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Abstrakt: V předložené práci jsou prezentovány výsledky experimentálního studia 

reakcí iontů s molekulárním vodíkem v teplotním rozsahu 15 – 300 K, které byly 

získány pomocí aparatury 22-pólové pasti. Reakce OD– s téměř čistým paravodíkem 

byla studována pomocí aparatury 22-pólové pasti spolu s generátorem paravodíku. 

Dále byly studovány reakce O– s H2, D2 a HD. Tyto reakce mají reakční kanál 

produkující vodu a reakční kanály, při kterých dochází k přenosu atomu vodíku či 

deuteria. Dalším okruhem studia byla sekvence reakcí iontových hydridů kyslíku s H2 

a D2, která vede ke vzniku iontu H3O
+ či jeho izotopologu. Přesněji řečeno jsme se 

zabývali reakcemi OH+ s H2, H2O
+ s H2, D2O

+ s H2 a D2O
+ s D2. Tento řetězec reakcí 

může být následován rekombinací H3O
+ či jeho izotopologu s elektronem, což vede ke 

vzniku molekuly vody. 
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Thesis overview 

This thesis is focused on the experimental study of reactions between ions and 

molecules which are relevant to astrochemistry. The goal of this thesis is to measure 

temperature dependencies of rate coefficients of reactions. This thesis provides a better 

understanding of the chemistry of interstellar space. The main topics are reactions of 

negative ions with neutrals and the origin of water molecules in the gas-phase. All 

experiments have been done using a 22-pole ion trap apparatus. Our apparatus in 

Prague allows the study of ion-molecule reactions in the temperature range 15 – 300 K. 

Chapter 1 Introduction contains a general introduction about the importance of 

ion-molecule reactions to the formation of molecules in interstellar media and 

the present knowledge about the main topics of the thesis, negative ions and water 

production. This chapter also includes subchapters about the configuration of nuclear 

spins of molecular hydrogen, a basic introduction to the reaction rate coefficient and 

the Langevin capture theory.  

Chapter 2 Experimental techniques for study of ion-molecule reactions at low 

temperatures is an overview of different kinds of experimental techniques which are 

used for the studies of ion-molecule reactions. The first part of the chapter deals with 

techniques used for reaction rate coefficient measurements and the second part is about 

beam techniques used for measurements of the cross sections of ion-molecule 

reactions. 

Chapter 3 Experimental is focused on the experimental technique used in 

the presented study. All main parts of the apparatus of the 22-pole ion trap are 

described in detail in this chapter. There is also explained how we analyse data which 

were obtained from an experiment. 

Chapter 4 Experimental study of ion-molecule reactions contains the results of 

the experimental study. This chapter was split into two subchapters Reactions with 

negative ions and Reactions with positive ions. The subchapter Reactions with negative 

ions contains results of previous studies of reactions OH– with D2 and OD– with H2 as 

an introduction and results of studies of reactions in which the author participated, 

namely the reaction of OD– with para-enriched hydrogen and reactions of O– with H2, 

O– with D2, and O– with HD. The subchapter Reactions with positive ions contains 
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results of the studies of the reactions of OH+ with H2, H2O
+ with H2, D2O

+ with H2 and 

D2O
+ with D2. All results of the studies of the reactions have been published except 

for the results of the study of reactions of O– with HD and D2O
+ with H2 and D2O

+ 

with D2. The experimental results of the studies of the mentioned reactions are being 

prepared for publication. In Summary, the results of experimental studies are 

summarized. 

The present doctoral thesis represents only a part of the results of the research 

performed during PhD studies of the author. The author was intensively involved in 

all parts of the research process, such as the measurement, data analysis, and 

preparation of publications, but to different degrees. The author played a significant 

part in operating the para-hydrogen generator. The author led the experimental study 

of the reactions of OH+ with H2, H2O
+ with H2, D2O

+ with H2, D2O
+ with D2, and O– 

with HD and made improvements in data analysis processes. 
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1 Introduction 

1.1 Chemistry of interstellar space 

The interstellar medium (ISM), the matter between stars, is not uniform. There 

are regions with higher densities called interstellar clouds. For diffuse clouds, 

the typical temperature is in the range 100 – 120 K and the typical number density is 

101 – 102 atoms cm–3. In diffuse clouds, ultraviolet radiation can easily penetrate and 

ionise atoms or molecules. There are atomic hydrogen and simple molecules such as 

H2, CN, CH+, OH, etc. Larger molecules such as polycyclic aromatic hydrocarbon- like 

structures may be also present. However, they are probably not formed in-situ, but they 

may be injected into interstellar media from winds of dying stars or indirectly via 

erosion of solid-state matter (Kaiser, 2002). For dense clouds, also called as cold 

clouds, molecular clouds, or dark clouds, the typical temperature is in the range 

10 – 15 K and the typical number density is 102 – 104 atoms cm–3. In contrast to 

the composition of the diffuse clouds, molecular hydrogen is dominant in the dense 

clouds and the composition of the dense clouds also contains carbon-rich, linear, and 

cyclic molecules with up to 13 atoms (Dalgarno, 1976; Herbst, 2005; Kaiser, 2002). 

About two hundred species have been detected in the ISM. It has been done by 

radio-frequency, microwave or infrared absorption spectroscopy, underlining 

experiments such as The Atacama Large Millimeter/submillimeter Array (ALMA) 

(Bonfand et al., 2017), The Atacama Pathfinder EXperiment (APEX) (Güsten et al., 

2006), The Stratospheric Observatory for Infrared Astronomy (SOFIA) (Temi et al., 

2014), etc. Even as large molecules as C60, C60
+, C70 were detected (Cami et al., 2010; 

Campbell et al., 2015; Walker et al., 2015). The list of detected molecules can be seen 

in The Cologne Database for Molecular Spectroscopy (CDMS) (1. Physikalisches 

Institut, Universität zu Köln, 2019; Endres et al., 2016).  

Elementary processes leading to the formation of molecules in the ISM are 

the field of interest of many scientific groups, see Chapter 2. Molecules in the ISM 

can be formed in the gas-phase or on surfaces of small particles, known as dust or as 

interstellar grains (Herbst et al., 2005).  

This thesis is focused on the study of reactions between ions and neutrals in 

the gas-phase. Ion-molecule reactions have generally a large cross-section in 
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comparison with the less effective reactions between neutrals due to Coulomb 

interaction between ions and induced dipoles of neutrals. The list of measured rate 

coefficients of binary cation-molecule reactions  

 A+ + B → C+ + D (1.1) 

and some three-body reactions  

 A+ + B +M → AB+ + M (1.2) 

can be seen in reference (Anicich, 2003). Another database is the Database for 

Astrochemistry of the University of Manchester Institute of Science and Technology 

(UMIST). The database contains measured and also calculated values of rate 

coefficients of ion-molecule reactions, reactions of neutrals, dissociative 

recombination, etc. (McElroy et al., 2013).  

Precise measurements of reaction rate coefficients of ion-molecule reactions are 

necessary for modelling of the chemistry of the ISM. Mechanisms leading to 

the formation of negative ions and the formation of water molecules in the ISM, which 

are the main topics of this thesis, are discussed below.  

Processes on grains are not the topic of this thesis, therefore they are not 

discussed here in detail. Processes on the grains, especially the formation of H2 

 H + H + grain → H2 + grain, (1.3) 

have been studied experimentally and also theoretically (Barlow & Silk, 1976; Allen 

& Robinson, 1975; Ruffle & Herbst, 2000; Perets et al., 2007). The main idea of 

the molecule formation on the grains is that an atom is physically bonded with a grain 

through the van der Waals interaction, it collides with another atom and forms a stable 

molecule. In the case of hydrogen, the binding energy of formed hydrogen molecule 

is sufficient for desorption of the molecule from the grain, since the adsorption energy 

of hydrogen is low (Dalgarno & Black, 1976). 

1.2 Chemistry of negative ions in interstellar space 

In 1939, R. Wildt calculated the absorption coefficient of H–. Based on his 

calculations, he assumed that H– is the main source of opacity in the visible range in 

atmospheres of stars (Wildt, 1939). In another article, E. Herbst (1981) discussed 

the possibility of the existence of anions in the ISM. He pointed out that species with 

large electron affinities such as C4H, C3N, C5N, C7N, C9N, C2H2CN, C2H3O, 
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and C2H3O2 can form negative ions by radiative electron attachment with reaction rate 

coefficients near the collision limit of 10–7 cm3s–1 (Herbst, 1981). The electron affinity 

is defined as the released energy during a process in which an electron is added to 

a molecule in the gas-phase (Kotz et al., 2012). Values of the electron affinities of 

specific molecules can be found in the database the NIST Chemistry WebBook (NIST, 

2018).  

The first proof of the existence of negative ions in the ISM came in 2006 when 

C6H
– was identified in the spectrum of the molecular envelope of IRC+10216 and in 

the spectrum of the dense molecular cloud TMC-1 (McCarthy et al., 2006). Neutral 

C6H has the high electron affinity 3.8 eV (Taylor, 1998) and C6H
– is highly stable. 

These factors help the effectivity of C6H
– production. In the ISM, negative ions CN– 

(Agúndez et al., 2010), C3N
– (Thaddeus et al., 2008), C5N

– (Cernicharo et al., 2008), 

C4H
– (Sakai et al., 2008), C8H

– (Brünken et al., 2007), and already mentioned C6H
– 

were detected. Nowadays elementary processes of negative ions are widely studied. 

A brief introduction to the basic mechanisms of production and destruction of 

negative ions in the gas-phase is in the next section.  

1.2.1 Origin of negative ions 

After an attachment of a free electron by a neutral molecule A, excited 

metastable anion (A–)⃰ is created. For creating a stable anion, it is necessary to remove 

its excess energy before it spontaneously loses an electron by autoionisation. It can be 

done by the emission of a photon, this mechanism is called radiative electron 

attachment 

 A + 𝑒− → (A–)∗ → A− + ℎ𝑣, (1.4) 

by another molecule, this process is called collision-induced electron attachment 

 A + 𝑒− +M → (AM−)∗ → A− +M, (1.5) 

or by a fragmentation of the molecule. Examples of fragmentation processes 

producing a negative ion are dissociative electron attachment 

 AB + 𝑒− → (AB−)∗ → A− + B, (1.6) 

ion-pair formation 

 AB + ℎ𝑣 → (AB)∗ → A− + B+, (1.7) 

electron-induced ion-pair formation 
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 AB + 𝑒– → (AB–)∗ → A− + B+ + 𝑒−, (1.8) 

and collision-induced ion-pair formation 

 AB +M → (ABM)∗ → A− + B+ +M (1.9) 

(Millar et al., 2017). Rates of these reactions depend on the lifetime of the excited 

metastable anion and the rate of photon emission, the number density of the third 

particle M, or the rate of the fragmentation. 

 

Figure 1.1: Schema of dissociative electron attachment process. By attachment of a free electron by 

a molecule AB, an excited anion (AB–)⃰ is created. (AB–)⃰ can dissociate and produce two molecular 

fragments A– and B. 

Other processes which lead to the anion production but also to the anion 

destruction are charge transfer  

 A− + B → A + B− (1.10) 

and proton transfer  

 A− + BH → AH + B− (1.11) 

(Millar et al., 2017). 

1.2.2 Destruction of negative ions 

One type of reaction leading to the destruction of a negative ion is 

photodetachment 

  A− + ℎ𝑣 → A + 𝑒−. (1.12) 

Photodetachment is an opposite reaction to the radiative electron attachment 

(Equation (1.4)). This process is often studied experimentally using laser photons and 
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also theoretically for determining electron affinities (Lykke et al., 1991; 

Goldfarb et al., 2005). 

Other mechanisms of destruction of a negative ion are electron-impact 

detachment  

  A− + 𝑒− → A + 2𝑒−, (1.13) 

associative detachment 

  A− + B → AB + 𝑒−, (1.14) 

which is an opposite process to the dissociative attachment (Equation (1.6)), 

collisional detachment 

  A− +M → A+M+ 𝑒−, (1.15) 

and positive-negative ion recombination also called as ionic recombination or mutual 

neutralisation 

  A− + B+ → C+ D (1.16) 

(Millar et al., 2017). An example of an associative detachment can be H2O and D2O 

producing reactions of O– with H2 and D2, respectively, see section 4.1.3. An example 

of a mutual neutralisation, which might be leading to water production in the ISM, is 

the reaction of O– with H3
+ with two reaction channels 

  O− +H3
+ → OH+ H2, (1.17) 

                 → H + H2O (1.18) 

(Dalgarno & McCray, 1973). 

1.2.3 Examples of reactions of negative ions in interstellar space 

It has been mentioned that negative ions CN–, C3N
–, C5N

–, C4H
–, C6H

–, and 

C8H
– have been detected in the ISM. There are many discussions about the origin of 

these ions in the ISM. Petrie & Herbst (1997) suggested that CN– may be produced by 

a dissociative attachment of free electrons to MgCN 

 MgCN + 𝑒− → CN− +Mg. (1.19) 

It is also mentioned in reference (Petrie & Herbst, 1997) that dissociative attachment 

is endothermic for most species since the dissociation energy in these cases exceeds 

the electron affinity. The molecule MgCN was detected in the ISM, see reference 

(Highberger et al., 2001) and references therein. The reaction (1.19) is exothermic and 
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it is still a field of study nowadays (Orel & Larson, 2019a; Orel & Larson, 2019b). 

Furthermore, productions of CN−, C3N
−, and C5N

− by radiative electron attachment 

 C𝑛N+ 𝑒
− → C𝑛N

− + ℎ𝑣, 𝑛 = 1, 3, 5  (1.20) 

and the destructions of CN−, C3N
−, and C5N

− by photodetachment  

 C𝑛N
− +  ℎ𝑣 → C𝑛N + 𝑒

−, 𝑛 = 1, 3, 5  (1.21) 

are discussed in reference (Khamesian et al., 2016). Other considered 

CnN
– (n = 1, 3, 5) ions producing reactions are reactions of dissociative electron 

attachment 

 HC𝑛N + 𝑒
− → C𝑛N

− + H, (1.22) 

 NC𝑛+1N + 𝑒
− → C𝑛N

− + CN, (1.23) 

 C𝑛+1N + 𝑒
− → C𝑛N

− + C (1.24) 

(Carelli et al., 2013). Other considered processes leading to the formation of 

CnN
– (n = 1, 3, 5) are ion-molecule reactions, for example  

 C𝑛+1
− +N → C𝑛N

− + C, (1.25) 

                  → CN− + C𝑛 (1.26) 

(Carelli et al., 2013) or  

 H– + HCN → CN− +H2  (1.27) 

(Cordiner & Millar, 2009). 

Ions CnH
– (n = 4, 6, 8) can be formed by reactions of radiative electron 

attachment  

 C𝑛H+ 𝑒
− → C𝑛H

− + ℎ𝑣 (1.28) 

or reactions of dissociative electron attachment 

 C𝑛H2 + 𝑒
− → C𝑛H

− + H. (1.29) 

Probably the main CnH
– destruction processes are mutual recombination 

 C𝑛H
− +M+ → C𝑛H+ M (1.30) 

and associative detachment 

 C𝑛H
− + H → C𝑛H2 + 𝑒

− (1.31) 

(Carelli et al., 2013; Sakai et al., 2008). 
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The hydrogen anion probably played an important role in the early Universe 

(Glover et al., 2006). It is produced through radiative electron attachment 

 H+ 𝑒− → H− + ℎ𝑣. (1.32) 

H– can be also formed in the three-body process 

 2H + 𝑒− → H− + H. (1.33) 

Reactions (1.32) or (1.33) may be followed by associative detachment producing 

molecular hydrogen 

 H− +H → H2 + 𝑒
−. (1.34) 

The reaction (1.34) was studied using our 22-pole ion trap apparatus (Gerlich et al., 

2012). Ion H– can be involved in processes which lead to the production of heavier 

molecules, for example  

 H− + CO → HCO + 𝑒−, (1.35) 

 H− + HCO → H2CO + 𝑒
− (1.36) 

(Dalgarno & McCray, 1973). Both molecules HCO (Snyder et al., 1976) and H2CO 

(Snyder et al., 1969) were detected in the ISM. 

Other examples of reactions of negative ions which may take place in the ISM 

and their reaction rate coefficients are in reference (Snow & Bierbaum, 2008). 

1.3 Role of anions in atmospheres of planets 

The study of the chemistry of negative ions is not only important for 

astrochemistry but also for the chemistry of atmospheres of planets. There are two 

basic processes in atmospheres of planets, ionisation and recombination. 

The atmosphere is ionised by sun radiation or by cosmic rays. Products of this kind of 

ionisation are positive ions and electrons. A free electron can be attached to 

an electronegative molecule which forms a negative ion. Negative ions can be 

destroyed by associative detachment or photodetachment (de Pater & Lissauer, 2001). 

In the ionosphere of our planet the ions of oxygen O– and O2
–, which are 

produced by three-body electron attachment, play an important role. Oxygen anions 

can react with neutral O, O2, NO, and CO2 and produce other negative ions such as 

O3
–, NO–, NO3

–, and CO3
– (Fehsenfeld et al., 1967b). In the highest regions of 

the ionosphere, an amount of negative ions is not significant due to photodetachment 
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caused by the higher flux of ultraviolet radiation and by lower pressures preventing 

three-body processes to occur. The negative ions have been detected also in 

the atmosphere of Titan (Vuitton et al., 2009). 

1.4 Origin and detection of H2O in interstellar space 

1.4.1 Cation-neutral chemistry in gas-phase 

The first detection of H2O in the ISM was done in 1969 by the microwave 

spectroscopy (Cheung et al., 1969). Ion OH+ was firstly detected recently, in 2010, by 

the radiospectroscopy (Wyrowski et al., 2010). It can be produced in interstellar space 

by the reaction  

 H3
+ + O → OH+ +H2  (1.37) 

                → H2O
+ + H (1.38) 

(Hollenbach et al., 2012) or in warmer regions by the following two reactions  

 H+ + O → O+ + H (1.39) 

and  

 O+ +H2 → OH
+ +H (1.40) 

(Wyrowski et al., 2010). Ion OH+ reacts fast with H2 and produces H2O
+ ion 

 OH+ + H2 → H2O
+ + H, (1.41) 

which also reacts with H2 producing H3O
+ 

 H2O
+ +H2 → H3O

+ + H. (1.42) 

Molecules H2O
+ and H3O

+ were also detected in the ISM (Gerin et al., 2010; 

Hollis et al., 1986; Ossenkopf et al., 2010; Hollis et al., 1986; Krełowski et al., 2010; 

van der Tak et al., 2013).  

Electron recombination of H3O
+ can lead to the production of H2O molecules 

 H3O
+ + 𝑒− → H2O + H, 25 %, (1.43) 

                       → OH + H2, 14 %, (1.44) 

                        → OH + 2 H, 60 %, (1.45) 

                         → O + H2 +H, 1 %, (1.46) 
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where branching ratios measured using a storage ring at near zero relative energy were 

taken from reference (Jensen et al., 2000). Electron recombination of H3O
+, HD2O

+, 

and D3O
+ has been studied many times, see references (Andersen et al., 1996; 

Buhr et al., 2010; Jensen et al., 2000) and references therein. However, the chain of 

reactions (1.40) – (1.42) can be interrupted by electron recombination of OH+  

 OH+ + 𝑒− → O +H, (1.47) 

(Guberman, 1995) or electron recombination of H2O
+ 

 H2O
+ + 𝑒− → OH + H (1.48) 

                       → O + H2 (1.49) 

                        → O + 2 H (1.50) 

(Rosén et al., 2000; Rowe et al., 1988) before the water formation. Reactions 

(1.40) – (1.42) have been studied using the 22-pole ion trap apparatus (Tran et al., 

2018; Kovalenko et al., 2018), see sections 4.2.1 and 4.2.2. For completeness, it should 

be mentioned that the water production can be in diffuse clouds quickly followed by 

photodissociation or photoionisation (Dalgarno & Black, 1976)  

 H2O+ ℎ𝑣 → OH+ H, (1.51) 

                           → H2O
+ + 𝑒−. (1.52) 

Molecules of semiheavy water HDO (Turner et al., 1975) and heavy water D2O 

(Butner et al., 2007) were also detected in the ISM. For example, it was derived that 

in IRAS 16293–2422 the deuterium fractionation ratios are D2O/HDO = 1.7∙10–3 and 

D2O/H2O = 5∙10–5 (Butner et al., 2007). 

Each of the reactions of the chain of reactions (1.40) – (1.42) can have isotopic 

variant, for example 

 O+ + HD → OH+ + D, (1.53) 

                   → OD+ +H, (1.54) 

 O+ + D2 → OD
+ + D, (1.55) 

which have been studied using the 22-pole ion trap apparatus, see reference 

(Kovalenko, 2020), 

 OH+ + D2 → HDO
+ + D, (1.56) 
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 OD+ + H2 → HDO
+ + H, (1.57) 

 OD+ + D2 → D2O
+ + D, (1.58) 

and 

 H2O
+ + D2 → H2DO

+ + D, (1.59) 

 D2O
+ + H2 → D2HO

+ + H, (1.60) 

 D2O
+ + D2 → D3O

+ + D. (1.61) 

The reaction (1.59) has been studied by a flow tube experiment (Ard et al., 2014) and 

the reactions (1.60) and (1.61) have been studied using the 22-pole trap apparatus, see 

sections 4.2.3 and 4.2.4. 

1.4.2 Anion-neutral chemistry in gas-phase 

Another way how water molecules can be produced in the ISM is by reactions 

of negative ions with neutrals. The reaction of O– with H2 has two reaction channels 

 O− +H2 → H2O+ 𝑒
−, ∆𝐻0 = −3.57 eV, (1.62) 

                 → OH− +H, ∆𝐻0 = −0.30 eV. (1.63) 

All reaction enthalpies ΔH0 mentioned in this thesis are reaction enthalpies at 0 K. 

The charge transfer channel 

 O− + H2 → H
− + OH, ∆𝐻0 =  0.77 eV (1.64) 

does not play a role at low temperatures due to its endothermicity (Plašil et al., 2017). 

Reactions of O– with H2 and with D2 

 O− + D2 → D2O + 𝑒
−, ∆𝐻0 = −3.65 eV, (1.65) 

                → OD− + D, ∆𝐻0 =  −0.28 eV (1.66) 

have been studied experimentally (Carpenter & Farrar, 1997; Herbst et al., 1979; 

Johnson et al., 1978; Jusko et al., 2015; McFarland et al., 1973; Plašil et al., 2017; 

Viggiano et al., 1991) as well as theoretically (Houfek & Čížek, 2016). An advantage 

of water production via negative ions is the fact that it is straightforward, these 

reactions are not followed by recombination as in the case of reactions of cations with 

neutrals.  

The reaction of O– with HD has a major channel of an associative detachment 

and two minor channels of OH– production and OD– production 
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 O− + HD → HDO + 𝑒−, ∆𝐻0 = −3.61 eV, (1.67) 

                   → OH− + D,    ∆𝐻0 = −0.26 eV, (1.68) 

                 → OD− +H,    ∆𝐻0 = −0.32 eV. (1.69) 

All reactions (1.62), (1.63), and (1.65) – (1.69) have been studied using the 22-pole 

trap apparatus, see references (Jusko et al., 2015; Plašil et al. 2017) and sections 4.1.3 

and 4.1.4. 

Another reaction which leads to the production of the complex (H2O
–)* and 

which is followed by water production is  

 OH− +H → H2O + 𝑒
−, ∆𝐻0 = −3.36 eV. (1.70) 

This reaction has isotopic variants, the reaction of OD– with D 

 OD− + D → D2O + 𝑒
−, ∆𝐻0 = −3.44 eV (1.71) 

and the reaction of OD– with H and the reaction of OH– with D. These reactions have 

two channels, a channel of semiheavy water production and a channel of isotopic H/D 

exchange 

 OD− + H → HDO + 𝑒−, ∆𝐻0 =  −3.37 eV, (1.72) 

                → OH− + D,   ∆𝐻0 =  0.06 eV, (1.73) 

 OH− + D → HDO + 𝑒−, ∆𝐻0 =  −3.43 eV, (1.74) 

                   → OD− + H,   ∆𝐻0 = −0.06 eV. (1.75) 

Enthalpies of reactions (1.70) – (1.75) ΔH0 at 0 K were determined from electron 

affinities and enthalpies of formation of neutrals (NIST, 2018). 

1.4.3 Neutral-neutral chemistry on surfaces of dust grains 

Another way of H2O production in the ISM is by a chain of neutral-neutral 

reactions on surfaces of dust grains (Dominik et al., 2005; Hollenbach et al., 2008; 

Jing et al., 2011; Melnick & Bergin, 2005). We can consider chemical chains  

 H + O2 → HO2, (1.76) 

 H+ HO2 → H2O2, (1.77) 

 H+ H2O2 → H2O + OH, (1.78) 

or 
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 O + O2 → O3, (1.79) 

 H + O3 → O2 + OH, (1.80) 

 H2 + OH → H2O + H, (1.81) 

or 

 H+ O → OH, (1.82) 

 OH + H → H2O (1.83) 

(Jing et al., 2011), which is in Figure 1.2. 

 

Figure 1.2: Chemical network of water production. Figure adapted from reference 

(Melnick & Bergin, 2005). (a) Water origin in the cold gas-phase. Reactions in a red oval are 

the reactions which we have studied using a 22-pole ion trap. (b) Water origin on grain surfaces, where 

d stands for desorption and gr stands for a grain.  

1.5 Configuration of nuclear spins of molecular hydrogen H2 

Molecular hydrogen H2 has two nuclear spin configurations 

para- hydrogen (p- H2) and ortho-hydrogen (o-H2). Para-hydrogen has antiparallel 

nuclear spins and an antisymmetric nuclear spin wave function. Energy levels of p-H2 

are non- degenerate. Ortho-hydrogen has parallel nuclear spins and a symmetric 

nuclear spin wave function. Each energy level of o-H2 has a degeneracy 3.  

A total wavefunction Ψtot is a symmetric even function for bosons and it is 

an antisymmetric odd function for fermions, the total wave function of H2 can be 

written as 

 𝛹tot =  𝛹trans · 𝛹el · 𝛹vib · 𝛹rot · 𝛹n.  spin, (1.84) 

Ψtrans, Ψel, Ψvib, Ψrot, and Ψn. spin are wave functions for translation, electronic, 

vibrational, rotational energies, and the nuclear spin, respectively. The overall nuclear 

wavefunction Ψnuclear describing protons can be written as  
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 𝛹nuclear = 𝛹vib · 𝛹rot · 𝛹n.  spin (1.85) 

(Kuhn et al., 2009). Protons are fermions, the nuclear wavefunction Ψnuclear is 

antisymmetric with respect to the exchange of protons. The electronic, translational, 

and vibrational components are even symmetric with respect to the exchange of nuclei, 

since the translational motion, the vibrational motion and the electronic motion have 

no effect on the symmetry of the nuclear wave function. For Ψnuclear being 

antisymmetric, it is necessary for the rotational component Ψrot to be even symmetric 

with corresponding even rotational quantum numbers (j = 0, 2, 4…) and the nuclear 

spin component Ψnuclear be odd antisymmetric 

 𝛹nuclear = 𝛹vib · 𝛹𝑗 = 0,2,4… · 𝛹para,   𝐼=0 (1.86) 

or to the rotational component be odd with corresponding odd rotational quantum 

numbers (j = 1, 3, 5…) and the nuclear spin component be even symmetric 

 𝛹nuclear = 𝛹vib · 𝛹𝑗 = 1,3,5… · 𝛹ortho,   𝐼=1 (1.87) 

(Duckett & Wood, 2008).  

 

Figure 1.3: Lowest rotational states of H2 and D2 (Hugo et al., 2009). 

The energy difference of the lowest ortho state and the lowest para state is 

 
𝐸𝑗=1 − 𝐸𝑗=0

𝑘B
= 170 K, (1.88) 

where kB is the Boltzmann constant. 

At room temperature the natural ratio of para:ortho is 1:3. Hydrogen with this 

para/ortho ratio is called normal hydrogen (n-H2). At higher temperatures 

the para:ortho ratio is unvarying, but higher rotational states are occupied. At lower 
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temperatures, H2 in equilibrium contains a higher fraction of p-H2 (see Figure 1.4). 

The ratio cannot be changed only by cooling of H2. Due to the symmetry, 

the conversion between ortho and para states is forbidden. The conversion can be done 

on the surfaces of paramagnetic materials. After the conversion, the para:ortho ratio 

corresponds to the natural para:ortho ratio of the corresponding temperature (Duckett 

& Wood, 2008). This effect in combination with cooling is used in a para-hydrogen 

generator, see section 3.10.  

 

Figure 1.4: Amount of para-hydrogen and ortho-hydrogen in the equilibrium as a function of 

temperature. 

The same technology can be applied to molecular deuterium. However, it is 

necessary to point out some differences between H2 and D2. The lowest energetic state 

of molecular deuterium is ortho with degeneracy 2 (Chen et al., 2013). Para-D2 is 

non- degenerate. Rotational states of D2 are closer to each other than rotational states 

of H2. At room temperature in equilibrium, the ratio ortho-D2:para-D2 is 2:1. Another 

fact is that D2 must be about 3 K warmer to have the same vapour pressure as H2, 

which leads to higher working temperatures for the conversion of D2. The conversion 

of D2 is less effective owing to all these mentioned facts (Andrews & Wang, 2004). 
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1.6 Reaction rate coefficients of ion-molecule reactions 

A reaction rate coefficient k describes the rate of a chemical reaction. Units of 

the reaction rate coefficient depend on the order of the reaction. For a general reaction 

aA + bB → cC + dD, the stoichiometry says that 

 −
1

𝑎

d[A]

d𝑡
=  −

1

𝑏

d[B]

d𝑡
=
1

𝑐

d[C]

d𝑡
=  
1

𝑑

d[D]

d𝑡
 , (1.89) 

where a, b, c, and d are stoichiometric numbers and [A], [B], [C], and [D] are number 

densities of molecule A, B, C, and D, respectively, and d/dt represents derivation with 

respect to time. Time evolution of number densities from Equation (1.89) has to be 

proportional to number densities of reactants raised to a power 

 
1

𝑎

d[A]

d𝑡
=  −𝑘 ∙ [A]𝑎 ∙ [B]𝑏, (1.90) 

where a + b is an order of the reaction and k is the rate coefficient of the reaction 

(Atkins & de Paula, 2006). 

How to determine the reaction rate coefficient from our experimental data 

can be seen in section 3.12.  

1.6.1 Langevin rate coefficient 

The collisional theory for ions and polarisable neutrals without a permanent 

dipole was described by Langevin in 1905 (Langevin, 1905). The very simplified idea 

of this theory is that the polarisable neutral without a permanent dipole, which is close 

to the ion, is polarised by an ion and then the dipole of the neutral and the ion interact 

with each other via the Coulomb force. The capture rate coefficient kL given by 

the Langevin theory, which is often expressed in the CGS units, is  

 𝑘L = 2𝜋𝑞√
𝛼

𝜇
 , (1.91) 

where q is a charge of ion in units of statcoulomb, 1 statC = cm3/2g1/2s−1, α is 

polarisability in cm3, and  

 𝜇 =
𝑚A+ ∙ 𝑚B
𝑚A+ +𝑚B

 (1.92) 

is a reduced weight in g, where mA+ is the weight of an ion and mB is the weight of 

a neutral molecule. (Eichelberger et al., 2003; Gioumousis & Stevenson, 1958; Herbst 
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& Klemperer, 1973). Equation (1.91) can be rewritten with units of quantities in 

parenthesises as 

 

𝑘L = 2𝜋𝑞 (cm
3
2g
1
2s−1)√

𝛼(cm3)

𝜇(g)
 = 

= 2𝜋 ∙ 4.803 ∙ 10−10 cm
3
2g
1
2s−1√

10−24  
cm3

Å3
∙ 𝛼(Å3)

1.6610−24  
g
Da ∙ 𝜇

(Da)
 = 

= 2.34 ∙ 10−9 Da1/2Å−3/2√
𝛼(Å3)

𝜇(Da)
  cm3s−1, 

(1.93) 

where α is in cubic angstrom Å3, μ is in units of dalton Da and the value of 

the elementary charge was substituted for q. Polarisability is generally decreasing with 

decreasing molecular weight. Examples of polarizabilities of molecules, which are on 

the order of from 10–1 to 102 Å3, are in reference (Reed III, 1955). Values of kL are 

typically about (1 – 2)·10–9 cm3s–1. 

 H2 D2 HD 

O+/O– 1.56·10–9 1.15·10–9 1.30·10–9 

OH+/OH– 1.56·10–9 1.15·10–9 1.30·10–9 

OD+/OD–/ H2O
+ 1.55·10–9 1.14·10–9 1.29·10–9 

D2O
+ 1.54·10–9 1.13·10–9 1.28·10–9 

Table 1.1: Examples of the Langevin rate coefficient kL of some reactions. Values of kL are in units of 

cm3s–1. For calculations, polarisability (H2) = 0.7908 Å3, (D2) = 0.7747 Å3 (Milenko et al., 1972), 

and (HD) = 0.783 Å3 were used (Burley et al., 1987). For better accuracy at low temperatures, 

a correction can be done in the case of HD due to its permanent dipole moment, see details in text.  

The capture rate coefficient kL is not dependent on temperature and it is 

an upper estimate of the reaction rate coefficient. In Table 1.1 there are kL of reactions 

published in this thesis. These kL were calculated using Equation (1.93). The Langevin 

theory was developed for molecules without a permanent dipole. In the case of 

molecules with a permanent dipole, kL is not accurate and it is necessary to use another 

theory (Chesnavich et al., 1980). The difference between the Langevin theory and 

the correction from (Chesnavich et al., 1980) is significant at low temperatures. 
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The correction depends on polarisability and the permanent dipole moment of 

the molecule. At 10 K the correction for reactions of ions with HD is less than 0.2%. 

1.6.2 Arrhenius equation  

A temperature dependence of reaction rate coefficients of reactions with 

an activation energy, the minimum kinetic energy that reactants must have to form 

products (Atkins & de Paula, 2006), can be described by the Arrhenius equation 

 𝑘 = 𝑘Aexp (−
𝑇A
𝑇
) = 𝑘Aexp (−

𝐸A
𝑘B𝑇

), (1.94) 

where TA = EA/kB is the activation temperature, EA is the activation energy and kB is 

the Boltzmann constant, T is the temperature, kA is called a prefactor and it relates to 

the collision theory (Logan, 1982). The results of the study of the reaction OD– + H2 

were fitted by the Arrhenius equation, see section 4.1.2. 
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2 Experimental techniques for study of ion-molecule 

reactions at low temperatures 

One of the first techniques for the study of reactions between ions and 

molecules are flowing afterglow (FA) and selected ion flow tube (SIFT). The FA 

technique was developed in the U.S. Department of Commerce Research laboratories 

in Boulder and it has been widely used by Fehsenfeld, Ferguson, Schmeltekopf 

(Bohme et al., 1969; Dunkin et al., 1968; Ferguson et al., 1969). The SIFT technique 

was developed by Adams and Smith (1976). Both these flow tube techniques have 

many modifications and they can operate at a various temperature range depending on 

a coolant and a heating system. The typical coolant is liquid nitrogen (Miller et al., 

1984). A temperature of 18 K has been achieved by using liquid helium as a coolant 

(Böhringer & Arnold, 1986). Very often, the upper temperature limit is room 

temperature. However, there are also measurements at 1800 K (Dotan, 1997). 

The typical pressure in a tube is in range on the order of 10–1 – 100 Torr (Ard et al., 

2014; Smith & Adams, 1979). The main idea of flow tube experiments is that ions are 

produced in an ion source, mainly by a microwave discharge, they are mass-selected 

in the case of the SIFT and they are injected to the flow of carrier gas. Neutral reactants 

are added into a flow tube by inlet ports and they react with the ions. In the end, 

products of reactions are analysed using a mass spectrometer. The SIFT and FA 

techniques are similar to each other. These techniques are compared in reference 

(Smith & Adams, 1979). 

Ion-molecule reactions are also studied in a supersonic flow Cinetique de 

Reactions en Ecoulement Supersonique Uniforme (CRESU). The CRESU technique 

was developed by Marquette and Rowe (Rowe & Marquette, 1987). The supersonic 

flow is produced by a Laval nozzle, the beam is then ionised by an electron beam. Ions 

in the flow react with neutrals and in the end they are detected by a combination of 

a moveable quadrupole mass spectrometer and a particle counting device 

(Joalland et al., 2019). Using the CRESU technique, temperatures below 3 K have 

been achieved (Hawley & Smith, 1992).  

Another class of experiments are ion trap experiments. Using trapping 

techniques, typically lower temperatures and lower pressures are achieved in 
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comparison with flow tube techniques. In the case of ion cyclotron resonance (ICR) 

mass spectrometry (Beauchamp et al., 1967) and Penning trap methods (Penning, 

1936), ions are confined by a combination of static electric and magnetic fields. 

Another widely used trap is the Paul trap (Paul, 1990), which confines ions by 

a quadrupole radiofrequency field. Classical setup of the Paul trap and the Penning 

trap is a combination of a ring electrode with two end cap electrodes. However, there 

are a lot of variants of these traps, for example cylindrical ion traps.  

For a wide field-free region bordered by a steep effective potential, multipole 

traps are often used. A 22-pole radiofrequency ion trap, which was developed by 

Prof. D. Gerlich and coworkers, has been used for the study of ion-molecule reactions 

in this thesis (see Chapter 4) and it is described in Chapter 3.  

All techniques mentioned above are used for the study of chemical kinetics, for 

measuring a reaction rate coefficient as a function of temperature. The merged beams 

technique and the crossed beams technique (Turner et al., 1965; Turner et al., 1968) 

are widely used for the study of collisions of ions and molecules. By these techniques, 

absolute cross sections of reactions as a function of the collisional energy can be 

measured. The relative collision energy Er of two beams with velocities v1 and v2 is  

 𝐸r =
1

2
𝜇𝑣rel

2 =
1

2
𝜇|𝑣1⃗⃗⃗⃗ − 𝑣2⃗⃗⃗⃗ |

2 (2.1) 

              =
1

2
μ(𝑣1

2 + 𝑣2
2 − 2𝑣1𝑣2cosΛ), (2.2) 

where μ is a reduced mass and Λ is the angle between v1 and v2 (Gerlich, 2008). In 

the case of crossed beam techniques, when Λ = π/2, an ion beam crosses a neutral 

beam and the collisional energy is 

              𝐸r  =
1

2
𝜇(𝑣1

2 + 𝑣2
2). (2.3) 

In the case of merged beams, an ion beam is merged into a neutral beam, which means 

that both beams are moving in the same direction. Since Λ → 0, the collisional energy 

is 

  𝐸r  =
1

2
𝜇(𝑣1

2 + 𝑣2
2 − 2𝑣1𝑣2) =

1

2
𝜇(𝑣1 − 𝑣2)

2. (2.4) 

The technique of merged beams allows the study of low energy reactive collisions of 

ions and molecules. Relative energies as low as few meV can be achieved in 

comparison with laboratory energies of beams on the order of 10 keV (Bruhns et al., 
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2010; Glenewinkel‐Meyer & Gerlich, 1997; Jankunas & Osterwalder, 2015). These 

techniques work at relatively low pressures, typically on the order of 10–6 – 10–10 Pa 

(Bruhns et al., 2010; Turner et al., 1975). Another technique for measuring absolute 

cross sections of reactions as a function of a collisional energy are guided ion beam 

(GIB) techniques (DeTuri et al., 1997; Dressler et al., 1993; Haufler et al., 1997), 

where ion beams are guided by a radiofrequency octopole into a cell with a known 

number density.  
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3 Experimental  

Reactions from Chapter 4 were studied using a 22-pole ion trap apparatus. This 

chapter is focused on technical details of the experiment. All parts of the apparatus are 

described in detail below. However, to get an idea of the principle of the apparatus, we 

describe the principle of measurement shortly. Primary cations or anions ions are 

produced in a storage ion source from the neutral gas by electron impact ionisation or 

electron attachment, respectively. The ions are precooled in the storage ion source, 

selected by a linear quadrupole mass filter, and injected in periodic pulses into 

the 22- pole ion trap (22PT). The 22PT consists of two sets of 11 rods. 

A radiofrequency voltage applied to these rods creates an inhomogeneous 

radiofrequency field. The field confines the ions in the radial direction. Electrostatic 

potentials applied to the entrance and exit electrodes of the trap confine ions in 

the axial direction. The trap is surrounded by a copper box. The box is mounted onto 

a cold head of a helium refrigerator with a closed cycle. The trap is directly filled by 

neutral gases. In the trap, the ions are cooled by collisions with helium and react with 

the neutral reactant. After a chosen trapping time the trap is opened, ions are selected 

by a quadrupole mass analyser and detected (Gerlich, 1992; Gerlich, 2008). 

 

Figure 3.1: Scheme of apparatus. The main parts of the apparatus are the ion source, the first 

quadrupole – the mass filter, the electrostatic quadrupole bender (QB), the 22-pole ion trap, the second 

quadrupole – the mass spectrometer, and the detector. 
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The background pressure of the main chamber is lower than 10–7 Pa. 

The temperature of the trap is in the range from 300 K down to 10 K. The apparatus 

has many variants. It can be combined with a laser (Asvany et al., 2014; Gerlich, 2008; 

Schlemmer et al., 1999), para-H2 generator (see section 3.10), hydrogen atom source 

(see section 3.11), etc. 

3.1 Ion source 

For ion production, a storage ion source (SIS) is used in the 22PT apparatus. 

Positive or negative ions are produced in this ion source by electron impact ionisation 

or electron attachment, respectively. The advantage of the SIS is that ions are in 

the source accumulated, precooled by inelastic collisions with neutral molecules and 

injected into the trap in intense short pulses (Gerlich, 1992).   

The SIS consists of a stack of plates. Holes inside the plates create a cavity, 

where ions are cumulated. The plates are separated by ruby balls and alternately 

connected to two phases of a radiofrequency generator. The electrons are emitted from 

a rhenium filament. By changing the current through the filament we can change the 

emission current. By changing the potential of the cathode we can change the energy 

of the emitted electrons.  

The electrons are repelled and accelerated by an electrode with a negative 

potential which is called repeller and they are focused by a focus electrode. 

The electrons enter the cavity, where they can ionise neutral molecules. There are two 

sets of ion-producing electrodes (the repeller, the filament, and the focus) in the SIS 

and we can choose which set of the electrodes we want to use. Produced ions are 

confined in the cavity by the combination of the RF voltage applied to RF electrodes 

and a positive voltage applied to two end plate electrodes. Ions are pushed by 

a potential on another electrode to the exit of the SIS. The exit electrode is opening in 

pulses. The length and the amplitude of the pulses and potential of the exit electrode 

have to be optimised  

From bigger molecules, smaller ion fragments can be formed. Using a mixture 

of neutral gases we can produce many different ion species. For example, from 

the mixture of H2 and N2O, ions O+, OH+, H2O
+, H3O

+, N+, NH+, NH2
+, and also NH3

+ 

can be produced in the SIS. Using a mass filter, the required ions can be selected. After 
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opening of the SIS by the exit electrode, ions are selected by the linear quadrupole 

mass filter, the principle of the quadrupole mass filter can be seen below. After mass 

filtering, the ions are focused and guided by a system of electrodes and the trajectory 

of ions is bent by an electrostatic quadrupole bender by an angle of 90º. Then ions are 

injected into the trap. The principle of confining ions in the trap is in detail described 

in section 3.2.  

3.2 Ion trap 

The crucial part of the apparatus is the ion trap. The trap consists of 22 rods of 

1 mm diameter alternately connected to two phases of a radiofrequency (RF) generator 

with an RF voltage 

             𝑉(𝑡)  = ±𝑉0 ∙ sin(𝛺𝑡), (3.1) 

where V0 is the amplitude of the RF voltage and Ω = 2πf is its angular frequency. 

The voltage creates an inhomogeneous RF field of 22 poles that confines ions in 

the trap in a radial direction. The ions are confined in the trap in the axial direction by 

a direct voltage applied to the entrance and to the exit of the trap. A schema of the trap 

can be seen in Figure 3.2.  

The influence of a fast oscillatory force on a charged particle can be described 

by an ideal effective potential (Gerlich, 1992). In a trap of 2n poles, ions are confined 

by the a time-independent effective potential 

             𝑉eff  =
𝑛2

4

𝑉0
2

𝑟0
2𝛺2

𝑞2

𝑚
�̂�2𝑛−2, (3.2) 

where V0 is an amplitude of the RF voltage, q is a charge of the particle, m is a mass 

of the charged particle, r0 is a radius of the trap and  

 �̂� =
𝑟

𝑟0
 (3.3) 

is a reduced radial distance, where r is a distance of a charged particle position from 

the trap centre. Derivation of the Equation (3.2) is described in detail elsewhere 

(Gerlich, 1992). 

For the conservation of the kinetic energy of ions, the change the electric field, 

which affects the ions, has to be during the oscillation of the ion much smaller 
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than the field itself (Gerlich, 2008). Trapping properties are described by 

the adiabaticity parameter η, which is defined as 

 𝜂 = 2𝑛(𝑛 − 1)
𝑉0
𝑟0
2𝛺2

𝑞

𝑚
�̂�2𝑛−2. (3.4) 

It has been empirically determined that for a safe operation, η has to be lower than 0.3. 

The ions should not get to the area of the high η to not absorb a significant amount of 

the energy of the RF field. It means that the amplitude of the oscillatory trajectory of 

an ion has to be small enough. It can be achieved by higher values of the frequency. 

However, higher frequencies lead to lower effective potential (Cermak, 2005; Gerlich, 

2008).  

               

Figure 3.2: Schema of 22-pole trap. Ions are injected in pulses into the ion trap. The ions are 

consequently stored and cooled in the ion trap and they react with neutral molecules. 

The inhomogeneous radiofrequency field confines the ions in the radial direction. The entrance and exit 

electrodes, marked as EN and EX, confine the ions in the axial direction. After leaving the trap the ions 

are analysed by the detector. Figure adapted from reference (Plašil et al., 2012). 

From Equation (3.2), it is evident that Veff is proportional to �̂�2𝑛−2  

             𝑉eff  ∼ �̂�
2𝑛−2 = (

𝑟

𝑟0
)2𝑛−2. (3.5) 

It means that in the case of multipole traps, the area of the high effective potential is 

located in the vicinity of rods and ions are not for most of the time influenced by 

the effective potential. Figure 3.3 illustrates the steepness of the effective potential of 

4PT, 8PT, 16PT, and 22PT. 
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Figure 3.3: Reduced effective potential Veff(r)/Veff(r0) as a function of reduced radius r/r0. The effective 

potential of the 22PT is significantly steeper in comparison with the effective potentials of linear 

quadrupole, octopole, and 16-pole traps. Figure adapted from reference (Gerlich, 1992). 

Before injection of ions into the trap and after extraction of ions from the trap, 

ions are focused by other focusing electrodes. The trap is closed and opened by 

the entrance electrode and the exit electrode. Electrostatic potentials applied to these 

electrodes are positive for positive ions and negative for negative ions. The absolute 

value of the potentials applied to the entrance electrode and the exit electrode have to 

be certainly higher than a potential of the trap.  

3.3 Quadrupole mass filter 

The principle of quadrupole mass filter can be seen in detail elsewhere 

(Dawson, 1976). However, we present a brief description of the principle of 

the quadrupole mass filter in this section. The quadrupole mass filter consists of four 

rods. A combination of a direct voltage and an alternating voltage is used. Opposite 

rods are connected to the same phase of a radiofrequency generator. (U0 – V0cos(𝛺t)) 

is applied to two opposite rods and –(U0 – V0cos(𝛺t)) is applied to the other two rods.  

For an ion of a mass m and a charge q we can define parameters 

 𝑎u  𝑎x = −𝑎y =  
4𝑞𝑈0
𝑚𝛺2𝑟0

2, (3.6) 
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 𝑞u  𝑞x = −𝑞y = 
2𝑞𝑉0
𝑚𝛺2𝑟0

2, (3.7) 

 𝜉  
𝛺𝑡

2
, (3.8) 

where au represents a direct component of the voltage, qu represents an alternating 

component of the voltage and ξ represents reduced time. Using these parameters, 

the equation of motion can be written as  

 
d2𝑢

d𝑡2
+ (𝑎u − 2𝑞ucos2𝜉)𝑢 = 0, (3.9) 

where u represents either x or y. Equation (3.9) is called Mathieu’s equation. Solving 

Equation (3.9), a trajectory of ions can be determined (Kashanian et al., 2011; 

Ma & Taylor, 1996). 

 

Figure 3.4: Part of stability diagram of quadrupole. At point A, no ions pass the quadrupole. Point B is 

stable for masses m1 and m2 and mass m3 is filtered. At point C, all mass m1, m2, and m3 pass. Point D 

is stable for all masses m2 and m3, mass m1 is filtered. Tops of triangle-shaped areas are stability areas 

for each mass. The solid line is the scan line. Figure adapted from reference (De Hoffmann & Stroobant, 

2007). 

Figure 3.4 shows a so-called stability diagram in U0 and V0 coordinates. 

The triangle-shaped area is an area of stability for the ion of specific m/q. Two 

quadrupoles are parts of the apparatus. The first one, the quadrupole mass filter, filters 

ions before their injection into the trap. Its U0 and V0 can be set up individually. 

The second one, the quadrupole mass spectrometer, is a part of a detecting system of 

the apparatus. It works on a so-called scan line – a line of constant ratio au/qu. Moving 
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on the scan line, on tops of triangle-shaped areas, only ions of a specific m/q ratio 

can get through the quadrupole. It can be done by changing U0 and V0 (or au and qu) 

and also keeping the constant au/qu ratio at the same time.  

3.4 Detection system 

A detection system consists of a quadrupole spectrometer, a detector, a signal 

discriminator, and a digital counter of pulses.  

After opening the trap, ions are guided by an electrode to the second 

quadrupole, the quadrupole mass spectrometer (QPMS). The principle of a quadrupole 

filter/spectrometer can be seen above in section 3.3. We usually use our QPMS for 

analysis of masses in the mass range 1 – 50 Da. An example of a mass scan can be 

seen in Figure 4.8. After ions leaving the QPMS, ions are focused, their trajectory is 

bent, and then they are pushed towards the detector by a system of electrodes. 

The detector is around the corner to optical access to the trap.  

The microchannel plate (MCP) detector MCP F4655-12 Hamamatsu was used 

in all experiments presented in the thesis. The MCP detector can be used to detect 

positive ions or negative ions. Other advantages of the MCP detector are short dead 

time and a small amount of dark counts (Hamamatsu Photonics K.K. Editorial 

Committee, 2006; Hamamatsu Photonics K.K. Editorial Committee, 2007). 

The principle of the MCP detector is described in section 3.4.1. Also, the Daly detector 

is available in the laboratory. The Daly detector was used in our laboratory for 

example for the study of the ternary association of H+ ion with H2 (Zymak et al., 2011).  

The following parts of the detecting system are a discriminator and a digital 

pulse counter. The discriminator is applied for distinguishing a signal from a noise. 

Owing to the pulse counter we are able to count ions instead of measuring the ion 

current.  

3.4.1 Microchannel plate detector 

A microchannel plate is a well-known detection technique. It can be used in 

different kinds of experiments. It is sensitive to charged particles, UV radiation, 

X rays, gamma rays, and neutrons. In our experiment, MCP assembly F4655-12 is 

used. It suits for measurements with positive and negative ions and electrons 

(Hamamatsu Photonics K.K., Electron Tube Center, 1995). The MCP is a glass made 
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detector consisting of conductive capillaries, channels. Each channel is a dynode. 

When a charged particle hits a channel of the plate, secondary electrons are emitted. 

The secondary electrons are accelerated by a gradient of a potential, they strike 

an opposite wall and emit other secondary electrons. The process repeats until 

the avalanche of electrons is extracted in an output side and collected by an anode, 

the electrode that collects multiplied secondary electrons and outputs the electron 

current to an external circuit (Hamamatsu Photonics K.K. Editorial Committee, 2007). 

Then the output signal which corresponds to the input signal is measured. The gain of 

the MCP is proportional to the length-to-diameter ratio α = L/d. When the higher gains 

are required, two or three MCPs are used in stacked configurations (Hamamatsu 

Photonics K.K. Editorial Committee, 2006). The assembly F4655-12 is a 2-stage 

assembly.  

To minimise dark counts during our experiments, the counter does not run 

continuously. It is gated by a pulse which is synchronised with the ion extraction. Dark 

counts are in majority of our experiments negligible. 

Effectivity of detection is different for different masses (Fraser, 2002). This 

mass discrimination does not affect experiments published in this thesis since primary 

ions and secondary ions of studied reactions have similar mass.  

3.5 Cooling of ions  

The 22-pole trap is cooled by a closed-cycle helium cold head, called also as 

a closed-cycle cryocooler. The cold head, which is the part of our apparatus, consists 

of the two stages cold head. The first stage can be cooled down to 50 K and it is 

mounted onto the radiation shield of the trap. The second stage can be cooled down to 

10 K and it is mounted onto the copper box, which surrounds the trap.  

A resistive wire is used as a heating element. The trap can be heated by 

the current through the resistive wire presented in the trap. By the combination of 

the resistive heating and the cooling by the cold head, we are able to control 

the temperature of the trap in the range from 300 K down to 10 K. 

3.5.1 Buffer-gas cooling 

Ions are cooled by elastic or inelastic collisions with a buffer gas. During 

the collisions, translational and internal degrees of freedom of ions can be thermalized 
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(Gerlich, 2008). Criteria for the buffer gas cooling are: the collisional frequency is 

supposed to be high enough for effective cooling, buffer gas should not react with 

the ions and the mass of the buffer gas is supposed to be smaller than the mass of 

the ions for better effectivity of the cooling (Zhang & Willitsch, 2017). The collisional 

frequency Φ of one ion in neutral gas is  

 𝛷 = 𝑛 · 𝑘L, (3.10) 

where n is the number density of gas and kL is Langevin rate coefficient. Langevin rate 

coefficient is often on the order of ~10–9 cm3 s–1. Number densities of a buffer gas used 

in our experiments were typically on the order of 1012 – 1013 cm–3. Number densities 

of a neutral reactant are typically about two orders lower than number densities of 

the buffer gas. Examples of their ratios can be seen in Chapter 4. 

As a buffer gas, helium is widely used due to its small mass, low reactivity, 

the high vapour pressure at low temperatures, and its high ionisation potential (Zhang 

& Willitsch, 2017).  

3.6 Temperature measurement 

The temperature of the walls of the copper box is permanently monitored by 

a silicone diode. To test the temperature of ions ternary reaction  

  He+ + 2 He → He2
+ +  He (3.11) 

or laser-induced reaction 

  N2
+ + ℎ𝑣 +  Ar → Ar+ + N2 (3.12) 

can be studied. Both reactions were studied by the 22PT in Prague. The rate coefficient 

of the reaction (3.11) strongly depends on the temperature. More details are in 

references (Beaty & Patterson, 1965; Böhringer et al., 1983; Gerlich, 2008; 

Hackam & Lennon, 1964; Johnsen et al., 1980; Plašil et al., 2012) and also in theses 

of our group (Jusko, 2013a; Mulin, 2015a; Zymak, 2013a). The main idea of testing 

the ion temperature by the reaction (3.12) is determining a temperature from 

the Doppler profile of a spectral line of an observed transition. This method is a direct 

method of temperature determination. More details can be seen in references 

(Schlemmer et al., 1999; Zymak, 2013a). 

For testing the temperature of neutral gases in the 22PT, the reaction  
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  Ar+ +H2 → ArH
+ +  H (3.13) 

was studied. In this experiment, a beam of Ar+ passed through the trap and reacted 

with H2 producing ArH+. Numbers of Ar+ and ArH+ were monitored, from their ratio, 

the relative change of the number density of H2 as a function of the temperature was 

determined. The experiment showed that the temperature of H2 is about 5 K higher 

than the measured temperature. This effect may be caused by heating of the rods of 

the trap by the radiofrequency voltage which leads to the heating of neutrals around 

the rods. This effect was also observed in the results of previous studies. It can be seen 

in detail elsewhere (Kovalenko, 2020; Tran et al.; 2017). 

3.7 Vacuum system 

A three-stage pumping system maintains the ultra-high vacuum in chambers of 

the apparatus. The storage ion source, the 22-pole trap, and the detector are located in 

their own vacuum chamber. The chamber of the 22PT is connected to the chamber of 

the SIS and the chamber of the detector. Each chamber is pumped by its own 

magnetically levitated turbomolecular pump. The turbomolecular pump of the 22PT 

and the turbomolecular pump of the detector are connected to a drag pump. 

The turbomolecular pump of the SIS is connected to a separate drag pump. This 

system prevents leaking gases from the ion source to the trap. Both drag pumps are 

connected to a scroll pump, which is the last stage of this pumping system. The SIS 

can be pumped separately by a diaphragm pump, which is connected to the drag pump 

of the SIS. Additional N2 as a gas ballast can be added into the fore-vacuum for better 

pumping of low mass molecules out. The background pressure in the 22PT chamber 

is on the order of 10–7 Pa. Working conditions depend on a type of experiment. During 

the study of reactions from Chapter 4, the pressure in the main chamber was typically 

on the order of 10–4 – 10–3 Pa. It corresponds to the pressure on the order of 

10–
 

2 – 10–
 

1 Pa in the trap. The vacuum system is described in detail elsewhere 

(Kovalenko, 2020). In addition to the pumping, a bake- out is necessary to remove 

impurities and to achieve a good vacuum. After each opening of the apparatus, it is 

heated up by resistive wires wound around the outside of it (temperatures up to 200° C 

are achieved on the main parts of the apparatus). Impurities, which were adsorbed on 

inner walls, evaporate and are pumped out.  
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3.8 Gas inlet system 

For better purity, gases are added into the trap through a gas inlet system (GIS). 

The GIS is a system of gas bottles, a diaphragm pump and a container filled by liquid 

nitrogen, a cold trap. Before filling bottles of the GIS by a gas, the GIS is pumped out 

by a diaphragm pump. A gas (typically He or H2) from a high-pressure bottle with 

the required purity flows through the pipe which goes through the cold trap. This 

freezing system reduces impurity, mainly water, in the gas. A bottle of the GIS is filled 

by the clean gas. The 22PT is directly filled by neutral reactants and by He as a buffer 

gas from the bottles of the GIS by leak valves. In some experiments, He was added 

into the 22PT from a bottle of the GIS by a piezo-valve.  

The SIS has two inlets. Gases (typically N2, N2O, CO2, or Ar) are added into 

the ion source directly from the high-pressure bottle by a combination of a pressure 

regulator and a leak valve or from a bottle of the GIS (typically H2) by a leak valve. 

3.9 Pressure measurement 

There is a spinning rotor gauge (MKS Instruments SRG-2 in old experiments, 

SRG-3 now) directly connected to the trap. The principle of the spinning rotor 

gauge (SRG) is described elsewhere (Almeida, 2015; Fremerey 1985). Its advantage 

is no thermal or ionisation effect, in contrast to ionisation gauges. However, 

measurement with it is slow and its low-pressure limit is high for our needs. 

The measuring range is from 5∙10–5 to 100 Pa. The SRG is used for the calibration of 

a hot-filament Bayard- Alpert gauge ionisation gauge that measures the pressure of 

the main chamber. The calibration has to be done for each gas. The calibration 

function is 

 𝑝srg = 𝐶 · 𝑝BA + 𝑝off , (3.14) 

where pBA stands for the pressure measured by the ionisation gauge, psrg stands for 

the pressure measured by the SRG, C stands for the calibration coefficient, and poff is 

a pressure offset of the SRG. The principle of calibration is described in detail 

elsewhere (Asvany, 2003).  

The spinning rotor gauge measures at room temperature. However, the trap 

temperature is in the range 10 – 300 K. The formula describing the thermal 

transpiration for molecular flow is 
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𝑝22PT
𝑝srg

 =
√𝑇22PT

√𝑇srg
, (3.15) 

where p22PT, T22PT are conditions in the trap and Tsrg is the working temperature of 

the spinning rotor gauge. 

The equation of state for ideal gases 

 𝑛22PT = 
𝑝22PT
𝑘B𝑇22PT

, (3.16) 

where kB is the Boltzmann constant, can be rewritten for our needs using formulas 

(3.14) and (3.15) as 

 𝑛22PT = 𝐶 ∙
𝑝BA

𝑘B√𝑇22PT𝑇srg
 . (3.17) 

Considering kB = 1.38−23 J∙K–1 and Tsrg = 300 K, we have a formula for calculation of 

the number density in the trap 

 𝑛22PT = 𝐶 ∙ 4.18 ∙ 10
15

𝑝BA

√𝑇22PT
  cm−3,  (3.18) 

where the unit of the pressure is pascal (Pa) and the unit of the temperature is 

kelvin (K).  

3.10 Para-H2 generator 

A source of para-enriched hydrogen (e-H2) is available in the laboratory. It was 

designed and constructed to be connected to the 22PT apparatus and to other 

apparatuses as well. The difference between para-H2 and ortho-H2 is described in 

section 1.5.  

3.10.1 Principle of para-H2 generator 

A para-hydrogen generator consists of a vacuum system, a catalyst container, 

an electronic backup security system, a cooling system, and a heating system. Normal 

hydrogen flows through a pipeline from a bottle to a catalyst container. The catalyst 

container can be cooled down by a cold head. Molecular hydrogen is converted on 

a surface of the catalyst which is a paramagnetic material. In our para-H2 generator, 

ferric oxide Fe2O3 is used as a catalyst. The ratio of p-H2 to o-H2 corresponds to 

the ratio in a thermodynamic equilibrium for a specific temperature. During adding 
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e- H2 into the trap from the generator, e-H2 in stainless steel pipes is also 

simultaneously pumped out by a turbomolecular pump through a by-pass, which 

prevents the accumulation of H2 and the conversion of p-H2 in pipes. Technical details 

of the para-H2 generator are described in detail elsewhere (Hejduk, 2013). 

Para-H2 generator was used for the study of the reactions N+ + p-H2 

(Zymak et al., 2013b) and OD– + p-H2, see section 4.1.2 and reference (Roučka et al., 

2018). We also studied the reaction Ar+ + p-H2. However, a significant difference 

between the reactions of Ar+ with normal hydrogen and para-enriched hydrogen was 

not seen. 

3.10.2 Measurement of para-H2 purity 

The purity of p-H2 may be determined by measurement of the reaction rate 

coefficient of the reaction  

 N+ + H2 → NH
+ + H. (3.19) 

The reaction is endothermic and highly temperature-dependent (Zymak et al., 2013b). 

The reaction rate coefficient of the reaction of N+ with a mixture of para-H2 

and ortho- H2 can be written as 

 𝑘(𝑇) = 𝑓 ∙ 𝑘1(𝑇) + (1 − 𝑓) ∙ 𝑘0(𝑇), (3.20) 

where f is the ortho-fraction, k1 is the reaction rate coefficient of the reaction with 

o- H2, and k0 is the reaction rate coefficient of the reaction with p-H2. In the case of 

pure p- H2, f = 0. In the case of pure o-H2, f = 1. During our experiments at low 

temperatures, we consider two lowest rotational states of H2, j = 0 for p-H2 and j = 1 

for o-H2. For n-H2 the reaction rate coefficient (3.20) is 

 𝑘n(𝑇) = 0.75 ∙ 𝑘1(𝑇) + 0.25 ∙ 𝑘0(𝑇). (3.21) 

For determination of f of para-enriched H2, Equation (3.20) can be rewritten as 

 𝑓 =
𝑘e(𝑇) − 𝑘0(𝑇)

𝑘1(𝑇) − 𝑘0(𝑇)
, (3.22) 

where the rate coefficient k was marked for the case of the reaction with e-H2 as ke. At 

low temperatures, k0 is negligible in comparison to k1  

  𝑘0(15 K) ≪ 𝑘1(15 K) (3.23) 

and ortho-fraction f of e-H2 can be determined using the equation 

 𝑓 ≈
𝑘e(15 K)

𝑘1(15 K)
, (3.24) 
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where ke(15 K) is the value of measured rate coefficient of the reaction with e-H2 and 

k1(15 K) was determined from the measurement with n-H2 using Equations (3.21) and 

(3.23) as k1(15 K) = kn(15 K)/0.75, where kn is the value of measured rate coefficient 

of the reaction with n-H2. 

3.10.3 Storing para-H2 in a bottle 

Our measurements were done with e-H2 added into the trap directly from 

the para-H2 generator. However, to use e-H2 in experiments of another laboratory 

without its own para-H2 generator, we stored e-H2 in a bottle. The inner surface of 

the bottle is coated with polytetrafluorethylene (Teflon®) to prevent the conversion. 

The purity of e-H2 was tested by the reaction N+ + p-H2 using e-H2 from the bottle. 

The dependence of the para-fraction (1 – f) on time after filling the bottle was fitted by 

a function (1 – f) = (1 – f0 – 0.25)·exp(–t/) + 0.25 by the Levenberg-Marquardt 

method using program OriginPro 9.0. The result of the fit is τ = (2500 ± 100) hours 

and (1 – f0) = (0.994 ± 0.001), where the error is a statistical error of the fit, see Figure 

3.5. Note that (1 – f) goes to 0.25, not to 0. 
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Figure 3.5: The dependence of the para-fraction (1 – f) in the polytetrafluorethylene coated bottle on 

time after filling the bottle. Time since filling in hours is marked as t, f stands for the ortho-fraction. 

Experimental data (circles) were fitted by the function (1 – f) = (1 – f0 – 0.25)·exp(–t/) + 0.25 (dotted 

line).  
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After testing the lifetime of e-H2 in the bottle, I prepared new e-H2, added it 

into the bottle and brought it to the laboratory of Prof. Roland Wester in Innsbruck, 

where e-H2 was tested as a buffer gas for rotational cooling of OH–. 

3.11 Hydrogen atom source 

One part of the 22PT apparatus used in our laboratory in Prague is a hydrogen 

atom source (HAS). The HAS produces a skimmed effusive beam of H-atoms and it 

was used for the study of reactions CH+ + H, H– + H (Gerlich et al., 2012) and 

NH+ + H (Roučka et al., 2020). The HAS is not described here in detail since it was 

not used for the study of reactions presented in the thesis. Nevertheless, I was working 

with it during the study of reactions NH+ + H and O+ + H. Atomic hydrogen is 

produced from molecular hydrogen by an RF discharge in a glass tube. The mixture of 

atomic hydrogen and molecular hydrogen flow through a channel in a copper block 

which is called an accommodator. The inner surface of the accommodator is covered 

by polytetrafluorethylene which partly prevents atomic hydrogen from recombination 

back on the surface of the accommodator. The accommodator is connected to a cold 

head. The temperature of the flow is in the range from 7 K to 300 K owing to 

the combination of the cold head and a heating element. The collisional temperature 

can be defined as 

 𝑇𝑐𝑜𝑙𝑙 = 
𝑇H ∙ 𝑚ion + 𝑇ion ∙ 𝑚H

𝑚ion +  𝑚H
. (3.25) 

The velocity distribution of H atoms in the beam corresponds to the Maxwell 

distribution. It has been tested by a time of flight measurement (Plašil et al., 2011). 

The effusive beam is formed by a skimmer, it goes through the trap and ends 

in a chamber called beam catcher. To minimise an H2 background penetration into 

the trap, two differential pumping chambers are between the HAS and the 22PT. 

A mechanical shutter can block the beam before its entrance into the trap. 

Measurements with discharge off and with the shutter show the same results. 

For the determination of number densities of atomic hydrogen and molecular 

hydrogen, it is necessary to do a calibration measurement. The reaction of CO2
+ with 

the mixture of atomic and molecular hydrogen  

 CO2
+ +H

𝑘H
→ HCO+ +  O, (3.26) 
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 CO2
+ +H2

𝑘H2
→  HCO2

+ + H (3.27) 

can be used for calibrations since both reactions have different products and since 

the reaction rate coefficients of both reactions  

 𝑘H = 4.5 ∙ 10
−10 cm3s−1, (3.28) 

 𝑘H2 = 9.5 ∙ (𝑇coll/300 K)
−0.15 ∙ 10−10 cm3s−1. (3.29) 

are known in the temperature range 15 – 300 K (Borodi et al., 2009). Typical number 

densities of atomic hydrogen [H] is on the order of 107 cm3. This calibration has to be 

done before and after a study of a reaction with H-atoms.  

3.12 Data analysis 

3.12.1 Evaluation of reaction rate coefficients 

A general introduction of the reaction rate coefficient k is in section 1.6. 

A binary ion-molecule reaction A+ + B → C+ + D can be described by a differential 

equation 

 
d[A+]

d𝑡
=  −𝑘 ∙ [A+] ∙ [B], (3.30) 

where [A+] is the number density of primary ions and [B] is the number density of 

the neutral reactant. In our experiments, the number density of neutral reactant B is 

much higher than the number density of ions A+ and [B] can be counted as a constant 

 [A+] ≪ [B]. (3.31) 

Considering the precondition (3.31), the solution of Equation (3.30) is 

 [A+](𝑡) =  [A+](0) ∙ exp(−𝑘 ∙ [B] ∙ 𝑡), (3.32) 

where [A+](0) is the number density of primary ions at an initial time, time after 

injection of ions into the trap, and [A+](t) is the number density of A+ at a trapping 

time t. Equation (3.32) can be rewritten as  

 𝑘 =
1

[B] ∙ 𝑡
∙ ln (

[A+](0)

[A+](𝑡)
). (3.33) 

For binary reactions, units of k are cm3s–1 (Atkins & de Paula, 2006). In the field of 

physical chemistry, the CGS units are used due to historical reasons. 
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In our case, we detect the number of ions. The ratio [A+](0)/[A+](t) can be 

replaced with a ratio of numbers of ions NA+(0)/NA+(t). Equation (3.32) can be 

rewritten as 

 𝑁A+(𝑡) =  𝑁A+(0) ∙ exp(−𝑘 ∙ [B] ∙ 𝑡). (3.34) 

and Equation (3.33) can be rewritten as 

 𝑘 =
1

[B] ∙ 𝑡
∙ ln (

𝑁A+(0)

𝑁A+(𝑡)
) (3.35) 

Time evolution of the number of the secondary ion C+ can be described as 

 
d𝑁C+

d𝑡
=  𝑘 ∙ 𝑁A+ ∙ [B] (3.36) 

with the result 

 𝑁C+(𝑡) =  𝑁C+(0) + 𝑁A+(0) ∙ (1 − exp(−𝑘 ∙ [B] ∙ 𝑡)). (3.37) 

 

Figure 3.6: Time evolution of numbers of primary ions D2O+ (squares) and the product D3O+ (circles) 

during the reaction of D2O+ with D2. Solid lines are fits of measured ND2O+(t) and ND3O+(t). The fitting 

functions for this specific reaction were modified due to background ions, ions of the same atomic 

number as D2O+, and they can be found in section 4.2.4. However, at these trapping times, the effect of 

the background ions is negligible, decay of the numbers of D2O+ is exponential and time evolutions of 

D2O+ and D3O+ could have been fitted by simple functions (3.34) and (3.37) as well. 

Time evolution of the number of the reactant ion A+ and the number of the ion 

product C+ can be fitted by Equations (3.34) and (3.37), where the rate of the reaction 

r = k·[B] and ion numbers at the initial time NA+(0) and NC+(0) are free parameters. For 
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the evaluation of k, it is necessary to know the number density of neutral reactant [B]. 

In our experiment, [B] can be determined using Equation (3.18). An example of 

primary results is depicted in Figure 3.6. 

3.12.2 Chemical reaction network 

In section 3.12.1, the case of a single reaction was described. In this section, 

there is a more complicated example. Let’s have three binary ion-molecule reactions  

 A+ + B
𝑘I
→C+ +D, (3.38) 

 C+ + E
𝑘II
→ A+ +F, (3.39) 

 C+ + G
𝑘III
→ H+ + J, (3.40) 

where kI, kII, and kIII are the reaction rate coefficients corresponding to the reactions 

(3.38) – (3.40). The reactions can be described by a set of first-order differential 

equations  

 
d𝑁A+

d𝑡
=  −𝑘I ∙ 𝑁A+ ∙ [B] + 𝑘II ∙ 𝑁C+ ∙ [E], (3.41) 

 
d𝑁C+

d𝑡
=  +𝑘I ∙ 𝑁A+ ∙ [B] − 𝑘II ∙ 𝑁C+ ∙ [E] − 𝑘III ∙ 𝑁C+ ∙ [G], (3.42) 

 
d𝑁H+

d𝑡
=  + 𝑘III ∙ 𝑁C+ ∙ [G]. (3.43) 

Rates of reactions (3.38) – (3.40) are rI = kI·[B], rII = kII·[E], and rIII = kIII·[G]. Set of 

differential Equations (3.41) – (3.43) can be rewritten as 

 
d(

𝑁A+

𝑁C+

𝑁H+
)

d𝑡
= (

−𝑟I 𝑟II 0
𝑟I −(𝑟II + 𝑟III) 0
0 𝑟III 0

)(

𝑁A+

𝑁C+

𝑁H+
) 

(3.44) 

(Press et al., 2007). Solving Equation (3.44), we get functions for fitting of time 

evolutions of numbers of ions A+, C+, and H+. Specific examples of networks are in 

Chapter 4.  

3.12.3 Data processing 

The majority of data analysis has been done by programs written in 

programming language Python. As an example, data processing of primary 
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experimental data of the rate coefficient of the reaction D2O
+ + D2 is shown here. 

The first step in data processing is the least-squares fitting of time evolutions of 

the measured ion numbers. For the fitting, we use the Levenberg-Marquardt method 

in LmFit (Newville et al., 2019), a library for least-squares minimization and data 

fitting in Python. Fitting parameters are ion numbers at an initial time and rates of 

reactions. The number of detected ions are measured repeatedly. Statistical errors of 

each measured ion number are also included in the fitting procedure, data points with 

smaller errors have larger weights. Weights are inversely proportional to errors. In the 

case of stable conditions, measured ion numbers have Poisson distribution, which 

means smaller relative errors for bigger numbers.  

Figure 3.7 shows an example of different ways of determination of 

experimental results. Ion numbers are the averages of repeated measurements with 

their standard deviation. In both figures, we can see the same data, which were fitted 

by the same functions, but in Figure 3.7(a) all data were fitted and in Figure 3.7(b) 

points at first two trapping times were not involved in the fitting process. The number 

of D2O
+ at low trapping time seems to be lower than the trend of the number of D2O

+ 

at other trapping times. It can be caused by insufficient kinetic cooling at these low 

trapping times which leads to lower effectivity of detection. However, these values 

have larger value in the fitting process due to the high ion number, see Figure 3.7(a). 

If we do not involve these ion numbers at low trapping times into the fitting procedure, 

see Figure 3.7(b), final reaction rate rD3O+, thus reaction rate coefficient kD3O+ are 

higher than in the case of Figure 3.7(a).  

Another step is the determination of the reaction rate coefficient. The reaction 

rate from the fit divided by the number density of the neutral reactant gives 

the reaction rate coefficient. The determination of the number density is the major 

source of uncertainty of the calculated absolute reaction rate coefficient. As can be 

seen in Equation (3.17), the number density is determined from the pressure and 

the temperature. The nominal temperature of the trap T22PT can be varied in the range 

10 – 300 K. The collisional temperature T was estimated as T = T22PT + 5 K with 

the uncertainty ±5 K, see sections 3.6 and 4.1.1.  

The temperature dependence of the rate coefficient of the reaction D2O
+ + D2 

is shown in Figure 3.8 and Figure 3.9. All figures contain the experimental results from 

the same measurement, but with a different point of view on [D2] determination. 
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The pressure was measured simultaneously by the spinning rotor gauge and by 

the ionisation gauge before and after adding D2 into the trap. All gases were added at 

high temperatures. The pressure for each temperature can be determined using 

the equation for the thermal transpiration (3.15). 

        D2O+ + D2 →  D3O+ + D 
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Figure 3.7: Time evolution of numbers of ions in trap during study of reaction D2O+ + D2. A choice of 

a fitting range may have an influence on results. The errors in the figure are statistical errors. (a) All 

measured points were fitted. (b) Points from 6 ms to 20 ms were used for fitting. The difference between 

values of determined kD3O+ from (a) and from (b) is less than 20%. 
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         D2O+ + D2 →  D3O+ + D 

 

Figure 3.8: Temperature dependence of rate coefficient kD3O+ of reaction of D2O+ with D2. (a) The data 

analysis using the nominal temperature of the trap T = T22PT. The error bars in kD3O+ contain 

the statistical error from the fitting procedure and the statistical error from the pressure measurement by 

the spinning rotor gauge. (b) The data analysis using the estimated collisional temperature 

T = T22PT + (5 ± 5) K. The error bars in kD3O+ contain the statistical error from the fitting procedure, 

the statistical error from the pressure measurement by the spinning rotor gauge and also the uncertainty 

caused by the ±5 K uncertainty in the temperature. 
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         D2O+ + D2 →  D3O+ + D 

 

 

Figure 3.9: Temperature dependence of rate coefficient kD3O+ of the reaction of D2O+ with D2. 

(a) The number density was determined using the calibration coefficient and a partial pressure of D2 

measured by the ionisation gauge. (b) The number density was determined using a partial pressure of 

D2 measured by the SRG. 

In Figure 3.8, there is a comparison between the experimental results 

determined using the nominal temperature of the trap measured by a silicone diode and 

using the measured temperature shifted up 5 K. This shift has the biggest effect at low 

temperatures. In this figure, the pressure measurement from the SRG was used. 
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 Figure 3.9 shows the comparison between the experimental results determined 

using the pressure of D2 measured by the ionisation gauge (see Figure 3.9(a)) and 

measured by the SRG (see Figure 3.9(b)). In this figure, the collisional temperature 

T = T22PT + 5 K was used. However for better clarity, neither the ±5 K uncertainty in 

the temperature in T error bars and nor its effect on the uncertainty of number density 

in kD3O+ error bars is shown.         

In Figure 3.9(a), the error bars in kD3O+ contain the statistical errors from 

the fitting procedure and the statistical error of the calibration coefficient. In Figure 

3.9(b), the error bars in kD3O+ contain statistical errors from the fitting procedure and 

the statistical error from the pressure measured by the SRG. The pressure 

measurement can affect values of calculated absolute reaction rate coefficients. 

Experimental results in Figure 3.9(a) are higher than experimental results in Figure 

3.9(b). Shapes of curves of the temperature dependencies are the same, they are only 

shifted. Equilibrium is achieved faster directly in the 22PT, where the pressure is 

measured by the SRG, than in the main chamber, where the pressure is measured by 

the ionisation gauge. It leads to lower number densities when the number density of 

the neutral reactant is determined from pressures measured by the ionisation gauge, 

thus it leads to higher values of the calculated reaction rate coefficient. The SRG has 

also better stated accuracy than the ionisation gauge. However, the pressure 

measurement by the SRG is not suitable for measurements of lower values of pressures 

which are close to the value of the background pressure of the SRG. More details about 

the pressure measurement can be found in reference (Kovalenko, 2020). 

For better statistics, we measure temperature dependencies of reaction rate 

coefficients several times. Results of the study obtained by averaging of several 

temperature dependencies of kD3O+ including results from Figure 3.9(b) are being 

prepared for publication. 
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4 Experimental study of ion-molecule reactions 

4.1 Reactions with negative ions 

The role of negative ions in the ISM has been discussed before in section 1.2. 

The 22-pole ion trap apparatus was used in Department of Surface and Plasma Science 

for the study of several reactions of negative ions with neutrals before, for example 

the reaction of associative detachment H– + H (Gerlich et al., 2012), the reaction 

D– + H with exothermic channel of dissociative attachment and weakly endothermic 

channel of electron transfer (Roučka et al., 2015), the reaction O– + H2 with two 

exothermic channels, a channel of water-producing associative detachment and 

a channel of hydrogen transfer (Jusko et al., 2015) or the reactions of H/D transfer 

OD– + H2 and OH– + D2 (Mulin et al., 2015b). The study of reactions of negative ions 

with neutral molecules in the 22PT is also a field of interest of other scientific groups 

(Endres et al., 2014; Jusko et al., 2014; Lee et al., 2016). 

The present thesis summarises results of experimental studies of several 

reactions of ions with molecular hydrogen. The isotopic exchange of OD– with 

normal H2 and with para-enriched H2 and water-producing reactions of O– with H2, 

D2, and HD have been studied at temperatures relevant for the interstellar media. 

During the study of O– + HD, the reactions OD– + HD and OH– + HD, which are 

the inverse reactions of the previously studied reactions OD– + H2 and OH– + D2, took 

place in the trap as parasitic reactions. 

4.1.1 Previously studied reactions OD– + H2 and OH– + D2 

This section is an introduction to the following section 4.1.2. This is 

a summary of the results of previous studies of reactions 

 OH– + D2
𝑘OD−
→   OD– +  HD, ∆𝐻0 = −17.2 meV  (4.1) 

and 

 OD– +H2
𝑘OH−
→   OH– +  HD, ∆𝐻0 = 24.0 meV  (4.2) 

(Mulin et al., 2015b). Ions OD– and OH– were produced in the SIS from the mixture 

of N2O with D2 and H2 respectively. In the case of the fast exothermic reaction (4.1), 

an effect of the reaction of secondary ions OD– with H2 leaking from the SIS into 
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the trap was negligible in comparison with the main reaction (4.1). The reaction rate 

coefficient can be determined only from the time evolution of numbers of primary ions 

OH– 

 
d𝑁OH−

d𝑡
=  −𝑘OD− ∙ 𝑁OH− ∙ [D2]. (4.3) 

However, in the case of the endothermic reaction (4.2), the reaction of secondary ions 

OH– with D2, which was leaking from the SIS into the trap, was included in the model. 

The change in numbers of OH– and OD– in the trap can be described by the system of 

differential equations 

 
d𝑁OH−

d𝑡
=  −𝑘OD− ∙ 𝑁OH− ∙ [D2] + 𝑘OH− ∙ 𝑁OD− ∙ [H2], (4.4) 

 
d𝑁OD−

d𝑡
=  −𝑘OH− ∙ 𝑁OD− ∙ [H2] + 𝑘OD− ∙ 𝑁OH− ∙ [D2]. (4.5) 

Rates of the reactions (4.1) and (4.2) are rOH– = kOH–·[H2] and rOD– = kOD–·[D2]. 

Solving the system of differential Equations (4.4) and (4.5), we get functions for 

the time dependence of NOH– and NOD– fitting 

 𝑁OH−(𝑡) = 𝑐1 + 𝑐2 · 𝑒
−(𝑟OH−+𝑟OD−)·𝑡 , (4.6) 

 𝑁OD−(𝑡) = 𝑐3 − 𝑐4 · 𝑒
−(𝑟OH−+𝑟OD−)·𝑡 , (4.7) 

where c1 and c2 are constants of integration. The constant c1 can be determined by 

relations for t →   

 𝑁OH−(𝑡→) = 𝑐1, (4.8) 

 𝑟OD− ∙ 𝑁OH−(𝑡→) = 𝑟OH− ∙ 𝑁OD−(𝑡→), (4.9) 

 Σ = 𝑁OH−(𝑡) + 𝑁OD−(𝑡). (4.10) 

Equation (4.9) shows the ion numbers in equilibrium. In Equation (4.10), Σ is the sum 

of NOH– and NOD–, we expect that it is constant. Using Equations (4.8) – (4.10) we 

can get 

 𝑐1 =
𝑟OH− ∙ Σ

𝑟OD− + 𝑟OH−
, (4.11) 

where Σ can be substituted by the sum of the ion numbers at an initial time 
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 Σ = 𝑁OH−(0) + 𝑁OD−(0). (4.12) 

Using a relation for t → 0, we can rewrite Equation (4.6) as  

 𝑁OH−(0) = 𝑐1 + 𝑐2, (4.13) 

and the constant c2 can be determined as 

 𝑐2 =
𝑟OD− ∙ 𝑁OH−(0) − 𝑟OH− ∙ 𝑁OD−(0)

𝑟OD− + 𝑟OH−
. (4.14) 

Analogously we can get c3 and c4 

 𝑐3 =
𝑟OD− ∙ Σ

𝑟OD− + 𝑟OH−
, (4.15) 

 𝑐4 = 𝑐2. (4.16) 

Fitting functions of time evolutions of NOH– and NOD– are 

 

𝑁OH−(𝑡) =
𝑟OH− ∙ (𝑁OH−(0) + 𝑁OD−(0))

𝑟OD− + 𝑟OH−
+ 

+
𝑟OD− ∙ 𝑁OH−(0) − 𝑟OH− ∙ 𝑁OD−(0)

𝑟OD− + 𝑟OH−
· 𝑒−(𝑟OD−+𝑟OH−)·𝑡, 

(4.17) 

 

𝑁OD−(𝑡) =
𝑟OD− ∙ (𝑁OH−(0) + 𝑁OD−(0))

𝑟OD− + 𝑟OH−
+ 

−
𝑟OD− ∙ 𝑁OH−(0) − 𝑟OH− ∙ 𝑁OD−(0)

𝑟OD− + 𝑟OH−
· 𝑒−(𝑟OD−+𝑟OH−)·𝑡. 

(4.18) 

Free parameters of the fit are the rates of reactions rOH– and rOD– and initial numbers 

of trapped ions NOH–(0) and NOD–(0). 

The temperature dependence of kOD– is displayed in the Arrhenius plot, see 

Figure 4.1. From the results in Figure 4.1, we estimated that the collisional temperature 

is 5 K higher than the measured temperature with uncertainty ±5 K. For assurance, we 

tested the temperature of neutral gases in the 22PT by the reaction Ar+ + H2. As was 

mentioned in section 3.6, the measured number density of H2 corresponds to 

the temperature about 5 K higher than the measured temperature. This effect may be 

caused by heating of the rods of the trap by the radiofrequency voltage that is followed 

by heating of neutrals colliding with the rods. It is significant at low temperatures and 
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it is a source of inaccuracy which we considered. In this work, T22PT stands for 

the measured temperature and 

 𝑇 = 𝑇22PT + (5 ± 5) K (4.19) 

stands for the collisional temperature. It was also discussed elsewhere (Plašil et al., 

2017; Roučka et al., 2018; Tran et al., 2018). All data in the present thesis were 

processed using the collisional temperature T.  
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Figure 4.1: Arrhenius plot of the rate coefficient of the reaction (4.2). Red circles are raw data, which 

were published by Mulin et al. (2015b). Blue squares are data shifted on temperature and multiplied by 

the factor √𝑇22PT +  5 K /√𝑇22PT, which considers different values of number densities of H2 due to 

shifted temperatures. Shifted data (blue squares), were fitted by the function 

kOH– = (7.7 ± 0.5)·10–
 

11·exp[(–100 ± 10) K/(T22PT + 5 K)] cm3s–1 by the Levenberg-Marquardt method 

using program OriginPro 9.0, where errors are statistical errors of the fit. Fitting of raw data (red circles) 

shows similar results since the values at higher temperatures have larger weight in the fitting process. 

Figure adapted from reference (Tran et al., 2017).  

Studies of reactions whose experimental parts I have participated in are below. 

4.1.2 OD– + p-H2 

The study of OD– with para-hydrogen 

 OD− + p˗H2 → OH
− +  HD (4.20) 

has been done using the combination of the 22PT and the para-hydrogen generator as 

a follow-up to the previous study of the reaction of OD– with normal hydrogen (4.2). 
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An introduction to this reaction is in elsewhere (Tran et al., 2016) and the results of 

the study have been published by Roučka et al. (2018). The purity of para-enriched 

hydrogen was calibrated by the reaction of N+ with hydrogen (3.19), see section 3.10.2 

and references (Roučka et al., 2018; Zymak et al., 2013b). It was determined as 

(99.5 ± 0.2)%, where the error is a conservative error estimate. The error was 

estimated using the equation for the error of an indirect measurement and 

the systematic error 20% of each measurement. We expect that the reaction N+ + H2 

does not have a reaction barrier and no tunnelling effect occurs (Roučka et al., 2020). 

Since the reaction (4.20) is endothermic with a strong temperature dependence and 

since the endothermicity of the reaction is comparable with the difference of energies 

of lowest rotational states of p-H2 and o-H2, it was expected that the rate coefficient of 

the reaction strongly depends on the internal states of the reactants at low 

temperatures. 

The OD– ions were produced in the storage ion source using the mixture of 

N2O and D2. Helium as a buffer gas and neutral reactant H2 were added directly into 

the trap. Due to the leaking D2 from the SIS into the trap, the parasitic reaction (4.1) 

took place. The system of differential Equations (4.4) and (4.5) was modified as 

 
d𝑁OH−

d𝑡
=  −𝑘OD− ∙ 𝑁OH− ∙ [D2] + 𝑘OH− ∙ 𝑁OD− ∙ [H2] ∙ 𝜉, (4.21) 

 
d𝑁OD−

d𝑡
=  −𝑘OH− ∙ 𝑁OD− ∙ [H2] + 𝑘OD− ∙ 𝑁OH− ∙ [D2]/𝜉 (4.22) 

to respect possible mass discrimination, where the factor ξ is close to 1 and it describes 

the detection efficiency of OD– relative to OH–. 

The results of the study are shown in Figure 4.2. In the figure, there is 

the Arrhenius plot of the rate coefficient kOH– of the reaction with normal hydrogen, 

n- H2, and para-enriched hydrogen, e-H2, in the temperature range 15 – 300 K. 

Combination of the Arrhenius equation (1.94) and Equation (3.20) gives us the fitting 

function for the measured temperature dependencies 

 𝑘OH−
n =  0.25 𝑘AOH−

p
∙ exp(

𝑇𝐴
p

𝑇
) + 0.75 𝑘AOH−

o ∙ exp(
𝑇𝐴
o

𝑇
), (4.23) 

for n-H2 and 
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 𝑘OH−
e =  0.995 𝑘AOH−

p
∙ exp(

𝑇𝐴
p

𝑇
) + 0.005 𝑘AOH−

o ∙ exp(
𝑇𝐴
o

𝑇
), (4.24) 

for e-H2, where pkAOH– and okAOH– are prefactors and pTA and oTA are the Arrhenius 

activation temperatures for p-H2 and o-H2, respectively. In the case of this endothermic 

reaction, the activation energy is the rotational energies of reactants H2 and OD– 

subtracted from the reaction endoergicity. In Figure 4.2, these fits are marked as dotted 

lines. Results of the fits are the prefactors pkAOH– and okAOH– and the activation 

temperatures pTA and oTA for p-H2 and o-H2, respectively. The results can be written as 

pkOH– = (17 ± 4)·10–11·e–(230 ± 30)K/T cm3s–1, okOH– = (9 ± 3)·10–
 

11·e–
 

(100 ± 20)K/T cm3s–
 

1, 

where pkOH– and okOH– are rate coefficients of the reaction of OD– with pure p-H2 and 

pure o- H2, respectively (Roučka et al., 2018).  

 

Figure 4.2: Rate coefficient kOH– of reaction of OH– with n-H2 (circles) and e-H2 (squares) versus 

100/T(K–1). Experimental data were fitted by the Arrhenius model (dotted lines) and by a state-specific 

model (solid lines). From fitting by the state-specific model, the endoergicity was found out. The dash-

dotted line is also the state-specific model but with the population of H2 rotational states in equilibrium. 

Arrhenius plot was used for showing the exponential dependence of kOH– on 1/T. Figure adapted from 

reference (Roučka et al., 2018). 

The temperature dependencies of the measured reaction rate coefficients were 

also fitted by a state-specific model, which respects population states of both reactants 

OD– and H2, see solid lines in Figure 4.2. This model also assumes that the reaction 

rate coefficients follow the Arrhenius dependence. Results of this fit were 

the endoergicity of the reaction and the prefactors of p-H2 and o-H2. The endoergicity 
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(25 ± 2) meV from the fit is in good agreement with the value of 24 meV calculated 

from Born-Oppenheimer approximation (Roučka et al., 2018). In Figure 4.2, there is 

also the plotted thermal reaction rate coefficient for rotational states of H2 in thermal 

equilibrium.  

Data were analysed using the collisional temperature T = T22PT + 5 K, where 

T22PT is the nominal temperature of the trap. The errors of the Arrhenius activation 

temperatures for p-H2 and o-H2, the Arrhenius prefactors, and the endoergicity in the 

thesis are the errors due to the temperature uncertainty. They were estimated by data 

analysis using temperatures T+ = T22PT + 10 K and T– = T22PT. 

4.1.3 O– + H2 and O– + D2  

The reactions of O– with H2 and D2 have been studied experimentally using 

the 22PT apparatus and also theoretically by our colleagues from Institute of 

Theoretical Physics, Charles University. The results of this study have been already 

published in reference (Plašil et al., 2017). Both reactions have two exothermic 

channels, the channel of associative detachment and the channel of hydrogen or 

deuterium transfer 

  O− +H2
𝑘H2O
→   H2O+ 𝑒

−,    ∆𝐻0 = −3.57 eV, (4.25) 

                 
𝑘OH−+H
→      OH− +H, ∆𝐻0 =  −0.30 eV, (4.26) 

  O− + D2
𝑘D2O
→   D2O + 𝑒

−,   ∆𝐻0 = −3.65 eV, (4.27) 

                 
𝑘OD−+D
→      OD− + D,  ∆𝐻0 = −0.28 eV. (4.28) 

The reaction enthalpies ΔH0 at 0 K were determined from electron affinities and 

enthalpies of formation of neutrals and corrected for vibrational zero-point energy 

differences for the reaction with D2 (NIST, 2018; Plašil et al., 2017). 

Values of kH2O and kD2O previously measured using drift tubes were at 300 K 

about one third of values of corresponding Langevin coefficients and they were 

decreasing with increasing temperatures, see references (McFarland et al., 1973; 

Viggiano et al., 1991). It is in agreement with the fact that only one potential energy 

surface is directly reactive and the other two are repulsive at thermal energies. 
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At low temperatures in the ground electronic states, a reaction complex 

O–
 (2P) + D2(X

1Σg
+) and also a reaction complex O–(2P) + H2(X

1Σg
+) have three 

accessible electronic states 12A´, 12A´´, and 22A´ (Plašil et al., 2017). In Figure 4.3, 

one- dimensional cuts of calculated potential energy surfaces (PES) of D2O
– and D2O 

are depicted. The PES were calculated by theoreticians K. Houfek, J. Táborský, and 

M. Čížek. In the figure, the unit of the reaction path is Bohr radius a0. Only the lowest 

electronic state 12A´ is reactive at low energies. However, there is a long-living 

metastable complex D2O
–, see a small potential valley around 10 a0. It allows 

nonreactive states 12A´´ and 22A to transit to reactive 12A´ state. At lower 

temperatures, the lifetime of the complex is increasing thus the probability of 

transition is higher which leads to higher values of the reaction rate coefficients. 
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Figure 4.3: Calculated potential energy surfaces (PES) of D2O− and D2O. The reaction path is given in 

Bohr radius a0. At low energies, only the lowest electronic state 12A´ of complex D2O− is reactive. 

Furthermore, its PES crosses the PES of neutral complex D2O. Dashed lines indicate autodetachment 

regions. The most probable is the channel of water production. Another possible channel at low 

temperatures is weakly exothermic production of OD– + D. In our temperature range production of 

OD + D + e– and OD + D– is forbidden. Figure adapted from reference (Plašil et al., 2017). 

The ion O– was produced in the SIS from N2O. For these experiments, normal 

H2 or normal D2 were added into the trap. From decreasing of numbers of the primary 

ion O–, we can determine the total reaction rate coefficient ktot, which is the sum of 

the reaction rate coefficients kH2O and kOH– + H of both reaction channels  
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d𝑁O−

d𝑡
=  −(𝑘H2O + 𝑘OH−+H) ∙ 𝑁O− ∙ [H2] (4.29) 

                           =  −𝑘tot ∙ 𝑁O− ∙ [H2].  

From increasing of numbers of OH– we can determine kOH– + H 

  
d𝑁OH−

d𝑡
=  +𝑘OH−+H ∙ 𝑁O− ∙ [H2]. (4.30) 

Solving Equations (4.29) and (4.30) we get  

 𝑁O−(𝑡) = 𝑁O−(0) · 𝑒
−(𝑘H2O+𝑘OH

−+H)[H2]𝑡 , (4.31) 

 𝑁OH−(𝑡) = 𝑁OH−(0) + 𝑁O−(0) · (1 − 𝑒
−(𝑘H2O+𝑘OH

−+H)[H2]𝑡)
𝑘OH−+H
𝑘tot

.  (4.32) 

These formulas were used for fitting of numbers of trapped ions. Free parameters were 

NO–, NOH–, kH2O, and kOH– + H. Equations (4.29) – (4.32) can be rewritten for 

the reaction O– + D2.  

Figure 4.4 shows the results of measurements compared with previous studies 

using different instruments, with the results of the classical trajectory Monte Carlo 

simulations using the calculated PES, and with Langevin rate coefficients. 

The simulations were made by theoretical physicists Houfek, K., Táborský, J., and 

Čížek, M. Our highest measured values of kH2O and kD2O are about 1.8·10–9 cm3s–1 and 

1.3·10–9 cm3s–1, respectively, at temperatures about 40 K in contrast to our lowest 

measured values of kH2O and kD2O which are about 0.7·10–9 cm3s–1 and 0.5·10–9 cm3s–
 

1, 

respectively, at temperatures about 300 K. Higher values of kH2O and kD2O at lower 

temperatures can be explained by calculated potential energy surfaces in Figure 4.3. 

Our experimental data are in good agreement with computed data and with 

experimental data from drift tube experiments.  

Our newly measured values of reaction rate coefficients are lower in 

comparison with previously measured reaction rate coefficients by the same apparatus 

from reference (Jusko et al., 2015), where kH2O at low temperatures was about 20% 

higher than the Langevin rate coefficient. Higher values of reaction rate coefficients 

in reference (Jusko et al., 2015) were probably caused by inaccurate pressure 

measurement and underestimating the systematic uncertainty. For better accuracy, we 

measured the pressure of H2 or D2 directly in the trap using the SRG. 
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If we compare kH2O and kD2O with each other, we see at low temperatures that 

the measured values of kD2O are higher than the measured values of kH2O. However, 

they are identical within systematic error 20%. It was neither expected from 

the Langevin theory nor from the theoretical results from Monte Carlo simulations. 

The Langevin rate coefficients are 1.56·10–9 cm3s–1 and 1.15·10–9 cm3s–1 for O– + H2 

and O– + D2, respectively. Monte Carlo simulations predict that the ratio kD2O/kH2O is 

about 0.7 in the temperature range 10 – 5000 K. However, the theoretical results are 

in the temperature range 10 – 100 K strongly dependent on the cross section 

extrapolation. 
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Figure 4.4: Temperature dependence of kH2O, kOH– + H, kD2O, and kOD– + D. Full symbols indicate the results 

of our measurements using the 22PT apparatus. For better clarity, error bars are not shown. Statistical 

errors from the fitting procedure are about 10%, a systematic error was estimated as 20%. The error in 

temperature is ±5 K. Stars are the results of measurements using an octopole ion trap at 300 K in our 

laboratory (Jusko et al., 2013b). Other empty symbols show the results of drift-tubes measurements 

from reference (McFarland et al., 1973) (triangles) and reference (Viggiano et al., 1991) (diamonds and 

pentagons). Experimental data are compared with the results from Monte Carlo simulations (lines). 

Dashed lines are theoretical curves which are strongly dependent on the cross section extrapolation. 

The Langevin rate coefficients of O– + H2 and O– + D2 (dash-dotted and dotted lines) are not depicted 

in the whole temperature range for better clarity. Figure adapted from reference (Plašil et al., 2017). 
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4.1.4 O– + HD 

The reaction of O– with HD has been studied using the 22-pole radiofrequency 

ion trap apparatus in the temperature range 16 – 201 K. Some results of the study 

can be seen in reference (Tran et al., 2019). The reaction has three channels 

 O− + HD
𝑘HDO
→   HDO + 𝑒−, ∆𝐻0 =  − 3.61 eV, (4.33) 

                 
𝑘OH−+D
→     OH− + D,          ∆𝐻0 = −0.26 eV, (4.34) 

                 
𝑘OD−+H
→     OD− +H,          ∆𝐻0 =  −0.32 eV. (4.35) 

Reaction enthalpies ΔH0 at 0 K were determined from electron affinities and enthalpies 

of formation of neutrals (NIST, 2018). Endothermic channels of H– + OD production 

and D– + OH production with reaction enthalpies at 0 K ΔH0 = 0.73 eV and 0.80 eV, 

respectively, do not play a role in this low-temperature experiment. 

Isotopic exchange reactions of products of reactions (4.34) and (4.35)  

 OH− +HD
𝑘I
→OD− +H2, ∆𝐻0 = −24.0 meV, (4.36) 

 OD− + HD
𝑘II
→ OH− + D2, ∆𝐻0 = 17.2 meV (4.37) 

(Mulin et al., 2015b) also take place in the trap as parasitic reactions. They were 

included in the model. 

From reactions (4.33) – (4.37) a system of differential equations  

 
d𝑁O−

d𝑡
=  −(𝑘HDO + 𝑘OH−+D + 𝑘OD−+H) ∙ 𝑁O− ∙ [HD], (4.38) 

 

d𝑁OH−

d𝑡
=  +𝑘OH−+D ∙ 𝑁O− ∙ [HD] − 𝑘I ∙ 𝑁OH− ∙ [HD]

+ 𝑘II ∙ 𝑁OD− ∙ [HD], 

(4.39) 

 

d𝑁OD−

d𝑡
=  +𝑘OD−+H ∙ 𝑁OD− ∙ [HD] + 𝑘I ∙ 𝑁OH− ∙ [HD]

− 𝑘II ∙ 𝑁OD− ∙ [HD] 

(4.40) 

can be derived, which described an evolution of numbers of ions O–, OH–, and OD– in 

the trap. The total reaction rate coefficient is the sum of reaction rate coefficients of 

all channels  

 𝑘tot = 𝑘HDO + 𝑘OH−+D + 𝑘OD−+H (4.41) 
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and it can be determined from the decreasing of numbers of the primary ion O–.  

 

Figure 4.5: Example of time evolution of numbers of ions at low temperatures in trap. (a) Measurement 

with the high number density of HD. Measurement with the high number density of HD is used for 

a better determination of the absolute value of ktot. Numbers of O– ions decreases by over two orders of 

magnitude. Time evolutions of products OH– and OD– were also fitted. (b) Measurement with the low 

number density of HD. Decreasing of O– is not as significant as in the case of measurement with higher 

number densities of HD. However, it is sufficient for the determination of ktot. Absolute values of ktot, 

kOH–+D, and kOD–+H determined from this measurement have significant uncertainty due to the uncertainty 

of the determination of the low number density of HD. For determination of [HD], the pressure 

measured by the ionisation gauge was used since the pressure was close to the background pressure of 

the SRG. This uncertainty does not affect the determination of kOH–+D/(kOH–+D + kOD–+H). Figure adapted 

from reference (Tran et al., 2019).  
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For better accuracy of the absolute value of measured ktot, the measurement of 

HD pressure was done by the SRG directly in the trap. An example of measurement 

of fast reaction with the high number density of HD is depicted in Figure 4.5(a). In 

the figure, all the points lie on the fitting curves very well except the number of O– at 

the highest value of t·[HD], which is in a detection limit. The value of this point is 

higher than the trend. It can be caused partly by dark counts and partly by the overlap 

between peaks of the mass spectrum. This background does not influence the fit. 

Measurement with high [HD] is too fast for the determination of kOH–+D and 

kOD–+H. Time before OH– and OD– start to react in the parasitic reactions is close to 

time of thermalisation. Measurements with lower [HD] were done for 

the determination of the ratio kOH–+D/(kOH–+D + kOD–+H), see Figure 4.5(b) and Figure 

4.6. In this case, the HD pressure was measured by the ionisation gauge since 

the pressure was close to the pressure offset of the SRG.  
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Figure 4.6: Temperature dependence of kOH–+D/(kOH–+D + kOD–+H). Data are averages of several 

measurements. Values of kOH–+D/(kOH–+D + kOD–+H) are around 0.5 ± 0.1 and they are 

temperature- independent within errors in the measured range. Since kOH–+D and kOD–+H were determined 

from the same measurements, the systematic inaccuracy of ratio kOH–+D/(kOH–+D + kOD–+H) does not 

depend on the inaccuracy of [HD] determination. 

Thermalisation was studied by changing the ratio of number densities of He as 

a buffer gas and of HD as a neutral reactant. The dependence of measured ktot on [He] 

is depicted in Figure 4.7. The dependence is constant within error bars except for 

the point at the lowest [He]. Very low values of [He] are insufficient for kinetic cooling 
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which leads to lower efficiency of detection. However, such a low value of [He] was 

not used during the standard measurements except for this testing one. The graph also 

shows that there are no significant reactions with impurities contained in helium.  

Currently, we are processing data of measurements. As in the case of reactions 

of O– with H2 and with D2, we expect a flat maximum of ktot of the reaction of O– with 

HD in the temperature range 30 – 50 K. The observed data will be compared with 

theoretical calculations as in the case of reactions of O– with H2 and with D2. 

 

Figure 4.7: Dependence of the reaction rate coefficient ktot on the number densities of helium [He]. 

There was insufficient cooling in the case of the lowest [He]. Except for the point at low [He], the total 

reaction rate coefficient does not depend on the number density of He significantly. The experimental 

parameters are T = (52 ± 5) K and [HD] = 1.16·1011 cm–3. 

4.2 Reactions with positive ions 

This section presents several studies of reactions of positive ions which lead to 

water production in the interstellar media. Using the 22PT apparatus the reaction chain  

 O+
H2
→ OH+

H2
→ H2O

+
H2
→ H3O

+ (4.42) 

and its isotopic variants were studied. Molecules OH+ (Wyrowski et al., 2010), H2O
+, 

and H3O
+ (Gerin et al., 2010; Hollis et al., 1986; Ossenkopf et al., 2010; 

Krełowski et al., 2010; van der Tak et al., 2013) were detected in the ISM. 

Water- production electron recombination of H3O
+, HD2O

+, and D3O
+ was studied 

many times, see references (Andersen et al., 1996; Buhr et al., 2010; Jensen et al., 
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2000) and references therein. Reactions from the chain (4.42) are included in 

astrochemical models (Faure et al., 2019). The motivation for this study is described 

in detail in section 1.4.  

4.2.1 OH+ + H2 

The reaction of OH+ with H2  

  OH+ +H2
𝑘
H2O

+

→    H2O
+ + H, ∆𝐻0 = −1.02 eV, 

(4.43) 

has been studied using the 22-pole radiofrequency ion trap apparatus in 

the temperature range 16 – 300 K. The results of the study have been already 

published (Tran et al., 2018). 

T [N2O](SIS) [H2](SIS) [H2](22PT) [He](22PT) 

15 K < 2.5·109 ~8.6·109 1.0·1011 1.5·1013 

50 K < 1.4·109 ~4.7·109 5.7·1010 8.2·1012 

100 K ~9.8·108 ~3.4·109 4.1·1010 5.9·1012 

200 K ~6.9·108 ~2.3·109 2.9·1010 4.1·1012 

Table 4.1: An example of number densities of neutral gases in the trap during the experiment in units 

of cm–3. Number densities [N2O](SIS) and [H2](SIS) leaking into the trap from the SIS were estimated 

roughly. The pressure calibration for N2O leaking into the 22PT has never been done. For this 

estimation, the calibration coefficient for N2 was used. At low temperatures, [N2O](SIS) is lower than 

estimated values due to the freezing of N2O. Number densities [H2](22PT) and [He](22PT) are number 

densities of gases added into the trap directly. Pressures, which were used for the determination of 

the number densities, were measured by the ionisation gauge. 

The reaction was studied many times before at room temperature by various 

experimental techniques: FA (Fehsenfeld et al., 1967a), ICR (Kim et al., 1975), and 

SIFT (Jones et al., 1981; Shul et al., 1988). The experimental results obtained using 

a variable temperature-selected ion flow tube (VT-SIFT) and the theoretical results 

obtained using the quasiclassical trajectory (QCT) method in the temperature range 

200 – 600 K were published in reference (Martinez Jr et al., 2015). The cross section 

of the reaction was studied theoretically using quantum dynamics (QD) 

by Song et al. (2016a). The theoretical study was done for OH+ and H2 in rotational 

states (JH2 = 0, JOH+ = 0), (JH2 = 1, JOH+ = 0), and (JH2 = 0, JOH+ = 2). Results published 

by Song et al. (2016a) were converted to phenomenological rate coefficients by 

multiplying them with the relative velocity for comparison with our results, see Figure 
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4.15. After the publication of our results of the study, a study of the reaction at low 

temperatures of another scientific group was published (Kumar et al., 2018). 

Kumar et al. (2018) studied the reaction using a 22PT apparatus in the temperature 

range 21 – 155 K. Their experimental results were compared with results of 

ring- polymer molecular dynamics (RPMD) calculations (Kumar et al., 2018). 

The knowledge of the temperature dependence of kOH+ is important for astrochemical 

models (Bacalla et al., 2019; Faure et al., 2019). 

OH+ + H2 → H2O+ + H 

  

  

Figure 4.8: Mass scans at various trapping times. The quadrupole filter was set up to only OH+ pass 

through it and be injected into the trap. The trap was filled by H2 as the reactant and by He as a buffer 

gas. During the time we can see the changes in the ratio of OH+, H2O+, and H3O+. The experimental 

parameters are T = (44 ± 5) K, [He] = 1.8·1013 cm–
 

3, and [H2] = 1.0·1011 cm–3.   

In our experiment, a mixture of ions was produced in the SIS from N2O and H2. 

Before injecting the ions in the trap, they were filtered by the first quadrupole. 

The mass scans at different trapping times are depicted in Figure 4.8. The ion O+ is 

completely filtered out. Since the reaction (4.43) is fast, peaks of H2O
+ and H3O

+ 

produced in the trap appeared already at 6 ms, see Figure 4.8 (a). During typical 

16 17 18 19 20
0.01

0.1

1

H
2
O

+

H
3
O

+

 

N
i/N

i(m
a
x
)

mass (Da)

tt = 6 ms

T
22PT

 = 44 K

OH
+

16 17 18 19 20
0.01

0.1

1

H
3
O

+

H
2
O

+

 

N
i/N

i(m
a
x
)

mass (Da)

tt = 10 ms

T
22PT

 = 44 K

OH
+

16 17 18 19 20
0.01

0.1

1
H

3
O

+
H

2
O

+

 

N
i/N

i(m
a
x
)

mass (Da)

tt = 20 ms

T
22PT

 = 44 K

OH
+

16 17 18 19 20
0.01

0.1

1

H
3
O

+

H
2
O

+

 

N
i/N

i(m
a
x
)

mass (Da)

tt = 50 ms

T
22PT

 = 44 K

OH
+



 

62 

 

measurement, at the first trapping time, after thermalisation of ions, we can already 

see a significant peak of products. Neutral gases, He as a buffer gas and H2 as 

a reactant, were added directly into the trap. Typical number densities of neutrals used 

in our experiment are in Table 4.1. All pressures were measured using the ionisation 

gauge. For checking the accuracy of the pressure measurement, in one experiment we 

added higher partial pressure of H2 into the trap for measurement with the SRG and 

we measured the temperature dependence of the reaction rate coefficient. The result of 

the experiment with higher number densities of H2 is in agreement with the results of 

experiments with lower number densities of H2. 

The reaction (4.43) produces H2O
+ ion, which reacts fast with H2 producing 

H3O
+. The system of differential equations describing the time evolution of numbers 

of ions in the trap is 

 
d𝑁OH+

d𝑡
=  −𝑘H2O+ ∙ 𝑁OH+ ∙ [H2], (4.44) 

 
d𝑁H2O+

d𝑡
=  +𝑘H2O+ ∙ 𝑁OH+ ∙ [H2] − 𝑘H3O+ ∙ 𝑁H2O+ ∙ [H2], (4.45) 

 
d𝑁H3O+

d𝑡
=  𝑘H3O+ ∙ 𝑁H2O+ ∙ [H2], (4.46) 

where kH3O+ represent the rate coefficient of the following reaction H2O
+ + H2. 

An example of time evolution in the trap at low temperatures is depicted in Figure 4.9. 

From a fit, kH2O+ and kH3O+ can be determined. 

In the trap, minor background reactions due to impurities took place. We did 

the measurement of the temperature dependence of the background reactions when 

only He was added into the trap. An example of this measurement is in Figure 4.10. 

The background reactions were significant at high temperatures. Probably, it is mainly 

the reaction with water (Huntress Jr & Pinizzotto Jr, 1973; Lawson et al., 1976). This 

background loss rate was subtracted from the results of measurement with H2.  
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Figure 4.9: Time evolution of numbers of the primary ion OH+ (circles), the products H2O+ (squares) 

and H3O+ (triangles) and the total number of ions (diamonds) at low temperatures. The experimental 

parameters are T = (24 ± 5) K, [H2] = 2.2·1011 cm–3, [He] = 2.4·1013 cm–3. The reaction rate coefficients 

from the fit are kH2O+ = (8.7 ± 0.2)·10–10 cm3s–1 and kH3O+ = (9.3 ± 0.3)·10–10 cm3s–1. The errors are 

the statistical errors. 
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Figure 4.10: Example of measurement without added H2. The reaction rate coefficient of the reaction 

OH+ + H2O is ~3·10–10 cm3s–1 (Anicich, 2003). If we neglacte H2 background, we can estimate number 

density of H2O as ~2·109 cm–3. The total ion number is slightly decreasing. It can be caused by 

the production of other species or discrimination.  
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Figure 4.11: Time evolution of numbers of ions OH+, H2O+, and H3O+ up to longer trapping time 

t = 150 ms. Trapping time is significantly longer than the typical trapping time of other measurements. 

The total number of ions is constant. By this measurement, we checked that there are no other masses 

produced in the trap. Ions OH+ and NH3
+ are not resolved by our detecting system. Ion NH3

+ as 

a background was included in the fitting procedure. The experimental parameters are T = (44 ± 5) K, 

[H2] = 1.0·1011 cm–3, [He] = 1.8·1013 cm–3. The fitted reaction rate coefficients are 

kH2O+ = (8.8 ± 0.4)·10–10 cm3s–1 and kH3O+ = (9.4 ± 0.5)·10–10 cm3s–1. The errors are the statistical errors. 

Reaction rate coefficients are comparable to reaction rate coefficients determined from standard 

measurement.  

Figure 4.11 shows a measurement up to longer trapping time. We did this kind 

of testing measurement to be sure that there was no other background reaction or 

another reaction channel. We saw that at longer trapping times the number of OH+ was 

not decreasing. Remaining ions with mass 17 Da were probably NH3
+ from the SIS. 

The detecting system cannot distinguish these ions from each other. Ion NH3
+ can react 

with H2 producing NH4
+. However, this reaction is very slow in comparison to 

the reaction (4.43) (Rednyk et al., 2019). Ion NH3
+ was included in data analyses of 

some experimental data, see Figure 4.11. 

Several testing measurements were done. The dependence of the reaction rate 

rH2O+ = kH2O+·[H2] on the number density of H2 was measured at T = (257 ± 15) K, see 

Figure 4.12. The experimental results were fitted by a function 

rH2O+(257 K) = (1.26 ± 0.02)·10–9 cm3s–1·[H2] + (–0.4 ± 0.8) s–1. Result of this 
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measurement kH2O+(257 K) = (1.26 ± 0.02)·10–9 cm3s–1 is comparable with the results 

from Figure 4.15. The errors are the statistical errors of the fit. 

We measured the dependence of the reaction rate coefficient kH2O+ on 

the number density of helium at T = (124 ± 5) K as another testing measurement, see 

Figure 4.13. The measured values of kH2O+ agree with each other within 20%. It shows 

that there are no significant reactions with impurities from helium at this temperature. 

The last testing measurement shown in this thesis is the dependence of the reaction 

rate coefficient kH2O+ on the amplitude of the radiofrequency potential of the 22PT, see 

Figure 4.14. As we expected, no dependence was seen. 
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Figure 4.12: The dependence of the reaction rate rH2O+ = kH2O+·[H2] on the number density of H2 at 

T = (257 ± 15) K. Temperature was not stable during the experiment. It is an average temperature and 

the uncertainty ±15 K is a sum of the standard deviation of temperature and uncertainty of temperature 

±5 K which is standardly used in this thesis. The reaction rate coefficients from the fit of the [H2] 

dependence is kH2O+ (257 K) = (1.26 ± 0.02)·10–9 cm3s–1, where the error is the error of the fitting 

procedure. The result is in agreement within an accuracy with other measurements. All pressures of H2 

in the figure were measured directly by the spinning rotor gauge. 
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Figure 4.13: Dependence of kH2O+ on [He] at T = (124 ± 5) K. The dependence found to be small. Lower 

values of kH2O+ in the case of the lowest [He] were probably caused by insufficient cooling. Error bars 

are statistical errors. 
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Figure 4.14: Dependence of kH2O+ on peak to peak amplitude of radiofrequency potential of the 22PT at 

T = (125 ± 5) K. Error bars are statistical errors. 

The temperature dependence of the reaction rate coefficient kH2O+ is depicted 

in Figure 4.15. Values of kH2O+ obtained in experiments with OH+ ions injected into 

the trap were compared with values of kH2O+ obtained from studies of the reactions 

O+ + H2 (Kovalenko et al., 2018; Kovalenko, 2020). In that experiment, O+ ions were 

injected into the trap and the reaction OH+ + H2 was the consequent reaction in the trap 
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(Tran et al., 2018). Our experimental values of kH2O+ were also compared with 

the Langevin rate coefficient, experimental values of kH2O+ obtained using another 

22PT apparatus of another group (Kumar et al., 2018), values of kH2O+ obtained by 

theoretical studies and experimental studies using other techniques, for more details 

see reference (Tran et al., 2018). Values of kH2O+ from reference (Kumar et al., 2018) 

are depicted with the relative uncertainties. Kumar et al. (2018) state that an absolute 

uncertainty of all their points is 20%. Their values of kH2O+ are in agreement with our 

values of kH2O+ within 30%. The shift can be caused by uncertainty of [H2] in both 

experiments. Initial OH+ ions were produced in their experiment in the storage ion 

source by electron impact on water vapour. However, water molecules leaking from 

the reservoir into the trap should not have an effect on higher values of their results, 

since they measured at temperatures 155 K and lower. The results from 

the ring- polymer molecular dynamics calculations predict a slightly higher value of 

kH2O+ at 50 K than at 300 K, both results are very close to kL H2O+ (Kumar et al., 2018). 
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Figure 4.15: Temperature dependence of kH2O+. Our results (full symbols) are compared with results of 

previous experimental studies and theoretical calculations. Circles and squares are the average values 

of kH2O+ which were obtained in experiments with OH+ and O+, respectively, injected into the trap. 

The figure adapted from reference (Tran et al., 2018) was augmented by experimental and theoretical 

data from reference (Kumar et al., 2018). Error bars in T are uncertainty ±5 K. Error bars in T do not 

contain the uncertainty of the average of several measured points. Error bars in kH2O+ contain 

the statistical error and also the uncertainty of the number density caused by the uncertainty in 

the temperature ±5 K. Scales are similar to scales in Figure 4.17 for better comparison. 
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4.2.2 H2O+ + H2 

The reaction of H2O
+ with H2 

has been studied using the 22-pole radiofrequency ion trap apparatus in 

the temperature range 16 – 300 K (Tran et al., 2018). 

The reaction (4.47) was also studied at room temperature by various 

techniques: FA (Fehsenfeld et al., 1967a), ICR (Kim et al., 1975), and 

SIFT (Jones et al., 1981). The reaction rate coefficient was also measured at 300 K 

using a drift chamber mass spectrometer apparatus (Rakshit & Warneck, 1980; 

Rakshit & Warneck, 1981). The reaction was studied at higher temperatures by 

flow- drift tube (FDT) technique (Dotan et al., 1980). Experimental study of 

the reaction using the VT-SIFT apparatus and theoretical study using the QCT method 

in the temperature range 110 – 600 K was published by Ard et al. (2014). The cross 

section of the reaction was studied theoretically using QD by Song et al., (2016b). 

The reaction was recently studied using the trap technique by Kumar et al. (2018) in 

the temperature range 21 – 155 K.  

An example of time evolution of numbers of H2O
+ and H3O

+ in the trap at low 

temperatures is depicted in Figure 4.16. The measurement of this reaction was 

relatively straightforward; there are no other reaction channels or consequent 

reactions. Only minor background reactions took place in the trap at higher 

temperatures, as in the case of the reaction (4.43). The loss rate from the background 

measurement without H2 was subtracted from the results of measurement with H2. 

In Figure 4.17, the temperature dependence of the reaction rate coefficient 

kH3O+ is depicted. In the figure, our experimental values of kH3O+  are compared with 

values of kH3O+ obtained from our previous study of reaction O+ + H2 and the reaction 

OH+ + H2O, see section 4.2.1 and references (Kovalenko et al., 2018; Kovalenko, 

2020; Tran et al., 2018). Our experimental values of kH3O+ were also compared with 

the Langevin rate coefficient, values of kH3O+ obtained using another 22PT apparatus 

of another group (Kumar et al., 2018), other experimental techniques, theoretical 

predictions.  

  H2O
+ + H2

𝑘
H3O

+

→    H3O
+ +  H, ∆𝐻0 = −1.7 eV, 

(4.47) 
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Figure 4.16: Time evolution of numbers of H2O+ and H3O+ at 25 K. Solid lines are fits of decreasing 

numbers of H2O+ (squares) and increasing numbers of H3O+ (triangles). The total number of ions 

(diamonds) is constant which shows, that there are no other background reactions. The experimental 

parameters are T = (25 ± 5) K, [He] = 2.4·1013 cm–3, [H2] = 8.8·1010 cm–3. The reaction rate coefficient 

from the fit is kH3O+ = (1.07 ± 0.03)·10–9 cm3s–1. The error is a statistical error. We also tried to monitor 

the time evolutions of numbers of O+ and OH+. We did not see any O+ ion and the number of OH+ was 

negligible. In this figure, the number of OH+ is below the range of the vertical axis and it was not 

involved in the fitting procedure. 

For comparison, there are values of kH3O+ measured at low temperatures using 

the 22PT instruments: our result is kH3O+ (23 K) = (9.6 ± 2.5)·10–10 cm3s–1, the value 

of kH3O+  published by Kumar et al. (2018) is kH3O+ (21 K) = (15.7 ± 3.1)·10–
 

10 cm3s–
 

1. 

Both uncertainties included statistical errors and systematic uncertainty. Higher 

uncertainty in our experiment is caused by uncertainty of temperature, which we 

consider and which is significant at low temperatures. In contrast to our almost 

constant kH3O+(T), experimental values of kH3O+ published by Kumar et al. (2018) are 

increasing with decreasing temperature in the measured temperature range. As in 

the case of the reaction (4.43), the results from RPMD calculations shows the higher 

value of kH3O+ at lower temperature (50 K) than at higher temperature (100 K), both 

values are again very close to the Langevin rate coefficient. 
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Figure 4.17: Temperature dependence of kH3O+. Our results (full symbols) are compared with results of 

previous studies and theoretical calculations. The figure adapted from reference (Tran et al., 2018) was 

augmented by experimental and theoretical data from reference (Kumar et al., 2018).  

4.2.3 D2O+ + H2 

The reaction of D2O
+ with H2 was studied using the 22PT apparatus as 

a follow-up to of the previously studied reaction (4.47). Faure et al. (2019) considered 

that one way of heavy water production in the gas-phase in the ISM is by the following 

chain of reactions 

 HD2
+
O
→D2O

+
H2
→ HD2O

+
𝑒−

→ D2O. (4.48) 

During the study of the reaction of D2O
+ with H2, except the main HD2O

+ producing 

reaction channel 

 D2O
+ + H2

𝑘
HD2O

+

→     HD2O
+ +  H,  (4.49) 

we also considered the minor channel of H2DO+ production 

  D2O
+ +H2

𝑘
H2DO

+

→     H2DO
+ +  D. (4.50) 

The results of the experimental study of the reaction are in preparation for publication 

(Tran et al., 2020). However, a discussion about minor reactions in the trap is 

described in the present thesis. During our experiment, ions H2DO+ could be produced 

in reactions with impurities. We consider reactions of ions with H2O at higher 
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temperatures (Anicich & Atish, 1998; Smith et al., 1980) which can also produce 

H2DO+. The reaction of the primary ion D2O
+ with H2O has four channels 

  D2O
+ +H2O → HD2O

+ + OH, (4.51) 

                          → H2O
+ + D2O, (4.52) 

                            → HDO+ + HDO, (4.53) 

                            → H2DO
+ + OD. (4.54) 

However, according to reference (Anicich & Atish, 1998), the reaction (4.54) is 

negligible. The product of the main channel (4.49) and the reaction (4.51), HD2O
+, 

also reacts with H2O  

  HD2O
+ +H2O → H2DO

+ +  HDO, (4.55) 

                         → H3O
+ + D2O. (4.56) 

The ion H2DO, reacts with H2O and produces H3O
+ ion 

  H2DO
+ +H2O → H3O

+ + HDO. (4.57) 

Ions HDO+, H2O
+, D3O

+ also react with H2O (Anicich & Atish, 1998).  

During the measurements with longer storage times, the number of D2O
+ does 

not decrease to zero with time. However, our detecting system cannot distinguish 

the primary ion D2O
+ and the product of the second channel of the reaction (4.50) 

H2DO+ due to their similar molecular weights. Mass 20 Da at long trapping times was 

observed. At T < 180 K, numbers of remaining ions with mass 20 Da decrease. Thus 

the production of H2DO+ is caused mainly due to the reaction of HD2O
+ with H2O 

residual gas. It was taken into account. Another source of mass 20 Da may be ND3
+ 

ion or from H2DO+ ion the SIS. The reaction of ND3
+ with H2 is slow thus we 

can neglect NHD3
+ production (Barlow & Dunn, 1987).  
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Figure 4.18: Dependence of the reaction rate coefficient kHD2O+, which was determined from time 

evolution of D2O+, on the number density of D2. D2 is leaking into the trap from the ion source. 

The reaction rate coefficient kHD2O+ is independent on number densities of D2. Increasing [D2] increases 

the production D3O+. However, it is negligible in comparison with the production of HD2O+, thus 

production of D3O+ was not included in the model. The experimental parameters are T = (55 ± 5) K, 

[He] = 5.5·1012 cm–3, [H2] = 7.7·1010 cm–3. Error bars also contain the error caused by uncertainty of 

temperature +5 K. Except this measurement, [H2] in the trap was always at least 20 times higher 

than [D2].  

During the measurements, we also monitored D3O
+. Due to leaking of D2 from 

the SIS to the 22PT, the reaction of D2O
+ with D2  

  D2O
+ + D2 → D3O

+ +  D (4.58) 

can also take place in the trap. However, the number density of D2 in the trap was at 

least 20 times lower than the number density of H2 in the trap, except for testing 

measurements of the dependence of the reaction rate coefficient kHD2O+ on the number 

density of D2, see Figure 4.18. Time evolution of numbers of D3O
+ ion as the product 

of the reaction of D2O
+ with leaking D2 from the SIS to the 22PT is depicted in Figure 

4.19. Increasing of the number of D3O
+ is negligible, see Figure 4.19, thus it is not 

necessary to consider the reaction (4.58). Production of D3O
+ was not included in 

the fitting model. Dependence of the reaction rate coefficient kHD2O+ of the main 

channel on [D2] with constant [H2] is in Figure 4.18. It can be seen that the change in 

the number density of D2 does not affect the measured kHD2O+ significantly. 

The reaction (4.56) is considered to be a negligible background. 
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Figure 4.19: Time evolution of numbers of ions. Except for D2O+ and HD2O+, we also monitored D3O+. 

The number of D3O+ was negligible and we decided not to include it in our fitting model, see discussion 

above. The total number of ions (diamonds) is constant. The experimental parameters are 

T = (51 ± 5) K, [He] = 5.6·1012 cm–3, [H2] = 5.2·1010 cm–3. The value of the reaction rate coefficient 

obtained from the fitting procedure is kHD2O+ = (1.2 ± 0.1)·10–9 cm3s–1. The error is a statistical error. 

We also considered the channel of isotopic transfer  

  D2O
+ +H2 → HDO

+ +  HD (4.59) 

producing HDO+ ions with mass 19 Da. However, the amount of observed mass 19 Da 

was negligible and it was decreasing with temperature. Mass 19 Da corresponding to 

HDO+ or H3O
+ is highly probably the product of reactions with impurities, mainly H2O 

molecules, see reactions (4.53) and (4.52).  

The summary of the discussion of the network of chemical reactions which 

take place in the trap is that we can neglect the isotopic transfer (4.59) and the reaction 

with D2 from the SIS (4.58). The production of H2DO+ is mainly caused by reactions 

with H2O at higher temperatures. We decided to fit time evolution of numbers of D2O
+, 

or rather numbers of mass 20 Da, and numbers of HD2O
+ by fitting functions 

 𝑁D2O+(𝑡) =  𝑁D2O+(0) ∙ 𝑒
−𝑘

HD2O
+∙[H2]∙𝑡 + bg, (4.60) 

 𝑁HD2O+(𝑡) =  𝑁HD2O+(0) + 𝑁D2O+(0) ∙ (1 − 𝑒
−𝑘

HD2O
+∙[H2]∙𝑡) ∙ br, (4.61) 

where bg represents ion numbers of mass 20 Da which are not D2O
+, bg was estimated 

as a constant, br says that HD2O
+ ions are not the only the products from reactions of 
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ions of mass 20 Da and it also includes the mass discrimination. However, 

the experiment showed that values of bg are close to 1. An example of time evolution 

of numbers of ions and their fits is depicted in Figure 4.19. 

From experimental data, we estimated an upper limit for the minor 

channel (4.50) as 4%. The reaction rate coefficient kHD2O+ is constant in the measured 

temperature range.  

4.2.4 D2O+ + D2 

Besides the reactions of H2O
+ with H2 and D2O

+ with H2 we studied another 

isotopic variant, the reaction of D2O
+ with D2 

  D2O
+ + D2

𝑘
D3O

+

→    D3O
+ +  D. (4.62) 

In comparison with the reaction of D2O
+ with H2, the reaction D2O

+ with D2 is more 

straightforward without other reactional channels. However, we have to consider 

reactions of ions with H2O at higher temperatures (Anicich & Atish, 1998; Smith et al., 

1980) which may take place in the trap. The primary ion D2O
+ reacts with H2O, see 

reactions (4.46) – (4.49). The ion product of the reaction (4.62), D3O
+, also reacts with 

H2O (Smith et al., 1980) 

  D3O
+ + H2O → HD2O

+ +  HDO (65%),  (4.63) 

                          → H2DO
+ + D2O (35%)  (4.64) 

with a total rate coefficient k = 2·10–9 cm3s–1 at 300 K (Smith, Adams, & Henchman, 

1980). Ions HDO+, H2O
+, HD2O

+ and H2DO+, the products of the reactions with H2O, 

also react with H2O, which was mentioned in section 4.2.3. For better clarity, 

the chemical network in the trap is depicted in Figure 4.20. 

During the measurements, we also monitored the time evolution of numbers of 

HDO+ and HD2O
+. The amount of HDO+ was in detection limit. A small amount of 

HD2O
+ was observed also at low temperatures. It means that HD2O

+ was not only 

the product of the reactions of D2O
+ and D3O

+ with H2O but it may also be the product 

of the reaction of D2O
+ with HD, which is contained in the D2 bottle. Nevertheless, 

the production of HD2O
+ is insignificant in comparison with the fast main 

reaction (4.62) and it is not included in our models.  
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Figure 4.20: Chemical network in the trap at temperatures higher than 180 K. Except for the main 

reaction D2O+ + D2, the reactions of D2O+ and D3O+ with H2O also take place in the trap at high 

temperatures. These reactions are depicted by solid lines. Products of the reactions with H2O also react 

with H2O (dotted lines). The reaction D2O+ + H2 from section 4.2.3 is depicted by dashed lines. 

The question marks refer to reaction channels which we considered, but the experiment showed that 

these reaction channels are neglected in our experiment. 

The same way as in the case of the reaction (4.49), mass 20 Da corresponds to 

the primary ion D2O
+ and also to H2DO+ or ND3

+, which may be injected into the trap 

from the SIS. Ion H2DO+ can be at higher temperatures produced in the trap from 

the reactions of D2O
+ or D3O

+ with H2O molecules. After a long trapping time, all 

D2O
+ ions react producing D3O

+ and the mass 20 Da which is left is H2DO+ or ND3
+.  

Typical primary data can be seen in Figure 3.7. The time evolutions of numbers 

of D2O
+ and D3O

+ were fitted by functions analogous to Equations (4.60) and (4.61). 

A temperature dependence of kD3O+ from one dataset is depicted in Figure 3.8(b). 

Currently, we prepare the results of the experimental study of the reaction for 

publication (Tran et al., 2020).   
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Summary 

The present thesis is a summary of several experimental studies of reactions of 

ions with neutral molecules, specifically with molecular hydrogen, H2, and its 

isotopologue HD and D2, in the gas-phase at temperatures relevant for astrophysics. 

The work is focused on reactions leading to water production in interstellar space. All 

studies were carried out using the 22-pole ion trap apparatus. I participated in all parts 

of experimental research: measurements, data analysis and the preparation of results 

for publication. 

The only main studied reaction in this work which is endothermic is 

the isotope-exchange reaction OD– + H2. The reaction rate coefficient was measured 

with normal hydrogen and also with para-enriched hydrogen. The rate coefficient of 

the reaction is sensitive to the nuclear spin state of the hydrogen molecule as we 

expected. The fitted reaction endoergicity (25 ± 2) meV is in good agreement with 

the value of 24 meV calculated from Born-Oppenheimer approximation. Measured 

data for normal H2 and for para-enriched H2 were fitted by the Arrhenius function 

which led to the reaction rate coefficient pkOH– = 17·10–11·exp(–230 K/T) cm3s–1 for 

p- H2 and okOH– = 9·10–11·exp(–100 K/T) cm3s–1 for o-H2. During the study of 

the reaction, I played a major role in operating the para-hydrogen generator.  

I would also like to point out that I cooperated with the group of 

Prof. Roland Wester. After testing the lifetime of para-enriched hydrogen in 

the polytetrafluorethylene bottle, I prepared e-H2, added it into the bottle and brought 

it to the laboratory of Prof. Roland Wester, where e-H2 was used as a buffer gas for 

rotational cooling of OH–. 

For better understanding an isotopic effect in these reactions, a next step can be 

the study of the exothermic inverse reaction of OH– with HD, which produce OD– and 

H2, and its endothermic isotopic variant OD– + HD, which produce OH– and D2.  

Reactions of O– with H2, D2, and HD were studied in collaboration of our group 

with theoretical physicists Houfek, K., Táborský, J., and Čížek, M. from Institute of 

Theoretical Physics. The present thesis contains an overview of the already published 

results of the study of reactions of O– with H2 and D2 and some results of the study of 

O– with HD which is in preparation for publication. The measured values of reaction 

rate coefficients kH2O and kD2O of main channels of reactions O– + H2 and O– + D2 at 
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room temperature are about 1/3 of the values of the corresponding Langevin 

coefficients. At temperatures about 40 K, the values of measured kH2O and kD2O are 

close to the corresponding Langevin coefficients. It is in good agreement with potential 

energy surfaces calculated by the theoretical physicists. These results show 

the possibility of the long-living collisional H2O
– complex at low temperatures which 

allows nonreactive states 12A´´ and 22A to transit to reactive 12A´ state. In the case of 

O– + HD, values of the isotopic branching ratio kOH–+D/(kOH–+D + kOD–+H) are around 

0.5 ± 0.1. 

Another field of study was the water-producing sequence of reactions of 

cations with H2 and D2. An experimental study of reactions of O+ with H2, D2, and HD 

was carried out using the 22PT apparatus and it is a part of another Ph.D. thesis 

(Kovalenko, 2020). In present thesis, the results of the published study of OH+ + H2 

and H2O
+ + H2 are shown, which was a part of my project GAUK 1584217. Therefore, 

I was a leading person of the experiments. In contrast with the article, the thesis is 

supplemented with a detailed description of the measurement processes and 

unpublished testing measurements in the case of the study of the reaction OH+ + H2, 

and comparison of our results with newly published results of another group 

(Kumar et al., 2018). 

The thesis contains an introduction to the study of reactions D2O
+ + H2 and 

D2O
+ + D2 which I currently prepare for publication. Values of the rate coefficient 

kHD2O+ of the reaction D2O
+ + H2 are very close to values of kH3O+. Values of the rate 

coefficient kD3O+ of the reaction D2O
+ + D2 are approximately two thirds of kH3O+ or 

kHD2O+.  

This work contains the experimental study of two pathways of water 

production in the gas-phase and it is interesting to compare them. The UMIST database 

for astrochemistry (McElroy et al., 2013) predicts that the abundance of O– in dark 

clouds is three orders lower than the abundance of O+ and is four orders lower in than 

the abundance of OH+. If we compare only values of rate coefficients of reactions with 

hydrogen at the lowest measuring temperature, we get 

kH2O(18 K) = (1.1 ± 0.4)·10–
 

10 cm3s–1 for water production by the reaction of O– with 

H2, kH2O+(17 K) = (0.8 ± 0.2)·10–10 cm3s–1 and kH3O+(17 K) = (0.9 ± 0.2)·10–
 

10 cm3s–1 

for H2O
+ and H3O

+ production by reactions of OH+ and H2O
+ with H2, respectively. 

All reactions are highly exothermic and rapid processes. Nevertheless, the reaction of 
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O– with H2 can produce H2O directly and note that the ratio kH2O/kOH–  +H is about 98% 

at 18 K. In contrast to O– + H2, water production by positive ions is a combination of 

the chain of reactions of positive ions with H2 and the following-up electron 

recombination of H3O
+. The chain can be destroyed by the rapid dissociative electron 

recombination of OH+ or H2O
+. Moreover, the experimental results from references 

(Andersen et al. 1996; Jensen et al. 2000) show that the water production channel is 

not a dominant channel of the dissociative electron recombination of H3O
+. We 

consider that in some conditions the reaction O– with H2 is a significant 

water- producing reaction in interstellar space. 

There are astrochemical models of OH+, H2O
+, and H3O

+ in interstellar space, 

for example reference (Hollenbach et al., 2012). Nevertheless, the reaction rate 

coefficients used in these models are assumed as constants independent on 

temperature. There are also models of astrochemical networks of detected negative 

ions, for example reference (Walsh et al., 2009). However, anions are still “exotic” in 

the field of astrochemistry. To my knowledge, there are no comparisons between water 

production from anions and cations. I recommend adding our measured reaction rate 

coefficient into the astrochemical models, which will help to improve 

the understanding of chemical evolution in the ISM. 
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from (a) and from (b) is less than 20%. ...................................................................42 

Figure 3.8: Temperature dependence of rate coefficient kD3O+ of reaction of D2O
+ with 

D2. (a) The data analysis using the nominal temperature of the trap T = T22PT. The error 

bars in kD3O+ contain the statistical error from the fitting procedure and the statistical 

error from the pressure measurement by the spinning rotor gauge. (b) The data 

analysis using the estimated collisional temperature T = T22PT + (5 ± 5) K. The error 

bars in kD3O+ contain the statistical error from the fitting procedure, the statistical error 

from the pressure measurement by the spinning rotor gauge and also the uncertainty 

caused by the ±5 K uncertainty in the temperature. ..............................................43 

Figure 3.9: Temperature dependence of rate coefficient kD3O+ of the reaction of D2O
+ 

with D2. (a) The number density was determined using the calibration coefficient and 

a partial pressure of D2 measured by the ionisation gauge. (b) The number density was 

determined using a partial pressure of D2 measured by the SRG. .............................44 

Figure 4.1: Arrhenius plot of the rate coefficient of the reaction (4.2). Red circles are 

raw data, which were published by Mulin et al. (2015b). Blue squares are data shifted 
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on temperature and multiplied by the factor 𝑇22PT +  5 K /𝑇22PT, which considers 

different values of number densities of H2 due to shifted temperatures. Shifted data 

(blue squares), were fitted by the function kOH– = (7.7 ± 0.5)·10– 11·exp[(–

100 ± 10) K/(T22PT + 5 K)] cm3s–1 by the Levenberg-Marquardt method using 

program OriginPro 9.0, where errors are statistical errors of the fit. Fitting of raw data 

(red circles) shows similar results since the values at higher temperatures have larger 

weight in the fitting process. Figure adapted from reference (Tran et al., 2017). ......49 

Figure 4.2: Rate coefficient kOH– of reaction of OH– with n-H2 (circles) and e-H2 

(squares) versus 100/T(K–1). Experimental data were fitted by the Arrhenius model 

(dotted lines) and by a state-specific model (solid lines). From fitting by the state-

specific model, the endoergicity was found out. The dash-dotted line is also the state-

specific model but with the population of H2 rotational states in equilibrium. Arrhenius 

plot was used for showing the exponential dependence of kOH– on 1/T. Figure adapted 

from reference (Roučka et al., 2018). ......................................................................51 

Figure 4.3: Calculated potential energy surfaces (PES) of D2O
− and D2O. The reaction 

path is given in Bohr radius a0. At low energies, only the lowest electronic state 12A´ 

of complex D2O
− is reactive. Furthermore, its PES crosses the PES of neutral complex 

D2O. Dashed lines indicate autodetachment regions. The most probable is the channel 

of water production. Another possible channel at low temperatures is weakly 

exothermic production of OD– + D. In our temperature range production of OD + D 

+ e– and OD + D– is forbidden. Figure adapted from reference (Plašil et al., 2017). .53 

Figure 4.4: Temperature dependence of kH2O, kOH– + H, kD2O, and kOD– + D. Full symbols 

indicate the results of our measurements using the 22PT apparatus. For better clarity, 

error bars are not shown. Statistical errors from the fitting procedure are about 10%, 

a systematic error was estimated as 20%. The error in temperature is ±5 K. Stars are 

the results of measurements using an octopole ion trap at 300 K in our laboratory 

(Jusko et al., 2013b). Other empty symbols show the results of drift-tubes 

measurements from reference (McFarland et al., 1973) (triangles) and reference 

(Viggiano et al., 1991) (diamonds and pentagons). Experimental data are compared 

with the results from Monte Carlo simulations (lines). Dashed lines are theoretical 

curves which are strongly dependent on the cross section extrapolation. The Langevin 

rate coefficients of O– + H2 and O– + D2 (dash-dotted and dotted lines) are not depicted 
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in the whole temperature range for better clarity. Figure adapted from reference (Plašil 

et al., 2017). ............................................................................................................55 

Figure 4.5: Example of time evolution of numbers of ions at low temperatures in trap. 

(a) Measurement with the high number density of HD. Measurement with the high 

number density of HD is used for a better determination of the absolute value of ktot. 

Numbers of O– ions decreases by over two orders of magnitude. Time evolutions of 

products OH– and OD– were also fitted. (b) Measurement with the low number density 

of HD. Decreasing of O– is not as significant as in the case of measurement with higher 

number densities of HD. However, it is sufficient for the determination of ktot. 

Absolute values of ktot, kOH–+D, and kOD–+H determined from this measurement have 

significant uncertainty due to the uncertainty of the determination of the low number 

density of HD. For determination of [HD], the pressure measured by the ionisation 

gauge was used since the pressure was close to the background pressure of the SRG. 

This uncertainty does not affect the determination of kOH–+D/(kOH–+D + kOD–+H). Figure 

adapted from reference (Tran et al., 2019). ..............................................................57 

Figure 4.6: Temperature dependence of kOH–+D/(kOH–+D + kOD–+H). Data are averages of 

several measurements. Values of kOH–+D/(kOH–+D + kOD–+H) are around 0.5 ± 0.1 and 

they are temperature- independent within errors in the measured range. Since kOH–+D 

and kOD–+H were determined from the same measurements, the systematic inaccuracy 

of ratio kOH–+D/(kOH–+D + kOD–+H) does not depend on the inaccuracy of [HD] 

determination. .........................................................................................................58 

Figure 4.7: Dependence of the reaction rate coefficient ktot on the number densities of 

helium [He]. There was insufficient cooling in the case of the lowest [He]. Except for 

the point at low [He], the total reaction rate coefficient does not depend on the number 

density of He significantly. The experimental parameters are T = (52 ± 5) K and 

[HD] = 1.16·1011 cm–3. ...........................................................................................59 

Figure 4.8: Mass scans at various trapping times. The quadrupole filter was set up to 

only OH+ pass through it and be injected into the trap. The trap was filled by H2 as 

the reactant and by He as a buffer gas. During the time we can see the changes in 

the ratio of OH+, H2O
+, and H3O

+. The experimental parameters are T = (44 ± 5) K, 

[He] = 1.8·1013 cm– 3, and [H2] = 1.0·1011 cm–3. ......................................................61 
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Figure 4.9: Time evolution of numbers of the primary ion OH+ (circles), the products 

H2O
+ (squares) and H3O

+ (triangles) and the total number of ions (diamonds) at low 

temperatures. The experimental parameters are T = (24 ± 5) K, [H2] = 2.2·1011 cm–3, 

[He] = 2.4·1013 cm–3. The reaction rate coefficients from the fit are 

kH2O+ = (8.7 ± 0.2)·10–10 cm3s–1 and kH3O+ = (9.3 ± 0.3)·10–10 cm3s–1. The errors are 

the statistical errors. ................................................................................................63 

Figure 4.10: Example of measurement without added H2. The reaction rate coefficient 

of the reaction OH+ + H2O is ~3·10–10 cm3s–1 (Anicich, 2003). If we neglacte H2 

background, we can estimate number density of H2O as ~2·109 cm–3. The total ion 

number is slightly decreasing. It can be caused by the production of other species or 

discrimination. ........................................................................................................63 

Figure 4.11: Time evolution of numbers of ions OH+, H2O
+, and H3O

+ up to longer 

trapping time t = 150 ms. Trapping time is significantly longer than the typical 

trapping time of other measurements. The total number of ions is constant. By this 

measurement, we checked that there are no other masses produced in the trap. Ions 

OH+ and NH3
+ are not resolved by our detecting system. Ion NH3

+ as a background 

was included in the fitting procedure. The experimental parameters are T = (44 ± 5) K, 

[H2] = 1.0·1011 cm–3, [He] = 1.8·1013 cm–3. The fitted reaction rate coefficients are 

kH2O+ = (8.8 ± 0.4)·10–10 cm3s–1 and kH3O+ = (9.4 ± 0.5)·10–10 cm3s–1. The errors are 

the statistical errors. Reaction rate coefficients are comparable to reaction rate 

coefficients determined from standard measurement. ..............................................64 

Figure 4.12: The dependence of the reaction rate rH2O+ = kH2O+·[H2] on the number 

density of H2 at T = (257 ± 15) K. Temperature was not stable during the experiment. 

It is an average temperature and the uncertainty ±15 K is a sum of the standard 

deviation of temperature and uncertainty of temperature ±5 K which is standardly used 

in this thesis. The reaction rate coefficients from the fit of the [H2] dependence is 

kH2O+ (257 K) = (1.26 ± 0.02)·10–9 cm3s–1, where the error is the error of the fitting 

procedure. The result is in agreement within an accuracy with other measurements. All 

pressures of H2 in the figure were measured directly by the spinning rotor gauge. ...65 

Figure 4.13: Dependence of kH2O+ on [He] at T = (124 ± 5) K. The dependence found 

to be small. Lower values of kH2O+ in the case of the lowest [He] were probably caused 

by insufficient cooling. Error bars are statistical errors. ...........................................66 
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Figure 4.14: Dependence of kH2O+ on peak to peak amplitude of radiofrequency 

potential of the 22PT at T = (125 ± 5) K. Error bars are statistical errors. ................66 

Figure 4.15: Temperature dependence of kH2O+. Our results (full symbols) are 

compared with results of previous experimental studies and theoretical calculations. 

Circles and squares are the average values of kH2O+ which were obtained in 

experiments with OH+ and O+, respectively, injected into the trap. The figure adapted 

from reference (Tran et al., 2018) was augmented by experimental and theoretical data 

from reference (Kumar et al., 2018). Error bars in T are uncertainty ±5 K. Error bars 

in T do not contain the uncertainty of the average of several measured points. Error 

bars in kH2O+ contain the statistical error and also the uncertainty of the number density 

caused by the uncertainty in the temperature ±5 K. Scales are similar to scales in 

Figure 4.17 for better comparison. ..........................................................................67 

Figure 4.16: Time evolution of numbers of H2O
+ and H3O

+ at 25 K. Solid lines are fits 

of decreasing numbers of H2O
+ (squares) and increasing numbers of H3O

+ (triangles). 

The total number of ions (diamonds) is constant which shows, that there are no other 

background reactions. The experimental parameters are T = (25 ± 5) K, 

[He] = 2.4·1013 cm–3, [H2] = 8.8·1010 cm–3. The reaction rate coefficient from the fit is 

kH3O+ = (1.07 ± 0.03)·10–9 cm3s–1. The error is a statistical error. We also tried to 

monitor the time evolutions of numbers of O+ and OH+. We did not see any O+ ion and 

the number of OH+ was negligible. In this figure, the number of OH+ is below 

the range of the vertical axis and it was not involved in the fitting procedure. .........69 

Figure 4.17: Temperature dependence of kH3O+. Our results (full symbols) are 

compared with results of previous studies and theoretical calculations. The figure 

adapted from reference (Tran et al., 2018) was augmented by experimental and 

theoretical data from reference (Kumar et al., 2018). ...............................................70 

Figure 4.18: Dependence of the reaction rate coefficient kHD2O+, which was determined 

from time evolution of D2O
+, on the number density of D2. D2 is leaking into the trap 

from the ion source. The reaction rate coefficient kHD2O+ is independent on number 

densities of D2. Increasing [D2] increases the production D3O
+. However, it is 

negligible in comparison with the production of HD2O
+, thus production of D3O

+ was 

not included in the model. The experimental parameters are T = (55 ± 5) K, 

[He] = 5.5·1012 cm–3, [H2] = 7.7·1010 cm–3. Error bars also contain the error caused by 
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uncertainty of temperature +5 K. Except this measurement, [H2] in the trap was always 

at least 20 times higher than [D2]. ...........................................................................72 

Figure 4.19: Time evolution of numbers of ions. Except for D2O
+ and HD2O

+, we also 

monitored D3O
+. The number of D3O

+ was negligible and we decided not to include it 

in our fitting model, see discussion above. The total number of ions (diamonds) is 

constant. The experimental parameters are T = (51 ± 5) K, [He] = 5.6·1012 cm–3, 

[H2] = 5.2·1010 cm–3. The value of the reaction rate coefficient obtained from 

the fitting procedure is kHD2O+ = (1.2 ± 0.1)·10–9 cm3s–1. The error is a statistical error.
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Figure 4.20: Chemical network in the trap at temperatures higher than 180 K. Except 

for the main reaction D2O
+ + D2, the reactions of D2O

+ and D3O
+ with H2O also take 

place in the trap at high temperatures. These reactions are depicted by solid lines. 

Products of the reactions with H2O also react with H2O (dotted lines). The reaction 

D2O
+ + H2 from section 4.2.3 is depicted by dashed lines. The question marks refer to 

reaction channels which we considered, but the experiment showed that these reaction 

channels are neglected in our experiment. ...............................................................75 
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