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Abstrakt: V práci jsou prezentovány výsledky experimentálního výzkumu reakcí s 

rozlišením kvantových H
+
 + H2(J) a N

+
(

3
PJa) + H2(J) při teplotách v rozsahu 10 – 100 K 

s použitím aparatury s 22-pólovou pastí. Uvedené reakce jsou důležité pro tvorbu H3
+
 a 

amoniaku v mezihvězdném prostoru. Pro zjištění teploty zachycených iontů byla provedena 

kalibrační měření Dopplerova rozšíření spektrálních čar pomocí laserem indukované reakce 

N2
+
 + Ar → Ar

+
 + N2 a měření rychlostní konstanty ternární asociace He

+
 + 2He → He2

+
 + He. 

Byl studován ternární i radiativní kanál reakce H
+
 + H2(J) při koncentraci vodíku 10

12
 - 10

14
 

cm
-3

 a 10
11

 - 10
12

 cm
-3

. Teplotní závislosti změřené při teplotách 11 - 33 K ukazují značnou 

roli rotační energie H2. Výsledky nemohou být vysvětleny pomocí existující teorie stabilizace 

srážkových komplexů. Z měření rychlostní konstanty reakce N
+
(

3
PJa) + H2(J) pří různých 

hodnotách frakcí H2 v jaderně-spinovém stavu ortho je viditelná závislost na vnitřní energii 

obou reaktantů. Byly vyhodnoceny specifické rychlostní konstanty reakce N
+
 

s molekulárním vodíkem pro různé kvantové stavy. Byl navržen adiabatický a srážkový 

model stabilizace jemné struktury iontů N
+
(

3
PJa). 
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Abstract: In this work are presented results of the experimental study of state selected 

reactions of H
+
 and N

+
(

3
PJa) ions with molecular hydrogen H2(J = 0, 1) at temperatures in the 

range 10 – 100 K using 22-pole rf ion trap apparatus. These reactions are important for the 

formation of interstellar trihydrogen cations and ammonia. To determine the temperature 

of ions, calibration measurements of the Doppler broadening of spectral lines using N2
+
 + Ar 

→ Ar
+
 + N2 laser induced reaction and rate of the ternary association He

+
 + 2He → He2

+
 + 

He were performed. Both ternary and radiative channels of the H
+
 + H2(J) association 

reaction were observed at hydrogen number densities in the range 10
12

 – 10
14

 cm
-3

 and 10
11

 

– 10
12

 cm
-3

 respectively. Obtained temperature dependences at 11 – 33 K demonstrate 

substantial role of the H2 rotational energy, results cannot be explained with the existed 

theories of the stabilization of collisional complexes. Measurements of the rate coefficient 

of N
+
(

3
PJa) + H2(J) reaction at different ortho fractions of H2 show dependence on internal 

energy of both reactants. State specific rate coefficients of the reaction of nitrogen and 

hydrogen ions were derived. The adiabatic model and collisional relaxations of N
+
(

3
PJa) fine 

structure levels were considered. 

Keywords: state selected ion – molecular reactions, ortho and para spin nuclear 
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Introduction 

In the present doctoral thesis results of the research performed during PhD 

studies of the author at the Charles University in Prague, Mathematics and Physics 

Faculty, Department of Surface and Plasma Science are given. 

Main attention is paid to studies of interactions of H+ and N+(3
PJa) ions with 

molecular hydrogen at low temperatures, when only a few lowest energy levels are 

populated. Formation of complex ions in hydrogen rich environment at cryogenic 

temperatures is an essential problem for astrochemistry. Previous theoretical 

calculations and experiments at energies typical for interstellar medium are not 

comprehensive. 

Investigation of the temperature dependence of H+ + H2(J) reaction in the 

wide range of number densities of the neutral gas at temperatures 11 – 33 K was 

performed with an aim to improve the understanding of ternary and binary 

radiative channels of the stabilization of collisional (H3
+)* complex. In experiments 

with hydrogen in different nuclear spin states relation between internal energies of 

reactants and third particles and probability of collisional stabilization was 

observed. Obtained results do not correspond to previous the simple statistical 

model [Herbst 1979]. 

Detailed measurements of the rate of N+(3
PJa) + H2(J) reaction in the range of 

temperatures 10 – 100 K at various relative populations of the first two rotational 

states of H2(J = 0, 1) show significant dependence of the reactivity on the angular 

momentum of H2 and fine structure (spin – orbit coupling) of the N+(3
PJa).  

This work is divided into four chapters. 

Chapter 1 presents introductive theoretical information about ion – molecular 

reactions of hydrogen in the interstellar medium, structure of simple hydrogen-

containing species, correlation between nuclear spin state and rotational energy of 

molecular hydrogen. The short overview of experimental techniques was also 

included. Importance of studied reactions for astrochemistry is discussed. Brief 

history of theoretical and empirical studies of the problem and outlined applicability 

of results of the work is given. Argumentation for using the trapping technique for 
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experiments at low volume number densities of the gas and cryogenic 

temperatures are noted in this chapter. 

Chapter 2 is devoted to the description of the experimental technique. Performed 

in the context of the present work improvements of the 22-pole rf ion trap 

apparatus aimed to improve accuracy and minimize time of measurements for 

reactions with light ions at low temperatures are clarified. Alternations of the 

configuration of experimental facilities for different reactions are discussed. Special 

attention is paid to the problem of stability of the fractions of hydrogen in different 

nuclear spin states. 

Chapter 3 gives results of experimental examination of the translational 

temperature of confined ions. The temperature is measured using known 

temperature dependence of the ternary association reaction He+ + 2 He → He2
+ + 

He and from the Doppler broadening of spectral lines obtained with the laser 

induced charge transfer reaction N2
+ + Ar → Ar+ + N2. The chapter also includes 

information about measurements of the fraction of hydrogen molecules in the 

ortho nuclear spin state in the para enriched mixture. For this purpose the 

temperature dependent N+(3
PJa) + H2(J) reaction and equilibrium value of the H2D+ 

to H3
+

 number ratio are used. 

Chapter 4 contains results of detailed measurements of the temperature 

dependencies of H+ + H2(J) and N+(3
PJa) + H2(J) reactions. Ternary and radiative 

mechanisms of the reaction of H+ ions with hydrogen are studied separately at 

temperature of 11 – 33 K, with a special regard to analysis of the relation between 

rotational energy of the H2 molecule and the probability of the stabilization of 

(H3
+)* complexes. Investigation of the reaction of N+(3

PJa) with H2 is intended to 

study a role of the fine structure of nitrogen ions for the adiabatic model and 

collisional relaxation of internal states. Obtained results are given in a form typical 

for astrochemical applications. 

In appendixes the list of publications (Appendix A), C++ code of the application for 

the statistical processing of data (Appendix B) and selected publications (Appendix 

C) are given. 
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Goals of the thesis 

The first goal of the presented work was preparation of technical facilities 

for the studies of ion–molecular reactions with hydrogen at low temperatures. For 

this purpose the existed 22-pole rf ion trap machine was transported to the 

laboratory and optimized for experiments with light ions at temperature 10 K and 

higher. 

The main aim of the experimental investigations was the study of the 

reaction of H+ ions with molecular hydrogen in different nuclear spin states at 

temperatures in range of 11 – 45 K. 

Another important task was the determination of the kinetic temperature of 

trapped ions using N2
+ + Ar and He+ + 2 He, as well as ortho fraction in para enriched 

hydrogen with N+(3
PJa) + H2(J) and H3

+ + HD reactions. 

One more goal of the work was the determination of the role of fine 

structure energy of N+(3
PJa) ions in N+(3

PJa) + H2(J) reaction at temperatures above 

25 K. These measurements were needed to explain inconsistence between previous 

experimental results and theoretical models. 
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1 Ion-molecular reactions of interstellar relevance 

1.1 Conditions at the interstellar medium 

The hydrogen is the most common element both in the stars and interstellar 

matter. It is important to study its part in astrochemical reactions in the interstellar 

medium (ISM) and atmospheres of the large planets, its role in the star formation 

and processes in the early universe. Simplicity of the H2 structure that consists of 

just a two protons with covalent bond, turn it into a probe for any theoretical model 

of chemical reactions. The main parts of the observed ISM are interstellar diffuse 

and dense molecular clouds, with common temperatures 50 – 100 K and tens of 

kelvins, respectively [Herbst 2001]. Analyses of conditions one can apply to these 

two types of interstellar formations. As far as the major part of the ISM is partially 

ionized gas (the ion to neutral ratio in the diffuse and dense interstellar clouds is in 

the range of 10-8 – 10-6 [Geballe & Oka 1996, Herbst 2000]), studies of gas-phase 

ion-molecular reactions are important. 

The molecular hydrogen was detected in electronic absorption spectra of ξ 

Persei in dark dust clouds for the first time. It is the second abundant species in the 

ISM (the column density is 1.3⋅1020 cm-2) after the atomic hydrogen (4.2⋅1020 cm-2) 

[Carruthers 1970, McCall et al. 1998], the third is helium (neutral hydrogen to 

helium densities ratio is [H2]/[He] ≈ 16 [Green et al. 1990, Izmodenov et al. 2003]). 

The H2 molecule is present in para (p-H2) with total angular momentum quantum 

number J = 0) and ortho (o-H2) (J = 1) (see also subsection 1.5) nuclear spin states. 

Conversion between the nuclear spin states is not spontaneous. In interstellar 

conditions, it is typically performed by the H+ + H2 inelastic collisions in gas phase 

[Gerlich 1990] and on surface of dust gains. As was reported in [Shull and Beckwith 

1982] molecular hydrogen also plays significant role in the collisional and radiative 

heat transfer in interstellar clouds, namely in cold ( ∼ 100 K) diffuse clouds. Due to 

the radiative or dissociative cooling and cosmic-ray heating, the average 

temperature of molecular clouds is ∼ 10 K in the center and up to 100 K in outer 

regions. Measurements of chemical reactions of hydrogen and its ions should be 

provided in this range of temperatures. 
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Since one of the very first mass spectroscopic measurements made by Sir J.J. 

Thomson [1911] the trihydrogen cation was discovered. It was found as the most 

abundant ion of hydrogen in hydrogen plasma in laboratory conditions [Oka 2006]. 

Search for H3
+ in the ISM had been started when the possibility to observe the H3

+ 

spectrum in the molecular clouds was suggested in Martin et al. [1961]. Using 

infrared spectroscopy the interstellar H3
+ ion was first detected in the dense 

molecular [Oka 1992] and diffuse interstellar clouds [McCall et al. 1998]. The 

measured in absorption spectra of young stellar object H3
+ to molecular hydrogen 

ratio is �H��� �H��⁄ ≈ 2 ∙ 10� [Geballe and Oka 1996]. 

The H+ ions are supposed to be abundant at the interstellar medium because 

of the high probability of their formation as the result of the cosmic-ray ionization 

of H and H2. Nevertheless, direct observation of distinct protons with the 

spectroscopic methods is impossible, due to the lack of electronic transitions. The 

H+ number density and temperature cannot be measured using spectroscopic 

methods. 

 

 

1.2 Important reactions of hydrogen ions relevant to astrochemistry 

The ratio of ion to neutral number density in interstellar clouds is typically 

less than 10-6 (see subsection 1.1.). However, cross section of ion – neutral collisions 

��� is higher than neutral – neutral, due to Coulomb interaction between charged 

and polarized particles. The cross section value given by the Langevin theory (��) is: 

�� = �2����� �⁄ 	, (1.2.1) 

where �� is a permittivity of free space, α is the polarizability of a nonpolar 

molecule, µ is reduced mass of interacting particles and e is charge of electron 

(more detailed information may be found elsewhere, for example [Eichelberger et 

al. 2003]). Part of inelastic collisions that may result in chemical reactions is 

normally greater for ion – neutral interactions because of higher available energy. 

Thus, reactions of ions with neutral species are essential for ISM. 

The reaction of the molecular hydrogen ion H2
+ with the neutral H2 that 

leads to formation of the trihydrogen cations is one of the typical reactions in the 



- 9 - 
 

ISM. It is assumed that H3
+ ions are very important ion for interstellar chemical 

processes [Oka 2006, Herbst 2000]. Its intermediate role in the formation of 

complex ions [McCall et al. 1998]: 

H�� + � → H�� + H�, H�� +  → � � + H, 
� � + � → ⋯, 

(1.2.2) 

is very significant for the formation of polyatomic structures.  

The reaction of H3
+ ions with atomic oxygen corresponds to the sequence 

(1.2.2) and it is responsible for the formation of the interstellar water and OH� 

cation, which initiates another chain of reaction: 

H�� + O → OH� + H�, 
OH� + H� → ⋯ → H�O� + � → # H�O + HOH + H� 2H	⁄O + H� + H . 

(1.2.3) 

(1.2.4) 

Other reactions of H3
+ with atoms, such as formation of hydrocarbons (1.2.5) or 

ammonia (1.2.6) 

H�� + C → CH� + H� or H�� + C → CH�� + H, (1.2.5) 

H�� + N → ⋯ → NH'� ()*+ NH� + H, (1.2.6) 

are subjects of interest [McCall et al. 1998]. 

The H�D� ion is formed in the isotopic exchange of the H3
+ ion with HD  

H�� + HD → H�D� + H�. (1.2.7) 

 The temperate dependence of the reverse reaction of H2D+ ions  

H�D� + H�-. = 0, 1/ → H�� + HD, (1.2.8) 

is different. Thus, equilibrium �H�D�� �H���⁄  ratio can be used as a probe of the 

ortho hydrogen fraction, if the temperature of the matter and HD abundance 

(�HD� �H��⁄  ration) are known [Gerlich at al. 2002, Hugo et al. 2009]. 

 

 

1.3 Structure of the H3
+
 ion 

The H3
+ is the simplest polyatomic ion. This makes it a cornerstone of many 

theoretical calculations of structure, potential energy surface and reactions of 
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polyatomic ions. There are three common modes of the protonated molecular 

hydrogen. The trihydrogen cation has the equilateral structure with the two 

available vibration modes at low temperatures [De Kock 1989, Reckzϋgel et al. 

1995], see figure 1.3.1. 

 

Figure 1.3.1. Two possible vibration modes of H3
+ ions: the symmetric stretch v1 and 

the doubly-degenerate bending v2 vibration modes of the H3
+ ion for equilateral 

triangle structure. 

 

The angle θ (figure 1.3.2., left panel) gradually increases until 0 = 1 with the 

growth of the vibrational energy value [Gottfried 2001]. Very preliminary statistical 

estimations of internal energy as function of angle of bending 2�3 20�⁄  were made 

by Stevenson [1937]. More detailed calculations of potential energy surfaces are in 

[Adamowicz and Panawello 2012]. 

 

Figure 1.3.2. Models of H3
+ structure at excited and predissociative states. For the 

triangle structure (left panel) higher values of θ correspond to higher internal 

energies of ion [Rohse et al. 1995]. In right panel is given boundary case ϑ = π/2 (so 

called barrier to linearity). 

 

The linear combination of the vibrational modes αv1 + βv2 are possible and 

the H3
+ structure is not equilateral (4 ≠ 6) near the barrier to linearity [Kreckel 

2008]. The R bond of the H+ - H2 system may stretch for several times, in this case 

the ϑ angle changes from ϑ	 = 	0 to ϑ	 = 1 2⁄  (see figure 1.3.2, right panel). With 

v1 v
2

θ 
r R 

ϑ

r 

R

H H

H
+
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the further growth of internal energy up to dissociation limit, these transformations 

lead to the T-shape model which is useful for ab initio calculations of predissociative 

states of H3
+ ion [Bauschlicher et al. 1973]. 

The H3
+ ion is the proton donor: that according to Brønsted – Lowry acid – 

base theory means strong acid properties. Coulomb interaction of this ion with 

many neutral molecules makes proton – transfer process extremely efficient. 

These models are typical for the most present statistical and quantum – 

mechanical calculations of potential energy surfaces (PES) and cross sections for 

different types of collisions of the H+ – H2 structure [Gerlich & Horning 1992, 

Bauschlicher et al. 1973, Jambrina et al. 2012]. Nevertheless, there is still no 

convincing matching of experimental and theoretical results that prove the 

reliability of the models, so further investigation is required. 

 

 

1.4 Formation of the H3
+
 ion 

Several mechanisms of the H3
+ ion formation exist. According to Born – 

Oppenheimer approximation of the H+ + H2 model association of H+ with H2 is 

exothermic process. Hence some channel of the energy dissipation is required. The 

reaction of the H2
+ ion and neutral H2 with nearly Langevin (78 = 2.1 ∙

10�	cm�s<) rate coefficient 1.7⋅10-9 cm3s-1 at temperatures about 300 K [Glosík 

1994] 

H�� 	+ H� =→H�� + H + 3 (1.4.1) 

(exothermicity of the reaction E = 1.7 eV) is the main channel of the formation of 

H3
+ cation in H2 containing plasma. It is well – studied in drift tube and Selected Ion 

Flow Tube (SIFT) experiments. 

Energy available in the reaction of atomic H+ ion with H2 comes into internal 

energy of highly excited (H3
+)* complex 

H� + H� → -H��/∗ → H�� + 3, (1.4.2) 

where E = 4.373 eV [Cosby and Helm 1988] is the exothermicity of the reaction. 

H3
+ is formed via the highly excited state (H3

+)* complex (see figure 1.4.1), which can 

both dissociate back to reactants or be stabilized by emission of a photon or 
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collision with a third particle. 
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Figure 1.4.1. Energy levels of H+ + H2 system for different rotational states of the H2 

molecule and H3
+

 ion. The ortho (v = 0, J = 1, K = 0) level of the H3
+ ion is 2.84 meV 

higher than the lowest available para H3
+ state (v = 0, J = 1, K = 1) [Oka 2004]. The 

bond dissociation energy of the ground state of H3
+ (X1A1, J = 1, v = 0) is 4.373 eV 

[Crosby and Helm 1988].  

 

Just a few H+ + H2 studies were performed [Graham et al. 1973, Johnsen et 

al. 1976, Gerlich et al. 1990] due to the technical difficulties to measure values of 

the rate coefficients as low as 10-16 cm3s-1 at conditions where radiative association 

is dominant (H2 number density less than temperature 10 – 30 K). Experimental 

studies and theoretical investigations of mechanisms of stabilization of (H3
+)* 

complexes are important to understand the structure and predissociative states of 

H3
+ ion, values of rate coefficients are important for numerical astrochemical 

models. There are two possible de-excitation processes: the emission of the photon 

H� + H� =?→H�� + ℎA, (1.4.3) 

and the collision with the third particle 

H� + H� +B =C→H�� +B. (1.4.4) 

Rate coefficients of radiative kr and ternary k3 reactions at number density of H2 

equal D and total number density of neutral gas are: 

7E = 1DFG ∙ 1 FEH I1 FJKLH + 1 FEH MH , 
7� = 1DFG ∙ 1DNFO P1 F′JKLH + 1 FOH RS , 

(1.4.5) 

 

(1.4.6) 
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where 1/FG 1/FJKL, 1/F′JKL and 1/FO, 1/FE are frequencies of the formation and 

dissociation (both spontaneous and collisional for the ternary channel) of the (H3
+)* 

complex, and theirs stabilization via collisions with neutral particles and 

spontaneous photoemission, respectively, nM gas number density. (for details see 

[Gerlich 1992]). In equations (1.4.5, 1.4.6) ternary and radiative processes are 

supposed to be independent. The frequency 1/FG of formation of the excited (H3
+)* 

complexes is proportional to the frequency of collisions of H+ with H2. 

The probability of the unimolecular dissociation 1/FJKL is described by Rice – 

Ramsperger – Kassel – Marcus (RRKS) statistical theory [Herbst 1979, Gerlich 1992]: 

FJKLL ∝ V-W �⁄ �X/, (1.4.7) 

where Y is number of rotational degrees of freedom in the separated reactants and Z is 

factor associated with efficiency of the collisional stabilization of complexes. This model 

does not take into consideration internal energy of reactants. Probabilities of the 

ternary stabilization and dissociation are not analyse d. For more detailed model of 

the H+ + H2 reaction quantum mechanical calculations of PES related to 

predissociative states of H3
+ and H5

+ are required. 

 

 

1.5 Nuclear spin states of the H2 molecule and H3
+
 ion 

The parallel (o-H2) and antiparallel (p-H2) orientation of the nuclear spin in 

the molecule of hydrogen are possible. Nuclear spin state affects total angular 

momentum of the molecule and, respectively, configuration of energy levels. 

Spontaneous radiative transitions between ortho and para states are very slow 

[Raich and Good 1964, Flower and Pineau des Forêts 2000]. The protons are 

fermions due to the ½ spin quantum number, with the antisymmetric total wave 

function. Total angular momentum quantum number J must be odd for the 

symmetric spin states of ortho H2 and even for symmetric spin states of para 

hydrogen. The total nuclear spin quantum number of a p-H2 molecule is [	 = 	0, 

because spins of the protons are antiparallel (see figure 1.5.1) and for o-H2 [	 = 	1. 

For this configuration only singlet state is possible [Sugimoto & Fukutani 2011] 
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1√2 -|↑↓` − |↓↑`/, [b = 0. (1.5.1) 

In case of parallel orientations of nuclear spins (o-H2), the total spin quantum 

number is [	 = 	1 that is formed in three realizations, so called triplet state: 

|↑↑`, [b = 1, 1√2 -|↑↓` + |↓↑`/, [b = 0, 
|↓↓`, [b = −1. 

(1.5.2) 

That means that para H2 and ortho H2 have statistical weights equal to c = 2[ +
1 = 	1 and c	 = 	3, respectively, which determinate the probability of these states 

in equilibrium. 

 

Figure 1.5.1. Orientation of the nuclear spins of H2 molecule in singlet para 

(antiparallel nuclear spin configuration with the total nuclear spin equal to zero 

I = 0) and triplet ortho (phase precession of nuclear spins gives total nuclear spin I = 

1 with tree possible z – projections Iz = 1, Iz = 0 and Iz = – 1) states (for more details 

see [Turro et al. 2010, Sugimoto & Fukutani 2011]). 

 

At astrochemically relevant temperatures in thermodynamic equilibrium just 

the ground vibrational state (� = 0) of H2 and H3
+ ions is populated (see figure 

1.4.1). The difference of the internal energy of the molecule in ortho (J = 1) and para 

(J = 0) states is 3-. = 1/ − 3-. = 0/ = 170	f. This energy may be available in 

reactions and it is significant for low temperature reactions. Its role is discussed in 

the present work. 

 

 

 

J I = 0, = 0

singlet
z J I = 1, = 1z J I = 1, = 0

triplet
z J I = 1, = 1z
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1.6 Formation of the interstellar ammonia. The N
+
 - H2 collisional 

complex 

The atomic gas-phase nitrogen was detected in the absorption spectra of 

stars in neutral and ionized interstellar regions. Its relative abundance �N�/�H� =
7.5 ∙ 10h is fifth in order after H with H2, He, C, O and probably Ne [Savage & 

Sembach 1996]. The N+ is expected to be dominant ion containing nitrogen in 

mentioned regions [Meyer et al. 1997]. The atomic nitrogen ion is essential for one 

of several chains of reactions (see also equation (1.2.6)) that leads to the formation 

of ammonia in the ISM [Dislaire et al. 2012]: 

N� + H� → NH� + H, 
NH� + H� → ⋯, 

NH'� + e → NH� + H. (1.6.1) 

The internal energy of the o-H2 overcomes the endothermicity (or activation 

barrier) of the association of the N+ ion with the H2 (1.6.1), so it is endothermic for 

ground rotational quantum number J = 0 and exothermic for J = 1. The rate 

coefficients of those association processes extremely differ. Because of these 

difference the N+ + H2(J = 0, 1) reaction is very effective instrument to measure 

ortho to para ratio of H2. Low endothermicity of this reaction and evident 

dependence on the H2 nuclear spin state suggests that it also may be sensitive to 

the available internal energy of the N+ ion [Marquette et al 1998]. 

 

 

1.7 Experimental techniques 

In situ spectroscopic measurements of reactions in the ISM are complicated 

because of difficulty to measure number densities of some reactants and extremely 

low rates of reactions. Molecular nitrogen was not observed in dense interstellar 

clouds directly – only products of its reactions with neutrals, such as N2H+ [Daranlot 

et al. 2012] and other nitrogen-bearing spices CN, HCN, HNC have been found 

[Dislaire et al. 2012]. The collisional frequency for ions in the diffuse clouds (derived 

for typical conditions: volume number densities of hydrogen [H] ≈ 100 – 500 cm-3, 
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temperature 30 – 100 K [Snow & Bierbaum 2008]) is less than 10-7 s-1. Therefore, 

reaction rate coefficients are normally evaluated for steady – state models. For 

more detailed investigations ab initio calculations or kinetic models based on the 

laboratory experiments are desired. 

One of the first techniques intended to measure rate coefficients of ion – 

molecular reactions were the Flowing Afterglow [Fergusson et al. 1964, Fehsenfeld 

et al. 1965] where in contrast to the Stationary Afterglow [Biondi & Brown 1949] 

the discharge and ion formation regions are geometrically separated. The 

subsequent development in studies of the ion – neutral reactions was allowed by 

application of the Selected Ion Flow Tube (SIFT) apparatuses [Adams & Smith 1981], 

where prepared and mass – selected ions are injected into the flow of the buffer 

gas, typically helium, thermalized in collisions with neutrals, and then they are 

mixed with the neutral reactant gas. The measurements of the ions volume number 

density at different positions of the flow tube enables to observe its time evolution. 

The cryogenic temperatures and low number densities of neutrals are crucial for 

astrochemical relevant experiments. For the SIFT [Johnsen et al. 1976] where liquid 

nitrogen cooling is used and the Cryo – FALP II machine (Cryogenic Flowing 

Afterglow with Langmuir Probe) [Kotrik et al. 2011] the lowest temperatures are 

135 K and 40 K, respectively. In the Cinétique de Réaction en Ecoulement 

Supersonique Uniforme (CRESU) apparatus (see for example [Taylor et al. 2008, 

Marquette et al. 1985]) the supersonic beam is used. The gas can be cooled by the 

injection through the de Laval nozzle down to 10 K. 

Penning trap that combines principles of the Penning ion gauge and Ion 

Cyclotron Resonance mass spectrometry is one of the simplest devices based on 

trapping principles. Charged particles are confined radially with the strong static 

magnetic field and axially with the weak electric potential [Blaum et al. 2009]. In the 

quadrupole ions storage trap or the Paul trap, ions are radially confined using radio 

frequency oscillating electric field created by the four parallel electrodes [Paul 

1990]. Further development of this method is high order multipole traps. The 22 – 

pole radiofrequency ion storage trap machine (22 – pole rf ion trap) constructed by 

Dieter Gerlich is characterized by very slight distortion of the velocity distribution of 

trapped ions [Gerlich 1992]. The advantage of ion trapping experiments is the 
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possibility to obtain results at low number density of the reactant gas cooled down 

to 10 K. 

 

Overview 

The experimental results presented in this work were measured in the 

laboratory of prof. RNDr. Juraj Glosík, DrSc. in Charles University in Prague (Prague, 

Czech Republic) with the 22 – pole rf ion trap apparatus that was constructed by the 

group of Prof. Dieter Gerlich in Chemnitz University of Technology (Germany). 

For design features of the apparatus, its present modifications and technical 

details of the measurements, see chapter 2. Results of measurements used for 

determination of the temperature of confined ions with He+ + 2 He and laser 

induced N2
+ + Ar reactions, qualitative analysis of para fraction of hydrogen using 

H3
+ + H2(J) and N+ + H2(J) reactions are given in chapter 3. Comments concerning 

details of measurements of the H+ + H2(J) reaction, more profound analysis of 

contribution of the binary channel, temperature dependences of the both channels 

(at temperature 11 – 33 K and neutral number density from 1011 cm-3 to 1014 cm-3) 

and investigation of the role of the nuclear spin states of hydrogen are presented in 

chapter 4. The experimental study of the ternary association of the H+ ion with 

normal H2 and results of the detailed study of N+ + H2(J = 0, 1) at temperatures 10 – 

100 K and concentrations of order of magnitude from 1010 cm-3 to 1012 cm-3 with 

respect to astrochemical applications and available fine structure energy of the 

nitrogen are summarized in the attached publications (see Appendix C). It also 

includes brief comparison of the measurement and existing theoretical models. 
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2 Technical facility 

2.1 Trapping technique 

The main stages of ion trapping experiments are preparation of ions, their 

guiding to the trapping device, confining of ions when they interact with neutral gas 

and their further extraction to the the quadrupole (QP) filter of mass and the 

detector of charged particles. Used apparatus also contains a cryogenic system, to 

cool down the body of the ion trap. 

 

Figure 2.1.1. Overview scheme of the 22 – pole trap machine. The construction 

includes the storage ion source (SIS), the quadrupole ion guide, the 22 – pole 

radiofrequency ion trap (22PT) mounted on the cold head (CH) of the refrigeration 

system, and the quadrupole mass filter (QMS) with the detector of ions. The gas 

inlets, the effusive beam system and turbomolecular pumps (TP) constitute a 

vacuum system of the apparatus. The beam catcher chamber is used to terminate 

the effusive gas beam. 

 

 

QP ION

GUIDE
TP 

STORAGE 
ION SOURCE 

22PT 

TP 

COLD HEAD

DETECTOR 

BEAM CATCHER 

QP MASS

FILTER 

EFFUSIVE

BEAM 



- 19 - 
 

The configuration of the 22 – pole radio frequency ion trap (22PT) machine 

used in the present experiments is given in figure 2.1.1. Operation principles of the 

apparatus and its subsystems are described in earlier publications and Ph.D. theses 

[Gerlich 1992b, Gerlich 1993, Asvany 2003]. In the present work changes are noticed 

in the configuration and functional properties that are sufficient for performed 

experiments. 

The ions are prepared and confined in the storage ion source (SIS) until they 

are extracted to the ion trap, this time is sufficient for thermalization of ions by 

collisions with neutral gas. Guided and mass selected ions fill the trap and react 

with the neutrals within defined time, then ions are guided to the detector of 

charged particles through the quadrupole (QP) filter of mass. The extraction of ions 

from the source, their guiding and filling the trap are synchronized using delay pulse 

generators. Processes of the trapping and further release of ions may affect their 

temperature, velocity distribution, mass analysis and detection, so these effects 

have to be minimized or quantified. Principles of the operation and tuning of the 

22PT can be found in subsection 2.2, measurement of the reaction rate constant is 

described in subsection 2.8. Both the Daly type [Daly 1960] and the Microchannel 

Plate (MCP) detectors of charged particles were used (see subsection 2.7). 

The ion trap can be cooled down to 10 K by the two stage helium Closed – 

Cycle Refrigerating System (CCRS) that operates on the Gifford – McMahon 

refrigeration cycle. The cooling system consists of the compressor that supplies the 

helium and the Cold Head (expander), inside of which the gas expands to create 

cryogenic temperatures. Combination of cooling by the CCRS and heating by the DC 

resistive filament allows using of temperatures in the range of 10 – 140 K, for more 

details see subsection 2.4. 

The ultra – high vacuum system is substantial to performed measurements 

at number densities of reactant gas lower than 1012 cm-3. For the dependence 

between pressure in the 22PT chamber and number densities on gas in the trap 

volume see subsection 2.5. Typically, gases with purity 10 ppm were used in 

experiments. For the each performed experiment, the construction of the 

apparatus was optimised to reduce the pumping volume and number of 
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connections. In present work, the typical range of pressures in the 22PT chamber of 

the experimental machine is ~10-7 – 10-3 Pa (see subsection 2.5). 

 

 

2.2 The 22 – pole rf ion trap 

The 22 – pole rf ion trap is the principal part of the experimental apparatus 

(see figure 2.2.1). Theoretical principles of its operation are very similar to the QP 

mass filter or linear Paul ion trap and they are described elsewhere [Gerlich 1992, 

1993, Stafford et al. 1984, Guang & Marshall 1994]. In the present work one can 

find fundamentals of its operation and a brief explanation of parameters important 

to performed measurements. 

The trap is mounted on the cold head of the CCRS that is cooled down to the 

10 K. The aluminium sheath mounted on the first stage of the cold head that is 

cooled down to 50 K serves as the infrared shield and prevents radiative heating of 

the internal volume. The inlet pipes (one of pipes is shown in figure 2.2.1) are in 

contact with the 10 K parts of the cold head for precooling of gases. The 22 – pole rf 

ion trap is mounted on the second stage of the cold head. The temperature of the 

copper cover of the 22PT is measured by the silicon diode (Lakeshore DT-471-C4). It 

is mounted on the opposite side to the trap that has slightly higher temperature 

than the CH. Data from the diode are read with the Lakeshore temperature monitor 

model 218. 

Extracted from the SIS bunch of ions is mass selected and guided to the ion 

trap with the QP ion guide at the beginning of the trapping cycle. The electrostatic 

bender is placed before the 22PT to direct ions along axis of the trap. Ions are 

confined in the trap by rf field in radial and by DC potential of the entrance (EN) and 

exit (EX) ring electrodes in axial directions. 22 parallel rods are uniformly placed on 

equal distances from the axis of the trap (see figure 2.2.2). The rf voltage is applied 

to the 2 sets of interchanged electrodes. The trapping of ions is more efficient when 

length of the bunch of ions in the 22PT is order of internal dimensions of the trap. In 

this case, reflected from the EX electrode ions do not leave the trap through the still 

open EN electrode. The negative pulse with the amplitude in the range of 0.05 – 
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0.2 V is applied to the EX electrode for extraction of ions from the 22PT. The EX 

pulse duration sets to be long enough to extract all ions from the trap before the 

next trapping cycle. 

 

Figure 2.2.1. Principal construction of the 22 – pole rf ion trap. Detailed view shows 

position of 22 parallel electrodes placed on equal distance from the axis. The rf 

voltage applied to the axially symmetric poles (red and blue colors show opposite 

polarities). 

 

Figure 2.2.2. Arrangement of the electrodes in the 22 – pole trap. The entrance and 

the exit electrodes, 22 rods with the electrical contacts from the one side and 

ceramic insulator from the other are shown. (see also [Plasil et al. 2012]). 

 

Trapped ions are cooled in the collisions with reactant or buffer gas. Time of 

thermalization can be estimated in zeroth – order approximation using model of 

elastic collisions. In case when root mean square speed of ions vi is much higher 

than speed of particles of gas the maximum energy that can be transmitted in one 

elastic collision ∆E is: 
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Δ3 = 4lmln-lm +ln/� 3m = o3mp 	, (2.2.1) 

where mi and mn are masses of the ion and gas particle, respectively, Ei is average 

energy of ion and γ is a linear factor. Average decrease of energy after j collisions is: 

3mp3m� = -1 − o/p. (2.2.2) 

In case when root mean square speed of ions vi is much higher than speed of 

particles of gas, the frequency collision of one ion is: 

Φ = D�m�8-�m/ = D78 (2.2.2) 

where n is gas number density and 78 is Langevin rate constant. Considering 

equation (1.2.2) minimal time needed to cool ion to energy that corresponds to the 

temperature of the gas Ei
T: 

Δr = sΦ = log<w-3mx 3m�⁄ /D78 , (2.2.4) 

kL is Langevin reaction rate coefficient, n is gas number density. 

Estimated energy of trapped ions is ∼ 100 meV, the buffer gas can be cooled down 

to the 10 K (order of 1 meV). For n and kL values are ∼ 1012 cm-3 and 10-9 cm3s-1
, 

respectively, in case of interaction of N+ and H2 molecules at least 6 ms for N+ ions 

are required to reach the temperature of the buffer gas. 

The temperature of the confined ions, 22 rods and walls temperature can 

differ because of the heating by rf field. According to the basic principles of the rf 

trapping each ion is accelerated and decelerated during one period of the field 

oscillation. Due to collision with gas close to rods average acceleration of ions by rf 

field may differs from zero. Rf heating may be more intensive because of 

imperfections of the geometry of the trap [Asvany & Schlemmer 2009]. 

Amplitude of the rf field should be sufficient to confine ions in the 22PT. 

However, heating effects are more intensive at higher rf voltages. Optimal value 

should be find to minimize changes in temperature and reactivity of ions. 

Dependence of the apparent rate coefficient of the N+ + H2 reaction on the 

amplitude of voltage the rf generator is given in figure 2.2.4. This reaction has 

strong positive temperature dependence ([Marquette et al. 1988], chapter 3 of the 

present work). Increase of the apparent rate coefficient measured from the decay 
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of N+ number is a result of loses of ions in the trap at low voltages and heating of 

ions at high voltages of rf voltage supply. One should notes that in case of highly 

exothermic reaction product particles may have kinetic energies sufficient to cause 

escape of ions from the 22PT (see [Gerlich 1992] and subsection 2.4.2 of present 

work). Frequency of the generator of rf voltage should be set to resonant value of 

the galvanically coupled LC circuit of the 22PT to decrease dissipation of energy (see 

figure 2.2.4). 
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Figure 2.2.4. Illustrative example of the influence of amplitude of the rf voltage on 

the apparent reaction rate coefficient, evaluated from the decay of number 

reactant ions. The strong dependence can be observed for the N+ + p-H2 reaction 

(0.5% fraction of the o-H2). 
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Figure 2.2.4. Measurement of the quality of resonator of the 22PT – rf generator 

system. Experimental data is fitted by the universal resonance curve (quality factor 

is Q = 93). 
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Mentioned checks and adjustments of the 22PT parameter normally are 

done before each experiment. Despite this kinetic temperature of trapped ions 

were measured using spectroscopic and chemical methods to exclude uncertainties 

connected to heating effects. 

 

 

2.3 Ion source and ion guide system 

In the present experiments the rf storage ion source is used for the 

preparation of ions. They are produced using the electron impact method (figure 

2.3.1), accumulated inside the device until the trap filling process begins and then 

via QP ion filter and other elements of the optic system guided into the trap. 

Construction and theoretical fundamentals of the SIS are well described [Gerlich 

1992, Teloy & Gerlich 1974], so just a few technical features have to be mentioned. 

Gas atoms and molecules are ionized by the focused electron beam. 

Electrons are emitted from the filament incandesced by the applied dc current and 

accelerated by the repeller – filament potential and then accommodated by the 

focus electrode. Produced by the electron impact ions have excessive kinetic energy 

and are highly internally excited, before the extraction they are cooled down to the 

room temperature by the buffer gas.  

 

Figure 2.3.1. Simplified illustrative scheme of positions of the SIS electrodes. Ions 

are confined inside the special cut in plane electrodes by rf field. The dc field of the 

B0, B-1 electrodes is used to confine them along horizontal axis. The electron beam is 

formed with repeller and focus electrodes from electrons emitted by heated 

filament. Top and bottom of the SIS is limited by bias potential of end. 
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Ions may be obtained by direct electron impact ionization of gas: 

H� + � → H� + H + 2	�, (2.3.1) 

or to be formed in chemical reaction: 

H� + � → H�� + � + �, 
H�� + H� → H�� + H. 

(2.3.2) 

(2.3.3) 

To increase the number of N+ ions stored in the source, the 10% He – 90% N2 

mixture was used to assist the nitrogen dissociative recombination. The cross 

section of the ionization of He to the He+ is higher than N2 to N+ at energies of 

electrons 85 eV. Formed He+ ions react with nitrogen gas to N+ with the rate 

coefficient 1.2⋅10-9 cm3s-1 [Itikava et al. 1986, Kim et al. 2000, Marquette et al. 

1985]: 

He� 	+ 	N� → N� 	+ 	N	 + 	He. (2.3.4) 

The source is opened for extraction to the quadrupole ion guide. Length of 

the formed ion beam is determined with duration of this pulse. 

 

Figure 2.3.2. Arrangement of electrodes in the ion guide system is given in arbitrary 

proportions. Ions are guided and mass selected by the rf quadrupole ion guide, 

focused with the B1 ring electrode. The split B2/B3 ring electrodes with the upper 

and bottom deflector plates (close gray rectangle) are used to set the axial direction 

of the ions. The dc quadrupole deflector bends the beam for 90° to align it to the 

axis of the 22 – pole rf ion trap. 

 

After the extraction formed beam is guided along the quadrupole and ion 

optic system to the 22 – pole rf ion trap, arrangement of the parts is given in figure 

2.3.3. Mass of ions can be preselected in the SIS using methods that are common 
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for rf storage devices and then filtered more precisely in the quadrupole ion guide 

(see figure 2.3.4). Filtration parameters of the SIS and the first QP are usually 

adjusted in the guided beam mode of the 22PT to exclude detection of particles 

produced in the trap. The special attention is paid to the purification of the reactant 

ions from the isotopic inclusions. The ion spectrum is measured with the mass 

analyzing system (see the next subsection). 

 

Figure 2.3.3. Scheme of the relative positions of the storage ions source, the 

quadrupole ion filter and the 22 – pole rf ion trap. 
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Figure 2.3.4. Spectra of the 14N+ and 15N+ reactant ions. The spectrum measured in 

the integral mode of the the QP mass filter corresponds to the normal isotopic ratio 

of the ions (red curve). Quadrupole is used in the filtration mode to pass selected 

ions (black curve).  
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2.4 Mass analysis system 

The 22 – pole rf ion trap apparatus is provided with the mass analysis system 

that consists of a quadrupole filter of mass, a detector of ions, discriminator and 

digital counter of pulses. The very first calibration experiments was performed using 

the type Daly detector [Daly 1960] that was later replaced with the Hamamatsu 

F4655 – 12 Microchannel Plate detector suited for detection of negative ions in 

parallel project [Wiza 1979, Siegmung et al. 1988, Wurz & Gubler 1996]. 

 

2.4.1 Detection and counting of ions 

The MCP detector is connected to the channel 100 MHz counter via the 

discriminator (figure 2.4.1). To decrease noise that can be recognized by the 

counter as a pulses (so called “dark counts”), counter is gated just for a short time 

exactly at the extraction moment with the “gate” pulse that is controlled by the 

falling edge of the negative EX pulse.  

0 5 10 15 20 25 30 35
0

100

200

300

400

 

 

p
u
ls

e
 h

e
ig

h
t 
(m

V
)

t (ns)  

Figure 2.4.1. Typical profile of the signal of the MCP detector (the voltage is 

inverted). The peak with height over 350 mV corresponds to a single D+ ion; lower 

oscillations are caused by the ringing of pulses and fluctuations into the plates of 

the detector. 

 

Charged particles may reach the detector more frequently than system is 

able to count them (so called saturation of the MCP). This effect may be caused by 

several factors. Two neighbor peaks (with typical length 5 ns) of the MCP signal can 

be overlapped and counted as one (see figure 2.4.2). Frequency of pulses from the 
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discriminator is higher than maximal frequency of the counter (100 MHz). The time 

interval between hits of ions in one channel of the MCP is shorter than its 

regeneration period. Thus, each cell can detect just one ion per trapping cycle. 

Number of the lost ions can be minimized by the uniform distribution of ions on the 

surface of the detector. However, for average amount of trapped ions in order of 

hundreds the last effect is negligible. 

To reduce the intensity of the ion beam while the number of trapped ions 

remains the same the extraction process have to be stretched in time by the lower 

amplitude and smoothed shape of the opening edge of the EX pulse. Typically the 

0.1 – 0.5 V rectangle signal is applied to the EX electrode via an analog RC filter. 

In practice, the peak frequency of the detection of ions is directly measured 

using the Ortec MCS – PCI Multichannel Scaler Card with the MCS – 32 software 

that records rate of pulses as a time function with the maximal frequency 150 MHz.  

 

2.4.2 Quadrupole mass filter 

Extracted from the 22PT ions are mass – filtered by masses with the circular 

16 mm rod system quadrupole mass filter supplied with the Balzers QMH 400 – 5 rf 

generator. Theoretical background of the rf multipole devices can be found 

somewhere else [Miller & Denton 1986, Gerlich 1992b, Voo et al. 1997, Sreekumar 

2010], just a brief introduction is given to explain adjustments and technical 

solutions applied in this work. 

For the single ion of mass m and charge e characterized by the radius vector 

r in the combined oscillated (with the cyclic frequency ω) yz-{/ cos-ωr/ and static 

yL-{/ electric fields following expression is valid: 

l{} = ~yz-{/ cos-ωr + Z/ + ~yL-{/. (2.4.1) 

These fields are created with the direct � and alternating �cos-�r/ voltages 

applied to the quadrupole rods placed on equal distances from the axis r0. Potential 

of ion φ can be described in the Cartesian coordinates (�, �, c) as: 

� = -� − � cos�r/ �� − ��26�� . (2.4.2) 
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Equations of motion for the particle that is placed in the axially symmetrical field 

with the potential � in x, y and z directions are: 

2��2r� = � c�l6��� -� − � cos�r/�, 
(2.4.3) 

2��2r� = � c�l6��� -� − � cos�r/�, 
(2.4.4) 

2�c2r� = 0. (2.4.5) 

Statements can be rewritten to the canonical form of the Mathieu’s equation 

2��2�� + -�� − 2~� cos 2�/� = 0, (2.4.6) 

where � = �r 2⁄ , and  

�� = �� = −�� = 4��l��6��, (2.4.7) 

~� = ~� = −~� = 2��l��6��. (2.4.8) 

Solution of equation (2.4.6) gives conditions of the ion trajectories stability for the 

ideal quadrupole (with the length � → ∞). Most QMS devices with circular rods 

operates in stability zone I (figure 2.4.6), from this solution U and V values evaluates 

separately for each mass of ions, distances between rods and circular frequency of 

field using equations 2.4.7 and 2.4.8. 
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Figure 2.4.6. First stability zone of Mathieu’s equations. (borders of the stable range 

is obtained from the numerical calculatioo of equation 2.4.6 see [Skreekumar 

2010]). 
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Ion that moves at stable trajectories in the non – ideal filter of mass and is 

accelerated with the potential Vi experiences Nd cycles of rf field [Skreekumar 

2010]: 

�J = ��21�2��K l⁄ . (2.4.9) 

At least one cycle (�J = 1) is needed for the mass filtration; else ion of any mass 

can pass through the quadrupole if the energy of its axial motion is high enough: 

�K ≥ l8�	P��1 R
�. (2.4.10) 

of the upper corner (0.706, 0.237) and length of the lower side 0.915. 

This effect is called zero – blast, because it is more significant for detection 

of light ions. High frequencies of the rf field and long rods are more preferable for 

operation in the low range of masses, extraction energy should also be minimal. 

Another important parameter of the QMS is resolution, which is 

characterized with the relation of the minimal width of the peak at 10% of its height 

∆M to its mass M. The ∆M/M value has to be low enough to recognize two 

neighbor peaks for lowest observed mass and relatively high to prevent 

discrimination of ions when they virtually disappear if peak profiles are too narrow.  

 

 

2.5 Cooling system 

The two stage close – cycle helium refrigerating system (CCRS) is used to 

cool the 22 – pole rf ion trap. Its main parts are the Leybold RGD 210 cold head 

filled to the 1.6⋅106 Pa of the helium and water cooled compressor (model RW 2/3). 

The lowest temperatures are 10 K for the second stage of the CH with the mounted 

on 22PT, and 50 K for the first stage with the aluminum shield that reduces the 

influence of the rf field on electronic systems and infrared heating of cold parts (see 

figure 2.5.1). Gas input pipes are conducted into the trap in contact with the shield 

or walls of the trap for the precooling and condensation of the impurities.  

Ion optics and rf voltages was tuned after the cooling of the system to 

prevent possible effects connected to thermal contraction of components of the ion 

trap. Attention was paid to the frequency of rf voltage and static potential the 22PT 
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and potentials of the quadrupole bender of ion beam and EN/EX electrodes. Cooling 

power of the CCRS alternates with its operation conditions, but it is not adjustable. 

Thus, combination of cooling and heating with the resistive wire is used to perform 

experiments at different temperatures. 

 

Figure 2.5.1 The 22 – pole rf ion trap is placed inside the copper box which is 

mounted on the cold head of the refrigeration system. In the picture copper walls of 

the cold head, stainless steel shield and gas inlet pipes can be recognized. 
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Figure 2.5.2. Temperature of the 22PT is controlled by heating power of the 

filament. In present work, experimental dependence of temperature on voltage 

applied to the heating resistive wire was used. 

 

In practice temperature of the 22 – pole rf ion trap is controlled by the 

variation of heating power according to figure 2.5.2. Recommendation for 

measurements condensation point of added gases is to avoid increasing of 

temperature of 22PT during the experiment. After a longtime cooling electrodes 
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covers with an electrostatic layer of condensed gases and water which changes its 

electric properties, so after each measurement apparatus should be heated up to 

for the repeatability of results. 

 

 

2.6 Vacuum system 

Presented in this work experiments were performed in the range of number 

densities 1011 – 1014 cm-3 inside the trap, that corresponds to typical pressure of 

reactant gas inside the 22PT chamber 10-6 – 10-3 Pa. Basic requirements to the 

vacuum system of the 22 – pole rf ion trap apparatus are: the high purity of 

reactants, simultaneous flow of different gases into the 22PT and the SIS to ensure 

precisely defined number densities of reactants in the trap volume. 

Gases can be added into the apparatus via two inlet port in the SIS chamber 

and three ports in the 22PT or injected from the beam through the electrically 

polished nozzle with the special geometry to minimize the angle of divergence 

(more details are in subsection 2.6.2). Inlet port in the SIS chamber is used to add 

reactants into the trap at very low concentrations for precision of regulation of gas 

flow. Ultra – high vacuum technology is used to minimize influence of the 

background pressure. In the most measurements pressure of reactant gas in the 

trap is at least ~ 102 times higher than ultimate pressure of vacuum system (∼ 10-8 

Pa) (for details see chapter 2.6.1). One of the inlets placed in the 22PT has a 

piezoelectric valve (piezovalve) with regulated flow and length of periods of 

injection. It is used for synchronization of adding of the gas and trapping of ions.  

Pressure in the vacuum chambers, connecting pipes and bellows is 

measured to control operation conditions for electronics and pumps. Acquired in 

the 22PT chamber pressure values are used for evaluation of the neutrals number 

density in the ion trap (for details see subsection 2.6.3). 

 

2.6.1 Pumping and gas inlet systems 

Vacuum chambers are evacuated by turbomolecular pumps with the 

magnetically suspended rotor (turbo pumps, TP) (see figure 2.6.1) and the Varian SH 
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– 110 scroll pump (SP) as a part of the forevacuum (FV) system. Its pumping speed is 

appropriate for running of TPs, but their compression ratio for gases with light 

molecular weights is not sufficient to attain ultimate pressure. Turbomolecular drag 

pumps (TDP) placed between the SP and TPs creates lower pressure in the FV and, 

respectively, in vacuum chambers. Basic configuration of the gas inlet system is 

given in figure 2.6.2.  

 

Fugure 2.6.1. The ultra – high vacuum chambers are pumped with the 

turbomolecular pumps (TP), serial connection of turbo drag pumps (TDP) and scroll 

pump (SP) are used to create forevacuum. For studying of the N2
+ + Ar reaction the 

effusive beam and beam catcher chambers were added to the given configuration. 

 

Flow of the reactants from the containers is controlled with the UHV variable 

leak valve. (Balzers Type: UVD – 040, Varian part no. 91515106 and Leybold part no. 

87395). Piezovalve is normally used to synchronize adding of the reactant and 

trapping of ions. Gas beam system is also used to reduce freezing of reactants on 

the cold parts, its cross section is accommodated with the nozzle to the same 

dimensions as the enter aperture of the trap (see figure 2.6.3). In this configuration 
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number density of the gas in the 22PT chamber is relatively low, most of it is 

pumped from the nozzle and beam catcher chambers (see also subsection 3.1). 

For higher purity of the gas, it flows in and out of system via the coil pipe 

cooled with the liquid nitrogen. This prevents penetration of water vapours from 

the connections to the high – pressure balloons and with the backflow from the DP. 

To remove water condensate from the pipes and gas containers they are filled up 

with the pure gas to 3⋅105 Pa.  

 

Figure 2.6.2. Typical construction of the inlet system consist of bottles with gas at 

pressure 103 – 4⋅105 Pa, leak valves diaphragm pump and cryogenic filter of 

impurities. 

 

Figure 2.6.3. Chamber with the differential pumping system and nozzle is mounted 

to the apparatus to fill the ion trap with the effusive beam. 
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2.6.2 Measurement of pressures of gases 

Pressure has to be measured in the vacuum chambers and fore vacuum 

systems in online mode to control technical parameters of the 22PT apparatus and 

safe conditions for turbomolecular pumps. Pressure in the 22PT and beam catcher 

chambers is measured using ionization gauges (IG) (Arun Microelectronics Ltd. 

NGC2 (AML) with the AIG17G Bayard – Alpert gauge head and VACOM MVC – 3 A 

(MVC) with ATMION manometer that uses IG and Pirani gauge). The ATMION can 

be used in the range from 10-8 Pa to 105 Pa, it is useful for control of the pressure 

for technical reasons. The AML system has linear characteristic at 10-8 – 10-2 Pa and 

after calibration with the MKS Instruments SRG – 2 spinning rotor gauge system it is 

used for evaluation of neutrals number densities in the 22 – pole rf ion trap (see 

chapter 2.6.4). Output ion current of the ionization gauges [K�O depends on the 

ionization potential of gas. In the AML controller this effect was accounted with the 

sensitivity coefficient S: 

��� = [K�O[��KLLK�O�, (2.6.1) 

where ��� and [��KLLK�O are measured pressure value and current of electron 

emission. Normally sensitivity of the AIG17G gauge is set to nitrogen �	 =
0.19	��<. 

Pressure in the forevacuum is controlled between the SP and TDPs and 

between TP of 22PT chamber and TDP with the Pfeiffer vacuum TPR 280 Compact 

Pirani gauges with MaxiGauge TPG 256 A control unit (figure 2.6.1). These 

measurements indicate state of scroll pump that is necessary to prevent overload of 

turbo pumps as a result of the high FV pressure. In the gas inlet system Swagelok 

PTU series pressure transducer, with the range of 0   ̶400 kPa. 

 

2.6.3 Number density of the reactant gas in the 22 – pole rf ion trap 

Determination of the number density D���x of the added reactant gases into 

the 22PT volume is necessary for the further evaluation of reaction rate coefficients 

(see subsection 2.8). For the ideal gas, kinetic theory gives 

D���x = ����x 7�V���x⁄ , (2.6.2) 
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this equation requires values of the temperature V���x and ����x pressure of the 

gas inside the 22PT, 7� is the Boltzmann constant. Temperatures of the gas and 

walls of the trap which is measured directly can be taken equal with sufficient 

precision (see subsections 2.2 and 2.5). Pressure can be measured with the 1% 

accuracy using calibrated MKS SRG – 2 Spinning rotor gauge system (VISCOVAC) 

directly connected to the trap volume through the one of inlet ports. It is con 

convenient to use gauge with intervals of measurements in the range 10 – 30 s. 

Thus, it is used for calibration of AML gauge. Its time resolution is not appropriate 

to observe periodical fluctuations connected with the changes of the cold head 

temperature within one cycle. Also it requires same temperature of the gas inside 

the trap and gauge head, consequently faster and more convenient method is 

required. 

The AML ionization gauge allows monitoring of the gas pressure in online 

mode. However, the relation of the pressure inside the trap and the value 

measured with ionization gauge in the 22PT chamber depend on the gas adding 

method, configuration of vacuum system and such factors as long term instability of 

the sensitivity � and chosen settings of the IG. Actual value of the sensitivity of the 

Bayard – Alpert ionization gauge (AI17G gauge head) depends on its aging and 

operation history, normally it is set to the value recommended for the nitrogen 

whatever gas is used and then corrected for the calibration factor β. 

In case of the direct injection of the gas into the 22PT (figure 2.6.4), the ratio 

between the pressure inside the trap and inside the 22PT chamber can be evaluated 

using the next assumptions. In equilibrium state molecular flow Φ� from the 22PT 

volume to the 22PT chamber is equal to the flow Φ� to the pumping system:  

ΦJ = Φ� = D ¡, (2.6.3) 

where D  is number density of the gas inside the 22PT chamber, ¡ is a pumping 

speed of a turbo pump. Molecular flow from the trap to the 22PT chamber through 

the aperture ¢ is: 

ΦJ = 12D��£¤¢|〈��〉	|	, (2.6.4) 
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|〈��〉	| is average value of the axial component of the velocity. For particles with 

mass l it can be estimated using Maxwell velocity distribution for one projection 

§-��/: 
|〈��〉| = ¨ ��§-��/©�� = ª27«V��£¤1l

¬
� . (2.6.5) 

 

Figure 2.6.4. Scheme of the gas flow inside the 22PT chamber in case of direct 

injection of the gas inside the 22 – pole rf ion trap volume. 

 

According to equations (2.6.3), (2.6.4) and (2.6.5) number density D��£¤ and 

pressure ���£¤in the 22PT are: 

D��£¤ = � 7«V  ¡¢ª 21l7�V��£¤, (2.6.6) 

���£¤ = �  V��£¤V  ¡¢ª 21l7�V��£¤. (2.6.7) 

Gas number density D®¯ and pressure �®¯ in the VISCOVAC spinning rotor gauge 

head at temperature V®¯ that is connected to the 22PT with the pipe is determined 

by equilibrium of input and output flows: 

D���x�V���x = D°±��V®¯, (2.6.8) 

�®¯ = ���£¤�V®¯/V��£¤. (2.6.9) 

Value measured with the ionization gauge ��¯ may differ from the real pressure in 

the chamber for a linear factor ²	 because deviation of gauge sensitivity �: 

��¯ = ²� . Thus relation between the indication of the VISCOVAG and AML gauges 
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is expressed with the linear coefficient ����� = ���	/��	 that can be measured 

experimentally: 

���� = ������2�������  (2.6.10) 

In case when the gas is added from the SIS chamber, similar reasoning gives 

calibration coefficient CSIS: 

���� = 1�����	�� . (2.6.11) 

Equation for evaluation of gas number density using ionization gauge is: 

���� = ���	�����������	, (2.6.12) 

where C is equal either C22PT or CSIS according to inlet port that is used for adding of 

gas. 
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Figure 2.6.2. The linear coefficient between helium pressure measured with the 

AML gauge system in the 22PT chamber and pressure inside the trap volume is 

determined from the correlation of pressures measured with ionization and spin 

rotor gauges. Parameters of the linear fit gives offset pressure of the VISCOVAC 

gauge system poff = 0.38 Pa and calibration coefficient ����� = 131. 

 

The value of ���� factor does not depend on the temperature of the trap, 

but it is sensitive to the temperature of the environment which is 300 ± 5 K. The 

���� coefficient depends on properties of ionization gauge and does not change for 

gases with the same mass, typically temperatures of the SRG gauge head and 22PT 
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chamber are equal to the environment temperature V®¯ � V  � 300 ¶ 5	K. Higher 

deviation significantly affects D��£¤ value and should be taken into account. 

In the proposed model are used values, which depend on many factors and 

their theoretical calculation is not trivial. Thus, calibration coefficients C22PTand CSIS 

are measured as parameters of fit function of the PSRG(PIG) dependence (see figure 

2.6.2). 

These factors have to be measured for the each gas and adding method that 

are used in experiments. To optimize the routine process special application (figure 

2.6.3) in LabVIEW integrated development environment was written. It saves 

acquired dependencies in the log file and performs online calculations of the ³��£¤ 

and ³� as parameters of the linear fit function. 

 

Figure 2.6.3. Panel of the application for calibration of the IG with VISCOVAC. 

System automatically acquires -��¯, �®¯/ points if deviation between to sequential 

measurements of SRG is less than 1%. Operator just needs to change pressure 

within the whole range. 
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2.7 Source of para enriched hydrogen 

Under normal conditions hydrogen is a 3 : 1 mixture of molecules in ortho 

and para nuclear spin states, respectively. Studies of nuclear spin state dependent 

reactions with molecular hydrogen require a source of para enriched H2 with well – 

defined fraction. In chapter 1 it was noticed that nuclear spin and rotational states 

are linked because of requirements of the wave function symmetry. 
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Figure 2.7.1. Temperature dependence of the fraction of H2 in three lowest 

rotational states in equlibrium, gives theoretical values of the fraction of hydrogen 

in ortho nuclear spin state (J = 1), for details see [Hejduk et al. 2012, Hejduk 2013]. 

 

Temperature dependence of fraction of H2 in different rotational states in 

equilibrium is used for the conversion of nuclear spin states of molecular hydrogen. 

Numerical estimation can be done using Boltzmann distribution (figure 2.7.1). 

Conversion of H2 to the different spin state may be sufficiently increased by the 

interaction with inhomogeneous magnetic field which is created by the 

paramagnetic catalyst [Juarez et al, 2002]. Such principles of para hydrogen 

conversion is typical and well – described [Feng et al, 2012]. 

Scheme of the system for the conversion of molecular hydrogen from the 

ortho to para nuclear spin state (para hydrogen convertor) used in present work is 

given in figure 2.7.2. Details of its construction and operational conditions can be 

found in [Hejduk et al. 2012]. 
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Figure 2.7.2. Volume filled with the Fe2O3 catalyst is mounted on a cold head of the 

helium refrigerating system, which can be cooled down to 10 K. For the thermal 

insulation reasons it is placed in the isolation vacuum chamber. Convertor volume 

has inlet for normal hydrogen supplied from the high – pressure balloon and 

connection to the 22PT volume with the leak valve (for details see [Hejduk et al. 

2012, Hejduk 2013]). 

 

Normal hydrogen is added into the convertor volume and freezes on the 

porous catalyst surface cooled down to 11 K, where the ortho hydrogen proceeds to 

the para nuclear spin state. Then temperature decreases and converted hydrogen 

evaporates from the paramagnetic surface and releases to the 22PT volume. To 

increase pressure of the hydrogen when it is required, catalyst may be heated up to 

14 K. Higher temperatures are not desirable because of increase of ortho fraction 

according to Boltzmann’s distribution. Methods of temperature regulation of the 

catalyst of the PHC are very similar to the 22 – pole rf ion trap. However, pressure 
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of the enriched hydrogen and ortho fraction value is extremely sensitive to the 

temperature. In order to requirements of high stability heating power is controlled 

using PID regulator function of the LabVIEW enviroment. Measurements of 

obtained stable ortho fraction in para enriched hydrogen are given in chapter 3 of 

the present work. 

 

 

2.8 Measurements of the reaction rate coefficients 

For any ion molecular association reaction A� + B → AB� with the rate 

coefficient 7 it can be written: 

©�A��

©r
= −7�A���B�, (2.8.1) 

where �A�� and �B� are number densities of reactants. In ion trapping experiments, 

for the constant effective volume of the reaction area, equation 2.8.1 can be 

rewritten for the numbers of confined ions �º»-r/: ©�¼»-r/©r = −7�¼»-r/�B�. (2.8.2) 

Solution of this first order differential equation gives: 

7 = 1Δr�B� ln �¼»-r</�¼»-r�/ , (2.8.3) 

r< and r� are times of two sequential ion extractions measured starting from the 

filling of the 22 – pole rf ion trap. 

For closed system with constant total number of ions, if r<= 0 and r� = r¾E¿� 

�¼»-0/ = �¼»Ir¾E¿�M + �¼«»Ir¾E¿�M, �¼«»-0/ = 0, 
(2.8.4) 

where r¾E¿� is the trapping time counted from the trap filling time. Respectively 

equations (2.8.3) and (2.8.4) give 

7 = 1r�B� ln�¼»Ir¾E¿�M + �¼«»Ir¾E¿�M�¼»Ir¾E¿�M . (2.8.5) 

The last formulation is more preferable when �¼»-r</ − �¼»-r�/ value is less or 

order of magnitude of the absolute deviation of the measured average ion counts 

�¼»-r</ number and equation (2.8.3) gives high standard deviation of the rate 
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coefficient. Disadvantage of this method is that discrimination factor has to be 

accounted (chapter 2.4). However, equation (2.8.5) allows using shorter time of the 

reaction (trapping time). Usually both formulas are used to check systematic error. 

Longer trapping time gives greater average number �À of product ions and better 

the ion to dark counts ratio. However, the significant part of ions can associate to 

heavier complexes and more sorts of ions should be counted. Thus, trapping time is 

choose according to number of product ions. If the further reactions are possible 

numbers of all product ions must be summed. 

Efficiency of the method of measurements can be estimated as a time rL�¾ 
required to measure set of the data needed to obtain predefined precision of the 

results. Within these limits the time can be divided for any number of observations 

K: rL�¾ = fr¾E¿�. Dispersion of the Poisson distribution function is �� = �À. Relative 

mean error can be found as: 

Á = 1�Àª�
�
f = ��À�À√f = Â��fÃÃÃÃÃÄ< = I√Σ�M<, (2.8.6) 

where Σ� is total number of counted ions in one measurement.  

Experimental data is represented as an array with the trapping time, mass of 

ions and number of iteration as basis, acquired data is saved into ASCII files. The 

data set is usually measured in the one iteration with small variation of the r¾E¿� to 

exclude systematical error connected with periodical oscillations of electric 

potentials in the guiding system and to simplify statistical analysis. This also allows 

to spare time that is needed to set counter of the detected ions to zero and start a 

new cycle of software. 

Average values of the trapping time, number of each type of ions and 

standard deviation of the average values is evaluated using program (its code in C 

language is given in appendix B). 

Number density of neutral reactant gas �B� is defined with equations (2.6.9):  

�B� = ³�7�V V��£¤. 
(2.8.8) 

Contribution of gas that is diffused from the SIS to the 22PT chamber is 

taken into account in case of direct adding of the reactants into the trap. The 

background pressure is subtracted from the pressure in the 22PT chamber after 
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adding of the gas to find the partial value. If the same gas is added into the SIS and 

22PT the total number density is a sum of the both terms. 

For the preliminary evaluation of the reaction rate constant LabVIEW 

program is used (figure 2.8.1). 

 

Figure 2.8.1. Application written in LabVIEW integrated development environment 

reads data from the acquisition applications (green fields), evaluates gas number 

density “Concentration” in the trap and preliminary reaction rate coefficient “Keff” 

(pink fields). 

  



- 45 - 
 

3 Measurements of experimental conditions 

3.1. Measurements of the temperature of ions in the trap 

The discussion of the cooling of ions that took place in the previous chapter 

was connected to problems of the time of thermalization of the injected ions and 

possible undesirable heating mechanisms. Nevertheless, it does not include 

estimations of the relative difference between temperatures of the confined ions 

and of the buffer gas, which may be significant for experiments with a ion trap 

cooled to 11 K. Methods of the temperature measurement based on the 

measurement of well – known rate coefficients of reactions with strong 

temperature dependence examine collisional and available internal energy of 

particles. To determine temperature of ions the laser induced N2
+ + Ar reaction and 

ternary reaction He+ + 2 He were studied (see subsection 3.1.1, 3.1.2). 

 

3.1.1. Laser induced reaction of N2
+ ions with Ar 

Laser induced charge N+ + Ar transfer reaction is an suitable tool for testing 

of the rf heating of ions confined in the 22PT. Doppler’s broadening of spectral lines 

gives information about the translational temperature of ions. This reaction was 

chosen because the structure of spectral lines in Meinel band (X�ΣÇ�, AÈÈ = 0	 ←
A�Π��, AÈ = 2	) of the N2

+ is well studied [Douglas 1953, Lofthus and Krupenie 1977, 

Wu et al. 2007]. 

Detailed principles of laser induced charge transfer N�� 	+ 	Ar → Ar� + N� 

can be found in [Schlemmer et al. 2005]. Brief scheme of the laser induced reaction 

method is in figure 3.1.1. 

Ratio of the Ar+ to N2
+ ions number is defined by the reaction rate constant 

and relative population of states. Fraction of ions with the excessive internal energy 

(N2
+)* depends on Einstein coefficients, laser intensity and according to Bohr model, 

its frequency. Thus adsorption spectral lines can be observed as production of the 

Ar+ ions number in trap when the laser frequency is set to a resonant value. 

At low number densities a width of the spectral line increases basically due 

to the Doppler broadening effect. If harmonic oscillator with the angular frequency 
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�� moves with the non – relativistic velocity � it radiates a photon with the shifted 

angular frequency �: 

� = �� Â1 + �ÌÄ. (3.1.1) 

 

Figure 3.1.1 Energy of the excited with the laser (N2
+)* ion is available for the 

endothermic charge transfer process. For the same activation energy, reaction rate 

coefficient is higher for excited ions (k2) than for ions in the ground state (k1) at low 

energies. 

 

Absorption intensity [ is proportional to the number of particles, and can be 

described with the Maxwell velocity distribution. For the translational temperature 

V¤ it is: 

[-�/ = [�ª l217ÍV¤ exp �− l��27«V¤�©�. 
(3.1.2) 

Using equation 3.1.1, previous function can be transformed to the Gaussian form: 

[-�/ = [� Ì��ª21l7«V¤ exp �−lÌ
�-� − ��/�27«V¤���	 � ©�. (3.1.3) 

Full width at half maximum (FWHM) for the Gaussian curve is: 

Δ� = ª2 ln 2	 V¤���lÌ� . (3.1.4) 

This gives temperature of ions measured from the Doppler broadening of spectral 

lines: 
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VÐ = 12 ln 2	l PΔ�Ì�� R
�. (3.1.5) 

Measured FWHM value can be wider than real value due to the convolution of the 

spectral line shape with the laser spectral profile that results in the overstate of 

obtained temperature. It is convenient to assume that laser profile has Gaussian 

shape with the FWHM equal to Ñ to estimate this effect. In temperature units it is: 

V� 	= 12 ln 2	l PΔÑÌ�� R
�. (3.1.6) 

Thus apparent measured temperature value T’ is: 

V′ = 12 ln 2	lÌ� PΔ� + Ñ�� R�. (3.1.7) 

Absolute value of the temperature deviation caused by this superposition is: 

ΔV = VÈ − VÐ = 12 ln 2	lÌ� 2Δ�Ñ +Ñ�
��� . (3.1.8) 

Relative deviation is equal to: 

ΔVVÐ = 2Δ�Ñ +Ñ�
Δ�� = 2ªV�VÐ + V�VÐ. 

(3.1.9) 

Described in the previous chapter the 22PT apparatus is supplemented with 

the optical system to perform the N�� 	+ 	Ar experiment. The N2
+ ions are excited by 

L780P010 or HL7851G infrared 5 mW laser diodes with the adjustable wavelength 

(linewidth is less than 30 MHz). The relative FWHM of laser wavelength profile in 

temperature units is V� VÐ⁄ � 0.2 at 11 K (for measured FWHM of spectral line ≈ 

200 MHz). Deviation of the measured temperature from the real value is 

ΔV VÐ⁄ � 1 according to equation (3.1.9). Another contribution to the measured 

temperature is time instability of frequency of the laser. Estimation of its value is 

similar to the laser linewidth and it gives the same order of magnitude. In 

performed examination of the temperature the wavelength is measured with the 

Fabry–Perot interferometer. For simultaneous measuring of absolute wavelength 

value and total optical power EXFO WA-1650 Wavemeter is used. 

When the cold head is cooled to temperatures lower than 50 K the 

Considerable amount of argon may condensate on parts of the trap, and its electric 

properties changes after relatively short time of measuring. Argon is added to the 



- 48 - 
 

trap using effusive beam, with diameter smaller that internal dimensions of the ion 

trap to reduce this effect (see figure 3.1.2). The effusive beam is terminated and 

pumped out at the additional chamber (Beam catcher) when it passed through the 

apparatus, so diffusion of the gas into the 22PT chamber is relatively low. Intensity 

of the argon flow is regulated with the piezo – valve, adding of the gas is 

synchronized with trapping of N2
+ (see chapter 2). 

 

Figure 3.1.2. Cross section of the effusive argon beam is adjusted by choosing 

proper distance from the piezo – valve to the entrance aperture of the skimmer (for 

more details see [Zymak et al. 2010]). 
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Figure 3.1.3. Segment of the N2
+ ion spectrum in Mainel band is measured to 

monitor intensity of lines and stability of conditions. The R (corresponds to ∆J = + 1 

transition) and Q (∆J = 0) branches of spectrum correspond to the fine structure 

splitting. Spectral lines are recognized using measurements published in [Wu et al. 

2007]. 
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Number of Ar+ ions is proportional to intensity of spectral line. Example of 

obtained N2
+spectra is given is figure 3.1.3. Translational temperature is measured 

from the Doppler broadening of the spectral lines of different rotational – 

vibrational transitions and then average value is calculated (see figure 3.1.4). A 

relative peak heights is determined by the population of corresponding energy 

levels. Distribution of intensities contains information about rotational and 

vibrational temperatures. However, for its evaluation more data should be 

measured than it was obtained in the present measurements. The FWHM values are 

defined from the equations of Gaussian fits of spectral lines. 
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Figure 3.1.4. Doppler profiles are acquired at temperatures of the 22PT equal to 

85 K (upper panel) and 11 K (lower panel). Temperatures (TD) are evaluated form 

the Doppler broadening of spectral lines (for detail see [Zymak et al. 2010]). 
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Difference between the temperature of the 22PT and translational 

temperature of ions is in the range of the estimated deviation connected with the 

convolution of spectral lines and laser wavelength profile and instability (10 K at 11 

± 10 K and 85 ± 20 K. These measurements do not show that trapped ions are 

heated relatively to buffer gas, but statistical and systematic deviation is excessively 

high and more precise studies are required. Results of these measurements are 

published in [Zymak et al. 2009]. 

 

3.1.2. Ternary association reaction of He+ ions with He neutral gas 

Formation of helium dimers He2
+ in ternary association of He+ ions with 

helium neutrals He� + He Ò(*+ He�� is exothermic process. It is sensitive to the 

temperature. In the range of 11 – 300 K ternary rate coefficient of the reaction 7� 

(see subsection 2.8) is defined by the collisional temperature V ÓÔ only. Internal 

excitation does not play any role (the lowest excited level 13S1 is about 20 eV) (for 

details see [Stern et al. 1977, Eyler et al. 2008]). For two collided particles (ion–

neutral or (He2
+)*–neutral), this temperature can be understood as mean kinetic 

energy that transforms into internal in elastic collisions, or evaluated as convolution 

of two weighted Maxwell – Boltzmann distributions: 

V ÓÔ = lÇÕÖVmÓn +lmÓnVÇÕÖlÇÕÖ +lmÓnÖ , (3.1.10) 

where lÇÕÖ, VÇÕÖ, lmÓnÖ and VmÓn are masses of particles and temperatures of buffer 

gas and ions, respectively [Gerlich 1992c]. Equation (3.1.11) gives that if VmÓn = VÇÕÖ 
than V ÓÔ = VmÓn = VÇÕÖ. 

Previous low temperature measurements performed at 11 – 22 K are in the 

good agreement with results obtained in the range of 30 – 350 K [Bohringer et al. 

1983, Gerlich 1992b]. Their temperature dependence is described with the same 

function ∝ V�.× with sufficient accuracy. Thus, ternary association He� + 2	He	 can 

be used as a “thermometer” as it was suggested by Gerlich [Gerlich 2008]. In most 

22PT experiments helium is used as the buffer gas for its low condensation 

temperature (see subsection 2.2). In this reaction He is used both as reactant and 

buffer gas. Raw measurements of the time evolution of He+ and He2
+ ions number 
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for different temperatures and He number densities are given in figures 3.1.5 and 

3.1.6.  
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Figure 3.1.5. Time evolution of He2
+ ions numbers (relatively to initial number of He+ 

ions) is measured for 11 (blue triangles) and 22 K (red circles). Fit functions are 

shown with dash lines. 
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Figure 3.1.6. Measured for different helium volume number densities time 

evolution of ions numbers of He2
+. 

 

Examination of the ternary reaction rate coefficient at different conditions is 

important due to the conclusions published in [Asvany 2009] (see also chapter 2 of 

this work) that rf heating increases with the volume number density of the buffer 

gas. Experimentally this effect may be observed as decrease of the ternary reaction 

rate coefficient with growth of [He] value. In presented measurements dependence 

of the apparent rate coefficient on helium volume number density is linear (figure 

3.1.7). 
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Figure 3.1.7. Measured linear dependence of the apparent reaction rate coefficient 

does not show an increase of the rf heating effect with the buffer gas volume 

number density. 
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Figure 3.1.8. Measured temperature dependence of the ternary reaction rate 

coefficient (blue close circles) is compared to previous measurements (open red 

circles [Gerlich 1992b] and close green rhomboids [Bohringer et al. 1983]). For 

details see [Plašil et al. 2010]. 

 

Measured reaction rate coefficient has power – behaved temperature 

dependence that matches to previous measurements in the range of 10 – 20 K and 

extrapolation of the values obtained at higher temperatures. Possible heating of 

trapped He+ by the confining rf field does not make significant contribution to 

kinetic energy of ions. Temperature of ions can be considered that VmÓn = V��£¤ in 

the range of the typical accuracy of measurements (see figure 3.1.8). 
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3.2. Measurements of the ortho fraction in the para enriched hydrogen 

A source of hydrogen with the fraction of molecules in ortho and para state 

for studies of state selected ion – molecular reactions with hydrogen is required 

(see chapter 1). A para hydrogen convertor (PHC) for enrichment of normal 

hydrogen with para H2 was constructed to perform these measurements (see 

subsection 2.7). Efficiency of the para enrichment of normal hydrogen may vary 

according to the chemical purity and temperature of the catalyst used in the device. 

The very first and more qualitative than quantitative, measurement of the ortho 

fraction using the nuclear magnetic resonance spectroscopy was done. However, 

the o-H2 to n-H2 ratio should be measured with comparable of better accuracy than 

rate coefficients of reaction. 

 

3.2.1. Reaction of N+ with para enriched hydrogen at 11 K 

Endothermicity or potential barrier of tte N+ + H2 → NH+ + H reaction is 

about 18 ± 2 meV [Marquette et al. 1988]. Contribution of the rotational energy 

~ 14 meV of the H2(J = 1) molecule in ortho nuclear spin state to the balance of the 

reaction makes it almost thermoneutral and dramatically changes its temperature 

dependence. The reaction rate coefficient for the ortho / para mixture 7-V/ can be 

represented as superposition of state specific values 7Ø-V/ for J = 0, 1 at 

temperatures 20 K and less: 

7-V/ = §7<-V/ + -1 − §/7�-V/ (3.2.1) 

where f is fraction of the ortho hydrogen in the mixture. It can be evaluated from 

the 7-V/ value: 

§ = 7-V/ − 7�-V/7<-V/ − 7�-V/. (3.2.2) 

Measured rate coefficient 7-V/ as function of temperature for normal and para 

enriched hydrogen is given in figure 3.2.1. For purposes of determination of the 

fraction f at low temperatures (11 – 25 K), obtained temperature dependencies 

7�-V/ and 7<-V/ can be fitted with monoexponential functions as it was proposed 

in previous works [Gerlich 1989, Dislaire et al. 2012]: 
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7Ø-V/ = ¢Ø exp− 3Ø7�V, (3.2.3) 

frequency factor AJ and exothermicity EJ are defined from the fits (figure 3.2.1). 

Detailed experimental study of the N�I �Ø¿� M + H�-./ → NH� +H reaction and its 

dependence on the fine structure of the N+(3
PJa) ion is discussed in chapter 4 of the 

present work. 

From the obtained fit functions for normal and para enriched hydrogen: 

7<-V/ = 1.9 ∙ 10<� exp-−V ∙ 0.18	K</	 cm�, (3.2.4) 

7�-V/ = 9.0 ∙ 10<� exp-−V ∙ 2.15	K</ cm�, (3.2.5) 

can be concluded that at V���x = 11	K rate coefficient for the reaction with para H2 

is negligibly low 7�-11	K/ ≪ 7<-11	K/, thus equation for the ortho fraction value is 

simplified to: 

§ = 7-11	K/ 7<-11	K/⁄ . (3.2.6) 

From the measured reaction rate coefficient 7-§/ at 11 K one can find para 

enriched hydrogen ortho fraction § � 0.5% or less both from simplified equation 

(3.2.7) and from the fit of the measured temperature dependence. 

At the constant temperature reaction rate coefficient is the linear function 

of the ortho fraction: 

7-§/ = §I7<-V/ − 7�-V/M + 7�-V/. (3.2.8) 

The last equation with obtained 7�-V/ and 7<-V/ functions gives dependencies of 

effective reaction rate coefficient on the ortho fraction 7-§/. To compare results of 

the evaluation with experimental data see figure 3.2.2. Intermediate ortho fractions 

are obtained by simultaneous adding of the p-H2 and n-H2 to the 22PT volume in 

defined proportions. 
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Figure 3.2.1. Temperature dependence of the reaction rate coefficient measured for 

the n-H2 and for the p-H2. Components of fits for normal hydrogen give 

dependencies for pure para and ortho (dark red dashed line) states. Dependencies 

on the ortho H2 fraction are measured at temperatures shown with vertical dashed 

lines (see figure at 3.2.2). 
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Figure 3.2.2. Dependence of the reaction rate coefficient on ortho fraction. 

Functions plotted with dashed lines are obtained from the fit of temperature 

dependence (more in [Gerlich et al. 2013]). 

 

For studies of state selected reactions of hydrogen, the stability of ortho 

hydrogen fraction at different operation conditions of the PHC is essential. Catalyst 

temperature is varied in the range of temperature from 11 to 15 K. Heating 
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increases the pressure level due to intensification of desorption from the surface, 

and changes the ortho to para ratio. 

To analyse variation of ortho H2 fraction, its value is measured at typical 

hydrogen number densities and 22PT temperatures (see figure 3.2.3). Average 

value that is f = 1.0 ± 0.5 % at T22PT = 23 K and f = 0.5 ± 0.5 % at T22PT = 11 K. 
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Figure 3.2.3. Stability of the ortho fraction in the para enriched hydrogen under 

various number densities in the 22PT volume measured at 11 and 23 K (right axis) 

(more in [Hejduk 2013]). Detail of in situ determination of ortho fraction will be 

given in subsection 4.1. 

 

3.2.2. Reaction of H3
+ with HD 

The ortho fraction in the para enriched hydrogen should be measured during 

studies of nuclear spin state selected ion molecular reaction of hydrogen. Isotopic 

substitution reaction with HD (its terrestrial abundance in hydrogen is �HD� �H��⁄ =
3.2 ∙ 10') 

H�� + HD ⇄ H�D� + H�-./ + Δ3, (3.2.9) 

is very convenient way, so far as it does not require any changes of 22PT apparatus 

settings. Rate coefficient of the backward reaction depends on the nuclear spins 

state of the H2 molecule [Hugo et al. 2009]. This can be easily explained with energy 

balance of these reactions, which takes into account internal energy of reactants in 

ground state and contribution of about 170 K of the rotational energy of H2(J = 1) 

(see figure 3.2.4). 
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Exothermicity of the H3
+ + HD reaction (it is 141 K) is equal to difference of 

lowest energies of reactants and products [Hugo et al. 2009]. At 11 K the backward 

reaction of H2D+ with H2(J = 0) is very slow. However, rotational energy of the 

H2(J = 1) overcomes the endothermicity, so reaction of the H2D+ ion with ortho 

hydrogen is possible. 

Volume number density of the H3
+ ions is described with the following 

differential equation: 

©�H���©r = −7<-V/�H����HD� + 7�-V/�H�D��§�H��. (3.2.10) 
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Figure 3.2.4 Energy diagram of the isotopic substitution in hydrogen at 11 K. The 

lowest energy of the H3
+ + HD group of reactants is 141 K, energy of the H2D+ + H2 

system is taken as zero (more in [Hugo et al. 2009]). 
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Figure 3.2.5. Typical measurement of the steady-state isotopic exchange ratio in the 

para enriched hydrogen. After the 200 ms the ratio is constant [H2D+]/[H3
+] ≈ 0.2 

(dashed lines are parallel). 

At equilibrium condition s©�H��� ©r⁄ = 0 the ortho fraction can be evaluated from 

the measured [H2D+]/[H3
+] value if k1 and k2 rate coefficients are known: 
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§ = �H����H�D��
�HD��H�� 7<

-V/7�-V/. (3.2.10) 

Measuring of the [H2D+]/[H3
+] ratio at constant temperature is constant is very easy 

and versatile tool to monitor relative fraction (in situ determination). Previous 

experimental results and statistical calculations can be used to find its absolute 

values [Gerlich et al. 2002, Hugo et al. 2009]. Typical data are shown in the figure 

3.2.5. According to results of previous measurements [Hugo et al. 2009] measured 

steady – state ratio [H2D+]/[H3
+] ≈ 0.2 corresponds to the ortho fraction § � 1%. 

This result is in a good agreement with value obtained in N+(3
PJa) + H2(J) experiment. 
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4 Laboratory studies of interstellar relevant gas – 

phase ion – molecular reactions 

4.1 Temperature dependence of the N
+
(

3
PJa) + H2(J) reaction 

Detailed gas phase low temperature studies of the reactions of nitrogen ions 

with the neutral hydrogen are important due to their role in the formation of 

interstellar ammonia (see equations 1.6.1). The N+ + H2 reaction has strong 

dependence on translational temperature and internal energy of reactants (for 

preliminary measurements see subsection 3.2.1). The state specific, low 

temperature reaction rate coefficients based on experimental data are required for 

detailed astrochemical models. The range of 10 – 100 K is important for interstellar 

applications. 

 

4.1.1 Experimental results 

Studies of the temperature dependence of N+(3
PJa) + H2(J) reaction used for 

the measurement of the ortho fraction in the para enriched hydrogen are in 

disagreement with analytical model based on separate exponential functions for J = 

0 and J = 1 rotational states of the H2 molecule at temperatures above 25 K. To 

explain the deviation additional tests was performed. 

The N+ ion in the H2 gas initiates chain of reactions: 

N� + H� → NH� + H, 
NH� + H� → NH�

� + H, 
NH�� + H� → NH�

� + H, 
NH�� + H� → NH'

� + H. 

(4.1.1) 

Acquired raw data are given if figure 4.1.1. In majority of our measurements of 

N+(3
PJa) + H2(J) reaction, number of ammonium ions is not significant. Note that 

after 10 ms required for cooling of ions the total number of trapped ions is 

constant. 

Time evolution of the number of N+ ions may be affected by volume number 

density of the helium buffer. The density of buffer gas was found from the decay 

curves of N+ measured at the typical for N+ + H2 experiment conditions (figure 
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4.1.2). On the one hand they demonstrate sufficient kinetic cooling of ions, on the 

other monoexponential decay raises question about the thermalization of internal 

states of N+ (see subsection 4.1.2). Stability of experimental conditions and the dark 

counts level was estimated using series of measurements at the same volume 

number densities of added gases (figure 4.1.3). 
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Figure 4.1.1. Time evolution of NHi
+ (i = 0 – 3) ions formed in chain of reactions 

4.1.1. Growth of total number of ions caused by cooling processes is observed in 

first 10 ms (see subsection 2.2). This period is excluded from the calculation of N+ + 

n-H2 reaction rate coefficient (k). 

 

The most probable reaction with the traces of atmospheric gases are 

[Howorka et al. 1980, Dotan et al. 1997, Carrasco et al. 2013]: 

N� + O� =→O�� + N, 7	~	10<�	cm�s; 
NH� + N� =→N�H� + N, 7	~	10<�	cm�s. 

(4.1.2) 

Number of products of these reactions N2H+ (mass 29 a.m.u) and O2
+ (mass 

32 a.m.u.) measured at 100 K is not significant even for helium number densities 

higher than density normally used in measurements. Nevertheless, for excessively 

high [He] values (significantly higher than [H2]) decrease of total number of ions was 

observed. 
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Figure 4.1.2 Decay of N+ number in normal hydrogen (n-H2). Data was measured to 

estimate the efficiency of N+ cooling with helium buffer gas. Reaction rate 

coefficient k is calculated from the mean lifetime τ of ions ions in the trap. 
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Figure 4.1.3. Decay of number of N+ ions. Data were obtained in series of 

measurements. The measured level of the dark counts is below 0.01 (open black 

squares). 

 

To find the optimal proportion of the reactant to buffer gas we studied 

dependence of measured rate coefficients on [He] at typical [H2]. Examples of 

obtained data are plotted in figure 4.1.4. Special attention was paid to 

temperatures below and above of the O2 and N2 condensation points. From 

obtained data one can see that in order to minimize the influence of the buffer gas 

on the measured reaction rate coefficients one should use [He] ≤ [H2]. The reaction 
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with the para enriched hydrogen at low temperatures is slow, so somewhat higher 

[H2] are used, cooling of ions is faster and [He] can be reduced. 
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Figure 4.1.4. Dependence of the measured rate coefficients on helium number 

density. Data were obtained in normal hydrogen at temperatures lower and higher 

than O2 and N2 condensation points.  

 

The rate coefficients are measured for several fractions (given in percent) of 

ortho hydrogen in the range 11 – 100 K (figure 4.1.5). It is obvious that the 

biexponential fit of the data measured at particular temperature is not sufficient. 
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Figure 4.1.5. Temperature dependence of the effective reaction rate constant keff 

measured for different fractions f of the ortho hydrogen (given in percent). Here the 

experimental data are fitted with biexponential functions (solid lines). 
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4.1.2 Adiabatic and kinetic models of the reaction 

There are no theoretical or experimental conclusions about availability of 

the fine – structure (FS) energy of the N+(3
PJa) ions in chemical, namely hydrogen 

abstraction reactions. Various theoretical studies [Gerlich 1989, Russell & 

Manolopoulos 1999] raise different aspects of the structure of N+(3
PJa) energy 

levels, however there is still no answer whether NH+ formation process is 

endothermic, exotermic, or it has a potential barrier. Furthermore, mechanism of 

collisional thermalization of the FS states is not clear yet. However, reactivity of 

N+(3
PJa) ions may differ for various FS levels. For the adiabatic approximation in 

previous studies it was assumed that formation of NH+ products is possible only for 

the three lowest FS states Ja = 0 – 2, other are so repulsive that there is no low 

energy channel of reaction [Marquette et al. 1988, Gerlich 1993]. According to this, 

the effective reaction rate constant is a function of the equilibrium population of 

the FS levels.  

Using Arrhenius type functions (with parameters kA and TA) for the 

temperature dependence of state selected reaction rate coefficients kJ,Ja(T) of 

N+(3
PJa) + H2(J) 

7Ø,ØÕ =	7¼-., .Õ/ exp-−V¼-., .Õ//V/, (4.1.4) 

the measured rate coefficient can be fitted with the following equation: 

7�ÞÞ = 	§I��7<,� + �<7<,< + ��7<,�M + -1 − §/I��7�,� + �<7�,< + ��7�,�M, (4.1.5) 

where ξ0, ξ1 and ξ2 are the populations of N+(3
PJa) FS levels. In the approximation of 

the thermal population of the 3
P0, 3

P1 and 3
P2 FS levels, the populations can be 

evaluated from the Maxwell – Boltzmann distribution: 

�ØÕ = -2.¿ + 1/ exp P−V	ØßV R
à , 

(4.1.6) 

where -2.¿ + 1/ is degeneracy of FS energy levels, V	Øß  are energies of total angular 

momentum states Ja in Kelvins, and Z is statistical sum. After substitution of 

numerical values [Tosi et al. 1994] equation 4.1.6 transforms to (see also figure 

4.1.6): 

�� = 1
1 + 3 ∙ eá�.á×	âx + 5 ∙ e<ãá.�	âx , (4.1.7) 
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�< = 3 ∙ eá�.á×	âx
1 + 3 ∙ eá�.á×	âx + 5 ∙ e<ãá.�	âx , 

�� = 5 ∙ e<ãá.�	âx
1 + 3 ∙ eá�.á×	âx + 5 ∙ e<ãá.�	âx , 

temperature T is given in Kelvins. Population of the J = 3 rotational state of hydrogen 

(about 3% at 100 K) is neglected. According to the supposition made in [Russell & 

Manolopoulos 1999] the N+(3
P2) +H2(J) reaction for the 3

P2 FS state of N+ is very 

slow, and can be assumed that 7�,� � 7<,� � 0 (see equation 4.1.5). Equations (4.1.4 

– 4.1.7) give temperature dependence of the effective rate constant keff of the 

reaction at temperatures higher than 10 K, where constants 7¼-., .Õ/ and V¼-., .Õ/ 
are parameters of fit functions (see detail of the fit for T > 25 K in figure 4.1.7 and 

for whole temperature range in figure 4.1.8 table 4.1.1). The parameters of the fits 

are given in table 4.1.1. 
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Figure 4.1.6. Temperature dependence of the population of the three FS levels (ξ0, 

ξ1, ξ2) of N+(3
PJa) ions evaluated from the Maxwell – Boltzmann distribution function 

(more in [Hejduk 2013]). 

 

Proposed fit functions are based on the assumption that 3
P0, 3

P1 and 3
P2 

states of the N+ ions are thermalized. However thermal equilibrium model can be 

disputed. Calculations based on the phase space theory [Gerlich 1989] give 

relaxation rate coefficients 7Eäå→äå)æ = 10O	cm�s< with n = 11, 10, 9 [Tosi et al. 

1999]. Strict adiabatic behavior inhibits FS collisional transitions, so the highest 
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levels of the fine structure are completely indifferent to collisions with H2 molecules 

(it was mentioned before that 7�,� � 7<,� � 0). The objection can be also based on 

the fact that in case of different reaction rate coefficients for FS states, one can 

expect multiexponential decay curve for N+. This was not confirmed with measured 

data (see figures 4.1.3 and 4.1.4). 
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Figure 4.1.7 Detail of state – selective fit functions (solid color lines) of measured 

data for T > 25 K. Extrapolated curves for ortho fraction values (f = 0, f = 1) are 

shown with black dashed lines (more in [Gerlich et al. 2013]). Colours used for 

identification of ortho fractions are identical with colours used in figure 4.1.8. 

 

Table 4.1.1. Parameters of state specific rate coefficients (equation 4.1.4) reactions 

derived from the fits shown in figure 4.1.8 

k(J, Ja) kA, (10-10 cm3s-1) TA, (K) remarks 

k0,0 12 230 adiabatic approximation 

(k0,2 = k1,2 = 0) 

Ions are thermalized 

(kr2→1, kr1→0 →∞) 

k1,0 1.9 18 

k0,1 14 230 

k1,1 12 40 

k0,2 0.51 53.4 

fit of decay based on the 

kinetic model 

k1,2 1.44 18.4 

kr2→1 
0.58 37.0 

kr1→0 



- 66 - 
 

To resolve mentioned problem of the FS relaxation, a kinetic model that 

includes 3
P2 → 3P1 (7Eç→æ) and 3

P1 → 3P0 (7Eæ→è) collisional transitions was 

developed, the 3
P2 → 3P0 process was assumed inefficient. Reverse coefficients 

7Eæ→ç and 7Eè→æ were included into the model but their values are negligibly low. In 

this model, equations (4.1.4) are completed with statements for the relaxation rate 

coefficients, which are used in the differential kinetic equations of decays. 

Parameters of the equations are obtained from fits of the time evolution of N+(3
PJa) 

ions number (table 4.1.1). The notable result is that model that includes relaxation 

processes is in agreement with the exponential shape of the decay curve. State 

specific fit functions, which correspond to the adiabatic approximation plotted for 

various fraction of ortho hydrogen, are given in figure 4.1.8. Deviation of the fit 

functions from the experimental points in the range of 20 – 25 K is too small to be 

included in models (in figure 4.1.8 is visible only f = 0.5% and 3.3.%). 
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Figure 4.1.8. State – selective fit of measured data. The N+(3
PJa) and H2(J) state 

selected fit curves (solid color lines) are in sufficient agreement with experimental 

data (close circles). Extrapolation functions for pure ortho and para hydrogen are 

shown with black dashed lines (more in [Gerlich et al. 2013]). 

 

More details about kinetic model, adaptation of fit functions for 

astrochemical purposes and also discussions of quantum mechanical problems of 

availability of FS energy accumulated in N+(3
PJa) ions in the associative reactions 

with hydrogen are in [Zymak et al. 2013]. 
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4.2 Experimental study of the association reaction of H
+
 ions with 

hydrogen 

The role of the H3
+ ion in the interstellar medium and its formation at low 

temperatures in the H+ + H2 reaction is discussed in chapter 1. Theoretical study of 

the association reaction of H+ ion with the H2 molecule is nontrivial problem. 

Calculations of the potential energy surfaces of H3
+ ion are relatively accurate for 

low lying rotation – vibrational states [Pavanello et al. 2009], however with 

increasing internal energy more levels become available. Situation is complicated by 

transitions between linear and nonlinear structures of H3
+ ion (see subsection 1.3). 

Actually, at such high energies, the spectroscopic transitions are determined by 

specific quasibound states reported by Carrington [Carrington et al. 1984, 

Carrington et al. 1993]. As a consequence, the obtained values of energy levels of 

trihydrogen cation at predissociative states are far from spectroscopic accuracy. In 

compliance with statistical calculations [Gerlich 1990b], H+ + H2 collisions mostly 

affect the rotational thermalization of the H2(J) molecules and interchange of the 

nuclear spin state to the equilibrium ratio  

H� 	+ 	H�-./ 	⇄ H� 	+ 	H�-. + 1/ (4.2.1) 

Instead of formation of H3
+ ion. Due to specified reasons, there is no reliable 

theoretical model of the de-excitation of (H3
+)* complexes to the stable states. 

Experimental study of state selected reactions H+ + H2 (J = 0, 1) at low temperatures 

in addition to astrophysical application and importance in many other plasma 

environments may help to understand the processes of association and stabilization 

of (H3
+)* complexes. 

Depending on the to stabilization mechanism – radiative transition to lower 

energy level or collision with the third particle, the reaction channel can be either 

radiative or ternary: 

H� + H� =?→H�� + ℎA 

H� + H� +B =C→H�� +B, 
(4.2.2) 

where kr and k3 are rate coefficients of radiative and ternary association reactions, 

respectively. Measured apparent (or effective) binary reaction rate coefficient keff is 

contributed by both processes, which are assumed to be independent: 
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7(éé = 7ê + 7��B�. (4.2.3) 

 

4.2.1 Association of H+ with normal hydrogen 

H+ ions in normal hydrogen gas at temperatures about 10 K initiate a chain 

of reactions that leads to the formation of H3
+(H2n) (n = 0, 1, 2 …) cluster ions 

[Hiraoka 1987] (for mass spectrum see figure 4.2.1): 

H� + H� → H�
�, 

H�� + H� → H�
�-H�/, 

. . . 

H��-H�/O< + H� → H�
�-H�/O. 

 

(4.2.5) 
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Figure 4.2.1. Mass spectrum of ions formed from injected H+ ions . H3
+(H2n) (n = 0, 1, 

2 …) ions in the 22 – pole rf ion trap at 11 K in normal hydrogen ([H2] = 1014 cm-3, 

trapping time is 1 s). In figure summed number of ions for 5 filling of the trap is 

given, masses of ions are given in atomic mass units.  

 

Previous measurements of the ternary rate coefficient k3 cover the range of 

temperatures 135 – 300 K [Graham et al. 1973, Johnsen et al. 1976]. The swarm 

technique used in those experiments has to high buffer gas denities and it is not 

applicable for study of radiative association because, the ternary channel is 

dominant. The first results of the measurements of the binary contribution in the 

effective rate coefficient obtained using ion trapping technique at temperature 

230 K are reported in publication of Gerlich and Kaefar [Gerlich and Kaefar 1987]. In 
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the present work, the rate coefficients of the H+ + H2 reaction were measured at 

temperatures down to 11 K using 22 – pole trap apparatus. The effective rate 

coefficients keff were evaluated both from decay of number of trapped H+ ions and 

from growth of number of H3
+. Typical number of injected H+ ions in the trap is 

order of hundreds per one filling. For better comparison of the results in some 

figures number of ions is normalized to 1. Typical acquisition of number of product 

ions formed from the H+ is given in figure 4.2.2, for the rate coefficient of selected 

reactions (formation of H5
+ – H23

+) at 10 K see [Paul et al. 1995]. 
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Figure 4.2.2. Time evolution of the H3
+(H2)n ions number formed in normal hydrogen 

after injections of H+ ([H2] = 5.3⋅1013 cm-3, T22PT = 11 K). 

 

From the fit of the measured effective rate coefficients keff([H2]) ternary and binary 

contributions for 11 and 22 K (figure 4.2.3) are obtained. The radiative rate 

coefficient at 11 K is higher than at 22 K (kr(11 K) > kr(22 K)), this result was 

expected according to estimations based on simplified statistical approximation 

[Bates 1979, Gerlich and Horning 1992] (see subsection 1.4) 

7ê ∝ FJKLL ∝ V-W �⁄ �X/, (4.2.6) 

where Y is number of rotational degrees of freedom in the separated reactants and 

Z is factor associated with efficiency of the collisional stabilization of complexes. 

However, statistically significant difference for ternary channel at 11 and 22 K was 

not observed, k3(11 K) ≈ k3(22 K). This result is in contradiction with the statistical 

model of three – body ion – molecular reactions based on the Rice – Ramsperger – 
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Kassel – Markus theory [Herbst 1979], where linear relation between lifetime of the 

(H3
+)* complexes and radiative rate coefficient is assumed (equation 4.2.6). I stress 

here again, that this was observed in experiments with normal H2, where ¾ of 

hydrogen molecules are in ortho state, i.e. they have excitations energy 

corresponding to 170 K. 
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Figure 4.2.3. Effective binary rate coefficients of association reactions H+ + H2 

measured in experiments with normal hydrogen at 11 and 22 K. Binary kr(T) and 

ternary k3(T) components (dashed lines) of the effective rate coefficient are 

obtained from the fit functions (solid curves): kr(11 K) =(1.6±0.3) × 10-16 cm3s-1, kr(22 

K) = (5±2) × 10-17 cm3s-1, k3(T) = (2.6±0.8) × 10-29 cm6s-1 for both 11 and 22 K. The 

values marked with the open squares are evaluated from the decay of number of H+ 

ions and close circles and squares from the growth of the number of the product 

ions (more in [Plašil et al. 2012]). 

 

This disagreement has no evident explanation, it can be attributed either to 

the temperature dependence of the efficiency of stabilizing collisions with the third 

particle (see equation 4.2.6), or to the special shape of the potential energy surface 

of the H5
+ ion leading to the “shared proton” structure (see for ex. [Cheng et al. 

2010]). Another probable reason is that statistical assumption based on the 

Langevin criterion is not applicable at the low temperatures of our experiment. 

More theoretical and experimental investigations are needed to understand the 

stabilization mechanisms of H3
+. The role of the internal energy of the third particle, 

namely rotational energy of ortho hydrogen H2(J = 1), is also unknown (see 
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experimental results and discussion below in chapter 4.2.2). Detailed potential 

energy surfaces of H5
+ are required to build quantitative models. Additional 

information can be obtained in experiments with various fractions of the ortho H2 

(see also [Zymak et al. 2011], [Plašil et al. 2012]). 

 

4.2.2 Association of H+ with para enriched hydrogen 

As it was mentioned in the previous subsection, rigorous investigations of 

state specific rate coefficients of the H+ + H2(J = 0, 1) to obtain information about 

the role of internal energy of the third particle are needed. Studies of the reaction 

at different temperatures and number densities are also necessary for 

astrochemical models of H3
+ ions formation, because equilibrium fraction of ortho 

hydrogen dramatically changes in the range of temperatures inherent to diffuse and 

dense interstellar clouds. Temperature dependences of components kr(T) and k3(T) 

also may help to understand mechanisms of stabilization of (H3
+)* complexes. 

Experimental study of the H+ + H2(J = 0) reaction is complicated with 

deuteration processes mentioned in subsection 3.2.2. Time evolution of the number 

of trapped ions shows that chain of reactions is very complicated (figure 4.2.4), and 

more types of product ions have to be taken into account.  
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Figure 4.2.4. Time evolution of the formation of complex ions. Datameasured in 

experiment at 11 K with para enriched hydrogen (fraction of ortho H2 is f < 1 %). 

Most of ions with mass 5 a. m. u. are H5
+ and D2H+ [Hugo et al. 2009]. 
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At first glance hydrogen in para nuclear spin state is obviously more reactive 

than mixture with normal fraction (see figure 4.2.5). Measured at different H2 

number densities effective rate coefficients for normal and para hydrogen are given 

in figure 4.2.6. Given values are averaged over several sets of measured data. In 

para hydrogen, increase of the effective rate coefficient keff(T) with temperature is 

observed. Example of data measured at 11, 22, and 33 K are shown in figure 4.2.7. 

Dependence of the ternary rate coefficient on fraction of ortho [H2] was measured 

in detail (see figure 4.2.8). 
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Figure 4.2.5. Decay of number of H+ ions measured at 11 K in helium buffer gas with 

normal and para enriched H2 (f < 1 %). 
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Figure 4.2.6. Dependence of the effective rate coefficient measured in para 

hydrogen at 11 K (black symbols, black curve is fit function). The results of 

measurements in normal H2 at 11 K and 22 K are shown with fit functions only (blue 

and red curves, taken from figure 4.2.3). For each fit function their radiative and 

ternary components are plotted (dashed lines), for details see [Gerlich et al. 2013]. 
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Figure 4.2.7. Dependences of the effective rate coefficient keff(T) of the H+ + H2(J = 0) 

association on the [H2] measured at various temperatures using para enriched 

hydrogen. The radiative kr(T) and ternary k3(T) contributions are obtained from the 

fit functions (see table 4.2.1). For comparison we indicate (dashed line) the 

corresponding dependence measured with normal H2 at 11 K. 
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Figure 4.2.8. Dependence of the ternary rate coefficient on of fraction f of ortho H2. 

Data were measured from the decay of the number of H+ and growth of the number 

products. Indicated is overall hydrogen density in the trap. Rate coefficients 

obtained from the fit functions for normal H2 and para H2 are given with green 

squares (error bars is less than dimension of symbols). 
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Table 4.2.1. Experimental values of radiative kr and ternary k3 rate coefficients (see 

equation 4.2.3, ∆kr and ∆k3 are statistical errors).  

T, (K) 
kr (∆kr), 

(10-16 cm3s-1) 

k3 (∆k3), 

(10-28 cm6s-1) 

remarks 

11 1.6 (0.3 0.27 (0.08 n-H2 (75% of o-H2 and 

25% of p-H2) 22 0.5 (0.2) 0.25 (0.08) 

11 0.9 (0.2) 0.88 (0.04) 

p-H2 (J =0) 22 0.4 (0.2) 1.31 (0.01) 

33 0.4 (0.7) 1.75 (0.04) 

11 1.8 (0.4) 0.06 (0.09) o-H2 (J = 1) 

 

4.2.3 Temperature dependence of the rate coefficients of H+ + H2 

association reaction 

In order to explain temperature dependence of the H+ + H2 association 

reaction it is necessary to measure binary and ternary state specific rate coefficients 

and their dependence on temperature, k3(T, J = 0, 1) and kr(T, J = 0, 1). 

In rather limited temperature range of our experiments we can in first 

approximation assume that the ternary and binary rate coefficients at fraction f can 

be given linear equations 

7�-§/ = -1 − §/7�-. = 0/ + §7�-. = 1/, 
7ê-§/ = -1 − §/7ê-. = 0/ + §7ê-. = 1/. 

(4.2.8) 

This was confirmed by direct measurements of dependence of k3 on f (see figure 

4.2.8). 

Because of the linear dependence (4.2.8), for calculation of k3(T, J = 0, 1) and kr(T, J 

= 0, 1) it is sufficient to measure temperature dependence of the rate coefficients at 

two different fractions k3(T, f) and kr(T, f). From technical reasons it is better to 

measure for f = 0.75 and f = 0. The experimental temperature dependences of the 

ternary and radiative contribution for p-H2 (f < 1 %) and n-H2 (f = 75 %) are 

represented with fit functions (see figure 4.2.9): 
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7�-V, § < 1	%/ = -4.4 + 0.4 ∙ V/K/ ∙ 10��	cm×s<	, 
7�-V, § = 75	%/ = -1.4 + 0.1 ∙ V/K/ ∙ 10��	cm×s<,	 
7ê-V, § < 1	%/ = -1.0 − 0.01 ∙ V/K/ ∙ 10<×	cm�s<, 

(4.2.9) 

7ê-V, § = 75	%/ = -2.3 − 0.07 ∙ V/K/ ∙ 10<×cm�s<,  

temperature T is given in K. 
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Figure 4.2.9. Temperature dependences of the k3(T) and kr(T) measured in n-H2 (f = 

75 %) and p-H2 (f < 1%). The rate coefficients evaluated from the increase of the 

number of products are shown with solid symbols for p-H2 (different symbols are 

used for different number densities of hydrogen) and open circles for n-H2. Rate 

coefficients obtained from fit functions are given with rhomboids (p-H2) and circles 

(n-H2) filled with crosses. 

 

Temperature dependences of the ternary rate coefficient in p-H2 and n-H2 are 

compared. The steepness of the slope for hydrogen para nuclear spin state is almost 

4 times higher than for normal hydrogen. This can be explained by the contribution 

of the rotational energy of ortho hydrogen into the internal excitation of a (H3
+)* 
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complex and, consequently, different probability of its collisional stabilization. 

However, this statement is made according to simple statistical model and should 

be affirmed with quantum mechanical calculations. 

Measured temperature dependence of the radiative channel for normal 

hydrogen corresponds to the statistical model V-W �⁄ �X/, while for para hydrogen it 

is almost constant. Moreover, in this work largest radiative rate coefficient was 

obtained for H2 in the lowest rotational state. It is supposed that detailed 

calculations of the potential energy surfaces for long – lived resonant states, which 

are responsible for the radiative association [Honvault et al. 2011] will explain role 

of internal energy. Discussions concerning stabilization of (H3
+)* complexes, 

astrochemically relevant application of the experimental results and details of 

measurement as well as its comparison with previous theoretical and experimental 

studies can be found in our paper [Gerlich et al. 2013]. 
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Summary 

In this thesis studies of state selected ion – molecule reactions are 

described. Interactions of H+ and N+ ions with H2 at low temperatures were studied. 

Measurements were performed using the 22 – pole rf ion trap apparatus.  

Kinetic temperature of ions in the trap was monitored using the N2
+ + Ar 

laser induced reaction [Zymak et al. 2010] and the ternary association of He+ ions 

with helium atoms [Plašil et al. 2012]. The catalytic convertor was applied to 

produce hydrogen with molecules in para nuclear spin state [Hejduk et al. 2012, 

Hejduk 2013]. Quality of para enrichment of hydrogen with the para hydrogen 

convertor was measured using the nuclear spin state dependent reaction of N+ ions 

with molecular hydrogen and isotopic exchange between H3
+ and H2D+. Fraction of 

ortho hydrogen measured with both methods is less than 1 %. 

Temperature dependence of the N+(3
PJa) + H2(J) reaction was measured for J 

= 0, 1 in the range of 11 – 100 K (see figure 4.1.8). The rate of the reaction is very 

sensitive to the nuclear spin state of the hydrogen molecule and may be used as a 

probe of ortho fraction in H2. Obtained results are more precise and do not fit to 

previous simple biexponential model (see figure 4.1.5). Such temperature 

dependence most probably can be explained by the availability of fine structure 

energy of N+(3
PJa) ions in association processes. A kinetic model was proposed to 

describe the correlation between association and collisional relaxation of the 

N+(3
PJa) FS levels (see table 4.1.1). This reaction is important for understanding of 

formation of ammonia and estimation of ortho to para ratio in the interstellar 

medium. Results were published in The Astrophysical Journal [Zymak et al. 2013]. 

Measurements of the rate of reaction H+ + H2(J) in the range of 11 – 45 K 

(figure 4.2.9) for volume number densities of the neutral gas 1011 – 1014 cm-3 was 

performed to understand the stabilization of H+ – H2 collision complexes and 

formation of H3
+ [Plašil et al. 2012]. The radiative channel was for the first time 

obtained by direct measurements at number densities of H2 about 1011 cm-3 at 

temperatures below 45 K (figure 4.2.6). Its temperature dependence corresponds to 

existing model based on the statistical calculation of probability of the spontaneous 

transition between (H3
+)* energy levels. Effect of the rotational energy of H2 on the 
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life time of (H3
+)* complexes also was studied. Due to the competition between 

spontaneous and collisional decomposionon of highly excited (H3
+)* complexes and 

its relaxation by the third particle the temperature dependence of the ternary 

channel of association is more complicated [Zymak et al. 2011]. These results have 

not been expected by previous statistical evaluations. In the present experiments 

with normal and para H2 obvious influence of the rotational energy on the 

probability of collisional stabilization was observed. Details of measurements were 

published in The Journal of Physical Chemistry A [Gerlich et al. 2013]. 

Further details concerning potential energy and dipole momentum surfaces 

of H3
+ may be measured using advanced techniques. The laser induced reactions of 

H+ with H2 may be applied to study radiative channel of the reaction and supersonic 

or cold effusive beams of neutral reactant gas to provide better certainty of 

collisional temperature. 

The results of the studies were published in impacted scientific journals and 

presented at international conferences (see Appendices A and D). 
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List of abbreviations 

22PT 22 – pole radio frequency ion trap machine 

AML Arun Microelectronics Ltd. NGC2 ultra – high vacuum pressure gauge 

controller 

a. m. u. atomic mass unit 

CCRS Closed – Cycle Refrigerating System 

CH Cold Head 

CRESU Cinétique de Réaction en Ecoulement Supersonique Uniforme 

apparatus 

DP drag pump 

FALP Flowing Afterglow Langmuir Probe apparatus 

FS fine structure (spin – orbit coupling) 

FV forevacuum 

FWHM full width at half maximum 

IG ionization gauge 

ISM interstellar medium 

MCP Microchannel plate 

MVC VACOM MVC – 3 A NGC2 ultra – high vacuum pressure gauge 

controller 

PES potential energy surface 

PHC para hydrogen convertor 

QMS quadrupole mass spectrometer 

QP quadrupole 

SIFT Selected Ion Flow Tube apparatus 

SIS storage ion trap 

SP scroll pump 

SRG Spinning rotor gauge 

TDP turbomolecular drag pump 

TP turbomolecular pump 

UHV Ultra – high vacuum 

VISCOVAC MKS SRG – 2 Spinning rotor gauge system  
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Appendix B 

Application for statistical processing of acquired number of 

detected ions 

Functions: 

- reading from the *.dat file saved by the “Rate” data acquisition (Rate) application 

for the different number of followed ions (it sets in the program body by the value of the 

Nion constant); 

- calculation of the average value and standard deviation for several measurement 

(number of acquisitions reads from the input file); 

- save results to the file in ASCII format. 

 

Requirements:  

- all measurements should be performed in the one iteration of the Rate application; 

- deviation of trapping time of each acquisition should be less than 1%. 

Code written in C programming language: 

#include <stdlib.h> 
#include <math.h> 
#include <iostream> 
#include <fstream> 
#include <string> 
 
using namespace std; 
 
int main(char *play_name[], char *file_name[], char *pointer[]) 
{ 
 string line,s; 
 int i, ii, iii, j, N; 
 float t, Q[10][1000], Qav[10], Qdev[10]; 
 int Nion; 
 
 //read to file: implementation 
 ifstream list; 
 ifstream dat_file; 
 //play_name[0] = "playlist.txt"; 
 list.open("playlist.txt"); 
  
 //save to file: implementation 
 ofstream log_file; 
 //lname = "logfile.txt"; 
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 log_file.open("logfile.txt"); 
 log_file << " Time\t\t" << "  Ion#1 \t" << "  Ion#2 \t"; 
 log_file << "Dev Ion#1,%" << "    " << "Dev Ion#2,%" << " \t"; 
 log_file << " File name"<<endl;  
  
 if( list != 0 ) 
   { 
    i = 0; 
    cout << "Processing . . ." << endl;      
    while ( list >> file_name[0]) 
         {  
           //Set to zero 
           for (iii = 0; iii < Nion + 1; iii++) 
             {for (ii = 0; ii < N; ii++) 
                {Qav[iii] = 0; Qdev[iii] = 0; Q[iii][ii] = 0;} 
             } 
            
           cout << file_name[0] << endl; 
           dat_file.open(file_name[0]); 
           Nion = 2;  
           cout <<  "Number of sorts of ions (set manual in the code) = " << Nion << endl; 
            
           //to read a time  
           for (i=0; i<13; i++) {dat_file >> line;}  
           s = line.substr(6,5);  
           t = atof(s.c_str()); 
           dat_file >> line; 
           s = line.substr(5,5); 
           t = (t + atof(s.c_str()))/2; 
           //log_file << t << "\t"; 
           cout << "Avarage time of the reaction = " << t << endl; 
            
           //to read number of points 
           for (i=0; i<3; i++) {dat_file >> line;} 
           s = line.substr(7,3);  
           N = atoi(s.c_str());  
           cout << "Number of points = " << N <<endl;  
           //to read number of the ions 
           for (i=0; i<(20 + Nion * 5); i++) {dat_file >> line;} 
           for (ii = 0; ii < N; ii++) 
              { 
               for (iii = 0; iii < Nion + 1; iii++) 
                  { 
                  dat_file >> line; 
                  s = line.substr(0,5);  
                  Q[iii][ii] = atof(s.c_str()); 
                  } 
                  //dat_file >> line; 
                  } 
           j++;  
           cout << endl;  
           dat_file.close(); 
            
                     
            
           //to calculate avarage value 
          for (iii = 0; iii < Nion + 1; iii++) 
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             { 
             for (ii = 0; ii < N; ii++) { Qav[iii] = Qav[iii] + Q[iii][ii];} 
             Qav[iii] = Qav[iii]/N; 
             cout << Qav[iii] << "\t\t"; 
             log_file << Qav[iii] << "\t\t"; 
             } 
           
      
           //to calculate standart deviation 
           for (iii = 1; iii < Nion + 1; iii++) 
             { 
              for (ii = 0; ii < N; ii++) 
                {Qdev[iii] = Qdev[iii] + (Qav[iii] - Q[iii][ii])*(Qav[iii] - Q[iii][ii]);} 
              Qdev[iii] = sqrt(Qdev[iii]/(N - 1)/N)/Qav[iii]*100; 
              cout << Qdev[iii] << "\t"; 
              log_file << Qdev[iii] << " \t"; 
             } 
             log_file << file_name[0] << endl; 
       cout << endl << endl << endl << endl << endl << endl << endl;            
       } 
       
   } 
 else 
     { 
      cout << "File not found !!!" << endl; 
     } 
 list.close(); 
 
system("PAUSE"); 
 return EXIT_SUCCESS; 
} 
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ABSTRACT

Using a low-temperature 22-pole ion trap apparatus, detailed measurements for the title reaction have been performed
between 10 K and 100 K in order to get some state specific information about this fundamental hydrogen abstraction
process. The relative population of the two lowest H2 rotational states, j = 0 and 1, has been varied systematically.
NH+ formation is nearly thermo-neutral; however, to date, the energetics are not known with the accuracy required
for low-temperature astrochemistry. Additional complications arise from the fact that, so far, there is no reliable
theoretical or experimental information on how the reactivity of the N+ ion depends on its fine-structure (FS) state
3Pja. Since in the present trapping experiment, thermalization of the initially hot FS population competes with
hydrogen abstraction, the evaluation of the decay of N+ ions over long storage times and at various He and H2 gas
densities provides information on these processes. First assuming strict adiabatic behavior, a set of state specific
rate coefficients is derived from the measured thermal rate coefficients. In addition, by recording the disappearance
of the N+ ions over several orders of magnitude, information on nonadiabatic transitions is extracted including
FS-changing collisions.

Key words: astrochemistry – ISM: abundances – molecular processes

Online-only material: color figures

1. INTRODUCTION

As discussed recently by Dislaire et al. (2012) atomic nitrogen
and nitrogen-containing molecules are important tracers for
understanding astrophysical objects. Due to the abundance of
hydrogen, the nitrogen hydrides, NH, NH2, and NH3, and their
ions are of central importance in astrochemistry. For example,
subsequent hydrogen abstraction reactions, starting with N+,
finally lead to the formation of interstellar ammonia (Le Bourlot
1991). In order to obtain quantitative abundances in various
environments, e.g., in dark clouds, the reaction

N+(3Pja) + H2(j ) → NH+ + H (1)

and its dependence on the rotational (j = 0, 1, . . .) and the
FS (ja = 0, 1, and 2) states plays a special role. In the 1980s
and early 1990s, there were several experimental activities in
which this reaction was studied at room temperature and below.
Various techniques such as SIFDT (selected ion flow and drift
tube; Adams & Smith 1985), CRESU (Cinétique de réactions
en écoulement supersonique uniforme; Marquette et al. 1988),
low-temperature penning ion trap (Barlow et al. 1986), and
guided ion beams with scattering cells (Sunderlin & Armentrout
1994) provided detailed results. First applications of low-
temperature radio frequency (RF) ion traps to the title reaction
were mentioned in Gerlich (1989) and extended results have
been given in Gerlich (1993). Probably the most sophisticated
experiments have been based on crossing or merging a guided
N+ ion beam with a supersonic hydrogen beam (Tosi et al.
1994); however, the ambitious goal of determining state specific
cross sections has not been reached so far. There have also
been various theoretical studies (see Gerlich 1989; Nyman &
Wilhelmsson 1992; Wilhelmsson & Nyman 1992; Russell &
Manolopoulos 1999, and references therein), and interesting

3 Author to whom any correspondence should be addressed.

aspects have been discussed; however, concerning reactions at
low temperature, they raise more questions than they answer.

A basic problem is that one does not yet know whether the
formation of NH+ + H is really endothermic or whether some-
where a barrier hinders the reaction. As reviewed by Gerlich
(2008a), the analysis of measured temperature dependencies of
reaction (1) with a statistical theory leads to an endothermic-
ity of 17 meV if one presupposes that FS and rotational states
are in thermal equilibrium and that, in promoting the reaction,
their energies are as equally efficient as translational energy. If
FS energy is not available at all, the assumed endothermicity
has to be lowered to 11 meV to match the experimental results.
High-level ab initio computations are not yet sufficiently accu-
rate to predict this value with the required accuracy, i.e., within
a few meV. This is rather unexpected since one has to calcu-
late only the binding energy of NH+. Discussions of different
high-level ab initio computations, calculated potentials, bond
dissociation energies, and heat of formation for NH and NH+

can be found in Tarroni et al. (1997), Jursic (1998), and Amero
& Vazquez (2005). Also related to this subject are the quantum
chemical calculations of the adiabatic ionization energy of the
NH2 radical (Willitsch et al. 2006), the accuracy of which has
been estimated to be about 100 cm−1.

In order to understand reaction dynamics, one needs more
than just the asymptotic energies. In the present case, several po-
tential energy surfaces are involved. The situation is illustrated
in Figure 1 with a simplified electronic correlation diagram
(Mahan & Ruska 1976; Russell & Manolopoulos 1999).
Inspection reveals that, at kinetic energies below 1 eV, only the
NH+(X2

Π) product can be formed, if the two reactants N+ and
H2 are in their ground state. For Cs symmetry the reaction can
proceed adiabatically via the more than 6 eV deep double-well
structure, as indicated by the dashed lines avoiding the crossings.
An analytical fit of this lowest adiabatic 3A′′ potential energy
surface has been published by Wilhelmsson et al. (1992). This
surface has been used for low-energy quasi-classical trajectory

1
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Figure 1. Schematic view of the electronic state correlation diagram for the NH2
+ system (not to scale; for details see Mahan & Ruska 1976; González et al.

1986; Russell & Manolopoulos 1999). The horizontal dashed line indicates that reaction (1) is nearly thermoneutral. Typical experimental and theoretical values
for the endothermicity (or barrier) range from 11 meV (Gerlich 2008a) to 33 meV (Wilhelmsson et al. 1992). The formation of a strongly bound NH2

+ complex is
possible via avoided intersections (Cs symmetry; dashed lines). Important for low-temperature collisions is the coupling between the nine near-degenerate spin–orbit
potential-energy surfaces during the approach of the reactants. This can lead both to FS changes and reaction. The situation is illustrated in the lower left corner on
a magnified scale in adiabatic approximation but also indicating schematically nonadiabatic transitions. The potential curves have been estimated in analogy to the
N+–He collision complex (Soldan & Hutson 2002).

(A color version of this figure is available in the online journal.)

calculations (Nyman & Wilhelmsson 1992; Wilhelmsson &
Nyman 1992) as well as for time-dependent wave packet studies
(Russell & Manolopoulos 1999). Problematic for the compar-
ison of calculated reaction probabilities with low-temperature
experimental data is that, on this surface, the reaction endother-
micity is certainly too large with 33 meV.

Another shortcoming of the calculations mentioned above
is that the role of FS splitting is included using only rather
crude approximations. As can be seen from the electronic
correlation diagram in Figure 1, only one of the three triplet
surfaces that correlates with the entrance channel, allows direct
access to the deep well, while the other two are repulsive.
In statistical theories, this is accounted for by using suitable
electronic degeneracy factors concerning the N+ + H2 system
this is discussed in Gerlich (1989). A closer look at the initial
splitting region (small circle in Figure 1) reveals that the open-
shell structure of N+(3Pja) results in at least nine spin–orbit
coupled potential-energy surfaces. As plotted schematically in
Figure 1 (large circle), they converge at large distances toward
the three states 3P0, 3P1, and 3P2. The question remains of how
one can reach the product channel on these nine surfaces. Is
there access to the deep well without any activation barrier? The
assumption that only the three lowest spin–orbit surfaces lead
to products, while reaction on the other six is not possible at
low energies is very restrictive. This model, which is based on
strict adiabatic behavior, was applied by Wilhelmsson & Nyman
(1992) and Nyman & Wilhelmsson (1992). It has also been used
by Russell & Manolopoulos (1999). Therefore, we also start the
evaluation of our data on this basis. However, strict adiabatic
behavior not only forbids reactions of ions in the 3P2 state but
also inhibits FS-changing collisions. As a consequence, N+ ions
in the highest fine structure would be completely insensitive
to collisions with H2. Since in our experiment, however, all
N+ ions are hydrogenated sooner or later, a more sophisticated
kinetic model is required to account for the competition between
reaction and thermalization of all three FS states.

Disregarding the details of any multi-surface model, a sim-
pler question is how the different forms of energy, stored in
the excited states of the reactants, can help to promote the re-
action in the endothermic direction. Comparison of the ther-
mal motion of the reactants (here up to 100 K, correspond-
ing to 3/2 kB T = 12.9 meV) with the electronic energy of
N+ (3P1 6.1 meV, 3P2 16.2 meV) and rotational energy of H2

(14.4 meV for j = 1) reveals that all these values are comparable
to the endothermicity or barrier (11 or 17 meV, see above).

The equivalence of rotational and translational energy was
first shown in the pioneering work from Marquette et al. (1988).
In their low-temperature flow experiment, reaction (1) was
studied using para hydrogen (p-H2) as well as normal hydrogen
(n-H2). Note that p-H2 has a total nuclear spin I = 0 and only
even rotational states are allowed while ortho hydrogen has
I = 1 and odd rotational states. Normal hydrogen is the 300 K
statistical mixture consisting of 1/4 p-H2 and 3/4 o-H2. In what
follows, other mixtures are characterized with the abbreviation
f, indicating the fraction of o-H2. The results from Marquette
et al. (1988) were corroborated in a low-temperature trapping
experiment (Gerlich 1993) and were extended using mixtures
with f = 0.13, 0.03, and <0.01. More systematic studies of the
f dependence are reported in this work.

In all experimental papers prior to 1994 it was postulated
that the energy of the excited FS states is equivalent to trans-
lational and rotational energy. In addition it has been assumed
that, in flow (Marquette et al. 1988) or trapping experiments
(Gerlich 1993), thermal populations of the 3Pja states are reached
rather quickly. There has never been any proof of this. In a
guided ion beam experiment (Sunderlin & Armentrout 1994),
FS energy was simply accounted for using the thermal mean
value (9.5 meV at 300 K). As already mentioned, an analy-
sis of all these experimental results, based on a detailed sta-
tistical model (Gerlich 1989), came to the conclusion that
17 meV is needed to promote the reaction. First doubts con-
cerning the efficiency of the FS energy were formulated in
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Figure 2. Schematic view of the 22 pole ion trap instrument used for studying reaction (1). The copper box surrounding the trap can be cooled down to 10 K. N+ ions
are produced from N2 gas in a storage ion source (not shown), using electrons with a kinetic energy of 60 eV. After mass selection, they are transferred to the trap via
an electrostatic quadrupole bender. In the radial direction the ions are confined by the RF field (Ω/2π = 19 MHz, V0 = 20 V). The potential inside the trap can be
corrected locally with five ring electrodes. The entrance and exit electrode are used to open and close the trap with electrostatic barriers of some tens of meV. To the
right, ions move through the quadrupole mass spectrometer toward the detector.

(A color version of this figure is available in the online journal.)

Tosi et al. (1994), especially in the context of Figure 4 of that
publication.

This contribution reports new experimental results measured
with a variable temperature RF ion trap. After a brief descrip-
tion of the instrument and typical measuring and calibration
procedures, different sets of data are presented including the
dependence of rate coefficients on the temperature and on the
ortho fraction f and the time dependence of converting primary
ions into products. The data are evaluated using first the adia-
batic model resulting in state specific rate coefficients kj,ja(T)
for j = 0, 1 and ja = 0–2. In Section 4, additional information
on the reactivity of ja = 2 and the FS relaxation rate coefficient
is presented. Some remarks concerning planned and possible
extension of this work will conclude this paper.

2. EXPERIMENTAL

The instrument used in this study is the Chemnitz AB 22
pole trapping apparatus (Gerlich et al. 2011) which has been
operated since 2009 at Charles University in Prague. It has been
used recently in combination with an effusive beam of H atoms
(Plasil et al. 2011; Gerlich et al. 2012). In the present study,
the neutral target gas is leaked directly into the trap. The basics
of storing ions in RF fields have been described thoroughly in
Gerlich (1992, 1995). A summary of typical applications in low-
temperature ion chemistry has been given in Gerlich (2008a,
2008b).

The central part of the instrument is shown schematically in
Figure 2. The trap (22 rods with 1 mm diameter) is surrounded
by a copper box which is mounted onto the cold head of a closed-
cycle helium refrigerator. Stationary temperatures between 10 K
and 100 K are set by simultaneously cooling and heating. Alter-
natively, temperature-dependent measurements are performed
during the cooling down or warming up phases of the cold
head. Hydrogen gas can be introduced into the trap via two leak
valves, allowing us to produce any mixture from almost pure
p-H2 (f < 0.01) to n-H2 (f = 0.75). A few collisions of the
neutral gas with the walls are sufficient to get it into thermal
equilibrium with the trap temperature, with the exception of the
ortho/para ratio. The gas density inside the trap is determined
using a spinning rotor gauge or a calibrated ionization gauge.
The background pressure of the main chamber is lower than

10−7 Pa. With the exception of HD, most gas impurities are
frozen out below 100 K; nonetheless, the small concentrations
left can lead to errors as discussed below.

The primary N+ ions are produced via dissociative ionization
of N2 in a storage ion source using energetic electrons (60 eV).
Under such conditions it is safe to assume that the three fine-
structure states 3P0, 3P1, and 3P2 are populated according to
their statistical weights, i.e., with 1, 3, and 5, respectively.
Attempts to thermalize this population prior to reaction have
been described in Gerlich (1993) and Tosi et al. (1994); however,
no changes in the reactivity have been observed. After passing a
mass filter and an electrostatic quadrupole bender, the primary
ions are transferred into the trap. During the filling period,
the electrostatic barrier at the entrance electrode is slightly
negative relative to the potential of the trap. After various
storage times, the trap exit is opened and the ions move
through the quadrupole mass spectrometer and are converted
into a fast negative pulse using an MCP detector followed by
a discriminator. The standard measuring procedure is based on
filling the trap at a fixed frequency with a well-defined number
of primary ions (typically a few thousand) and analyzing the
content after different storage times.

A typical set of raw data, recorded at a 22 pole temperature
of 52 K and with buffer and reactant gas in the trap ([He] =
5.2 × 1011 cm−3, [n-H2] = 1.6 × 1011 cm−3), is shown in
Figure 3. The injected N+ ions react with hydrogen and form
NH+. In subsequent collisions, these products react to form
NH2

+ and finally NH3
+. As discussed by Gerlich (1993), NH4

+

is also formed at length, however, very slowly, most probably
via tunneling. In the first 10 ms, the sum of all detected ions
(Σ) is increasing. This is due to phase-space compression of the
injected ion cloud via collisions with the cold buffer gas leading
to an increase of the detection efficiency (mainly acceptance and
transmission of the quadrupole). Usually such time dependences
are fitted with the solutions of a suitable rate equation system.
In the present study, most information is derived simply from
the decay of the primary ions. Quick information on the decay
time constant is obtained by recording the number of N+ ions
at two or three suitable storage times. In order to get deeper
insight into the kinetics, the disappearance of N+ is followed
in small time steps over several orders of magnitude (see
below).
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Figure 3. Sequential hydrogenation of trapped N+ ions leading to NHi
+ (i =

1–3) as a function of the storage time t. The measurements were performed at
52 K with helium buffer gas [He] = 5.2 × 1011 cm−3 and at a hydrogen number
density of [n-H2] = 1.6 × 1011 cm−3. The sum of all ions (Σ) increases at the
beginning (phase-space compression) and decays than very slowly. The 3.6%
loss is most probably due to reactions with impurities. Evaluation of the decay
of N+ leads to a mean rate coefficient of 2.67 × 1010 cm3 s−1.

(A color version of this figure is available in the online journal.)

3. RESULTS AND FIRST EVALUATION

The upper part of Figure 4 shows a collection of rate
coefficients, measured for the title reaction between 100 K and
10 K for different o-H2 fractions f, ranging from 0.75 to 0.005.
As explained in Section 2, most data have been taken during
the cooling down phase of the cold head. In addition, some tests
at selected temperatures have been made. Several sets of data,
taken on different days, have confirmed the reproducibility.

One approach to evaluating such a manifold of experimental
results is to use simple Arrhenius-type functions,

k = kA exp(−TA/T ), (2)

where TA = EA/k is the activation temperature, EA is the
activation energy, and k is the Boltzmann constant. In order to
limit the number of free parameters, the restrictions imposed
by the adiabatic model mentioned in Section 1 have been
implemented. This means only the lowest three FS states can
lead to products while the other six are so repulsive that there is
no low-energy reaction path. In addition, it is postulated that the
population of the FS states relaxes efficiently to the temperature
of the trap. This assumption has also been made in the evaluation
of all previous experimental data (Marquette et al. 1988; Gerlich
1993), although there has never been a direct proof. Under these
boundary conditions, the measured rate coefficient k can be fitted
using the ansatz

k = f (ξ0k1,0 + ξ1k1,1) + (1 − f )(ξ0k0,0 + ξ1k0,1). (3)

In this equation, f is the selected ortho fraction, and the
coefficients ξ ja account for the thermal population of the two
lowest FS states ja. For the state specific rate coefficients, kj,ja(T)
(with j = 0, 1 and ja = 0 and 1), individual Arrhenius functions
have been chosen. Contributions from j = 2 (3% in pure p-H2

at 100 K) have been neglected. Inspection of the upper part
of Figure 4 reveals that the lines follow the data points rather
precisely, i.e., the restricted model fits all experimental data

Figure 4. Arrhenius plot of experimental rate coefficients k for reaction (1),
measured at different ortho-fractions f (upper panel). The data can be reproduced
quite well with a thermally weighted superposition of state specific rate
coefficients. The used function is given in Equation (3), the parameters in
Table 1. The thin dashed lines are the analytical results for f = 0 (pure p-H2) and
f = 1 (pure o-H2). In the lower panel, our data are compared to previous results.
The triangles are CRESU results (Marquette et al. 1988), while the dots are ion
trap results reported in (Gerlich 1993). The data at room temperature and above
have been measured with an SIFDT instrument (Adams & Smith 1985). The
dashed lines which go through the triangles indicate the functions used recently
by Dislaire et al. (2012).

(A color version of this figure is available in the online journal.)

Table 1

State Specific Rate Coefficients for the Title Reaction, kj,ja (units
10−10 cm3 s−1 and K), Derived from the k(T)

j, ja kA TA

k0,0 12 230

k1,0 1.9 18

k0,1 14 230

k1,1 12 40

Notes. Results measured for various ortho fractions f (see

Figures 4–6) and using Equation (2). k0,2 and k1,2 are set to zero

(adiabatic approximation) and it is assumed that the ions are ther-

malized. For more information see the text.

quite well. The parameters obtained are presented in Table 1.
More aspects of this analysis will be discussed below.

In the lower part of Figure 4, our data are compared to a
variety of previously published measurements. For clarity and
orientation, only our new analytical fits for f = 0.75 and 0.05 are
included as solid lines. In addition, Table 2 presents numerical
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Table 2

Previous Measured and Calculated Rate Coefficients for
the Title Reaction (units 10−10 cm3 s−1 and K)

kA TA n Remarks Reference

8.35 168.5 0 p-H2
Marquette et al. (1988)

4.16 41.9 0 n-H2

15.3 177.5 0 p-H2
Gerlich (1989)

4.06 42.5 0 n-H2 (27–45 K)

14.0 230 0 p-H2
Gerlich (1993)

1.1 26 0 n-H2 (10–40 K)

4.2 44.5 −0.17 o-H2 Dislaire et al. (2012)

9.0 220 0 p-H2

1.5 180 −2.1 o-H2 This work

1.75 15 0

Note. For comparison, the results from this work (last three lines) have also

been parameterized using Equations (2) and (5).

values from other experiments and from a statistical theory. It
can be seen that the previous ion trap results (Gerlich 1993)
are slightly lower for n-H2 (f = 0.75); however, they overlap
within the combined uncertainties of absolute rate coefficients
(typically 20%). The agreement of the steep decay of k between
100 K and 40 K for almost pure p-H2, following the dotted
line for j = 0 in the upper panel is gratifying. At temperatures
below 25 K, the plots for the various mixtures run more or less
parallel, indicating that k is mainly determined by the first half
of Equation (3), i.e., the contributions from hydrogen in j = 1.

As explained in the context of Figure 2, the f values have been
set absolutely by mixing n-H2 and p-H2. This method leads to
very reliable values for f > 0.2. An analysis of possible errors
indicates, that mixtures with less o-H2 (f < 0.2) have an relative
uncertainty of up to 10%. The ortho fractions given for “pure p-
H2” (f < 0.01) have been determined by fitting the experimental
data using f as a free parameter. Note, however, that it is not yet
clear whether the loss of N+ in the low-temperature region is
really just due to the reaction with the small o-H2 admixtures or
whether other processes, e.g., tunneling through a barrier, gas
impurities such as HD or RF heating, are the reason for this.

In addition to the systematic variation of the temperature, the
f dependence of the rate coefficients has also been recorded by
increasing the ortho fraction in small steps from near zero to
0.75. The results, obtained at five different temperatures, are
plotted in Figure 5. Comparison with the dashed lines reveals
that all data follow a linear increase in good approximation.
This is in accordance with Equation (3) predicting such an
f dependence; however, it is only valid within the simple
model used. Possible deviations could be expected due to
more complex kinetics occurring in the trap, especially due to
differences in FS relaxation for collisions of N+ with H2(j = 0)
or H2(j = 1). In this context, it is an interesting question whether
the exothermic transfer of rotational energy into FS energy,

N+
(3

Pja

)

+ H2(j = 1) → N+(3Pja+1) + H2(j = 0), (4)

can affect the FS population at very low temperatures. Most
probably, this process is forbidden by nuclear spin restriction,
i.e., the required ortho–para conversion is very unlikely.

4. DISCUSSIONS

As long as there are no directly measured state specific cross
sections, assumptions have to be made about the role of the

Figure 5. Rate coefficients for reaction (1) measured as a function of the ortho
fraction for the indicated temperatures. As predicted from Equation (3) the
data show a linear increase with increasing f. Nonetheless systematic deviations
cannot be ruled out, especially at very low temperatures. It should be mentioned
that the 11 K results extend over two orders of magnitude.

(A color version of this figure is available in the online journal.)

different energy forms in driving the reaction. In the evaluation
above, the reactivity of ions in the highest excited FS state has
been set to zero, based on the adiabatic model, leading to very
good fits of the data. This agreement, however, cannot be taken
as a proof of the validity of this model, since other analytical
functions, also used in the analysis of chemical systems, are of
fitting capable them.

Deviations from the simple Arrhenius form (Equation (3))
are well known. They can be traced back to deviations of
the threshold onset of an endothermic cross section from the
functional form ∼(Et − Eo)1/2/Eo (Et is the translational energy;
Eo is the threshold energy). In astrochemical data systems
(see, for example, Equation (1) in Wakelam et al. 2012) it is
common to account for this using a pre-exponential temperature-
dependent factor with a free parameter n,

k = kA(T/300 K)n exp(−TA/T ). (5)

This function, which is called the Arrhenius–Kooij formula, has
been used recently by Dislaire et al. (2012) for reevaluating the
N+ + H2 data of Marquette et al. (1988). Ignoring the role of
FS energy, they obtained a new set of parameters for o-H2 (see
Table 2, Figures 4 and 6). For p-H2 they used the unaltered
results reported by Marquette et al. (1988).

In Figure 6, the results of two different fitting procedures
can be compared with each other. In the upper part, the f =
0.75 results from Figure 4 are reproduced together with the fit
based on Equation (3). The four thin lines show the individual
contributions kj,ja weighted with the thermal population of the
FS states (ξ ja) and the ortho fraction f. Inspection of these
contributions reveals that in this model the curvature of the
measured data is mainly caused by the change of the thermal
population of the FS states. Between 50 K and 100 K the
state specific rate coefficient k1,1, i.e., reaction of N+(3P1) with
H2(j = 1), prevails while the contribution from FS ground-state
ions dominates at low temperatures. It is obvious that the results
obtained for f = 0.75 are not very sensitive to k0,0 and k0,1. For
these state specific rate coefficients more information has been
derived from measurements with p-H2 as can be seen in Figure 4.
In the lower panel, the three indicated functions (thin lines, based
on Equations (2) and (5)) have been used. With the parameters
given in the lower part of Table 2, very good agreement
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Figure 6. Two different fits of k(T) measured with n-H2. In the upper panel
Equation (3) is used with the parameters given in Table 1. The four thin lines
show the individual contributions kj,ja, weighted with the thermal population
of the FS states (ξ ja) and the ortho fraction f. In the lower panel, the functions
given in Equations (2) and (5) have been used directly. Three functions had to be
used to get also a good fit. They are plotted as three thin lines together with the
parameters used. In addition, this plot also shows the results from phase-space
theory (short dashed line (Gerlich 1989) and the function used by Dislaire et al.
(2012).

(A color version of this figure is available in the online journal.)

with the data points has also been reached. In this case, the
curvature of the data is reproduced by the pre-exponential term.
With the exception of the activation temperatures TA, a scientific
interpretation of these results is not obvious. Perhaps this can
be taken as a hint that the 3P1 state really plays a significant role
at temperatures above 40 K.

The two examples shown in Figure 6 and discussed above
illustrate that the analysis of the manifold of measured data is
somehow arbitrary and that more experimental information is
needed. Another problem, already mentioned in Section 1, is that
our evaluation of the data is internally inconsistent since the 3P2

state is excluded postulating adiabatic behavior on one side but
it assumes efficient FS relaxation on the other side. In order to
shed some more light on this conflict, additional experimental
information is used, namely, the temporal changes of the ion
composition in the trap as illustrated and discussed in Figure 3
and shown in Figure 7.

Since, due to the ionization process, the initially injected
primary N+ ions are in the 3P2 state with a probability of
5/9 (3/9 in 3P1, 1/9 in 3P0) thermalization of the trapped
ion ensemble and hydrogen abstraction reactions occur in

Table 3

Experimental Parameters Used in the Measurements Shown in Figure 7

a b c d

T (K) 110 98 11 11

[H2] (cm−3) 1.8E12 2.6E11 2.0E12 2.8E13

f 0.75 0.0055 0.75 0.0093

[He] (cm−3) 2.4E12 2.3E12 1.2E12 2.4E12

〈k〉 3.20E−10 1.00E−10 2.20E−11 2.20E−13

competition with each other. In order to model the kinet-
ics, one needs the relevant rate coefficients. A first attempt,
based on state specific reaction rate coefficients calculated
with phase-space theory (Gerlich 1989) and assuming re-
laxation rate coefficients krja→ja−1 = 10−n cm3 s−1 with
n = 11, 10, and also 9, was reported in Tosi et al. (1994).
While all measured decay curves were mono-exponential (af-
ter thermalizing the kinetic energy; see also Figure 4 of
Gerlich 1993) the simulation always predicted an initial fast
decay of primary ions followed by a slower one (see Figure 4
of Tosi et al. 1994). This curved behavior is obviously due to
the high reactivity of the excited N+ ions as predicted by the
phase-space theory. In Tosi et al. (1994), a trivial solution has
been proposed: fine structure energy is just not available, i.e.,
all ions react with the same rate coefficient. Looking at the po-
tential energy surface and Figure 1, there is no obvious reason
for such an extreme behavior.

For testing various assumptions, additional measurements
have been performed under different experimental conditions.
The number density of H2 has been varied over more than two
orders of magnitude. In addition, He buffer gas has been added
with a number density of some 1012 cm−3 so far without any
significant changes. A selection of new results is plotted in
Figure 7. The upper part shows the decay of the relative number
of N+ ions at about 100 K, the lower part of figure shows decay
at 11 K. In the measurements on the left, n-H2 was been used; on
the right p-H2 was used. All relevant experimental parameters
are collected in Table 3. As can be seen from the thin lines,
all four data sets can be fitted almost perfectly with a simple
exponential decay function,

NN+ (t) = N0 e−t/τ . (6)

From the measured decay times τ and the hydrogen number
densities [H2], mean rate coefficients have been calculated

〈k〉 = (τ [H2])−1. (7)

The resulting parameters 〈k〉, which are an average over the
time dependent FS population, are included in Table 3. In
order to understand these observations in more detail, several
additional facts need to be mentioned. (1) The decay rate of all
N+ ions is at all times the same. The slight deviations during the
thermalization of the translational energy after ion injection
can be ignored at the timescales used in Figure 7. (2) The
monotonous decay can be followed until storage times where
only 10−4 of the injected ions are left over. (3) Simulations with
rate coefficients from phase-space theory always lead to a faster
decay at the beginning (concave curvature). (4) Setting the rate
coefficient for the 3P2 state to zero (strict adiabatic model) but
allowing for relaxation always leads to a convex curvature.

Guided by these facts we have developed a kinetic model that
includes reaction of all three states of N+ and also FS-changing
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(a) (b)

(c) (d)

Figure 7. Decay of N+ ions measured at the indicated temperatures and for n-H2 (left, f = 0.75) and for p-H2 with minor o-H2 impurities (right, f < 0.01). Note the
different scales. All relevant experimental parameters are collected in Table 3. The experimental data (circles) can be fitted well with a first-order exponential decay
resulting in the mean rate coefficients 〈k〉 (also given in Table 3). In reality, the kinetics are more complicated due to the competition of FS-changing collisions and
reactions with H2. The three thin lines, marked with 3Pja (ja = 0, 1, 2) show a special solution of the changes of the relative number of N+ ions in specific FS states.
In all cases, the high-temperature ratio 5:3:1 has been assumed for the initial population. The state specific rate coefficients for reaction and relaxation are given in
Tables 1 and 4. Note that this result is not unique.

(A color version of this figure is available in the online journal.)

collisions. In order to restrict the number of free parameters of
the simulation, we started with the state specific rate coefficients
derived form our experiment, i.e., with the values given in
Table 1. Then the rate coefficients k0,2 and k1,2, which have
been set to zero in the adiabatic model, have been increased
slowly. Motivated by the interaction shown schematically in
Figure 1 only FS transitions from 2 to 1 and 1 to 0 have been
accounted for with the relaxation rate coefficients kr2→1 and
kr1→0. The reverse rate coefficients, kr1→2 and kr0→1, have been
included in the calculation, making use of micro-reversibility.
Direct transitions between 2 and 0 are assumed to be inefficient.

It has been rather easy to find parameters describing each in-
dividual data set. It also became evident that there are many spe-
cific solutions although there is a strong correlation between the
competing processes imposed by the mono-exponential decay
of the experimental data. The relaxation and reaction rate coeffi-
cients strongly depend on each other. To our surprise we finally
found a very simple solution, taking the four unchanged rate co-
efficients given in Table 1 and also using simple Arrhenius-type
rate coefficients for the highest FS state and for relaxation.

The resulting parameters fitting all our data sets are given
in Table 4. The solutions for the temporal changes of the

Table 4

State Specific Rate Coefficients for Reaction, kj,ja, and Relaxation, krja→ja′ ,
Derived from the Fits Shown in Figure 7 (units 10−10 cm3 s−1 and K)

kA TA

k0,2 0.51 53.4

k1,2 1.44 18.4

kr2→1
0.58 37.0

kr1→0

Note. Rate coefficients needed in addition to those in Table 1 for fitting the

exponential decay shown in Figures 7(a)–(d).

number of N+ ions in specific 3Pja states and their sum are
plotted in Figure 7. In all cases, the sum (solid line) follows
nicely the mono-exponential decay of the measured data. A
detailed inspection of (a) and (b) reveals that FS thermalization
is achieved only after 30 ms since the relaxation rate coefficient
is rather slow (4 × 10−11 cm3 s−1). In order to get the
mono-exponential decay during this time the concave function
describing the decay of ions in the 3P2 state is compensated by
the two convex functions. At 11 K relaxation is even slower
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(2 × 10−12 cm3 s−1) and with n-H2 (panel (c)) reaction is
faster than relaxation. In order to get the mono-exponential time
dependence, the three rate coefficients are similar. Impressive
is the result (d), where the N+ can only react with the traces
of H2 (j = 1). Since in this case the H2 number density is
more than 10 times higher than in (c), thermalization of the
FS population is achieved in 200 ms. For further conclusions,
more measurements and a detailed mathematical analysis of the
coupled differential equations are needed.

In summary, the results of our model allow several conclu-
sions. (1) FS-changing collisions are rather slow, especially at
low temperatures indicating nearly adiabatic behavior. (2) In
contradiction to the strict adiabatic model, the highest FS state
contributes to the formation of NH+ products, but much slower
than predicted from statistical calculations. (3) Our experimental
observations are qualitatively in accordance with the nonadia-
batic couplings indicated in the oversimplified Figure 1. For
a more quantitative understanding, one needs a detailed adi-
abatic or nonadiabatic formulation of the multi-surface prob-
lem. The first approach may be similar to the N+–He system
(Soldan & Hutson 2002); however, in addition to the spin–orbit
coupling, one must include the correct long-range attraction
(charge-induced dipole and charge–quadrupole) and the cou-
plings induced by the anisotropy, and one has to account for
the effects caused by the rotation of H2. At very low energies
hyperfine-interaction may also finally play a role. All this leads
to a complex switch yard of crossings and needs help from
theory to be sorted out!

5. CONCLUSIONS AND OUTLOOK

Based on an extensive set of new experimental rate coef-
ficients k(T; f) as well as on a careful analysis of the decay
curves of trapped N+ ions, for the first time state specific rate
coefficients for the interaction of N+(3Pja) with H2(j) have been
extracted. There are still uncertainties concerning the role of the
FS energy. Nonetheless it is rather clear that excitation of N+ to
the 3P2 state reduces its reactivity, but not completely to zero
as predicted from strict adiabatic assumptions (Wilhelmsson &
Nyman 1992; Russell & Manolopoulos 1999).

As long as astrochemical models ignore the FS states of
the N+ ions, it is recommended that the rate coefficients for
j = 0 and 1, presented in the lower part of Figure 6 and in
Table 2, be used. However, it must be noted that the two N+

lines (3P2 → 3P1) at 121.9 µm and (3P1 → 3P0) at 205.2 µm
play an important role in certain astrophysical environments,
e.g., in photo-dissociation regions, where matter is heated via
penetrating far-ultraviolet photons and cooled via forbidden
atomic fine-structure transitions. A detailed discussion of such
cooling lines observed in the Orion Bar can be found in a recent
publication by Bernard-Salas et al. (2012). It is obvious that
one needs detailed rate coefficients for inelastic and reactive
collisions with electrons, atoms, and molecules in order to model
such observations.

The presented experimental results give some first informa-
tion on the state specific rate coefficients kj,ja(T) for all combi-
nations of ja = 0–2 and j = 0–1. In order to check the results
presented additional experiments must be performed. For ex-
ample, using He number densities of several 1015 cm−3 and
relaxation times of seconds or longer before hydrogen is leaked
into the trap may finally lead to relaxation of the FS population

prior to the reaction. An ultimate experiment would be the in
situ state selected ionization of N-atoms via autoionizing res-
onances. Another striking idea is to maintain a stationary FS
population of the trapped N+ ions using an intense microwave
wave field at the wavelengths mentioned above.

As established in Gerlich et al. (2011) the apparatus used in
this work can also be operated with a neutral target beam. To
fully understand the NH2

+ collision system we plan to study the
reverse reaction

NH+ + H → N+ + H2 (8)

as a function of the temperature of the ion and the atomic beam
source, similar to CH+ + H (Plasil et al. 2011). This beam-
trap arrangement can also be used with a high-temperature
accommodator for producing rotationally and vibrationally
excited H2. Finally, it must be mentioned that the various
deuterated variants of reactions (1) and (8) including the
endothermic D–H exchange in ND+ + H will provide deep
insight into the role of zeropoint energies, barriers, and tunneling
at low energies.

Since 2010, the AB 22PT instrument has been operated at
the Faculty of Mathematics and Physics of Charles University
in Prague. We thank the Technical University of Chemnitz
and the DFG for lending us this instrument. This work is a
part of research grant OC10046 financed by the Ministry of
Education of the Czech Republic and was partly supported
by GACR (P209/12/0233, 205/09/1183), by GAUK 388811,
GAUK 406011, and by COST Action CM0805 (The Chemical
Cosmos).
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Abstract. The rate coefficient of the ternary association reaction H+ +2 H2 → H+

3 +H2 has been measured
at a temperature of 11 K using a 22-pole ion trap. The measurements were made over the density range of
0.5–10×1013 cm−3 using normal hydrogen (with 1/4 p-H2 and 3/4 o-H2). We measured an apparent binary
reaction rate coefficient and from the obtained linear dependence on the hydrogen density we calculated the
ternary reaction rate coefficient k3 = (3± 1)× 10−29 cm6 s−1. From the measured data we can deduce that
there exists very slow radiative association with the rate coefficient of the order of kr � 3 × 10−16 cm3 s−1

at 11 K.

1 Introduction

Cations H+
3 are important ions in many types of hydro-

gen containing plasmas including astrophysically relevant
plasmas [1], hydrogen discharges, etc. As the simplest poly-
atomic molecule it serves as a benchmark for rigorous the-
oretical studies [2]. In plasmas containing molecular H2

and molecular ions H+
2 (but also ions HeH+, ArH+, etc.)

the H+
3 is formed predominantly via a fast proton trans-

fer from H+
2 to H2 [3,4]. In addition, H+

3 ions can be also
formed via association of H+ ions with H2. The question
is how probable it is in a certain plasmatic environment.
We consider the following binary and ternary association
processes with the rate coefficients kr and k3, respectively:

H+ + H2
kr

→ H+
3 + hν, (1)

H+ + H2 + H2
k3

→H+
3 + H2. (2)

If the collision complex is stabilized via emission of a pho-
ton we talk about radiative association, if the collision
complex is stabilized via collision with a third body we
talk about ternary association. As described in detail in
[5], the ternary association is usually viewed as a process
composed from two consecutive steps. In the first step a
collisional intermediate complex is formed in a two-body
collision of H+ with H2 and in the second step the com-
plex is stabilized in a collision with neutral H2. In this
interaction, a part of the internal energy of the complex
is removed and reverse dissociation toward reactants is
closed (for a more general discussion and some examples

a e-mail: Radek.Plasil@mff.cuni.cz

see, e.g., Refs. [6,7]). If we realize the importance of H+
3

ions it is surprising that there are only a few studies of
a H+

3 formation by the association of H+ with H2. In the
case of radiative association it is partly because of ex-
perimental difficulty to measure rate coefficients (kr) of
the order of 10−16 cm3 s−1 or lower [5,8]. To our knowl-
edge this radiative association reaction was not studied
systematically up to now, there are only some indications
from studies of ternary rate coefficients [5]. These studies
suggest that the radiative association has rate coefficient
of the order of ∼10−16 cm3 s−1 at 80 K. We also have some
preliminary data indicating that at 11 K the binary rate
coefficient is of the order of kr ∼ 2×10−16 cm3 s−1 [9]. Us-
ing available low temperature ion traps it is in principle
possible to study the association reaction and measure the
rate coefficients down to 10 K. The question is how radia-
tive association will compete with ternary association at
particular experimental conditions, bearing in mind that
H2 is used in ion source and it is difficult to reduce the
partial pressure in the trap. Because up to now the ra-
diative association was observed in a low pressure limit
of more general association process [5,8], it is obvious to
start with a study of the ternary H2 assisted association
process.

For over 35 years there were several studies of ternary
association of H+ with H2. The ternary reaction rate co-
efficient at 300 K was measured by Graham et al. [10] and
by Johnsen et al. [11] using hydrogen buffered drift tube
experiments; the high pressure enables them to measure
very small rate coefficients. Gerlich used the ring elec-
trode trap experiment to measure the ternary rate coef-
ficient at 80 K. This study and studies of several other
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H 2

H
+

11 K50 K

Detector

Detailed axial view

Fig. 1. (Color online) Schematic drawing of the 22-pole trap.
From left to right: Produced H+ ions are mass selected and
injected into the trap. The inhomogeneous rf field (22 poles)
confines the ions in radial direction, the positive potential on
the ring electrodes at both ends of the 22 pole encloses the
ions in axial direction. The ions are extracted and analyzed by
the detector. The trapping volume and H2 gas are cooled down
to 11 K.

associative ion-molecule reactions by using ion trap tech-
nique were described in the review by Gerlich and
Horning [5]. They also gave a classical description lead-
ing to the conclusion that the overall association reaction
can be described by an effective (apparent) binary rate
coefficient, k∗ = kr +k3[R], where [R] is the density of the
stabilizing neutral reactant.

Concerning temperature dependence of rate coefficient
of the ternary association process, in the first approxima-
tion we can refer to the treatment developed by Bates [12]
and Herbst [13]. This treatment predicts that the rate co-
efficient of ternary association varies as k3 ∼ T−(l/2+δ),
where l is the number of rotational degrees of freedom of
the separated reactants and δ accounts for the temper-
ature dependence of the stabilization efficiency, see also
references [6,14]. Interesting question is how to account l
for reaction of atomic ion with molecule H2 at low temper-
atures, e.g., at 10 K. A more realistic discussion should be
based on the number density of the states of the formed
intermediate complex, see discussion in reference [5]. The
rate coefficient of association of C+ with H2 is nearly con-
stant at temperatures below 40 K [5,15]. Temperature de-
pendence for the ternary association of H+ with H2 has to
be measured. In the present paper we describe measure-
ments of hydrogen assisted ternary association of H+ with
H2 using the 22-pole ion trap at 11 K.

2 Experiment

In the present study, H+ ions are produced in a storage
ion source via an electron bombardment of hydrogen. The
ions are mass filtered and injected into the 22-pole trap
via electrostatic quadrupole bender (see Fig. 1). In the
trap ions are confined in the nearly field-free effective po-
tential created by the inhomogeneous rf field (for details
see recent review [16]). The trap is surrounded by a cop-
per box, mounted onto the cold head of a closed-cycle

cold

head

TP

22PT

storage ion

source

detector

QP mass

spectr.

QP mass

filter

Fig. 2. (Color online) Experimental setup used in the present
study. H+ ions are produced in the ion storage source from hy-
drogen, selected by the quadrupole mass filter and injected to
the 22-pole trap via the electrostatic quadrupole bender. The
22-pole trap is situated in the central chamber (22PT). Ex-
tracted ions are analyzed by the second quadrupole mass spec-
trometer and detected using Daly detector. The background
pressure is lower than 10−7 Pa.

helium refrigerator (lowest temperature 10 K). Hydrogen
gas is flowing to the trap through a pipe connected to
the copper block. The translational energy (temperature)
of the stored ions is coupled to the cold environment by
inelastic collisions with hydrogen molecular gas. Figure 2
shows schematically the 22-Pole Trap Apparatus instru-
ment used in the present study. For analysis, both pri-
mary and product ions are extracted, mass analyzed in
the quadrupole mass spectrometer (QPMS) and counted.
The pressure in the ion trap is measured by an ionization
gauge which is calibrated by a spinning rotor gauge.

3 Results and conclusions

In the experiment the trap is periodically filled with H+

ions and after certain reaction time the reactant and prod-
uct ions are extracted from the trap, mass selected and de-
tected. The relative number of ions in the trap is measured
as a function of the storage time. It is relative because of
mass discrimination of the extraction and detection sys-
tem. There are two possibilities to obtain apparent binary
reaction rate coefficient (k∗) from these data. The first
possibility is to measure the decrease of the H+ signal
(decay curve); from this decrease the rate coefficient k∗

can be calculated:

k∗ =
−1

[H2]t
ln

[H+]

[H+]0
, (3)

24010-p2
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Fig. 3. (Color online) Time evolution of the number of trapped
H+ ions. The initial number of ions in the trap (at t = 0) is
normalized to 100 which is close to the real number of ions in
the trap. The decays were measured at 11 K and a dependency
on H2 concentration is evident.

where t is storage time and [H+]0 is initial hydrogen ion
density (at t = 0). Molecular hydrogen density [H2] is
homogeneous in the trap. Because k∗ is a function of
[H+]/[H+]0, it is sufficient to measure relative density of
H+. The relative density of ions can be obtained by count-
ing ions stored in the trap for the reason that the volume
of the ion cloud is constant. The examples of measured
decay curves are plotted in Figure 3. From the slope of
the decay curves and corresponding hydrogen density the
rate coefficient k∗ has been obtained using formula (3).

This procedure is used in studies of fast reactions. The
disadvantage is that decay can be influenced by eventual
impurities in the reactant gas. For slow reactions it is more
convenient to obtain the reaction rate coefficient by mea-
suring initial density of reactant ions and increase of prod-
uct ions densities. The rate coefficient is then given by the
formula:

k∗ =
1

[H2]t
ln

[H+]0

[H+]0 − [H+
3 ]

. (4)

The examples of the measured time evolutions of relative
densities of primary ion (H+), product ion (H+

3 ) and sec-
ondary product ions (H+

5 and H+
7 ) in the trap are plotted

in Figure 4.
Obtained apparent binary rate coefficients measured

at different hydrogen densities are plotted in Figure 5 to-
gether with previous data obtained in a drift experiment
at 135–300 K [11] and data measured with a ring elec-
trode trap at 80 K [5]. From the linear slope of the plot a
ternary rate coefficient can be evaluated according to the
relation k3 = (k∗

− kr)/[H2]. The obtained ternary rate
coefficient is k3 = (3 ± 1) × 10−29 cm6 s−1. A small de-
pendence of plotted ternary rate coefficients on tempera-
ture is interesting. Though the current ternary rate at low
temperature is smaller than the previous data at higher
temperatures, they agree well within the experimental er-
rors of all experimental methods, probably pointing to a
temperature independence (like in the case of C+ + H2).

Fig. 4. (Color online) The measured evolution of the ion com-
position in 22-pole trap at 10.3 K and [H2] = 1.4 × 1014 cm−3.
A mass discrimination is already considered. H+

3 , H+

5 and H+

7

ions are produced in secondary reactions. The displayed ions
are the only ones observed in the range 1–7 amu, i.e., we
can exclude eventual influence of HD on measured decay of
H+ density.

Fig. 5. (Color online) Apparent binary rate coefficient as a
function of the number density of H2. From the linear slope
a ternary rate coefficient can be evaluated. Open diamonds
indicate values derived from the decay of the number of pri-
mary ions. Closed circles represent values evaluated from H+

3

relative density increase after the correction for mass discrim-
ination. Previous results from Johnsen et al. [11] and Gerlich
and Horning [5] at different temperatures are also included.

Further temperature variable measurements in our group
are in progress.

From the plotted data we can conclude, that radia-
tive association is rather slow, also at 11 K. A detailed
analysis of the data allows the conclusion that the rate
coefficient is of the order of kr � 3 × 10−16 cm3 s−1. As
was already mentioned we have some preliminary studies
(see [9]) made at very low hydrogen densities and these
are in agreement with this value. This is comparable with
earlier value obtained at 80 K [5].

In this contribution we report the first results for the
ternary association of H+ in a pure hydrogen environment
measured in a 22-pole ion trap at 11 K. Normal hydrogen
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(with 1/4 p-H2 and 3/4 o-H2) was used in the present ex-
periment; such hydrogen is not in thermal equilibrium at
10 K. It is very probable that the studied reaction is sensi-
tive to the relative population of p-H2 and o-H2 states at
low temperatures (see, e.g., [17]). Further studies covering
extended range of hydrogen densities and temperatures
are in progress. State sensitive studies using para enriched
hydrogen are in preparation.

This work is a part of the research plan MSM 0021620834
and Grant OC10046 financed by the Ministry of Education
of the Czech Republic and was partly supported by GACR
(202/07/0495, 202/09/0642, 202/08/H057, 205/09/1183), by
GAUK 25709, GAUK 406011, GAUK 388811 and by COST
Action CM0805 (The Chemical Cosmos). Since 2010 the in-
strument is operated at the Faculty of Mathematics and Physics
of the Charles University in Prague. We thank the Techni-
cal University of Chemnitz and the DFG for lending us this
instrument.
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ABSTRACT: Stabilization of H3
+ collision complexes has been

studied at nominal temperatures between 11 and 33 K using a 22-
pole radio frequency (rf) ion trap. Apparent binary rate coefficients,
k* = kr + k3[H2], have been measured for para- and normal-hydrogen
at number densities between some 1011 and 1014 cm−3. The state
specific rate coefficients extracted for radiative stabilization, kr(T;j),
are all below 2 × 10−16 cm3 s−1. There is a slight tendency to decrease
with increasing temperature. In contrast to simple expectations,
kr(11 K;j) is for j = 0 a factor of 2 smaller than for j = 1. The ternary
rate coefficients for p-H2 show a rather steep T-dependence;
however, they are increasing with temperature. The state specific
ternary rate coefficients, k3(T;j), measured for j = 0 and derived for
j = 1 from measurements with n-H2, differ by an order of magnitude. Most of these surprising observations are in disagreement
with predictions from standard association models, which are based on statistical assumptions and the separation of complex
formation and competition between stabilization and decay. Most probably, the unexpected collision dynamics are due to the fact
that, at the low translational energies of the present experiment, only a small number of partial waves participate. This should
make exact quantum mechanical calculations of kr feasible. More complex is three-body stabilization, because it occurs on the H5

+

potential energy surface.

■ INTRODUCTION

In understanding the electronic structure of atoms and the
formation of molecules, the hydrogen atom, the diatomic
molecules H2

+ and H2, as well as the simplest polyatomic
molecule H3

+ play a fundamental role. Like H2, the triatomic
ion has only two electrons. But instead of one internuclear
coordinate, already three are needed to describe the location or
the motion of the three protons. Due to the importance of this
special ion in fundamental science and in all kinds of hydrogen
plasmas, including astrophysics, the last decades have seen
many experimental and theoretical activities dealing with both
bound and scattering states. In other word, H3

+ is a benchmark
system not only for understanding molecular structure but also
for scattering dynamics.
Recently, Oka1 has passed in review his personal engagement

and involvement in searching for the IR spectrum of H3
+ in the

laboratory and in detecting this ion in space, finally in more and
more astrophysical objects. It is a successful story, emphasizing
the close interrelation between spectroscopy and astronomy.
For identifying a molecule in space one must know its
rotational−vibrational levels and the frequencies of photons
that can be emitted or absorbed. Meanwhile, after more than 30
years, many transitions of H3

+ and deuterated analogues have
been measured and there is still space for filling more tables.2,3

Present activities investigate the energy range where the three
protons can leave their triangular structure and start to explore
the configuration space toward linearity.4 All these precisely
measured lines are a challenge for rigorously testing ab initio
theories. To determine the eigenstates and to predict

transitions with spectroscopic accuracy, the quality of the
ground state potential energy surface has been improved in
many iterations. The most recent reports and references to
previous publications can be found in refs 5 and 6. Despite all
this, H3

+ is far from being fully accessed experimentally or
rigorously described by theory, especially if the total energy
reaches the vicinity of the H+ + H2 continuum.
In the above-mentioned retrospective, Oka1 also stated that

the chemistry of H3
+ is “extremely simple and allows one to

interpret the observed abundances”. Unfortunately, this is not
true if one looks into the details of hydrogen chemistry leading
to the formation or destruction of this central ion. Also inelastic
collisions, just changing the vibrational−rotational state or
inducing an ortho−para transition, are an unsolved exper-
imental challenge, especially at low temperatures. Because H3

+

is the most abundant polyatomic ion in the universe, it must be
involved in many reactions with other atoms, molecules, anions,
or electrons. Therefore, it certainly is a powerful sensor for
probing specific astrophysical environments; however, more
details on its role in chemistry are needed. One example is the
still ongoing discussion on its recombination with electrons.
The status of the H3

+ + e− research was recently summarized
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with the statement “But this was not the end of the story, not
even the beginning of the end; it marked only the end of the
beginning.”7 Another basic but not yet solved question is the
ortho−para conversion of H3

+ in low temperature collisions
with H2.

8

In this contribution, we concentrate on the H+ + H2 collision
system, i.e., at H3

+ ions having a total energy above the
dissociation limit. To be of importance for dense interstellar
clouds, the energy is restricted to a few millielectronvolts,
relative to the asymptote. At higher collision energies, proton
scrambling plays an important role in converting translational
energy into internal excitation of the molecule followed by
conversion into radiation. Most probably this energy transfer is
more efficient in cooling primordial gas than the H3

+ molecule
with its infrared active modes.9 Another important aspect of
this rather simple collision system is the conversion of ortho-H2

into para-H2 or vice versa, catalyzed by the proton. Only
recently has this process, which has been described in detail
with statistical theories,10,11 been treated with an exact quantum
mechanical method.12,13 The obtained thermal state-to-state
rate coefficients (see erratum14) are smaller than the statistical
predictions and, surprisingly, they fall with falling temperature.
Is this an indication that statistical models are not any more
applicable in the 10 K range? Also, other recent theoretical
studies (see ref 15 and references therein) provide evidence
that theoreticians are close to describing, with exact quantum
mechanical methods, the interaction of a proton or deuteron
with H2 and D2 at translational energies of a few millielectron-
volts. It is obvious that, in this energy range, a very good
potential energy surface with the correct long-range behavior is
required. For this purpose, it seems to be still the best to
include analytical approximations of the long-range electrostatic
interaction into the ab initio potential.16 It is an open question
whether the improved potentials5,6 and the methods to describe
the vibrational−rotational motion of H3

+ with spectroscopic
accuracy are finally also suited to find the resonances
determining the cross section for converting hydrogen in j =
1 into j = 0 in a low energy collision with protons, or to predict
the probability to stabilize such a collision complex via emission
of a photon.
Radiative stabilization of collision complexes is an important

process in the growth of molecules in low-density interstellar
clouds. From a fundamental point of view, formation of H3

+ via
radiative association,

ν+ → +
+ + hH H H

k

2 3
r

(1)

is a so-called “half-collision”, an important subfield of collision
dynamics. Most related experiments start with a stable molecule
(e.g., photoinduced dissociation or detachment of an electron);
here a molecule in a more or less long-lived scattering state is
stabilized by losing the energy hν. Because these states are
embedded in the energy continuum, one needs a barrier (for
example caused by a rotational angular momentum, Feshbach-
type resonances) to keep them bound for some time or other
dynamical restrictions. It also should be mentioned that the
total number of states in the energy interval of interest is an
important criterion.
For long time, information on association of reactants has

been extracted from experiments operating at rather high
pressures. Under such conditions, H3

+ is formed with the help
of a third body, i.e., via

+ → +
+ +H 2H H H

k

2 3 2
3

(2)

Using a drift-tube mass spectrometer apparatus and operating
at number densities close to 1016 cm−3, Graham et al.17

determined a ternary rate coefficient k3 of 3 × 10−29 cm6 s−1 at
300 K. Johnson et al.18 extended the temperatures range from
room temperature down to 135 K and observed a slight
increase of k3. The mentioned results are included in Table 1.

In such studies the ternary association rate coefficient is derived
from the measured apparent binary rate coefficient, k*, by
dividing it through the number density [H2], k3 = k*/[H2].
This is suitable for high pressure environments, in fact, k* has
two contributions,

* = +k k k [H ]r 3 2 (3)

Inspection of this equation reveals that, to get a similar number
of products from the first and second term, one has to operate
at number densities in the range of [H2] = kr/k3. In the present
case it means below 1013 cm−3. It also must be noted that at the
densities in the range of 1016 cm−3, higher order collisions and
saturation effects may play a role.19

The eighties have seen the development of innovative
trapping techniques extending gas phase chemistry toward both
lower densities and temperatures. First results for radiative
association, measured in a liquid helium cooled Penning ion
trap, were published by the group of Dunn.20 First results for
reactions 1 and 2, determined with an early version of an rf ring
electrode trap operating between 300 and 230 K, have been
reported in a conference contribution.21 A similar trap, directly
cooled with liquid nitrogen, provided results at 80 K.22 All
mentioned ternary and radiative rate coefficients are collected
in Table 1 and discussed in more detail in an early review on
radiative association.19

Although rf ion traps have been further improved,23 they
never have been used to extend the mentioned early
experiments toward lower temperatures. However, due to
continuous improvements of computers and methods, the H+ +
H2 collision system is now within the reach of exact quantum
mechanical calculations (see refs 13 and 15 and references
therein). Therefore, it is timely to get more experimental
information, especially state specific rate coefficients at very low
temperatures.

Table 1. Rate Coefficients for Radiative and Ternary
Association of Protons with Hydrogen Moleculesa

T kr Δkr k3 Δk3 remarks ref

300 0.30 0.15 drift tube 17

300 0.30 0.03 drift tube 18

135 0.43 0.04

230 1.0 0.2 0.74 0.2 first TV rf trap 21

80 1.3 0.2 0.54 0.2 80 K RET 22

11 1.6 0.3 0.27 0.08 n-H2 (Figure 5) 24

22 0.5 0.2 0.25 0.08

11 0.9 0.2 0.88 0.04 p-H2/j = 0 (Figure 2) this work

22 0.4 0.2 1.31 0.01

33 0.4 0.7 1.75 0.04

11 1.8 0.4 0.06 0.09 j = 1
aUnits: T in K, kr in 10−16 cm3 s−1, and k3 in 10−28 cm6 s−1. In the
upper part, values from the literature are collected, all measured with
n-H2. The lower part presents state specific results from this work. The
errors Δkr and Δk3 include only the statistical uncertainties.
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In the following we give a short description of the
instrument. New results for p-H2 are presented and compared
to results recently published for n-H2.

24 Using well-prepared
ortho−para mixtures allows us to extract state specific rate
coefficients for radiative and ternary stabilization of H+ + H2(j)
collision complexes, kr(T;j) and k3(T;j). The discussion section
emphasizes that the established models for explaining
association processes are not able to provide sufficient
explanations for the surprising result that kr and k3 show
different temperature dependencies and that radiative associa-
tion of protons with rotating H2 is significantly faster than with
ground state hydrogen.

■ EXPERIMENTAL SECTION

The measurements have been performed in the AB-22PT
instrument the central part of which is the 22-pole rf ion trap,
shown in Figure 1 on the left. It is surrounded by a copper box
that is connected to the cold head of a closed-cycle helium
refrigerator (Leybold RGD 210, lowest temperature 11 K).
Because the principle of ion trapping25 and the details of the
22-pole trap (first mentioned in ref 19) have been described
often, only a few special hints are given below. Selected aspects
of low temperature trapping have been discussed recently.26,27

Using magnetically suspended turbomolecular pumps, the
vacuum chamber surrounding the trap is evacuated to a
pressure below 10−7 Pa. Ultrahigh purity hydrogen gas has been
used. In addition, traces of impurities are frozen out at low
temperatures, with the exception of HD and D2. As indicated in
Figure 1, two separate gas inlets were installed, one for normal
hydrogen (25% p-H2, i.e., j = even and 75% o-H2, i.e., j = odd)
and one for para hydrogen. The purity of para hydrogen has
been determined in situ using the reaction of N+ with H2.

28

Mixtures with a specific fraction of o-H2, f, are set by adjusting
the two separate leak valves. The gas density inside the trap is
determined using an ionization gauge on the main chamber.
This gauge is calibrated on a regular basis using a spinning rotor
gauge that is connected to the interior of the 22-pole box.
For determining rate coefficients, the ion trap is periodically

filled via the entrance electrode with a certain number of mass
selected primary ions, in the present study typically a few
hundred. The repetition period has been set to 10 s. Protons

are created in a storage ion source via electron bombardment of
hydrogen. After various storage times, t, the exit electrode is
opened and the ions pass a quadrupole mass spectrometer and
are detected with a microchannel plate. A typical set of raw data
is shown in the right part of Figure 1. Without reactant gas, the
number of stored ions (here normalized) is independent of the
storage time. Adding n-H2 through the left gas inlet or p-H2

through the right one leads to a decrease of the number of
protons. Because in both cases the same number density has
been used (5.5 × 1013 cm−3), it is immediately obvious that p-
H2 is more reactive than n-H2.
A special difficulty in the present experiment is caused by the

fact that the mass of the ion is only 1 u and, in addition, lower
than the mass of the target gas, 2 u. Therefore, some remarks
concerning the energy distributions of ions in rf traps must be
made. In those applications where heavy ions are stored in H2

or He, the influence of the rf field is very weak and can be
neglected in most situations. One reason is that only small
portions of energy are exchanged if the heavy ion hits the light
buffer gas but cooling is finally very efficient. A second reason is
that the translational temperature (i.e., the center of mass
temperature) is determined by the mass weighted ratio of the
cold gas temperature and the ion temperature (see eq 113 in ref
25). A simulation of the motion of protons stored in a ring
electrode trap filled with H2 indicate that, under similar
conditions like here, 75% of the ions can be described with the
nominal temperature, whereas 25% of them are at a 2.5 times
higher temperature (see upper panel Figure 23 in ref 25).
Unfortunately, real energy distributions of stored ions are
usually less favorable due to potential distortions or parasitic
time dependent fields which cause additional heating.
In the present experiment, the actual trapping conditions

have been tested in situ via formation of He2
+ dimers in He+ +

2 He collisions, as discussed in detail by Plasil et al.24 The
results indicate low temperatures; however, deviations on the
order of up to 10 K cannot be excluded. In addition, the ion to
neutral mass ratio is 4:4 in this case and the trapping conditions
have been superior because the test with He+ has been
performed with the same rf frequency ( f = 19 MHz) used in
the present work. Although the trap is still running in the safe
operating mode (V0 = 19 V, V* = 34 meV, η = 0.15 at rm/r0 =

Figure 1. Left: 22-pole ion trap, the central part of the AB-22PT instrument.36 Utilizing a cold head, wall temperatures down to T22PT = 11 K can be
reached. Mass selected H+ ions are injected via the electrostatic entrance electrode (EN). For analyzing the ion cloud after various storage times t,
the exit (EX) is opened using a suitable voltage. The ions pass a quadrupole mass spectrometer and are detected with a microchannel plate. The axial
trapping potential, created by the rf field, can be corrected locally using five ring electrodes (RE). Right: normalized number of protons as a function
of storage time. Without target gas, there is no change. Adding hydrogen (number density is in both cases 5.5 × 1013 cm−3) leads to a decay of the
number of protons due to formation of H3

+. It is obvious that p-H2 is more reactive than n-H2.
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0.80 for m = 1 u, for details see ref 25), further experiments will
be performed with higher frequencies. Moreover, additional
work is going on for determining the actual velocity distribution
of protons trapped in a 22PT with H2 and D2 gas. Due to all
uncertainties that may add up to an estimated temperature
increase of 30 K, the present results are just reported as a
function of the nominal temperature.

■ RESULTS

From the decay rates of primary ions at various hydrogen
number densities (right part of Figure 1), apparent second-
order rate coefficients for the formation of H3

+ from H+ have
been determined, predominantly for p-H2 in the present work.
Figure 2 shows a collection of such results as a function of the

number density of p-H2, determined at nominal temperatures
of 11, 22, and 33 K. The data points are averages over several
iterations of filling the trap and analyzing the content after
different storage times. The measured rate coefficients, k*, have
been fitted using the density dependence predicted by eq 3.
The fits are plotted as solid lines, the obtained fit parameters, k3
and kr, are included in Table 1. To emphasize the temperature
dependent differences in ternary association, the data are
plotted here in a lin−lin scale, certainly at the disadvantage of
radiative association which is discussed below. Against standard
expectations, which are based on an increase of the lifetime of
the collision complex with decreasing temperature, the data
show clearly that ternary association becomes less efficient at
lower temperatures.
The obtained ternary and radiative rate coefficients are

shown as a function of the nominal temperature in Figure 3
(rhomboids with crosses). To perform additional and faster
measurements of the temperature dependence of kr and k3, it
would be necessary to record H3

+ formation at very low and
very high number densities, respectively. In the present work,
the apparent second-order rate coefficients k* have been
measured as a function of T22PT between 11 and 45 K at the
three different densities, given in Figure 3. The values for k3
have been determined at 2.8 × 1013 cm−3 (squares, upper
panel), by correcting k* for the small contributions from

radiative association. Correspondingly, the values for kr have
been obtained from k* at 7.0 × 1011 cm−3 by subtracting the
mean value of k3[H2] (triangles, lower panel). The filled circles
indicate that correction of k* with nominal values of k3 and kr
also works reasonably well at a density (1.9 × 1012 cm−3) where
the two contributions k3[H2] and kr are nearly equal. Also
included in Figure 3 are dashed lines that indicate the
temperature trend. The increase of k3 for p-H2, which follows
the linear function

= = + × ×
− −k T j T( ; 0) (4.4 0.4 /K) 10 cm s3
29 6 1

(4)

is rather obvious but needs explanations (see below). For n-H2

(data from Plasil et al.24), the trend is not so evident, partly due
to the smaller temperature interval. The minor increase
indicated by the dashed line,

‐ = + × ×
− −k T T( ;n H ) (1.4 0.1 /K) 10 cm s3 2
29 6 1

(5)

can be fully explained with the contribution of the 25% of
H2(j=0) in n-H2. This leads to the conclusion that k3(T;j=1)
does not change with temperature. The results for radiative
association (lower panel) are rather uncertain due to the large
errors of the individual points. Therefore, the two functions

= = − × ×
− −k T j T( ; 0) (1 0.01 /K) 10 cm sr
16 3 1

(6)

‐ = − × ×
− −k T T( ;n H ) (2.3 0.07 /K) 10 cm sr 2
16 3 1

(7)

should not be overinterpreted. However, it is rather certain that
radiative association decreases with temperature; i.e., it does not
follow the temperature trend of ternary association.
Important for deriving state specific rate coefficients for j = 1

are the differences between p-H2 and n-H2. In Figure 4, the

Figure 2. Apparent binary association rate coefficient k* for T22PT =
11, 22, and 33 K as a function of the p-H2 number density. The data
have been averaged over many iterations. For emphasizing the ternary
rate coefficients, the results are plotted on a linear scale. The data are
fitted with k* = kr + k3[H2]. The resulting parameters are in Table 1.
The surprising result is that ternary association gets faster with
increasing temperature. Concerning kr(T), see the text and Figure 3.

Figure 3. Temperature dependence of k3 (upper panel) and kr (lower
panel). The large symbols (rhomboids with crosses inside) are results
from fits to the density dependence of k*. In addition, k3(T) has been
determined at fixed p-H2 densities (filled squares, 2.8 × 1013 cm−3;
filled circles, 1.9 × 1012 cm−3) by correcting the measured k* values
individually for the small contribution from kr. In analogy, kr(T) has
been extracted from k* measures at low densities (filled triangles, 7.0
× 1011 cm−3; filled circles, 1.9 × 1012 cm−3) and subtracting the
contribution from ternary processes. For comparison, the previously
published results24 from experiments with n-H2 are plotted as open
circles. The trends (dashed lines) are discussed in the text.
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mean ternary rate coefficient is plotted as a function of the
ortho fraction f. The two large symbols (squares with crosses
inside) are the above presented results determined from the
density dependence of k* whereas the other points have been
measured directly at the indicated f values. As discussed above,
the contributions from kr, which have been subtracted from k*,
are rather small at the indicated hydrogen densities. The rate
coefficients plotted as filled circles have been derived from the
decay of the protons, as most of the results presented in this
work. The triangles show rate coefficients where the formation
of H3

+ products has been evaluated. Inspection reveals that they
are smaller, which may be due to minor differences in the
detection or trapping efficiency of H+ and H3

+. Remarkable is a
systematic increase of the deviations toward pure p-H2. This
may be due to additional loss of H3

+ because it is faster
converted into H5

+ ions. It is known from ion trap
experiments29 that, in pure p-H2, H5

+ clusters grow 4 times
faster than in n-H2. The overall dependence on f can be
reasonably well described with a linear function (dashed line)

= − = + =k f f k j f k j( ) (1 ) ( 0) ( 1)3 3 3 (8)

although one also could expect deviations from linearity
because hydrogen plays a triple role: (i) thermalization of the
ions, (ii) formation of the complexes, and (iii) stabilization of
them. The fit with eq 8 results in the two state specific rate
coefficients k3(11 K;j=0) = 8.8 × 10−29 cm6 s−1 and k3(11
K;j=1) = 0.6 × 10−29 cm6 s−1. It is an open question whether
this huge difference is due to complex formation or complex
stabilization or due to both processes. Also the protons may be
on average faster if more hydrogen molecules are rotationally
excited (ortho−para transitions).
To illustrate the limitations in extracting radiative rate

coefficients, Figure 5 compares selected results in a log−log
presentation. As in Figure 2, the data (11 K, p-H2) are fitted

with the function given in eq 3. The results for n-H2 at 11 and
22 K, reported by Plasil et al.,24 are represented here only via
their fit function for clarity. The thin straight lines mark the
separate contributions from radiative (horizontal) and ternary
(increasing) association. The circles indicate the locations,
where they are equally efficient. Because all rate coefficients for
radiative association are below 2 × 10−16 cm3 s−1 and have
rather large errors (see also Figure 3), future experiments
should be extended to lower number densities. Note, however,
that this requires very long storage times and no perturbations.

■ DISCUSSION

Collisions with hydrogen molecules are by far the most
abundant processes in the universe, and therefore, it is of
central importance to determine the ortho−para ratio in the
various astrophysical environments and to understand how the
14.4 meV energy, provided by hydrogen in j = 1, and the total
nuclear spin 1 affect physical and chemical processes. This is
especially important at low temperatures. The result from the
present work that ternary association is significantly more
efficient with nonrotating hydrogen, is in accordance with
previous ion trap studies performed with C+, CH3

+, and C2H2
+

ions, showing that both radiative and ternary association is
several times faster with p-H2 than with n-H2.

30 Surprising on
the new results is the temperature dependence of k3 and the
fact that radiative association is always very slow.
Previous measurements of ternary and radiative association

rate coefficients have been evaluated using rather simple
statistical models that have been reviewed by Gerlich and
Horning.19 The basic assumption is that the overall process can
be described by the formation of a long-lived complex followed
by (i) dissociation, (ii) ternary stabilization, or (iii) emission of
a photon. The outcome of such calculations is that k*, as
defined in eq 3, can be approximated by the equation

τ τ τ τ τ* = + + +k k (1/ 1/ )/(1/ 1/ 1/ )c H r diss H r2 2 (9)

Figure 4. Ternary rate coefficients k3 measured at T22PT = 11 K as a
function of the ortho fraction f ( f = 0, p-H2; f = 0.75, n-H2). The
squares with crosses inside have been determined from fits to the
density dependence of k*, and the other points have been measured at
the indicated fixed densities and corrected for minor contributions
from kr. The filled circles have been derived from the decay of primary
protons, and the triangles show rate coefficients determined from the
products H3

+. The slight systematic difference is discussed in the text.
The dotted line indicates that the f dependence can be approximated
with a linear function resulting in state specific rate coefficients for H2

in j = 0 and j = 1 (see the text and Table 1).

Figure 5. Apparent binary association rate coefficients k*. For better
comprehensibility only the T22PT = 11 K data are shown for p-H2. As
in Figure 2, they are fitted with eq 3. Due to the log−log plot, the
contributions from radiative association become apparent by the
curvature of the fit. These results can be compared with the fitting
curves, determined for n-H2 at 11 and 22 K.24 The circles mark the
locations, where ternary and radiative association are equally efficient.
It is obvious that ternary association with p-H2 is significantly faster
than with n-H2 whereas the differences for radiative association are
rather small and not so obvious because of the errors. For more detail,
see the text and Table 1.
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Here kc is the rate coefficient for forming the collision complex
and the time constants τdiss, τH2

, and τr describe its dissociation,

its stabilization via the second H2, and its radiative stabilization,
respectively. It is also common to describe ternary stabilization
by the product of a collision rate coefficient kH2

and a

stabilization factor fs. Under such assumptions complex and
radiative lifetimes can be inferred from the experimental data.
Results for several systems are collected in the above-
mentioned review19 where one also finds for H+ + n-H2 at
80 K τdiss = 5.5 × 10−11 s and τr = 1.1 ms. Using classical
trajectory calculations,31 the complex lifetime has been
estimated to be τdiss ∼ 10−11 s at 0.1 eV and to change
proportional to T−1.9. This steep increase with falling
temperature is in obvious contrast to our very small values of
kr. The question is whether this is due to kc, τdiss, or τr, the only
parameters relevant at low densities. Concerning the radiative
lifetime of highly excited H3

+, an independent trapping
experiment has provided additional information. It is based
on CO2 laser photofragmentation after different storage times;
for details, see refs 10 and 19. The resulting lifetime, τr = 0.37
ms, is in accordance with the expectation that IR emissions are
in the millisecond range. The conclusion is that something
must be wrong with the simple statistical concept of complex
formation and decay.
For systems with many active internal degrees of freedom,

statistical approaches are certainly useful; however, H+ + H2

collisions at translational energies of a few millielectronvolts
populate only a rather small number of resonances. These
scattering states may have quite different lifetimes and emission
probabilities (dipole moments). Unfortunately, H3

+ in the
vicinity of the dissociation limit is still an unsolved problem,
although there have been many theoretical activities, stimulated
by the predissociation spectra reported by Carrington and co-
workers.32 For more than 25 years they have been unassigned!
Can one expect under such conditions that modern theories are
capable of predicting radiative association in H+ + H2

collisions?
To answer this question, it first should be emphasized that

the Carrington states32 are very specific ones, preselected by the
experimental conditions. They have microsecond lifetimes and
also excitation energies up to 3000 cm−1 above the dissociation
limit. Because the ions are produced in reactive collisions of
H2

+ with H2, angular momenta of 25 ℏ or higher must be
expected. In the present ion trap experiment, the energy
interval of interest is 100 times smaller and the total orbital
angular momenta J are restricted to a few ℏ. Based on the
simple Langevin criterion and using just the polarization
interaction, the maximum orbital angular momentum is lm =
6 ℏ at 1 meV translational energy. All this leads to a rather low
total number of H3

+ continuum states populated in the collision
complex. These quasibound states have been calculated rather
often;33 however, one of the problems is to get an accurate
potential energy surface, describing also correctly the long-
range part. Note that, in linear approach, the H+

−H2

interaction has a 3.2 meV barrier at 11 a0 and that, for C2v

geometry, it is still −1 meV attractive at 22 a0.
16 A systematic

investigation of the ground state potential energy surface of H3
+

together with all bound vibrational states, including resonances
above the dissociation limit has been reported recently by
Jaquet and Khoma,6 so far only for the total angular
momentum J = 0. As already mentioned in the Introduction,
first quantum mechanical scattering calculation have been

reported for the H+ + H2 system and isotopic variants by
Honvault et al.14,15 For ortho−para transitions, the cross
sections calculated at millielectronvolt translational energies,
show a pronounced resonance structure (see Figure 1 in ref
12). It seems to be rather certain that such long-lived
resonances are responsible for radiative association. Therefore,
one can hope that theoreticians may find sooner or later
explanations for the results from this work and especially for
the fact that the largest value so far measured (kr = 1.8 × 10−16

cm3 s−1) is for the collision of a proton with the hydrogen
molecule in the first rotational state!
Significantly more difficult than radiative association is to

understand the measured ternary association rate coefficients
and their temperature dependencies. In this case it is evident
that the simple model mentioned above is not valid. Statistical
theories always have predicted that the lifetime of a complex
increases with decreasing temperature. In most model
calculations, the proportionality ∼T−s is taken, where s is the
so-called number of active degrees of freedom. At the moment
we can only speculate that, from the few resonances populated
under the conditions of our experiment, only selected ones can
contribute to ternary association and that the number of such
active resonances becomes bigger when the nominal temper-
ature increases from 11 to 33 K. A second, even bigger
uncertainty in ternary association is the stabilization of the
intermediate complex by the collision with a second hydrogen
molecule. This interaction takes place on the rather well-
characterized potential energy surface of H5

+.34 One of the
remarkable characteristics is that the proton can easily be
exchanged between the two hydrogen molecules.35 As a
consequence of this “shared proton structure”, one may
suppose that the H2 approaching the H3

+ complex pulls out
the proton in many cases instead of stabilizing the collision
complex. Such specific processes certainly may have quite
different temperature dependences. An interesting related
information mentioned by Gerlich and Horning,19 is that
helium as stabilizer is more than four times more efficient than
hydrogen.

■ CONCLUSIONS

With para- and normal-hydrogen new measurements have been
performed at low temperatures for obtaining state specific rate
coefficients for forming H3

+ via radiative and ternary
association. The extracted results, kr(T;j) and k3(T;j), show
surprising temperature dependences that cannot be explained
with simple statistical models. Due to the very unfavorable
ion:neutral mass ratio, the actual velocity distribution deviates
probably from the thermal one, and one needs at least two
temperatures for describing it. Nonetheless, the interesting
observations are unchanged, and it can be expected that the
temperature dependences become even more pronounced. A
significant improvement of the results can be achieved if the
target gas is leaked in using a cold effusive or supersonic beam
of hydrogen molecules. This is possible with the present
instrument.36

It has been mentioned several times that more support from
theory is needed for understanding the role of the (H−H2)

+

scattering states populated at translational energies of a few
millielectronvolts. Sufficiently accurate potential energy surfaces
and the tools to solve the collision dynamics seem to be
available today. Not mentioned so far but also of central
importance are certainly the restrictions imposed by the nuclear
spin of the three or five protons. For describing radiative
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association, a suitable dipole moment surface is needed for
predicting the emission of photons. An experimental challenge
is finally the laser induced association of the collision complex,
allowing one to perform spectroscopy on it. All this finally may
help also to understand the Carrington lines.32

A completely different theoretical approach for exploring H3
+

close to the dissociation limit has been reported recently by
Kylan̈paä ̈ and Rantala.37 In this work, a quantum statistical
method has been used to explore the structure and energetics
of H3

+ as a function of temperature up to the thermal
dissociation limit which has been found to be around 4000 K.
Corresponding trapping experiments are possible and are in
preparation.
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Formation of H+
3 via association of H+ with H2 has been studied at low temperatures

using a 22-pole radiofrequency trap. Operating at hydrogen number densities from
1011 to 1014 cm−3, the contributions of radiative, kr, and ternary, k3, association have
been extracted from the measured apparent binary rate coefficients, k∗ = kr + k3[H2].
Surprisingly, k3 is constant between 11 and 22K, (2.6 ± 0.8) × 10−29 cm6 s−1, while
radiative association decreases from kr(11K)= (1.6 ± 0.3) × 10−16 cm3 s−1 to kr(28K)=

(5 ± 2) × 10−17 cm3 s−1. These results are in conflict with simple association models
in which formation and stabilization of the complex are treated separately. Tentative
explanations are based on the fact that, at low temperatures, only few partial waves
contribute to the formation of the collision complex and that ternary association with
H2 may be quite inefficient because of the ‘shared proton’ structure of H+

5 .

Keywords: interstellar chemistry; H+; H+

3 ; association; ion traps

1. Introduction

As Oka summarized in his introductory remarks of the 2006 meeting, H+

3 plays
an important role in many fields ranging from astrochemistry via applications
in hydrogen plasmas to fundamental aspects [1]. The combination of three
protons (or deuterons) and two electrons represents a benchmark system for
both understanding molecular structure and scattering dynamics. Accurate
ground-state potential energy surfaces today allows us to predict low-lying
rotation–vibrational states and infrared and sub-millimetre transitions with
spectroscopic accuracy [2,3]. With increasing total energy, more states become
accessible. The present spectroscopic activities work in an energy range where the
atoms start to explore not only the triangular, but also the linear, configuration
space. Here, H+

3 becomes floppy and, owing to nonlinear couplings, the classical
motion can become chaotic. All this and strong Coriolis coupling between
rotation–vibrational states make precise ab initio calculations a challenge.
Even more complications arise if the total energy of the H+

3 system reaches the
dissociation limit. In this regime, specific bound or quasibound states exist, which
are responsible for the pre-dissociation spectra reported by Carrington et al. [4,5].
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So far, there is no clear assignment of the observed transitions; however, there
are interesting explanations [6,7]. Similar scattering states are populated in low-
energy H+ + H2 collisions, leading to energy exchange, ortho–para transitions,
chemical reactions (scrambling) or, the subject of this paper, to association, i.e.
to continuum-bound transitions. The theoretical treatment of H+

3 in the vicinity
of the dissociation limit requires a potential with the correct long-range behaviour
and sophisticated methods for describing the dynamics.
Addition of molecules via association is an important process for forming

complex structures in many plasma environments. Radiative association plays an
important role in the formation of interstellar molecules. Although under most
conditions, H+

3 is formed via H-atom abstraction in H+

2 + H2 collisions, association
of H+ with H2 also plays a role under specific conditions [8]. In any case, it
is of fundamental interest as the inverse process to photofragmentation. In the
following, we report results for radiative association, i.e. stabilization via emission
of a photon,

H+
+ H2

kr
−−→H+

3 + hv, (1.1)

and ternary association,

H+
+ 2H2

k3
−−→H+

3 + H2, (1.2)

where the formed complex is stabilized via collision with a third body. At the
number densities [H2] we use in the present study, the radiative association
rate coefficient kr and the ternary association rate coefficient k3 contribute both
significantly to the apparent binary rate coefficient,

k∗
= kr + k3[H2]. (1.3)

For many decades, the determination of association rate coefficients has been the
domain of swarm techniques operating at rather high pressures. With number
densities above 1016 cm−3 and rate coefficients of 10−29 cm6 s−1, reaction time
constants were shorter than millieseconds and, therefore, became measurable.
For reaction (1.2), Graham et al. determined a ternary rate coefficient at 300K
[9], using a drift-tube mass spectrometer apparatus. Johnsen et al. extended the
temperature range from room temperature down to 135K [10] and reported rate
coefficients increasing from 3.0 × 10−29 to 4.3 × 10−29 cm6 s−1. Swarm techniques
could not provide direct results for radiative association because the high densities
lead to k3[H2] ≫ kr

In the last few years, new interest in the H+ + H2 collision system has grown,
mainly owing to the fact that this fundamental three-proton two-electron system
got within the reach of ‘exact’ quantum mechanical calculations (see [13,14]
and references therein). Therefore, we have started a research programme to
measure low-temperature rate coefficients for collisions between hydrogen ions
and hydrogen atoms or molecules, including also anions. First results determined

Phil. Trans. R. Soc. A (2012)

. This situation has changed by the development of ion-
trapping techniques in the 1980s. First results for reactions (1.1) and (1.2) at
230K have been reported in Gerlich & Kaefer [11]. An early summary can be
found in Gerlich & Horning [12]. Because of the high sensitivity of ion traps, one
can operate at such low number densities that ternary association becomes even
slower than radiative association.
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Figure 1. (a) The 22-pole ion trap scheme. In the radial direction, ions are confined by the
radiofrequency field, created by two sets of 11 poles (RFa and RFb) precisely mounted on
opposite sides (f = 18MHz, V0 = 19V for H+, V0 = 26V for He+). The entrance and exit electrodes
(EN and EX) are used to open and close the trap with electrostatic barriers of some tens of meV.
(b) Typical decrease of the relative number of trapped H+ ions due to reactions with H2. The
number density of H2 has been varied from 1012 to 1014 cm−3, leading to decay time constants
between many minutes and 2.5 s. (Online version in colour.)

at 11K for ternary association, were reported recently in a conference contribution
[15]. The new results cover the temperature range from 11 to 28K and include
radiative association.

2. Experiments

To study reactions (1.1) and (1.2) and to determine separately their rate
coefficients, the AB-22PT instrument has been used. The principle of ion trapping
and the experimental details have been described elsewhere [16]. The central part
of the instrument, the 22-pole ion trap, is shown schematically in figure 1a. In the
present study, normal hydrogen (one-quarter para-H2 and three-quarters ortho-
H2) was introduced into the trap volume. A few collisions with the walls are
sufficient to get the neutral gas into thermal equilibrium with the box, with the
exception of the ortho–para ratio. The background pressure of the main chamber
is lower than 10−7 Pa. The level of reactive impurities in a gas leaked into the
reaction volume has to be below 0.1 ppm. Impurities with the exception of HD
and D2 are mostly frozen out at 11K.
The measuring procedure is based on iterative filling of the trap with a well-

defined number of primary ions and analysis of the content after different times
using a quadrupole mass spectrometer and micro-channel plate detector. In the
present experiment, the storage times have been extended up to 30 s.
In order to test the actual conditions of the instrument, formation of He+

2
dimers via the He+

+ 2 He reaction has been used. Although the new data shown
in figure 2 are somewhat larger than the previous ion-trapping results [12], there
is a good overall agreement with them and also with the analytical function
extrapolating the data from Böhringer et al. [18].
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Figure 2. Formation of He+2 dimers via the He+ + 2 He reaction. Filled circles show the measured
temperature dependence of k3(T ) used as a thermometer in the trap, as proposed in Gerlich [17].
The inverted triangles indicate previous results obtained using a selected ion drift tube by Böhringer
et al. [18] and triangles show a ring electrode trap by Gerlich, at low temperatures [12]. The dashed
line extrapolates Böhringer’s fit. (Online version in colour.)

3. Results

A typical set of raw data, recorded at a 22-pole temperature of 11K, is shown in
figure 1b. In order to increase the sensitivity, a repetition period of 10 s has been
chosen. About 100H+ ions have been injected each time. For better comparison
of the results, the number of remaining primary ions is normalized to the initially
injected ones. The number of ions in the trap has been counted at four different
storage times. As can be seen from the dashed lines, NH+ decreases exponentially
with a characteristic decay time t = (k∗[H2])

−1. The number density of H2 has
been varied over more than two orders of magnitude, leading to a variation of
t from 2.5 s to conditions where statistical errors limit the measurement. The
rate coefficients can also be determined from the number of produced H+

3 ions;
however, this requires the determination of the detection efficiencies of the two
different ions.

From such data, the apparent binary rate coefficient k∗ is determined. Figure 3
shows averages over a large set of such measurements, performed at 11 and 22K
and at H2 densities as low as 4 × 1011 cm−3. The errors are smaller than the dot
size, with the exception of the results at low densities where the bars indicate
the uncertainties. For separating bi- and termolecular contributions, the data
have been fitted with equation (1.3), resulting in the solid lines. Comparison
of the dashed and dotted lines with the experimental results reveals that at
densities below 1012 cm−3, most products are H+

3 + hv, while above 1013 cm−3,
stabilization of the H+−H2 collision complex with H2 prevails and k∗ rises
proportional to [H2]. In accordance with expectations, the results show kr(11K)>
kr(22K), while, to our surprise, the ternary rate coefficients are the same at the
two temperatures.

Phil. Trans. R. Soc. A (2012)
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Figure 3. Apparent binary association rate coefficient k∗ for T22PT = 11K, circles, and 22K, squares
(averaged over many measurements). In order to extract information on radiative and ternary
association, the density has been varied over a wide range. The data have been fitted with k∗ = kr +

k3[H2]. The dashed and the dashed-dotted lines show the individual contributions. The surprising
observation that the ternary association rate coefficient is the same for both temperatures while
radiative association becomes faster with decreasing temperature is discussed in the text. (Online
version in colour.)

The results from the fits of figure 3 are plotted in figure 4 as solid circle
points. In order to obtain more information on the temperature dependence
of H+

3 formation, the density has been kept constant at three different values,
and the temperature has been varied between 11 and 28K. At the low density
(9 × 1011 cm−3), the values for kr have been determined by subtracting from the
measured rate coefficients k∗ the contribution from ternary association. Values for
k3 have been determined by measuring k∗ at two higher densities (8 × 1012 cm−3,
1.6 × 1013 cm−3) and by subtracting the contributions from radiative association.

4. Discussion and conclusion

The basics of an empirical description of association reactions have been
summarized in Gerlich & Horning [12]. It is based on the assumption that one
can separate two independent sequential steps, first the formation of a long-lived
complex followed by its stabilization. The collision complex is formed with a
bimolecular rate coefficient kc. Assuming that there are no other product channels,
this complex decays back to the reactants with a time constant tdiss. Usually, a
small fraction may be stabilized via emission of a photon (time constant tr) or
stabilized via collision with a third body. In the present study, we use only H2

(time constant tH2). With these elementary processes, the overall formation of
stable products can be described by the apparent second-order rate coefficient

k∗
= kc

1/tH2 + 1/tr

1/tdiss + 1/tH2 + 1/tr
. (4.1)
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Figure 4. Temperature dependences of kr and k3. The solid circles are the results from the fits
shown in figure 3. (a) k3(T ) was measured at two densities (squares, 8 × 1012 cm−3; triangles,
1.6 × 1013 cm−3). The results have been corrected individually for contribution from radiative
association. The apparent increase of k3 with T is within the overall uncertainty of the data.
(b) kr(T ) was measured at a density of 9 × 1011 cm−3. The results have been corrected individually
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The dashed line indicates a T−1 law, the dashed-dotted a T−2 law. (Online version in colour.)

A rigorous calculation of this requires, in general, a master equation approach
accounting for the elementary steps that either contribute to stabilization or
compete against it.

In such a model, the temperature dependence of the overall process is mainly
determined by tdiss, while one assumes that tr and tH2 do not change much with
temperature. Under such conditions, one gets the same T dependence for k3 and
kr, in contrast to our experimental observation. Here, we can give only some
first hints to possible reasons. One is based on the special shape of the H+

5
potential energy surface, the so-called shared proton structure [19]. Owing to
this interaction, a H2 approaching the H+

3 collision complex slowly may pull out
the proton from the collision complex instead of stabilizing it. Other explanations
may be based on the fact that statistical arguments do not hold anymore at the
low temperatures of our experiment. On the basis of the simple Langevin criterion
using only the polarization interaction, one obtains for the total orbital angular
momentum lm < 6 at 10K and lm < 8 at 20K. This leads to a rather low number
of states accessible to the H+

3 complex [6].
More theoretical and experimental work is needed to understand these

scattering states of H+

3 . One of our aims is to go to higher temperatures for
comparing our results with previous measurements. It is very important to use
para-H2 and to study the influence of the various nuclear spin configurations.

Finally, there are various interesting aspects of the astrophysical relevance
of H+ + H2 collisions. Its role in ortho–para conversion has been reevaluated
recently ([13], see also the erratum). It is an open question as to whether
scattering of H+ on H2 is more efficient in cooling primordial gas than the H+

3
molecule with its infrared active modes [20]. Another important subject is the
chemical lifetime of protons in various environments. Electron transfer from atoms
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(e.g. O, P, S [21,22]) competes with radiative recombination with free electrons
and with neutralization in collisions with negatively charged molecules or small
dust particles. Depending on the conditions and fractional abundances of the
relevant targets, detailed models will predict regions where radiative association
with H2 is an important sink for protons and a source for excited H+

3 ions.

This work is a part of the research grant OC10046 financed by the Ministry of Education
of the Czech Republic and was partly supported by GACR (P209/12/0233, 205/09/1183), by
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University in Prague. We thank the Technical University of Chemnitz and the DFG for lending us
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Abstract. The radiative and ternary association reaction of H
+
 ions with H2 was studied using 

a 22-pole RF trap. An overall effective binary rate coefficient (keff) was measured over a broad 

range of hydrogen densities to determine contributions from the binary and ternary process. 

The binary rate coefficient of the radiative association was measured for temperature 11–28 K 

at hydrogen density where ternary process can be neglected. The obtained binary rate 

coefficient of the radiative association at 11 K is kr(11 K) = (1.7±0.5)×10
–16

 cm
3
s

–1
. 

1.  Introduction 
The presented studies were motivated by the fundamental character of processes, in which H3

+ ions are 

formed, or where they excite or recombine [1,2,3,4,5], and by importance of H3
+
 ions in astrophysics 

[6,7,8] and plasma physics in general. The most elementary and fundamental interaction between ion-

molecule processes is the interaction of proton with H2 molecule. This process was studied many times 

theoretically, particularly because of large probability of conversion of ortho-H2 to para-H2 and vice 

versa in their interaction with proton (see e.g. refs. [9,10]). The number of previous studies of 

association of H+ with H2 and formation of H3
+ ions is nevertheless very small. This is very surprising, 

if we realize the fundamental character of this association process and the importance of H3
+
 ions in 

plasmas, where ion can transfer proton to other atoms or molecules because of low proton affinity of 

H2 molecule H3
+ [11]. 

Association reactions stabilized by radiation or by collision with a third particle are important 

processes in low temperature plasmas. It is now also generally accepted that binary radiative 

association is an important process in formation of complex molecules in interstellar clouds 

[12,13,14,15]. There are also many studies of clustering ternary association reactions and reverse 

collision induced dissociation processes carried out in order to obtain enthalpies of formations and 

information on structure of complex ions [16,17]. Hydrogen containing plasmas are environment 

where these processes play important role, e.g. reactions forming H3
+(H2)n cluster ions [18]. For more 

detail and some experimental results see review by D. Gerlich and S. Horning in ref. [19], where the 

results of several studies of binary and ternary association reactions are presented and discussed.  

The association of H+ with H2 can have two channels in hydrogen containing plasma: 

 νh
k

+→+
++

32 HHH r  (1) 
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where kr and k3 are the binary and ternary association rate coefficients, respectively. At higher 

hydrogen densities, where both channels can play an important role we can expect dependence of 

the overall effective binary rate coefficient (keff) on H2 number density: keff = kr + k3[H2]. The ternary 

process (2) was studied at 80 K by Gerlich (ring electrode trap experiment [19]). The ternary rate 

coefficient at 300 K was also measured by Graham, et al. [20] and by Johnsen, et al. [21] using 

hydrogen buffered drift tube experiments. Only very recently we studied ternary association at 11 K 

using 22-pole ion trap [22]. To our knowledge the radiative association of H+ with H2 was not 

systematically studied up to now. There are only some indications from the studies of ternary process 

at 80 K [19] leading to the rate coefficient kr(80 K) ~ 1.3×10
−16

 cm
3
s

−1
. Temperature dependence of 

both processes, as well as their dependence on para/ortho form of H2 was not measured up to now. In 

the present paper we describe study of radiative association of H
+
 with H2 using the 22-pole ion trap at 

temperatures 11–28 K. 

2.  Experiment 

The radiative association of H
+
 with H2 is a very slow process. As we will show later on, at 

temperatures ~11 K the binary rate coefficient is of the order of kr ~ 10
–16

 cm
3
s

–1
. The measurement of 

a rate coefficient of such slow process requires a special experimental arrangement. The level of 

reactive impurities in a gas in a reaction volume has to be below 0.1 ppm. Fortunately, the reaction 

with He is apparently very slow and other impurities with the exception of HD and D2 are mostly 

frozen out at 11 K.  

To study the mentioned process of radiative association and to measure the reaction rate coefficient 

we used 22-pole RF ion trap. The details and the principle of ion traps were described elsewhere (see 

e.g. refs. [23]). Here we will only give a short description of the actual trap and of the apparatus. In the 

present experiment, the 22-pole is immersed to a massive copper chamber, which is connected to a 

cold head of a thermostat (the closed-cycle helium refrigerator). The trap can be filled with hydrogen 

or helium, which is in thermal equilibrium with the walls. The trapped ions are cooled by collisions 

with cold buffer gas. Gerlich described the principle of the experiment, the details of the used 22-pole 

trap and the constructions of apparatus in several comprehensive reviews [24,25]. The arrangement of 

the trap used in the present experiment is shown in figure 1.  

 

 

Figure 1. The principal scheme of the 22-

pole RF ion trap. H+ ions produced in the ion 

source are injected via the quadrupole bender 

into the 22-pole RF trap [19,23,24]. 

The positive potential on the ring electrodes 

at both ends of the 22-pole is used to trap 

ions in the axial direction. By lowering 

the potential on the output electrode, 

the trapped ions leave the trap towards 

the mass spectrometer and the detector. The 

trapping volume and H2 gas can be cooled 

down to 11 K. 

 

Figure 2 shows schematically the 22-pole trap apparatus used in the present study. H
+
 ions are 

produced in the storage ion source via electron bombardment of hydrogen. The ions are mass filtered 

and injected into the 22-pole trap via the electrostatic quadrupole bender. After the defined reaction 

time, both primary and product ions are extracted, mass analysed in the quadrupole mass spectrometer 

(QPMS) and counted. Hydrogen pressure in the ion trap is measured by an ionization gauge, which is 
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calibrated by a spinning rotor gauge. Normal hydrogen (with ¼ of para-H2 and ¾ of ortho-H2) was 

used in the present experiments. The background pressure is lower than 10
−7

 Pa. 

 

 

Figure 2. The experimental setup used in the 

present study. The ions are produced in the ion 

storage source from hydrogen [23]. After passing 

through the quadrupole mass filter, selected H+ 

ions are injected into the 22-pole trap via 

the electrostatic quadrupole bender. The 22-pole 

trap is situated in the central chamber (22PT). 

After defined reaction time, the ions are extracted 

from the trap, analysed by the second quadrupole 

mass spectrometer and detected by MCP. 

 

The injected H
+
 ions can be stored in the trap up to several seconds and during this time they react 

with the present hydrogen gas. The product ions are also stored in the trap. The relative number 

of primary ions (H+) and product ions (H3
+) can be measured after the opening of the trap. The product 

ions can further react with H2 and the secondary product ions are formed. The example of the obtained 

mass spectra is shown in figure 3. High sensitivity and high resolution of mass spectrometer and 

detection system is obvious. We observed H+ and H3
+ ions and the secondary products H5

+, H7
+ 

and H9
+
. 
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Figure 3. Typical mass spectrum of the ions 

trapped in the 22-pole ion trap measured 

at 950 ms after the injection of H+ ions. 

The spectrum was measured at 11 K and at H2 

density [H2] = 1×10
14

 cm
–3

. Spectrum confirms 

trapping and detection of ions of mass 1–9 amu. 

Note that the ions of mass 2 and 4 were not 

present in the trap; this indicates that deuteration 

is not playing significant role at used conditions. 

 

 

3.  Results and discussion 

We measured the effective binary rate coefficient keff of the reaction of H
+
 ions with H2 as a function 

of H2 density. In the actual experiment keff was measured from the decay of number of the H
+
 ions in 

the trap or from the increase of the number of H3
+ ions produced in the trap. Assuming linearity 

of the detection system at low ion densities, it is sufficient to measure “ion counts” detected by 

the detection system, because only relative number of ions in the trap is required to determine 

the effective rate coefficient. 
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where we use: t – trapping time, NH+(0) – number of H+ ions injected into the trap, NH+(t) – number 

of H
+
 ions extracted from the trap after a trapping time t. Note that in formula (3) only the ratio 

of the initial and final number if ions is required. Examples of a decrease of the number of H
+
 ions in 

the trap measured at three different H2 densities are shown in figure 4.  
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Figure 4. The typical decrease of the number 

of ions H+ in the trap due to the reaction with 

H2. The initial number of ions is normalized 

to 100 as it is a typical initial number of ions 

attained in our experiment. The rates of 

the decays depend on the actual H2 number 

density in the trap. 

 

 

 

We used also similar method, where rate coefficient is obtained by monitoring the number of 

produced H3
+
 ion and decay of number of H

+
. This requires determination of the mass discrimination 

of the mass spectrometer and the detection system. The mass discrimination was determined by the 

measurements at high hydrogen densities. The measured dependence of keff on hydrogen density in the 

trap volume (at 11 K) is plotted in figure 5. The value of keff is increasing with increasing hydrogen 

density; this indicates substantial contribution from ternary H2 assisted association process. At 

hydrogen number densities [H2] < 1012 cm–3, the dependence is levelling to keff  ~ 1.7×10–16 cm3s–1. 

This clearly indicates domination of radiative association at low hydrogen densities. The obtained 

dependence is fitted with function keff = kr + k3[H2].  
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Figure 5. The dependence of the effective 

binary association rate coefficient keff on 

hydrogen density measured at 11 K. The dashed 

line indicates the fit of the data by function keff = 

kr + k3[H2]. The straight lines indicate 

contributions from the radiative (kr) and ternary 

channel (k3[H2]). Note that at the hydrogen 

densities below 1×1012 cm–3 the influence of the 

ternary channel is very small and we can 

measure the rate coefficient of the radiative 

association directly. The obtained value is 

kr(11 K) = (1.7±0.5)×10
–16

 cm
3
s

–1
.  

 

 

To obtain temperature dependence of the rate coefficient of the radiative association we measure 

keff at [H2] = 1×10
12

 cm
–3

 for several temperatures in the range 11–28 K. At fixed temperature 11 K 

and otherwise identical experimental conditions we also measured keff at several H2 densities from 1 up 

to 3×10
12

 cm
–3

. The obtained data are plotted in figure 6. 
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Figure 6. The effective binary association 

rate coefficient keff measured at low 

hydrogen densities. Three sets of data are 

plotted. The first set (filled circles) was 

measured at 11 K over broad range of 

hydrogen densities (see also figure 5). The 

second set (open circles) was measured at 

[H2] = 1×10
12

 cm
–3

 and several 

temperatures. The third set (crosses) was 

measured for several hydrogen densities at 

11 K with otherwise identical 

experimental conditions. The dashed line 

indicates fit through the data from the first 

set (see data in figure 5). 

 

The temperature dependence of keff measured at low hydrogen densities is plotted in a log-log scale 

in figure 7. The measured keff is in a good approximation and equal to the rate coefficient of radiative 

association because the ternary association is negligible at such low hydrogen densities (see data in 

figures 5 and 6). The obtained data were fitted with power function – giving a straight line in a log-log 

scale. From the measured keff the rate coefficient kr can be obtained by correcting it for the contribution 

from the ternary process, i.e. by subtracting the value of k3 [H2] from the measured keff. In the first 

approximation at T > 11 K, we can use the k3 measured at 11 K. In this way we obtain the lower limit 

for kr, because we can expect that k3 is constant or it is decreasing with increasing temperature. For 

the correction, k3 = (3±1)×10
–29

 cm
6
s

–1
 was used. The dash dotted line in figure 7 represents the lower 

limit for kr. 

We suppose that an influence of the ternary process will not increase with temperature. The dash 

dotted line in figure 7 represents the lower limit of kr.  
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Figure 7. The temperature dependence of 

kr. The open circles indicate keff measured 

at [H2] ~ 1×10
12

 cm
–3

. The closed circle 

indicates the value of kr obtained from 

the fit of the whole dependence of keff on 

[H2] measured at 11 K (see figures 5 and 

6). The dashed straight line is the best fit 

with power function. In a good 

approximation it corresponds to the T 
–1

 

dependence. The dash dotted line 

represents the lower limit of kr (see 

discussion in the text). 

 

 

4.  Conclusion 
We used the 22-pole RF ion trap to measure the temperature dependence of the radiative association 

reaction of H+ ions with normal H2 at temperatures 11–28 K. Value obtained at 11 K is kr(11 K) = 

(1.7±0.5)×10
–16

 cm
3
s

–1
. To our knowledge it is the first time that the rate coefficient of the radiative 

association of H+ with H2 was measured in this temperature range. The experiments covering broader 

range of temperatures and H2 densities are in progress. 
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