rate measurements, therefore can be directly compared.

The extracted cross sections from Datz et al. 1995 were transformed into rate
coefficients by multiplication with the electron velocity (v. = y/2E;/m.). The
CRYRING results do not agree with present experiment throughout most of the
collisional energy range, although there is an agreement region for some of the
structured energy range. It is important to emphasize that the CRYRING data
represent room temperature measurements with a maximal resolution of 10 meV’,
limited by the transverse temperature of the employed electron beam. This alone
could explain the discrepancies when comparing to present data, while an unde-
fined amount of rovibrational excitation is present when performing the measure-
ments. Furthermore, CRYRING measurements featured HyD™ beam lifetimes on
the order of few tens of seconds, which are non—sufficient timescales for rotational
cooling to equilibrate the internal population distribution.

Additionally, the ion source utilized in CRYRING measurements produces both
Hy,D* and DJ ions. Although the source parameters were optimized for produc-
tion of HyD™' and the measurement technique incorporated discrimination against
events that occur due to DR of D , the recorded DR rate might inevitably be
influenced by the contaminant. Overall, the results achieved from measurements
at the CSR represent a large step forwards in understanding the DR reaction on
the basis of individually populated rotational states from both experimental and
theoretical point of view.

Comparisons with more recent experimental data can be drawn in the case
of DoHT, while again adhering to ion storage ring measurements. Figures 5.7
(bottom panel) and 5.8 illustrate two notable data sets measured at the TSR
(Lammich et al. 2003) and CRYRING (Zhaunerchyk et al. 2008). Both previous
measurements are obtained at room temperature conditions, therefore, despite
the prospects of electron cooling, the recorded rates originate from DR reactions
with considerably hotter molecular ensembles in terms of rotational excitations
than the CSR rates of the present work.
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Figure 5.7: Comparison to previous experimental results. The present experimental
data correspond to MBRC measured after long storage times (1000s). Data
for HoD™ comparison (top panel) was extracted from (Datz et al. 1995),
while the DoH™ results originate from (Lammich et al. 2003) and (Zhauner-
chyk et al. 2008), respectively (bottom panel). If the publications did not
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Both comparison curves represent absolute measurements, with the TSR data
characterized by a resolution of 12meV and a total uncertainty of ~ 30 %, while
the CRYRING results feature a resolution of 2meV and a total uncertainty of
~ 20 %. All three experimental data sets of figure 5.7 are in good agreement above
~ 70meV, disregarding the absence of the structures present in the CSR data.

The disagreement in the high energy part, which is associated with the direct
DR process, might be explained by the inability to distinguish between DR, and
DE processes in the CSR measurements. However, the observed discrepancy might
simply be associated with the overall uncertainty as well.

Below ~70meV the three experimental data sets separate from one another,
especially the results from CRYRING. The reason for the variation between ex-
perimental results lies within the remaining rotational excitation of the molecules,
as well as the differences in the resolution of collision energy among the exper-
imental data sets. The TSR results claim a sub—thermal rotational temperature
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Figure 5.8: Comparison to previous experimental results for the case of DosH™ The dis-
played present experimental data correspond to MBRC measured at short
storage times (4.2-51s), while the TSR and CRYRING data sets are the
same as described in figure 5.7.
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(Lammich et al. 2003), while the CRYRING data are characterized by a rota-
tional temperature of <70meV (Zhaunerchyk et al. 2008), which accounts for
the smoothed and increased rate coefficient at low energies compared to the CSR
results. This statement is further corroborated if one compares the short stor-
age time data (4.2-50s) acquired at the CSR to the CRYRING results that are
obtained at similar ions storage times (figure 5.8). It is apparent that both of
the results are in excellent agreement, even exhibiting similar features along the
MBRC curve, which instils confidence, that the CSR data are obtained with
rotationally colder ions.

In summary, the comparison of present CSR results with previously available
data for DR measurements of HoD™ and DyH™ signify the achieved experimental
advancements that allow for the investigation of the DR reaction with rotationally
cold ions with previously unprecedented state definition.

5.1.4 Comparison to theory

Sections 2.5.1 and 3.3.4 discussed the theoretical basis employed to calculate the
DR process, while also outlining the state-of-the-art calculation approaches that
are applied for present molecular systems. The energy dependant cross sections
of the individual rotational states presented in current work were provided by
Kokoouline and Greene 2023.

To make use of the theoretical cross sections they need to be convolved with
the CSR electron cooler collisional energy distribution function, as described in
chapter 4.9. Thereafter, the resulting convolved rate coefficients (figure 3.5) can
be compared to the experimental MBRC of the present work. The comparisons
between experiment and theory provided in the following paragraphs will be made
against experimental data sets that represent the best attainable state definition
in the present work. Such conditions corresponds to the longest ion beam storage
time MBRC, the internal state population distribution of which can be seen in
figure 3.6.

Figure 5.9 shows the comparison between the experimental data of HoD™ and
the four individual rotational states that are significantly populated at ion storage
times of 1000 s according to the model calculations. The absolute ground state
(0go) of the para manifold exhibits a significantly lower rate coefficient throughout
the calculated detuning energy range, especially at the low energy part below
10meV . Additionally, the peaks of the structured part are lower in amplitude and
are located at slightly different positions compared to the other three rotational
states. The remaining other rotational states broadly exhibit the same features
with some variance in peak position and amplitude. It is evident that none of
the four individual rotational rate data can reproduce the peak positions and
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Figure 5.9: Comparison between experimental and theoretical MBRC curves of the four
lowest rotational states of HoD™. The displayed experimental data corre-
spond to MBRC measured after long storage times (1000s).

amplitudes of the experimental independently, rather a mixture of all four is
necessary.

To that end the individual theory curves were weighed and normalized by the
predicted population distribution according to the simulations. This is achieved
by extracting the normalized population values of the individual rotational states
after a simulated storage time of 1000 s (figure 3.6) and multiplying them with
their respective theoretical DR rate curves. For the case of HoD' the lowest
four rotational state populations correspond to: 0gg = 0.186, 1o9; = 0.015, 11; =
0.546, 1,9 = 0.252. Thereafter, the contributions of the individual curve data are
summed to obtained the final MBRC. This approach produces the red curve in
figure 5.10, that corresponds to the current best comparison among experimental
and theoretical data. The experiment and theory curves agree within a factor of
2-5 throughout the entire displayed detuning energy interval, with even better
agreement for the detuning energy range of 0.3-2eV.
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Figure 5.10: Comparison between experimental and theoretical MBRC values for the
case of HoD™. The graph entails four lowest rotational states calculated by
theory (grey) compared to experimental MBRC measured after long stor-
age times (black). The red curve represents the current best estimate of the
internal state composition of the measured molecular ensemble obtained
by weighing the theory curves by the population distribution acquired from

simulation calculations.

The same comparisons where also produced for the case of DoH™, where the
simulation results predict the influence of more rotational states on the observed
MBRC after storage time of 1000 s (see figure 3.6). The populations of nine ro-
tational states where incorporated to obtain the weighed curve as seen in figure
5.11 (a detailed comparison among theory and experiment can be seen in figure
5.12). Similar conclusions can be drawn regarding the absolute ground state of
DoH™, which features a significantly lower rate coefficient among other rotational
states.

The resulting weighed theory curve mostly reproduces the experimental results
in terms of peak positions and amplitudes within a factor of two for the struc-
tured detuning energy range part within 3-200meV and with an even better
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agreement in the 0.2-2eV range. However, the low energy tail exhibits a worse
agreement than that of the HyD™ case. Although, it is important to note that
this discrepancy is overemphasized by the logarithmic scale. It may very well be
the case, that the disagreement in the low energy part below the experimental
resolution of 2meV stems from only one rotational state resonance.

1E-6 -
] D,H* present experiment
Theoretical calculations weighed by
simulated population distribution
1E-7
o 1E-8 5
% s
e
o
©) ‘
X 1E-9 I
0 5 .
= ] ) {
1E-10 - . \\E
1E'11 A | A | A | | A | T rrr
1E-6 1E-5 1E-4 0.001 0.01 0.1 1

Collisional energy eV

Figure 5.11: Comparison between experimental and theoretical MBRC values for the
case of DoH™. The graph entails the four most populated rotational states
calculated by theory (grey) compared to experimental MBRC measured
after long storage times (black). The red curve represents the current best
estimate of the internal state composition of the measured molecular en-
semble obtained by weighing the theory curves by the population distri-
bution acquired from simulation calculations.
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Figure 5.12: Comparison between experimental and theoretical MBRC curves of the
lowest rotational states of DoH™'. The displayed experimental data corre-
spond to MBRC measured after long storage times (1000s).
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It must be once more emphasized that calculations of the DR theoretical cross
sections are an extremely difficult task. To illustrate this point figure 5.13 shows
the state of the MQDT theory calculations of the DR process of Hj in the early
2000’s (Orel, Schneider, and Suzor-Weiner 2000) against the best experimentally
available data at that time (Larsson et al. 1993). While, the cross—sections cor-
responding to the collisional energies of the direct DR process seem to converge
on the same order of magnitude, the theoretical calculations of the indirect DR
part disagree with the experimental results by several orders of magnitude. This
discrepancy mainly arises due to incomplete or incorrect incorporation of the
indirect DR process within the cross—section calculations. Therefore, the agree-
ment between theory and experiment in the present work represents tremendous
progress from both, experimental and theoretical point of view.
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Figure 5.13: Comparison between theory and experiment in the early 2000’s. Theoret-
ical cross—sections from (Orel, Schneider, and Suzor-Weiner 2000), exper-
imental data (black circles) from (Larsson et al. 1993)(left panel). The
dashed black line denotes the computed direct cross—section (right panel).
The grey line denotes the total (direct and indirect) cross—section. The

solid blackline denotes total cross—section convolved with the experimen-
tal resolution of CRYRING.

In summary, the data presented in current work is characterized by the best
agreement between theory and experiment attained for a dissociative recombi-
nation reaction of a triatomic system. Present results represent a significant im-
provement over prior work, as it was not uncommon for experiment and theory
to differ by several orders of magnitude. The remaining discrepancies in the col-
lisional energy range of 2-300 meV are most likely associated to the exact choice

110



5.1 Recombination rate coefficient results

of Rydberg resonances in terms of level energies and coupling strengths, which
can considerably shift the position of the peaks and their amplitudes. As for the
experimental side — there are only small remnants of higher excited rotational
states. The elimination of such excitation could benefit the exclusion of addi-
tional contributions to the overall observed rate, but the impact would not be
drastic. It is difficult to comment about the potential disagreement causes of the
low energy tail below 2meVl as the transverse temperature limits the experimen-
tal resolution. Furthermore, as mentioned previously, the absolute ground state
is characterized by a notably smaller rate coefficient than the other rotational
states at low energies, therefore small changes in the ground state population can
enact considerable shifts of the theory curve.

5.1.5 Plasma rate coefficient

Dense and diffuse interstellar environments that represent most of the vast ISM
can be approximated as a plasma, where the movement of particles that make up
the gas follow a Maxwell-Boltzmann distribution, governed by a certain kinetic
(plasma) temperature T};. The reaction rates are characterized by a correspond-
ing kinetic temperature (plasma) rate. However, the diffuse interstellar medium
facilitates conditions where molecular ions can radiatively cool down to their
absolute ground rotational states in equilibrium with microwave background ra-
diation of ~2.7 K, which in principle can sometimes result in lower average ion
ensemble temperatures Tj,, than that of the average plasma temperature 7.
Therefore, the conditions where T, = T} are only valid at a local thermody-
namic equilibrium, where collisional excitation events occur more often than the
timescales required for radiative relaxation. Such a condition is satisfied in envi-
ronments characterized by a sufficient critical density of neriricat = 10*em™3. As
many astrophysically relevant regions populated by triatomic hydrogen are asso-
ciated by a lower particle density than n..icq, precise modelling of the reaction
networks necessitates reliable reaction rates at a variety of plasma temperatures.
The following paragraph outlines the derived plasma rates that were obtained
from the long ion storage time MBRC data, where only a few rotational states
are populated. Additionally, a comparison to previous results is provided.

The transformation from MBRC to plasma rate coefficients ayy is governed by
equation 4.42 and is calculated for the temperature range 10-4000 K. The choice
of the kinetic temperature range is determined by its relevance in the context
of astrophysical conditions, while also constricted in the low temperature part
by the measured MBRC rates in terms of experimental resolution. The present
results for both investigated molecular systems are compared with the most recent
theoretical plasma rate coefficients used in chemical modelling from (Pagani, L.
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et al. 2009).

Figure 5.14 depicts said comparison, with the ortho and para species of theory
curves displayed separately. The experimental plasma rates obtained from the
present work are characterized by a combined uncertainty (grey bar), which is
dominated by the systematic uncertainty of ~ 22 % on average, while the statis-
tical uncertainty is not visible on a double logarithmic plot. As mentioned before,
both experimentally investigated systems still retain some rotational excitation
even after 1000 s of storage time, the influence of which is encompassed in the
presented convolved plasma rates. The remaining rotational excitation is not rel-
evant for the plasma rate coefficient at high temperatures, but might result in a
slightly increased rate below 100 K. However, this contribution is expected to be
minor, as the majority of population is already located in the ground states of
their respective ortho-para manifolds at storage times exceeding 1000 s.

The plasma rate coefficient of both ions is in fair agreement with respect to
previous theory results throughout most of the plasma temperature range, while
only meaningfully deviating below ~90 K and 60 K for HyD' and DyHY, re-
spectively, with the largest observable discrepancy reaching up to a factor of ~5.
This disagreement is of particular importance, because the enhanced reaction rate
suggests changes in abundances of H,D™ and DoH™ ions when modelling certain
interstellar conditions, such as molecular clouds. The degree of significance on the
astrophysical implications is yet to be explored and requires further investigation
employing large astrochemical models.
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Figure 5.14: Dissociative recombination kinetic temperature rate (plasma rate) com-
parison to previous theoretical results. The present experimental data cor-
respond to MBRC measured after long storage times (1000s) for two elec-
tron beam settings. The theory data were extracted from (Pagani, L. et al.
2009).
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Chapter 6
Outlook

6.1 Summary of results and future prospects

The experimental results described in the previous chapter signify the progress
achieved in understanding the DR process of triatomic hydrogen ions. High-
resolution, absolute merged—beams rate coefficients of DR were presented, ac-
companied by plasma rate coefficients. Comparisons to previous experimental
efforts and to state-of-the-of-the-art theoretical calculations were discussed. It is
evident that the present experimental results represent a large step forwards to
the ultimate goal of DR measurements of triatomic hydrogen cations on the basis
of individually populated quantum states.

The H,D™ ions employed in present measurements at long ion beam storage
times represent a molecular ensemble that consists of only three significantly pop-
ulated rotational states. Such state definition has been unprecedented in previous
DR measurement attempts. Additionally, in terms of pure radiative relaxation,
there is little to no room left for improvement from the experimental point of view,
as the only excited rotational state features a lifetime that exceeds 8000 seconds.
Any further relevant change of the population distribution must come from ex-
ternal manipulation. This may be achieved by utilizing a para hydrogen enriched
gas sample for the production of the ions. As production of HyD* ions in an ion
source is a collisionally driven process, the imprint of the para—enriched hydrogen
should be transferred to the produced para HyD™. This in turn, would change
the fraction of the stored ions towards an increased population in para states and
should lead to potentially observable changes in the measured merged—beams
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rate, unravelling the question of the ortho—para nuclear spin state contribution
to the measured DR rate.

Another approach for manipulation of the internal state composition lies within
depletion by electron recombination. In principle, states that feature higher DR
cross sections are depleted from the population distribution at an increased rate.
As theoretical calculations predict significant discrepancy among the lowest ro-
tational state DR cross—sections, state—selective depletion by electron recombi-
nation might be a viable option to further refine the quality of internal state
definition under certain conditions. The problem with this approach is that it
also depletes the entire ion beam, leading to shorter beam lifetimes and reduced
statistics of the observed DR events of interest. Additionally, it is only advanta-
geous to explore such a strategy if the DR rate differences are sufficiently large
among individual rotational states. This method was briefly investigated through-
out the beamtime, but as cardinal changes in the DR spectra were not observed
and the experimental time was limited, further investigations were not prioritized.

The same aforementioned approaches could be valid for improving the internal
state definition of the DoH™ molecular ensemble, where further reduction of the
populated states seems more feasible. As demonstrated by the long storage time
(10000 s) simulation results in figure 3.8, an additional 1000 s of beam storage
time would reduce the number of significantly populated states from ~ seven to
three. This in turn would be beneficial to the analysis of the individual state
contributions towards the observed DR rate.

As alluded to before in previous chapters, there remain unanswered questions
regarding the obtained data. In principle, the NICE detector has recorded imag-
ing data that allows for identification among the two and three body dissociation
events. Therefore, the two-to-three body ratio as a function of detuning energy
can be extracted from the measured data. As this information was not consid-
ered novel and does not retract from the presented results, it was left for future
analysis.

Furthermore, there are no obvious dominant features of the measured merged—
beams rate spectra that would correlate to one particular rotational state. There-
fore, the current analysis has omitted the ongoing efforts to correlate the change
in the observed merged—beams rate to changes in population distribution. How-
ever, given the internal state definition in the present experiment this is seems as
a tractable problem for the near future.

The present results include a comparison of the convolved plasma rates with
estimates from previous work. The impact of the acquired results in the context
of interstellar cloud chemistry calculations is currently under evaluation. Initial
discussion suggests that the results of the present work will slightly influence the
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fractional abundances of molecules originating from ion—neutral reactions.

In order to expand the current experiment to the non-deuterated species of
triatomic hydron cations and address the DR process on a state—specific basis re-
quires further developments. The principle issue being meta stable rotational ex-
citations that do not decay on practical time scales. This problem can be circum-
vented by already starting the DR experiment with a cold molecular ensemble.
To that end the design, commissioning and characterization of a new expansion—
type ion source was initiated. The first implementation of this ion source in a
CSR experiment is occurring in the present Autumn/Spring measurement cam-
paign of 2023/2024. Additionally, developments of a laser diagnostics scheme, that
would address the individually populated rotational states is underway, with the
theoretical concept laid out in (Znotins et al. 2021).
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