FACULTY
OF MATHEMATICS

AND PHYSICS
Charles University

DOCTORAL THESIS

Artem Kovalenko

LABORATORY STUDIES OF REACTIONS OF O" AND
N*"IONS WITH MOLECULAR HYDROGEN AND ITS
ISOTOPOLOGUES, HD AND Dz, AT LOW
TEMPERATURES

Department of Surface and Plasma Science

Supervisor of the doctoral thesis: Prof. RNDr. Juraj Glosik, DrSc.

Study programme: Physics

Specialisation: Physics of Plasma and Ionized Media

Prague 2021



I declare that I carried out this doctoral thesis independently, and only with
the cited sources, literature and other professional sources. It has not been

used to obtain another or the same degree.

I understand that my work relates to the rights and obligations under the Act
No. 121/2000 Sb., the Copyright Act, as amended, in particular the fact that
the Charles University has the right to conclude a license agreement on the use
of this work as a school work pursuant to Section 60 subsection 1 of the

Copyright Act.

In........ date............ Author’s signature

11



Acknowledgements

Study at Charles University is an important step in my life and obtained
experience is significant for a further scientific career. All this happened due
to the influence of the people surrounding and guiding me through these
years. In this acknowledgement, I would like to express my gratitude to these
people.

Firstly, I thank my supervisor Prof. RNDr. Juraj Glosik, DrSc., who
played a significant role during my Ph.D. study. I sincerely appreciate his
pieces of advice, knowledge and life experience that were given to me. Then,
I would like to thank doc. RNDr. Radek Plagil, Ph.D. and RNDr. Stépan
Roucka, Ph.D. for their guiding and developing my working skills. And
finally, I thank all my colleagues and co-workers, especially my wife RNDr.
Thuy Dung Tran, Ph.D. for supporting and productive discussions.

I also thank the Czech Science Foundation and The Charles University
Grant Agency (especially projects GAUK 1144616) for financial support.

Sl xouy mopsKyBaTWM CBOIMI POAVHI Ta ApPY3dM 3a ix MOTPUMKY Ta
HecKiHUeHHe HaTxXHeHHs. Bu 3aBxau Oy Ta Oyaere nopsm Bcronw, e 0 s He

OyB.

111



Nazev prace: Laboratorni studia reakci ionttt O* a N*s molekularnim vodikem

a jeho izotopology HD a Dz pii nizkych teplotach
Autor: Artem Kovalenko
Katedra: Katedra fyziky povrchii a plazmatu

Vedouci disertacni prace: Prof. RNDr. Juraj Glosik, DrSc., Katedra fyziky

povrcht a plazmatu

Abstrakt: Tato préce je zaméfena na laboratorni studium reakci ionttt O* a N*
s molekuldrnim vodikem a jeho izotopology HD (deuterid vodiku) a Do.
Experimentdlni studia byla provedena pomoci 22-polové radiofrekvencni
iontové pasti pti teplotach od 15 K do 300 K. Teplotni zé&vislosti méfenych
reakénich koeficientdl jsou prezentovany pro vsechny reakce. Studované
reakce jsou dtleZité pro astrochemii. Reakce O* s Hz zahajuje sekvenci reakci
produkujicich vodu v mezihvézdném prosttedi a rychlostni koeficient této
reakce se dramaticky nemeéni s teplotou v daném rozsahu. Ziskané hodnoty
rychlostnich koeficientt reakci O* s Hp, HD a D2 jsou blizké hodnotam
odpovidajicich Langevinovych rychlostnich koeficientti. Reakce O* s HD ma
dva kanaly produkujici OH* nebo OD*. Pomér rychlostniho koeficientu
kanalu produkujiciho OH* v1ic¢i celkovému rychlostnimu koeficientu je blizky
hodnoté 0,5 pro cely teplotni rozsah, pro ktery byla reakce studovana. Reakce
N* s Hz zahajuje sekvenci reakci produkujici amoniak v mezihvézdném
prostfedi. Tato reakce ma aktiva¢ni energii v fddu nékolika meV, ktera hraje
vyraznou roli pfi podminkdch panujicich v mezihvézdném prostiedi.
Aktivacni energie reakci N* s Ha a jeho izotopology byly urc¢eny z méfenych

teplotnich zavislosti.

Klicova slova: astrochemie, iontova past, iont-molekulové reakce, aktiva¢ni

energie, izotopicky efekt.
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Abstract: This work is focused on the laboratory studies of reactions of O* and
N+ ions with molecular hydrogen and its isotopologues, HD (hydrogen
deuteride) and D». The experimental studies were performed using a 22-pole
radiofrequency ion trap in the temperature range from 15 K to 300 K. The
temperature dependencies of measured reaction rate coefficients are
presented for all reactions. Studied reactions are important for astrochemistry.
The reaction of O* with H; initiates a water production sequence in the
interstellar medium, and the rate coefficient does not change dramatically
with temperatures in the covered range. The measured rate coefficients for
reactions of O* with H, HD, and D are close to the corresponding Langevin
rate coefficients. The reaction of O* with HD has two reaction channels with
products, OH* and OD*. The ratio of rate coefficient of the OH* production
channel to the total reaction rate coefficient is close to 0.5 in the studied
temperature range. The reaction of N* with H: initiates the ammonia
production sequence in the interstellar medium. This reaction has activation
energy on the order of a few meV, which is significant in the conditions of the
interstellar medium. For reactions of N* with Hz and its isotopologues,
activation energies were determined from measured temperature

dependencies.
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1. Thesis overview

The presented doctoral thesis includes the results of the experimental
study of chosen reactions of ions with molecules. These fundamental processes
are relevant to astrochemistry and atmospheric chemistry.

Obtained crucial information about studied reactions can illuminate the
fundamental knowledge about the Universe, formation of polyatomic
inorganic and organic molecules in space and processes occurring in the
atmospheres of the planets. Our experimental study is an essential source of
information for further modelling chemical kinetics and evolution scenarios of
matter in space.

In the present work, the most attention is paid to the laboratory studies
of reactions of O* or N*, with molecular hydrogen or its isotopologues: HD
(hydrogen deuteride) or Do.

The thesis consists of six chapters, bibliography, a list of studied
reactions, figures, tables, used acronyms and lists of publications with
attached publications.

Chapter 2: Introduction, gives information about the presence of studied
molecules and ions in various space environments and the current knowledge
about deuterated species in some regions of the Universe. This chapter also
contains a short historical overview of measuring techniques with further
development into the idea of our apparatus.

Chapter 3: Goals of the thesis outlines the main aims based on the
information given in the introduction.

In Chapter 4: Experimental facility, the detailed explanations of our
experimental technique from a clear description of the vacuum and gas inlet
system to production, guiding and confinement of the ions, are given. This
chapter also defines the determination of two main measured parameters,
such as the temperature of the ions and the number density of the reactant gas
inside the trap. The measuring methodology of the reaction rate using our

equipment is also described in this chapter.
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Chapter 5: Experimental study of ion-molecule reaction in the RF 22-pole ion
trap gives the fundamental results of our studies for the reactions O* + Hy,
Ot + HD, Ot + Dy, N* + HD, and N* + D». For the last two reactions, the
activation energies are determined from obtained Arrhenius fits and
compared with previously obtained results. The temperature dependencies of
the reaction rate coefficients are presented together with discussions of their
behaviour. Our measured data are compared with data obtained in other
experiments.

All studied reactions which relate to this work are collected in a List of
studied reactions. There can be found the respective reference to the chapter in
the text along with a link to our published article.

The relevant publications are given in the list of publications, and some
selected articles are given in a corresponding attachment.

In the presented experiments, I worked in a group with other students
and co-workers. We investigated the ion-molecule reactions and prepared all
experiments. My responsibilities included: conducting and organisation of
experimental procedures, preparing of the experimental equipment, and
processing of the results that had been later published or will be published.

Studies have been carried out during my PhD studies at the Department
of Surface and Plasma Science, Faculty of Mathematics and Physics, Charles

University.



2. Introduction

Since 1937, over 200 molecules and molecular ions have been detected in
the interstellar medium or circumstellar shells. All of them play their role in
the cosmic chemistry and also participate in the evolution of the mater in the
Universe. Molecular hydrides are among the first molecules detected outside
the solar system, and studying their chemistry is a key to understand the
production of the essential polyatomic inorganic and organic molecules in the

Universe.

2.1 Molecular ions and conditions in the interstellar

medium

There are regions in the interstellar medium (ISM) that have a significant
influence on the evolution of the molecular hydrides in the Universe. The
number density of the particles in the regions that are called molecular clouds
varies from 102 cm™3 to 10¢ cm™3. These regions are denser-than cold atomic
(number density of the particles 50 - 100 cm=3) or hot atomic regions of the
interstellar medium (number density of the particles 0.2 - 0.5 cm™),
(Ferriere, 2001). These molecular clouds consist of matter in the gaseous form
and the form of dust particles, or grains, ranging in a wide range with radius
from more than ~ 1pm to less than ~ 10 nm (Li & Draine, 2001). The dust
particles contain 1 % of the mass in molecular clouds. The gaseous matter can
be studied via high-resolution spectroscopic observations, whereas the dust
particles are more difficult to characterise (Herbst, 1995).

The main two categories of the interstellar cloud are diffuse and
dense/molecular clouds. The diffuse interstellar clouds are not dense enough
to absorb most of the light coming from stars. Such regions have typical
temperatures 50 - 100 K, and the total gas number densities can be 102 cm™3.

The gaseous phase in the diffuse clouds is primarily neutral, and the ratio of



electron number density (7.) to the number density of hydrogen atoms (n1) or
fractional ionisation is ne/nu = 2x10-4 (Draine, 2011).

The chemistry of dense clouds is more complex than the chemistry of
diffuse clouds. The dense clouds usually associate with giant molecular
clouds. These clouds are a large heterogeneous region of dust and gas, ranging
in mass up to = 10° Mo (Herbst, 2005). The densest regions of the dense clouds
are virtually black in the visible range of observations, and known as “cores”.
The typical temperatures of such regions are only 10 K and number densities
can reach ~10* cm=3- The dense clouds consist overwhelmingly of molecular
rather than atomic hydrogen (Pratap et al, 1997). A common, estimated
fractional ionisation in dense cores is 10-7 (Caselli et al., 1998). The hot cores in
the dark clouds have temperatures in range 100 - 300 K and can contain some
organic molecules such as methyl, ethyl alcohol, dimethyl ether, methyl
formate, and more others (Herbst, 2005).

Table 2.1 displays known positive molecular ions found in the different
regions of the interstellar medium and circumstellar envelopes (adapted from
(Roueff, 2015) with some data from The Cologne Database for Molecular

Spectroscopy (Endres et al., 2016)).

Table 2.1: Molecular ions found in the different regions of the interstellar

medium and circumstellar envelopes (Roueff, 2015; Endres et al., 2016).

Diatomic Triatomic Polyatomic
CH* Hs* HsO*
OH* H,D* NHs3*
SH* HxO* NH4*
CO+ HCO* GsH*
SO* HOC* HCNH*
HCI* DCO* HOCO*

SF* HCS* H,COH*
NoH* NH3;D*
N2D*




The table also includes several deuterated ions as they are the indicators
of the physical conditions in star formation regions, especially pre-stellar

cores.
2.1.1 Ammonia formation in the interstellar medium

Ammonia is one of the most commonly observed interstellar molecule.
This molecule was firstly detected towards Sgr B2 from its emission spectrum
in the microwave region (Cheung et al., 1968). Later, there were detected other
nitrogen hydrides such as NH (Meyer & Roth, 1991), NH:
(van Dishoeck et al., 1993), and NHs;D* (Cernicharo et al., 2013). Spectra of
deuterated types of ammonia were obtained by CSO (Caltech Submillimeter
Observatory), IRAM (Institute for Radio Astronomy in the Millimeter range)
30m telescope and Arecibo telescopes with derived ND3;/NHj3 ratio between
2x107* and 2x1073 in various pre-stellar cores (Roueff et al., 2018). Chemistry
of the nitrogen hydrides in the ISM was discussed in many works, e.g., (Rist
et al., 2013; Harju et al., 2017) and reviews (Le Gal et al., 2014; Acharyyea &
Herbst, 2015; Gerin et al., 2016).

It is commonly accepted that the main path to the gas-phase formation
of ammonia in the interstellar medium is a chain of hydrogen abstraction
reactions followed by the recombination of NHs* or dissociative
recombination of NHs* ions with the electron (Herbst & Klemperer, 1973; Le
Gal et al., 2014; Gerin et al., 2016). The proposed by Le Gal et al. (2014) pathway
of the gas-phase formation of the NH; and NHs* in interstellar medium

starting from N* is:

2

N BN 25 Ny S NH 2SN, (2.1)
Production of N* ions can be a result of dissociative ionisation of N> in

reaction with He* ions in the low-temperature regions (10 K) of dark clouds

(Hily-Blant et al., 2013; LeGalet al, 2014). Although, the reaction

H; + N — NH; + H has high activation energy, and it is another possible



way to initiate the chain of reactions (2.1) (Herbst et al., 1987; Scott et al., 1997;
Le Gal et al., 2014).
All main reactions from the chain (2.1) and their 0 K enthalpy changes

are listed below:

N*+H, - NH" +H E.=16.5 meV (2.2)
—NH; +H AHO=~-19 eV (2.3a)

NH' + H,
— H3 +N AHY= - 0.8 eV (2.3b)
NH; + H, — NH3 + H AHO=-11¢eV (2.4)
NH; + H, - NHj; + H AH?=-1.0eV (2.5)

The precise value of energy difference between the ground states of
reactants and products or enthalpy changes at 0 K AHC of the first binary
reaction (2.2) has been not yet known. Thus, we provide the activation energy
E. obtained by Zymak et al. (2013).

Previous studies of the reaction of N* with Ha(j) did not show whether
the activation energy is caused by an endoergicity or an energy barrier as well.
The isotopic variant can provide us with the new information concerning the
origin of the activation energy of the reaction of N* with Ha(j).

For the other hydrogen abstraction reactions, the enthalpy changes were
calculated by Rist et al. (2013). The enthalpy changes of the proton transfer
channel (2.3b) was calculated from the proton affinities given by Hunter &
Lias, (1998).

Experimental studies of these reactions were mainly provided at room
temperatures (~ 300 K) by Fehsenfeld et al. (1967), Kim et al. (1975), and
Adamset al. (1980). New experimental data has been obtained by
Rednyk et al. (2019) at temperatures down to 15K and can be used for
modelling of production and destruction of nitrogen species in some regions

of the interstellar medium.



2.1.2 Formation of water in the interstellar medium

Oxygen is the third most abundant element in the Universe, and it plays
an essential role in the chemistry of many astronomical environments. In
the ISM, the production of OH* ions in reactions of O* ions with molecular
hydrogen is a crucial process in the synthesis of water molecules (Gerin et al.,
2016). The key importance of H2O molecules in the ISM has been reviewed by
Hollenbach et al. (2012).

In our galaxy, OH* ions have been found toward regions with high
electron density: the Orion Bar (van der Tak et al.,, 2013), the supernova
remnant in the Crab Nebula (Barlow et al., 2013) and planetary nebula hosting
hot central stars with Tesr > 100,000 K (Aleman et al., 2014). The H2O* and H30*
emissions have not been detected in these regions, and it shows that OH* lines
arise in gas layers. The OH* ions are mainly formed in the exothermic reaction
O* + H> —» OH* + H (Gerin et al., 2016).

Significant advancement in the astronomical studies of the oxygen
hydrides has been recently made by the Atacama Pathfinder Experiment, the
Atacama Large Millimeter/submillimeter Array, the Herschel space
observatory, and other observatories. The detection of OH, OH*, H20, H.0*,
and H3O* in diffuse and dense Galactic interstellar mediums is of particular
interest (Gerin et al.,, 2010; Ossenkopf et al., 2010; Pilbratt et al., 2010;
Wyrowski et al., 2010; Hollenbach et al., 2012; Gémez-Carrasco et al., 2014;
Muller et al., 2016; Neufeld & Wolfire, 2016).

New space- and ground-based observations (Hollenbach et al., 2008,
2012; Gerin et al., 2016) that aimed at the study of the role of the oxygen
hydrides in the ISM show that in diffuse clouds, there are two main pathways
to produce OH* ions. These main routes are shown in Figure 2.1. Approaching
closer to the centre of the diffuse cloud, it becomes denser, and most of the
hydrogen exists in the molecular form. Therefore, the formation of OH*
proceeds through the first pathway where cosmic rays (CR) ionise molecular

hydrogen, and the Hz* ion reacts with molecular hydrogen forming the Hs*
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ion, which transfers a proton to O (de Ruette et al., 2016). At the border of the
diffuse clouds where most hydrogen is in the atomic form, production of OH*
proceeds through the second pathway. Hydrogen cations are formed by CR
ionisation, and in the next step, O* ions are produced from oxygen atoms in
the slightly endothermic electron transfer to H*. Subsequent reaction of OH*
with Hz leads to H>O* and H3O* formation. Produced H2O* and H30* ions can
be followed by recombination or dissociative recombination with electrons

and form the molecule of H>O (Jensen et al., 2000; Neau et al., 2000).

cosmic
( : : )radlatlon @ H, @
cosmic > ‘
2 @rad1at10n @_}‘
Figure 2.1: Water formation pathways in the interstellar medium.

In the present work, the attention is paid to the second pathway. All main

reactions from the chain and their enthalpy changes at 0 K are listed below:

O"+H, -OH" +H AHO=-0.54eV, (2.6)
OH' +H, > H,0"+H AHO=-1.02eV, 2.7)
H,O0'+H, - H,O'+ H AHO=-1.7eV. (2.8)

For reactions (2.6 — 2.8), the enthalpy changes AH? at 0 K were calculated
using tabulated enthalpies of formation (Haney & Franklin, 1969), dissociation
energies (Liu et al., 2009), and ionisation energies (Lauzin et al., 2015).

Another possible way of H2O formation in the interstellar medium is a

reaction:

O™ +H, > H,0+e" AH" = - 358 eV, (2.9)

which was experimentally studied by Jusko et al. (2015).
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Hydrogen isotopologues HD or D could also be involved in reactions
with O* or with produced OH*, H.O*, then partly deuterated H3O* and H.O
can be formed. To understand astronomical observations of these deuterated
molecules, more experimental and theoretical studies of reactions with HD
and D2 and more astronomical observations are needed. The latter studies may

reveal the role of deuterium products in the ISM.

2.1.3 Deuterated molecular species and their importance for

astrochemistry

The role and chemistry of deuterium species in the ISM have been
reviewed and discussed in many works by Roberts et al. (2003),
Neil et al. (2013), Ceccarelli et al. (2014), Award & Shalabiea (2017),
Caselli et al. (2019), etc. The estimated local interstellar medium atomic
deuterium-to-hydrogen ratio (D/H ratio) is ~ 107> (Oliveira et al., 2003;
Weinberg, 2017). However, some observations show that molecular
deuterium-to-hydrogen ratio can be higher in several astrophysical regions by
few orders of magnitude (Ceccarelli et al, 2001; Crapsi et al., 2005;
Vastel et al., 2016). For this phenomenon, i.e., super-deuteration, D to H ratio
can reach > 10% (Ceccarelli et al., 2007). Till now, more than 30 deuterated
molecules and ions have been discovered in various regions of the interstellar
medium, and in some regions, the abundance is comparable to their normal
hydrogen counterparts (also known as the protium isotope). These deuterated
species are classified into two categories: singly-deuterated (e.g. HD, H.D*,
DCO*, NH2D, HDO) and multi-deuterated (e.g. D-H*, CD3;OH, D.CO, NHD.,
D20, ND3). A list of the most observed deuterated species in cores of massive
and low-mass forming regions with the corresponding reference is given by
Avad et al. (2014, Table1l) or The Cologne Database for Molecular
Spectroscopy (Endres et al., 2016). Summary of the molecular D/H ratio in
various interstellar environments is given by Albertsson et al. (2013, Table 19).

In cold regions (< 30 K), the formation of deuterated molecules or ions

starts from one of the most important molecular ion Hs* (Glosik et al., 2015).
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Further subsequent replacement of H atom by D atom in reaction with HD
finally forms the D3*ion. Intermediate products from this reaction chain (H2D*,
HD>*) can further react with other molecules to form D-bearing molecules

(DCO*, NH2D, N2D*, etc.). These general steps are summarised in Figure 2.2.
H, H HD, H,, H, D HD, D, H, D D, D

o R I |
— @

H,' HD =

CO, HD HD
NZ, O l l
HCO', N,H' HCO’, DCO", N,H" DCO",N,D’
OH" N.,D’, OH', OD" oD*

Figure 2.2: Schematic diagram of the formation of the deuterated fraction
and some related ions in ISM starting from Hs* and reacting with HD, CO, N»,
and O.

Although hydrogen deuteride (HD) in the interstellar clouds has been
investigated by Ceccarelli (2002), there are no experimental proofs of the
finding of the molecular deuterium in the ISM. As deuterium molecule does
not have a dipole moment and at the same time, the number density of D> is
lower in comparison to number densities of hydrogen deuteride it imposes
limitations on detection of molecular deuterium in the ISM.

The reported observation and calculated fractional abundances of
D20/ H20 and D2O/HDO in the protostellar binary system IRAS 16293 — 2422
are 5x107° and 1.7x1073, respectively (Butner et al., 2007). Three major
processes that cause the water deuteration are formation on the surface of the
cold grains, hydrogen-deuterium exchange in the gas-phase and isotopic
exchange between solid H>O and HDO with other solid species

(Ceccarelli et al., 2014). In our situation, we just consider the possible reaction
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of atomic oxygen ions with molecular hydrogen isotopologues in the gas-
phase as we have a technique for studying such processes. We suggest that the
reactions O* + HD could be one of the possible starters of deuterated water
formation; thus, we decided that their temperature dependence must be
experimentally studied.

The formation of isotopologues of ammonia can start from N* + HD, D
reactions with the further subsequent attachment of H or D atoms from HD or
D2 molecules. The spectroscopic study of the dense dark cloud LDN 134N has
shown that the upper limit of NDs/NHsratio is 1.6x1074, while some theories
predict this ratio between 2x10~% and 2x1073 in various pre-stellar cores
(Roueff et al., 2005).

Obtaining the rate coefficients of theses reactions helps many
astrophysicists to better define and predict its ratio in the ISM. The chemistry
of these species can be used as a powerful modelling tool for the planet's
atmospheres and star-forming regions. This knowledge can also unveil the

history of origin and further evolution of the matter in the Universe.

2.2 Definitions of the rate coefficient of the reaction of an

ion with a molecule

The simple binary ion-molecule reaction is

A*+B— C++D, (2.10)

where A* and B are reactants, C* and D are products. The reaction rate
coefficient k is one of the most useful concepts in general chemical kinetics,
and it defines as an integral factor, which includes information on energy
distribution functions and depends on temperature or mean energy of the

colliding particles:

k(T) = j o(v)vf(v)dv = (ov), (2.11)
0
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where 0 is a cross-section and v designates the velocity averaging for the
Maxwell-Boltzmann distribution in the thermal equilibrium. The reaction rate
coefficient is a parameter of the rate equation of the ion-molecular system.
For the simple binary ion-molecule reaction (2.11) the decay of the ion
reactant number density in time is:
d[A]
dt

= - k[A+] [B] = - rreaction[B]/ (212)

where k is the reaction rate coefficient, rreaction is a reaction rate, [A*] and [B] are
number densities of the ions and the reactant gas, respectively. When we add
into the reaction volume far more reactant B than A*, [B] >> [A*], thus
assuming that the number density [B] is constant, the respective solution of

the equation (2.12) is:

[AT]=[Ag]e *BY, (2.13)

where [Aj] is the number density of the reactant ions at time t=0. With
increasing the gas number density [B], the rate of reaction increases due to the
growth of the number of collisions.

Some reactions have two or more channels:

k .+
X _< Ct+D (2.14a)
A +B S
— E +F, (2.14b)

where k-+ and kg+ are rate coefficients for a particular channel of the reaction.
Overall rate coefficient of the reaction can be defined as a sum of rate

coefficients of single channels (2.14a) and (2.14b):
k= ke + ke (2.15)

The system of differential equations for reactions (2.14) is:
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(d[AT] + + +
—q7 =~ ke [ATIB] — ki [AT]B] = — K[A”][B]
d[c’ .
< A ke 1a"m (216)
d[E"] _ .
\ ar -~ kerlAIBI

The respective solution to this system in this simple case is:

( A+] — [Aa‘]e—(kc++ kE+)'[B]t
ko+ _ .

HCT= =[] (1 - e el I 4 1] (2.17)
k. + _ _

\[E+] _ l]i [Ag (1 —e (ko kr) [B]t) + [E(J;],

where [AE;], [C5], and [ES ] are number densities of reactants at time ¢ = 0.
Solving this system of equations, for known number densities and time, we
can obtain rate coefficients for separate reaction channel and the total value k.

In this work, such reactions were experimentally studied. Some
calculation of the rate coefficient was performed according to this system of

equations.
2.2.1 Langevin collisional rate coefficient

In 1905, Langevin proposed the most straightforward collision theory
that can characterise the ion-molecule reaction (Langevin, 1905). The Langevin
collision theory is applied for reactions of ions with molecules that do not have
a permanent dipole moment. This theory found wide applications in many
theoretical studies of the interaction of an ion with a molecule (Turulski &
Niedzielski, 1994; Benitez et al., 2016; T. Li, 2020).

According to this theory long-range interaction in attractive potential
between a point charge and a point-polarisable neutral lead to the capture of
the collision partners, so-called Langevin collision of the charged particle. In
case when the neutral molecule does not have a permanent dipole moment,

the charge-dipole interaction is caused by induction of dipole moment of the
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neutral molecule by the electric field of the ion. The potential of charge-
induced dipole interaction can be written as:
__a
Vpot= T g

where r is the distance of molecule from the ion, g is a charge of the ion and «

(2.18)

is polarizability of a neutral molecule (Tielens, 2005, page 92).

b>b 0
e < ‘ polarized
b < bmax < (% , neutrals

Figure 2.3: Langevin scattering in polarisation potential.

Figure 2.3 shows a case when the neutral molecule approaches from an
infinity distance with a relative velocity v and impact parameter b to the ion.
The angular momentum of this system is conserved during the collision. For
large b, the system has more considerable angular momentum. The centrifugal

potential of this system is:

b’ uv?

v po (2.19)
r2 27

Vcent =

where 1 is a reduced mass of the ion-neutral system, which can be defined as:

Myon NN

=, (2.20)
mIon+mN

where mion is mass of the ion and mn is mass of the neutral molecule. The

interaction potential is given by a sum of (2.18) and (2.19) relations and can be
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written as:

2 2.2
__aq by 2.21)
V= —5ata75
with the maximum value:
4 2 4
y b 2.22)
o 8aq?

A collision occurs when the initial energy is higher than the potential
maximum (2.22). The maximum value of b for initial kinetic energy (uv?/2) is:

dag?

b2 = (2.23)

po*’
When b is larger than the critical value, bmax, then the collision between neutral
species and the ion does not happen.

The collisional cross-section follows:

2T,
0y = 7b = Tq % ) (2.24)

and the collisional reaction rate coefficient ki, according to (2.11) is:

k= {ogv) =219 % , (2.25)

where, g is an elementary charge of the ion (1.6x1071° C = 4.8x10710 statC or
cm3/2g1/2s71), a is polarizability (1 A3 = 1024 cm?3), and y is reduced mass
(1 Da =1.66x10"2*g).

In the case of molecules with a permanent dipole moment, the capture
rate coefficient needs to consider the dipole moment of the neutral molecule
and temperature of the neutral gas (Chesnavich et al., 1980). For HD molecule

the estimated correction is less than 0.2% at 10 K.
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Substituting in the equation (2.25) CGS units indicated above, we can
estimate the value of reaction rate coefficient kL in typical form, used for

chemical applications as:

3 o 3
10725 a(A)
A (2.26)

3 1
k= 27-4.810 cm2 g2s~!

N 1.66x107 £ ju(Da)

This value gives a necessary approximation for study ion-molecule reactions,
and from the (2.26) the estimated value is ~ 2.3x107 cm3s~1. This value is about
200 times higher than gas kinetic value for a neutral-neutral reaction:
kneutral = 10711 cm3s~1 (Smith et al., 2004). The Langevin rate coefficient ki is not
dependent on temperature, and it is an upper estimation of the reaction rate

coefficient of the ion-molecule reaction.
2.3 Overview of measurement techniques

A variety of different experimental techniques helps many scientists to
study ion-molecule reactions. Over the years, these experiments have been
upgraded, and significant efforts have been devoted to study ion-molecule
reactions at low temperatures. Each technique has its advantages and
disadvantages and respectively solves the specific tasks.

Two main categories of experimental techniques exist for studying ion-
molecule processes. One of them is swarm experiments, and the second one is
based on direct trapping of ions in an RF electromagnetic field.

Pioneer in swarm experiments may be considered flowing afterglow
(FA) method (Ferguson et al.,, 1969). Further developments of the FA
experiment led to the construction of selected ion flow tubes technique (SIFT)
by Adams & Smith, (1976).

The SIFT technique removes many sources of noises in the ion-molecule
reaction experiments such as the energetic photons, presence of electrons,
neutral fragments and exciting species. It is achieved by using a mass filter to

select ions from a separate ion source and injecting them, at low energy, into a
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flow of neutral gas. After thermalisation of the ions in the flow tube, they react
with gases, which are added downstream of the injection point. A mass
spectrometer analyses ions. A scheme of the SIFT experiment is shown in
Figure 2.4.

Early SIFT experiments have been provided in the temperature range
down to ~ 80 K by cooling the flow tube with liquid nitrogen (Adams et al.,
1979; Henchman et al., 1989). Also, the temperature of 18 K has been achieved
in the SIFT technique by using liquid He as a coolant (Bohringer et al., 1986).

Isolated
~ Flow Tube ) Detection
SIFT Chamber System

Ton To
Source Roots
| Ton Orif 4 Pump
\4 Injection rice .an
. ) Orifice Focusing

Lens

5 ik = ad P m ; . - -
W 2o o0 % Seo2eege 3
Source Gas — e e e

Reactant Gas
Port

Venturi-type

Quadrupole

Mass Filters Diffusion Pumps Channel Multiplier
Figure 2.4: A schematic diagram of the University of Georgia SIFT

apparatus. The figure is reproduced from the paper by Jackson et al. (2005).

Another type of flow-beam experiment is the Cinétique de Réaction en
Ecoulement Supersonique Uniforme (CRESU) technique, which is described
in detail by Rowe et al. (1984). The CRESU experiment is based on the theoretic
concept of the isentropic expansion of gas from a reservoir through a Laval
nozzle into a vacuum chamber, where reactants are injected.

This method is employed to study the kinetics of different ion-molecule
reactions at temperatures down to ~ 8 K (Rowe et al., 1985). Temperature 8 K

is achieved by pre-cooling the gas prior to its expansion.
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Figure 2.5: The sketch of CRESU (Cinétique de Réaction en Ecoulement
Supersonique Uniforme) apparatus constructed to study the ion-molecule

reactions, reproduced from paper by Rowe et al. (1995).

A scheme of the CRESU experiment is shown in Figure 2.5. First CRESU
experiments were performed in a similar configuration that was used in the
SIFT experiments: ions were produced by irradiation of the gas outside the
Laval nozzle using an electron beam. A mass spectrometer was used to
analyse any ion products. Rate coefficients were determined by observing the
change in the ion signals by considering the composition of the flowing gas

and the distance of the sampling point from the nozzle. Some upgrades of the
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CRESU allow selecting the ion species (Rebrion et al., 1989) and producing

ions by resonance-enhanced multiphoton ionisation (Schlappi et al., 2015).
2.4 Trapping of ions in the radiofrequency field

An alternative instrument to study ion-molecule reactions is the ion-trap
technique. Despite achieving the low number of charged particles, these
experiments have significant advantages. Among the main benefits, there are:
reaching lower temperatures, longer observation times, and providing
additional tools for controlling ions (Gerlich et al., 1995). Radiofrequency (RF)
traps (Major et al., 2005; March et al., 2005) have been used as the primary tool
for trapping and storage ions at low temperatures. Here I consider only the
main principles, the detailed explanation can be found in the book by Gerlich,
(1992a).

In the ion-trap technique, ions are confined in the inhomogeneous

electric field E:
E(#H=E,(?) cos (Q4), (2.27)

with angular frequency Q = 2f. Here, E, is the field amplitude vector and t is
time. The inhomogeneity of the RF field causes the additional slow drift of the
charged particle toward the weaker field region. Created inhomogeneous RF
field stores ions in the trap in a radial direction. The ions can be confined in an
axial direction by applying a DC voltage to the exit and entrance of the trap.
This combination of electrostatic and RF filed characterised by the stability
parameter #, defined as:
_2q| VE,|
mQ? '

where m is the mass of the ion and g is its charge. The stability parameter 5

n (2.28)

defines the condition that over the full distance of the oscillation, which is
r =2q/m?, change of the field must be much smaller than the field itself.

According to numerical calculations and empirical results, the stability
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parameter 17 should be less than ~ 0.3 (Gerlich, 1992a). For quadrupole fields,
this limit can also be acceptable for 77 < 0.4. In this operating mode, the motion
of the ions in the RF trap can be characterised by a slow thermal motion
imposed on a fast motion (micromotion) induced by the fast oscillation of the
RF field. The time-averaged kinetic energy accumulated in the micromotion

equals to a pseudopotential and can be expressed as

2T (7
e _ 9 Eo(P)
V() =——=, (2.29)
") 4ma?
which defines the secular motion of the ions in the trap. Some examples of
calculations and simulations of the stability parameter and energies of charged

particles in an octupole are shown in Figure 2.6.

Figure 2.6: Examples of simulated ion trajectories in the octupole. All ion
trajectories start in the centre of the octupole. 1o is a radius of the circle
inscribed in the trap electrodes. The examples for stability parameter 1 = 0.1,
0.4, and 0.7 show that with increasing 7 the amplitude of the oscillating motion
increases and the number of oscillations after one reflection from the RF wall
decreases. With increasing energy, the stability of ions trajectory is also
decreasing. In the last case for # = 0.4 only the initial angle is different. The

tigure was reproduced from the book by Gerlich (1992a).
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A set of Mathieu equation can express the motion of a single charged

particle in the Paul trap:
2
%ﬂau — 2q_cos (2D)]u =0, (2.30)
where u is one of the cartesian coordinates x, y or z and 1 = (1/2)8Qt. Selection
of parameters ay and gu determines proper conditions to confine the ion in the
Paul trap. If the values of the Mathieu parameters ay and gqu fall into a “region
of stability” then ions remain stored in the RF trap.

Historically first RF ion trap was constructed and designed by Wolfgang
Paul in 1954. The Paul trap has two main modifications — the 2D linear trap
and the 3D ring trap. The simple 2D linear trap consists of four cylindrical
electrodes arranged in a quadrupole configuration. The RF voltages
Vre=Vjcos(Qt) with amplitude Vj alternates between adjacent electrodes. In
this configuration, the oscillating quadrupolar potential is created in the
direction perpendicular to the longitudinal trap axis, which dynamically
confines the ions.

The 3D ring trap is designed as a ring electrode which locates between
two hyperbolic end-cap electrodes. Combination of static and oscillating
electric fields is used to induce the 3D quadrupole electric potential. The
particles are confined in all three directions; thus, they are not able to leave the

trap. A scheme of the 3D ring trap is shown in Figure 2.7.
upper

ring
electrode

X

lower
end cap

Figure 2.7: The 3D ring trap setup (Major et al., 2005).
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2.5 Trapping in higher-order multipoles

The linear higher-order-multipole RF traps are the next step for trapping
and studying charged particles. This type of traps consists of 2n electrodes,
which are placed around a circle. In this multipole, each pair of adjacent rods
has opposite polarity with applying oscillating voltages Vgg=Vcos(Qt) and
direct current (DC) voltage difference Uj. It creates electric potential ¢ on the

adjacent rods:
¢ = Uy — Vycos(Qt). (2.31)

The approximate value of the pseudopotential of a linear multipole with 2n

number of rods is calculated as follows:

V* _ anZVg (r>2n—2 + u (r)ﬂ 9 (2 32)
4mQZT02 o 70 A COS(n ), .

where 0 is in cylindrical coordinate (Gerlich, 1992a). The equation is valid for
higher-order multipoles with the identical rods. A solution of equation (2.32)
for n = 2 represents the harmonic pseudopotential of a linear quadrupole trap.
With increasing multipole order #, the pseudopotential becomes increasingly
weaker to the centre (at the centre the pseudopotential is minimum for any n)
of the trap and stronger towards the electrodes, i.e., it becomes a closed space
for charged particles. Figure 2.8 represents the simulation where is shown a
comparison of effective potentials of some types of multipoles. In this case, the
function of distance from the centre of a trap was calculated when DC
difference U, was 0. Different types of lines show calculated results for the
most common types of n-poles. It may be noticed that the effective potential of
the multipoles depends on the number of rods. Table 2.2 collects figures of the
calculated potential of oscillating fields and pseudopotentials for most used n-
poles.

In this work, the RF 22-pole ion trap has been used to study reactions of
ions with molecules. The construction and application of this ion trap are

discussed in the further section.
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Figure 2.8: Dependence of effective potentials of the linear multipoles on
a function of the distance from the centre of the trap in the case when DC

difference Up is equalled to 0. The figure was reproduced from the book by
Gerlich (1992a).

The different types of linear multipoles usually have different practical
usage. Quadrupoles are generally used in ion mass-filtration, octupoles apply
in guiding systems, and higher-ordered multipoles find application in the

confinement of the charged particles.

Table 2.2: Oscillating fields potentials and pseudopotentials of the most

used multipoles.

Quadrupole (n = 2) Octupole (n =4)  16-pole (n = 8) 22-pole (n =11)

=

<
<.
:

Potentials of
oscillating fields

LA
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3. Goals of the thesis

The primary purpose of my work is to obtain the temperature-
dependence of the rate coefficient of the exoergic ion molecular reaction of
ground-state oxygen ion O*(4S) with molecular hydrogen Ha. This reaction is
vital for astrochemistry as it is a crucial process in the synthesis of water
molecules in the interstellar medium.

The next goal is to study an isotope effect of reaction of O*(4S) with
hydrogen isotopologues (D2, HD). It is also essential to determine the ratio of
rate coefficient of the OH* production channel to the total reaction rate
coefficient of the reaction of O*(*S) with hydrogen deuteride.

Another task is the determination of activation energies and to study the
isotope effect in reactions of N* ion with D> and HD molecules. Study of these
reactions can be also helpful for solving the problem with the pathway of the
reaction of N*(3Pja) with Haf(j).

Listed reactions were studied at temperatures down to 15 K, which
corresponds to temperatures of many different regions in the interstellar

medium.
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4. Experimental facility

The RF 22-pole ion trap (22PT) instrument was designed and constructed
by the group led by prof. Dieter Gerlich in Chemnitz University of Technology
(Gerlich & Horning, 1992; Gerlich, 1995; Asvany, 2003; Borodi, 2008). This
instrument is efficient and sensitive equipment to study ion-molecule
reactions experimentally. In 2009 the apparatus was transferred to Prague.

Until today it has been used in more than 30 experimental studies of ion-
molecule reactions. The basic principles of ion production, trapping and

detection are discussed in detail in this chapter.
4.1 Radiofrequency 22-pole ion trap apparatus

The RF 22PT ion trap apparatus consists of different separate
components to produce, filter, guide, trap, and analyse the ions. These
components are mounted in series and placed in the vacuum chambers. To
provide measurements with temperatures down to 10 K, the cryogenic system
is used.

The apparatus (Figure 4.1) consists of the RF 22-pole ion trap, a Storage
Ion Source (SIS), a Quadrupole Mass Filter (QMF), a cold head, a Quadrupole
Mass Spectrometer (QMS) and a MicroChannel Plate Detector (MCPD).

Ions are produced in the SIS by electron impact ionisation of neutral gas.
The quadrupole mass filter is configured to pass only ions with specific mass.
After filtration, the ions are guided to the trap where they are confined. The
kinetic energy of trapped ions is thermalised after collisions with helium
atoms of the buffer gas, which is earlier pre-cooled by collisions with trap
walls. In most experiments, one filling of the trap contains a few hundred
reactant ions which come from the SIS. The temperature of the trap (T22rr) can

be changed in ranger from 300 K to 10 K.
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Figure 4.1: Schematic diagram of the cryogenic radiofrequency 22-pole
ion trap (22PT). The main elements of our apparatus: Storage Ion Source (SIS
or IS), Quadrupole Mass Filter (QMF), QB (Quadrupole Bender), Quadrupole
Mass Spectrometer (QMS), MicroChannel Plate Detector (MCPD). The figure
is adopted from the paper by Zymak et al. (2013).

The three-stages vacuum system consists of 8 pumps and supports the
ultra-high vacuum (UHV) inside our technique. The detail description of the
vacuum system is given in subchapter 4.1.1.

The number densities of buffer (helium) and reactant gases (RG) inside
the trap are monitored using a spinning rotor gauge (SRG) connected directly
the coper housing where the 22PT is located. Furthermore, an ion gauge (IG)
is used to measure the pressure in the vacuum chamber, which contains the
ion trap. It is calibrated by using the spinning rotor gauge.

The delay pulse generator is used to synchronise guiding, trapping, and
detection of ions. The generator sends “opening” pulses to electrodes in a
sequence from the ion source to the trap. Setting and managing of the

apparatus are implemented from the computers with a set of specific
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LabVIEW programmes. In addition, the realisation of the control scheme is
implemented on the base of a Meilhaus Electronic RedLab 3105 USB digital-
analogue converter (DAC) and a Novation Nocturn plug-in controller. The
required voltage values are set up in the potentiometers of the plug-in
controller which sends the intended signals to the computer via USB interface.
At the same time, the USB signals from the computer are converted to an
analogue voltage by DAC, which sends these analogue voltage values to the

necessary electrodes.
4.1.1 Vacuum system

Maintaining the high vacuum conditions, inside the apparatus, is the
crucial requirement for carrying out the astrophysical-relevant experiments.
In our studies, the experiments have been performed at gas number densities
from 1010 cm™3 to 1014 cm~3 inside the RF 22-pole ion trap, which is equivalent
to the pressure of the gas inside the 22PT chamber 10-7 — 1073 Pa at 11 K. The
upper limit of the residual pressure in the chambers is 108 Pa and the fraction
of impurities in the gas at 11 K is small enough to study rate constant around
10-16 cm3s-1.

For calculation of the rate coefficient, it is essential to know the precise
value of number density or respectively pressure inside the chambers. As the
main instruments to control the pressure inside the chambers, an ionisation
gauge with electronic system AML AIG NGS2 and a spinning rotor gauge are
used. The SRG consists of measuring head SRG-SH700, a ball/flange
assembly SRG-BF and an electronic control unit MKS SRG 3. The IG is
mounted on the top of the 22PT chamber and can measure over the ultra-high
vacuum range 1x1075 to 3x107? Pa. The SRG instrument is connected directly
to the copper housing where the 22PT instrument is located. The SRG
instrument is also used for direct pressure measurements inside the trap.

The scheme of the vacuum and the gas-inlet systems of the RF 22PT

apparatus is shown in Figure 4.2.
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Figure 4.2: Combined diagram of the three-stage pumping system with
the inlet system of the 22PT apparatus. The chambers are pumped by
magnetic-levitation turbomolecular pumps (mTP). Forevacuum for all
chambers is generated by a scroll pump (SP), and a supporting diaphragm
pump (DP). The supporting turbomolecular pumps (TP) and turbo drag
pumps (TDP) are used to increase pumps compression ratio for light gasses
(Hz, He). The pumping speed values for hydrogen are shown in litres per

second (1/s).

The 22PT instrument is pumped by Leybold Vacuum magnetic-levitation
turbomolecular pumps Turbovac 340M (the 22PT and detector chambers),
TMU 200M (the ion source chamber). Turbo drag pump Pfeiffer Vacuum
HiPace® 10 is applied to increase the compression ratio of the turbomolecular
pump. This pump is mounted in series with the TMU 200M. For the detector

and the 22PT chambers, we use more efficient HiPace® 80.

31



The forevacuum condition is formed by Varian SH 110 scroll pump. We
also apply a separate diaphragm Pfeiffer Vacuum MVP 015-4 pump to form
forevacuum for the ion source to increase the compression ratio of the
turbomolecular pump. Pfeiffer Vacuum TPR 280 Pirani gauges are used to
measure and monitor forevacuum pressure.

The inlet system consists of a set of reservoirs, a cryogenic filter, a Pfeiffer
Vacuum MVP 015-4 diaphragm pump and a capacitive pressure sensor. The
reservoirs are filled up to 1x10> — 3x10° Pa from high-pressure cylinders with
required gases. Depending on the gas-filled from high-pressure bottles, the
cryogenic filter is filled with liquid nitrogen or cooled ethanol 96%. The cooled
ethanol 96% is used for gases with high boiling points (CO, CH4) to reduce
the impurities. The filter allows getting rid mainly of water in the gas which is
sent to reservoirs. UHV variable leak valves Leybold 87395, Varian 951-5106,
Balzers UVD - 040 are used to control the flow of the gases injected into the
trap or the ion source volume. One of the reservoirs is connected to a
piezoelectric valve (Piezo Valve) which is used in some cases to regulate flow

and periods of injection of the buffer gas for trapping of ions.
4.1.2 Storage ion source and ions extraction

The RF storage ion source (SIS) is applied for the production of primary
reactant ions. It is well described by Gerlich and Teloy (Gerlich, 1992a; Teloy
& Gerlich, 1974). In this subchapter, the ion preparation routine starting from
production and guiding of the ions directly into the 22PT is described.

lIons are produced using the focused electrons, emitted from a cathode.
The ions accumulate inside the SIS until the trap filling process begins. Ions
can be extracted from the ion source through the quadrupole filter of ions and
additional electronic optic lenses components directly into the 22PT.

After adding neutral gas into the SIS chamber, production of ions starts
from the emission of electrons from a cathode (filament), which is heated by
an applied direct current between 3.6 A and 5.8 A. The cathode is a tensioned

Rhenium wire with diameter 0.3 mm, purity 99.97% and 5.0 eV work function.
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Rhenium is used as it has a high melting temperature of 3459 K, and it is more
resistant to oxidation than tungsten. After a thermal electron emission, the
electrons accelerated by a potential of a filament-repeller, after which the
potential of the focus electrode distributes them. The emission current is
monitored at the By electrode, and the measured electron emission current is
in order of 0.1 — 1 mA.

A simplified scheme of the storage ion source is shown in Figure 4.3.
Before extraction, ions are stored in a cavity between the RF plates, which is
shown in the upper part of Figure 4.3. Produced ions usually are highly
excited, but inelastic collisions with the neutral gas thermalise their kinetic
energy before the extraction.

Generally, the resonant frequency of the SIS is maintained as 19 MHz,
and in some cases, we use a coil with a resonant frequency of 16 MHz. These
frequencies allow the SIS to confine the ions with masses from 1 Da to 30 Da
with high efficiency. For masses, over 30 Da we use a coil with resonant
frequency 3.3 MHz. The MFG-269C, together with MFJ-259C RF impedance
analyser devices are used for monitoring and analysing of the RF impedance
of the ion source generator. This device is a 300-watt RF output power antenna
tuner that matches any transmitter or transceiver to virtually any antenna.

A potential barrier is created along a horizontal axis of the SIS by B.1
electrode with the static potential of several volts. The end plate electrodes
create the potential barrier in the perpendicular direction to the planar
electrodes. An opening pulse Bo allows extracting the ions into a quadrupole
tilter. The potential and the length of the pulse are regulated for obtaining a
directed beam of ions, and depending on ion mass, the pulse can last from
~ 5 ps to 20 ps. The electric separation is provided by sapphire balls that are
inserted between the RF electrodes.

The SIS has two identical cathode assemblies (focusing electrodes and
cathodes) thus, we can easily switch from one to another in case one of them
is out of order. The specific methodology of ion production is described in the

experimental sections.
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Figure 4.3: A simplified scheme of the RF storage ion source. Blue and
yellow electrodes represent the opposite signal phases. Upper panel:
Simplified 3D view of the RF electrodes shows the cavity regions. Lower panel:
Position of the electrodes in the storage ion source. Electrodes B_1 and By have
DC potentials and perform trapping of the ions along the horizontal direction.

The end plate electrodes are used to confine ions along the vertical direction.

After sending the opening pulse to the Bj electrode, ions enter the
quadrupole mass-filter (QMF). The QMF is located in a separate chamber
which is connected to the ion source. Required type of ions can be filtered by
the QMF from the mixture coming from the SIS, and then the mass-selected
ions continue their movement to the trap. The detailed description of the QMF
can be found in the book by Gerlich (1992a), and its operating principles are

discussed in the next subchapter.
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4.1.3 Quadrupole mass filter and ion guiding system

As it has already been mentioned in Chapter 2.4, the motion of the
charged particle in the RF field of a multipole is described by Mathieu equation
(2.30). The field in the QMEF is generated by DC potential U, and AC voltage
Vocos(Qt) on the quadrupole rods. Mathieu stability diagram (Figure 4.4)
shows the region of the stable trajectories in the RF field of the quadrupole.

The stability parameters g1 and a1 of quadrupole are defined as

_ 4:qV0

=—1 — 4.1
ql mﬂz,,% ( )
8qU0
=—_— 4.2
= mO2r3 (42)

where 1 is quadrupole inscribed radius.
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Figure 4.4: First stability zone of the Mathieu (a1, g1) diagram. On top of
the Mathieu diagram, there is a region near the peak, which is the appropriate

region of high-resolution mass-filter operation (Gerlich, 1992a).

As an RF signal source is used a generator with frequency f= 6.7 MHz.
The primary purpose of mass filtration is the separation of undesirable ions.

From the equations (4.1) and (4.2) the values Uy, V|, can be calculated to obtain

35



the optimal parameters of a stable motion trajectory for a particular type of
ions. An example of Uy — V, diagram for several masses is presented in
Figure 4.5. These masses correspond to the most used ions that are involved

in experiments related to this work.
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Figure 4.5: Regions of stability for several ion trajectories in the QMF.
Masses of ions are given in Daltons (Da) or a.m.u and refer to N*, (14 Da); O,
NH.*, ND* (16 Da); OH*, NHs*, (17 Da); H.O*, OD* (18 Da) ions. In the
calculation, I used the RF frequency f= 6.7 MHz and the quadrupole inscribed

radius r1 =5 mm.

The practical example of the QMF is shown in Figure 4.6. The integral
spectrum of ions mixture produced from N>O molecules in the SIS represented
in Figure 4.6. The trapping or storage time ¢ and trap temperature T2opr of this

measurement are 10 ms and 135 K, respectively.
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Figure 4.6: An integral spectrum of ions in the 22PT before filtration
(cross-filling) and the integral spectrum after filtration (full-filling). The O*

ions are in the mixture of ions which comes from the SIS.

After the QMF, the ion beam passes through an electro-optic guiding
system. A pair of pulsed electrodes B, creates a potential barrier on the ion’s
pathway, keeping the trap from continuous filling. Extraction pulse By is
synchronised with the respective By pulse. The pair of B,/B; electrodes have
DC potential, and they are used for additional control of the ion beam. The
simplified scheme of the electro-optic guiding system is shown in Figure 4.7.

An electrostatic quadrupole beam deflector or quadrupole bender (QB)
is used to bend a beam of charged particles by 90 degrees. The bending can be
performed by setting the DC potentials +Vgp and —Vgs on opposite rods. The
deflector plates are placed around the quadrupole rods to prevent the ion
beam from bending in the vertical direction due to the fringe fields. After

the QB, ions enter the 22PT ion trap.
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Figure 4.7: Simplified scheme of the guiding system of the 22PT
instrument. Pulse electrode B, is used to avoid continuous filling of the trap.
The electrodes B,/B; are applied to improve the focusing of the ion beam. The

quadrupole deflector bends the beam and aligns it with the axis of the ion trap.
4.1.4 The radiofrequency 22-pole ion trap

The temperature variable RF 22-pole ion trap is a central element of our
experimental equipment. It was developed in 1992 (Gerlich & Horning, 1992),
and its simplified scheme is shown in Figure 4.8. The trap consists of two sets
of 11 stainless steel rods with diameter d = 1 mm, which are evenly distributed
around the circle with inscribed radius ro =5 mm. The adjacent rods have
opposite polarity, and altogether they create a 22-pole-shape pseudopotential
(see Table 2.2, n = 11). The combination of the RF field with electrostatic fields
of cylindrical entrance and extraction electrodes in axial direction creates the
condition for confining the ions in the radial and axial directions. A set of five
ring electrodes can also generate a potential gradient in the axial direction.
This modification allows compensating the stray fields, reaching better
extraction from the trap, and it also provides movement of the ions close to the
trap centre.

The 22-pole trap is located in a copper housing which is thermally
connected to the cold head refrigerator system (a compressor RW 2/3 and
Leybold RGD 210 cold head). The temperature of the copper housing can be
changed from 312 K (or room temperature) down to 10 K. A silicon diode

(Lakeshore DT-471-C4) is mounted to the trap copper housing and measures
38



its temperature. The temperature of the trap is controlled by a heater which

represents a resistive wire mounted on the first stage of the cold head.
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Figure 4.8: Scheme of RF 22-pole ion trap. All main parts are signed.
Reactant gas (RG) and buffer gas (He) tubes go through the copper housing.
Gases come in contact with walls which are pre-cooled by a refrigerator system
or cold head. The spinning rotor gauge (SRG) is used for measurement of the
pressure inside the trap. Red and blue colours of the trap poles represent
opposite polarities. The figure is adopted from the paper by
Gerlich et al. (2013).

After a quadrupole deflector, the ion beam enters the trap. The open
pulse of the entrance electrode is synchronised with Bo and B: pulses in the SIS
and the guiding system, respectively. Reactant and buffer (Helium) gases can
be injected through the sensitive leak valves. In some cases, we also provide
the buffer gas transfer to the trap through a pulsed piezo-valve. Such transfer
is applied for better confining and cooling of ions.

We control the length of the ion bunch by changing the length of the
tilling pulses. For more efficient confinement, the length of the beam should

be comparable with the length of the trap in the axial direction. It prevents the
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losses of ions from the ion trap, in reflection with created DC potential on the
extraction electrode.

Confined in the pseudopotential ions form an ion cloud. The trap allows
keeping ions inside the trap without any loss for more than 10 s. Potentials on
the entrance and extracting electrode is usually differed by ~1 V from the

potential applied to the ion trap.
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Figure 4.9: Result of measurement of resonator quality Q in the RF
trap-generator system. Experimentally measured data are fitted by the

universal resonance curve and shown as a solid line.

The resonance frequency of the circuit is f=17.2 MHz. This frequency
allows confining ions successfully with masses higher than 2 Da. The result of
the measurement of the resonator quality is shown in Figure 4.9.

Depending on the aim, different trapping or storage time is selected for
checking the ion composition after reaction in the 22PT. After opening of the
extraction electrode at the chosen time by applying a voltage to this electrode,
the ions pass through the analysing system. Obtained data allow us to
calculate the rate of selected reactions. We repeat the same measurement two
or more times to obtain a better statistic. Measurements of the dependencies

of reaction rate coefficients on different trapping parameters (entrance or exit
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DC potentials, trap potential, RF amplitude etc.) allow us to be sure that the

experiment is carried out correctly.
4.1.5 Detection of ions

After passing the trap, ions are sent to the detection system, which
analyses the composition of the ion beam after extraction from the ion trap.
The detection or analyse equipment consists of a quadrupole mass
spectrometer (QMS), a MicroChannel Plate Detector (MCPD), and an ion
counter.

The QMS is combined with two electrodes with DC electric potential that
focus ions which come from the ion trap. A generator Balzers QMH 400-5 RF
is applied to generate the potential on the QMS rods.

Passing the QMS, the ion beam is focused by three electrodes with
applied DC potentials to the Hamamatsu F-4655-12 microchannel plate
detector. This MCPD can detect only charged particles. Interaction of the ion
with microchannel walls creates the electron avalanche in a single channel,
with further conversion into a digital electrical pulse. 100 MHz ion counter is
used to count the digital electrical pulses. The ion counter stops at the moment
of the ion extraction from the ion trap. That pulse is named “gate”. The falling
edge of the extraction pulse is used to control the gate pulse.

The MCPD saturation occurs when particles with a charge reach the
MCPD more frequently than the counter device can count them. The ion
distribution in the beam should be uniform to reduce the losses on the surface
of the detector. Therefore, a slow-ramp filter is used for smoothing the
extraction pulse of the ion trap. The filter allows extending the ion bunch
which comes from the ion trap to avoid counter saturation. However, when it
comes to the order of hundreds of trapped ions per one pulse, the effect of

saturation can be negligible.
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4.1.6 Cooling of the ions inside the trap

In the RF 22PT instrument, ion-molecule reactions are studied at
temperatures lower than 300 K. These temperatures are relevant to some
interstellar environments (see Chapter 2.1). A cooling system of the 22PT
instrument is used to obtain the interstellar-relevant temperatures; therefore,
ions have to be thermalised in the ion trap achieving energies of ~ 1 meV that
corresponds to ~ 10 K. Cooling takes place when ions collide with the cold
buffer gas resulting in kinetic energy exchange between them.

Number collisions of the thermalisation process can be evaluated from
the model of elastic collisions. If we consider that kinetic energy of the ion is
much higher than the kinetic energy of the buffer gas particles, the average

energy that can be transmitted after one elastic collision AE is:

_ 2MonMpG
(Myon* Mpc)?

where mpc and mion are masses of the buffer gas particle and the ion,

AE EIon= yEIon s (4'3)

respectively; Ej.,, is average initial energy of the ion and vy is a linear factor
which designates as mean energy decreases after j collisions. Average energy

decreases after j collision:

=1 -y (4.4)

In the same case, the collision frequency of one ion is written as:
[ =1{vion01)=1k1, (4.5)

where 1 is gas number density and ki is Langevin collisional rate constant. In
equation (4.5), the brackets designate velocity averaging. Considering
equation (4.5) the minimal time for cooling the ion to the energy that

corresponds to the energy of the buffer gas is:

J _In(Epg/Ejon) 1
fm(i—y) Ak (4.6)

At =
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For example, it is enough ~ 12 collisions of O* ions at energy 100 meV
with He atoms at energy 1 meV to be thermalised. According to equation
(2.25), the calculation gives kL ~6x10719cm3s! for O* + He collision.
A commonly used in our experiments value of He buffer gas number density
is ~ 1013 cm™3. According to equation (4.5), collision frequency f. has value
~ 6x103% s71 and equation (4.6) gives a thermalisation time of O* ions ~ 1.5 ms.

The process of thermalisation of ions in the buffer gas can be seen when
the storage time of the ions in the trap can be compared to the time of
thermalisation. Examples of cooling are presented in Figures 5.5 and 5.9
(upper panel) of Chapter 5.1, where the first data points represent the situation
when ions do not have enough time to cool down in collisions with pre-cooled
He atoms thus have enough energy to overcome the potential barrier of the
ion trap and focus electrodes of the detection system.

Additional parasitic RF heating influences the movement of the charged
particles inside the trap. This effect occurs near the rods and leads to the
situation when the ions temperature differs from the buffer gas temperature.
The imperfection of the trap geometry may also be a cause of more intensive
RF heating (Asvany & Schlemmer, 2009).

As was mentioned in 4.1.4, the cooling system of the ion trap is presented
by a two-stage closed-cycle helium refrigerator system, including the
compressor RW 2/3 and Leybold RGD 210 cold head. The first stage cools
down to 50 K. The trap is covered in the copper housing, which is mounted on
the second stage of the cold head. This configuration allows achieving
temperatures around 10 K. Gas inlet system passes through the second stage
of the refrigerating system to remove the impurities.

Two silicon diodes are mounted on the trap copper housing and obtained
data process by Lakeshore 218 temperature monitor which also secures
the 22PT from overheating. The automatic control of the heating is realised in

the LabVIEW programming environment.
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The difference in measured temperature of the ion trap housing walls
and temperature of the ions inside the 22PT after cooling can be 5 K. This

discrepancy will be discussed in the next subchapter.

4.1.7 Determination of the temperature and number densities

of gases in the RF 22-pole ion trap

In this work, I mention two temperatures. The first one is the temperature
of the 22PT walls, which is designated as T22pr. The second one is designated
simply as T, representing a collisional temperature of confined ions with
reactant gas inside the trap. The temperature T is determined as the average
mass-weighted value of reactants temperature. In the ion trap technics, the
translational temperature of the thermalised ions (T) a bit higher than the
temperature of the ion trap, this fact has also been discussed by many groups
in their studies (Gerlich & Horning, 1992; Gerlich, 2008; Asvany & Schlemmer,
2009; Chakrabarty et al., 2013; Endres et al., 2017).

We used the reaction between argon ion and molecular hydrogen to
determine actual temperature T and how much it is different from the

temperature of the trap walls Tozpr. The proton transfer reaction:

Art+Ho — ArH* + H, 4.7)

has been studied by many groups before (Ervin & Armentrout, 1985; Liao et
al., 1990; Rakshit & Warneck, 1980; Sizun et al., 2002) and nowadays, it is still
attractive (Michaelsen et al., 2017). Since the reaction (4.7) has been studied in
detail, it can be used as a testing reaction.

In this experiment, ions were not trapped, but they were led
continuously in a beam. An ion beam of Ar* ions passed through the ion trap
and reacted with H,. We measured the numbers of primary ions N(ArH*) and
products N(Ar*). The ratio N(ArH*)/ N(Ar*) was calculated as a function of the
ion trap temperature T2opr.

We select stable 3¢Ar* isotope (natural abundance is 0.3336%) for

monitoring the flux of 4°Ar* ions to avoid saturation of the MicroChannel Plate
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Detector due to high ion current. The ratio N(*°ArH*)/N(*¢Ar*) is directly
proportional to the number density of Hz, which is inversely proportional to
the square root of Tzzpr. To obtain the relative change of the number density of
H> with the trap temperature, it is sufficient to record N(*°ArH*)/N(3¢Ar*) as
a function of Txpr. Molecular hydrogen was added into the trap at room
temperature (312 K), and then the cooling of the trap was turned on. During
the cooling, the ratio N(*°ArH*)/N(3*Ar*) was monitored and was recorded.
Measurements were done for cases when the RF field was turned on and off.

When the RF voltage of the trap was turned off, data were in agreement with
1/./ Tapr OVer entire temperature range (see Figure 4.10 (a) and 4.10 (c)). In

case, when RF was turned on, data were in agreement with 1/,/Topr only at
temperatures higher than 100 K.
When the RF field of the trap is on, measured data shows discrepancies

at lower temperatures (see Figure 4.10 (b) and Figure 4.10 (d)). Although, ratio
N(*0ArH*)/N(3¢Ar*) multiplied by 1/,/Topr must be constant, it is constant

just in case when the RF field of the ion trap is off (see Figure 4.10 (c)), and it
decreases when the RF filed is on (see Figure 4.10 (d)). The decreasing can be
caused by heating of the neutral gas by the RF trap filed.

Decreasing of the ratio in Figure 4.10 at the temperatures from 20 K down
to 10 K, which can be seen in all graphs, is caused by hydrogen condensation
on the second stage of the cooling system and further stabilisation of the
number density. For more precise measurement the cooling should have been
slower at these temperatures. The results of our study show that collisional
temperature T is approximately 5 K higher than the measured temperature of
the copper housing with inaccuracy + 5 K. This effect is caused by heating of
the ion trap rods by the RF field, which further heat the neutral atoms. In this
case, the collisional temperature is defined as T = Tozpr + (5 £5) K, and in all
further experimental results, this correction is taken into account. This
situation has also been discussed by Plasil et al. (2012), Zymak et al. (2013),
Mulin et al. (2015), and Tran et al. (2018).
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Figure 4.10: The set of graphs shows ratio N(*°ArH*)/N(3°Ar*) as a
function of the trap temperature when the radiofrequency field of the trap is
turned off (a,.) or on (b,d), respectively. The ratio N(**ArH*)/N(3¢Ar*) is
directly proportional to the number density of H», which is inversely
proportional to the square root of Txpr. For better comparison,
N(*ArH*)/N(3Ar*) is multiplied by /Topr (c), (d). Measurements during not

stabilised conditions at the temperatures from 20 K down to 10 K are grey.

Considering all these statements, we can calculate the number density of
the gas inside the 22PT trap. In case of the ideal gas, the number density 7.,

can be calculated as follows:

_ Psgg

Mirap™= keT ' (4.8)

where Psrc is gas pressure measured by the spinning rotor gauge (SRG) inside
the trap and kg is Boltzman constant. In subchapter 4.1.1, it is mentioned that

the pressure inside the 22PT is measured by the calibrated spinning rotor
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gauge (SRG). It is not very practical to use SRG continuously, and for routine
monitoring of the pressure in the ion trap, the ionisation gauge (IG) is used.
We assume that in dynamic equilibrium conditions, the gas flow from
the 22PT to its vacuum chamber is identical to the gas flow from the 22PT
vacuum chamber to the turbopumps. Taking this into account, the final
formula that determines the gas number density inside 22PT can be expressed

as:

Cgas -P G

1’11. O —
P T TG

where Pi; is pressure measured by the IG, Tic is the temperature of the IG

(4.9)

chamber, which is taken equal to the room temperature, Cgas is calibration
factor between the pressures measured by SRG near the trap volume and the
pressure measured by IG in the 22PT chamber. The calibration factor depends
on the gas type; therefore, it is necessary to do calibration for every type of gas
used in the experiment.

The examples of pressure measurements before and after injection of D2
into 22PT volume are shown in two graphs of Figure 4.11. The lines are the

linear fits which represent the pressure in time when it is constant
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Figure 4.11: Examples of pressure measurements by ion gauge (IG) and
spinning rotor gauge (SRG) at T22pr = 100 K. The down triangles (V) represent
background pressure before injecting of deuterium and up triangles (A)

represent pressure after injecting of deuterium into the trap volume.
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Depending on gas, the data measured by the IG are different from data
measured by the SRG in Cgas times. In the case of deuterium, the calibration
factor Cpz from Figure 4.11. is equal to Psrc/Pic = 70.3 at Txrr = 100 K.
Therefore, the pressure of deuterium inside the trap is higher in 70.3 times than
pressure measured by IG in the 22PT chamber.

The calibration factor Cgas can also be obtained from the dependence of
the pressure measured by the SRG inside the 22PT on the pressure measured
inside the trap chamber by the IG. In Figure 4.12, the dependence for
deuterium that is injected directly into the trap volume is shown. It can be seen
that the SRG has an offset, and after its alignment, a direct ratio between the

respective pressures can be obtained.
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Figure 4.12: Dependence of the deuterium pressure measured by SRG
inside the 22PT on the deuterium pressure measured inside trap chamber by
IG at Topr= 47 K. The graph represents the ratio between the pressures
measured by SRG near the trap volume and the pressure measured by IG in

the 22PT chamber after the substation of the SRG offset pressure.

For some reactions, we use hydrogen in the SIS, and it is crucial to know
how much H: penetrates the ion trap from SIS. Therefore, a similar
dependence can be measured using the same algorithms, but the gas is added

into the SIS chamber.
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4.2 Measurement of reaction rate coefficient using the RF

22-pole ion trap

Evaluation of the reaction rate coefficients involves the standard
operating procedures of the ion trap apparatus. The main routine includes the
repeating injection of the ions into the trap with the determined number of
ions and further analysing of the extracted ion bunch after specific trapping
periods to the detection system (Gerlich & Horning, 1992).

As was mentioned in Chapter 2.2 (formula (2.12)), the reaction rate
coefficient is a parameter of the rate equation of the ion-molecular system. If
we solve the respective balance equation (2.12) for the simple binary ion-

molecule reaction in a case when [B] >> [A*], we derive the solution:
L = kBl (4.10)

In our situation, we use a number of ions N(A*) counted by the ion
counter after the MCPD, which is proportional to the number density of
reactant ions [A*]. After we take the logarithm of equation (4.10), the reaction
rate coefficient k can be obtained.

During our experiment, we obtain the growth of the number of produced
ions and the decay of the number of reactant ions. The rate coefficients of the
reaction can be calculated from the decay using a simple formula:

+
Krion= I a1
(Bl N(A")

t
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We can also calculate the reaction rate coefficient from the growth of the
number of produced ions as:
1 (NAY) +N(C)):

kreaction = [B]tln N(A+) )
t

(4.12)

In these formulas [B] represents the reactant gas number density inside the
22PT, defined in subchapter 4.1.7, t is storage time, N(A*)o is a number of
detected primary ions at the start of the measurement, N(A*); is a number of
detected primary ions at storage time f, (N(A*) + N(C*)); is a sum of counted
primary and produced ions at time ¢, which must be equal to the number of
ions at the start of the measurement N(A+)O. During the measurement and
further calculation, we must consider the total loss of ions or mass
discrimination.

The total inaccuracy in calculation of the rate coefficient of the
ion-molecule reaction includes the statistical error and the uncertainties of the

number density and reactant gas temperature measurements.
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5. Experimental study of ion-molecule
reactions in the RF 22-pole ion trap

5.1 OH* formation in the low-temperature O* + Hyreaction

Studying the temperature dependence of the rate coefficient of the
reaction O* + H; provides information for investigating the structure of the
fundamental H>O* system. The reaction of O* ion with Hz molecule is
important for astrochemistry as one of the possible reactions leading to water
formation in the interstellar space. The experimental results of O* + Ha study
have been already published and, in this thesis, I describe our main results
from the paper (Kovalenko et al., 2018). The isotope effect of replacing the
reactant H, with D, and HD has also been investigated, and it is described in
Chapter 5.3.

In this work, our study was focused on the determination of the
dependence of reaction rate coefficients of the exoergic reaction of a ground
state O*(4S) ion with molecular hydrogen on collision temperature of reactants:

KoY
O*(*S) + Ho > OH*+ H AH=-054¢€V, (2.6)
with a rate coefficient of the reaction denoted as kgi. The change of the reaction
enthalpy at 0 K was calculated from tabulated enthalpies of formation,
ionization potentials, and dissociation energies (Wiedmann et al., 1992; Chase,
1998; Sansonetti & Martin, 2005; Liu et al., 2009).

This reaction has also been discussed in previous papers (see e.g. Bulut

et al., 2015; Gerin et al., 2016), and it has been studied, both theoretically and

experimentally. Although for the astronomical modelling the reaction rate

coefficient ko2 at low temperatures has to be known, there are no published
results of measurements at temperatures below 300 K up to now.

In this study, molecular hydrogen at room temperature was used. The
molecular hydrogen consists of 75% ortho-H2 and 25% para-H: fractions

(normal hydrogen). The ortho-para conversation does not occur at low
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temperature in our gas inlet system of the ion trap (for more details see the
paper by Zymak et al. (2013)). Previous experimental studies of the reaction of
O* ions with molecular hydrogen were carried out with H; at 300 K, i.e., with

H> in thermal equilibrium.

5.1.1 Determination of a relative population of O*(*S) and

metastable O*(2D) and O*(2P) ions

The O* ions were produced by electron ionisation of N2O molecules in
the SIS. These ions can be produced in the ground state (4S) or one of the
excited metastable states (2D or 2P). The radiative lifetimes of these metastables
are 5.6x10% s and 4.9 s, respectively (Godefroid & Fischer, 1984; Zeippen, 1987).
Compere to the length of typical storage time, the lifetimes of metastable states
of O* ions are relatively long. All our measurements had storage periods
shorter than 0.5 s.

For determination of the population of the metastable states of O* ions in
the 22PT, it was decided to study their reaction with molecular nitrogen. It
should also be noticed that for the ground state ions O*(4S), the charge transfer
reaction is endoergic by 1.96 eV. For analysing of the measured data, we used
the obtained experimental results of previous studies by Smith et al. (1978),
Glosik et al. (1978), Johnsen & Biondi, (1980), Hierl et al. (1997), and
Le Garrec et al. (2003). In these previous studies, the O*(4S) ions slowly react

with N> and form NO*ions:

O*(45) + N2 — NO* + N, (5.1)

and for excited states O*(2D, 2P):

O*(2D, 2P) + N — Na* + O, (5.2)

the reaction proceeds with formation of N2* ion. The relative populations of
the ground and metastable states of the O* ions can be determined by
monitoring the production of NO* and N* ions in the trap. Results of our

measurements are in good agreement with results of previous studies by Hierl
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et al. (1997), Glosik et al. (1978), and Le Garrec et al. (2003). The example of our

measurement obtained at collisional temperature T = 72 K, gas number

densities [N2] = 3.9 x10"cm™3, [He] = 5.7x10'3 cm™ and electron energy

Eelecuon(k§3)= 75 eV is shown in Figure 5.1.

From this time dependencies, it was evaluated that about 5 % of the
trapped O*ions produced the N»* ions after reaction with N». The measured
rate coefficient of the reaction O* + N2z is (6.6 £+ 0.1)x10712 cm3s~1. This value is
in a very good agreement with the previously obtained experimental result at

temperature T = 72 K by Le Garrec et al. (2003) in the CRESU experiment.

0 100 200 300 400
t (ms)

Figure 5.1: Time dependence of the normalized numbers (see explanation
in subchapter 5.1.2) of trapped O*, N2*, and NO* ions (Kovalenko et al., 2018).
The sum (})) indicates the total normalized number of ions. The experimental
results were obtained at temperature T = 72 K and number densities of the

gases in the 22PT [Ny] = 3.9x10'" cm™3, [He] = 5.7x101 cm™3. The energy of

electrons was used in the SIS as Eelemn(kgi) =75¢eV.

From this evaluation, it can be concluded that over 90% of confined O*

ions are in the (45) ground state, in a situation when Eclectron < 75 eV in the SIS.

, . - H2
In all experiments, when the reaction rate coefficients kp; were measured as a
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function of collisional temperature, we used the electrons with energy

Ee]ectron = 50 eV in the SIS.

5.1.2 Time dependence of the number of O* ions in the trap

after reaction with H»

An example of the experimental result for the reaction of O* ions with

molecular hydrogen Hb is presented in Figure 5.2.

O*+ H, - OH*+ H

T=40K

o ko =13x10"cm’s™
[H,] = 6.4x10" cm™
[He] = 6.5x10" cm™

| 1 | 1 | 1
0 20 40 60 80 100
t (ms)

Figure 5.2: Time dependencies of the normalized numbers of the

indicated ions after injecting O*ions into the 22PT. All lines indicate the
results from the fits. The experiment was performed with electron energy
Ee1ectron(kg%) =50 eV. The collisional temperature was T =40 K. The number
density of hydrogen gas was [Hz] = 6.4x10°cm™ and the helium number

density was [He] = 6.5%10'2 cm3. The calculated reaction rate coefficients for

OH* production is ko (40K) = (1.3 £0.5)x10%cm3s1.

Ions were counted after passing the analysing system at determining

trapping times t and denoted as nx(t). The index x defines the specific ion type,
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e.g., no+(t) refers to the number of O* ions. The sum of the number of counted
ions at the storage time t is denoted as nxo0 = Znx(t). We divided the ion numbers
by the total number of ions measured at the beginning of storage to. Obtained
normalized values nx(t)nxo are plotted in Figure 5.2.

Almost all injected O* ions are converts into H3O* ions via sequential
hydrogen atom abstraction from H>. The small amount of produced H* ions
(growing to~0.5 % of X) is an indicator of the relative population of
metastable O*(2D, 2P) ions.

The calibration reaction H* + CH4 with products CHs* and CHs* was
used for correction of shown normalized numbers of H* ions for the difference
in detection efficiency, which relates to O*ions.

The decreasing of sum X = nx(tynzo with time indicates that the detection
efficiencies for other produced ions OH*, H.O*, and H3O* is smaller relative
to O*ions. The fits of increases of these OH*, H>O*, and H3O* ions are plotted
with treating them as free parameters; therefore, they are not corrected in
Figure 5.2.

Analysis of Figure 5.2 indicates that O* ions react with H, forming OH*
ions. The produced OH* ions also react with H> continue a sequence of

additional exothermic reactions with Ho:

H2

OH* + Hp 2 H,O* + H AHO=-1.02eV, (5.3)
kibos AHO = = 1.70 eV 54
H,O* + Hy —5 H;0* + H 70 eV, (5.4)

with the reaction rate coefficients kg%H and kg%m. The final ion product in this
sequence is H3O*. The given reaction 0 K enthalpy changes were calculated
from relevant enthalpies of formation given by Haney & Franklin, (1969) and
Chase, (1998), dissociation energies given by Liu et al. (2009), and ionization
potentials given by Wiedmannetal. (1992) and Lauzin et al. (2015). The
detailed study of these reactions was performed in our ion trap technique for

temperatures down to 15 K by Tran et al. (2018).
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Observed H*ions can not be efficiently produced in the reaction of
ground state O*(4S) ions with molecular hydrogen as this reaction is endoergic
by 0.06 eV and also spin forbidden (Flesch & Ng, 1991; Li et al., 1997). The
H* ions and Hz* ions can be simultaneously produced with OH* in reactions

of excited metastable O*(2D) and O*(2P) ions with Ho:

— OH*+ H, (5.5a)
O*(2D,2P) + Ha — Hy*+ O, (5.5b)
— H*+ OH. (5.5¢)

The O*(?D, 2P) specifies an unidentified mixture of O*(*D) and O*(?P)
metastable ions, with respective reaction enthalpy changes for the channel
(5.5a) AHO(?’D)=-3.27eV and AH°(?*P)=-4.96eV. Calculated reaction
enthalpy of changes of the other channels can be found in the paper by
Lietal. (1997). The produced H>* ions further react with H> and produce
protonated molecular hydrogen ions Hs*. This situation is shown in Figure 5.3,
where the detected products for reaction of O* ions coming from the ion

source, with molecular hydrogen are indicated.

1000 E =90 ms

T =141 K ot 1O HO

10

Number of ions

1
0 2 4 6 8 1012 14 16 18 20 22 24

mass (Da)

Figure 5.3: Integral spectrum with indicated ions for the reaction of O*
ions coming from the SIS with Ha at T = 141 K. The ion composition was

analysed after being stored for 90 ms in the ion trap.
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Despite the higher fraction ratio for production of Hz* ions than for H*
ions (Li et al., 1997) we prefer for characterization of the fraction of metastable
O*(°D, 2P) ions in 22PT monitoring the production of H* ions which do not
react with Ho.

In comparison with the population of O*(?D, 2P) metastable ions
obtained in experiments with Ny, the fraction of produced H*ions is low.
Therefore, OH* ions are also produced in reactions of metastable O*(2D, 2P)
ions with hydrogen. For above-studied reactions (2.6), (5.3 — 5.5), the data
obtained for primary O* ions and all products were fitted using a kinetic
model. Obtained fits (solid lines) are in good agreement with our measured
data. The reaction rates, the initial number of all ions and the detection
efficiencies were selected as free parameters of the model. The decrease in the
number of O* ions in time illustrates that the decay is mono-exponential over
almost 3 orders of magnitude.

Figure 5.4 demonstrate the increase of the fraction F of metastable O*(2D)
and O*(?P) ions with increasing energy of electrons Eelectron in the range from
21 eV to 145eV. We assume that the fraction of H*ions is produced via
reaction (5.5¢). The number of produced H* ions corresponds to the population
of metastable O*(2D) and O*(?P) ions. The produced fraction of H* ions in the

reaction of O*(2D) and O*(?P) metastable ions with hydrogen in the 22PT
reaches up to 1 % of 2 (see inset of Figure 5.4). This result confirms the
conclusion obtained in the test with N2. Thus, I can confidently say that over
90 % of injected O* ions from the SIS are in the (4S) ground state for the used
electron energies in the SIS lower than 75 eV.

To reduce the effect of O*(?D) and O*(?P) ions, the energy of electrons in
the SIS was maintained at Eelectron = 50 €V in all measurements of ké‘%. The

fraction of H* ions was also checked during all measurements.

57



100 T T T T 4|
* d
v C
b
10 a
: A
E 0 _50 100 _150
~% 10'2 electron
=

+

H X
e

0 20 40 60 80 100
t (ms)

Figure 5.4. The O* decays, and H* growth were taken at four different

electron energies Eclectron ranging from 21 eV to 145 eV at
T=56K, [Hz] =5.4x1019 cm=3, and [He] = 5.5x1012 cm™3. The calculated
reaction rate coefficient for production of OH* ions is ko (b6 K) =
(1.5 £0.3)x102cm3s~1. The inset: dependence of the fraction F of produced
H*ions for reaction O*with Hx on the electron energy in the SIS

(Kovalenko et al., 2018).

Another example of time dependence for the studied reaction is given in
Figure 5.5, together with the results from fits. The measurements were
performed at collisional temperatures T'= 25K and T = 77 K. Analogically to
Figure 5.2, the sequential addition of hydrogen atoms to O* ions leads to final
production of H3O* ions. Also, it can be seen that less than one percent of
H* ions is produced. The first data point represents the situation when ions do
not have enough time to cool down in collisions with pre-cooled He atoms (see

subchapter 4.1.6). These points were not considered in further fitting.
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Ot*+H, - OH*+H
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K32 =14x10" cm’s™ T'=
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Figure 5.5: Time dependencies of the normalized numbers of shown ions
after injection of O*ions into the 22PT. Upper panel: experimental results
were obtained at collision temperature T =25K and gas number densities
[H2] =4.9x109cm™3, [He]=1.2x108cm™3. Lower panel: T=77K,
[H2] =2.8x1010 ¢cm™3, [He] =6.7x10"2cm™3. The @ symbols indicate the
normalized total number of ions (X). The experimental results are fitted with
a kinetic model (solid lines). The calculated reaction rate coefficients kos are

given at the bottom inside the plots.

All measured decays of the number of O* ions have been experimentally

studied at collisional temperatures, ranging from 300 K to 15 K.
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5.1.3 Dependence of rate of O* + H, reaction on the number

density of H»

The dependencies of the reaction rates riaz, ri%, and 135, on the number

density of the reactant gas [Hz] were measured at temperature T = 259 K, these
dependencies can be seen in Figure 5.6. The linear character of obtained
dependencies confirms that the loss processes of O*ions in the 22PT are
caused predominantly by a binary reaction with molecular hydrogen.

Therefore, the rate for this binary ion-molecular reaction can be written

as ras = koy [Ho] + rbg. Where rg is a level of the background loss rate which is

measured in the 22PT with pure He without Ho.

1 L r_ " r v r "
® O+H, k"=14x10"cm’s™

+ OH"+H, k2 =12x10"cm’s”

[ X HO™+H, ki, =09x10” cm’s, .’? ]
300 . -
L T=259K

400

0 50 100 150 200 250 300 350
[H,] (10° cm™)

Figure 5.6: Dependencies of the loss rates rz, rog., and rso, of the

reaction of O*, OH*, and H>O" ions with Hz on the number density of the
reactant gas [Hz]. The collisional temperature was maintained at 259 K. The

slope of the plotted dependencies gives the corresponding binary reaction rate

coefficients kg%, kg%H, and kE§O+ (Kovalenko et al., 2018).
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The obtained value of the background loss rate from the
tits is rbg = 0.9 s71. At temperatures lower than 150 K, the cooling system is able
to reduce the residual background gases more efficient (in our case these gases

mostly are N2O and H>O coming from the ion source). Figure 5.6 also contains

the rate coefficients korp. and kijso+ of reactions (5.3) and (5.4), respectively.

The rate coefficients of reactions (2.6), (5.3), and (5.4) were obtained from
the linear regression model of the measured data in Figure 5.6. The obtained
values are: ko (259K)=(1.4+03)x10%cm3s!,  kome (259K) =
(1.2 +0.2)x109cm?1, and ko (259 K) = (0.90 £ 0.18)x10-% cm?s~1. These
values are in a good agreement with results from previous experiments at
temperature 300K (see e.g. ref. FA (Fehsenfeld et al., 1967), ICR (Kim et al.,
1975), SIFT (Jones et al., 1981), and VT-SIFT (Martinez et al., 2015)).

5.1.4 Temperature dependence of reaction rate coefficient of

O+ + H, reaction

The obtained dependence of the reaction rate coefficient kgi on
temperature can be seen in Figure 5.7. The results from theories and previous
experiments are also plotted.

As we expected, Figure 5.7 demonstrates a typical temperature

dependence of an exothermic ion-molecule reaction where the experimentally

determined rate coefficients, kgz, are close to the Langevin rate
coefficient kL(Hz) (k(Hz) = 1.56%1072 cm3s71).

We summarize 50 years of O* + H; reaction study in a grope of filled
points around 300 K. Previous experimental results were achieved using
different experimental methods. The first results were obtained at 300 K with
the flowing afterglow technique (FA) (Fehsenfeld et al., 1967). Then the
reaction of O* ions with molecular hydrogen was studied in an ion cyclotron
resonance (ICR) experiment by Kim et al. (1975) and the selected ion flow tube
(SIFT) experiment by Smith et al. (1978). In the selected ion flow-drift tube

(SIFDT) experiment, Federer et al. (1984) obtained the value of the reaction rate
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coefficient at the mean relative kinetic energy of 0.07 eV. These previous

studies did not give any measured results for temperatures below 300 K.

2.5 | | | | | | llllll ) | | llllll | | L L L |
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05k R <> ov GIB Burley A ICR =
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Figure 5.7: Temperature dependence of the binned average reaction rate

coefficient ko (full red stars) from the measured data (full grey circles) of the
reaction of the ground state O*(4S) ions with H». (Kovalenko et al., 2018). The
horizontal straightline (kL(H2)) indicates the value of the Langevin
collisional rate coefficient. The error bars show the total uncertainty of our
measurements. The filled symbols at 300 K and 500 K are results from the
measurements at one temperature in the previous experiments. The points
extended from 400 K to 7000 K are effective rate coefficients, measured with
the guided ion beam technique GIB (300 — 7000 K) by Burley et al. (1987) and
a triple quadrupole double octupole technique TQDO (400 — 3500 K) by Li
etal. (1997). The dashed line shows the theoretically calculated rate
coefficients by Martinez et al. (2004). The solid and dash-dotted lines show
reaction rate coefficients for normal-H> and for H> with thermal populated

nuclear spin states, respectively, based on theoretical cross-sections of

Bulut et al. (2015).
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Our calculated rate coefficients are slightly below ki(H>). This situation
can be explained by a systematic uncertainty of our data, which is estimated
to be up to 20 % for our ion trap experiment.

Two sets of previously measured data were obtained above room
temperature by Burley et al. (1987) in the GIB experiment, and by Li et al.
(1997) in the TQDO experiment, where the ion beam was guided through a
target gas cell with temperature 300 K. These results are below kr(Hz), and the
discussions of deviations of k.(Hz) above 0.3 eV are given in the paper by
Bulut et al. (2015). Measured effective cross-sections from these experiments
were converted to the effective reaction rate coefficients after multiplying
them with the mean relative velocity. For data obtained by Li et al. (1997), we
applied a correction of the centre of mass-energy for the thermal motion of the
neutral target with Tcas ~ 300 K by adding a term 3/2-kg-Tcas-mo+/(mo+ + mr),
where mo+ and myp2 are the O* and Hz masses, respectively.

For temperatures from 300 K to 30K, our calculated reaction rate
coefficients are independent on temperature, and for temperatures from 30 K
to 15K, the behaviour shows the slight decrees. A similar effect is also
predicted by the theoretical model, which is given as a solid line by
Bulut et al. (2015). This model by Bulut etal. (2015) applied the TDWP
calculations (time-dependent wave packet) for determining the integral cross-
sections of reactive collisions of O* ions with Hz(j). The energies of collisions
were ranged from 1 meV up to 1 eV and for the rotation states j =0, 1, and 2.
In these calculations, Bulut et al. (2015) used a concept of global potential
energy surface (PES) which was determined for the ground state of electrons
1¢A’” of H>O" ions by Martinez et al. (2004). On this PES, reactants can proceed
to the formation of OH*ions and H atoms without a potential barrier.
According to this information, the calculated cross-sections are in a very good
agreement with a prediction from the Langevin model for the population of
the rotational energy states at temperature 300 K (see Bulut et al., (2015),

Figure 8). Moreover, in this case, the results from the temperature dependence
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of kg‘i show that the obtained in the theoretical calculations cross-sections
align below collision energy 10meV. Considering the T-dependent
j-populations of the normal-H>, the thermal rate coefficients were calculated
from data obtained by Bulut et al. (2015). This result is demonstrated by the
already described solid line in Figure 5.7, extended for temperatures from 10 K
to 7000 K.

It is too early to make a conclusion about decreasing of the rate
coefficients of reaction (2.6) at low temperatures through the fact that we have
not yet known why the TDWP cross-sections depart from the Langevin model
below the energy of 10 meV (Bulut et al., 2015). The thermal reaction rate
coefficients were provided by Bulut et al., (2015) only above 200 K. The align
may be caused by inaccuracies in the theoretical calculations or due to the

wrong long-range behaviour of the global potential energy surface.
5.2 Reaction of N* with HD and D> at low temperatures

The importance of ammonia and its deuterated isotopologues in
interstellar medium has been discussed in subchapter 2.1.1 and 2.1.3. As their
formation starts from the reaction of N+ ions with Hz or HD and Dy, the kinetic
of title reactions has to be well studied. We investigate the formation of NH*
and ND" ions in endothermic hydrogen (or deuterium) abstraction reactions
of N* ions with HD and D at temperatures from 300 K down to 15 K. In this
work I present temperature dependencies and Arrhenius plots of measured
reaction rate coefficients, from which the activation energies of all reaction
channels are determined.

Our study focuses on the reactions:

HDa

. & ND* + H (5-6a)
N + HD e )
— NH" +D (5.6b)
e, (5.7)
N* +D, - ND* +D :
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where kg?a, kg?b, and kﬁi are the rate coefficients of listed reactions. The

overall reaction rate coefficient of N* ions with HD is kﬂ? = (kﬂ?% kﬂ?b) and

the branching ratio is determined as BRII\{]%, = kﬂ?b /( kg?a + kg?b ). The
previously studied reaction of N* ions with H> by Zymak et al. (2013) and
reactions with D> and HD, which are presented in this work, have activation
energies comparable with the energies of rotational excitation of the reactant
molecules. It has been observed that the available rotational energy allows
promoting to the reactions. However, some of the previous studies of these
reactions suggest that their activation energies can be partly caused by barriers
on the reaction paths (Gerlich, 1993; Tosi et al., 1994). Moreover, the actual
endothermicities of these reactions have been not known yet, and they need to
be determined.

The reaction (5.6) of N* ions with HD was studied at low temperature in
the uniform supersonic flow or the CRESU experiment by
Marquette et al. (1988). At 300 K and above, the reaction was also studied in
the SIFDT experiment by Adams & Smith (1985), the GIB experiments by
Ervin & Armentrout (1987), and Sunderlin & Armentrout (1994). Mentioned
experimental techniques were described in Chapter 2.3.

The reaction (5.7) of N* ions with D> was studied at low temperatures in
the CRESU experiment by Marquette et al. (1988) and in the ion trap
experiment by Gerlich (1993). At thermal energies and above, the reaction of
N+ ions with D2 was studied in the SIFDT experiment by Adams & Smith
(1985), in the GIB experiment by Sunderlin & Armentrout (1994), and in the
merged molecular beams (MB) and the crossed molecular beams (CB)
experiments by Tosi et al. (1994).

In the present experiment, normal deuterium was used. In the
normal-Dy, the para-D: to ortho-D: ratio is 1:2. The populations of the
rotational states correspond to thermal equilibrium at 300 K. Our previous
experiments with H» gas indicate that the para to ortho ratio does not change

when H> flows from the bottle into the trap, for more discussion see Hejduk et
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al. (2012) and Zymak et al. (2013). It can be assumed that the same situation
applies to deuterium.

It must be noticed that the effect of contributions of HD and H>
admixtures in D2 and H> in HD needs to be considered for more precise
evaluation of the activation energy from the Arrhenius fit model. We have
calculated this effect, and we prepare these corrected results for publication. I
would also like to admit that difference between values presented in these
work and values that take into account the correction for contributions of HD

and H> is no more than 7-10%.

5.2.1 Time dependence of the number of N* ions in the trap

after reaction with HD, and D,

Nitrogen ions were formed by electron impact ionization of N2 gas with
further confining them in the SIS. The volume of the ion trap was filled with a
mixture of reactant gas (HD or D2) and He buffer gas. Number densities of D>
and HD in the trap were varied from 100 cm=3 up to 102 cm=3. The number
density of helium during the experiments varied in the range of
1012 - 10 cm~3.

A time dependence measurement of the normalised number of trapped
N* ions after reaction with molecular D: is shown in Figure 5.8. The
experiment was performed at the temperature T = 266 K after storage of N*
ions in the 22PT which was already filled with D2 reactant gas and He buffer
gas.

The plotted data were normalized by dividing the number of ions of the
specific ion mass nx(f) at trapping or storage time t by the total number of
detected ions nxp at the beginning of the experiment.

The ND* ions are produced right after storage of N* ions in the ion trap
and their reaction with D, Similarly, to NH* + H: reaction
(Rednyk et al., 2019), ND* ions react with D». The reaction of ND* with D2 has
two channels where Ds;* and ND:* ions are produced. The ND:* ions

consequently react with D> forming NDs* ions. Finally, ND4* ions are slowly
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formed in the reaction of NDs* ions with D>. The ND4* production can be
neglected due to the low rate of formation at high temperatures.

From the time dependence of the normalized number of D3* ions, it can
be noticed that at relatively long storage times the number of D3* ions slowly
decreases due to reactions with N2> molecules where N2D*ions are formed. The

N2 gas penetrates the ion trap volume from the ion source.

N *+D,—ND*+D

10

AAAAA

1071

/nxo

= 102

1073

]
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Figure 5.8: Measured time dependence of the normalized numbers
(nx(t)/n=0) of N*, ND*, ND2*, NDs*, Ds*, and N2D* ions. The collisional
temperature was T =266 K the number density of deuterium gas was
[D2] =2.9%x10"" cm™3 and the number density of the buffer gas was
[He] = 1.4x1013 cm™3. The fit solutions of the interconnected system of the rate
equations are indicated with the solid lines. The @ symbol indicates the time
dependence of the normalized total number of ions in the ion trap,

2(t)= Z nx(t)/ nxo. The reaction rate coefficient obtained from the decay of N*

. . /D2
ions is k3= 1.7x10710 cm3s1,

The results of the kinetic-fit model are given in Figure 5.8. For fitting

procedures, the mass discrimination of the produced ions, represented by the
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slight decrease in the total number of ions over time, was considered. Obtained
reaction rate coefficient from the decay of N* ions is kEﬁF 1.7x10710 cm3s~1.

N* + HD — products
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Figure 5.9: Measured time dependencies of the normalized numbers
(nx(t)/ nxo) of the primary N* ions and the produced ND* and NH* ions. Our
measurements were performed at T = 108 K and T = 42 K. Buffer gas number
densities were [He] =1.1x1013 cm=3and [He] = 2.7x10'3 cm™3, respectively. The
solid lines are fits of the measured data. Upper panel: The time dependencies
were measured with a low reactant gas number density. The dotted line
indicates the amount of secondary NH>* ions estimated from the fit. Lower
panel: The time dependencies measured with a higher reactant gas number
density. Measured rate coefficients and number densities of reactant gas are
shown on the graph together with the value of the branching ratio for the

upper panel.
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Examples of the measurements for reaction (5.6) at 108 K and 42 K are
shown in Figure 5.9. Measured data were fitted using a kinetic model for ions
with masses 14 Da (N*), 15 Da (NH*), and 16 Da (ND*, NH>*). The time
dependencies of the relative number of all ionic species in the ion trap were
measured. For simplicity, the time dependencies of the relative number of ions
which correspond to secondary products are not plotted in Figure 5.9.

In the upper panel of Figure 5.9, the time dependencies of the normalized
numbers (nx(t)/nxo) of the primary N* ions and the formed ND* and NH* ions
measured with the low number density of HD ([HD] = 5.4x1010 cm™3) are
shown. In the lower panel of Figure 5.9, the time dependencies of the
normalized numbers of the primary N* and the formed NH>*, ND*, and NH*
ions measured with the higher number density of HD ([HD] = 7.9x101 cm™3)
are shown. The mono-exponential decrease of the normalized numbers of N*
ions in the lower panel is over three orders of magnitude. It indicates that the
relaxation of N* ions does not have an influence on the measured data during

the experiment.

5.2.2 Dependence of the rate of N*+ HD reaction on the

number density of HD

In the experiment at the constant temperature of the ion trap, we
measured the dependence of the loss rate of N* ions in reaction with HD
molecule on the number density of HD gas. It was confirmed that the
dominant loss process for the trapped N* ions is the binary reaction with HD.

It shows that the decay of the number of N* ions in the 22PT in time is
controlled by the binary reactions with HD molecules. The slope of the

obtained linear dependence is given by the reaction rate coefficient (according

to the expression riiD= (kﬁ?- [HD] + rvg), where rg is the background loss rate

of N* ions).
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N*" + HD — products
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Figure 5.10: Dependencies of the loss rates > of the reaction of N* ions
with HD molecule on the number density of the reactant gas [HD].
Measurements were performed at collisional temperatures, T = 51 K and
T =125 K (with [He] =1.6x1013 cm™ and [He] = 2.1x103 cm™3, respectively).
The values of the binary reaction rate coefficient kN (indicated in the figure)

are given by the slopes of the plotted dependencies.

5.2.3 Temperature dependencies of the branching ratio and the

rate coefficients of N* + HD reaction

The obtained temperature dependence of the calculated branching ratio
BRuR. of the production of NH* ions is plotted in Figure 5.11. The reaction
rate coefficients kﬁ?a and kﬂ?b were calculated for the production of ND+ and
NH* by multiplying the total reaction rate coefficient ke by (1—BRNR:) and

BREPDH, respectively.
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Figure 5. 11: Temperature dependence of the calculated branching ratio

0.05

BRu+ of the production of NH* channel. The data obtained in experiments
from the time dependencies are indicated with the smaller grey points, larger

green points indicate the binned average values.

The obtained temperature dependencies of the rate coefficients Ny,

kNP2, and kne® are shown in Figure 5.12, together with results measured in

previous experiments.

The value measured at 20 K in the CRESU experiment by
Marquette et al. (1988) is in a good agreement with our value KNP at this
temperature. The reaction rate coefficients from the SIFDT experiment (Adams
& Smith, 1985) and the GIB experiment (Ervin & Armentrout, 1987) were
obtained as a function of mean collision energy (E). These data are presented

as a function of effective temperature Ter = 2/3(E)/ ks.
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Figure 5.12: Temperature dependencies of the binned average reaction

rate coefficients ks (black crosses), ke for ND* channel (open red circles)

and knv for NH* channel (full green diamonds). The kN were obtained from

data point (small grey circles). The results of Marquette et al. (1988) (CRESU),
Ervin & Armentrout (1987) (GIB), and Adams & Smith (1985) (SIFDT) are also

shown.

From extrapolation of the obtained temperature dependencies of kN?

and kys° towards 300 K, it is obvious that our measured data are in a good
agreement with values obtained previously in the SIFDT and the GIB

experiments at ~300 K.
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Arrhenius plot of the temperature dependence of ke is shown in

Figure 5.13. The plot also includes the reaction rate coefficients of this channel
from previous studies (Marquette et al.,, 1988; Ervin & Armentrout, 1987;
Adams & Smith, 1985).
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Figure 5.13: Arrhenius plot of the temperature dependence of the

reaction rate coefficients kfy" (full red circles). A full straight line represents

the fit of the temperature dependence of i (for T<50 K) by Arrhenius

tunction k(T) = A-exp(—Ea/kT). The dotted line indicates an extrapolation to

the higher temperatures. Values of ka2 obtained in previous experimental
studies of Marquette (1988) (CRESU), Ervin & Armentrout (1987) (GIB), and
Adams & Smith (1985) (SIFDT) are also shown.

A pre-exponential factor A and the activation energy Ea can be obtained

from the fit of measured data by simple Arrhenius function k(T) =

A-exp(—Ea/kT). For KNEY, the fit can give reliable parameters only for
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temperatures from 50 K to 15 K. The obtained activation energy from the fit of
kne? for temperatures from 15 K to 50 K is E,HP(ND*) = (3.1+0.75ys+0.2stat) meV.
The systematic error is caused by temperature uncertainty. This obtained
result for activation energy is collected in Table 5.1 together with results of
previous studies which are presented for comparison. The rate coefficient ?
is nearly constant at temperatures above 80 K and it starts decreasing at
temperatures above 200 K with increasing temperature. The same character of
temperature (kinetic energy) dependence was observed by Adams & Smith

(1985) at temperatures above 300 K.
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Figure 5.14: Arrhenius plot of the temperature dependence of the
reaction rate coefficients ks (full green circles). The temperature dependence
for kKNP® is fitted by Arrhenius function k(T) = A-exp(—Ea/kT) + kvg and

indicated by full line. Values of kNP obtained in previous experimental
studies by Adams & Smith (1985) (SIFDT), and by Ervin & Armentrout (1987)

(GIB) are also indicated.
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Figure 5.14 shows the Arrhenius plot of the temperature dependence of
the rate coefficient ky;". The temperature dependence of the rate coefficient
KRP® s fitted by Arrhenius function k(T) = A-exp(—Ea/kT) + kvg, where kug
represents the rate coefficient of reactions with residual gases. The activation
energy E. of kf\}l?b obtained from the fit is E.HP(NH?*) = (6715sy5t5stat) meV.

Figure 514 also includes the results from previous studies by

Adams & Smith (1985) and Ervin & Armentrout (1987). For comparison,

obtained activation energy of [ together with results from previous studies

are also presented in Table 5.1.

524 Temperature dependence of N* + D, reaction rate

coefficients

The temperature dependence of N* + D> reaction rate coefficient kN is

presented in Figure 5.15. From the plotted experimental data, it can be seen

that at temperatures below ~ 80K, kgi does not continue to fall similar to what

can be seen at temperatures from 300 K to 80 K. The reaction rate coefficients

kX obtained in our study (closed red circles) are compared with previously
obtained results of other experimental studies.

The losses of N* ions in the trap are also caused by the reaction with HD
admixture (up to 3%) that comes with deuterium (=~ 97%) from the bottle.
These losses are already comparable with losses in reactions with D> at
temperatures around ~ 70 K. At temperatures below 60 K, the reaction with
HD admixture is the main loss process of N* ions in the 22PT.

Previously measured experimental values were obtained in the CRESU
experiment by Marquette et al. (1988), in the 22-pole RF ion trap experiment
by Gerlich (1993), in the crossed molecular beams (CB) and the merged
molecular beams (MB) experiments by Tosi et al. (1994), in the guided ion
beam (GIB) experiment by Ervin & Armentrout (1987), and the SIFDT
experiment by Adams & Smith (1985). The data from the paper by

Gerlich (1993) have a very steep decrease at temperatures above 70 K;
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however, they align below 70 K. In the original paper this situation was
qualitatively explained by the presence of HD admixture in the D> gas that had
been used. The data from the beams experiments MB and CB of
Tosi et al. (1994) have similar shifted alignment at low temperatures. The
reason of this shifts is probably due to a higher temperature of the neutral
beam of D> and presence of the admixture of HD (see discussion of Gerlich

(1993) and Tosi et al. (1994)).
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Figure 5.15: Temperature dependence of the binned average reaction rate
coefficient kx (full red circles) from the measured data of the reaction of N*
ions with D2. Comparison of the temperature dependence of kn obtained in

the present study with the values of ki measured in the previous experiments
CRESU (Marquette et al., 1988), 22PT (Gerlich, 1993), MB and CB (Tosi et al.,
1994), GIB (Ervin & Armentrout, 1987), and SIFDT (Adams & Smith, 1985).

The Arrhenius plot of the obtained temperature dependence of K is

presented in Figure 5.16. The values obtained in the previous experiments
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which are included in Figure 5.15 are also shown in the Arrhenius plot of
Figure 5.16. For clearness, the data of Tosi et al. (1994), plotted in Figure 5.15,
were deliberately excluded. The obtained parameters of the fit are pre-
exponential factor AP2 = (6.9+0.75y5+(0.3stt)x10-10 cm3s~1, activation energy

EaP2 = (35.942.5sy5+0.95tat) meV and k P?pg = (1.8+0.15y5+0.2stt) 1012 cm3s~1.
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Figure 5.16: Arrhenius plot of the temperature dependence of the

reaction rate coefficients ky:. The obtained binned average results (full red
circles) are fitted by Arrhenius function with a background. Data obtained in
the previous experiments CRESU (Marquette et al., 1988), 22PT (Gerlich, 1993),
GIB (Ervin & Armentrout, 1987), and SIFDT (Adams & Smith, 1985) are also

shown.

5.2.5 Summary of the experimentally determined activation

energies

The obtained values of the activation energy Ea from the Arrhenius fits

with the validity ranges are summarised in Table 5.1. The activation energies
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of reactions with ortho-H», para-Hz, and H: in Thermodynamic Equilibrium

(TDE) were evaluated from the data published by Zymak et al. (2013).

Table 5.1: The summarizing of the experimentally determined activation
energies of reactions (2.2), (5.6), and (5.7). The numerical column shows the
activation energies obtained from our and other experiments. The last column

indicates the interval of temperatures or energies, where the original data were

obtained.
Ea, AH?
Reference Reactant (meV) T, E range
N*+H, - NH*+H
Zymak 2013 para-H> 20.9 15-25K
Zymak 2013 ortho-H> 3.1% 20-110K
Zymak 2013 H>(TDE) 19.3 15-110K
Marquette 1985 normal H» 3.4# 8§-70K
Adams 1985 H>(TDE) 11 300 K - 500 meV
N+*+ HD — ND*+ H
this work HD(TDE) 3.1 15-50K
Gerlich 1993 HD(TDE) 0.9 ~15-50K
N*+ HD — NH* +D
Adams 1985 HD(TDE) 43 300 K = 500 meV
N*+ D, — ND*+ D
Tosi 1994 normal D 298 ~20 - 100 meV
Adams 1985 D»(TDE) 33 300 K = 500 meV

$ Indicates that the value corresponds to AH? instead of E,, i.e., the cross-
section threshold was evaluated.

#  Indicates the measurements with rotationally excited molecules. Note
that in case of reaction with normal-Dy, the activation energies were fitted
at temperatures above 50 K, where the rotational populations are still
close to equilibrium. However, it follows from the phase space theory
calculations of Gerlich (1993) that the rotationally excited D is the

dominant reactant at temperatures higher than 50 K.
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Assuming that there are no barriers on the reaction paths of the studied
reactions, the obtained activation energies, E,, should be close to the 0 K
reaction endothermicities. Nevertheless, we have to consider that the
Arrhenius dependence is not a good approximation if the mean collision
energy is close to the value of the activation energy.

At the intermediate temperatures (ksT ~> Ea/10), the activation energy is
strongly influenced by the shape of the reaction cross-section near the
threshold (Menzinger & Wolfgang, 1969). The Arrhenius behaviour can
further break down due to contributions of the internal states of reactants with
different reactivities; thus, the observed thermal reaction rate coefficient can
vary with temperature. The activation energy is equal to the cross-section

threshold energy of the ground-state reactants in the low-temperature limit
only. Thus, for reactions with lower activation energies (kﬁﬁz (Zymak et al.,

2013) and kAP in the present study), the temperature-dependent rate
coefficients cannot be fitted with a single Arrhenius function in the entire
temperature range. Therefore, the low-temperature linear parts of the
measured temperature dependencies in the Arrhenius plots were selected
manually for evaluation of the activation energies. The appropriate
temperature ranges are also given in Table 5.1.

The results of our experimental studies of endothermic reactions of N*
ions with Ha, HD, and D> at low temperatures are summarised in Figure 5.17.
In Figure 5.17, the temperature dependencies (a) and the Arrhenius plots (b)

of the reaction rate coefficients kﬁﬂz of the reaction of N* ions with para-H>,

K42 of the reaction of N* ions with ortho-Ha, kno? (production of ND* in

reaction with HD), and e (production of NH* in reaction with HD), and kR

(the reaction of N* ions with D7) are plotted. The plotted temperature

dependencies of k%in and k.~ in both tfigures were calculated from the data

published in the previous study by Zymak et al. (2013).
We also measured the dependence of reaction rate coefficients on the

number density of helium. The deviations from the mono-exponential decay
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of the number of N* ions does not show an influence of N* fine structure (FS)
relaxation. Therefore, we can assume that the relaxation process proceeds fast

in comparison with the reactive processes.
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Figure 5.17: Temperature dependencies (a) and the Arrhenius plots (b) of
the reaction rate coefficients kﬂ?a, kﬂ?b, and kl?ﬁ obtained in the present work

in comparison with kﬁﬁz and k31> obtained by Zymak et al. (2013).
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All our results are coherent with a model which assumes that there is no
barrier on the reaction path. Although in some previous studies
(Gerlich et al., 1993; Tosi et al., 1994) it is suggested that there must be a
reaction barrier, it has to be indicated that those experiments have been carried
out at higher energies (Tosi et al., 1994) and the electronic isotopic shifts are
not taken into account. For more precise evaluation of activation energy, the
contributions of HD and H> admixtures in D> and Hz in HD need to be

concerned.
5.2.6 Influence of admixture of [HD] in [D;]

The deuterium from the bottle contains a small admixture of HD, and the
actual fraction fup of HD in the deuterium gas is fup = (0.375 + 0.004)%. The
HD fraction in the bottle was checked in our laboratory using a Cavity
Ring-Down Spectrometer CRDS (Macko et al., 2004; Hlavenka et al., 2006;
Plasil et al., 2018). The number density [HD] was measured by probing the
R(1) overtone transition of HD molecule at 7241.8493 cm™! (line position and
transition probability were taken from high-resolution transmission molecular
absorption database (HITRAN database, Gordon et al., 2017)). The fraction
was calculated as fup = [HD]/[D2], where [D:] was determined from the
pressure measured using a capacitive pressure gauge. Our calculated reaction
rate coefficients were obtained using HD or D> gases with a small admixture
of D> and Hz in HD or HD and H: in D.. The number density of D2 with
subtracted HD fraction is denoted as [sub-Dx].

The data of the rate coefficients of N* + HD reaction (Figure 5.12) were
multiplied by the experimentally obtained fraction value of HD in D>, and the

calculated rate coefficients for this fraction were substrated from the rate
coefficient data of N* + D> reaction, kls\lff D2 kg.% - ﬁm-kﬂ?.
As an example, the obtained in the present study rate coefficients kN

and expressed contribution of the HD admixture as ﬁm-kﬁg, are shown as full

and open squares in Figure 5.18. The corrected temperature dependence of
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kP after subtraction of ﬁ{D-kﬁ? is shown in Figure 5.18 as red open circles.

The behaviour continues to fall to the temperature of 50 K, where it starts lying

between 1x10-12cm3s7! and 2x10712cm3 s~1 reaction rate coefficients.
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Figure 5.18: Correction of the rate coefficients of the reaction N* +Dz. The
temperature dependence of the binned average reaction rate coefficients K
and kN are presented as full red circles and green squares, respectively.
Indicated open red circles demonstrate the temperature dependence of ke b2

obtained after the correction of kx for the admixture of HD in D> gas by

subtracting fHD-kE? (open green squares).

The correction allows us to clarify the obtained values of the rate
coefficients of N* + D reaction for more than one order of magnitude. These
corrections will be used for more precise determination of activation energy of
studied reactions, and we will publish this clarified data in a further

publication.
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5.3 Reaction of O* ions with HD and D, at low

temperatures

Our 22PT apparatus was also involved in the study of the isotope effect
of reaction of O* ions with HD and D> molecules. This investigation was a
continuation of the early studied reaction of O*(*S) ions with Ho>

(Kovalenko et al., 2018):

H2

O"+H, © OH* + H. (2.6)

Measured temperature dependence of the reaction rate coefficient ko2 was
obtained for temperature in the range from 300 K to 15 K and presented in this
work in Chapter 5.1 (see, Figure 5.7 or paper Kovalenko et al., 2018).

Presented in this chapter study is aimed to determine the temperature
dependencies of the rate coefficients of the reaction of oxygen ions with
hydrogen isotopologues. Also, I would like to notice that the results described
in this chapter have been sent for publication.

Reactions that have been studied:

D2

O'+D, % Op*+D, AH'=-05leV, (58)

with the reaction rate coefficient kBi, and the reaction

HDa

o oD+ H AHO=-055eV  (5.9a)
O"+HD

kHDb

2 OH" + D, AH'=-051eV  (5.9b)

with reaction rate coefficients kg?a and ng,Db, respectively. The total reaction
rate coefficient kg? determines as a sum of the rate coefficients of the separate
channels (5.9a) and (5.9b), kor = kor* + ko=

The reaction change of enthalpy at 0 K was calculated from tabulated
enthalpies of formation, dissociation energies and ionization potentials
(Wiedmann et al., 1992; Sunderlin & Armentrout, 1990; Li et al., 1997; Chase,
1998; Sansonetti & Martinez, 2005; Liu et al., 2009).
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The primary O* ions were produced in the same way as they were
prepared for the study of O* + Ha reaction and production processes were

described in detail in Chapter 5.1.

5.3.1 Time dependence of number of O* ions in the trap after

reaction with HD and D,

A typical example of a time dependence obtained for reaction of O* ions
with Dz at T = 37 K is shown in Figure 5.19.
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Figure 5.19: Measured time dependence of normalized numbers
(nx(t)/ nxo) of the indicated ions after injection of O* ions into the 22PT (O* + D2
reaction). The time dependence is measured at T = 37 K with the number
density of [Dz] =1.9x10" cm™3 and [He] = 2.9x1013 cm™3. The electron energy
Eelectron(kgi) for producing of O* ions in the ion source was 46 eV. The obtained
reaction rate coefficient from the fit of decay of O* ions (solid line) is

k9% (37 K) = 1x10-9 cmPs™1.

The plotted data are normalized by dividing the number of ions of the
specific ion mass nx(f) at trapping or storage time t by the total number of

detected ions nxo at the beginning of the measurement. In Figure 5.19, the time
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dependence of normalized primary O* ions and OD*, D>O*, D;O*, Ds*, D*
product ions are plotted.

From these measured time dependencies, it can be seen that formed OD*
ions continue to react with D2 with the formation of D>O* ions which then react
with D2 molecules, and D3O* ions are finally produced (the same way as for
reaction of O* + Hy).

The decay of the normalized number of O* ions is mono-exponential for

almost three orders of magnitude. The reaction rate coefficients kgi(T) were
calculated from the fits at preselected temperatures (T) with known D2 and He
partial number densities.

Unambiguous evidence of observation of metastable O*(2D, 2P) ions in
the 22PT is the production of D* and D»* ions. Formation of these ions is
endothermic for the ground state O*(4S) ions but exothermic for metastable
O*(2D, 2P) ions, (see ref. Li et al., 1997). The D* and D>* ions can be formed in
the reaction of metastable O*(2D, 2P) ions with D.. The production of Ds*
indicates that the D»* ions are also formed in the reaction of metastable
O*(2D, 2P) ions with D». As the reaction D>* + D2 proceeded fast (Langevin rate
coefficient is 1.45%10-2 cm3s~1), we made a decision to observe the formation of
Ds* instead of D2* ions. We calculate the fraction of excited O*(2D, 2P) ions in
the 22PT by monitoring the formation of D* ions which do not react with D
(prolonged ternary association can be neglected). However, the fraction of
production D2* ions is higher than for D* ions, (see Li et al., 1997).

As in the previous similar experiment (Chapter 5.1), the rate coefficients
are dependent on the fraction of metastable O*(2D, 2P) ions which come from
the SIS to the 22PT. The same situation is also inherent for the branching ratios
of reaction O* ions with HD. This situation can be seen in Figure 5.20. Used
gas and electron energy give the number of produced O*(°D, 2P) ions in the
ion source. It can be assumed that the same fraction (F) of metastable O*(2D, 2P)
ions present in the 22PT as in the previous experiment (Chapter 5.1). In our
measuring routine, we also studied the dependence of the formation of D* ions

in reaction of O* ions with Dz on the applied energy of electrons in the SIS
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Eclectron. We investigated that the fraction of exited O*(°D, 2P) ions in the 22PT

is lower than 5 % for electron energies used in the SIS <50 eV.
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Figure 5.20: The measured time dependencies at several electron energies
Eclectron used in the SIS of normalized numbers of primary O* ions and
produced D* ions (O* + D reaction). The electron energies Eclectron Were
changed in the range from 20 eV up to 150 eV. The obtained data were
measured at T = 54 K with [Dz] = 9.2x101° cm=3 and [He] = 2.4x10'3 cm™ gas
number densities respectively. The obtained reaction rate coefficients
kos (37 K) from the decays of O* ions have almost the same value around
1.2x107% cm3s~1. The inset shows the dependence of the fraction F of produced

D* ions on applied electron energy Eelectron used in the SIS (Kovalenko et al.,

2021, submitted).

It was already mentioned at the beginning of Chapter 5.3 that the reaction
of O*(4S) ion with HD molecule has two reaction channels (5.9a) and (5.9b)

with the ion products OD* and OH*, respectively. The corresponding reaction
. . HDa HDb .

rate coefficients are denoted as koy and kpy and the total reaction rate

coefficient is kg? = kg?a + kg?b. The branching ratios of the production of OD*

and OH* ions are denoted as BRgB+ and BRISPDH, respectively. The BR88+ and
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BRED, are defined as BRES, = ke / (koo® + kor") and BRED, = kor®/ (koo? +

HDb

). For calculation of ko+~ and kpo+ , the decays of the number of primary
Ot ions and the increases of the number of OD* and OH* produced ions in the
trap were measured.

Figure 5.21 presents the measured time dependencies of the normalized
numbers of the primary reactant ions and the secondary produced ions of
O* + HD reaction. In the ion trap, both OD* and OH* products continue to
react with HD and form H>O*, OHD*, and D>O* ions. The products with the
same mass to charge ratio complicate the measurement as it is hard to
distinguish them during the measurements. In our data analysis, the balance

equations for the productions and the losses of all ions must be considered.

In the experiment, the low electron energy (Edectron(kg?) = 37 eV) was
applied in the ion source to minimize the population of the O*(?D, 2P)
metastable ions in the ion trap. The data presented in the upper panel of

Figure 5.21 were measured during the shorter trapping time to fit the increases

of OH* and OD* products and calculate ko and koy©. At the short trapping
time, the decay of the number of oxygen ions is relatively small, and the

formation of OH* and OD* ions is distinguishable from the formation of the

secondary products. The total reaction rate coefficient koy was calculated from
the decay of O* ions in the lower panel of Figure 5.21. Measured decay of O*
ions in reaction with HD has a decrease for almost 2 orders of magnitude.
Secondary products of mass 19 and 20 Da are shown in Figure 5.21 and
denoted as A19* and Axo*, respectively.

We considered the efficiency of the detection system in the data analysis
(extraction from the ion trap, mass selection, and detection), which is
dependent on the mass of the ion (mass discrimination). These fitted detection
efficiencies were used in the analysis of the O* + HD data. The difference
between detection efficiencies for O* and D* ions was measured using a
calibration reaction of D* ions with CHyj (for details, see Kovalenko et al., 2018).
The measured relative numbers of ions presented in this work are corrected

for the mass discrimination.
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O* +HD — products
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Figure 5.21: Time dependencies of the normalized numbers (1nx(t)/nx0) of
the indicated ions after the injection of O* ions into the ion trap (O* + HD
reaction). Oxygen ions were produced in SIS with electron energy 37 eV.
Upper panel (shorter trapping time): the time dependencies of the normalized
numbers of the primary O* ions and the produced ions obtained at T = 33 K,
[HD] = 3.4x101 cm™3, [He] = 3.1x1013 cm™3. The values plotted for H* ions are
multiplied by factor 5. All lines indicate the fit results calculated from a kinetic
model.  The  calculated total reaction rate  coefficient is
kor (33 K) =1.3x10cm3s~1. Lower panel (longer trapping time): the time
dependencies of the normalized numbers of the O* primary ions and
produced ions  measured @ at T=146K, [HD] =1.6x1010 cm™3,
[He] =1.5%x103 cm™3. The calculated total reaction rate coefficient is
kor (146 K) = 1.3x1079 cm3s ™.
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5.3.2 Dependence of rate of O* + D, reaction on the number

density of D

We also confirmed the binary character of the O* + Ds reaction by
measuring the dependence of the reaction lose rate 733 on the number density

of deuterium at several temperatures. In Figure 5.22 the example of

dependencies of reaction rate 32 on [D2] number densities obtained at

T=104 K and T = 62 K is demonstrated.
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Figure 5.22: Dependencies of the loss rates 32 of O*(4S) ions on D>

50

number density at collisional temperatures T = 61 K (green triangles up,
[He] =1.65x1013 c¢m™3) and T = 104 K (red triangles down,
[He] = 2.15%1013 cm™3) (Kovalenko et al., 2021, submitted).

In this measurement, the initial O* ions were produced using the energy

of electrons in the SIS as 46 eV. The linear character of the measured
dependencies, 132 = kg‘z-[Dz] + rbD;O+, confirms that the reaction proceeds by

binary reaction with D2. The values of the rate coefficient kgi of the reaction of
O* ions with D> are given by the slopes of the plotted dependencies. The

influence of reactions with molecules of background gases is neglectable as the
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level of the background loss rate (rEgzoJ,) obtained in the measurement with
pure He without D2 is very low.

Obtained reaction rate coefficients from the linear fits of measured
dependencies of reaction rate on the number density of D> are:
k9% (61 K) = 1.07x10-9 cm3s~! and kgs (104 K) = 1.05x10-9 cm3s~1. These results
are in agreement with measured rate coefficients from subchapter 5.3.1. Note
that in the fits, the uncertainty caused by the measurements of the number

density was not considered.

5.3.3 Temperature dependencies of the rate coefficients of

O* + D, and O* + HD reactions

The temperature dependencies of rate coefficients kgi and kg? of the
reactions O* + D, and O* + HD were obtained by measuring the time
dependencies of particular ions at collision temperatures from 300 K to 15 K

and 235 K to 15 K, respectively. The electrons with low energies

(Edectron(kgi) =46 eV, Eelectron(kgP ) = 37 eV) were emitted in the SIS to achieve
the dominant population of ground state O*(4S) ions inside the ion trap.

In Figure 5.23, the temperature dependence of the binned average

reaction rate coefficients k3; obtained in the present study (open red circles) is
compared with previous experimental results and theoretical studies.

The presented results are compared with the temperature dependencies
of converted reaction rate coefficients from cross-sections obtained in GIB
experiments by Li et al. (1997) and Burley et al. (1987). The experimental value
obtained by Burley et al. (1987) at temperature T = 305 K is 1.04x10-% cm3s~1.

The cross-sections results obtained in other theoretical calculations by
Martinez et al. (2006), Xu et al. (2012), Wang et al. (2018), and Zhu et al. (2020)
were converted to the reaction rate coefficients k = <ov> (see equation (2.11))
as the function of a mean relative kinetic energy of the reactants (E:).

Calculated values of these rate coefficients are also included in Figure 5.22 as

the function of the kinetic temperature, defined as Tet = 2E;/ (3ks).
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For theoretical values of cross-sections, we obtained two temperature
dependencies of rate coefficients of the reaction of O* ions with D2 by
continuously extrapolating the cross-section by a constant value or by a
function proportional to 1/VE: (Langevin behaviour). I assume that the actual
rate coefficients (within the theoretical approximation) lie between these

extreme values in the hatched areas indicated in Figure 5.23.
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Figure 5.23: Temperature dependence of the reaction rate coefficient ko:
of the reaction of O*(*S) ions with D> (Kovalenko et al., 2021, submitted). The
larger red open circles indicate the binned average values from the measure
data (small grey circles). The horizontal straight line (kL(D2)) shows the value
of the Langevin collisional rate coefficient. Converted reaction rate coefficients
from cross-sections obtained in the GIB (Burley et al., 1987) and the TQDO
(Liet al., 1997) experiments are also shown. Obtained values of the reaction
rate coefficients were converted from the cross-sections which were
theoretically obtained by Martinez et al. (2006), Xu et al. (2013), Wang et al.
(2018), and by Zhu et al. (2020).
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The total reaction rate coefficient kg? was calculated from the fits of time
decays of O* ions. All experimental results were obtained for temperatures in
the range from 235 K to 15 K.

The calculated binned average results of the total reaction rate coefficient
koY are shown in Figure 5.24 as red open circles.
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Figure 5.24: Temperature dependence of the total rate coefficient koy of
the reaction of O*(®S) ion with HD molecule (Kovalenko et al.,, 2021,
submitted). The larger open circles indicate the binned average values from
measured data (small grey circles). The horizontal straight line (k.(HD)) shows
the value of the Langevin collisional rate coefficient. Converted reaction rate
coefficients from cross-sections obtained in the GIB experiments by Sunderlin
& Armentrout (1990) and Burley et al. (1987) are also shown. The rate
coefficients were converted from the theoretical cross-sections, obtained by

Dateo et al. (1989), Martinez et al. (2004), (2006), and by Xu et al. (2012).

The presented results are compared with the temperature dependencies
of phenomenological reaction rate coefficients obtained in the GIB
experiments by Sunderlin & Armentrout (1990) and Burley et al. (1987). The
experimental value obtained by Burley et al. (1987) at temperature T = 305 K

is 1.25%x109cm3s~1. The cross-sections result obtained in other theoretical
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studies by Dateo et al. (1989), Martinez et al. (2004), (2006), and by Xu et al.
(2012) were converted to phenomenological rate coefficients k = <gv> in the
same way as it was also done for reaction O* + Da. Theoretical results of
Gonzalez et al. (1993) were not presented in Figure 5.24 as obtained cross-

sections were calculated for energies from 0.4 eV to 10 eV (~4x103 —1x10> K).

5.3.4 Temperature dependence of the branching ratio of

O* + HD reaction and summary

The trapping times for dependencies of the number of formed OH* and
OD* ions in the ion trap were chosen to have recognizable increases of the
production of these two channels (see Figure 5.21). The branching ratios

BRGD. and BROR, were obtained for the collisional temperatures from 235 K

down to 15 K.

Calculated values of BRAR, = ng,Db /( ng,Da + ng,Db) are shown in

Figure 5.25. The obtained values were compared with data from previous
experiments (GIB (Burley, 1987; Sunderlin & Armentrout, 1990) and VI-SIFDT
(Viggiano et al., 1991)) and with calculated theoretical temperature
dependencies (Dateo et al., 1989; Gonzélez et al. 1993; Martinez et al., 2006;
Xu et al., 2012). Branching ratios from listed sources (except data from SIFDT
experiment (Viggiano et al., 1991)) were calculated from theoretically or
experimentally obtained cross-sections using the formula AOHY) =
o(OH*")/(0c(OH*) + 0(OD")), where f designates the fraction. Obtained
branching ratios from cross-sections can not be compared directly with the
branching ratios obtained from the rate coefficient of the reactions.
Discrepancies between these two BR can be seen at much lower energies
(lower than 300 K or 0.04 eV). Therefore, our data can be reliably compared to
data with temperatures higher than 300 K. However, it can be seen that the
present data are in good agreement with previous experimental results which
were measured at temperatures/ collision energies above ~100 K (GIB (Burley

1987), GIB (Sunderlin & Armentrout, 1990) and VI-SIFDT (Viggiano et al.,
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1991). It has to be noticed that there are no previous experimental results for

temperature below 100 K for both reactions (5.8) and (5.9).

O* +HD — products
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Figure 5.25: The temperature dependence of the branching ratio
BRSBJr = ngrDb / (kg?a + k&D b) for the production of OH* ions in the reaction of
O* ions with HD (Kovalenko et al.,, 2021, submitted). Each independent
measurement is indicated with a small full circle; the large open circles
indicate the binned average values. The present data are compared with
experimental results obtained in the GIB (Burley et al., 1987; Sunderlin &
Armentrout, 1990) and the VT-SIFDT (Viggiano et al., 1991) experiments and
with temperature dependencies of BRGp, obtained from theoretically

calculated cross-sections (Dateo et al., 1989; Gonzalez et al., 1993; Martinez et

al., 2006; Xu et al., 2012).

Figure 5.26 demonstrates the investigated isotope effect of the reactions
of O* ions with normal-H, HD, and with normal-D». The data of the reaction
of O* with normal-H> were taken from our previous study (Kovalenko et al.,
2018 or see Chapter 5.1). The dependencies are shown for collision

temperatures ranging from 15 K up to 300 K.
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Figure 5.26: Demonstration of the isotope effect of the reactions of O* ions

1.6
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with normal-Hz, HD, and with normal-D> (Kovalenko et al., 2021, submitted).
The horizontal lines indicate the values of the Langevin collisional rate
coefficients of these reactions. Previously obtained data of O* + H> reaction

was taken from our study (Kovalenko et al., 2018, or see chapter 5.1).

From the figure, I can conclude that the rate coefficients of these reactions
are nearly constant, and their values are in a good agreement with the values
of corresponding Langevin collisional rate coefficients. Slight deviations
between Langevin collision rate coefficients and our measured reaction rate
coefficients are within the accuracy of our experimental results.

For this study, we have prepared a deep discussion to explain the results
of our study, and the final results have been sent for publication

(Kovalenko et al., 2021, submitted).
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6. Summary

My work is represented by the experimental study of several reactions of
molecular hydrogen and its isotopologues with oxygen and nitrogen ions.
These experiments are conducted under laboratory astrophysical conditions
which are relevant to molecule-forming regions of the dense or diffuse
molecular clouds. The thesis is focused on the study of the formation of OH*
ions which take part in the chemical network of water formation in the
interstellar medium. Also, the isotope effect in reactions of N*and O* ions with
HD and D; was studied. In our group, these 5 reactions were experimentally
studied, and I was involved in measurements, data analysis and the
preparation of the experimental results for publications.

The work is aimed to understand the kinetic of the reaction of O* ions
with molecular hydrogen. By dint of our RF 22-pole ion trap technique, we
extended the range of the experimentally determined temperature
dependence of reaction rate coefficient down to a collisional temperature of
15 K. Obtained behaviour is similar to many exothermic reactions of ions with
molecular hydrogen, which can be described by a simple Langevin capture
model. The value of the rate coefficient obtained at 300 K is in a good
agreement with the results from previous experimental studies. From the
temperature dependence (Figure 5.7), it can be seen that the reaction rate
coefficients slightly decrease below 30 K. This result is in a good agreement
with the TDWP cross-sections which level off below 10 meV (Bulut et al., 2015).
Nevertheless, we need more experiments with re-examination for collision
energies relevant to 10 K. Some measurements with para-Hz could help to
discover the additional changes at temperatures from 10 K to 30 K. I would
like to remind that the measured reaction rate coefficients for temperatures
from 300 K to 15 K of this reactions are essential for modelling and
understanding the chemical processes of water formation in the interstellar
medium. The main results for O* + Hz reaction are presented in Figure 5.7 (see

also paper Kovalenko et al., 2018, in the attachment).
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Temperature dependencies of reaction rate coefficients and the activation
energies of reactions of N* ions with HD and D> were obtained from the
experimental study of these reactions. Table 5.1 collects our experimentally
determined values of activation energies in comparison, with those obtained
in other experiments. The main results for these reactions are presented in
Figure 5.17. Our results do not prove the absence of barriers, however, I can
conclude that the barriers are either negligible or identical for all reactions
(relative to product channels). Study of the reverse reactions can help to prove
or deny the presence of the barriers. Using our RF 22-pole ion trap apparatus
in combination with the source of H atoms, a study of the reaction NH* + H
— N* + H> (reverse to reaction (2.2)) has been performed. The results are now
being prepared for publication.

The reactions of O* ions with hydrogen isotopologues HD and D> were
experimentally studied to see the changes in reaction kinetics due to isotope
exchange in comparison to O* + Hz reaction. All three reactions show the same
character of the temperature dependence of reactions rate coefficients, and
their values are close to Langevin rate coefficients. Our results are in good
agreement with previously obtained results from theoretic calculations or
experiments. The ratio of rate coefficient of the OH* production channel to the
total reaction rate coefficient is close to 0.5 in the studied temperature range
15 — 237 K. Our result is in agreement with the values of branching ratio of
OH* fraction derived from previous experimental and theoretical studies
where the branching ratio of OH* fraction is calculated from cross-sections of
the separate channels. The main results for these reactions are presented in
Figure 5.25 and 5.26 (see also submitted paper Kovalenko et al., 2021, in the
attachment).

The experimental results of our studies were presented at international
conferences and published in impacted scientific journals (see section List of
Publications). The experimental results for reactions O* + D2, HD have been
submitted to The Journal of Chemical Physics and are under review. Results

of N* + D, HD study, have been submitted to The Astrophysical Journal.
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