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Zusammenfassung

Die vorliegende Arbeit ist unterteilt in einen experimentellen und einen theoretischen
Teil. Der experimentelle Teil befasst sich mit der Untersuchung von Ionen-Molekiil
Reaktionen in einem temperaturregelbaren 22 Pol Ionenspeicher. Im theoretischen
Teil werden verschiedene Aspekte von Radio Frequenz lonenspeichern und die Dy-
namik von geladenen Teilchen in diesen analysiert.

Hierfiir werden zunachst in Kapitel |3 grundlegende Konzepte fiir die Beschreibung
von geladenen Teilchen in oszillierenden elektrischen Feldern erlautert. Anschlieend
wird auf die Berechnung dieser Felder mittels verschiedener numerischer Verfahren
eingegangen (Kapitel . Als besonders effiziente Methode zur Berechnung elektro-
statischer Potenziale erwies sich die Randelemente Methode, die daher detailliert
erlautert wird. Mittels analytisch 16sbarer elektrostatischer Fragestellungen werden
die zuvor numerisch berechneten Felder auf ihre Genauigkeit hin untersucht. Fiir
die dafiir notwendigen Berechnungen wurden sowohl eigene numerische Routinen
entwickelt als auch bestehende Routinen verwendet. Es wird aufgezeigt, wie mit
Hilfe einer geeigneten Multipolentwicklung die numerisch berechneten Felder in eine
analytische Beschreibung iiberfithrt werden konnen. Dies ermoglicht eine effiziente
Simulierung und Untersuchung der Dynamik von geladenen Teilchen in Ionenspe-
ichern.

Mittels Simulationen verschiedener existierender Multipol Ionenspeicher (Kapitel
wird so das Verhalten von Ionen in elektrischen Wechselfeldern u.a. in Hinblick auf
die Erhohung der Translationsenergie, die Energieverteilung und Verschiebungen der
sekularen Oszillationsfrequenz durch hohere Anharmonizitaten analysiert. Dartiber
hinaus werden Raumladungseffekte and Storungen der Felder durch mechanische
Fehljustierungen von Elektroden in die Analyse mit einbezogen. Damit leistet diese
Arbeit einen Beitrag zur Optimierung bestehender sowie zur Entwicklung von neuen
und besseren Ionenspeichern.

Im Fokus des experimentellen Teils steht die Reaktion von Stickstoffionen N mit
Wasserstoffmolekiilen H, unter Beriicksichtigung der Feinstrukturzustande der Stick-
stoffionen und der Kernspinzustianden des Wasserstoffmolekiils. Diese Reaktion
stellt den ersten Prozess bzw. die Vorstufe zur Bildung von interstellarem Am-
moniak dar. Trotz jahrzehntelanger Forschung ist diese fundamentale Reaktion bis
zum heutigen Tage nicht im Detail verstanden. So ist zum Beispiel offen, ob diese
Reaktion endotherm ist oder nur durch eine Barriere gehemmt wird. Weiter ist
ungeklart inwieweit die Energie der Feinstrukturzustande der Stickstoffionen diese
Reaktion begiinstigt. All diese Fragen sind von grofler Relevanz fiir die Astrochemie
bei tiefen Temperaturen. Zur Klarung dieser Fragen mochte diese Arbeit beitragen.



Unter Anwendung eines nicht adiabatischen Reaktionsmodells und einer globalen
Anpassung an die gemessenen Daten werden feinstrukturspezifische Ratenkoeffizien-
ten fiir die oben genannte Reaktion bestimmt (Kapitel [7)).

Zunachst wurden hiefiir eine Vielzahl verschiedener Testmessungen durchgefiihrt,
um den Einfluss unterschiedlicher Messparameter wie z.B. der Temperatur oder der
Teilchenzahldichte auf die gemessenen Ratenkoeffizienten hin zu untersuchen (Kapi-
tel @ Anhand dieser Testmessungen konnten mogliche Ursachen in Bezug auf die
anfénglich teils schlechte Reproduzierbarkeit von Messergebnissen identifiziert wer-
den. Daraufhin wurden verschiedene Messabldaufe optimiert, um den Fehler in den
zu messenden Ratenkoeffizienten zu minimieren. Als Folge dieser Testmessungen
wurden ebenfalls Ratenkoeffizienten fiir die Reaktion von N mit Wasserstoff in
einem Temperaturbereich von 10 bis 120 K sowie ternire Ratenkoeffizienten zur
Bildung von Stickstoff-Helium Clustern (NHe, )™ (n = 1,2) bei Temperaturen zwis-
chen 10 und 13 K bestimmt (Kapitel [9). Weiterhin wurden Messungen in Hinblick
auf eine mogliche Umbesetzung der Feinstrukturzustande der Stickstoffionen durch
Stofe mit Helium durchfiihrt.

Dariiberhinaus beinhaltet diese Arbeit die Charakterisierung eines piezo-elektrischen
Ventils (Kapitel[10). Diese wurde mittels der Reaktion von Argonionen mit Wasser-
stoffmolekiilen durchgefithrt. Die Absicht dieser Charakterisierung ist es, die fiir
Ionen-Molekiil Reaktionen verwendete Messmethode weiter zu entwickeln. So soll
ermoglicht werden, die translatorische Thermalisierung der Ionen sowie deren Re-
laxation intern angeregter Zustande, von der Reaktion zu trennen. Schlussendlich
konnte ein Modell entwickelt werden, welches den Reaktiongasfluss von Wasserstoff
als Funktion der Zeit, der Temperatur und des Reaktiongasdrucks beschreibt.



Abstract

This work consists of two major parts, a theoretical and an experimental one. The
latter part investigates ion molecule reactions performed in a temperature variable
22-pole ion trap. The former one analyses different aspects of radio frequency ion
traps and the dynamics of charged particles located inside.

Therefore, fundamental concepts for the description of charged particles in oscil-
lating electrical fields are discussed on as a first step (Chapter . The calculation
of these fields via different numerical methods is elaborated on subsequently (Chap-
ter . The boundary element method (BEM) has proven highly adequate for the
calculation of electrostatic potentials. Hence it is depicted in detail. Using analyt-
ically solvable electrostatic problems, the previously calculated fields will be tested
with respect to their accuracy. To perform the necessary calculations both own
numeric routines have been developed and available routines have been employed.
This work shows how the numerically, calculated fields can be converted into an
analytical description wia appropriate multipole expansion. This permits an effi-
cient simulation and investigation of the dynamics of charged particles in ion traps.
Simulations of different existing multipole ion trap geometries help to analyze the
behavior of ions in oscillating fields with respect to, inter alia, the increase of their
translational energy, their energy distribution and shifts of the secular frequency
caused by higher anharmonicities (Chapter . Furthermore, space charge effects
and perturbations of the fields due to mechanical misalignments of electrodes are
included here. Consequently, this work is meant to contribute to the optimization
of existing ion traps and to the development of new and better ones.

The experimental part focuses on the reaction of nitrogen ions with hydrogen molecules
taking into account the fine structure state of N* and the nuclear-spin state of H,.
This reaction can be considered as the first process or step in the formation of inter-
stellar ammonia. Up to date this very fundamental reaction — although having been
studied in several laboratories for decades — is not fully understood. For example, it
remains unclear whether or not the reaction really endothermic or it is just inhibited
by a barrier. Also, it is not known to what extent the fine structure state energy
N favours/promotes this reaction. All these questions are of great relevance for
low temperature astrochemistry.

Applying a non-adiabatic reaction model and a global fit, fine structure state spe-
cific rate coefficients for the reaction mentioned above could be derived (Chapter [7).
Initially, a large number of test measurements were conducted in order to clarify
the impact of different measurement parameters like e.g. temperature or number
density on measured rate coefficients (Chapter [6]).



On the basis of these test measurements probable conclusions of initial difficulties
with reproducing test results could be drawn. Thereupon, experimental processes
were optimized to minimize errors in determination the rate coefficients. As a result,
rate coefficients for the reaction of N und CO™ with hydrogen in a temperature
range between 10 to 120 K were determined as well as ternary rate coefficients
for the formation of nitrogen-helium-clusters (NHe,)™ (n = 1,2) in a temperature
range between 10 — 13 K (Chapter E[) Also, measurements were performed with
respect to fine structure state changing collisions of the nitrogen ion due to helium.
Moreover, this work contains the characterization of a piezoelectric valve which was
performed using the reaction of Ar™ ions with H, (Chapter . The purpose of
the characterization is to develop a new experimental method for the study of ion
molecule reactions. This aims at separating translational thermalization of ions as
well as their relaxation of the internal excited states from the reaction process. A
quantitative model could be developed in order to describe the reaction gas flow as
a function of time, temperature and reaction gas pressure.



Contents

(1__Introductionl 1
2 Charged Particle Traps| 3
[2.1 Principle of Storing Charged Particles|. . . . . . . .. ... ... ... 3
[2.2  'The Poisson Equation| . . . .. ... ... ... ... ... ... )
[3 Motion of Ions in Oscillating Electric Fields| 7
[3.1 The Motion of fons in an Ideal Quadrupole Field| . . . . ... .. .. 7
[3.2  "The Motion of lons in Inhomogeneous Fields| . . . . . ... ... ... 9
[3.2.1 The Effective Potential Approximation . . . . . . .. ... .. 9
[3.2.2  T'he Numerical Calculation of the Motion of lons in Oscillating |
[ Fieldsl . . . . . . 14
[3.3  The Stability Parametern . . . . . ... ... ... ... ... ..., 16
[4  Methods for Calculations of Electrical Potentials of lon Traps| 18
4.1 ldeal Multipole Traps[. . . . . . ... ... ... ... 18
[4.1.1  Two Dimensional Hyperbolic Shaped Multipole Traps|. . . . . 19
[4.1.2  T'hree Dimensional Hyperbolic Shaped Multipole Traps| . . . . 19
4.2 The Calculation ot Electric Fields for Arbitrary Geometries|. . . . . . 20
42,1 Numerical Methods for the Calculation of Electrical Fields . . 21
4.3 Multipole Expansions for Different Types of Ion Traps . . .. .. .. 29
[> Simulations of Different T'ypes of Ion Traps| 31
[>.1 Approximation of Hyperbolic Shaped Electrodes| . . . . . . . . . . .. 31
(5.1.1  The Ideal Ratio R/ry of a Linear Multipole Trap| . . . . . .. 32

[5.1.2  Influence of Higher Order Multipole Components on a Quadrupole| 35
[>.2 Influence of the Finite Size of Hyperbolic Electrodes|. . . . . . . . .. 41
(5.3 The Split Ring Electrode Trap|. . . . . . ... .. ... .. ... ... 42
(.4 The 22 Pole Ion Trap|. . . . . .. ... .. ... ... ... .. .... 49
[>.4.1 The Kinetic Energy Distribution| . . . . . .. . ... ... .. 53
[5.4.2  Mechanical Misalignments of the RF Electrodes| . . . . . . .. 61
[>.5 A Linear 24 Pole Quadrupole Trap[ . . . .. .. ... ... ... ... 64

5.6 Space Charge Effects| . . . . . . .. ... .. ... ... ... ... 70




CONTENTS

[6  Experimental Work| 84
[6.1 Experimental Setup and Techniques| . . . . . . . ... ... ... ... 84
[6.1.1  Determination of the Reaction Gas Density] . . . . . . .. .. 86

6.2 Time Evolution of Chemical Reactionsl . . . .. ... ... ... ... 87
[6.3  Testing the LIRtrap Setup| . . . . . . . ... .. ... ... .. .... 88
[6.3.1  Tests to Improve the LIRtrap Setup|. . . . . . . . .. ... .. 90

7 N*+H, — NH" + H 98
7.1 The N"(°P;,) + Hy(j) Reaction| . . ... .......... ... ... 99
(1.1 The Adiabatic Modell . . . . . .. .. ... ..o 100

(r.1.2 The Non-Adiabatic Modell . . . . . .. ... ... ... .. .. 103

(1.3 Resultsl. . . .. ... .. . 114

I8 The N 4+ H, Reaction Chain| 119
[9 Ternary Reaction Processes| 124
9.1 (N—He )" Cluster| . . . . . ... .. ... ... ... 124
9.2 The Ternary Reaction of |

| N*+Hy+He — NHI+He| . .. ... ... ... ... ... ... .. 126
10 Cl — A ] Valvd 132
11 Conclusion and Outlookl 153
(11.1 Experimental Part| . . . . .. ... ... .. ... ... ... ... .. 153
(112 Theoretical Partl. . . . . . . . .. .. .. ... L 154

(A Appendix| 164
[A.1 Approximation of Hyperbolic Shaped Electrodes . . . . . . . . .. .. 164
[A.2 Space Charge Eftects| . . . . . . .. .. ... ... .. 166
[A.3 Tests to Improve the LIRtrap Setup|. . . . . . . . ... ... ... .. 166
[A.3.1 "T'he Stability of Guiding and Trapping the lons| . . . . . . .. 166

[A.3.2 Saturation Eftects of the Ion Detection System|. . . . . . . .. 168

[A.3.3 Temperature Behavior of the Reaction Gas Calibration and |

| the N,* + H, Reaction |. . . . .. ... ... ... ... . ... 172

[A.3.4 The Number Density of the Reaction Gas at Low Temperatures(l77
[A.3.5 Measuring Rate Coefficients during the Cool Down Phase of |

the Apparatus|. . . . . . . ... ... 179

[A.3.6 Steady State of the Apparatus|. . . . . . ... .. ... .... 180

[A.3.7 Improving the Measurement Procedurel . . . . . . . . ... .. 181

|A.4 The N+(3Pia) + H,(j) Reaction| . . . ... ... ... ... 185
[A.4.1 A Simple Approach for the Analysis of Reaction |

| NT+HH,G). oo 185

[A.5 The Ternary Reaction of |
| N*+ Hy + He — NHj+He| . . ... ... ... ... .. .. .. ... 188




CONTENTS




Chapter 1

Introduction

Star-formation processes, starting with the collapse of a dense cloud ending with
the dying of a star, are the major topics in astrophysics and is ultimately related
to the question of the formation of our own solar system and the origin of life on
earth. To gain insight into star formation, electromagnetic radiation is the main
source of information on the structure and properties of cosmological objects. Here,
the interstellar medium (ISM) plays an important role. The temporal evolution of
the ISM is determined and accompanied to a large degree by the chemistry and the
formation of small molecules in the gas phase. In order to understand gas phase
processes, the knowledge of chemical reaction rate coefficients is of fundamental
importance. These rate coefficients are used in astronomical network models to
calculate molecular abundances, the age of an object or to predict or model the
dynamics of interstellar clouds. Ion-molecule reactions are very efficient at very
low temperatures in the ISM as many of such reactions have no or low activation
energies. Initially, ionization is driven by cosmic rays (high-energy a-particles or
protons) H, + cosmic rays — Hj + e~ or photo-ionization H + hv — H* + e~
followed by fundamental reactions such as:

Hy +H, —» Hf + H
Hf + M — MH" + H, (M denotes an atom or molecule) (1.2)
N* +H, - NH* + H (1.3)

that are the key to the synthesis of more complex molecules in the following. In this
respect, rate coefficients of ion-molecule reactions are of fundamental importance
for the quantitative understanding of the chemistry in the ISM.

Ion-molecule reactions and their rate coefficients are not only relevant for the insight
into astronomical processes but they also play an important role for the chemistry
in the ionosphere of the earth (altitude 2 100 km). The main source of ionization
is the photo-ionization by solar ultraviolet light or by cosmic rays™®. For example,
since electrons are able to reflect electromagnetic waves, the electron density in the
ionosphere is of practical relevance for the transmission of radio waves. This electron
density is determined by the balance between the ionization of atoms and dissocia-
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tive recombination of ions with free electrons. This equilibrium is mainly governed
by the ion-molecule rate coefficients .

This thesis is divided in two parts, a theoretical and an experimental one. The
experimental part is focused on the investigations of astrophysical relevant ion-
molecule reactions in a temperature variable 22-pole ion trap apparatus. Here spe-
cial attention is payed to the reaction of the N* with molecular hydrogen under the
consideration of the fine structure population of the nitrogen ion in dependence of
the nuclear spin configuration of H,. This fundamental reaction, which is the first
step in the reaction chain to form interstellar ammonia has been investigated by sev-
eral groups over the last three decades remains is not well understood until today.
Here, the role of the energy provided by the fine structure of the nitrogen ion in
promoting this reaction is rather unclear whereas the role of the energy dependence
on the nuclear spin configuration of the hydrogen molecule is largely understood.
To allow precise predictions of the chemical evolution of ammonia a detailed un-
derstanding of this reaction mechanism is required. Therefore fine structure specific
rate coefficients for this reaction are of great astrophysical interest. A further aspect
which makes the reaction so interesting is, that this system is very sensitive to the
nuclear spin configuration (ortho/para) of the hydrogen molecule and can therefore
be used to investigate the purity of an para hydrogen sample.

The theoretical part covers different aspects of trapping charged particles. Among
others, different methods to describe the dynamics of charged particles in inhomoge-
neous oscillating electric fields will be given. In this context also different methods
for the calculation of such electric fields will be presented. Here, especially the
boundary element method and their accuracy is described in detail. Based on simu-
lations of various existing radio frequency trapping devices, it will be demonstrated
to what extent such calculations can help to understand the behavior of ions in os-
cillating electric fields and to develop new or to optimize existing trapping devices.



Chapter 2

Charged Particle Traps

Charged particle traps are a powerful tool to investigate the dynamics of charged
particles and which are used nowadays in various scientific and commercial appli-
cations. Different types of such traps are used e.g. for spectroscopic investigations
of ions, for the determination of rate coefficients of chemical reactions or for the
measuring and manipulation of quantum systems which may be used for the devel-
opment of quantum computers.

The development of trapping charged particles in such devices was expedited by
W.Paul® and H.G.Dehmelt® who got the Nobel prize in Physics 1989 ’for the de-
velopment of the ion trap technique’. A comprehensive historical overview about
storing charged particles can be found in Refs.[5, [6].

The idea of a charged particle trap is to confine or control the trajectories of positive
or negative charged particles, using electromagnetic fields. In general, such instru-
ments consist of electrodes to which voltages are applied surround a certain volume
(see Fig. [2.1). A detailed description of storing charged particles will be given in
the following sections.

2.1 Principle of Storing Charged Particles

In general electromagnetic fields are used to store, guide or mass select positive or
negative charged particles. The Lorentz force F; influences the trajectories r(¢) of
charged particles in an external electric or magnetic field.

mi=F, =¢E+evxB (2.1)

Here is E the electric field, B the magnetic field, v = 1 is the velocity and e
respectively m are the charge and the mass of the particle. In the following sections
only electrical radio frequency (rf) trapping devices will be discussed (B = 0, E # 0).
A good overview about many kinds of charged particle traps is given in the book of
Major,Gheorghe and Werth 9.
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V e+ V - cos(Qt)

Figure 2.1: The sketch shows a possible electrode configuration of a charged particle trap (http:
//www.spektrum.de/lexikon/physik/atom-und-ionenfallen/885)).

A consequence of the ’Earnshaw theorem’ is, that it is not possible to store charged
particles in static electric fields. One option to avoid this problem is the periodic
change of the polarity of an electric field with an angular frequency 2 (see Fig. [2.1])
which will result in an oscillating motion of the particle.

In order to describe the behavior or the motion of charged particles in electric
trapping devices (ion traps), the knowledge on the driving electric field E(t,r) is
necessary. Here the electric field E can be calculated from the Maxwell equations.
A simplification of the problem is, that one may calculate the electric field in the
quasielectrostatic limit@ of

< L 2.2
. (22)

Here € is the angular frequency of the time varying field, L the length of the device
in which the field changes and ¢ the speed of light. Typical values for an ion trap
are L = 0.01 m and Q = 100 M H 2z which leads to:

Q-L 100MHz-0.01m

= =0.0033 <« 1.
c 3-108m/s <

As a consequence time dependent propagation of electromagnetic waves can be ne-
glected resulting on a separation of the electric field in an oscillating part with an
angular frequency {2 and a static part.

E(r,t) = cos(Q) - E(r) (2.3)

Since E = —V®, with the electrostatic potential ® and V-E = %r) with p the space
charge, the whole problem reduces to the Poisson equation.


http://www.spektrum.de/lexikon/physik/atom-und-ionenfallen/885
http://www.spektrum.de/lexikon/physik/atom-und-ionenfallen/885
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2.2 The Poisson Equation

In general a static electric field E(r) or the electrostatic potential ®(r) of an ion trap
are determined by the size, the alignment, the geometry and the applied voltage of
its electrodes. Assuming no space charge effects induced by charge particles, the
problem of finding the electrostatic potential ® reduces to the ’Laplace-equation’
with Dirichlet boundary conditions

AP =0 with &3 on boundary (2.4)

with being ®, the applied voltage on the electrodes. If one have a relevant amount
of charged particles between the electrodes then space charge has taken into account
and the electrostatic potential ® is governed by the "Poisson-equation’

AD = pr) with @, on boundary,, (2.5)

€0
where denotes p(r) the space charge distribution induced by the charged particles.
The effect of space charge will be discussed in section 5.6, Hence

E= Vé= VE=_Ad=0 (2.6)
a possible solution for ¢ or E can be found by integrating Eq.
E(x,y, 2) = avex + byey + cze, (2.7)

If the constants a, b, ¢ are set to a = b = —2 and ¢ = 4 the electrostatic potential ¢
fulfill the Laplace equation (Eq. [2.4)).

®(z,y,2) = 2° + 3> — 22° (2.8)

To find the shape of the boundary (the geometry of the electrodes) which fulfills
Eq. one has to set ® = ®,. For simplicity one may also set y = 0 leading to
¢o = x%>—222. The latter describes equipotential lines with a hyperbolic shape. This
implies only infinitively long hyperbolic shaped electrodes have the correct boundary
conditions to fulfill the Laplace Equation. If one chooses ro = /22 + 42, which is
the shortest distance to the electrodes in radial direction, and divide Eq. by the
constant factor of 272 than Eq. results in:

—a? — y? 4 222

0

(2.9)

This theoretical example is known as the so called spherical or 3 dimensional 'Paul
Trap’, which is named after its inventor Wolfgang Paul®. This kind of ion trap

consists of two hyperbolic shaped ’endcap’ electrodes with a distance to the center

of zg = \% and a hyperbolic shaped ring electrode with a distance to the center of

ro (see Fig. |4.2a). Setting the constants a = b = —2 and ¢ = 0 in Eq. will also
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result in a possible solution for the 2 dimensional Laplace equation which is known
as the electric potential of the rf part of a linear quadrupol mass filter (QMF) (see

Fig. .

r~—y
O(z,y) = o (2.10)
0

These two analytic solutions for the electrostatic potentials are only valid if one
assumes infinitively long hyperbolic shaped electrodes. Multiplying & by a time
varying factor Vs cos(§2t), with V; being its amplitude , Eq. will represent the
time varying electric potential.

O(r,t) = V,pcos(Qt) - O(r) (2.11)
The time varying electric field can be calculated as follows:

E(r,t) = —V,;cos(Q2)VO(r). (2.12)

Figure 2.2: The plot shows the electrostatic potential of a QMF (eq.[2.10) produced by hyperbolic
electrodes. The thick black lines indicate the boundary of the hyperbolic electrodes.

Some other analytic solutions for special trap geometries can be found in Ref.[5].
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Motion of Ions in Oscillating
Electric Fields

In order to describe the motion of ions, one can make use of Newtons Equations of
Motion (EoM). Using Newtons law F = ma = eE(r,t) = —eV®(r, ), where e is the
elemetary charge and m is the mass, the motion of ions in time varing electric fields
can be described with the classical equation of motion.

#(t) = % CE(r(t),t) = —% - VO(x(t), 1) (3.1)

In general it is not possible to find an analytically solution of this equation because
it is a highly coupled second order differential equation. Only for some special field
geometries @ it is possible to calculate the motion of the ions analytically.

3.1 The Motion of Ions in an Ideal Quadrupole
Field

An ideal oscillating quadrupole field can be described by Eq.[2.11} Additionally, this
field can be superimposed by a static potential V., which will be defined as follows:

Q(r,t) = (Vae — Vi cos(2)) - o(r). (3.2)

Here, Eq. describes only a guiding field for the ions. The static field V. lead
to an additional drift which can be used to select ions by their charge to mass ratio.
This means, for certain values of V. only ions with a specific charge to mass ratio will
have stable trajectories in an ideal quadrupole field. For such ideal quadrupole fields
an analytic description of stable ion trajectories is possible. With equations. [3.2] and

the Equations of Motions for a QMF (Eq. are:
2e

Z(t) = _W(Vdc — V,pcos(t)) - z(t)
260 (3.3)
§(t) = —5 (Vae — Viy cos(1)) - y(t)

mry
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This is a system of second order decoupled time dependent differential equations.

Given the following substitution a, = —jgid;g Qe = :L;—‘%, y = ni‘;z‘gd% Gy = —;;—V{?%
and £ = % one can rewrite Eq. such as:
d*u(g)
R + (a; — 2q; cos(26)) u(§) (3.4)

with u = (x,y). These differential equations are known as the "Mathieu Differential
Equation’. Using 'Floquets-Theorem’, the solution of Eq. have the following
form [6]:

u(t) = Ae™t Z Cype™¥ 4 Bemiut Z Cly e (3.5)

Here w, = @ [, depends on the substituted parameters in the Mathieu equation
a, and ¢,. The solutions are stable for 0 < 3, < 1. A more detailed description of
these procedure can be found in Refs. [6, 9]. For each direction (z,y) one will find
regions of stability in the a, ¢ plane. The overlap of both regions defines the stability
region or so-called stability diagram. Figure |3.1| shows the stability diagram of the

first stable region of a QMF.

0.25}

0.20

0.15f

0.10

0.00 o S Sy i Sty S ol St St Sotle S fhe Sntty Sutly Sully (il St Atell Sntt
0.0 0.2 0.4 0.6 0.8 1.0

q

Figure 3.1: The plot shows the stability diagram of the first stability region of a QMF. The solid
lines indicate the boundaries of the stable region. The dashed lines illustrate the different operation
modes of a QMF. The circles, squares and diamonds represent different masses, where high masses
are more left (from ¢ = 0 ) and low masses come from the right side of the plot. In practice a
fixed angular frequency € is chosen. To receive a mass-spectrum the QMF will operated with a
so-called load line or working line which is defined as the ratio of a/q (with a and ¢ defined above).
If V4. = 0 (diamonds) the QMF will work as a high-pass which means all masses about a critical
mass can pass the QMF. If the slope is exactly Vg./V,p = % . g = % . Og?ggg (the point which
define the top of the stability triangle) the QMF will select to pass through only one mass (circle
on the top of the stability triangle). For amplitudes 0 < Vg./V,f < % . 062?329 all masses (squares)
in between the stability triangle will pass the QMF.
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Generally there are more than one stability regions. For practical reasons ion traps
are operated in the first stable region to avoid exceedingly high values of the angular
frequency €2 and the amplitudes of V, s and V..

3.2 The Motion of Ions in Inhomogeneous Fields

As mentioned before, it is not possible to find in general analytical solutions to the
EoM’s because they are nonlinear coupled second order differential equations. One
approach is to calculate the trajectories with numerical integration routines or to
describe the motion within the so called effective potential approximation E] In the
following a mathematically description of the motion of an ion using the effective
potential approximation will be given.

3.2.1 The Effective Potential Approximation

Due to the superposition principle of electric fields, the motion of a charged particle
can be described by the following differential equation:
m

;'f = E(r,t) = E,4(r) cos(Qt) + Eg(r) (3.6)

with E, ¢(r) being the time varying part and Eg(r) the electrostatic component of
the electric field. If one assume that one can superimpose the solution r as smooth
drift motion Ry and a fast oscillating motion R, (see Fig.|3.7]), one can write r as:

r(t) = Ro(t) + Ry (t) = Ro(t) — a(t) cos(t) (3.7)

where a(t) is the amplitude of the fast oscillating motion depending on the strength
of the electric field at the position Rg(t) . Furthermore one may assume a small
spatial variation of E(r,t) in time, and expand E(r, ) to the first order in Rq(t)

E(Ry(t) — a(t) cos Qt) = E,;(Ry) cos(Qt) — Jg, , (Ro) - a(t) cos® ()
+ ESt(RO) - JEst (RO) ’ a(t) COS<Qt)7
where Jg, is the Jacobian matrix of the static and the radio frequency electric

field. Utilizing the notation % = 0,, the Jacobian matrix of an electric field E =
(E1, By, E3) is defined as follows:

(3.8)

Substituting Eq. [3.8]in Eq. [3.6] leads to the following equation.
. 2
m - (Ro(t) — %(a(t) cos(Q1))) = eE,;(Ro) cos(Qt) — eJg, , (Ro) - a(t) cos® (1)

+ eE4(Ry) — eJg,, (Ro) - a(t) cos(Qt)
(3.10)

I Also known as the adiabatic approximation.
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with

d2
ﬁ(a(zﬁ) cos(Qt)) = — cos(Qt) - Q%a(t) + cos(Q) - 4(t) — 2a(t)Qsin(Qt)  (3.11)
If the angular frequency 2 is large and one have slow variation of the amplitude of
the fast oscillating motion a(t) in time then a < Qa, a0 < Q%a and also a < Q?a,
one can neglect the last two terms in Eq. [3.11}

%(a(t) cos(Qt)) ~ —Q%a(t) cos(t) (3.12)

Furthermore assuming that a(t) only changes in time along the smooth drift motion
R, one can write a(t) as (see Ref. [3]).

_ eEp(Ry)
The time dependent fast oscillating term can now be written as:
eErf(Ro)

Substituting the latter in Eq. will lead to:
m - Ro(t) + eE,;(Rg) cos(Qt) = eE,;(Rg) cos(Qt)

2

e
— e, (Ro) - E,;(Rg) cos?(Qt)
2
+€Est(RD) JESt(RO) Erf(RQ)COS(Qt)

QQ
(3.15)

If one write E as the negative gradient of the electric potential E = —V® and using
Schwarz’s theorem ™, one may simplify Jg - E to

1
Jo - E=2V. E? (3.16)

Canceling out the two equal terms on the left and right side of Eq. leads to:

2
2mQ2
+ eEst(RO)

m - Ro(t) = ——VE};(Ry) cos®()

2
m$2

Averaging Eq. with respect to time, (cos?(Q2t)); becomes 1 and (cos(Qt)); be-
comes 0. This leads to a differential equation for the smooth drift motion Ry without
an oscillating part. Replacing Ey(Rg) by —V®4(Ryg), the time average of Eq. [3.17
is:

(3.17)
——Jg..(Ro) - E,f(Rg) cos(§2)

2

e
4mS)?

m-Rg = — V- EZ;(Ro) — VO, (Ry) (3.18)
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If one set

e’E7(Ro)

Vi (Ro) = 4mf)?

+ ey (Ry), (3.19)

the ion motion can be described by a time independent potential V*. The equation
of motion for the secular motion or macro motion Ry can be written as:

m- Ry = —VV*(Ry) (3.20)

The potential V* has different names like the effective potential, pseudo potential,
ponderomotive potential or high frequency potential. If one integrate Eq. with
respect to time one obtain the following expression

3R 4mf)?

9 —I—GCIDSt(RO) = E(). (321)

Hence, in the limit of the adiabatic approximation the energy is a constant which
can be converted from the kinetic energy of the macro motion into the effective
potential energy. It is straight forward to see that the second term in Eq. is the
same as the time average of the kinetic energy of the fast oscillating motion R(t)
and also similar to the radio frequency part of the effective potential V*.

(5mRY) = |

’E}(Ro)
2mf)?

sin?(Qt)) = ym—ey (3.22)

This proves: ”The motion through an inhomogeneous field leads to a permanent
exchange between three different forms of energy, the kinetic energies, %ng and
%me and the electrostatic potential energy e®,,” (GerlichP!, p. 14). Figures 3.4
and show the different forms of energies of an ion moving in a real 22-pole
trap. The validity of this approximation can be proven by integrating Eq.
and superimposing this motion with the fast oscillating motion, Eq. [3.14] Figures
[3.2] and [3.3] show a comparison of the full numerical calculated trajectories of an ion
moving in 22-pole trap with a superimposed static electric field Eg (V. = 1.5V) and
the trajectories calculated within the adiabatic approximation. For demonstration
purposes the stability parameter n(Ry) Bl was chosen to be 0.28 at the edge of the
stability region. The meaning of the stability parameter n(r) will be explained in
the next section 3.3
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Figure 3.2: The plot shows a comparison of the numerically calculated trajectories (black) of an ion
moving in a 22-pole trap with a superimposed static electric field Eg; (Vg = 1.5V, n(Rg) = 0.28)
and the trajectories calculated within the effective potential approximation (green). The dashed
line in the zoom marks the trajectories of the macro motion.
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Figure 3.3: The plot shows a comparison of the numerically calculated kinetic energy (black)

of an ion moving in a 22-pole trap with a superimposed static electric field Eg (Vg = 1.5V,

n(Ro) = 0.28) and the kinetic energy calculated within the adiabatic approximation (green). The

dashed line marks the kinetic energy of the macro motion.
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For reasons of completeness the phase dependent initial energy can be expressed in
the following form.

By = LmRo(t = 0) + Rt = 02 4 CerlBoll = 0)

+edy(Ro(t = 0)) (3.23)

2 4mS?
The dependence of the initial phase § can be taken into account if one sets
. E, (R )
Ri(t) = 677];—(90) -sin(Qt 4 6). (3.24)

For § = 0 Eq. 3.23| will lead to Eq. [3.21]
Figures (3.4 m and (3 ﬂ illustrate that the total time averaged energy (Eq. [3.25)) of the

1on motion is a constant.

(Brorat(£)) = (=m[Ro(t) + Ry ()2 + eBy (Ro(t))) = const. (3.25)

25

2.0
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Figure 3.4: The plot shows the different forms of energies for an ion moving in a real 22-pole trap
(Vae = 1.5V, n(Ro) = 0.28) as a function of the time. The green line shows the potential energy
of the static electric field Es(Rq(t)). The yellow line illustrates the energy from the rf-part of the
effective potential V;’;(Ro(t)). The solid black line shows the energy of the macro motion Ro(t)

and the red line from the micro motion R (t). The dashed black line shows the sum of the potential
energy from the static electric field , the energy from the rf-part of the effective potential and the
energy from the macro motion. This sum confirms Eq[3.21} The olive colored line shows the sum
of the energy from the macro and micro motion. The blue line (behind the the black dashed line)
shows the cumulative time average (%m[Ro (t) + Ry (1)]? + @y (Ro(t)))
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Figure 3.5: The plot shows a zoom for the first time interval of Figure The blue line, the
cumulative time average (1m[Ro(t) + Ri(t)]2 + e®s(Ro(t))) reach a stable value after a few rf-
periods. This nicely illustrates, that the mean total energy is conserved.

3.2.2 The Numerical Calculation of the Motion of Ions in
Oscillating Fields

To investigate the consequences of non ideal fields to the ion motion inside an ion
trap one has to observe and evaluate the trajectories of the ions. This can also be
done by calculating the trajectories of ions moving in inhomogeneous fields with
numerical methods. From such calculations one gets an explicit impression of the
behavior (micro and macro-motion) of ions in an oscillating electrical field. Ad-
ditionally collisions with a background gas inside a trap or space charge effects,
which arise from the coulomb repulsion of an ion cloud can be included and eval-
uated statistically in such simulations. For this purpose the Equations of Motions
(Eq. have to be solved numerically. In order to do so one has to integrate these
equations twice in time. This can be done with different numerical integration algo-
rithms like the Euler method or Runge Kutta methods (for example, Ref. [I1]). To
solve second order differential equations there are special numeric algorithms like
the Nystrom-Kutta method. For all the numerical calculations of trajectories in this
thesis the Runge-Kutta-Nystroem-method®2 of fourth order, with a fixed step size
h of h = w/60 was used. The used algorithm was tested and compared to the analyt-
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ical solution of an ideal quadrupole (see Sec. to ensure that the step size is small
enough to be sensitive to small perturbations of ®(r(t),t). Figures|3.6/and [3.7 show
the comparison for trajectories calculated with the Runge-Kutta-Nystroem-method
and the analytical solution, derived by mathematica, for a = 0.23651 and ¢ = 0.706
and initial values of (zq,yo) = (0.1 - cos(3m),0.1 - sin(37)) with an initial velocity of
(up,v9) = (0,0). The comparison shows, that a step size of h = w/60 is appropriate
for numerical calculations of ion trajectories.
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Figure 3.6: The plot shows the comparison of the analytic (black dots) and numeric (green line)
solution for the trajectory for z(£).
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Figure 3.7: The plot shows the comparison of the analytic (black dots) and numeric (green line)
solution for the trajectory for y(§).
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3.3 The Stability Parameter 7

As mentioned above, regions of stability as a function of the parameters a, g can
only be given for the special case of a quadrupole field. This is based on the fact,
to best of my knowledge, that no analytical solutions of the equation of motions
for oscillating inhomogeneous fields (eq. [3.1)) are available. One possibility to find
regions of stability for higher order multipole traps is to simulate numerical trajec-
tories as a function of their initial conditions. This was done by Higg and Szabo 13!
for the transmission of a hexapole and octopol. Due to the enormous amount of
initial parameters such an approach lead to a huge numerical effort. To evaluate the
influence of inhomogeneities of the field to the stable ion motion, such an effort has
to be done for each individual trap design.

A different approach is to evaluate the stability in the adiabatic approach of the
effective potential approximation. Gerlich®! introduced a dimensionless stability
parameter n(r) which is defined as follows:

() = |- VIBE)| (3.26)

GerlichF! gives a heuristic criterion n(r) < 0.3 for save or stable operations in an
ion trap. In general 7 is a scalar function of the spatial coordinate r (see Fig. [3.8).
Another approach is to compare the force of the trapping field

Firap(r)| = e[E(r)| (3.27)
to the force of the effective potential.
e fective (1) = [VV(r)] oc [2]E(r)[V[E(r)]| (3.28)
The ratio of Eq[3.28 and lead to a parameter which is proportional to 7.

|Feffective<r>’ 1
—_— = — 3.29
‘Ftrap (I‘) | A 77(1') ( )

In case of a 2 dimensional quadrupol field Eq the parameter 7 is identical with
the rf-parameter ¢ in the Mathieu equation [3.4]
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r/To

Figure 3.8: The plot shows the n-map for a spherical octopol with the rf voltage V' =400 V | the
mass m = 100 [amu] and the frequency f = 2 Mhz. The solid lines indicate different values of 7
for a given set of trapping parameters V', m, and f. It can be seen that n < 0.3 is valid for radii
5 40% of T0o-



Chapter 4

Methods for Calculations of
Electrical Potentials of Ion Traps

In this chapter an overview will be given about methods for the calculations of
electric potentials. First, the electric potentials of a linear quadrupole mass filter
(QMF) and spherical quadrupole (Paul-Trap) will be discussed. Furthermore, it
will be demonstrated how to calculate numerically electric potentials for arbitrary
trap geometries. Also a short overview about the different numerical methods for
such calculations will be given. Especially the Boundary Element Method and its
accuracy based on examples will be discussed in detail. Following this, it will be
shown how these numerical solutions can be transfered in an analytical expression
based on an appropriate multi-pole expansions.

As mentioned in chapter 2.1} the electrical potential ® has to fulfill the Laplace
equation. A general solution of the Laplace equation in spherical coordinates is
represented by the following expansion:

000.0) =3 Y s (=) (o6 0). (4.1

=0 m=0

Here c¢,,,; are the multipole coefficients of order m, (. r the distance from the origin,
ro the normalized lenght, and

Yot = Pri(cos(6))e™? (4.2)

the spherical harmonics and F,,; the associated Legendre polynomials. With this
expansion it is possible to give simple formulas for ideal multipole traps. (More
practicable formulas can be found in many textbooks Ref.[5H7, [14]).

4.1 Ideal Multipole Traps

A theoretical, ideal multipole trap consists of perfectly shaped and infinitively long
conductors. The shape of these conductors has to fulfill the boundary conditions
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of the Laplace equation 2.4l Following Eq. the shape can be derived for a fixed
order m, [ lines at a fixed potential ®.

Dy =y <£> P! (cos(0))e™? (4.3)
To

g describes the shape of conductors (electrodes) of the multipole trap. For certain

symmetries and dimensions Eq. [4.1] can be simplified.

4.1.1 Two Dimensional Hyperbolic Shaped Multipole Traps

Assuming infinitely long conductors as electrodes, the z dependence of the electric
potential can be neglected and Eq. reduces in polar coordinates to

r

O(r,¢) =Y (T—O) (a, cos(ng) + by, sin(ne)) (4.4)

where a,, b, are the symmetric and antisymmetric expansion coefficients and rg is
the closest distance from the center of the trap to the electrode surface (normalized
length). The electric field E = —V® of two dimensional multipole traps in polar
coordinates can be written as:

E - - ( 9 p(r) 13@@)) (4.5)

or "r0¢
— Z rﬁo (%) [—(a, cos(ng) + b, sin(ne)), (an, sin(nd) — by, cos(ng))]

or in Cartesian coordinates:

oo} n—1
(E.E)=Y — (1) [—(an cos(ii@) + by sin(7ig)), (ay sin(7ig) — b, cos(iid))]
—1 70 \To
with n = n — 1. For n = 2 and a symmetric alignment of the electrodes Eq.
reduces to
r 2 2 — y2
®(r,¢) = as (—) cos(2¢) = ag——5—. (4.6)
Ty L)

This equation represents the quadrupole potential with hyperbolic shaped surfaces
as electrodes (see Fig. [2.2)).

4.1.2 Three Dimensional Hyperbolic Shaped Multipole Traps

If one assumes some symmetry with respect to the z-axis, this induces an indepen-
dence on the angle ¢, Eq. reduces to

o(r,0) = i cn (i)n Py(cos(6)) (4.7)

r
n=0 0
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where P, (cos(#)) are the Legendre polynomials of order n with respect to the angle
0 and ry is the distance from the center of the trap to the electrode surface. For
n =2 and ¢, = 1 ® reduces to

—r? 4+ 222

4.8
2rk (4.8)

2
O(r,0) = (1) Py(cos(h)) =
To
the electric potential of time varying part (®, ) of a spherical Paul-Trap (see Eq. .
It is clearly visible, that the description for the two and three dimensional case is
only valid under the assumption of hyperbolic shaped and infinitely long electrodes.
For real trap geometries other methods have to be applied in order to solve for the
electric potential.

4.2 The Calculation of Electric Fields for Arbi-
trary Geometries

In this section, different numerical methods to calculate electrical potentials will
be highlighted. Advantages and disadvantages of different numerical methods will
be shown. A short mathematical introduction to the Boundary Element Method
(BEM) will be given. In addition, the accuracy of the calculated solutions with
BEM will be discussed in detail based on three examples. Also the benefit of the
description of the solutions via an appropriate multipole expansion will be explained
based on real existing examples.

Due to the superposition principle, the electrical field of an ion trap can be repre-
sented by a time dependent oscillating part E,((r,t) and static part Eg(r) which
leads into

E(r,t) = E,¢(r,t) + Eu(r) = cos(wt 4+ 0) - E,¢(r) + Eg(r) (4.9)
With Eq. [2.6] the electric potential ® can be expressed by:
P(r,t) = Dy p(r,t) + Pyr(r) = cos(wt + 0) - Dy p(r) + Por(r) (4.10)

where 6 is an arbitrary phase. To separate the oscillating r f part from the static
part of the field two cases must be calculated:

1. cos(wty+0) =1 = Py(r,p)
2. cos(wty +0) =—1= Dy(r,t;)

The addition and subtraction of these cases results into the static and oscillating
part of the field.

= dy(r) =< (Pg+ Py1) and D,4(r) = = - (Pg— Dy) (4.11)

N | =
N | —
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4.2.1 Numerical Methods for the Calculation of Electrical
Fields

For two dimensional problems like the electric potential ® of a QMF with circular
electrodes instead of hyperbolic shaped ones, it is possible to calculate the electric
potential with semi analytical methods. Under the assumption of an infinite length
and use of complex analysis it is possible to calculate the electric potential with a
so called conformal mapping ™.

To the best of my knowledge, for real traps with a finite geometry, there are no
analytic solutions available. Therefore one has to calculate the potential numerically.
There are several methods to do this. The main idea is the discretization of the
continuous problem and the conversion into a system of linear equations. The most
popular methods are:

1. the finite difference method (FDM)
2. the finite element method (FEM)

3. the boundary element method (BEM)

There is a lot of commercial software (Simionﬂ Comso]ﬂ, CPOE], Integratedf_f] )
available which using the different methods.

The FDM method makes use of the Taylor theorem to approximate the solution
applying the central difference method on a grid P18 This gives a n x n system of
linear equations for a one dimensional problem with n grid points.

The FEM also discretizes the space where the solution is required. The problem is
disassembled on a grid in so called ansatzfunctions. With a linear combination of
these ansatzfunctions one gets an approximated solution of the problem M.

The BEM method makes use of Greens second identity to reformulate the problem in
an integral equation. This will be explained in more detail in the following section.
The first two methods (FDM, FEM) have major disadvantages compared to the
BEM method. For the formulation of the numeric problem one has to discretisize
the complete space, i.e. the electrodes and the space between the electrodes. For
calculations with high accuracy (especially for three dimensional problems) this
will lead to a tremendous pc-memory effort. Another disadvantage is that one
can calculate the solution only on given grid points. For points inbetween one
has to interpolate which leads to numerical errors. A further problem of these
two methods are that discretized space is finite, leading to the question: What
are the right boundary conditions? However, the advantage of these two methods
is that it allows for solving a huge amount of linear and nonlinear problems in
physics and engineering. Furthermore, these methods are mathematically simpler
(less computationally demanding) to implement in numeric algorithms.

"http://simion.com/
’https://www.comsol.de/
3http://simion.com/cpo/
“https://www.integratedsoft.com/
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The Boundary Element Method

In difference to the FDM and FEM, the BEM needs only a discretization of the
boundary. Actually this is the reason for the name of the method. In the case of
electrostatic problems, only the surface of the electrodes needs to be discretized.
Therefore the problem is reduced by one dimension (the surface of a three dimen-
sional manifold is two dimensional).

As mentioned before, the BEM method make use of Green’s second identity 18, This
allows to write the solution ® (x) for a x € Q C R" as an integral equation ¥,

B0 = fo6y) 0B = f ooy W) (412)

T T
x € Q,y € I with I' a smooth boundary (surface of the electrodes), ® (y) (the
applied voltage at the electrodes) and n(x) defined as:

if x inside the electrodes
if x outside the electrodes (4.13)

if x on the electrodes.

n(x) =

= = O

a% = nxa%—l—nya%—i-n,z% denotes the normal derivative and ¢ (x,y) is the fundamental

solution for the Laplace problem for n = 2, 3.

—tnjx—y| ,n=2
g(x, y){ # (4.14)

Ty ,n=3.

For electrostatic problems Eq. can be simplified. In electrostatic problems
electrodes one held on a fixed potential. Therefore ®(y) = @ is a constant for each
electrode. This corresponds to the so called exterior Dirichlet problem. The only
unknown in Eq. m is a%cb(y) which is proportional to the surface charge density ™.
The first and second integral on the right side of Eq. are often denoted as single
and double layer potential operators.

560 = §g6y) -0 ()T () (4.15)
D)= § 3-9(x.¥) @ (¥)dr (v (4.16)

One can show, that in the case of a fixed potential (®y = const. at each electrode)
the double layer potential D(x) reduces to2%:

0 if x outside the electrodes
D(x) = ¢ ®, if x inside the electrodes (4.17)

20 if x on the electrodes
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With this and for x € I' Eq. simplifies to:

Bx) = g0y Lo y)ar(y) (4.18)

To illustrate how to work with Eq. an example for the 2 dimensional case will
be given.

First one has to discretisize the boundary (surface of the electrodes) in N elements
['., which in this case are linear elements. Dividing the surface in more and more
elements a better approximation for the electrodes is obtained (see Fig 4.1)).
Assuming that a—angb is unknown but constant over each linear element, and ¢ is the
applied voltage on each electrode, then one can rewrite Eq. in a set of N x N
linear equations by choosing x to be on one of the n’th element of T'.

N

B Ope 1
~ole) =G [ gpinle. - &l (4.19)

Here, &, ,l = 1,.., N is the midpoint of the /th boundary element and n. is the
outward pointing unit normal vector at I'. (see Fig{4.1)). This results in a system of
N linear equations.

Figure 4.1: The sketch illustrates the calculation for one boundary element (Eq. for the 2
dimensional case. The example shows a part of a quadrupole with cylindrical electrodes with two
different numbers of linear elements which represent the surface of the electrodes. The rod on the
right side is divided in 16 boundary elements which leads in a rather poor approximation of the
electrode. The upper rod is divided in 32 boundary elements which is a better approximation for
the electrode for the BEM calculations

O
b=A — 4.20
o (4.20)
with the unknown %. The integrals in Eq. and ‘dfl)qe5 solution of Eq. can
1

be calculated with numerical routines. The solution F* on each element is, as
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mentioned before, proportional to the surface charge density of the electrodes.
With the solution of Eq. and Eq. it is possible to calculate the resulting
potential for an arbitrary point x around the electrodes. One advantage from this
method over the FDM and FEM method is, that one has to calculate the unknown
% for each electrode configuration only once. Based upon this the field can be
calculated at an arbitrary point whenever it is necessary. For the FDM and FEM
methods one has to repeat the whole calculation if one wants to know the potential
at another point or interpolate between points.

Also the electric field E = —V® can be calculated directly with Eq. using the
partial derivatives in each direction.

Bx) =  5g(xy) 5-0 () dr () (121)

A more mathematically detailed description of the BEM method can be found in

[18, T9].

Discretization of the Electrodes

The initial step for running the BEM calculation is to build a model of the trap
which contains geometry, alignment and size of the electrodes. This can be done
with a normal CAD program. The next step is the discretization of the model. In
order to do this a so-called mesh from the CAD model which represents the surface
of the electrodes has to be build. This mesh consists for two dimensional geometries
of line elements and for the three dimensional geometries of triangles or rectangles.
Figure [4.2a] and [4.20] illustrate these steps based on a model for a Paul trap. For
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(a) CAD model of a Paul trap (b) mesh over CAD model

Figure 4.2: Figure (a) shows a CAD model of a spherical Paul-Trap. Figure (b) shows the same
model with a triangular mesh over the surface. These figures illustrates the process of generating
a mesh for the BEM calculations.

simple geometries like cylindrical conductors without holes, the CAD-model can be
build directly by a so called mesh generator. For the calculations in this thesis,
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the GmshPl a three-dimensional finite element mesh generator, which is freely
available, was used. For more complicated electrode structures (e.g. conductors
with holes), first a model has to be build using a CAD program like pro engineelﬂ
Following this a mesh can be generated from this model. Before one generates the
mesh, it is important to declare the physical boundaries (lines and surfaces of the
electrodes). This means, each electrode gets a specific number so that the BEM
algorithm can distinguish between different electrodes.

The BEM Code

For running the calculations a numerical BEM routine is required. For this some
commercial software like CPO E](charged particle optics) or Integratedﬂ can be used.
For a better understanding of the problem and to have the full control about the
complete solving procedure, a own BEM routines were developed for two dimen-
sional and three dimensional problems with symmetry w.r.t. the z-axis. Another
reason for developing an own code is that these complete software solutions are ex-
pensive and not freely available. For full three dimensional problems without any
symmetry an existing open-source Galerkin boundary element library BEM++- 22
that handles Laplace, Helmholtz and Maxwell problems on bounded and unbounded
domains to run the calculations was used.

The implementation of the BEM-code is written in python 2.7. To reduce the calcu-
lation time, all time consuming parts of the calculation (evaluation of singular and
hypersingular integrals) are translated into C-code. To save computation time the
calculations are computed in parallel. All codes can be found in the supplementary
material.

The Accuracy of the Calculated Fields

The accuracy of the numerical calculation of all mentioned methods are strongly
dependent on the fineness of the discretization. In case of the BEM method this is
the size of the boundary elements. In order to get an estimate on the accuracy of
the BEM calculations the numerical solutions were compared to the exact analytic
solution for three examples w.r.t. the chosen boundary element size (meshsize).
To find an adequate balance between the accuracy of the calculations and their
required CPU time, all examples have been calculated for different sizes (meshsize)
of the boundary elements. Figure 4.1 shows a two dimensional model for the BEM
calculation (Eq. for different meshsizes. The following examples were used:

1. Calculation of the potential around a sphere with fixed potential

2. Calculation of the potential between two spherical conductors

Shttp://www.ptc-de.com/cad/pro-engineer
Shttp://simion.com/cpo/
"https://www.integratedsoft.com/
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3. Calculation of the potential and electric field of a spherical deflection analyzer

These three examples are tested with the rotational symmetric and full three dimen-
sional routine. For the two-dimensional BEM routine, the accuracy was compared
to the results from the semi-analytical calculations of A.Reuben [I5] for multi-pole
traps with circular rods.

The accuracy of the first two examples is measured as the relative Ly-error (Eq..
The Lg eror calculates the deviation of a numerical wy,,, result to the exact solution

> e unum(k»Q
L2 ,error \/ Zk 1u2( ) (422)

The size of the boundary elements (triangles or line elements) which is given in
the following results, is measured as the perimeter or area of the electrode divided
by the number of elements (for all examples the size of all elements was chosen to
be equal). For the third example I have used the same error indicator as used by
D.Cubric [23].

The Electrical Potential of a Spherical Conductor
As model a sphere at a fixed potential of Vj; = 1 Volt and a radius of R = 1 cm was
used. The analytic solution is given by the following expression14:

D) = V- (4.23)

Since the potential has to be a constant around a circle, the potential was calculated
around a circle of a radius r = 1.25 ¢cm which leads to in a potential of ®(1.25) =

0.8[V].

number of elements relativ error [%)]
full 3d routine area of triangles

48 0.2618 24.96190
776 0.0161 0.48810
4716 0.0026 0.08339
11918 0.0011 0.03317
32162 0.0004 0.01245
3d axis lenght of elements
symmetric routine

18 0.17453 0.26849
38 0.08267 0.05864
78 0.04028 0.01431
158 0.01988 0.00356

Table 4.1: The table shows the Lg crror 0Of the numerical results in dependence of the meshsize for
the electrical potential of a spherical conductor. The error of the calculations becomes smaller for
more (= smaller) boundary elements.
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The Electrical Potential between two Spherical Conductors

As a model two spheres at potential +V and —V with a radius R and a distance
of 2 aligned the z-axis (see Fig. was used. For this case an analytic solution
in bi-polar coordinates is available’#. Table compared the numeric solution
with the analytic solution w.r.t. the relative Lg ¢yror for 200 points between the two

spheres.
number of elements relative error [%)]
full 3d routine area of triangles
128 0.19635 15.01781
744 0.03378 1.17306
4512 0.00557 0.20474
24612 0.00102 0.03699
62820 0.00040 0.01439
3d axis lenght of elements
symmetric routine
36 0.17453 0.29639
76 0.08267 0.06532
156 0.04027 0.01537
316 0.01988 0.00373

Table 4.2: The table shows the Lg ¢rror Of the numerical results in dependence of the meshsize for
the electrical potential between two spherical conductors. The error of the calculations becomes
smaller for more (= smaller) boundary elements.

(D0=+V

Figure 4.3: Two conducting spheres held on constant voltages + V

2l

The Electric Field of a Spherical Deflection Analyzer

Next, the results of the BEM-routines will be compared to an example which is used
by D. Cubric?¥ to benchmark the accuracy. (In his calculations the CPO software

\/
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was used to calculate the electric field.) The model for this purpose is an ideal
spherical deflection analyzer, consisting of two concentric spheres of radius 0.75 cm
and 1.25 cm and potential ¢ of g V and % V, respectively. For a radius of 1 ¢m
the electric potential and the electric field E(f) are 1 V and 2 V/cm. To compare
the accuracy with Cubric, the same error indicator € was used which is defined as

follows:
1 = . — 1

Table [4.3] shows the results for the axis-symmetric and full 3-D routine.

method g in [%)] this work | € in [%] Cubric[23]
3d axis symmetric | 5.6 - 107° 6.4-10*
full 3d 1.1-1074 2.4-1072

Table 4.3: Comparison of the relative mean field € in [%] for a spherical deflection analyzer.

Conclusions

To obtain a rather high accuracy the full 3-dimensional calculations need a lot of
RAM (up to =~ 30 — 40 GB) and a huge calculation time compared to the axis sym-
metric calculations. Therefore, for three dimensional trap geometries with symmetry
w.r.t. the z—axis it is preferred to use rotational symmetric routines because the
calculations become more accurate compared to the full three dimensional routine.
This is because the boundary elements are lines instead of triangles and therefore
the components of the trap model can be divided in smaller elements (a better
approximation of the electrodes) with less computational effort. In this way, the
axis symmetric approach is more efficient. For non symmetrically aligned electrode
structures, the full 3-dimensional routine has to be used. As expected, the achieved
accuracy of electric fields and electric potentials with the BEM method depends
strongly on the discretization of the electrode surface. In example 1 (spherical con-
ductor) an accuracy of about 0.013% is achieved for the full 3D calculations. For the
3D symmetrical calculations an accuracy of about 0.004% can be achieved. For the
second example (two spherical conductors) one got an accuracy of about 0.015% for
the full 3D calculations and 0.004% for the 3D symmetrical calculations compared
to the analytical solution. The third example demonstrated, that the accuracy of
the used routines is a factor of &~ 100 better than what is reported by D. Cubric.
The accuracy of the two dimensional BEM routine shows exactly the same results
in terms of multi-pole expansion coefficients (see in section as reported by A.
Reuben [I5]. To investigate trapping potentials (usually in the range of tens of
Volts) as a function of the trap parameters, one has to analyze a change in the
range of meV. This implies an accuracy of less than 0.1%. The examples above
show that the implemented BEM method is an appropriate technique to determine
electric potentials for arbitrary electrode structures/arrangements.
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4.3 Multipole Expansions for Different Types of
Ion Traps

As already mentioned it is not possible to describe the electrical potentials of real
ion traps by an analytic expression. Therefore it is the goal to find an appropriate
multipole expansion to characterize the electrical potentials of real trap geometries
by a small set of parameters. The advantage of this method is that complicated
potentials can be described with a set of only a few "numbers”, called the multipole
coefficients. With these numbers it is possible to investigate properties of the cal-
culated numerical potential and to find a practical and optimized arrangement for
the electrodes.

In 2 dimensions the multipole expansion for the quasi-static part of the electric po-
tential @ is presented by Eq.[4.4 The multipole expansion for the 3 dimensional case
with symmetry to the z-axis can be expressed by Eq. 1.7 The multipole expansion
for the 3 dimensional case without symmetry is given by Eq. 4.1}

To calculate the multipole coefficients a,,.b,, ¢,, ¢y (see equations , and ,
respectively) one can make use of the so called "Fourier’s Trick’™. With the or-
thogonality of the trigonometric functions and Legendre polynomials one integrates
the calculated numerical potential along a path around a circle (2D) or a half circle
(3D) around the center of the trap. For the 2 dimensional case the coefficients can
be then calculated by:

2

ap = %/ O(p,r) cos(kp)dp and ar = ay, - <%>k (4.25)
0

- 1 27 - k

m:;é MQMmm@mzmim:m(%> (4.26)

For the 3 dimensional symmetric case, the coefficients are:

= i - /gﬂ F%(cos(9))-sin(@)-‘@(r,&)d@

4.27

o (r())k 2k +1 ( )

b= r 2

For the 3 dimensional without any symmetry, the coefficients are:
T 2w
ot =dna [ [ (Voal6.))-sin(6) - 0.0, )b
o Jo
l
r

!
jm,l:<@) 2l4+1 for m #0
r

Remark: Fitting the coefficients to an expansion is not appropriate to calculate the
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expansion coefficients, because one has to fit a finite set of functions to the solution.
These fitted coefficients will not represent exactly the right contribution for each
multipole component of the field.

The accuracy of the calculated multipole coefficient depends on the number of nodes
and the integration. To reach a high precision, the integration was performed by
the ’Gauss-Legendre-Quadrature’. The integration routine was tested with different
numbers of nodes and compared to analytic solutions of multipole expansions to
verify their accuracy. To verify the accuracy for real problems, the multipole expan-
sion for the analytical solution?¥ for the potential between two spherical conductors
was compared to the multipole expansion coefficients for the calculations using the
axis symmetrical BEM method as a function of number line elements. Table
compares the first 10 multipole coefficients for the analytic and numeric solution for
the axis symmetrical calculations for 36, 156 and 316 line elements.

multipole | analytical | 36 156 316

1 -0,357065 | -0,356819 | -0,357007 | -0,357051
3 -0,229501 | -0,229364 | -0,229469 | -0,229493
5 -0,147533 | -0,147473 | -0,147520 | -0,147530
7 -0,094856 | -0,094850 | -0,094856 | -0,094856
9 -0,060998 | -0,061031 | -0,061008 | -0,061000

Table 4.4: The table compares the analytically and numerically calculated multipole coefficients
for the two spherical conductor problem. Obviously, the more elements, the higher the accuracy.

As expected, the accuracy of the calculated coefficients (=~ £2-107%) is in the same
range as the relative error which has been calculated before.



Chapter 5

Simulations of Different Types of
Ion Traps

In this chapter, an overview of different types of ion traps will be given. Based on
numerical simulations of electrical potentials, different properties will be discussed
in detail. First the approximation of hyperbolic shaped electrodes with circular
rods will be investigated. Also the consequences of the finite structure and me-
chanical misalignments of the electrodes will be presented. Furthermore, the Split-
Ring-Electrode-Trap (SRET) as an approximation for a spherical Paul-Trap will be
discussed and the linear 22 pole trap will be investigated in detail. After this a new
type of a 24-pole multipole trap is introduced, based one a numerical simulations.
Finally space charge effects will be studied, with special focus given to the 22 pole
trap.

5.1 Approximation of Hyperbolic Shaped Elec-
trodes

Due to manufacturing difficulties like machine precision or high costs of fabricat-
ing hyperbolic rods, often circular rods (low manufacturing costs and relative high
precession) are used to build linear multipole traps, quadrupole mass filters or ion
beam guides. This approximation of the hyperbolic electrode structure will result
in higher order multipole components of the electrical field 3. These higher mul-
tipole components can affect significantly the guiding, trapping or mass selection
properties of the device™28 To overcome such problems, it is important to find
the optimum parameters like the ratio of the radius of the trapping field ry and
the diameter of the circular rods R to get the best possible approximation of an
hyperbolic electrical potential ®.
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5.1.1 The Ideal Ratio R/ry of a Linear Multipole Trap

The optimum choice of the ratio R/rq for linear multipole devices with circular rods,
where rq is the inscribed circle between the electrodes and R is the radius of the rods
(see Fig. |5.1)) are discussed in a lot of publications 2328 In this section the ratio
of R/rg for all linear multipole traps up to order 7 = 11 will be presented where the
next higher order component of the field is vanishing. The order n of the multipole

is defined as:
number of rods

fi = . (5.1)

2

Figure 5.1: The sketch shows a quadrupole and a octopole (black and blue lines) with circular
rods. The dashed lines indicates the inscribed circle ro. R4 and Rg indicates the radius of the rods
for the quadrupole and octopole, respectively

To evaluate the approximation of the hyperbolic multipole field it is appropriate to
express the electric potential ® via a multipole expansion (Eq. . The amplitude
of coefficients a,, and b,, in this expansion provides the information of the higher or-
der multipole components of the field. In the following only symmetric alignments
of the electrodes around the center of the device will be discussed. For symmetry
reasons, only a, with n = n(2k+ 1) (k =0,1,2,...) will appear in this expansion.
Here n denotes the order of the linear multipole. This means e.g. for a quadrupole
where 1. = 2 only ao, ag, a19, a14, ... will appear in this expansion. One criterion for
a good approximation is that the first higher order component of the field is zero
(for a quadrupole ag = 0 and a hexapole a9 = 0, and so on). For a quadrupole
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mass filter it was presumed that this criterion will lead to the best performance.
Therefore several groups have calculated different values for R/rg where ag reaches
zero using different methods.

Dayton [29] calculated that a ratio of R/ro = 1.148 results in ag = 0. Deni-
son [27] calculated a value of 1.1468. Reuban [I5] and Douglas [25] give a value
of R/ry = 1.145111 resulting in ag = 0. For higher order multipoles Douglas 2!
gives different values for R/rq for different optimization criteria.

In the following, values for R/r¢ for which the next appearing higher order multi-
pole component vanishes, are calculated. The electric potential and their multipole
expansions are computed with the two dimensional BEM method as described in
the previous chapters.
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Figure 5.2: This plot shows the higher order multipole components ag,a19 in the case of a
quadrupole with circular rods. The left/right axis shows ag / a1p scaled with the value of the
quadrupole component of the field and multiplied by a factor of 1000 to see the small influence.
The inlay shows a zoom in the region where ag/ag is vanishing.

Figure [5.2 shows a plot for a quadrupole where the two following non vanishing
higher order multipole coefficients are plotted as a function of R/ry. The root of the
next higher order component leads to the values where this component is vanishing.
From this one calculate a value of R/ry = 1.145158 which is in good agreement with
the value from Reuban [I5] and Douglas [25].

Figure shows the ratio of R/ry where the next higher multipole component
is vanishing up to order n = 11. The numerically calculated values are given in

Tab. B.1l
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Figure 5.3: The plot shows the the ratio R/rg, for which the next higher order multipole component
vanishes (agz = 0) as a function of the multipole order 7 up to 11.

n | this work R/ro | Douglas [25] R/ro
2 1.145158 1.14511
3 0.562876 0.5628
4 0.3722019 0.3721
D 0.2778222 0.2778
6 0.2215821 0.2215
7 0.1842312 -

8 0.1576886 -

9 0.1377635 -

10 0.1223321 -

11 0.1100043 -

Table 5.1: The table shows the numerically calculated values for asz; = 0 corresponding to Fig.|5.3
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5.1.2 Influence of Higher Order Multipole Components on
a Quadrupole

For the transmission of a QMF it is necessary to find a reasonable criterion for a
good approximation for a quadrupole field which is created with circular rods instead
of hyperbolic shaped rods. Mass selection properties can be significantly influenced
by higher order components of the field. One theory for a possible criterion for an
optimum ratio of R/rg is that the next appearing higher order multipole component
ag has the largest influence on the mass selective properties of the QMF'. For a value
of R/ry ~ 1.109 the amplitudes of the components ag and a1y compensate each other.
This could also be a good criterion for the best choice of R/r¢. In order to optimize
the mass selective properties of a OMF it is indispensable to investigate the influence
of higher order multipole contributions of the field to the ion motion. Unfortunately
it is not possible to find a stability diagram or regions of stability for higher order
inhomogeneous multipole fields. This is only possible for a pure quadrupole field
Eq. (see section . In this case the equations of motion are uncoupled for
each direction. For inhomogeneous multipole fields it is possible to find a heuristic
parameter (P, see Section. They provide to some extent a stability criterion of
the ion motion inside an ion trap or ion guide. To get an impression or a statistical
statement of the influence of higher order multipole contributions on the ion motion
in a QMF it is possible to simulate the ion motion for an appropriate number of
randomly distributed ions and compare them relative to the motion of an ion in an
ideal quadrupole field. For an infinitely long linear quadrupole with circular rods
the equations of motion can be written in the following form:

#(t) = —%(U - Vcos(Qt))g—i
: o4 (5.2)
§(t) = _E(U - VCOS(Qt))a—y

with

,
o = Tkol (5.3)
— = — ) apk——sin(¢(k — 1)
3y =~ 20k s(olk 1)

For the electric field which is produced by circular rods, the quadrupole component
of the field a, differs from ’1’ for different radii R of the rods. Therefore, to compare
the influence of higher order multipole components of the field, which arise from a
circular rod geometry to a pure quadrupole field it is necessary to introduce a so
called effective distance rg.s¢. This is used to scale the quadrupole component a,
of the electric field to 1. This can be done in the following way:

Step 1: calculate the multipole expansion coefficients (Eq. for a certain ratio of
R/rq as described with rq for a pure quadrupole field
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Step 2: calculate the effective distance rg ¢ = \;STQ

8elp _ 4eVp
mQ2r2 v 4= 02,2
0,e 0,e

! :
in section |3.1] it is possible to rewrite Eq in the following form.

With the reduced parameters a = — and £ = % mentioned

#(§) = —(a —2qcos(2(§ — 50)))2_(I>
3% (5.4)
(&) = —(a — 2qcos(2(& — 50)))6_3;
and
= 0 a Tk_l
g_i — Z W}{;W cos(op(k — 1))
k=2 @2 Oeff (55)

0P = ap | rFl

2Ly el sin(o(k - 1))
AN )

9y = ay? Thers

With Eq. and Eq. it is possible to investigate the stability of the ion motion
independent of the angular rf frequency €2 and the mass of the ion as a function of a
and ¢. To see the small influence of the next higher order multipole contributions to
the motion it is necessary to integrate the equations of motions Eq. numerically
very precisely. This was done with the previous mentioned Runge-Kutta-Nystroem-
method of fourth order with a step size of h = 7/60. To evaluate the influence
of higher multipoles, the value a as a function of ¢ with a = 2 - i - ¢ (see Fig5.4)
was varied. Here u denotes the slope of the "load-line’ for different mass-resolutions
M = m/Am of the QMF. For the calculation only the next two higher multi-pole
components (ag, aig) of the electric field were used. The variation of the ratio R/rg
shows, that the change of ay4 is not significant, therefore higher order components
(see Tab. were neglected in the simulations.

a/at’? see Eq. 5.5 | R/ro = 1.109 | R/ro = 1.121 | R/ro = 1.128 | R/rg = 1.145
ag/a 0.00242 0.00160 0.00113 0.00001

ay/aj -0.00240 -0.00241 -0.00241 -0.00242

Table 5.2: The table shows the different multipole contributions up to order k = 10 for different
ratios of R/ro.
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Figure 5.4: The plot shows the stability diagram for the first stability region of a QMF. The black
lines are the boundaries of the stable regions for = and y direction. The red, blue, green and
yellow lines are the different 'load-lines’ for (u = 0.16768, M = 800), (1 = 0.16752, M = 400),
(1 =0.16721, M = 200) and (x = 0.16658, M = 100), respectively.

The simulations were performed with four different sets of rod diameters R with a
fixed closest distance rg to the trap center (see Tab. and four different mass-
resolutions M = m/Am (see Figls.4). Similar simulations of mass spectra were also
performed by Douglas and Konenkov [26]. In contrast to Douglas and Konenkov
the number of simulated ions was increased by a factor of 25 to 50000 ions for each
value of a and ¢ and the number of rf cycles for the ions in the rf field was increased
by a factor of 10 to 2000 cycles. The value of ¢ was increased by a step size of
Ag = 0.00005 in the range of ¢ € [0.68,0.715], the initial phase &, was randomly
distributed &, € [0, 7/2] and the initial position of the ion x¢, yo randomly distributed
within a radius of ry € [0,0.2 - rp]. For simplicity, the initial velocity (v,,v,) was
chosen to be 0.

The transmission 7'(q) of the QMF was estimated in the following way:

e if the amplitude of the ion motion 7., = \/22,, + y2,, < ro = transmitted

e if the amplitude of the ion motion 7, = \/2%, + y2, >= ro = not transmit-
ted

Based on these simulations one can get an impression of the influence of higher order
multipole components to the transmission of the ions. Figure |5.6| shows that higher
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order multipole components have a significant influence on the transmission of the
ions. The simulations with hyperbolic rods show an almost perfect peak shape. For
the circular rods, some special features like dips and small plateaus can be seen.
Probably these features are a consequence of nonlinear resonances. In particular
the higher mass-resolution M = m/Am has a strong impact on the width of the
transmission peak. A shift of the peak positions to higher values of ¢ with an increase
of R/ry is visible (see Fig. [5.5] and Figs. [A.1], [A.2] and [A.3)).
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Figure 5.5: The plot shows transmission curves T'(q) for M = 800

Furthermore, the transmission is decreasing with higher values of R/ (see Figs.
, , . These effects increase with an increase of the mass-resolution M. The
simulations also show that the criterion of a vanishing ag component does not lead
to an optimum performance of a QMF. This criterion shifted the peaks to higher
values of ¢ and broadened the peak. The criterion ag ~ —ayo leads also to a peak
shift to lower values of ¢ and also broadened the peak. The width of the peak is
almost the same, but the transmission decreases for the first criterion. Therefore
one can say that the second criterion is in this sense the better one. If all results are
compared (see Fig[5.0)), one can say that a ratio of R/rg ~ 1.13 leads to the best
performance of a QMF with circular rods.
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Figure 5.6: The plot shows transmission curves T'(g) for M = 100, M = 200 and M = 800

This result agrees well with the result of Douglas and Konenkov [26]. They found
that a rod set geometry with R/rq = 1.145111 does not lead to optimum perfor-
mance of a quadrupole mass filter. It would be better if the amplitudes of ag and aqg
are about the same to compensate each other which leads to a value of R/r¢ ~ 1.13.
A possible explanation for this would be, if one considers only a radial force F,
Eq. (neglecting the contribution from the angle ¢ in Eq. which arise from
higher order components (ag, ajg) of the field and calculate their strength as a func-
tion of the radial distance 7.

F, oc 008 (_) LAY (_) 56)
To To To To

This Force can be calculated for different ratios of R/rg. The results of this cal-
culation show (Figs. and , that for R/rg ~ 1.13 F, is smaller than for
R/ro ~ 1.109 and R/ry ~ 1.145. This approximation would also provide that a ra-
tio of R/ry ~ 1.13 is better than choosing R/rq ~ 1.145 or R/ry ~ 1.109 to remove
the ag component or to compensate ag and aq.
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Figure 5.7: The contour plot shows F,. (in arbitrary units) as a function of the ratio R/ry and the
spatial distance from the center of the QMF'. The solid, dashed and dashed-dot lines indicates the
ratios R/rg for 1.145,1.13,1.109, respectively
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Figure 5.8: The plot shows F, (in arbitrary units) as a function of the spatial distance from
the center of the QMF. The solid, dashed and dashed-dot lines indicate the ratios R/rq for
1.145,1.13,1.109, respectively (see Figl5.7).
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5.2 Influence of the Finite Size of Hyperbolic Elec-
trodes

To overcome the problems of higher order multipole contributions, which are due
to the usage of circular rods, one can use hyperbolic shaped electrodes. But even
there higher order multipole contributions due to the finite size of the electrodes
are obtained. To see the influence of the finite size systematic calculations of the
electric potential for different sizes of the electrodes were performed. The size was
chosen by truncating the electrodes at a radius Ry.. Figure demonstrates the
truncation of the electrodes.

Figure 5.9: The solid lines show a hyperbolic electrode structure for a finite size QMF in two
dimensions. The dashed lines show the six different radii where the electrodes are truncated. The
arrows indicates the minimum and maximum radius of the truncation Rj,.

Table [5.3|shows the influence of the finite size in terms of the next higher order mul-
tipole contributions as a function of the radius where the electrodes are truncated.
ag can be reduced, almost to zero for a ratio of Ry./ro between 2 and 2.4 . However,
then a;o will increase. A large influence is visible if the truncation of the electrodes
becomes Ry./rp < 1.6. This means, Ry./ro should not smaller than 1.6 in order to
avoid anharmonicities of the trapping field. For values of Ry./ro > 2.4 the finite
size has no significant effect on the higher order multipole contributions. These
calculations also show that it is not possible to reduce higher order components of
the field to zero. This is a consequence of the plane surface of the backside of the
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electrodes. This will have always a non negligible contribution to the field within
the electrodes. This effect is in competition to the total size of the electrodes.

Ry /7o Qg ag Q10

1.2 0.970651 | 4.4235-1072 | -1.4894-10~2
1.6 0.999479 | 7.2669-10~* | -3.6115-10*
2.0 0.999922 | -5.9054-10~7 | -4.2580-1076
24 0.999926 | -6.6849-107¢ | -1.2455-1076
2.8 0.999926 | -6.6757-107¢ | -1.2302-107°
3.2 0.999926 | -6.6956-1076 | -1.2347-1076

Table 5.3: Shown are the numerically calculated values for a, for n = (2,6,10) as a function of
the truncation radius. In contrast to the calculations in section the multipole contributions
are not scaled to the quadrupole component to show that as approaches 1 with increasing Ry,

One option to reduce this effect could be a grounded housing aligned around the
electrodes. But this will also have consequences to the field inside the QMF. This
effect, of a grounded cylindrical housing around the electrodes, was discussed in
Fanghénel et al. [30] and Denison [27]. It was shown that the ratio R/ry has a larger
influence of the amplitudes of higher order multipole components than a grounded
housing. Fanghénel et al.BY reported that there is no ideal radius for the housing
to reduce higher order multipole components. Instead, the calculations show that
the overall influence of the housing is insignificantly small. To minimize ag and ag
anyway, the radius R, of the cylindrical housing should be as small as possible.

5.3 The Split Ring Electrode Trap

The following was partly published in the paper ’'Optimization of RF multipole ion
trap geometries’ by Fanghénel et al. [30].

The next example is a re-design of a Paul trap (3D quadrupole) which allows an open
access to the trap center for a non-destructive detection of an isolated nanoparticle.
The limited optical access to the trapping volume at a Paul trap (see CAD-model
Figld.2al) was one reason for designing a spherical quadrupole trap with non ideal
hyperbolic shaped electrodes, which still have an almost perfect harmonic potential
near the trap center. Based on this, Gerlich and Decker have designed a split
ring electrode trap (SRET)BY which allowed for example the detection of thermal
radiation from hot trapped Cg;B2. The fundamentals of such measurements can be
found in Schlemmer et al. citetestscl01. They derived, using the effective potential
approximation (sec that the motion of an ion along the axial direction is well
described by an harmonic oscillator with the frequency w,

V2V

gwTon
5§

- (5.7)

(&
Wy —
m
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One can show that this frequency is identical to the frequency of the secular mo-
tion which is dominates the spectrum of the motion of the ion. By measuring the
eigenfrequencies w,, using optical, non-destructive methods, it is possible to deter-
mine highly accurate the charge-to-mass (% of a single charged particle 385 - Other
groups adopted the design from Gerlich and Decker [31] to further develop the SRET
for single nanoparticle mass spectrometry B33 A new version of such a SRET will
be described in a forthcoming publication by Esser et al. [36]. A cross sectional
view of the electrode geometry is shown in Fig. This trap consists of three
lower electrodes and three upper electrodes which are symmetrical aligned around
the trap axis (z-direction) and have a mirror symmetry around the r-direction. The
two inner electrodes are kept at the same potential and have a similar function as
the ring electrode of the classical Paul trap. The splitting of the ring electrode
into two symmetrical pieces allows an optical access to the center of the trap to
observe the stored ion. The base of these electrodes is separated by 2 Z; as shown
in Fig.[5.10l The outer electrodes with their bases being separated by 2 Z, resemble
the two cap electrodes of the Paul trap and are also kept at the same voltage. The
outer electrodes can be used as steering electrodes.

Y

Figure 5.10: Cross sectional view of the set of electrodes comprising a split ring electrode trap
(SRET). The mechanical model for the BEM potential calculation is taken from the CAD program
Pro Engineer. The original ring electrode of the Paul trap is split into the inner most pair of conical
electrodes (potential +®,.7). The lower and upper cap electrodes of the Paul trap are replaced by
the middle electrodes (potential —®,.5). A third pair of electrodes (potential & = 0) is used for
additional steering options. (This figure is reproduced form Fanghénel et al. [30]).

The main assumption in order to determine accurately the charge-to-mass by mea-
suring the eigenfrequencies is based on the fact, that one has an approximately
harmonic potential near the trap center in the axial direction. Furthermore, a pre-
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cise knowledge of the rf voltage V', the angular frequency {2 and the parameterr
is required. The first one implies, in terms of a multipole expansion (section
Eq.[4.7)), that the quadrupole contribution (¢s) of the field have to dominate and all
other higher order contributions should be negligibly small. Since only hyperbolic
shaped electrodes can fulfill this requirement properly, the task is to find an elec-
trode arrangement (geometry and alignment) that is as harmonic as possible near
the trap center. For the following simulations the electrode geometry from Esser et
al. B9 was used. To optimize a trap w.r.t. to requirement of an potential as harmonic
as possible, the distance Z; and Z, were systematically varied to minimize the ¢y and
the next higher order appearing multipole component ¢, of the. Once finding an
optimum geometry for a given set of parameters one has to determine an effective
parameter or characteristic length of the trap r ¢ which scales the ¢y coefficient to
an absolute value of oneﬂ. This characteristic length of the trap ry sy can be used
as the parameter o in Eq.[5.7 Fig. shows the result of a systematic analysis of
the multipole coefficients as a function of the distances of the inner (Z;, x-abscissa)
and the outer (Z,, y-ordinate) electrodes. (Z; and Z, are only changed by 0.3 mm
and 0.1 mm, respectively, compared to the original design by Esser et al. [30].)
The change in the ¢4 coefficient is shown as a colored contour plot as function of the
shifts AZ; and AZ,. Also curves for ¢4, = 0 and ¢4 = £ 0.002 are marked by solid
and dashed lines. These lines are almost parallel to the abscissa which shows that
the ¢4 contribution of the field of the trap is only changed when the outer electrodes
are displaced with respect to the inner electrodes. Also the curves for ¢g = 0 and
co = £ 0.001 are marked by lines which are tilted at an angle showing that the dc
potential (cy) changes by both displacements but due to the scale of the plot much
more by the displacement of the outer electrodes. This indicates that by a combined
change of both displacements Z; and Z, it is possible to operate the trap without a
persistent dc contribution (¢g = 0). The case where ¢4 = ¢o = 0 can be found at the
intersection point of both solid lines. This variation of only two parameters shows
how a desired geometry can be found once some general design criteria have been
defined. The small changes in ¢4 and ¢y also show that the electrodes displayed in
Figf5.10| represent a good approximation for a 3D Paul trap.

1Since the electrode arrangement of the SRET deviates from a perfect hyperbolic shaped elec-
trode arrangement, the parameter rg has to be adjusted.



5.3 The Split Ring Electrode Trap 45

0.014

0.08 0.007

0.000

1-0.007
1-0.014
1-0.022

-0.029
-0.036

= 000> -0.043

-0.050

0.00 0.05 0.10 0.15 0.20 0.25
AZ; [mm]

Figure 5.11: Multipole coefficient ¢4 of the SRET as a function of the displacement of the inner
and outer electrodes, see Fig. for details. The small displacements are relative to the original
design B8, The desired conditions ¢4 = 0 and ¢y = 0 are found by the crossing lines. (This figure
is reproduced form Fanghénel et al 300,

Please note, that this electrode configuration also produces higher order multipole
contribution (cg, cs, ¢10...). The calculated multipole components up to order n = 8
for the case of a vanishing ¢y and ¢4 are co = —1,¢6 = 1.078454, ¢y = 0.581607.
Fig. [5.13| shows the relative deviation of the square of the electric field of pure
quadrupole field to the field what is generated by the electrode arrangement of the
SRET

E2 — E?
Paultrap SRET . (58)

E%aultv"ap
As can be seen in Fig. [5.13] within a radius of r/roer; < 2% the deviations are
smaller than 0.001%. For larger radii the deviation grows rapidly due to higher
order components of the field. This higher order components of the field have an
influence on the frequency of the secular motion, which becomes more dominant for
larger amplitudes of the ion motion. As a consequence, the eigenfrequencies of the
secular motion can slightly change as function of the axial and radial amplitude (see
Fig. . These frequency shift due to higher order multipole contributions will
be analyzed in the following.
As a first approach, these shifts will be numerically analyzed using the effective po-
tential approximation. The effective potential (V* o< E?) can be written, including
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the above mentioned higher order multipole components as

2
<202r82 + corl <@44z —30r22% + 6z5> + cs <—%ﬁz +105r42% — 847225 + 8z7>>

16
To

N 12 (Teg (518 — 120/ 22 + 240r22* — 642°) — 2r2 (8cord 4 15¢6 (r* — 12r22% + 82%)))?
25674¢

E* =

(5.9)

with » = /22 + y2. A first order approximation for evaluating frequency shifts due
to higher order field components can be done by neglecting all coupling terms (r"2™)
in Eq. 5.9 This leads to the following Equation

E2(z) _ 40%422 2402806z6 n 320210087:8 i 360%2210 n 96063;212 n 640%:14. (5.10)
To To To To To To

With the relation of the secular motion of an ion in an effective potential (Eq. [3.20)),
Eq. can be transformed in a equation for an anharmonic oscillator.

md?z B 8c2z  14dcycez®  256coc82"

e dt?2  rd ré 7o (5.11)
360czz”  1152cgegz't 89632 '
ri? it ri6

In order to evaluate frequency shifts Aw/wy as a function of the amplitude, this
equation was solved using numerical routines and compared to the solution of a
harmonic oscillator. Figure [5.12| shows the frequency shifts, calculated by the use
of the effective potential approximation and for full numerically calculated trajec-
tories as a function of different initial positions r;, z;. For the calculations a value of

q. = —m45¥7,2 = 0.078 was chose .

Frequency shifts due to higher order anharmonicities can also be calculated analyti-
cally if one neglects all coupling terms (Eq. . Such calculations are known from
the shift of the eigenfrequencies of ions in Pennig traps®. If one assumes that the
ions move in a harmonic potential with anharmonic perturbations, frequency shifts
can, according to the principle of averaging, approximated. Such formulas are given
in the Book from Major, Gheorghe and Werth [6]. In order to use these formulas
one has to normalize Eq. in the following form.

2 22 662’6 6828 610210 6122’12 514214
E2(2) = = (5.12)
7"2 7"6 ’/’8 7“10 7’12 T14
0 0 0 0 0 0

2

: ~ _ 24coce 7o
with ¢g = =%% . &
6 7"(2) 403

anharmonicity can be calculated as a function of the axial amplitude (blue line in

and so on. From this, frequency shifts for each higher order

2This value coincides with the parameters used by Gerlich and Decker [31] in the experiment.
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Figf5.12)). The frequency shifts up to the order of 14, following Eq. |5.12, can be
obtained by the following expression:

322 n 1524 ta 3526 v 31528 n 693210 n 3003212 (5.13)
4 G—— 4+ g——+ .
F T I

A —é S
wfeo(z) = & 3208 02565 T 2512700 T 12048702

The frequency shifts calculated for the different methods are summarized in Fig.[5.12]

0.004 : ! ! 1 1 . ]
‘ ‘ — analytic V* (z)
e o numeric V*(z)
0.003L ............. _________ & o r/rg. ;=0 | .............. .......... g
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& - r/ry.;;=0.05 : /e
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Aw/wy
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Figure 5.12: This plot shows frequency shifts Aw/wg calculated in the effective potential ap-
proximation V*(z) (assuming no coupling terms) and the frequency shifts for full 3 dimensional
calculations under influence of the rf field for different initial positions 7;, z;. For the calculation
of the trajectories in the oscillating field g was set to ¢ = 0.078. The blue line shows the frequency
shifts analytically calculated within the effective potential approximation.

The simulations show, that frequency shifts calculated within the effective potential
approximation are comparable to the 'real’ calculated shifts within a radius of p =
Va2 +y?+ 22 < 3% around the center of the trap. For larger axial amplitudes
the deviation of Aw/wy(SRET) to Aw/wo(V*) increases rapidly. The sign of the
deviation depends on the radial amplitude r of the ion motion. This results from the
neglected coupling terms in Eq.[5.9) For radii p < 3% the frequency shifts influenced
by higher order field components are negligibly small. The shifts calculated with
the analytic expression (Eq. coincide almost perfectly with the numerically
calculated shifts within the effective potential approximation. Therefore shifts due
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to higher order anharmonicities can be predicted with the formula Eq. For
axial amplitudes z/ro.;; < 0.015 the simulation of trajectories does not provide
accurate frequency information, but the analytically calculated shifts are smaller
than Aw/wy < 4-1077 in this area. Figure shows the shift of the frequency,
if the axial and radial amplitude of the ion is too large. This implies, that in
experiments for the determination of a highly accurate charge to mass ratio 338!
the amplitudes of the ion should be less than 2% of the effective radius 7oz to
guarantee no significant influence of higher order anharmonicities of the field to
the secular frequency. Schlemmer et al.3 reported a maximal axial amplitude
of Zmae/20 = 0.013, where zy = % is small enough that frequency shifts due to
anharmonicities can be neglected. This coincides with the results found in this
work.

o

S

0.4 0.02} 11
______ 0.00} 1
0.2} I
—-0.02} g
0.001 B
-0.001
= = s
v -0.04} =
s 0.0F L L = | | i
N __0.0000.0050.010-0.015 0.020 0.025 0.030 0.035
\ ~5
N %0,
-0.2} d
R, - = _—
-0.4} 3000
S
S, ‘0,
000\ 00 %
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

r/T0,eff

Figure 5.13: The plot shows the relative deviation of the square of the electric field of a pure
quadrupole field to the field which is generated from the above described SRET for the region of
the trap center in %. Please note: The color scale in the inset was changed in order to see small
differences in the relative deviation .
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Figure 5.14: The plot shows the calculated trajectories of an ion moving in an ideal Paul trap (blue)

and in the SRET (green) with the initial conditions ¢ = 0.078, 2 = 0.05-rgcfr and r = 0.1 -rg cf¢
after 10000 periods in the rf field.

5.4 The 22 Pole Ion Trap

The following part was partly published in the paper ’Optimization of RF multipole
ion trap geometries’ by Fanghénel et al. [30].

The 22-pole ion trap developed by Gerlich [5],[39] is used today in several laboratories
to study ion molecule reactionsH 48 a5 well as to observe spectra of atomic and
molecular ions and clusters®753 The advantage of higher order multipole traps
compared to the more frequently used quadrupole traps is the large electric field
free region (see Fig. of the trap which allows for efficient buffer gas cooling B
as demonstrated recently by several experiments® 53 The lower part of Fig.
shows a simplified 3 dimensional CAD model of a 22-pole trap. The main parts are
the 22 rods aligned as a cylinder with an inner radius of rq and the two electrostatic
einzel-lenses at the exit and entrance of the trap.
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/7o

Figure 5.15: The plot shows the effective potential V* (solid) and the electrical potential ® (dashed)
as a function of the radial distance for different orders of linear multipole traps. For the case of a
quadrupole field the effective potential V* and the electrical potential ® are identical.

Since ®(r) o< r"™ and V*(r) o< E?(r) o< r*"~2, where n denotes the number of RF
electrodes divided by two, the large electrical field free region is a consequence of
the 22 electrodes on which a radio frequency (RF) voltage is applied. The electrical
potential ® for a 22-pole trap produced be 22 hyperbolic shaped rods is given by

Eqfd.4 with n =11
11
B, 4(r, ¢) = (3) cos(11¢) (5.14)

To

The use of circular rods instead of hyperbolic ones will lead to higher order multipole
contributions of the radial trapping field. Due to symmetry the next two higher order
multipole components are ass and as; (see Eq. . By setting R/r to 0.11, where R
is the radius of the rods (see Tab. , the ass component vanishes. The remaining
multipole component ass/a;; &~ 0.0027, has no significant influence on the trapping
potential. If the case of the vanishing ass is disregarded, e.g. using R = 0.0005 m
and ro = 0.005 m (= R/ro = 0.10) then a1, /as3 becomes ~ 0.0013. Also in this case
the influence on the trapping potential is negligible small. This shows that Eq.
is still a very good approximation for the electric potential which is produced by 22
circular rods.

As mentioned, the flat potential in radial direction allows for an efficient buffer
gas cooling of the ions. Furthermore, due to the large field free region the ions
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can largely interact with a reaction gas without the influence of the force from the
radial trapping field. For an axial confinement, a static voltage Uy, is applied on the
entrance end exit lenses, shown as hollow cylinders in figure [5.16] (lower part).

As mentioned in section[3.2.1], the effective potential approximation is an appropriate
tool to describe the behavior of charged particles in inhomogeneous fast oscillating
electrical fields. In the following this approximation is used to investigate different
aspects of a 22-pole trap. For the calculations of the effective potential a voltage
of V,; = 15 V at a frequency of 2 = 27-17 MHz is applied to the rods. The dc
voltage at the 22-rods was set Uy 22 = 0 V. For trapping positively charged ions,
e.g. mass = 16 u and q = +e, a positive dc voltage (Uy.) is applied to the trap
entrance and exit electrodes. Typical values for Uy, are a few Volts although less
than 0.1 eV are needed to keep ions at thermal energies. For demonstration purposes
Uge = 1 V was chosen. The resulting effective potential for these conditions is shown
in Fig.|5.16| (upper part) in a x-z cut, where z is the trap axis. Equipotential lines are
given for a few, non-equidistant values to characterize the potential well in regions
of interest. This result can be interpreted by the fact that ions with a few meV of
energy can explore a considerable fraction of the trap volume (several mm in the
radial (x) direction and more than 10 mm along the trap axis).

X [mm]

Figure 5.16: Lower part: Cross section of a CAD-model of a 22-pole trap including cylindrical
end electrodes. Upper part: Effective potential in the x-z-plane. Equipotential values are given in
meV. (This figure is reproduced from Fanghiinel et al %)

Figure [5.17] gives a closer look at the effective potential at the axial position z=0
for two different applied dc voltages at the end electrodes. The minimum of the
effective potential is not at the radial position x = 0 as desired. The minimum is
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shifted to z ~ 3.4 mm for the case of Ug. =1 V. and & ~ 3.7 mm for 4 V. This shift,
which is also seen in Fig. is due to the fact that a dc voltages is applied to the
end electrodes. This leads to a saddle point of the electrical potential at the center
of the trap. Because of the symmetry of the trap in radial direction, a so called
‘mexican-hat’ potential is formed. This potential leads to a force which pushes the
ions towards the 22 rods of the trap. The dashed lines in Fig. and indicate
this dc part of the potential (®g, in Eq alone, the solid lines show the resulting
effective potential as a superposition of the rf and the dc parts. The shift of the
minima in radial direction, will push cold ions (= 1 meV =~ 10 K) away from the
center of the trap. This fact is interesting for spectroscopy studies as done in many
recent experimentsB¥5557  Since cold ions will be pushed away from the center
of the trap a decrease of the overlap with irradiating light which is passed along
the trap axis can be expected. Such an effect has been seen in photodetachment
experiments of OH™ B8 as well as in ion trap simulations from Asvany et al.B4. To
avoid the effect of a decreasing overlap, the voltage applied on the end electrodes
should be well below 1V. This can be done by trapping the ions with appropriate
voltages and lowering this voltage to a few mV during the thermalisation process of
the ions with a buffer gas.

20 1
— 5=0.05
3 | Ve
1! i Uge=V |
| | Vers,av
- Up=4V

[mm]
Figure 5.17: Effective potential in radial direction for z = 0 in a 22-pole ion trap taking into
account the effect of the end electrodes (dc end electrode voltage 1 V and 4 V). The position for
the adiabaticity parameter n = 0.05 is indicated as a red vertical bar. The thick vertical solid

lines left and right indicate the position of the rods. (This figure is reproduced from Fanghénel et
al BOl),
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The effective potentials drawn in Fig. and show another important aspect
of low temperature trapping. Since the minimum of the effective potential is not at
the center of the trap, the ions will be kept in close distance to the rf electrodes.
The ions will always experience a micro-motion, because the rf potential is non-
vanishing around the minimum of the effective potential. The amount of energy
stored in this micro-motion therefore is the minimum kinetic energy of the ions
which is characterized by the energy difference between the dashed line (dc only)
and the solid line (full effective potential), shown as vertical bars in Fig. [5.18]
Therefore, the ions will not be fully thermalized under these conditions, an issue
discussed in several recent publications % This effect increases with increasing
the amplitude of voltages on the exit and entrance electrodes.

[mm]
Figure 5.18: Zoom-in view of the minima of the effective potentials of Fig. Vertical bars
indicate energy of persistent micromotion at the minimum of the effective potential. (This figure
is reproduced from Fanghénel et al [30]).

5.4.1 The Kinetic Energy Distribution

Since the evaluation of experimental data e.g. measuring kinetic reaction rates of
ion-molecule reactions is based on the assumption of an ensemble in a thermody-
namic equilibrium, the influence of electrical rf-fields to the kinetic energy distribu-
tion of the ions is important. It is well known that ions can gain kinetic energy from
electrical rf-fields which is named rf heating. Therefore the assumption of a strict
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thermodynamic equilibrium is not completely given. To estimate the influence of
electrical rf-fields to the kinetic energy distribution of ions simulations of trajectories
in an ideal 2 dimensional 22-pol trap under influence of buffer gas collisions were
performed. By neglecting space charge effects each ion trajectory can be simulated
individually. The simulations where performed in the following way:

1. Create an ion at a random position inside the 22-pole trap with random veloci-
ties for both directions which are given from a Maxwell-Boltzmann distribution
at around 300 K.

2. Perform random collisions with a buffer gas at a specific temperature given
from a Maxwell-Boltzmann distribution. Here, the collisions was treated
as elastic collisions, calculated via transformation in to the center of mass
frame B9

3. After around 1500 collisions the buffer gas collisions were stopped and the
position and the velocities of the ions were tracked until the mean velocity
does not change further.

Form this procedure one gets the velocity distribution of each individual ion. The
parameters are the same as used above with Uy, = 0 and a mass of the ions m = 16
amu. To get a better insight, the calculations of the trajectories where performed
within the effective potential approximation E| (see section . The advantage
of using the mathematical construct of the effective potential approximation is the
separation of the micro-motion and the macro-motion of the ions, which allows to
evaluate their influence to the kinetic energy distribution. Figure [5.19] shows the
kinetic energy distribution relative to the initial energy of a single ion moving in an
ideal 2 dimensional 22 pole trap separated in different contributions from the micro
and the macro-motion of the ions. The velocity of an ion is defined as the time
derivative of Eq. and the whole kinetic energy is defined as:

Epn(t) = %m (R3(1) + 2 Ro(t) - Ra (1) + RE(D)) (5.15)
where Ry(t) and Ry (t) denote the macro and micro motion of the ion. Figure m
(a) shows the energy distribution of the whole kinetic energy. As can be seen in this
figure a relative sharp peak appears in the distribution and the energy can reach a
maximum of three times the initial energy Fy. As already known, this sharp peak is
almost independent from the initial conditions of the ions®. Figure[5.19| (b) shows

the energy distribution accounting for only $m <R%(t) + R%(t)) Figure [5.19| (c)

and (d) shows the energy distribution for the macro and micro motion, respectively.
Since the last three contributions ((b), (c¢) and (d)) cannot gain three times the
initial energy Ey, the high energy part arises from the coupling of the micro motion
and macro motion (middle term Eq. . This means the rf-heating effects are

3The results of these calculations are identical with the exact numerically calculated trajectories
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a consequence of the micro motion arising from the rf-field which couples to the
macro motion of the ions. Figures [5.19] (b) and (c) demonstrate that the sharp de-
fined peak is a feature of the macro motion of the ion. This proves the assumption
that the ions will move most of the time in a field free region. The shape of the
kinetic energy distribution becomes more narrow, when increasing the order of the
multipole trap (n > 11)E29. This means that shape of a velocity distribution of an
ensemble of ions becomes a real Maxwell-Boltzmann distribution if one increases the
order of multipole. In contrary the velocity distribution of a lower order multipole
trap (n < 8) is far away from a Maxwell-Boltzmann distribution.

In order to calculate rf-heating effects to an ensemble such individual simulations
were done for different temperatures of the collisional buffer gas. For each tem-
perature 20000 ions where simulated and the individual energy distributions were
accumulated.
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Figure 5.19: The plot shows the kinetic energy distribution relative to the initial energy of a
single ion moving in an ideal 2-dimensional 22 pole trap, where figure (a) shows the whole ki-
netic energy distribution Eq. Figures (b), (c) and (d) show the energy distributions of

im <Rg (t) + R3(t)), only the macro motion and only the micro motion, respectively.
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Figure [5.20| shows the accumulated energy distributions for a buffer gas with m = 4
amu and a temperature of 10 K, separated for individual contributions as before.
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Figure 5.20: The plot shows the accumulated kinetic energy distribution of 20000 ions moving
in an ideal 2 dimensional 22-pol trap where figure (a) shows the whole kinetic energy Eq.

Figures (b), (c) and (d) show the energy distributions of im (Rg(t) + Rf(t))7 only the macro
motion and only the micro motion, respectively. The black solid lines in this figure indicate a
Maxwell-Boltzmann distribution for 10 K.

The black solid lines in this figure indicate a Maxwell-Boltzmann distributions for
10 K. As can be seen clearly in Fig.|5.20| (a), a deviation from a Maxwell-Boltzmann
distribution for 10 K towards higher energies. This high energy tail is well known.
As can be seen in Fig. [5.20| (b) the sum of the energy from micro and macro motion
match well to the Maxwell-Boltzmann distributions for 10 K. Therefore one could
assume the whole energy distribution can be separated in two parts. First part
is the sum of the energy from micro and macro motion, which are following the
Maxwell-Boltzmann distributions for the buffer gas temperature and a second one
for a higher temperature part, which derive from the coupling between the micro
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and macro motion. Figure [5.21] shows a fit of the weighted sum of two Maxwell-
Boltzmann distributions for a buffer gas temperature of 10 K, 20 K and 30 K. As
can be seen in this figure a sum of two Maxwell-Boltzmann distributions fits the
simulated energy distribution very good. The ratio of Ty and 7 is roughly 2.2 and
the fraction of the energy contribution from 77 is ~ 95%. It is an interesting question
to what extent the remaining 5% of the higher energy distribution can influence e.g.
the measurements of ion-molecule reaction rates.
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Figure 5.21: The plot shows a fit of a weighted sum of two Maxwell-Boltzmann distributions for
a buffer gas temperature of 10 K, 20 K and 30 K from the upper to the lower plot. The two
fitted temperatures are indicated by T and T,. The weighting factors are indicated by w; with
Wy = 1-— wi.

Simulations of a realistic 22-pole trap (Uy. # 0) shows that the shape kinetic energy
distribution depends in contrast to the ideal case strongly on the initial conditions
of the ions. (Here no buffer gas collisions were taken into account, since this is
not necessary in order to demonstrate the above mentioned dependency on the
initial conditions.) Figure illustrates this for a single ion with different initial
conditions. The energy is measured relative to the mean kinetic energy (E). The
sharp edge for low initial kinetic energies (red and blue lines) are a consequence from
the shifted minima in the effective potential. The ions can not overcome the barrier
of a few meV in the center of the trap (see Fig. and therefore they will only
move in a circle w.r.t. the minima. As mentioned above, here, the ions will undergo
a permanent micro motion, which can lead to additional rf-heating. With a higher
initial kinetic energy (green and black lines in Fig. [5.22)), the additional static field
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E., is negligible and the kinetic energy distribution converges to the ’ideal’ case. This
means, for low temperatures (around 4-15 K) the role of the additional static field
E.;, as a consequence of the axial trapping field, becomes more and more relevant
in terms of the translational energy distribution of the ions.
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| 1A
107 E powd
s
WA
1072}
'3 1 L L
10 0 1 2 5 6 7

3 4
E/(E)
Figure 5.22: The plot shows the kinetic energy distribution of one ion moving in a real 22 pole
trap with different initial conditions w.r.t their initial position and velocity. For this simulations

no buffergas collisions were taken into account.

Another aspect, essential for spectroscopy studies, is the above mentioned overlap
of an axial incoming laser radiation and the ion cloud in the trapping volume. One
way to reduce the effects of a decrease of the overlap is the use of ring electrodes
surrounding the multipole ion trap. The purpose and use of such ring electrodes has
been described extensively by Gerlich®l. Figure shows a CAD model of such
ring electrodes aligned around the rf rods. Figure [5.23| shows a direct comparison
for the effective potential formed with normal exit and entrance lenses (lower plot)
kept at a voltage of Uy = 0.5 V and the effective potential which is formed by two
ring electrodes (upper plot) located at z = +14 mm w.r.t the trap center with an
applied voltage of Uy, = 10 V. The calculations show, that also with the use of ring
electrodes, a 'mexican-hat’ potential surface will appear around the center of the
trap. The field of these electrodes change the trap potential only by penetration.
The advantage of this is, that, by changing the applied voltage on rings in the Volt
regime (tens of Volts), the change inside the trap is on a meV scale. Therefore using
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ring electrodes as control electrodes leads to highly reproducible trapping potentials.
For further calculations one ring electrode has been located near the exit of the 22
pole ion trap (z = 10 mm w.r.t. the center of the trap). To evaluate the influence
of the size of the ring electrodes two alternative rings with thickness of 0.5 mm
and 0.15 mm and a hight of 0.8 mm and 2.5 mm have been considered. Fig.
shows the result of the static potential along the z-axis of the trap. In the upper
part the potential barrier is shown along the trap axis (z, x = 0). In the lower part
equipotential lines are drawn for the two thicknesses in a x-z cut. The 22 rods of
the trap and the end electrodes are all kept at 0 V. Applying a DC voltage of 1 V
to the ring electrode results in a barrier height of some 0.6 mV on the trap axis.
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Figure 5.23: The plot shows a comparison between the effective potential which is formed with two
ring electrodes located at z = +14 mm w.r.t. the trap center with an applied voltage of V. = 10
V (upper) and the effective potential formed with normal exit and entrance lenses (lower) with a
voltage of Vg = 0.5 V.

The penetration of the 0.5 mm thick ring is about 6 - 10~* and somewhat less for the
thinner ring. Therefore the hight of the penetration depends on the thickness of the
ring. These values compare very favorably to previous finite element calculations
by Haufler who simulated the effect of ring electrodes and tested the resulting fields
by means of ion reflection measurements®!. Increasing the distance between the
22 rods and the ring by a factor of two reduces the penetration to some 4.5 - 1074,
These results suggest that geometrical changes on the ring electrodes lead to sub-
stantial changes in the effective potential. Therefore the ring electrodes have to



60 Chapter 5. Simulations of Different Types of lon Traps

be manufactured and mounted with considerable mechanical accuracy. Due to the
small penetration of the ring electrodes, trapping potentials can be shaped properly
for low energy storage of ions. In fact, a small barrier as shown in Fig. can
be used to leak out ions with excess kinetic energy, e.g. for product ions from a
chemical reaction where part of the reaction energy is converted into ion kinetic
energy. However, great care has to be taken to calibrate the energy scale of such
a setup. Ion reflection measurements as shown by Gerlich® demonstrate that such
a calibration is feasible. The combination of both the ring and exit and entrance
electrodes can also be practicable. With such a configuration it is conceivable to ex-
tract ions which overcome the barrier of the ring electrode. In this case the negative
voltage at the exit electrode penetrates the trapping potential. The upper part of
Fig. shows the effective potential along the trapping axis with with conditions
for the 22-pole with one ring electrode and a voltage of -0.1 V at the exit electrode.
The potential barrier from the ring electrodes practically vanishes. Therefore much
higher potentials on the ring electrode are needed to reestablish the desired barrier.
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Figure 5.24: Effective potential for a 22-pole ion trap with one ring electrode at z = 10 mm. Upper
part: Effective potential along the axial direction (z, 7 = 0). Solid line and dashed lines indicate
the effective potential for ring electrodes with thickness of 0.5 mm and 0.15 mm and an applied
voltage of OV at the end electrode. The dashed dotted line indicates the effective potential with
a 0.15 mm thick ring electrode and a voltage of -0.1V at the end electrode. Lower part: Effective
potential as contour lines for a 0.15 mm thick ring electrode (lower half part) and a 0.5 mm thick
ring electrode (upper half part). (This figure is reproduced form Fanghinel et al. B00).
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Figure 5.25: The plot shows a CAD model for a 22-pole trap with two ring electrodes aligned
around the rf rods

5.4.2 Mechanical Misalignments of the RF Electrodes

At last the influence of a mechanical misalignment of the rf electrodes will be dis-
cussed in this section. For sake of simplicity only two cases will be discussed and
the results will be shown in terms of the effective potential. The first misalignments
is a translational shift of every second rf-rod in positive x-direction for 0.1% of 7
(50pm). The second case is a rotational shift of every second rod counterclockwise
by one degree. Furthermore, both cases for only a single rod were calculated. The
results are shown in Fig. [5.26] Figure shows a closer look at the effective
potential along the blue lines in Fig. [5.26, The effects from misalignments are in
the order of 1072 ueV for the above used operating parameter for the 22 pole trap.
Such small potential distortions become relevant if one works in a kinetic ion tem-
peratures regime of mK. For a kinetic ion temperature regime in the range of kelvin
this effects should be negligible compared to the effect of an static potential due
to axial confinement from the entrance and exit lenses. Obviously the relevance of
such distortions becomes more important if one change the operating parameter of
the trap or we increase mechanical misalignments. An effect which is caused by
such mechanical misalignments was reported by R. Otto et al.[2l who finds 10 local
minima in the effective potential. They measured the column density distribution of
trapped OH ™~ ions in a 22-pole ion trap which was obtained from position-dependent
photodetachment rate measurements. Figure[5.26]((a),(c) and (d)) shows 10 minima
which appear as an consequence of a mechanical misalignment. Figure [5.28| shows
the effective potential for their reported operating parameters (mass = 17 amu, f =
5 MHz, V,; =160 V and V;. = -2 V). In order to match their measured distortion of
the effective potential, a misalignment was chosen for one rod with a rotational shift
of 1 degree counterclockwise and a translational shift of 1% of ry marked with the
arrows in Fig[5.28] As can be seen in Fig5.28] one possibility of the appearance of
10 local minima in the effective potential derived from the density distribution can
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be a misalignment of a single rod. This was also concluded by R. Otto et all2 as a
possible reason. The calculations demonstrate, that small mechanical misalignments
together with inappropriate operating parameters of a 22 pole trap could influence

the trapping properties of the device.
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Figure 5.26: The plots shows the effect of different forms of misalignments of the rods in

terms of the effective potential [meV].
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Figure 5.28: The left plot shows the effective potential in meV as a contourplot. The right plot
shows the effective potential in meV along the blue line.
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5.5 A Linear 24 Pole Quadrupole Trap

As mentioned before, the BEM method is well suited to develop and optimize new
trap designs for more sophisticated experiments. In the following a new type of
linear multipole trap will be described which allows to trap the ions in a multipole
field to cool the ions efficiently to low temperatures and also to mass select them
directly in the trap. The benefit of such a trap will be shown based on the following
experiment. Figure [5.29] illustrates how such a trap in connection with the method
of predissociation spectroscopy of C;H5 — He can be used to get a spectrum with
a good signal to noise ratio. Until now, the experimental procedure in the cologne
22-pole trap looks as follow:

1. trapping of the C;H7 ions and thermalization with Helium buffer gas. The
total number of trapped primary C;Hy ions is around ~ 100000. If the tem-
perature is low enough (< 10 K) different complexes of C;Hi —He, C;H3 —He,
or C3HJ — He, ete. will form in the trap (see upper left part Fig. . From
this one will have an approximately constant amount of C;H; and C;H3 — He
ions in the trap.

2. dissociate with a laser the C;H4 — He complex and count the decrease of the
number of trapped C;H; — He or the increase of C3H3 ions (blue and red

curves upper right part Fig. [5.29)).

For statistical reasons it is preferable to count the decrease of the number of trapped
C,HZ — He because the increase of C;HZ ions (around a few thousand) are in the
order of the noise level of the trapped C;Hy ions.

The above mentioned new trap design allows the following measurement scheme:

1. trapping of the C;HJ ions and thermalization with Helium buffer gas in the
multipole trapping mode. For low temperatures also different complexes of
C,Hy — He, C;HS — He, or C;H; — He, ete. will formed in the trap (upper

left part Fig. [5.29).

2. switch the trap to a mass selective mode and remove all ion species out of
the trap (cleaning the trap) except the C3H3 — He complex (middle left part

Fig. 5.29).

3. dissociate with a laser the C3H3 — He complex and count the increase of C3H7
ions (lower part right Fig. [5.29)).

Such an experiment can provide better statistical results because the cleaning of the
trap leaves no background counts (C;Hj ions) in the trap.
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Figure 5.29: The sketch compares an existing and possible future experiment for a new kind of ion
trap.

From this the new trap design has to fulfill multiple requirements:

1. a preferably flat trapping potential in the multipole mode to thermalize effi-
ciently the ions to low temperatures

2. an approximate quadrupole potential to select masses with a difference of 4
atomic mass units

A straight forward way to get a near quadrupole potential is to build a so called wire
quadrupole. The trap then consists of thin rods (wires) geometrically arranged as
a linear quadrupole. Such a linear wired quadrupole has been used in the group of
Jana Roithové in Praguel® for IRPD spectroscopy of small hydrocarbon dication,
C.HZ". A cross section (x-y-plane) of such a trap with 24 wires is shown in Fig. [5.30
The effective potential which is produced by this wire arrangement is plotted in
Fig. 5.31] The effective potential shows clearly that such an arrangement does not
lead to an ideal quadrupole field. With increasing distance away from the trap
center anharmonicities of the field becomes more and relevant. This can also be
seen in terms of the multipole coefficients (see table [5.4)). For the above mentioned
experiment the mass resolution M = m/Am of the mass filtering mode has to be in
the order of &~ 39/3 = 13. For this purpose the deviations from the ideal quadrupole
field are negligible.
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Figure 5.30: Cross section of a 24 wire quadrupole wired as a quadrupole. The wires are arranged
along hyperbolic lines (dashed lines).
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Figure 5.31: The plot shows the effective potential of the rod arrangement as a pure quadrupole.
For the calculations of the effective potential the following values are used: mass = 50 [amu], f =
10 [Mhz], V,.; = 15 [V]. The resulting effective potential is given in meV. The blue and red circles
mark the rods and their polarity.

To use this trap also as a multipole trap, different possible wirings are shown in
Figure [5.34 To thermalize efficiently the ions to low temperatures the effective
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potential in the multipole mode should be as flat as possible. The BEM method
can now be used to calculate the electric potential, the electric field and so on for
different wirings. Figure [5.31] show the resulting effective potentials for the different
types of wiring the rods. For all cases of wiring additional minima appear in the
effective potential. For case a and d the effective potential is the most flattest. This
can be seen in Figure This plot shows all effective potentials at a line at 45
degrees w.r.t. x-axis compared to an ideal effective potential from 10-pol and 12-pol
multipole trap. The depth of the appearing minima can be seen in figure[5.33] These
calculations demonstrate, that ions with a kinetic temperature higher as ~ 30 K (2.5
meV) can explore these additional minima for these trap settings. To evaluate the
different versions of wirings the multipole coefficients are an appropriate tool. These
coefficients are listed in Tab. 5.4l

ar/bx | quadrupole | version a | version b | version ¢ | version d | version e
2 1.0 0 -0.548369 | -0.976445 | 0.010756 | 0.526858
4 0 -0.699053 | O 0 0.698806 | O

6 -0.056243 | 0 -0.546436 | -0.367455 | -0.00496 | 0.556357
8 0 -0.312419 | 0 0 0.312624 | 0

10 -0.061112 | 0 -0.127138 | -0.124499 | 0.000554 | 0.12603
12 0 -0.029753 | 0 0 0.029706 | O

14 -0.024707 |0 0.010883 | -0.015576 | 0.000356 | -0.011594
16 0 0.024729 | 0 0 -0.024758 | 0

18 0.003237 0 0.022099 | 0.016734 | 0.000145 | -0.02239
20 0 0.017083 | O 0 -0.01708 | O

22 0.008119 0 0.010274 | 0.014206 | -6.4e-05 | -0.010145

Table 5.4: The table shows the calculated multipole coefficients using Eq up to order 22. For
the quadrupole wiring only the a; coefficients appear in the expansion. For the multipole wiring
only by coefficients appear in the expansion.

The coefficients for version (a) and (d) show, that the potential is nearly the same
for distances r/rq < 0.9 away from the trap center. This can be clearly seen at
the effective potentials ( see Fig. . Both versions are comparable with an ideal
deca (n=5) or dodeca ( n= 6) multipole field (plotted as dashed lines in Fig.
for r/rq < 0.6. To look for stability an n-map can be calculated using the derived
multipole coefficients for each wiring type. Keep in mind that this expansion coef-
ficients are only valid for r < rg.¢. For r > rg.¢r the results from the multipole
expansion deviate from the real (full numeric) results. All n-maps shows nearly
the same regions of stability inside the convergence radius 79 .s¢. Therefore, based
on these results (see Fig. version (a) and (d) should be the preferred ones.
Another question, what will not be answered here, is the used electrical circuit to
connect both kinds, the quadrupole and the multipole trap.
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Figure 5.32: The plot compares the effective potential of the five different types of rod wirings at

an angle of 45 degree (w.r.t the x-axis) to an ideal deca and dodeca-pol. For the calculations of

the effective potential the following values are used: mass = 50 [amu], f = 10 [Mhz], V;.y = 15 [V].
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Figure 5.34: The sketch shows five different possible wirings for a 24 wire quadrupole as a multipole.
The '+’ and ’-’ signs mark the different polarity of the rods. The lower plots show the effective
potential which is produced by the respective wirings. The red ("+’) and blue (’-’) circles mark
the rods and the polarity of the wiring. For the calculations of the effective potential the following
values are used: mass = 50 [amu], f = 10 [Mhz], V. = 15 [V]. The resulting effective potential is

given in meV.



70 Chapter 5. Simulations of Different Types of lon Traps

y/7o

-1.0 -0.5 0.0 0.5 1.0
z/ro

Figure 5.35: The plot shows the scalar field 7(r) for version wiring (a) and (c) of the 24-multipole.
The blue circle marks the effective radius rg .rs and also the edge of the convergence radius for
the multipole expansion. The black dashed line indicates 7(r) = 0.02 for an ideal decapole trap.

5.6 Space Charge Effects

Due to a high ion number density the Coulomb interaction between ions can become
significant to influence the motion of ions in an ion trap by an additional time
dependent space charge potential. In order to get an impression of the influence of
the number density on the ions inside a certain volume one may use the following
first order approximation which compares the thermal energy Fiperm ~ ky1T' of the

ions with the average energy from the Coulomb repulsion E.ouiomp ~ 47“60%5 between
ions. Here 7, is the Wigner-Seitz radius which is defined as follows:
3V s 3 13
ws = (—— =(— 5.16
rus = () () (5.16)

with being V' the trapping volume, N the number of particles or n the number
density of the ions. Base thereupon, the following expression is obtained

2

Ecoulomb €
= = ) 5.17
Etherm 47T€0Twska ( )

The ratio I' describes the average nearest-neighbor Coulomb repulsion energy w.r.t.
the thermal energy. If I' < 1 space-charge effects can be neglected. In the following
an example will be given to evaluate space charge effects in a 22 poe trap using
Eq. .17} In order to estimate the Wigner-Seitz radius 7, the effective potential can
be used. The effective potential of a real 22 pole trap with the trapping parameters
f = 17TMHz, m = 16amu, V,; = 15V and V. = 1V on the entrance and exit
lenses is shown in the upper part of Fig. [5.16, For a kinetic temperature of 20K
(= 2 meV) the ions can roughly explore an axial length of [ ~ +3 mm and a
radial distance of r ~ 4+3.5 mm. These assumption results in a trapping volume
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of V.= 2lmr? ~ 2.31 - 10""m3. For simplicity it is assumed that the ions are
equally spaced from each other. Figure [5.30| shows I' as a function of the number
of particles for three different temperatures. Unfortunately, it is not possible based
on quantity I' to evaluate to what extent space charge effects can influence the
dynamics of ions in a trap. One almost gets the impression that for less than
10000 ions space charge effects can be neglected in a 22 pole trap The following
considerations demonstrate qualitatively the consequences of space charge effects.
Assuming an reasonable amount of ions equally spaced around the center of an ideal
trap. As a consequence the ion ensemble will create a space charge potential. The
electric field created by this space charge potential will push the ions away from the
center of the trap. This effect is in competition with the strength of the confining
effective potential. Therefore, an equilibrium ion distribution between the space
charge potential and the confining effective potential will be formed. As a result,
the ions can not be equally spaced within the trapping volume. Since the field
free region of an ion trap will increase with the number of multipoles, this effect
will also increase with the order of the multipole trap. Therefore a space charge
potential created by an ion cloud has the same effect of pushing the ions towards
to the rf electrodes as the static voltage U,. from the axial confining entrance and
exit lenses of the 22-pole trap (see section . This has important consequences
for the spectroscopy in higher order multipole traps, because one option to increase
the signal is increasing the number of trapped ions. This will result in an increase
of the above mentioned effect, especially at low temperature. The discussed effect
was also experimentally confirmed by Walz et all® for measurements of the spatial
distribution of a stored ion cloud in an octupole trap.
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Figure 5.36: The plot shows I' as a function of the number of particles in a 22 pole trap using the
in the text mentioned simplistic assumptions for temperatures of 20K, 10K and 4K.
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In order to calculate the density distribution of an ion cloud at a given temperature
inside an ion trap one can make use of the so called mean field approach. Since the
macro motion of ions is well defined in a time independent effective potential, this
approach can be used to describe the global behavior of an ion cloud confined in such
an effective potential 6966 Assuming a thermal equilibrium state of an ensemble of
N-particles than the number density n(r) is given, according to Dubin 67 1y

_ exp(— 7 [V (r)/e + Pac(r) + Puc(r)])
J drexp(=¢Z [V (r) /e + Pac(r) + Puc(r)])

n(r) (5.18)

where N is the total number of ions, V’;(r)/e + ®4.(r) is the effective trap potential
and . (r) is the space charge potential created by the ions. The space charge
potential and the density distribution are related by the "Poisson equation’

.19

Ao, — P8 _ e (5.19)
€o €0
Since the number density n(r) is a function of the space charge potential ®. (see
Eq. and ®,. is determined by the number density (see Eq. , the space
charge potential ®,. = F[n(r)] can be expressed as a functional of the number
density n(r). As a consequence one can rewrite Eq. in the following form

[V fe+ Do+ Fln(r)])) (5.20)

n(r)=c- exp(—kb—T

N
rexp(— g [V /et @actPsc])”

This equation can be solved iteratively via 'Fixed-point-iteration’ in the following
way:

with ¢ = I

1. Assume an initial number density ng(r)
2. Calculate the corresponding space charge potential @, by the use of Eq.[5.19
3. Calculate the new number density n;(r) by inserting ®,.¢ in Eq.

4. Repeat steps 1.-3. until the difference max{abs(n;(r) — n;y1(r))} reaches an
appropriate limit.

In order to perform step 2. a numerical algorithm was developed to solve the Poisson
equation in cylindrical coordinates by the use of the finite difference method (see
section [1.2.1)). Since a knowledge on the static potential ®4.(r) is required (see
Eq. an analytical expression for ®,. was calculated. This can be done by
the following approximation. First, the potential of the 22 rods for cos(£2t) = 0 is
approximated as a cylinder of a radius 7., and a voltage of ®4.(r = 1oy, 2) = 0,
where r = 1y, 2 is defined as the shell surface. At the bottom and the top of the
cylinder a voltage of ®4.(7, 2 = 1) # 0 is applied, where 7 is a function which
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satisfied the geometry of the exit and entrance lenses. This boundary value problem
can be expressed by the following expression 24

k z
r \ cosh(z,—=)
e ) = E i/ n ooy 5.21
d (7’ Z) — f 0 (.T TO:Cy) COSh(xnrOle) ( )

Here Jy denotes the Bessel function of the first kind and zero order while x,, is the
n-th root of the Bessel function. [ is the half length to the lenses (w.r.t. the trap
center) and k is an appropriate order to fit the potential. f, is constant which
satisfies the Laplace problem with the given boundary conditions and is defined as
follows:

2 o r
fn= —/ rF(r)j (xn—) dr 5.22
r%,cy‘]%(xn) 0 ( ) ° 07 cy ( )

F(r) = ®g.(r, £l)

Ji are the Bessel functions of the first kind and first order and F(r) is a function
which represents the static potential for ®4.(r, £1). A comparison of the numerically
calculated potential E| to the analytic evaluated potential is show in Fig. |A.4] The
error of the approximation is Ly crer = 5.84 - 107%. Since this error is small, the
analytical approximation can also be used for a fast integration of the equation of
motions in order to simulate ion trajectories in realistic 3-dimensional 22 pole traps.
Figures - show the calculated number density of an ion cloud inside a
22-pole trap for different parameters. For the simulation the same parameters
(mass = 16 amu and q = +e, V,y =15V | f = 17Mhz) as given sectionwere used.
These plots nicely shows the above mentioned effect of the shifted ion cloud in radial
direction towards to the rf electrodes. Calculations from Champenois et al. [68] who
neglects an additional axial static voltage show a similar behavior. Fig. [5.37| (upper
plot) shows the increase of the number density in radial with an increasing number
of stored ions.

4The static potential can be derived with the BEM method (see section .
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Figure 5.37: The upper plot shows the number density n(r) in ions/cm? as a function of the radial
direction at z = 0 in a 22-pol trap for different numbers of trapped ions at a temperature of 10 K
(Uge = 0.5 V). The number of trapped ions correspond to the circles in the lower plot. The lower
plot illustrates the calculated overlap (see Eq. of a radiation source (beam radius of r,,, = 1.5
mm) with the ion cloud in 22 pole trap as a function of the total number of stored ions for 10 K
with Vg, = 0.5,1,4 V.

As can be seen in this figure, the more ions will be stored, more ions will be pushed
towards the rf electrodes. Be means of spectroscopy in a 22 pole trap, the overlap
between light and the ion cloud around the center determine the strength of our
signal if all other parameters are constant. For a mean laser beam radius of r,,, ~ 1.5
mm the lower plot in Fig. shows the calculated overlap

20 Tm
nror = 2m / /n(r, z)rdrdz (5.23)

—z0 O

of the laser with the ion cloud as a function of the total number of stored ions (10K
and Uy = 0.5,1,4 V). One can see the expected decrease of the overlap with decreas-
ing number of stored ions. Furthermore, the calculations show the as suggested in
section decrease of the overlap with an increase of the applied voltage Uy, at
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the exit and entrance lenses. Figures [5.38 and [5.39| show the number density as
function of the radial and axial directions. Figure [5.39| shows that the ion cloud
widens in axial direction with an increase of the total number of stored ions. This
is a consequences of the electric field which is created by the ion competing with
the effective potential in radial and axial direction. Figure |5.38| shows that with a
decreasing temperature the electric field which is created by the ion cloud becomes
more and more relevant, since the thermal energy becomes smaller than the energy
stemming from the coulomb repulsion (see Eq. [5.17). The calculation done within
the mean-field approach demonstrates the influence of the size of the ion ensemble
w.r.t. the the local density distribution. The results shows also that space charge
effects can not be neglected a priori in 22 pole ion traps for a reasonable amount of
stored ions.
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Figure 5.38: The plots show the number density n(r) as a function of the radial and axial direction

of a 22-pol trap for different numbers of trapped ions at 5 K and 20 K. For reason of comparability,
all distributions are scaled to their maximum value.
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Figure 5.39: The plots show the number density n(r) as a function of the radial and axial direction

of 22-pol trap for different numbers of trapped ions at a temperature of 5 K and an axial trapping
voltage of 0.5 V. For reason of comparability, all distributions are scaled to their maximum value.

Furthermore, these calculations can be used to calculate rf heating effects in a first
order as a function of the number of stored ions. As can seen in Fig. the ions
will be pushed towards the rf electrodes with an increasing number of ions. As
a result, more ions will undergo a ’'higher’ permanent micro-motion. In order to
calculate first order heating effects, one can make use of the time averaged kinetic
energy of the oscillating motion. Within the effective potential approximation this
can expressed by:

(Brinane(1)) = 5m(RE(0) = Vi5(Ro1)). (5.24)

with Ro(t), Ry(t) the macro and micro motion of the ion. The calculation of the
number density in the mean field approach depends on the temperature of an ion
cloud (in a thermal dynamic equilibrium) and the time independent effective po-
tential. The latter represents the kinetic energy of the macro-motion. For the total
kinetic energy the additional micro-motion has to be taken into account. To cal-
culate this additional energy one may take into account that the number density
represents the probability-distribution p(r) that an ion is on average at position
r in the trapping volume. With Eq. the additional kinetic energy from the
micro-motion can be estimated as follows:

<Ekin,micro> = ZP(Ro,z‘) : VT*f(Ro,z‘) (5.25)
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The effective temperature of the ion ensemble can be calculated as follows:

2
3k

with T},4er0 the temperature in a thermal dynamic equilibrium. As can be seen
in Fig. [5.40, the temperature increases with the number of stored ions and with
an increase of the applied dc voltage at the exit and entrance lenses. At small
numbers of stored ions the effective temperature tends to the temperature of the
ensemble in a thermal dynamic equilibrium. Here, increase is mainly determined by
the axial trapping voltage which pushes the ions towards the rf electrodes. With
an a increase of the number of trapped ions space charge effects dominates the
temperature increase. This is caused by the large field free region of a 22-pole trap.
This approximation of first order heating effects in connection with the simulations
done within the meanfield approach reveals that rf-heating is stronger as lower the
nominal trap temperature, as higher the total number of stored ions and as higher
the axial trapping voltage is. For multipole traps of order smaller than n = 11, the
effect of pushing the ions toward to the rf electrodes will decrease but to the same
extent the ions will undergo a longer time period in a not field free region which will
result also in an effective temperature increase.

Teff = Tmacro + : <Ekin,micro> (526)
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Figure 5.40: The plots show the effective kinetic temperature (see Eq. [5.26)) of an ion ensemble as
a function of the number of stored ions (x-axis) and the applied dc voltage (color coded) at the
entrance and exit lenses of a 22-pole trap. Black, red and green indicates V. = 0.5, 1 and 4 V.

Additionally, ion trajectories in a 22-pole trap under the influence of collisions and
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coulomb repulsion due to space charge effects were simulated to verify the mean
field approach. The developed numerical algorithm to solve the Poisson equation in
cylindrical coordinates with use of the finite difference method was used in order to
calculate the space charge effects. As a collision model a simple elastic hard sphere
collision model was used ®. Therefore, the velocity of both colliding particles were
transformed in the center of mass frame. The velocity of the buffer gas particle was
chosen randomly from a Maxwell Boltzmann velocity distribution at the simulated
trap temperature. The collisional impact position of the buffer gas particle was
chosen randomly around the ion. From this, the velocity of the ion after the collision
in the center of mass frame was calculated . The resulting velocity of the ion
is obtained by transforming back into the laboratory frame. The electric field of
the 22 pole trap was calculated using the superposition of an ideal radial trapping
potential (Eq. and the axial electric potential given in Eq. Together with
Eq. the Equations of Motion (Eq. can be integrated very efficiently

A £ <cos(Qt) B, + —(9<I>dc(r, ?) + Emc)
m ox
. e 0Dy (r, 2)
Yy = E <COS(Qt> : Ey + a—y + Ey,sc)
. (& 8<I>dc(r, Z)
P= < o + Ewc) (5.27)

where E; denotes the electric field of the rf part and %dg—gr’z) (1 = z,y) the static

electric field of the trap. Ej; . (i = x,y,2) is the electric field from the ion cloud.
The integration was done with the beforehand mentioned Runge-Kutta-Nystroem-
method. The simulations were performed with an cloud size of 5000, 10000, 20000,
40000 and 80000 ions. In order to reduce the calculation time the simulation was sep-
arated in two phases, an initial and final phase. In the first phase a certain number
of ions were randomly distributed within the trapping volume with a Maxwell Boltz-
mann distribution of 300 K. Furthermore, the integration time step was increased
and the calculation of E,. was only performed for every 20 th. period of oscillation.
Additionally random collision processes with the buffer gas were performed. For
the final phase, the integration time step has been reduced. The calculation of the
electric field due to space charge effects E,. was performed for every second period
of oscillation. This can be done, because the spatial change of the position of the
ion ensemble is very slow, so that the electric field due to space charge effects is not
significantly changing within one period of oscillation. In agreement to the experi-
ments, the frequency of the collisions with buffer gas was following an exponential
decay. After a certain number of integration steps the velocities were stored in a
lI-dimensional histogram (v = ,/vZ +v2 +v7 ) and the positions were stored in a
2-dimensional histogram (r,z components) in order to reduce the memory effort for
saving the positions and velocities of the ions. The histograms were accumulated
until the change of the position histogram did not change significantly anymore.
Furthermore, the velocity component v,, parallel to a laser beam, was extracted for
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all ions at position r <= 0.0015 mm. From this the Doppler broadening can be
calculated to determine the translational temperature of the ions within the overlap
of the laser beam.

Fig. shows the calculated density distribution from the simulation of an ensem-
ble of 5000, 20000, 40000 and 80000 ions at a nominal trap temperature of 5 K and
an axial trapping voltage of 0.5 V. The results of the full numerical approach are
quiet similar to the results from the mean field approach (see Fig. . A closer
in look on Fig. shows that the number density calculated with both methods
differs for r/ry < 0.4. This means that the calculated overlap of a laser with the ion
cloud in Fig. is probably smaller than predicted by the mean field approach.
Nevertheless, the calculations show that the mean field approach is an appropriate
and efficient tool to calculate the number density as a function of the size of the ion
cloud.
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Figure 5.41: The plots show the number density n(r) as a function of the radial and axial direction
of 22-pol trap of an ensemble of 5000, 20000, 40000 and 80000 ions at a nominal trap temperature
of 5 K and an axial trapping voltage of 0.5 V. For reason of comparability, all distributions are
scaled to their maximum value.
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Figure 5.42: The plots show a comparison of the number density n(r) as a function of the radial
and axial direction of a 22 pol trap for an ensemble of 5000 and 80000 ions at a nominal trap
temperature of 10 K and an axial trapping voltage of 1 V calculated with the full numerical
approach (a) and the mean field approach (b). For reason of comparability, all distributions in the
upper plots are scaled to their maximum value. The lower plots show the number density at a cut
in radial and axial direction at the positions indicated by the black lines in the upper plots. The
solid lines indicate the number density calculated with the mean field approach and the histogram
with the the full numerical approach.
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As described above, in the full numerical simulations, the velocities were recorded in
terms of accumulation of velocity histograms. Figurel|5.43|shows a histogram for 5000
and 80000 ions at a buffer gas temperature of 5 K and an axial trapping voltage of 0.5
V. Different temperatures could be calculated from the velocity distributions. As can
be seen in Fig. [5.43|(right panel) the velocity distributions for v, within r <= 0.0015
mm can be well described with a Maxwell-Boltzmann distributions at T~ 5.2 K. The
number of trapped ions has no significant influence on the temperature in the axial
direction. The velocity distribution of the whole ion ensemble (left panel) deviates
with increasing of the number of ions from a Maxwell-Boltzmann distribution, where
the temperature increases with an increasing number of ions. Therefore the mean
speed U4, and root mean square speed v,,s (green vertical line and red vertical
line Fig. [5.43)) were calculated. From this quantities also a temperature could be
calculated which differs from the temperature fitted with a Maxwell-Boltzmann
distribution. This serves to prove once again, as shown in section that the ion
ensemble is not in a thermo-dynamic equilibrium.
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Figure 5.43: The plots show the calculated velocity distributions for an ion ensemble of 5000
and 80000 as indicated for a nominal trap temperature of 5 K and an axial trapping voltage

of 0.5 V. The left panel shows the velocity distribution for v = ,/vZ +v2 +vZ and the right

panel the corresponding velocity distribution for v, within r <= 0.0015 mm. The blue solid lines
indicates the fitted temperatures assuming a Maxwell-Boltzmann distribution (M-B). The vertical
red and green line indicate the mean (T(avg)) and root mean square (T(rms)) speed of the velocity
distributions. The magenta solid and dashed lines in the left panel shows the fit of a weighted
sum of two Maxwell-Boltzmann distributions and their individual contributions with 73 = 5.1 K,
Ty, = 11.0 K and weighting factors w; = 0.83 and ws = 1 — w; for 5000 ions.
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The magenta solid and dashed lines in Fig. m (left plots) show that the velocity
distribution can be well described with a weighted sum of two Maxwell-Boltzmann
distributions. The individual contributions are T} = 5.1 K, T; = 11.0 K and weight-
ing factors of w; = 0.83 and wy = 1 — w; for 5000 ions and T} = 5.62 K, T, = 14.81
K and w; = 0.58 for 80000 ions. From this, a weighted temperature

Tweight = Wiy - Tl + (1 - wl) : T2 (528)

Of Topeignt(5000)= 6.06 K and Teign: (80000)= 9.41 K can be calculated. A compar-
ison to the quantities T(v4yy) and T(v,ms) shown that the temperature calculated
from the root mean square speed v,.,,s is appropriate to describe the temperature of
the ion ensemble. Figure compares the effective temperature calculated with
the mean field approach and the the weighted temperature calculated from the full
3-dimensional numerical simulations of the ion trajectories as a function of number
of trapped ions and the axial trapping voltage. As can be seen in this figure, the first
order calculation of the effective temperature T¢;; (Eq. with the mean field
approach underestimates the temperature of the ion ensemble calculated by the full
simulations. This is due to the fact (as mentioned in section that the energy
of the micro motion is only a part of the energy which is stored in the ion motion.
The other part of the energy is stored in the coupling between the micro and macro
motion (middle term Eq. . Therefore the first order effective temperature 7T,
is only a lower limit of the temperature of the ion ensemble.

Conclusion

The number density of an ion ensemble moving in 22-pole trap were calculated
within the mean field approach and compared to full 3-dimensional calculations of
trajectories. The mean field approach is an appropriate tool to evaluate the influence
of coulomb repulsion to the density distribution of an ion cloud inside a ion trap.
The validity of this approach is guaranteed as long as the the effective potential
approximation is applicable. It could be demonstrated that the ions are not equally
spaced in between the trapping volume and that space charge effects can become
relevant for ion cloud sizes of more than = 5000 ions. For spectroscopy experiments
in a 22-pole trap the axial trapping voltage and the number of stored ions determine
the overlap of radiation with the ion cloud. It would be interesting to measure the
increase or decrease of the overlap as a function of the axial trapping voltage or the
number of stored ions to evaluate the validity of the used numerical approaches.
The simulation additionally shows that the velocity component of the ion ensem-
ble in axial direction, in between the laser overlap, has a translational temperature
slightly higher as the temperature of the buffer gas. Therefore, the Doppler temper-
ature measured in experiments in 22-pole traps®4, which is always higher than the
buffer gas temperature, can not be explained within this calculations. The overall
velocity distributions of the ion ensemble can be well described by a weight sum
of two Maxwell-Boltzmann distributions. Depending on the axial trapping voltage
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and the size of the ion cloud the weighted temperature can increase up to 50% of
the temperature of the buffer gas. The effective temperature T¢;; can be used as a
lower limit of the temperature of the ion cloud.
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Figure 5.44: The plot is the same as Fig. (dashed lines). The solid lines indicated the calcu-
lated weighted temperatures (Eq. via a fit of the sum of two weighted Maxwell-Boltzmann
distributions as function of the number of stored ions and the axial trapping voltage as indicated
in the legend



Chapter 6

Experimental Work

The experimental part of this thesis is structured as follows. First, an overview
about the experimental setup and techniques will be given in section [6.1.1}

Next, the accuracy and the reproducibility of measured ion molecule reaction rate
coefficients using the LIRtrap setup will be discussed . Here, various tests will be
presented to investigate the influence of different experimental parameters on the
determined rate coefficients.

Afterwards, the reaction of N* + H, — NH* + H and its dependence on the fine-
structure state of the nitrogen ions and the nuclear-spin state of the hydrogen
molecules will be analyzed in detail. Besides this, the influence of helium buffer
gas and ternary cluster effects of helium and nitrogen ions to this reaction will be
examined. Additionally, the whole hydrogen abstraction reactions, starting with
N* 4+ H, will be investigated and rate coefficients will be given. Moreover, this
work provides a characterization of a piezoelectric valve which is used to control the
reaction gas flow into the 22 pole trap.

6.1 Experimental Setup and Techniques

Figure shows a schematic setup of the LIRTrap (laser induced reactions LIR)
trapping apparatus. The main parts are the storage ion-source, the first and second
quadrupole mass filter (QMF), the 22-pole trap and the Daly-detector. A detailed
description of all parts can be found in [69],[5] and [70]. The latest version of the
LIRTrap setup is described in [71]. The data acquisition system was modified by
using National Instruments Labview 2012 in connection with a National Instruments
CompactRIdH controller.

This ion trap apparatus can be used to measure reactions between cations and
neutral molecules as a function of the time, temperature and reaction gas density.
Additionally, a laser can be coupled to the setup to measure laser induced reactions.
Details of the LIR-technique can be found in [72].

INT cRIO-9022 controller attached to an 8-slot cRIO-9114 chassis
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In the following, a general procedure to measure reaction rate coefficients in the
22-pole trap (LIRtrap) will be given and some of their limitations will be shown.
To produce the desired ion species, neutral gas is constantly admitted to the storage
ion-source. The ions are produced via electron impact ionization. The ionization
energy can be varied by several eV. It should be noted that the neutral gas flow
to the ion-source results in increase of the pressure of the whole apparatus. The
reached equilibrium pressure is used as the background pressure (pp.er) and has to
be taken into account for the determination of the density of the neutral reaction
gas. After a certain storage time, the ion source will be opened for a few ms via an
electrostatic einzel lens to inject the ions into the first QMF to select the desired
ions and guide them to the 22-pole trap. Because of the residual gas pressure of the
whole apparatus, the ion source will produce different species of ions and therefore
this selection process is necessary. Nevertheless it is possible that also undesired
ions-species can reach the 22-pole trap, because the QMF can only select the ions
by their charge to mass ratio. To trap the ions, the voltage applied at the entrance
lens is lowered in this way that the ions can pass the entrance of the 22-pole trap
while at the exit lens, a static voltage is applied that the incoming ions will be
reflected at this barrier. After a few microseconds (this roughly corresponds to the
traveling time of the ions through the trap) the voltage at the entrance lens will be
increased so that the ions can not leave the trap. To ensure that no more ions can
enter the trap during the storing time, an additional set of einzel lenses will deflect
all following ions. To increase the trapping efficiency, a short (=~ 0.1 — 10 ms) and
intense (a 10'6 molecules/cm?®) Helium pulse is injected via a pulsed piezo valve to
the trap before the ions arrive. The function of the buffer gas pulse is to decelerate
and thermalize the incoming ions to the nominal trap temperature via collisions.
During the measurement, the neutral reaction gas is usually constantly admitted to
the trap. Due to collisions with the inner walls of the housing of the trap, it can be
thermalize to the nominal trap temperature. The time for storing the ions in the
presence of the reaction gas can varied from milliseconds to several seconds. After
this time, the exit lens will open and all product ions can leave the trap. With the
second QMF all product ions can be mass selected and separately detected /counted
with the detector. Unfortunately only cations can be detected with the used Daly
detector. A detailed description detecting cations via a Daly-detector can be found
in [69]. This procedure will then be repeated at several storage times for each
product ion to record a time evolution of an ion-neutral reaction. The pressure of
the ion-source and the chamber is monitored during the whole measurement by two
hot cathode ion gaugesﬂ The temperature of the trap itself is measured by a silicon
diode [l

To perform the experiments at variable temperatures, the copper housing of the
trap itself is mounted on a 10 Kelvin Leybold cold-head. This enables to measure
in a temperature range from 300-10 Kelvin. To hold the temperature of the trap

2ARUN Microelectronics
3Lake Shore Cryotronics Silicon diode DT-470



86 Chapter 6. Experimental Work

constant for long periods of time, heating elementsEl are mounted around the cold-
head. The maximum achievable heating power is limited by the connection between
the heating elements and the cold head and their maximum heating power. Here,
the temperature should not exceed ~ 330 K to prevent damage on the cold head.
Unfortunately, the current LIRtrap setup allows a stable temperature controlling
only between 10 K and 30 K.

Figure 6.1: Schematic of the 22-pole trap setup ™. The storage ion source is used to produce
ions by electron impact ionization with neutral gas and store them by a rapidly oscillating voltage
applied to the electrodes of the source. The first QMF selects and guides the desired ions. The
einzel-lenses are used for guiding and focusing the ion beam. The ions are trapped in the 22-pole
trap, which is mounted on a 10 Kelvin cold-head (Leybold), together with a neutral reaction and
buffer-gas to cool the ions and perform experiments. The second QMF selects the product ions
from the reaction to count them at the Daly-detector.

6.1.1 Determination of the Reaction Gas Density

The number density of the reaction gas inside the trap can be calculated with the
following relation 7

n(cm_3) =4.18-10'7. Jeal 'ptmp(mbar)

Tou(K) (6.1)

where f.,; is a gas specific calibration factor which depends on the used pressure
gauge. (The calibration for the LIRTrap apparatus was done with a hot cathode

4AMINCO Heating elements
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ion gauge from ARUN Microelectronics and a Spinning Rotor Gauge System from
MKS). T}qp is the nominal temperature of the trap measured with a silicon diode
(Lake Shore Cryotronics Silicon diode DT-470) and pqp is the pressure difference
between the background pressure (pp.r see sec. and the resulting pressure
due to the continuous flow of neutral reaction gas into the trap, measured with the
ion gauge outside the trap. Further information about the determination of the
calibration factor f.,; can be found in Gaertner [73]. For LIRTrap the factors for
hydrogen fm, ca = 84.69 and helium fre cqr = 299.26 were estimated.

6.2 Time Evolution of Chemical Reactions

In general, each chemical reaction can be described as follows:

k
A + B + energy == C+D+ energy, (6.2)
k

b

where A and B are the reactants and C' and B are the products. Also a certain
amount of energy can be required to promote a reaction or can be released due to
the reaction. k¢ and &, are the rates of the forward and the backward reaction. In
order to determine these rates, the time evolution of a chemical reaction has to be
measured. The time dependence of ion-molecule reactions can be measured in ion
traps by varying the storage time of the ions in the trap in presence of the neutral
reaction gas. The procedure for such a measurement is decribed in section |6.1.1]
A measurement of the time evolution of the reaction of CO" ions with n — H,
molecules were n stands for normal hydrogen with an ortho/para ratio of 3:1 is
shown in Fig. [6.2] This ion-neutral reaction can be modeled as follows

CO" +n—H, % HCO™ + H. (6.3)
b

If the number of the neutral reaction gas is much higher than the number of the
ions, then such an ion-neutral reaction can be described as an pseudo first order
reaction™ . Under the assumption of no other reaction channels, the change of
the number of primary ions (CO™) and product ions (HCO™) as a function of the
storage time can be modeled as,

dCO™
dHCO™ (64)
—— = ky[H]COT

where [Hs] is the number density of the neutral reactant. Because of the small
amount of H atoms in the trap (each single reaction event forms one H atom and
gets lost in the trap) and the continuously admitted H,, the backward reaction k,
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can be neglected. This system of first order coupled differential equations is solved
by the following equations.

CO*(t) = CO{, - exp(—Fk;t)

HCO* (1) = COLy - (1= exp(—Fyt) ) . (6.5)

This system of equations can now be fitted to the measured time evolution to de-
termine the rate of the reaction ky. The rate coefficient ky is connected to the rate
in the following

ky
[H,]

In order to calculate an absolute rate coefficient (Eq. , the knowledge of the
number density is essential.

ky = (6.6)
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Figure 6.2: The plot shows the time evolution of the reaction of CO™ ions (black dots) with n —H,
molecules in a 22-pole trap at a temperature of 23 K (nominal trap temperature) and a constant
H, pressure of 1.99 - 107 [mBar].

6.3 Testing the LIRtrap Setup

Aim of this PhD thesis was to continue the work of S. Géartner who was previously
working on the LIRTrap apparatus on the N* + H, reaction system. In her the-
sis [75] she elaborated on some experimental parameters e.g. the cycle-time (time
for each individual measurement), amplitude of the rf trapping voltage, pressure
of the primary ionization gas in the ion-source or electrical potentials of the ion
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trap apparatus, that have an influence on the reproducibility of the measured rate
coefficient for the reaction

N* 4+ H, M NHY + H. (6.7)

She comes to the conclusion that as far as the cycle time, the electric guiding and
trapping potentials are not changing the reproducibility could be improved. Since
the rate coefficient should be largely independent from these parameters, as long as
the values of these parameters are chosen within a suitable range, the reaction [6.7]
was measured again as a function of the temperature. Figure[6.3|shows an Arrhenius
type plot of the repeated measured rate coefficients for reaction[6.7] This plot shows
a comparison of the measured rate coefficients at the beginning of this thesis (black
circles) and the measured rates after improving the measurement procedure and
determination of the relevant parameters (blue squares).
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Figure 6.3: The plot shows the initial (black circles) and final (blue squares) measurements of the
temperature dependence of rate coefficient kg for the reaction N* +n—H,. These measurements
were recorded within a period of ~ 2 years.

It is clearly evident that the first measured rates have large fluctuations which in-
crease below 25 Kelvin. The absolute value of the rates is almost the same for
temperatures above 20 Kelvin. Below 20 Kelvin the rates measured at the begin-
ning of this thesis deviate significantly up to a factor of 3 from the measurements
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performed after improving the setup. To identify the reasons for the large fluctu-
ations in the measured rate coefficients, the LIRtrap setup and the measurement
procedure were tested w.r.t. all relevant experimental parameters.

In the following section, the results of these tests will be summarized.

6.3.1 Tests to Improve the LIRtrap Setup

In this section the results of all tests in order to improve the LIRtrap setup will
be summarized. The details of the necessary measurements for these tests can
be found in the appendix Furthermore, an experimental procedure will be
described in order to get reliable and reproducible results for ion-molecule reaction
rates coefficients in the LIRtrap apparatus.

The following list gives an overview about all performed tests:

1. The stability of guiding and trapping the ions

2. Saturation effects of the ion detection system

3. Temperature behavior of the calibration of the neutral reaction gas

4. The number density of the reaction gas at low temperatures

5. Measuring rate coefficients during the cool down phase of the apparatus

6. The equilibrium between the number density inside and the pressure outside
of the trap

1. The Stability of Guiding and Trapping the Ions

The main reason for the observed periodic instabilities in the number of counted
ions, as also reported by S. Gartner, could be identified and largely improved. Due
to the wrong applied heating voltage (a AC-voltage with a frequency of 50 Hz) for
the tubes of the rf-frequency generator, the amplification of the rf-voltage was mod-
ulated by a 50 Hz signal, which caused this periodic instabilities.

The stability of trapping the ions was investigated w.r.t. the accumulated number
of trapped ions for different storage times in the 22 pole trap. If the number of ac-
cumulated measurements is chosen too small, statistical deviations of the assumed
normal distributed number of trapped ions can also lead to fluctuations in the de-
termined rate coefficients. Further details of these measurements can be found in

the appendix [A.3.1]

2. Saturation Effects of the Ion Detection System

By measuring the number of ions detected by the photomultipherE] (PMT) and

SHAMAMATSU R647-01
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comparing them to the number of converted PMT-signals from the discriminator EL
saturation effects of the detection system could be observed ( Fig. |6.4). Due to
the detection limit of the discriminator (300 MHz), very rapid sequentially arriving
ions signals from the PMT can get lost at this stage and cannot be counted. These
effects can systematically influence the determined rate coefficients to lower values
up to 5%. To reduce saturation effects, the number of stored ions should be limited
to < 1000 and the voltage of the exit lens should be lowered as a function of time
(to eject the product ions out of the 22 pole trap) to spread the ion cloud.
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Figure 6.4: The plot shows the relation between detected N* ions (PMT-signals) and discriminator-
signals as a function of the ramp-time (RT). With increasing the number of ions and the ramp-time
saturation effects becomes visible. The black solid line indicates a perfect one to one relation. The
colored solid line shows the fitted lines for different ramp-voltages.

For the latter, a lowering speed or a ramp-time (RT) of 6 mV/us was found to be
sufficient. Further details of these measurements can be found in the appendix[A.3.2]

3. Temperature Behavior of the Calibration of the Reaction gas

Since calibration of the neutral reaction gas density (see section |6.1.1) can only

6Philips Scientific 300 MHz Discriminator Model 6904
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be performed at room temperature |Z|, the validity of this calibration w.r.t. lower
temperatures was tested. Therefore an exothermic reaction where the rate coef-
ficient is expected to be independent from the temperature was used. Here, the
following reaction was chosen:

N,™ + H, - N,H' + H. (6.8)

In terms of a constant determined rate coefficient of k; = 1.50 - 107 em3s~! as a
function of the temperature, it could be shown that the temperature behavior of the
calibration is correct. Figure shows the Arrhenius-curve of the estimated rate
coefficients for this reaction.
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Figure 6.5: The plot shows the Arrhenius curve for the reaction of N;L +Hs. The black dots indicate
the rate-coefficients calculated directly with the number density of H, estimated via Eq. The
blue dots indicate the estimated rate-coefficients from measurements with different H, pressures in
the trap at a certain temperature. The rate-coefficients are calculated from the slope of the linear
dependence of the H, number density and the rate k Eq. The red dashed line indicates the
theoretic calculated Langevin-rate of ky, = 1.52- 1079 [em?3/s™1].

"The used Spinning Rotor Gauge System from MKS for the calibration is operating outside
from the trap at room temperature.
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To verify the correctness of the absolute value of the number density with this
method the rate coefficient for this reaction has to be known precisely.
Furthermore, during these measurements also the CO™ ion which has the same mass
as the NJ ion could be identified based on the reaction dynamics with H,. The
occurrence of the CO™ ion in the residual gas is probably caused by some deposits
from old experiments with methane e.g. CHZ or the one broken filament of the ion
source. Because of the high temperature inside the source it is also entirely possible
that the amount of carbon comes from the stainless steel parts of the ion-source. A
contamination due to a leak in the vacuum system could largely be excluded using
a leak detector. The fluctuation between the rates at equal temperatures (black
dots Fig. revealed a further problem, which arises from the calculated number
density of the reaction gas in the 22-pole trap. This problem will be discussed in
the next paragraphs.

Further details of these measurements and all determined rate coefficient also for
the reactions of N,© + H, N H + N, and Hf + H, LN Hj + H can be found in

the appendix [A.3.2]

4. The Number Density of the Reaction Gas at Low Temperatures

At low temperatures the effect of cryosorption™ in particular the adsorption or
the freezing out of the reaction gas on the inner walls of the copper trap housing has
been taken into account. It could be shown that the effect of adsorption together
with small fluctuations of the trap temperature (AT < 1K), caused by instabilities
of the heating system of the trapﬂ, can significantly influence the measured rate
coefficients (see Fig. appendix). This effect becomes more relevant for rather
fast reactions. As can be seen, a change in temperature of AT ~ 1K) can result in
a temporarily change of pressure py.q, up to 70%.

Additional factors which have been taken into account in order to determine the
number density of the reaction gas reliable and details of these measurements can
be found in the appendix [A.3.4 Figure illustrates this effect in terms of the
measured pressures at the ion-gauges and the simultaneous measured trap temper-
ature.

8This instabilities are caused by problems in the thermal contact of the heating wires around
the coldhead.
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Figure 6.6: The plot shows a measurement of the temperature (black) and the pressure measured at
the first QMF (psource, green) and in the main chamber (pyyqp, red) at 10 K. The blue dashed line
marks the residual pressure of the apparatus. One can see that each variations in the temperature
correlates to the measured pressure at both ion-gauges.

5. Measuring Rate Coefficients During the Cool Down Phase of the Ap-
paratus

In order to determine rate coefficients efficiently as a function of the trap tem-
perature, it is proposed to measure the reaction rates during the cool down phase of
the apparatus. Due to the above mentioned effect of the adsorption of the reaction
gas as well as the residual gas on the inner walls of the trap housing, this technique
can lead to large errors. This fact can be seen nicely in Fig. |6.7]
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Figure 6.7: The plot shows the results of 10 measurements in term of the calculated rates for

the reaction CO" + H, — HCO™ + H in range from 10-100 Kelvin. These measurements were

performed during the cooling down phase of the apparatus. A heating current to slow down the

rate of cooling the trap was applied. The measurement indicated with the sandbrown dots in the

range from 20 to 100 Kelvin is a measurement after stopping the cooling of the trap.

Further details of these measurements can be found in the appendix [A.3.5]

6. The Equilibrium Between the Number Density Inside and the Pres-
sure Outside of the Trap

By measuring the decay of the N* ions, using the reaction N*+n—H, — NH"+H,
and simultaneously measuring the reaction gas pressure of the ion-gauge in the main
chamber (ptqp) it was tested, how long one has to wait untill an equilibrium between
the number density inside and the pressure outside of the trap is achieved. It could
be shown in terms of the determined reaction rates that although the measured pres-
sure at the ion-gauge is almost constant, the pressure inside the trap is increasing.
As can be seen in Fig. [6.8] an equilibrium between inside and outside of the trap
is reached after ~ 2 hour with respect to the time since opening the valve for the
neutral reactant. As a result of this, the determined rates are systematically smaller
if the experiment is performed in a time interval of 0.5-1.5 hour after opening the
neutral gas valve.

Further details of these measurements can be found in the appendix |A.3.6|
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Figure 6.8: The plot shows a measurement of the depletion of the N* ions in terms of the calculated
rates (black dots) as a function of the time since opening the valve for the neutral reactant H, at
10 K. The baseline (red) of the blue lines shows the correspondent H, pressure measured outside
of the trap. The spikes, which are cut, at the blue curve result from the Helium piezo pulse at the
begin of each single measured point to thermalize the incoming N ions.

Conclusion

The measurements described in this section have shown, that various experimen-
tal parameters have an influence on the reproducibility and the accuracy of the
determined rate coefficients. The following list summarizes these parameters.

1. The number of accumulated measurements can statistically influence the re-
sults.

2. The ion-counting process can influence systematically the results to lower rates
if the number of trapped ions is significant larger than 1000.

3. The speed for lowering the voltage of the entrance lens of the trap in order to
eject the ions should be chosen around 6 mV/us, to avoid saturation effects
of the detection system.

4. For temperatures below =~ 25 K and/or low reaction gas pressures, one has
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to be very careful in order to avoid a temporarily rising of the reaction gas
pressure as a consequence of adsorption effects.

5. Measuring rate coefficients during the cool down phase of the apparatus can
result in errors of the rate coefficients, especially at low temperatures.

6. An equilibrium between the number density inside and the pressure outside of
the trap can not be assumed for a constant pressure measured outside by the
ion-gauges. Measurements performed too early w.r.t. the time since opening
the valve for the neutral reactant can result in systematically smaller rate
coefficients.

Based on this list, the measurement procedure could be optimized in order to re-
duce the fluctuations and to guarantee the reproducibility of the measured rate
coefficients. A detailed description for an optimized measurement procedure w.r.t.
the listed experimental parameters can be found in the appendix

All problems discussed above show that the calculation of the neutral reaction gas
density is the most difficult part in determining absolute ion-molecule reaction rate
coefficients.

The finally calculated effective rate coefficients ky; for the initialization of the ammo-
nia synthesis (Eq. are shown in the Arrhenius type plot Fig. (blue squares).
Despite the continuing uncertainties, the fluctuations in the measured rates could
be reduced and the reproducibility could be improved. This demonstrates that the
strategy described in section is appropriate for a reliable measuring of reaction
rates as a function of temperature using the LIRTrap apparatus.



Chapter 7

Nt+H, — NH" +H

As was mentioned in the introduction, until today, it is not clear, if the formation of
NH™ is endothermic or hindered by a barrier. A lot of experimental data suggests
that the title reaction is slightly endothermic by a few tens of meV. A step towards
to answering the question, how different forms of energies (thermal energy, electronic
energy of N+(3Pja) and rotational energy of H,) can help to promote this reaction
was done by Marquette et al.”. They have shown, using the CRESU technique,
that the rotational energy of the hydrogen molecule (j = 0,1) is as efficient as the
thermal energy in promoting the reaction NT(*P,) + Hy(j=0) — NH' + H with an
endothermicity of AH = 18 £2 meV. The influence of the fine structure population
of the nitrogen ion on the reaction

N*(°P;,) + Hy(j) = NH" + H (7.1)

was investigated in Cologne in 2008 with LIRtrap and 2017 with COLtrap™ using
spectroscopic methods. The aim of these experiments was to depopulate the P,
state of the nitrogen ion via THz-radiation at v = 1.461 Thz™ to observe a change
in the reaction rate with para-hydrogen (2008 LIRtrap) or to prevent the formation
of weakly bound (N—He)" cluster at 4 K (2017 COLtrap/™). Since the power of
the used radiation source is in the range of uW and the Einstein A coefficient for
this transition (°P, — P;, A ~ 3.5-107¢ s~ 1B is three order of magnitude
smaller compared to other experiments with rotational transitions, no effect could
be observed. Therefore, these results remained unpublished.

First information on state specific rate coefficients for the reaction are given
in the latest results of Zymak et al. [46]. Based one measurements of the title
reaction as a function of temperature and the ortho/para fraction of the hydrogen
in a 22-pole trap they were able to extract, assuming strict adiabatic behavior,
state specific rate coefficients for the first time. They concluded that there are still
uncertainties, how the energy of the fine-structure states of nitrogen is available
for driving this reaction. In addition to the experiments, reaction has been
the object of some theoretical studies (Nyman and Wilhelmsson [82],Russell and
Manolopoulos [83]). Nyman and Wilhelmsson applied a model based on strictly
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adiabatic behavior excluding reactions of nitrogen ions in the N*(3P,) state as well
as collision induced changes of fine structure state populations. Thus, only initial
population of the two lowest fine structure states N™(3P,) and N (3P, ) is taken into
account. A comprehensive summary of previous theoretical treatments and further
experiments concerning the role of the fine-structure of nitrogen can be found in
Zymak et al. [46].

In the following sections, a detailed analysis of the N*(°P,,) + Hy(j) — NH" + H
will be given.

7.1 The N+(3Pja) + H,(j) Reaction

In this section state specific rate coefficients for the title reaction will be derived
using a non-adiabatic approach. In order to motivate the non-adiabatic approach,
first the adiabatic approach, based on Nyman and Wilhelmsson® will be used
for evaluating the measurements. Here, limitations and conflicts of the adiabatic
approach w.r.t the observed measurements will be discussed. Furthermore, two
rather easy approaches for a quantitative analysis of the effective rate coefficients
will be described. The first approach describes the temperature dependence of the
rate coefficients using a simple Arrhenius function

k(T) = ]{IA . exp(—TA/T) (72)

where Ty = FE4/ky is the activation temperature, F, is the activation energy and
ky is the Boltzmann constant. The second approach is to evaluate the temperature
dependence by a weighted sum of two Arrhenius functions

kers(T5 f) = fhoexp (Tao/T) + (1 = f)kpexp (Tap/T) . (7.3)

Here, k, and k, are the rate coefficients for a high temperature and T4 ,, T, are
the activation temperatures for the reaction with ortho and the para, respectively.

f= [O[;{Hf] denotes the fraction of ortho-hydrogen in the sample. In addition to the
temper;ture dependence, the second approach allows the evaluation of effective rate
coefficients in dependence on the rotational state of the hydrogen molecule. The ap-
pendix contains detailed results of this calculations. Before going into details
of the adiabatic and non-adiabatic approach, the results of the performed measure-
ments will be compared to previous works. Figure [7.1] shows an Arrhenius plot of
the experimental thermal rate coefficients for the title reaction with normal-H, and
para-H, from the actual measurements and for previous experiments. The rate co-
efficients determined by Zymak % for the reaction with n — H, (f = 0.75) deviates
towards lower temperatures up to three times to the actual measurements. The val-
ues measured by Gerlich®¥ are in better agreement with our data. In comparision
to Marquette 88, our rates are inbetween. The reason for the differences is unclear,
but they illustrate the challenge of measuring absolute reaction rate coefficients.
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Figure 7.1: Arrhenius plot of the effective rate coefficients for the title reaction with n — H, and
p — H, from the actual measurements and previous works (see legend).

7.1.1 The Adiabatic Model

Nyman and Wilhelmsson®2 applied a theoretical model for the reaction which
was also used by Russell and Manolopoulos [83]) to study this reaction. This ap-
proach, based on strictly adiabatic behavior, excludes reactions of nitrogen ions in
the N*(3P,) state as well as collision induced changes of fine structure state pop-
ulations. Thus, only the initial population of the two lowest fine structure states
N*(®P,) and N*(°P;) is taken into account. In order to apply this approach to
evaluate our measurements, a model mentioned by Marquette et al. [77] will be
used. This model includes the thermal population of the fine structure states of the
N*(°P;,) (ja = 0,1,2) with their state specific rate coefficients and the rotational
states (j = 0,1) of the hydrogen molecule. Following this ansatz an effective or
thermal rate coefficient can be written as:

eff f Z gja kl,]a Z fja kO,jCL ) (74)

ja=0 ja=0
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Jja

The coefficients ;,(1) account for the thermal population of the fine structure states
of N*(°P,,) with ja =0, 1,2

() = s o (% (7.5)

where Z(T') is the partition function, g;, are the degeneracies and Ej;, the energies
of the three fine structure states (see Tab7.1)).

N*(°Py.) | Gja | Eja [meV]
N+(3PO) 0
N*(P,) |3 | 6.1
N*(P,) |5 | 16.2

Table 7.1: Degeneracies gj, and the energies Ej, for the three lowest fine structure states of the
nitrogen ion [79].

k;ja(T) are the state specific rate coefficients each defined as Arrhenius function

A TA
ija(T) k] ja €XP (TJ) : (76)

The coefficients kJA]a describe the reaction rates for high temperatures and T’ J Vo 18
the activation temperature. Including the strict adiabatic behavior into this model’},

the effective rate coefficient is obtained by

eff f Z gja kl j(l Z €]a kO,]a ) (77)

7a=0 7a=0

Zymak et al. [40] initially used this approach in order to determine state specific rate
coefficients for the title reaction. A consequence of strict adiabatic behavior would
be that N* ions in the 3P, state are completely insensitive to collisions with H., H6.
These assumptions are in contrast with our experimental results where all N* ions
sooner or later depleted. In order to compare our results to the results of Zymak 2!
the same model is used. In accordance with Zymak, we also disregarded the fact
of the forbidden fine state changing collisions. This means, the evaluation of the
experimental data is based on the assumption that the fine structure is thermally
populated according to the trap temperature due to collisions with the helium buffer
gas within a few ms. Additionally, one must assume that the remaining nitrogen ions
in the N*(°P,) state at high temperatures (see Fig. [7.12)), can be neglected or relax

1Only the initial population of the two lowest fine structure states N*(3P,) and N*(3P,) is
taken into account
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rather fast, due to collisions with He or H,, and that only the two lowest reactive fine
structure states remain] The results are shown in Figure together with results
of a global fit of Equation [7.7] using the same set of state specific rate coefficients
across the whole data set (Table [7.2), varying only f as appropriate. The obtained
best fit value f = 0.0114 agrees with the ortho contamination of f = 0.015 £ 0.005

determined via Eq. (see [A.3.7)).
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Figure 7.2: The plot shows determined effective rate coefficients from actual measurements of p-H,
(green circles) and n-H, (black circles). For comparability the rate coefficients from Gerlich 84 and
Zymak 48 for n-H, are plotted. The black and green solid lines show the global fit of the thermal
rate coefficient via Eq. [7.7] for n-H, and p-H,. The individual thermal weighted contribution of
the state specific rates k; jo(T) for n-H, are plotted as gray solid and dashed lines indicated with
arrows. The dashed yellow line indicates the lower detection limit, scaled to highest possible ratio
of HD-H,, of 3.8 - 10, by reactions with the amount of HD in the H, gas 731

2Please note that the evaluation does not include any time and temperature depended relaxation
rates for fine structure state changing collisions.
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g, ja | ka [1071%em3/s] | T4 [K] | Reference

ko0 12.22 222.75

k1,0 1.51 26.47 | this work

ko 6.74 189.73

k1. 8.83 36.88

ko0 12 230

kio |19 18 Zymak et al. [40]
koo | 14 230

ki | 12 40

ko2 0.51 53.4 rates for kinetic reaction model
k1o | 1.44 184 Zymak et al. [40]
kro_1 | 0.58 37.0 rates for relaxation
kri—o

Table 7.2: The table shows the state specific rate coefficients for the title reaction used to fit the
data in this work and the set which was used by Zymak et al. [46]. Also given are state specific
rate and relaxation coefficients used by Zymak for the non-adiabatic model.

7.1.2 The Non-Adiabatic Model

As mentioned above, the evaluation of the measurements using the adiabatic ap-
proach B2 (Eq. is internally inconsistent w.r.t. the experimentally observed
depletion of all N* ions. Consequently, the calculated state specific rate coefficients
via Eq. (Tab. must be incorrect. Figure shows the reproduction of the
measured mono exponential decay of the NT ions as a function of the trapping time,
assuming the correctness of the calculated state specific rate coefficients via Eq.
(Tab.[7.2). It can be seen that this set of rate coefficients can not reproduce a mono
exponential decay for different temperatures. In the first 100 ms the decay looks
almost the same. For longer trapping times the decay deviates strongly from the
expected decay (yellow dots). Only the curve for 10 K follows the expected decay,
because the population of the 3P, and °P, state is at 10 K close to zero and the
effective rate for the 3P, population is dominated by f - ki (f = 0.75) which is the
expected thermal rate. This behavior is due to the fact that no fine structure state
changing collisions and reactivity of the 3P, state is included in this model. This
means Eq. [7.7] is appropriate to describe the thermal rates as function of the tem-
perature in terms of state specific rate coefficients, whereby these state specific rates
coefficients are only a first order approximation of state specific rate coefficients for
reaction [7.1]



104 Chapter 7. N* + H, — NH* + H

I o P P P P ]
% 3 3 3 | 0 T=100 K
102f NS e e — — 4 T=60K |

108 [ N s SRS SIS

00) N T N T2k

N7 ions

10 |t e N o R =
w02 — N R . >0

b N

10°He o effective decay [ Cs N T

J J ; ; L% "T=10K

0.0 0.5 1.0 1.5 2.0 2.5
time [s]

Figure 7.3: The plot shows the hypothetic decay of the NT ions as a function of the trapping time for
different temperatures as indicated, following the adiabatic model of Nyman and Wilhelmsson [82],
and using the state specific rate coefficients in Tab. [7.2] The hydrogen number density is chosen
that the measured rate k = 8 s~! from the experiment would be equal for all temperatures. The
yellow dots indicate the expected mono exponential decay. The diamonds at the end of each curve
indicate the non reacting nitrogen ions which are populated in the 3P, state.

In order to achieve a mono exponential decay as observed in the measurements
the non-adiabatic model can be applied. Within the non-adiabatic approach, fine
structure state changing collisions

krja—ja’
P, +X <_k_—_> 3Pja, +X (7.8)
Tja!~ja
where X denotes the collision partner, and/or reactivity of the *P, state are taken
into account. Figure [7.4] shows a scheme of a time depended non-adiabatic model,
introduced by Zymak et al. [46] which assumes reactions and collisional relaxations
of the 3P, state. The state specific reaction and relaxation rate coefficients are as-
sumed to follow a simple Arrhenius temperature behavior (Eq.[A.14)). The backward
relaxation rates are related to the principle of the detailed balance’|
]CTf_n'(T) (2]@2 + 1)

koo (T)  jag+1) F (AE/RT) (7.9)

3micro reversibility
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where ¢ and f denotes the initial and final state and ja the state of the Nitrogen
ion and A E denotes the difference of the internal energy of the fine structure states
(Tab.[7.1]). This non-adiabatic model results in a system of three coupled differential
equations, which are able to describe the decay of the NT ions as a function of time.

E A [meV]

30.9 + ~1—k1,2
20.8 1+ 1 k1 s
751 ' s 3y ——
. -+ &1 mimt. 0,
17T BT ~‘? k1,0
kro 1
6.1+ 3p T 0 ko,1
kry o
0 + 3p0 ............... 0 ko, o
T T AT E T T /A3 P NTT ."q_""""""—q_—"
(N(°Pj)H2(j) )" NH

Figure 7.4: Energy scheme of the state specific the title reaction introduced by Zymak et al [46].
The gray dotted lines indicate, following the adiabatic model, the allowed paths to form a
(N(®P,—0.1,2)H(j=0,1)3)* complex and react to the NHT ion. The red dashed dotted lines indi-

cate the forbidden path to form the (N(®P,)H(j=0,1)3)* complex, which is considered to be non
reactive. The black and red arrows (pointing to the NH™* ion) show the state specific reaction rates,
where red indicates a forbidden reaction (strict adiabatic model). Additionally relaxation rates
for fine state changing collisions kro_1 and kry_g are marked with black arrows. The gray arrows
show the reverse relaxation rates. Remark: The adiabatic model of Nyman and Wilhelmsson [82]

kro_ja .
inhibits also fine state changing collisions from P, RN 3Pja (ja=1,0).

Since collisional relaxation of the fine structure is allowed within the non-adiabatic
model, an obvious assumption is that collisions of N with helium or hydrogen can
change the population of the fine structure states which could result in change in
the observed rate coefficient. An influence of the helium and hydrogen number
density to the rate coefficients could be a first hint at the role of the energy of the
fine structure states of the N* ions in promoting this reaction. Motivated by these
hypothesis, experiments to evaluate a possible change of the rate coefficients as a
function of helium buffer gas and hydrogen number density were performed. These
measurements and its results will be presented in the next paragraph.
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Influence of the Buffer Gas Density on the Rate Coefficients

For testing the influence of the helium and hydrogen density on the effective re-
action rate coefficient, experiments at 29 K and 10 K nominal trap temperature
with p-H, with additional helium during the whole reaction were performed. Due
to experimental limitations (temperature can be held constant for long periods of
time only below 30 K, see section these two temperatures were selected. The
measurements were performed as follows:

1. Cool down of the apparatus to the desired temperature.

2. Confirming the stability of trapping the ions in presence of a helium buffer gas
pulse and an additional constant amount of helium over several seconds.

3. Admitting the neutral reaction gas p-H, into the trap.

4. Performing a 4-point measurement, using only an initial buffer gas pulse in
order to trap the ions efficiently and thermalize them.

5. Performing a 4-point measurement with different amounts of additional helium
in the trap at the same p-H, density as before (still using the initial buffer gas
pulse).

6. Performing a final 4-point measurement, using only an initial buffer gas pulse
in order ensure that the p-H, density had remained constant.

7. Increasing or decreasing successively the p-H, density and perform steps 5-7
again.

The number of accumulated measurementsﬁ at a specific hydrogen and helium num-
ber density was 30 and 40 for 10 K and 29 K, respectively. Figure shows four
typical measurements at 10.15 K and 29 K using only an initial helium buffer gas
pulse (black) and additionally to the buffer gas pulse a constant amount of helium
during the reaction (red). As can be seen in Fig. the rate of the decay of the
NT ions increases in presence of helium during the reaction. Since a reasonably
amount of helium (~ 10 e¢m™2) was used, possible contamination with n-H, and
(NHe)" (n = 1,2,3,...) clusters has been taken into account, resulting in larger
effective reaction rates. The possible n-H, contamination of the helium has been
evaluated using the exothermic reaction of Nj with H, (section . The observed
decrease of NJ ions and the increase of N,HT ions was monitored in presence of
helium and the contamination was derived based on the expected rate coefficient for
reaction (Tab. . As helium clustering with the nitrogen ion at low temper-
ature would further complicate the analysis, these measurements were performed at

4Number of measured depletion curves of the N* ions at a certain hydrogen and helium number
density.
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16 K (Fig.[A.19)). A contamination of % = (1.2+5.5) - 1077 was derived, which is

in line with the maximum expectable contamination of 0.5 ppm for helium 6.(f|.
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Figure 7.5: The plot shows four measurements at 10.15 K and 29 K using only an initial helium
buffer gas pulse (black) and additionally to the buffer gas pulse a constant amount of helium
during the reaction (red). The dashed lines indicate a mono-exponential fit of the data. The red
dashed-dotted line in the upper plot indicates a correction, assuming a helium cluster formation
with a ternary rate coefficient of k; = 1.5 - 1073° ¢mS%/s and a contamination of hydrogen in the

helium of {2k = 71077,

The influence of (N—He);} (n = 1,2,3,...) cluster effects is described in section [9.1]
It has been shown that these effects have to be taken into account for temperatures
below 15 K. The influence of a contamination of hydrogen in the helium and a cluster
formation is shown in Fig. [7.5| (upper plot) as the red dashed-dotted line. Assuming

Shttps://produkte.linde-gase.de/laserbetriebsgase/helium_6.0.html
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a worst case with g—g = 7-1077 and a ternary rate coefficient of k; = 1.5 - 1073

emb/s (Tab for the (N—He) cluster formation, the effective rate decreases by
~ 3%, where the contamination of hydrogen in the helium is negligible.
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Figure 7.6: The plot shows the rate calculated from the decay of the NT ion as a function of the
para hydrogen number density for 10.15 K (a) and 29 K (b) for different amounts of helium during
the reaction. The label 'pulsed’ denotes the measurements using only an initial helium buffer gas
pulse. The large error bars in the upper plot are the consequence of operating the cold head. Due
to this operation the temperature varies periodically (slightly), which causes fluctuations in the
hydrogen pressure by cryosorption effects.
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Figure shows the rate calculated from the decay of the N ions as a function of
the para hydrogen number density for 10.15 K and 29 K for different amounts of
helium.

From the linear fit via Eq. the effective rate coefficient was calculated. A
trend to larger rate coefficients with increasing the helium density is clearly visible.
Figure shows the effective rate coefficient as a function of the Helium number
density. As can be seen in Fig. and Fig. the rate coefficient increases linear
with the helium number density. The red and black dots in Fig. [7.6] indicate mea-
surements with p-H, mixtures from two different days. The rate coefficients for the
measurements indicated by the black dots are by a factor of 1.15 larger than by the
measurements indicated by the red dots. The reason for this is probably a different
p-H, mixture, caused by different evaporation temperatures at the production of
the para-hydrogen.

le—-12
-4+ 10.15 K (a)
2.1+ 10.15 K (b)
H-H -4 20 K
2.0} }
= 19}
£
S,
e
)
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= 1.8f
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e ® . * HH
® L]
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leld
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Figure 7.7: The plot shows the effective rate coefficient as a function of the helium number density.
The red and black dots indicate measurements with p-H, mixtures from two different days.
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Analysis of the Data using the Non-Adiabatic Model

In this section, a quantitative analysis of the experimental results, based on the
non-adiabatic model (Fig. |7.4)) will be presented.

As mentioned, the non-adiabatic model (Fig. is represented by a set of three
coupled differential equations. This system will be used in the following to evaluate
the time dependent decay of the NT-ions as a function of the hydrogen and helium
number density. Since an analytic solution can not be calculated for this system,
numerical routines will be used.

All experiments showed a nearly exponential decay in the number of N* ions, which
can be described by an effective thermal rate via Eq. and Tab.[7.2] This observed
fact was used to produce synthetic experimental data for arbitrary temperatures and
hydrogen number densities (using f = 0.75 or f = 0.0114). Using this synthetic data,
a global fit over a temperature range from 10 K to 100 K with different hydro-
gen and helium number densities were performed in order to calculate the rates
which can reproduce the experimental measured mono exponential decay. In this
fit, 16 parameters (12 for the reaction and 4 for the relaxation) were taken into
account. The initial distribution across the fine structure states (N* (¢ = 0)-ions),
resulting from the ionization processes in the ion source, are assumed to be 5/9,
3/9 and 1/9 in the P,, 3P, and 3P, state, respectively. The initial helium buffer
gas pulse at the beginning of the thermalization process was modeled following A.
Sorgefrei [70] (see Fig. [A.18]). As no rates for relaxation of the fine structure states
of N*(°P,,) with hydrogen and helium are available, these rates were constrained
using the Langevin rate coefficients as upper limits (k:L7(N+’H2) = 1.57-1072 ecm?/s
and ky, v+ 1e) = 6.05- 1071 ¢m?/s), considering five different situations:

1. No relaxation with hydrogen and helium

2. Only reactions of the 3P, and 3P, state but no restriction for the relaxation
3. Slow (kr < 8-107'2 em3/s) relaxation rate coefficients for hydrogen and helium
4. Relaxation ratio helium to hydrogen krpgeiium /K7 Hydrogen = 1074

5. Relaxation ratio helium to hydrogen krpeium /K7 Hydrogen = 0.3

A genetic algorithm from the Magix fitting engine of T. Méller [85] was used initially
to identify suitable local minima within the large parameter space. Following this,
the Levenberg—Marquardt algorithm was used to find an appropriate set of param-
eters.

1. In the simulation, assuming no relaxation of the fine structure, no set of pa-
rameters could be found that can fit the mono exponential decay over the whole
temperature range satisfactorily.

2. Allowing only reactions of the two lower fine structure states *P, and 3P, with no
restrictions for the relaxation = No appropriate set of parameters could be found.
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3. For the case of the restriction of the relaxation rates (kr < 8-107'2 cm3/s) , no
suitable set of parameters could be found (see Fig. |7.8)).

For the simulated situations using different relaxation efficiencies (K7 gretium /K7 Hydrogen =
10~% or 0.3), sets of parameters could be found in order to reproduce the mono ex-
ponential decay quite well.

4. The assumption of an efficiency of k7 getium/kr Hydrogen = 10~ for the relaxation
process, predicts an increase of the rates up to 22% (see Fig. upper plot) for the
case of an additional amount of constant helium ([He] = 1.6 - 10! ¢m™3) during the
reaction for f = 0.75 and T > 50 K. The rates for f = 0.0114 remain unchanged
under the influence of constant helium. Since such an increase of the rates was
never observed experimentally for normal hydrogen above 50 K, we can exclude the
assumption that the efficiency using hydrogen is much larger as for helium.

5. The assumption of an relaxation efficiency of krpciium/k7Hydrogen = 0.3 leads
to the best agreement with the observed mono exponential decay over the whole
temperature range. The change in the effective rates, using an additional amount
of constant helium is negligible (see Fig. [7.8)).

The global fit confirms that both, relaxation processes and the reaction of the 3P,
state, must be taken into account to accurately reproduce the observed mono expo-
nential decay of NT ions. Furthermore, the efficiency of relaxation with hydrogen
and helium must be in the same order magnitude. Figure (lower plot) demon-
strate that an increase of the reaction rates by increasing the number density of the
buffer gas at 29 K and 10.15 K with para hydrogen (f = 0.0114) can not be expected.
In order to achieve the experimentally observed increase of the rate coefficients due
to relaxation processes with helium and hydrogen (Fig. nd , it has been
shown that the relaxation rates must be lowered by at least three orders of mag-
nitude w.r.t to the relaxation rates calculated by the global fit (Tab. . This is
caused by the facts:

e that for a fast relaxation process, the majority of the nitrogen ions are ther-
mally populated in the fine structure states after a few ms according to the
trap temperature (Fig. |7.12). Towards lower temperatures, more and more
N* ions will be populated in the 3P state where the effective rate coefficient
will be dominated by the k;( reaction rate (Eq. . Therefore no change in
the rate due to additional helium can be expected.

e Since the reverse relaxation krg_; or kr;_s defined by Eq. decreases tremen-

dously with decreasing temperature (for T = 30 K % = 0.28 and =2 —

kro—1
0.034), an increase of the effective rate coefficient via back population of the

3P, state (assuming kj; > k;o) at low temperatures is very unlikely.
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Figure 7.8: The plot compares the experimentally observed mono-exponential decay of the N ions
(black solid lines) (reproduced from the fitted parameters Tab. using the adiabatic model) to
the calculated decay using the non-adiabatic model (green, blue and red solid lines), for different
assumptions w.r.t. the efficiency of the relaxation process as indicated. For the calculations shown
in the upper plot only an initial helium buffer gas pulse was taken into account and a negligible
small helium background as indicated in the plot. For the lower plot a constant helium density of
([He] = 1.5-10'* em™2) during the reaction has been considered. The vertical black dashed line
separates the simulation in f = 0.75 and f = 0.0114. Please note: The time information (x-axis) was
replaced by the temperature in this plot. The hydrogen number densities were chosen randomly.

Figure demonstrates (via simulation of the non-adiabatic model) the increase of
the reaction rate at 29 K under the influence of three different amounts of helium
and using para-hydrogen (f = 0.0114). The efficiency of the relaxation process was
assumed to be krg./kry, = 0.05ﬂ For low helium number densities together with
an initial helium buffer gas pulse the reaction rate is equal to the measured rate,
where the rate is mainly defined by k;2 (upper plot). An increase of the helium
leads to a faster relaxation process of the fine structure, where the population of the
3P, state (Fig. becomes dominant and the effective reaction rate is defined by
k}j 0-

6In order to reproduce experimentally the observed increase of the reaction rates for different
helium number densities.
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Figure 7.9: The plot shows the simulated decay using the non-adiabatic model of the N ions for
three different number densities of constant helium during the reaction at 29 K for the reaction
with p-hydrogen (f = 0.0114 ,[H,] = 2.6 - 10'2 em™3). The rates for the relaxations are kro_1 (T =
29K) = 6.46 - 10713 cm?/s and kr;_o(T = 29K) = 7.19 - 10713 ¢m?3/s. The magenta solid line
indicates the measured effective decay using only an initial helium buffer gas pulse. The dashed
lines indicate the three different decays of the fine structure population and the sum of all. The sum
corresponds to the experimentally observed increase of the decay of the NT ions in the presence of
helium. The efficiency of the relaxation process was chosen as krpge/krmg, = 0.05.

This simulation shows also that for slow relaxation rates, the fine structure is not
thermalized to the ambient trap temperature after 800 ms. As mentioned, restric-
tion of the global fit to such small relaxation rates, result in a non reproducibility
of the observed thermal rates. Therefore, assuming that the non-adiabatic model is
appropriate to describe reaction [7.1] the case of slow relaxation of the fine structure
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states can be excluded.

The intensive analysis of the non-adiabatic model leads to the conclusion that relax-
ation processes under the influence of helium buffer gas and hydrogen are not able
to increase the effective rate coefficients.

7.1.3 Results

The applied method and the large number of free parameters mean that more than
one set of parameter choices will yield fits of comparable quality. Two examples are
provided in Table and are compared to the results of fitting Eq. As expected,
the state specific reaction rates differ from the rates fitted via Eq. (Tab.
The exception here are the rates for the 3Pja state with ja = 0,1 and o-hydrogen
which are in a good agreement. Within uncertainties, most values agree between
the two parameter sets, the only exception being the activation temperatures for
the rates koo and k; 5, which both are associated with a reaction from level 3P2.
As these also show large uncertainties, they must have only minor contributions to
the reaction. Relaxation rates on the other hand are large compared to reaction
rates (krpe S 0.4« kp (n+ pey and kryg, $ 0.5 - kg v+ 1)), implying that ions initially
populating the upper state contribute to the reaction by relaxation to the lower fine
structure states and subsequent reaction, rather than by direct reaction from the
3P, state.

first set second set adiabatic model

J,Jja | ka Ty k4 Ty kA Ty
koo | 10.60104 | 234.82+285 | 10367000 | 232.401040 | 12.22 222.75
kop | 6.687032 | 169.92713% | 6.571005 | 170.8775:35 | 6.74 189.73
koo | 0.067007 | 208.315359% | 0.117005 | 73.29729]

kio | 1.507592 1 26.39%919 | 1.4970%0 | 26.377001 | 1.51 26.47
ki [ 9.09%901 | 36.1708 | 9.04100% | 36.071013 | 8.83 36.88
kio | 0987005 | 162.3574%15 | 0.447572 | 78.47H2%

kroy | 8.49709% | 1.0550:37 8.471092 | 0.86%525

kri_o | 8377590 | 1.2070:63 8.387592 | 0.801082

Table 7.3: Two sets of fitted state specific rate coefficients for non-adiabatic model Fig. for
reaction k4 are given in units of 10719 . ¢m3/s and T4 in Kelvin. The last two rows show the
state specific rate coefficients using the adiabatic model (Tab. . The rates for the relaxation
are given for hydrogen. The rates for the relaxation with helium are smaller by a fraction of 1%
Remark: The errors were calculated with the Error estimation using Markov chain Monte Carlo
(MCMC) B3l algorithm which is able to calculate asymmetric errors.

Figure shows the timescales for fine structure relaxation at several typical ex-
perimental conditions. At the lowest temperatures and f values (lower right plot),
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the relaxation process is finished within the first few ms, implying that the thermal-
ization of the kinetic temperature of the ions must be at least in the same order.
This is supported by simulations of ion trajectories.
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Figure 7.10: The plots show relaxation and reaction of N ions at typical experimental conditions.
The yellow dots show the experimentally measured decay of N ions at the indicated temperatures
and ortho fraction f. The lower right plot is a zoom into the first ms of the upper right plot to to
demonstrate the timescale of relaxation process of the fine structure states. The three thin colored
lines indicates the change of the different 3Pja(ja=0,1,2) states using the kinetic reaction-relaxation
model with the first set of fitted parameter Tab. @

Tons of mass 14 with an initial Maxwell-Boltzmann distribution of 10000 K ther-
malize to 10 K within 25 collisions in an ideal 22-pole trap, filled with helium buffer
gas, in agreement with Asvany and Schlemmer [59]. An estimation, using a helium
buffer gas pulse modeled following A. Sorgefrei [70], shows that the time for trans-
lational thermalization to a nominal trap temperature of 10 K is about 0.6 ms E|
This demonstrate that the rather large relaxation rates are possible.

As mentioned, the weak influence of the reaction rates for the 3P, state at low tem-
peratures is a consequence of the fast relaxation process. For temperatures below

"comparable with the energy of the incoming ions with an initial fine state population of 5/9,
3/9 and 1/9

tiherm
8numcollision - 0“ [He](t) : kL,(N+7He)dt > 35
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100 K the population of the 3P, state decreases rapidly (Fig.[7.12). At 40 K only
a fraction of the NT ions is populated in the 3P, state, where the reaction rates are
dominated by the rates ko and ky; (Fig. [7.11)). Both these facts explain, why the
influence of the reaction rates for the 3P, states is rather weak and can therefore
not accurately be determined. In order to verify the calculated set of parameters,
especially the rates for the 3P, state, more measurements at different temperatures
with well known ortho-para mixtures of the Hydrogen are necessary.
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Figure 7.11: The Arrhenius plot shows both sets of the fitted state specific rate coefficients k; ;o (T')
with ja =0,1,2 and j = 0, 1. The rates for both sets with k; jo(7) with ja = 0,1 and j = 0,1 can
not be distinguished from each other. The green lines indicate the first set of parameters and the
magenta lines for the second set of the k;2(T) with j = 0,1 rates. The used sets of parameters
can be found in Tab[7.3]

Conclusions

The reaction has been examined with different methods over a temperature
range from 100 K -10 K with normal and para-hydrogen (f ~ 0.0114). State specific
rate coefficients for the reaction and relaxation (with hydrogen and helium) could
be extracted using a non-adiabatic reaction model (section[7.1.2) in connection with
a global fit over the whole measured temperature range. The global fit was based
on the assumption of the experimentally observed mono-exponential decay of the
N7 ions and the determined temperature dependent effective rate coefficients. The
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contribution of the 3P, state via direct reactions was found to be negligible, leaving
high uncertainties on the associated rates. The main contribution of this state is via
relaxation to lower states and subsequent reaction. The reaction rates for the 3Pja
state with ja = 0,1 could be calculated quite good using a global fit. Furthermore,
it could be demonstrated that relaxation processes due to a large amount of helium
within this model are not able to increase the rate of the reaction significantly. In
contrast to the predicted strict adiabatic model of Nyman and Wilhelmsson [82] the
experimental results cannot be reproduced without taking into account the reactiv-
ity and relaxation of the 3P, state. Nevertheless, due to the large parameter space
of the non-adiabatic model there are still uncertainties concerning the role of the
fine states in promoting the reaction 7.1

The purity of the used para hydrogen is approximately one order of magnitude
greater than theoretically expected at an evaporation temperature of ~ 18-19 K
(see Fig. [7.13). J. Gerke [86] has shown using Raman spectroscopy and the same
equipment as used in this measurements, that the purity of p-Hydrogen should be
better than f = 0.0007 or f = 0.0018 for evaporation temperatures of 18.2 K or
20.15 K, respectively. In comparison to S. Gértner [75], who estimates lowest ther-
mal rates of k(10K) ~ 5107 cm?/s for the reaction with para hydrogen,
the actual rates are larger by a factor of ~ 2 (see Fig. . Ongoing experiments
reevaluating the back conversion of the produced para hydrogen point to a much
faster back conversion than expected from previous measurements performed by J.
Gerke [86]. This could indicate a contamination in the Teflon bottle or a leak in the
gas inlet between the Teflon bottle and the leakage valve for the neutral gas of the
trap. These issues need to be addressed, before additional ortho fractions can be
feasibly investigated, as required for a full understanding of the reaction system.
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Figure 7.12: Thermal population of the nitrogen fine structure states N*(°P;), NT(°P,) and
N*(3P,) as a function of temperature.
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Chapter 8

The NT + H2 Reaction Chain

Through the presence of ammonia NH; in interstellar clouds, its formation is of great
astro chemical interest. It is supposed that ammonia is formed by the following
reaction sequence 87:

Nt 2y NHY 2 NHS 22 NHP 2 NHY, (8.1)
where in a next step ammonia is produced by dissociative recombination
NH; + e~ — NH, + H. (8.2)

Over the last 30 years the initialization reaction of this chain N* +H, — NH" + H
and the formation of NH} via reaction NH;"+H, — NH] +H have been investigated
with different methods in several groups.

The hydrogen abstraction reaction chain starting with N and ending with NH;
can be described via

k
N* 4+ H, == NH* + H (8.3)

kb1
kfo
NH* + H, == NH,* + H (8.4)
kb2
+ oo+
NH' + H, == H;" + N (8.5)

ko,5
+ his +

NH," + H, == NH;" + H (8.6)

ky,3

kya
NH," + H, === NH,* + H (8.7)

Ky 4
k¢; and kp,; are rate coefficients for the forward and backward reactions. Reac-
tion was included as Hj is a significant by-product of the NH; formation chain.

Reaction is assumed to be slightly endothermic or hindered by a barrier, while
reactions 8.4 and [8.6] are assumed to be exothermic. Smith and Adams®B¥ estimated
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a rate coefficient of k;o = 1.5-107% ¢m?®/s™! and branching ratio of 0.85 and 0.15 for
reaction [8.4] and respectively at room temperature in a Selected Ion Flow Tube
(SIFT) experiment. They also estimated a rate of k;3 = 2.7-1071% ¢m3 /s~ for reac-
tion in the same experiment at room temperature. J.K. Kim et al. [89] reported
a value of kp3 = 1.2 - 1071 ¢m?®/s™! for this reaction measured in Ion Cyclotron
Resonance Mass Spectrometry experiments at room temperature. Investigations by
Fehsenfeld et al.® showed that reaction is quite slow at room temperature with
a rate coefficient of k;y = 5-107" ¢m?®/s™!. Smith and Adams [91] have been
measured this reaction from 510 Kelvin down to 85 Kelvin in a SIFT experiment.
They found that the rapid decrease of kf4 with decreasing temperature does not
continue below temperatures of 298 Kelvin. The later work of Luine and Dunn 2
and Bohringer ™ showed, that the rate coefficient increases at lower temperatures.
These authors assume that initially a complex (NH,"H,)* forms, from which tun-
neling could then occur. They mentioned that at low temperatures, the lifetime of
the complex is long and even a small tunneling probability could be important. In
addition to the two-body reaction , Bohringer 3 observed a three-body process

NH," + H, + He — NH," + H + He (8.8)
at temperatures below 150 Kelvin. Theoretical calculations by Herbst et al. 4
confirmed the temperature dependence for reaction [8.7]
The rate coefficients ky; were measured in a temperature range of 9.5 - 97 K. In
our case, the backward rate coefficients k;; can be neglected, as the number of
hydrogen molecules and nitrogen atoms inside the 22-pole trap not significantly
promote the backward reaction. For fitting of the forward reaction rate coefficients
kfo—s5, the effective (thermal) rate coefficient ks for the initialization reaction
was taken from the measurements discussed in section [7.1] If this rate is fixed, then
the number density of the hydrogen can be estimated from the mono-exponential
decay of the N* ions. Figure and show typical measurements and the fitted
time evolution curves of the hydrogen abstraction reactions[8.348.7/at 24 Kelvin and
92 Kelvin respectively. The fit was done using a numerical integration routine and
was adjusted manually.
At each temperature, the number of product ions levels off after a certain storage
time (Figur and ), suggesting that some other ion species of mass 15 [amu]
is involved, which is not reactive with H,. A non-negligible amount of carbon in the
ion source (see section [6.3.1] and [A.3.3]) would form hydrocarbon ions with H,. One
candidate that will pass the first QMF and is reactive with H, is the CHJ ion. The
reaction

CHJ +H, = CHS +H (8.9)

is known to be fast with a rate coefficient at the Langevin limit of k, = 1.57 - 107

em3s~ 193 The following hydrogen abstraction reaction

CH} + H, —> CH} + H — 2.69¢V/ (8.10)
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is highly endothermic!! and should not take place under cryogenic conditions which
would explain the constant amount at mass 15 [amu]. Therefore, the following rate
equations

H+

T~ kIJCH]

. élltﬁ (8.11)
dt3 =k, [H,]CHy

were additionally taken into account to fit the experimental results.
Figure [8.3shows the rate coefficients k25 as a function of the inverse temperature
together with results from previous works, averaged at each temperature.

§ 8 NT  § & NHF o6 NHF 4 Y
¢ ¢ NH* ¢ ¢ NH; ¢ ¢ Hf
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107 |/ N — R ——

counts

o SN I N —

v L . oo Lo
0.0

time [s]

Figure 8.1: Time evolution of reactions - at 24 Kelvin nominal trap temperature and a
hydrogen number density of [n—H,] = 1.2 - 10*! ¢m=3. Solid curves show numerical fits to the
data.
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Figure 8.2: Time evolution of reaction - at 92 Kelvin nominal trap temperature and a
hydrogen number density of [n—H,] = 5.1 - 10'° ¢m=3. Solid curves show numerical fits to the
data.

Both rates, ko (reaction and ky 5 (reaction 8.5)), decrease with decreasing tem-
perature, showing Arrhenius type behavior. The results from these Arrhenius fits
are summarized in table and can be extrapolated to a value of ko = 1.7 - 10°
em?/s7! at 300 K, in good agreement with the results of Smith and Adams®¥. Re-
actionshows an approximately constant rate coefficient k3 = (4.1640.20) - 10™
em? /s~ as a function of temperature, confirming the exothermic behavior assumed
by Smith and Adams, although at a slightly slower rate. The branching ratio of
br = 0.15 between reaction [8.4] and reaction (8.5 derived by Smith and Adams®# is
three times larger than the value br ~ 0.05 measurement in this experiment. The
temperature behavior of reaction can also be confirmed. The calculated rate
coefficients slightly differ from the values estimated in previous experiments.

ki | ka[em®/s7] Ta [K]
ko | (L79£0.17)-107° | (15.98 £ 1.51)

kg5 (8.89 £ 1.17) - 10~ (15.78 £ 2.15)
Table 8.1: Parameters of a fit of simple Arrhenius-type function for reaction and 8.5
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Figure 8.3: The plot shows the rate coefficients ky_5 (reactions — as a function of inverse
temperature. Uncertainties show the standard deviation of the mean for different measurements
at the same temperature. Dashed lines show the average rate ks 3 = (4.16 £ 0.20) - 101 ¢m3/s™!

for reaction (red) and Arrhenius fits for reactions (blue) and (black).
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Ternary Reaction Processes

9.1 (N—He,)" Cluster

At low temperatures the formation of weakly bound molecules or clusters via ternary
processes can occur. At temperatures around 10 K the association of N* with He to
(N—He, )" was observed. For temperatures above 15 K no clusters were observed. In
order to evaluate ternary reaction processes which can impede the determination of
the rate coefficients of the reaction N*+H, in this temperature region, the formation
of helium-nitrogen clusters was investigated. Figure [9.1| shows a mass spectrum of
trapped N ions in presence of helium ([He] = 4.0-10' ¢m=?) at 9.8 K[T} Such cluster
effects, if not taken into account in the reaction model, can lead to apparently larger
rate coefficients for reaction because they will also result in a depletion of the
N+ ions. The influence of cluster effects can be taken into account in terms of their
ternary cluster formation rate coefficients. Since the (N—He,)™ cluster is two orders
of magnitude smaller than the (N—He,)™" cluster and was only observed at 9.8 K and
for helium number densities [He] > 3.5 - 10 ¢m ™3, this component was neglected
in the following. Therefore, the formation of (NHe, )™ (n = 1,2) cluster can be
described by the following reaction scheme:

N* + He + (He) == NHe" + He
ko

NHe" + He + (He) === NHe; -+ He. (9.1)

ks

nteresting is the fact that the relative intensities of the mass peaks of the (NHe;)™ cluster is
by one order of magnitude smaller as expected. Maybe that could be hint at the structure of the
nitrogen-helium complex.
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Here k1 and k3 denote the ternary forward rate coefficients and ks, and k4 the back-
ward rate coefficients. The corresponding rate equation system looks as follows

AN 2N+ +

7 = —/{51 [He} N™ + k2NHe [He]
dNHe* N+ + 2 + +

= ka[He’N* — kNHe* [He] — ky[He?NHe + kyNHef [Hel (9.2)
dNHeZ

dte2 — Joy[He]2NHe™ — k,NHe; [He],

where [He| is the helium number density. For this system a non trivial analytic
solution is availableﬂ Here, in order to fit the rate constants for the system (Eq.
a numerical routine was used. Figure |9.2] shows a measurement at 9.8 K. The solid
lines indicate the fitted curves. The calculated rate coefficients for the helium cluster
formation for 9.8 K and 12.85 K are listed in Table [9.1]

T [K] ki ko ks ks
9.8(0.1) 1.37(0.18) | 4.10(2.35) | 2.41(1.72) | 6.55(10.62)
12.85(0.05) | 1.28(0.06) | 3.81(0.81) | 1.68(0.36) | 1.77(14.2)

Table 9.1: The table shows the calculated rate coefficients for reaction via Eq The values
for ki and ks are in units of 10739 ¢mS 3571

em8s~1. The values for ko and k4 are in units of 10716 ¢m3s~1.
The uncertainties are derived from the errors of the helium pressure.
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Figure 9.1: The plot shows a mass spectrum of trapped N ions in presence of helium ([He] =
4.0-101 em=3 at 9.8 K.

2using Mathematica
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Figure 9.2: The plot shows a measurement of Nt with He to (NHe, )" (n=1,2) at T = 9.8K and
a number density of [He] = 1.52 - 101*em 3. The solid lines indicate the fitted curves via Eq. [9.2

Conclusion

Ternary rate coefficients for the formation of (N—He, )™ (n = 1,2) clusters could be
determined for temperatures between 9.8 and 13 K. Gerlich®¥ calculated a ternary
rate coefficient for the formation of the (N—He)" cluster of 4.6 - 107! emSs™! at
15 K in a 22 pole trap. Taking into account the slightly higher temperature and
the smaller rate coefficient, the present results are in good agreement with Gerlich.
Furthermore, these ternary rate coefficients can be used to correct the determined
rate coefficients for reaction under the influence of a huge amount of helium
during the reaction.

9.2 The Ternary Reaction of
N*+ H,; + He — NH; + He

Since the increase of the effective rate coefficient of reaction N*+H,(j=0) — NH" +
H as consequence of relaxation processes of the fine structure population of the N*
ion can be excluded, possible ternary reactions will be investigated in this section.

The roughly linear dependence of the rate coefficient in presence of the helium
(Fig. could suggest a ternary reaction process which is in competition with the
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reaction to NHT. The electronic state correlation diagram for the N* — H,, system
(see Zymak et. al [46] figure 1) shows, starting from the collisional N* —H, complex,
that a formation of a strongly bound NHJ complex is possible under the influence
of a third stabilizing collision partner. The competition between reaction to NH™
and the strongly bound NHJ complex can be modeled as follows.

N* 4 H, e (NHJ)* (9.3)

krcd
(NH})* 242 NHY + H (9.4)
(NH})* + He 2% NHJ + He. (9.5)

In the first step both collision partners, the N* ion and H, molecule, form a weakly
bound complex with a rate coefficient k.. This rate can be assumed to be propor-
tional to the Langevin rate coefficient ¥ &y (Eq. |A.3):

ke=f-kpan (9.6)

where A and B indicate the involved collision partners and f denotes the fraction
of the collisions leading to complex formation. Here k:L,N+H2 = 1.56 - 107° cm?/s
was used. Typical values for f range from 0.5 to 0.1H%. For this calculations
a value fp = 0.25 is chosen in the following. The weakly bound complex can
either redissociate into reactants with rate coefficient k,.q or can dissociate into
products with rate kg;s. Stabilization requires quenching of the excess energy, either
in radiative or in collisional processes. Therefore, the rate coefficient for stabilization
is composed of a radiative and a collisional part via equation

kstab = krad + kcoll [He] (97)

Since kyq.q < keoy the radiative part can be neglected. In the steady state approx-
imation (Lindemann mechanism) the overall measured rate k as a function of the
hydrogen and helium number density can be given in the form

kckdis [H2] kckcoll [He] [HQ]
([ 2] [ e]> kred + kdis + kcoll [He] kred + kdis + kcoll [He} ( )
where the last term describes the ternary rate coefficient.
kaCO
ter — L (99)

kred + kdis + kCOll [He] '

Taking into account that k..q > keou[He], the ternary rate coefficient is indepen-
dent of the helium density. At temperatures below 15 K cluster formation (e.g.
(NHe)" (n =1,2)) can not be neglected, thus an additional rate k.ysier needs to be
considered, resulting in

k ([Hy], [He]) = k1[Hy] + Kter[Hy][He] + (kcluster[He]z)a (9.10)
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where k; = —fkais g the effective two body rate coefficient. Figure [9.3| shows the
kreatka g

fit of the experimental data at 10.15 K with the model Eq. (red surface). Model
Eq. reproduces the experimental data well, as shown in Figure [9.3] and
in the appendix.
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Figure 9.3: The plot shows the measured rates k as a function of the hydrogen and helium number
density at 10.15 K. The red surface shows the fit via Eq. The fitted rates can be found in

Tab. @

Table [9.2] summarizes fit results for two different temperatures and two different
p-H2 mixtures at the same temperature. At 29 K the ternary rate is one order of
magnitude larger than at 10 K, which is unexpected for ternary reactions. Interest-
ingly, the rate coefficient k; between two similar p-H2 mixtures at 10 K deviates.
The rate of measurement (b) is 16% larger as for measurement (a). Furthermore, the
calculated ternary rate for the measurement (b) is 53% larger as for measurement
(a). The reason for the differences in k; at 10 K can be caused by a slightly different
p-H, mixture, implying that the ortho fraction in measurement (a) is smaller than
in (b). Paul et al. [97] showed for the cluster formation of H with para-H, that the
ternary rate coefficient increases with decreasing the ortho fraction of the hydrogen.
With respect to their results the deviation in the ternary rates at 10 K of ~ 53%
which tends in the opposite direction are rather unexpectedﬂ Nevertheless, the in-

3The relevance of this result in relation to our observation is not clear since we do not form
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crease of the ternary rate by one order of magnitude with increasing temperature
is surprisingly. With respect to results from other authors, one would expect that
ternary ion molecule reaction rate coefficients decrease with increasing temperatures,
because of the higher thermal energy (3/2kT) of the ions which would reduce the
lifetime of the short living complex.

T [K] | ky [1073em?/s] | kger [107%2cm®/s] | Remarks
10.15 | 1.27 £+ 0.03 1.93 £0.19 (a)
10.15 | 1.48 £0.02 2.96 £0.13 (b)
29 17.75 £ 0.38 19.71 £ 2.58

Table 9.2: Rate coeflicients for the reaction system (a) and (b) denote two different para-H,
mixtures in the experiments. Uncertainties are derived from the least squares fit.

A contamination of the used heliunf’| with n-H, could be associated with the ob-
served temperature dependence of the ternary rate coefficient. The purity of the
helium was measured to be % = (1.24£5.5)-1077. The stability of trapping the N™
ions, using a huge amount of helium, was confirmed over several seconds before the
experiments were performed. Thus, an increase of the ternary rate due to hydro-
gen contamination can be excludedﬁ In order to explain the unusual temperature
dependence of the ternary rate coefficient, maybe tunnel effects, as mentioned by
other authors "l for the reaction,

NH," +H, — NH," + H could explain this behavior.

For a better understanding of the influence of helium with respect to ternary pro-
cesses, all possible reaction channels of the reaction

N* + H, + He — products (9.11)

should be investigated. Figure 9.4 compares two measurements using only an initial
helium pulse (solid lines) and additional helium (dashed lines).

cluster.

4helium 5.0

5A large contamination would result in a constant offset of the rate coefficient k;. Such an
offset was never observed.
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Figure 9.4: The plot shows a comparison between the full reaction chain - at 29 K with
(dashed lines) and without (solid lines) constant flux of Helium after the initial buffering pulse.
The Helium number density is [He] = 4.5 - 102 em 3.

In contrast to the measurements using only an initial helium pulse the NH™ ions are
largely depleted and also their initial number is smaller. Furthermore, the depletion
of the NHY ions is slightly stronger using helium. The number of detected NHJ
NH; and Hj increases slightly towards larger storage times. The depletion of the
NH* and the lower initial amount of NHT in presence of helium suggests that maybe
an additional ternary effect is involved.

The depletion and the smaller initial number of NH™ ions in presence of helium could
indicate an additional ternary effect. As mentioned in section [§, the flattening of
the number of ions at mass 15 [amu] (see Fig. and could be caused by a
non-negligible amount of carbon in the ion source which would form hydrocarbon
ions with Hy. The depletion of mass 15 [amu] under the influence of helium could
be explained by the well known ternary reaction

CH{ + H, + He 2= CHY + He (9.12)

with a rate coefficient of ki, = (0.8 — 1.5) - 10727 ¢m3/sP8 (at 80 K). This third
body process would support the assumption of the contamination of the ion source
with some carbon. The depletion of the mass 16 [amu] and the small increase of
the rates at masses 3, 17 and 18 [amu] could also indicate some unknown ternary
reactions.
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In order to investigate unusual temperature dependence of the ternary rate coeffi-
cient, the change in the number of NHj ions as a function of the helium number
density must be measured. Since the rate coefficient for the subsequent reaction
NHj + Hy, — NHi + H (k3 ~ 1.0- 1072 ¢m?3/s) is large compared to the ternary
rate, it would be difficult to observe a significant change in the number of NH; ions
as a function of the helium number density. Due to this fact and the above men-
tioned other ternary reaction channels, a detailed investigation of ternary processes
in the presence of helium seems to be very difficult.

Concluding this, the calculated ternary rates at 10.15 K are consistent with ternary
rates measured by other authors®!. The ternary rates at 29 k are larger than ex-
pected and research into this is ongoing. Care was taken to minimize systematic
errors caused by experimental drifts (section , thus the most likely explana-
tions for the faster than expected loss of Nt ions in the presence of helium are
a) unknown experimental artifacts and/or b) mis-assumptions w.r.t. the ternary
reaction mechanisms.
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Characterization of a Piezoelectric
Valve

For a better understanding of the role of the fine structure states of nitrogen in pro-
moting reaction N*(*P;,) + H,(j) — NH™ + H it would be favorable to distinguish
between relaxation and thermalization processes and reaction processes.

Until now, the measurements of rate coefficients of ion-molecule reactions in the
LIRTrap setup were performed under the influence of collisions with a short (=
100 ws) pulse of helium buffer gas at the beginning of the storage cycle. in or-
der to increase the trapping efficiency and to thermalize the ions to the ambient
trap temperature. After the initial pulse the number density is exponentially de-
caying in the first ~ 80 ms (see Fig. [A.18). Meanwhile the neutral reaction gas
is flowing continuously into the trap. Therefore, it is not possible to distinguish
between the thermalization/relaxation processes of the reactants and the reaction
processes. Especially for the determination of state specific rate coefficients of reac-
tion [7.1] this problem could lead to false interpretations of the measurements. “It
is an open question to what extent relaxation processes can influence the reaction
N*(*P,,) + Hy(j) — NH* + HHE6.

To investigate the influence of relaxation to the state specific reaction rate coef-
ficients, it is necessary to separate the thermalization process from the reaction
process. One possibility is to use two piezo electric valves to separate in time the
buffer gas flow from reaction gas flow. The operating principles and the function-
ality of such a valve can be found in the bachelor thesis of C.Konietzko [99]. One
such piezo electric valve is currently used to inject a short intense helium buffer
gas into the trap. Therefore, a short but large voltage pulse (about 100 V and 100
us) is applied to the piezo element to open it. Applying the same method to the
reaction gas will lead to some difficulties. Since the determination of reaction rate
coefficients requires a rather good knowledge of the number density of the reaction
gas, the short pulsed mode is not practicable to inject the reaction gas into the trap,
because the pulsing leads in to a time dependent number density of the reaction gas
in the trap (see Fig. . Due to the fact that we measure the pressure outside the
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trap with an ion-gauge, and that the repetition rate of such pressure measurements
is rather slow (max. 4 Hz), the absolute determination of the number density as a
function of the time is very inaccurate.

Another mode to operate such a piezo valve is to resonantly excite it at its resonance
frequency to open it, using a periodic oscillating voltage (tickling mode). The op-
eration in this modus can lead to a constant gas flow into the trap if the frequency
of the periodic oscillating voltage applied to the piezo element agrees with the res-
onance frequency of the piezo cantilever system it self. This frequency depends on
the size of the piezo element and the cantilever is in the range of a few kHz. This
method has the advantage that after a time constant At;, an equilibrium between
the flow in and flow out of the trap will be reached. Due to the difference in volumes
of the trap housing and main chamber, after a second time constant Aty also the
measured pressure outside of the trap will be constant and can be used to deter-
mine the equilibrium reaction gas number density inside the trap. This mode allows
a temporal separation of thermalization and relaxation processes and the accurate
determination of the reaction gas density for the calculation of the rate coefficients.
The operation mode of the piezo valve in the tickling mode is illustrated in Fig. [10.1}
As mentioned, the bottleneck of this method is that pressure can not be directly
measured as a function of time inside the trap to determine the time constant At;
of the reaction gas flow. To overcome this problem, one can make use of a rather
fast ion-molecule reaction with a well known reaction cross section o to characterize
implicitly the time dependence of the number density inside the trap as a function
of different parameters as follows:

1. A constant beam of primary ions is guided through the 22 pole trap.

2. At a certain time, the piezo valve is opened using the tickling mode and an
increase of the product ions and a decrease of the primary ion as a function of
time could be observed.

This procedure is shown in Fig. (lower right).
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Figure 10.1: The plot illustrates the operation of a piezo valve in the tickling mode. The upper plot
shows periodic oscillating voltage which is applied to the piezo element (PE). The lower left figure
shows a cross section of the 22 pole trap. Arrows indicates the gas flow into to the trap and out
of the trap. n[Rg] denotes the number density of reaction gas (Rg) inside the trap. p denotes the
measured pressure outside of the trap. The arrow marked with (I) indicates the effective interaction
path length (and its uncertainty) of the ion beam with a reaction gas. The lower right plot (lower
panel) shows the number density inside the the trap (blue) and the pressure outside the trap as
a function of time, assuming an ideal behavior. The units at the y-axis were chosen arbitrarily
for demonstration purposes. The upper right plot (upper panel) shows an ideal time dependent
behavior of the primary ions (red dots) and the secondary ions (black dots) as a function of a
reaction gas pulse shown in the lower panel using the tickling mode. (The number of primary ions
was chosen randomly distributed around a value of 1000)

For an ion-molecule reaction
AT+B—C"+D (10.1)

where A1 represents the primary ion, B is the neutral reactant, C* and D are
the products, the decrease of the primary ion and increase of the product ion as a
function of time can be described, following the pseudo-first order approximation ™,
similar to Eq. . Using t = <f}—> and dt = %, where v denotes relative velocity of the
reactants and (/) the effective interaction path length for the reaction, the increase
and decrease of the primary and product ions, can be written as a function of the
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effective interaction path length (I) with the following equation,

_ k-[Rg]-(D)

AT((L) = Af-e
BH() = Af-(L-c

(10.2)
). (10.3)

_ k[Rg]-()
Here k is the rate coefficient, [Rg] is the number density of the neutral reaction gas
and A7 is number of primary ions for [ = 0. Using that the rate coefficient can be
written as

k= (v-o(v)), (10.4)

where o is the reaction cross section 5 and assuming that the cross section o(v) =~ o
Eq. can be written as:

BY((1)) = Ay - (1 — e~ Wrolfdly, (10.5)

Introducing now the time dependence of the reaction gas Rg(t), the increase of the
product ion (see Fig. lower right) as a function of the time can be written as:

Bt (t) = Al - (1 — e~ relRe®)]y (10.6)

To get a model for the reaction gas density Rg(t) one can assume in first order that
one has a gas flow rate a [N/(cm?s)] into a volume V' (trapping volume) and flow b
[1/(cm?s)] out from volume V. The flow rate a corresponds to a number of particles
a [N/s] that flow in a certain time interval into volume V and b corresponds to
the number of particles which flow out from trapping volume V with a rate b [1/s].
With this the time dependent gas flow can be expressed with the following first order
differential equation.

dN(t)

dt

Dividing equation by the volume V' leads to the differential equation for the
number density evolution inside the trapping volume.

—a—b-N(1) (10.7)

LdN(t) dn(t) -
Vo - a4 4T b-n(t) (10.8)

Under the operating conditions p < 10~* mbar in the experiments one can assume
a molecular flow. Therefore, the constant b should be proportional to the mean
velocity of the particle ensemble and the area of the orifice of the trapping volume.
Thus, b should be dependent on the square root of the temperature. Furthermore,
this model requires that the flow from the piezo valve inside the trap is constantﬂ
and the suction capacity of the turbo pumps outside of the trapping volume is large
compared to the outflow of the trap to prevent a significant flow back trough the
orifice into the trapping volume. The suction capacity of the used turbo pumps

!Calculations of an oscillating flow rate a in Eq. show (see Fig. lower right), that in
time average a constant flow a can be assumed.
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(Pfeiffer UHD 400) outside of the trapping volume is in the range of S = (280000 —
400000) em?3/s dependent on the type of the gas. The effusion volume flow ¢y out
of the trapping volume can be approximated with

v-A
4

av = (10.9)
were v is the mean velocity of the particle ensemble at a certain temperature and
A is the area of the orifice. If one assumes hydrogen molecules at a temperature
of 300 K and two orifices with radii of 0.33 cm the effusion volume flow is about
qv = 30500 cm?/s. This shows that the suction capacity of the used turbo pumps is
large compared to the outflow of the trap. To summarize this, the above mentioned
assumption can be done in order to model time dependent number density with

Eq. [10.8, The solution of Eq. with n(ty) = 0 is:

a-(—1+ eto=t)
b

For a sufficient time ¢ the number density inside the trapping volume reaches a
constant ng (see blue line Fig. lower right), therefore the ratio of flow inside
and the effusion volume flow can be written as £ = nyg, the reached equilibrium
number density of the reaction gas which can be calculated using the constant
pressure measured outside of the trap and Eq. [6.1 Equation can now be

simplified to:

n(t) = —

(10.10)

n(t) =ng - (1 — e>to=) (10.11)
Substitution Eq.[10.11]in Eq leads to the function of the time depended change
of the product ions for reaction eq. [10.1]

BY(t) = AJ - (1 — e~ 0oy = AF . (1 — ¢ romo(i=ctom)) (10.12)

With the knowledge of (I}, the effective length, and o, the reaction cross section for
reaction formula Eq. can be used to characterize the reaction gas flow of
the piezo valve.

One possible reaction for this calibration is the ion-molecule reaction of Argon ions
with hydrogen. This reaction was studied by several authors 20192 The following
products can be formed by this reaction.

M AHT + H (10.13)
Art +H, .
—2 H,* + Ar (10.14)
Due to a three body collision process
ArH* + H, 25 Hf + Ar (10.15)

H? +H, * Hf + H (10.16)
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also the formation of Hj is possible. The cross section o for reaction was
measured by Ervin and Armentrout [I00] in a guided ion beam tandem mass spec-
trometer. They determined a cross section for energies in the laboratory frame of
about 1eV for the product ArH" +H of o = (5.0 + 1) - 1075 em?. For the charge

transfer reaction (10.14)) the measured cross sections ranges from o = (2—15)-10716
2 00

Experimental

The experimental procedure to use reaction cross sections to calibrate the reaction
gas number density as a function of time is quiet similar to the experiment from
Ervin and Armentrout [I00]. The creation of the ions, mass selection and guiding
them through the apparatus is the same as described in the previous sections. The
translational energy of the Ar™ ions is defined by the potential difference between
the ion source and the interaction region area in the 22-pole trap. The ion energy
determined from this potential difference can differ by a few electron volts from the
nominal laboratory energy of the ions. This difference arises from effects due to
the ionization process in the ion source. To determine the translational energy of
the Ar™ ions the technique of a retarding potential analysis described by Ervin and
Armentrout [I00] was used. Therefore, the bias voltage of the 22-pol trap was varied
to obtain a retardation curve. The same was done with the bias voltage of the exit
lens of the 22-pole trap. Both tests were unsuccessful w.r.t. the rather worse ob-
served retardation curves. It seems that this was caused by the complex geometry of
the electrostatic einzel-lenses to focus and guide the ions through the setup, where
small changes in the applied voltages of these lenses lead to a change of the focus
and guiding properties of the ion beam. In order to get a rough estimate of the
translational energy of the ions the following technique was used. The continuous
Ar* ion beam was hindered by applying a rather high voltage (~ 6 —8 V w.r.t. the
bias voltage of the 22-pole trap) to the electrostatic einzel-lens at the entrance of
the 22-pole. After a certain time the voltage at these electrostatic einzel-lens was
dropped and the incoming ions were measured using a multiscaler analyzer E| as a
function of time. The same procedure was done with the exit lens of the 22-pole
trap. As a result, a small time difference At (see Fig. in the arrival time of
the ions time can be observed.

2MSC6A FAST ComTec
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Figure 10.2: The plot shows the measurement of the translational energy of the ions. The red line
indicates the measurements where the ion beam is hindered by an electrostatic barrier at the exit
lens of the 22 pole. The blue line indicates the measurements where the ion beam is hindered at
the entrance lens to pass the 22 pole. After a certain time the barrier will be dropped and the ion
can pass. The small indicated time difference At can be interpreted as the flight time through the
22 pole trap.

Form the difference in the incoming time At of the ions and length L between
entrance and exit lens the mean velocity of the ions could be calculated. The
geometrical distance between the entrance and exit is d = 44 mm. Since the ions will
be stopped due to a potential well the real path length L through the trap can differ
from the geometrical distance. To determine a more realistic path L a simulation
was performed. For this the static part of electrical field for the situations where,

1. the ions were stopped at the entrance lens

2. the ions were stopped at the exit lens

were calculated using the BEM method. With this, the trajectories for 5000 incom-
ing ions were calculated and the effective path was calculated from the difference of
the mean turning points of the ions. Figure [10.3 illustrates this for 100 incoming
ions. The effective length calculated from the simulations is L.y = 39.5 mm. As
mentioned before this value differs from the mean geometrical distance d = 44 mm.
For the calibration the value from the simulation was used. The translational energy
in eV of the ions was calculated as

L (Ler
Eipn = — 10.1
o= gom () (10.17)
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with m the mass of the ions and e the elementary charge. From several measurements
a translational energy of F;,, = 1.00 + 0.27 eV could be calculated. The potential
difference between the ion source and the potential of the 22 pole trap was about 1.1
eV for all measurements. This shows that the above mentioned assumption that the
energy of the ions is determined by the potential difference between the ion source
and interaction region is quite good. Smear out effects of the collisional energy due
to the energy distribution of the H, reaction gas were neglected, because the thermal
energy of the H, (=~ 25 meV at 300 K) is only a fraction of the translational energy
of the Art beam. For further calculations a value of Ej,, = 1.00 &+ 0.27 eV will be
used.
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Figure 10.3: The plot illustrates the determination of the effective path length L which is used for
the calibration of the ion energies in z-x plane. The applied voltages for the simulation was the
same as used in the experiment w.r.t. to the potential difference between the bias voltage of the
ion source and the bias voltage of the trap it self. The straight black solid lines indicate the cross
sections of the different einzel-lenses (BL4, SE, SA, BL5 ) and the 22-pol where SE and SA are the
entrance and exit lenses and BL4 and BL5 are einzel-lenses to focus the ion beam into the trap.
The upper plot shows the situation where the incoming ions are blocked with a high potential
applied at the entrance lens. The static voltages for BL4, SE, 22-pol, SA, BL5 are -6.5V, 7V, 0.7V,
-1V and -3.7 respectively. The lower plot shows the situation where the incoming ions are blocked
with a high potential applied at the exit lens. The static voltages for BL4, SE, 22-pol, SA, BL5
are -6.5V, -1V, 0.7V, 7V and -3.7 respectively. The thin black lines indicate the ion trajectories.
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Adjustment of the Piezo-Frequency

During the time of the measurements it was found that the reaction gas flow is
very sensible to small changes in the frequency of the applied oscillating voltage of
the piezo element. The resonance frequency of the used piezo valve is f = 3.5 kHz.
Due to a kind of wear and temperature effects this frequency can slightly change
w.r.t. the operating time of the piezo valve. To adjust the frequency correctly an
oscilloscope should be connected in order to read the roughly applied frequency.
Furthermore a bias voltage should be applied in a way that the piezo valve barely
closed. Following this a small oscillating voltage should be applied to the piezo till a
gas flow can be seen at ion gauge controllers. Now the frequency can be fine tuned
till the maximum pressure is measured at ion gauge controllers.

To test the 'collection’ efficiency of the experiment, which means, testing if the sum
of all reaction channels is equal to the initial amount of the Ar™ ions, measurements
at 275 K and 300 K were performed. As can seen in Fig. (upper plot), the
sum of all reaction channels (blue) is not equal to number of the Ar™ ions without
reaction gas (black). The reason for this is probably that many scattering events
take place in the interaction volume, where scattered ions can change easily their
direction. Compared to an octopole ion guide as used by other authors™ ¥ the
large field free region of a 22 pole trap will not strongly focus scattered ions back
to the central axis in axial direction. Therefore, scattered ions can easily hit some
electrodes and get lost. Especially the exit lenses are predestined for such events
due to their smaller radii compared to the inner radii rq of the trap. Also back
scattering events can not be excluded. Furthermore, the number of Art ions under
the influence of reaction gas (red Fig. upper plot), decreases as long as H, is
tickled into the trap, whereas the number of ArH™ ions stays constant after ~ 500
ms. This could be caused by H,, which is leaving the trap through the electrostatic
lenses and by an increase of the effective lengths (1) of the interaction volume. Here
a time depended number density gradient along the axial trap axis can occur. Due
to the large volume of the main chamber compared to the volume of the trap itself
other reactions processes outside the trap are very unlikely. It seems that the main
uncertainties are the rather low collection efficiency caused by a lot of scattering
events and the effective lengths (I). To evaluate the consequences of these uncer-
tainties w.r.t. to the calculated cross section, measurements of all reaction channels
were performed for different Hy number densities at 300 K and 275 K. The reaction
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network of Ar™ + H, to their products can be written as:

A +
dd; = —0[H,JAr" — oo [Hy)Ar™
+
dA;lH = oy [H,]Ar" — oH,]ArH
o (10.18)
d12 = 02[HyJAr™ — o4 [H,Hy
dHT
all2 = 03[H,]ArH" + o [H,|Hy

with the cross sections o; ¢ = 1 — 4. This system can be solved analytically using
Mathematica or a similar software. For further calculations the solution for the
second equation in system [10.18|is given by:

Arbi_o'le_[HQ}U3(l> (e[H2}<l>(_01_02)+[H2]U3<l> — 1)

ArHT (1)) = (10.19)

01+ 09 — 03

A least squares fit of this system to the measurements at 275 + 10 K is shown
in Fig. [10.5] An effective reaction path length of 4.4 ¢cm was assumed which is
identical to the geometrical distance (see Fig.[10.3)). The determined cross sections
are listed in table [10.1l As can be seen the determined values are of the same order
of magnitude as measured by Ervin and Armentrout [100] (o = (5.0 +1) - 107"
em? and oy = (2 — 15) - 107'% ¢m?). The ion-product ratio of oy and oy at 300 K
of 0.93 and 0.7 is in excellent agreement with the ratio measured by D.K. Bedford
and D. Smith [I02]. The value of o, is smaller by a factor of ~ 1.5+0.1 than as the
value measured by Ervin and Armentrout. The Hj intensities show the expected
quadratic dependence of a secondary process on the number density of H,. The
smaller values of o; agrees with the considered rather large scattering effects of the
Argon ions within the interaction area. The deviation between 300 K and 275 K
for oy can raise due to a difference in the translational energies of the Argon ions.
Due to the large scattering effects as discussed above and the uncertainty of the
effective reaction path length, which scales exponentially with the cross section, the
results seems to be quite good. Therefore, this method seems to be working and to
be accurate enough for calibrating the number densities as a function of time.

T [K] o1 09 03 04

3005 |3.06£0.05|0.24£0.03| 1.50+£0.53 | 0.09 £0.51
275£10 | 3.57£0.05 | 0.63 £0.04 | 2.39£2.13 | 0.04 £0.51

Table 10.1: Calculated cross sections of reaction [10.18|are given in units of 10715 ¢m?2. The errors
are the statistical errors from the least squares fit.
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Figure 10.4: The plot shows an accumulation of 20 measurements of the reaction Art + H, using
an Argon ion beam at an energy of F;,, = 1.00 £ 0.27 eV and a hydrogen number density of
[H,] = 8.7-10" em™ at a temperature of 275 K. The black line in the upper plot shows the Argon
ion beam without hydrogen in the trap. The red line shows the Argon ion beam with hydrogen
and the blue line the sum of all product ions. The middle plot shows the number of H;r, Hg,f and
ArH™ product ions as indicated. The upper plot shows the mean values of the measured pressure
outside of the trap.
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Figure 10.5: The plot shows the ratio of product ion intensity to Argon ion intensity without H,
as a function of the hydrogen number density at 275 + 10 K with an energy of F;,, = 1.00 +0.27
eV. The lines indicates fit of the equation system An effective reaction path length of 4.4
cm is assumed.

Figure compares the increase of the ArHT ions b = 10 57! (see Eq.|10.12) and
substituting Eq. [10.11] for the reaction gas flow [Rg(t)] in the simple reaction model

Eq. (solid lines) and into the more sophisticated reaction model (dashed
lines). The values for the cross sections are taken from Tab.[10.1} The results of both
models look quite similar. Above a hydrogen number density of [H,| = 1.0-10'2 ¢m™3
small deviations due to secondary effects are visible. To ensure an, as far as possible,
accurate determination of b as a function of the temperature of the reaction gas, the
more sophisticated reaction model will be used in the following. Figure [10.6
shows b determined from the increase of the ArH™ ions for different temperatures.
In contrast to the expected behavior b depends not only on the temperature but
also increases with the absolute pressure p = pre — Prackground- For temperatures
above &~ 30K b can be more or less described with the following function (see red
surface Fig. |10.6)):

b(p,T) = et VT - (1 — e P/T? 1 ¢)) (10.20)

with ¢ = 11.6 2.1, ¢y = (8.7 4 2.1)-10°, ¢3 = 0.3340.03 and ¢; = 6.4640.68. The
errors are the statistical errors of the least squares fit. For temperatures below 23 K
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b becomes very small and can not be described within the model function Eq. [10.20

106 7 N
p [mbar]

Figure 10.6: The plot shows b as a function of temperature and absolute pressure p. The black
dots are the measurements with T > 30 K and the blue dots for T < 23 K. b was determined
from the increase of the Ar™ ion, substituting Eq. for the reaction gas flow [Rg(t)] into the
reaction model The gray surface indicates the fit using Eq. with ¢; = 11.6 & 2.1,
co=(8.7+£21)- 10°, c3 = 0.33 £ 0.03 and ¢4 = 6.46 & 0.68.

Contrary to this, b can be described as expected as a function of the square root
of the temperature for T > 40 K, using the decrease if the ArH" ions after closing
the piezo valve (see Fig. [10.7]). Here, no pressure dependence could be seen (see
Fig [A.23)). The decrease of the ArH™ ions can be well described with the sum of
two exponential decays with time constants b=! and 7—!. Here, 7! describes the
slower decrease of the rest of the ArH™ ions after ~ one fifth of the initial amount
of ArH" has disappeared. As can be seen in Fig. b becomes rapidly smaller
for temperatures below 40 K. The large errors between ~ 35 K and 40 K can be a
result of an incorrect determined temperature. This is caused by electrical pick-up EI
of the temperature diodes. To instabilities of the used heating power supply of the
cold head the real temperature can fluctuate very easy by around 10 K. The rather
steep decrease of b for temperatures below 40 K are a consequence the adsorption

3Due to the applied rf amplitude of the 22-pol rods.
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effects (sticking or freezing out of H, molecules at the inner surface of the trap) that
become more relevant for smaller temperatures. Nevertheless, b can be described
for two temperature regimes with the following model:

T = VT +c¢ T>397K
) esT T < 39.7 K

with ¢; = 9.0140.45, ¢ = 16.1£3.4 and ¢3 = (2.86 + 0.18)-1075. The errors are the
statistical errors of the least squares fit. The reason for the observed difference of
the dependence of b on pressure and temperature for the increase and decrease of the
ArH™ ions is not clear. A possible explanation for this is that the flow into the trap
through the piezo valve is not instantaneously constant after the oscillating voltage
is applied to the piezo element. Here a delay until the valve is fully opened as a
function of the applied oscillating voltage can occur. Such a behavior could explain
the observed difference. Since the model for the reaction gas flow (Eq. into the
trap does not any geometrical of the pumped volume, also other unknown factors
due to the rather complex geometry of the inside of the trap could be responsible
for the difference in the dependence of b. In order to get a more sophisticated model
for the reaction gas flow into the trap and to avoid complex calculations due to
geometrical factors, the first explanation of the time dependence of the opening of
the piezo valve was used. Assuming that the flow into the trap should be constant
after a while, the reaction gas flow n can be described using Eq, [10.8 and replacing
the constant flow ’'a’ by a(t) = a- (1 — ™) via:

B b—be ™ + ¢ (—1 + e‘bt>
n(t,b,c) = ng - = (10.21)
b—c

where ¢! describes the time constant for a complete open piezo valve and ng
the reached constant reaction gas number density. Substituting this equation in
Eq. for [H,] will lead to a description for the increase of the ArH" ions as a
function of time. Using the values for b(T) (Eq. , ¢ can be fitted to the time de-
pended increase of the ArH™ ions. Figure shows ¢ as a function of the absolute
pressure for two temperature regimes. As can be seen c is increasing with increasing
absolute pressure p. Also here a rather large decrease of ¢ was determined from
the fit for temperatures below 28 K. This seems to be also a consequence of the
freezing out of the hydrogen molecules at the inner walls. Nevertheless, since p is
a good measure for the applied voltage to the piezo element, the increase of ¢ with
increasing pressure would support the above assumption for the opening behavior
of the piezo valve. ¢ can be described with the following model:

{c4p+c5 T > 28K
c(p) =

cyp T <28K

with ¢y = (3.85 £ 0.11)-107, ¢5 = 1.63+0.95 and ¢ = (3.44 & 0.02) - 10®. The errors
are the statistical errors of the least squares fit. Using Eq.[10.21|in connection with
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b(T) (Eq. and c(p) (Eq. the H, flow into the trap can be modeled (within
some errors) as a function of the absolute measured pressure and the temperature
of the trap

A(t,b,c) = a(t, (T, c(p)). (10.22)
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Figure 10.7: The plot shows b as a function of the square root of the temperature. b was averaged for
equal temperatures. The dashed lines indicates the fit using the model Eq.[10] with ¢; = 9.01+£0.45,
co =16.1 £ 3.4 and c3 = (2.86 £0.18) - 10~°.

It has been shown that most of the measurements could be described very well using
the model for the reaction gas flow. Figure [10.9 shows three measurements of the
increase of the ArH" ions as a function of time at 108 K, 39 K and 16 K. The
black lines indicate the simulated ArH™ () ions using the model Eq. for the
reaction gas flow. The abrupt decrease of the time constants b and ¢ for temperatures
below 35 K can be interpreted as a consequence of adsorption effects of the at
the inner walls of the trap. This temperature regime is higher than expected ™,
Corresponding to the vapor pressure curve of hydrogen one expects that H, freezes
out below 20 K. Maybe there are some colder areas inside the trap housing than
indicated by the temperature diode (mounted on the backside of the inner trap
housing), where hydrogen can freeze out. Since the sticking of hydrogen molecules
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at cold surfaces is a very complex mechanism, freezing effects at about 20 K can also
not be excluded. A clear indication of cryosorbtion effects at cold temperatures is
seen in Fig.[A.24] The picture shows a screen shot of the Labview data acquisition
system to record the measurements which illustrates impressively the effect of the
freezeout of H, at the inner walls of the trap. The plots in this picture show a
measurement at 12 K for the increase of the ArH" ions (left panel, white lines) and
corresponding measured pressure outside the trap (right panel). Nicely visible are
the oscillations in the pressure (right) and the ArH" ions (left) with a frequency of
2 Hz. This is exactly the repetition rate of the helium expansion inside of the 10
Kelvin cold head. Cryosorbtion effects are very sensible to changes in temperature,
the oscillations in the pressure and the number of ArH" ions are a consequence of
the oscillating cooling power of the cold head and clear ion of cryosorbtion effects.
Since cryosorbtion effects were not the aim of this measurements they were not
further investigated.
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Figure 10.8: The plot shows c as a function of the absolute pressure for two temperature regimes as
indicated. The solid lines indicates the fit using the model as indicated. with ¢4 = (3.85 4 0.11)-107,
cs = 1.63+0.95 and ¢ = (3.44 4 0.02) - 103.
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Figure 10.9: The plot shows three measurements of the increase of the ArH™ ions as a function of
time at temperature as indicated. The black lines indicates the simulated ArH™ () ions using the
model Eq. [10.22| for the reaction gas flow. The measurements where normalized to unity.

For reactions of ions with hydrogen, where the reaction is faster than the time until
a constant flow of H, is reached, the rate coefficient must be calculated with the
hydrogen number density using the time dependent reaction gas model. Since the
reaction takes place in while the hydrogen number density is rising, small errors in
this time dependence of the reaction gas can lead to significant errors for the rate
coefficients. For slow reactions, where the reaction is slower or equal than the time
until a constant flow of H, is reached, the rate coefficient can be calculated from
the decay of the ions after a constant flow is reached. Here the rate coefficient is
less susceptible to errors in the time dependent number density. A simulation of
both scenarios is shown in Fig. for rate coefficients of k = 5.00 - 1072 cm3/s
and k = 8.00 - 107" ¢m?/s and an assumed error of by = 0.85 - b (Eq. and
crie = 0.85 - ¢ (Eq. at 35 K. As can be seen for the higher rate coefficient the
reaction takes place while the number density reaches equilibrium and the relative
error is ~ 12%. For the smaller rate coefficient the relative error is ~ 0.4%. To
reduce the error for the faster reaction the number density can be reduced to fit the
exponential decay after the number density reaches equilibrium. Since a reduction
of the number density leads to an increase of the time until the number density of
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the reaction gas reached a constant flow, the determined rate coefficients are more
vulnerable to errors arising from errors in b and ¢ for fast reactions.
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Figure 10.10: The plot compares a fit to a simulated exponential decay of ions for reaction rate
coefficients , at a temperature and an equilibrium number density of the reaction gas as indicated
in the plots. For the fits, a error in the constants b (Eq. and ¢ (Eq. i for calculation of the
time depended number density of Efit = 0.85-b and crie = 0.85 - ¢ was assumed. This error in
the number density is shown as green line in the lower plot. The green lines in the upper plots
indicates the fits using the wrong time dependent number density (green line lower plot). The fit
was taken for values with t > 120 ms and an initial number of 1000 ions was assumed. The dashed
black horizontal line in the lower plot indicates the 95 % limit of the reaction gas number density.

The model via Eq. can be used to draw a timing map as function of temper-
ature and number density. Fig. [L0.11] (lower plot) shows such a timing map for 15
K < T < 60K and 1.0-10" em™ < [Hy] < 9.0- 10" em™3. This map can be used
to estimate the time for a given temperature and number density, i.e. how long one
has to wait until the H, number density is constant.
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[Hy]=1.0-10" cm ™3
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Figure 10.11: The lower plot shows a timing map for the piezo valve. The time 1 H,(¢) > 0.95- H,
is reached is indicated as the numbers in the plot in seconds. The upper plot shows the simulated
flow in to the trap using Eq. [10.22] and a H, number density as indicated for two temperatures T
=20 K and T = 45 K. These temperatures are indicated in the lower plot as points and the arrows
pointing to the corresponding curve in the upper plot. The horizontal solid line in the upper plot
indicates the 95 % limit.

Furthermore, this technique in principle allows the determination of the number
density of the reaction gas. In the following the feasibility of this approach will be
discussed. From the cross section (neglecting ternary effects), the number density

can be calculated via:
lo _ A
8 Ar(')"fArH+

Neross = <l>0'

(10.23)

with Arj the number of initial Argon ions, (I) the effective reaction path length and
o the cross section for the reaction. For o the mean value of oy = (3.30 + 0.27)-107%
cm? from Tab. was used. The effective reaction path length was assumed to be
(I) =4.440.2 cm. Figure|10.12shows the relative deviation % in % where
Neq 18 the number density calculated via Eq. . As can be seen in terms of the

relative deviation, the number densities calculated with cross section ng..ss are =
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10% smaller as n.q calculated via Eq. for T > 35 K. Towards lower temperatures
the deviation increases to positive values, which means that n., > Neross. Since the
effective reaction path length should not change and sigma increases with smaller
temperatures of the hydrogen, one possibility to explain this behavior is that the
initial number of Arj ions is smaller at lower temperatures. As can be seen in
Fig. (upper plot), where the blue and black curves show the measurements for
the Ar™ ion with and without a hydrogen pulse, respectively, the number of Ar™
converges slowly to its initial value without any hydrogen in the apparatus w.r.t.
the time. Since the initial amount of the Ar{ ions were calculated from the black
curve, it seems to be possible that at lower temperatures the hydrogen stays longer
in the apparatus and the calculated initial amount of the Ard ions is too small.
Remark: The used cross section in this calculation is smaller than the cross section
calculated from Ervin and Armentrout [I00] (¢ = (5.0 & 1) - 107 ¢m?) for this
reactions. Using their value would lead to even smaller number densities.
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Figure 10.12: The plot shows the relative deviation of the number density n.,; determined via via
Eq. to the number density m.r0ss determined using reaction of Argon ion with hydrogen via

Eq. [10.23]in %.

Due to i) the unknown energy of the Ar™ ions, ii) the unknown exact cross section
of the reaction, iii) large scattering effects and iv) the unknown reaction path length
this method seems to be inappropriate and very inaccurate to determine the number
density of the reaction gas.
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Conclusion

The reaction of Ar" ions with H, was used to calibrate the reaction gas flow into the
22-pole trap via a piezoelectric valve in a temperature range of 15 K - 300 K. Here,
a tickling mode was used to achieve a constant flow of H,. Due to the uncertainties
in the exact translational energy of the Ar™ ions, the effective reaction path length
and large scattering effects, the calculated cross sections differ by a factor of ~ 1.5 to
the cross sections determined in other experiments. The observed reaction channels
agree qualitatively very well with the expected ones. A model could be developed
in order to describe the time dependent reaction gas flow of H, as a function of
absolute pressure and trap temperature.

Below 35 K, cryosorbtion effects slow down the reaction gas flow, therefore the time
for tickling the reaction gas into the trap should be increased in order to determine
accurately the equilibrium number density of the H,. Due to very strong cryosorb-
tion effects below ~ 15 K this method seems to be very inaccurate in order to
determine the number density of the H, precisely. To evaluate the described reac-
tion gas flow model in more detail, measurements of ion-hydrogen reactions with
well known rate coefficients should be performed.



Chapter 11

Conclusion and Outlook

11.1 Experimental Part

Within this thesis, the reaction N*(°P;,) + Hy(j) — NH" 4 H was investigated and
analyzed in great detail. Since the role of the energy dependence on the nuclear spin
configuration of the hydrogen molecule is largely understood, the aim was to inves-
tigate the influence of the energy of the fine structure of the N* ion in promoting
this reaction.

Based on extensive measurements and a careful analysis of this reaction system, fine
state specific rate and relaxation coefficients have been calculated.

It could be demonstrated that the adiabatic reaction model is suited to describe the
effective rate coefficients as a function of the temperature across the whole data set.
However, the fine state specific rate coefficients extracted within this model were not
found to be appropriate in order to describe the experimentally observed exponen-
tial decay of the NT ions. Consequently, these fine state specific rate coefficients are
only a first order approximation. In order to explain the mono exponential decay
of the NT ions, reactivity and relaxation of the 3P, state of the N* ion were taken
into account. By using a non-adiabatic model in connection with a global fit, fine
state specific rate and relaxation coefficients have been calculated, which are able to
describe the observed mono exponential decay. The large uncertainties of the rate
coefficients of the P, state suggests, that they only have minor contributions to
the reaction. In order to clarify the reactivity of the P, state more measurements
above 100 K and well known ortho-para mixtures of the hydrogen are necessary.
Despite the observed trend of an increase of the rate coefficient while using a huge
amount helium, the intensive analysis of the non-adiabatic model leads to the con-
clusion that relaxation processes under the influence of helium buffer gas are not
able to increase the effective rate coefficients.

The increase of the rate coefficients in presence of helium is probable caused by
ternary reaction processes which lead to the formation of a strongly bound NHj
complex. In order to resolve the discrepancies between the measured and expected
temperature dependence of the ternary rate coefficients, additional measurements
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are necessary.

Furthermore, rate coefficients for the formation of (N—He )* (n = 1,2) clusters
were determined, in order to evaluate ternary reaction processes which can impede
the determination of the rate coefficients of reaction N* + H, — NH" + H at low
temperatures.

Based on the characterization of the piezoelectric valve, a model was developed
to describe the reaction gas flow as a function of time in a quantitative way. This
model could be used in future experiments in order to separate different reaction
mechanisms from each other. For example the technique described could be useful
to verify the influence of relaxation processes of the fine structure population of the
N* ions on the reaction N*(°P;,) + Hy(j) — NH" 4 H. Thus, relaxation processes
using huge helium number densities (=~ 10'® ¢m™3) and a relaxation time of several
seconds can be separated from the reaction processes with hydrogen.

In the course of the present experimental investigation, various parameters were
identified which influence the reproducibility and the accuracy of the measured rate
coefficients. In conclusion, the following parameters showed the highest impact
w.r.t. the behavior of the number density of the neutral reaction gas, and thus on
the derived rate coefficients:

e temperature fluctuations of the trap caused by an imperfect thermal contact
of the heating elements which are mounted around the coldhead

e cryosorbtion effects at low temperatures

e the equilibrium of the pressure inside and outside the 22 pole trap is only
reached after ~ 2 h

For future experiments the heating system of the trap should be redesigned to allow
for stable temperature measurements above 30 K. Here, heating cartridgeq| could
be used, which can directly be mounted in the trap housing. Furthermore, a PID
temperature controller would be very useful in order to control the heating of the
trap and correct temperature changes automatically. To reduce unwanted reaction
channels caused by contaminations of the ion source, it is necessary to clean them
and replace the broken filament.

In addition, the problem of the rather bad purity of the produced para-hydrogen
needs to be addressed, before additional measurements using p-H, can be performed.

11.2 Theoretical Part

The theoretical part of this thesis has covered different aspects of trapping charge
particles. It was demonstrated that the boundary element method (BEM) is suited

"http://www.hs-heizelemente.de/productareas/pt-100/
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for highly accurate calculations of electrostatic potentials. In connection with the
multipole analysis, this is a powerful tool in order to design new trap arrangements
or to analyze the behavior of ions in oscillating electric fields. Based on various
examples it was shown, how this tool can be used to study the influence of various
design parameters on the trapping field in a systematic way or to evaluate pertur-
bations of the field due to mechanical misalignments.

For a 22 pole trap it could be shown, that the kinetic energy distribution of an ion
ensemble could be well described by a weighted sum of two Maxwell-Boltzmann dis-
tributions using the temperature of the buffer gas and a higher temperature which
is governed by the coupling of the micro and macro motion of the ions. Also heating
effects due to unwanted trap minima in a real 22 pole trap and how to avoid them
were discussed. Based on the example of the split ring electrode trap (SRET) a
formula was derived in order to calculate frequency shifts in the secular motion of
the ion as a function of higher order multipole components of the field.

The last section of the theoretical part showed to what extent space charge effects
must be taken into account in a 22 pole trap. It was demonstrated that space charge
effects have the same consequence of pushing the ions towards the rf electrodes as
the applied voltage at the exit and entrance lenses. Numerical simulations of varying
number of stored ions in a realistic 22 pole trap considering space charge effects and
elastic collisions did not show any increase of the axial energy of the ions. Thus,
the discrepancy between the nominal trap temperature and the ion temperature,
derived from the Doppler broadening in the experiments™®! cannot be explained
within these simulations. The simulations showed that the observed increase of the
ion temperature is a consequence of the oscillating field in radial direction. Here,
the ion temperature increases with increasing the number of stored ions and/or the
applied axial trapping voltage.
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Appendix A

Appendix

A.1 Approximation of Hyperbolic Shaped Elec-

trodes
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Figure A.1: The plot shows transmission curves T'(q) for M = 100
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Figure A.2: The plot shows transmission curves T'(q) for M = 200

| =—a hyperbolic o0 R/ry=1.121 4 R/ry=1.145 |
e—e R/ry=1.109 e—e R/roy=1.128
0.25] T T T T
0.20 | 4
X015} .
C]
'—
0.10+ §
0.05| 4
0,00 [S81HEEAETEO0NIAES ; ; :
0.703 0.704 0.705 0.706 0.707
q

Figure A.3: The plot shows transmission curves T'(q) for M = 400
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A.2 Space Charge Effects
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Figure A.4: The upper plot shows the full numerical solution for ®,;. The lower plot shows the
potential @, fitted using Eq. The applied voltage at entrance (SE) and exit (SA) electrodes
are quS’E = Vdc,SA =1V.

A.3 Tests to Improve the LIRtrap Setup

A.3.1 The Stability of Guiding and Trapping the Ions

For the quantitative analysis of a measurement one has to assume that the num-
ber of trapped ions is normal distributed at a certain storage time. This is caused
by the fact that each measured point is recorded individually. The first problem
was observed by having a closer look at the number of counted ions. Here, peri-
odic instabilities were observed. Such problems were also reported by S. Gartner.
Measurements using a time of flight multichannel analyzer| have shown, that these
periodic instabilities or fluctuations occur more significantly for higher mass resolu-
tion of the first QMF. The fluctuations appear with a frequency of around 50 Hz. It
was revealed, that this periodic instabilities arose from the supplied heating voltage
for the tubes of the rf-frequency generator of the first QMF. This tubes are respon-
sible for the amplification of the rf-amplitude which guides the ions through the first

IFAST ComTec MCA
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QMF. It has been shown that the heating voltage for the tubes was supplied by a
AC-voltage with a frequency of 50 Hz. After switching to a DC-voltage, the periodic
instabilities in the number of counted ions could be reduced significantly. Next, the
stability of trapping the ions was investigated. Figure shows a measurement of
the reaction of N* with hydrogen at four different trapping times for 400 iteration.
As can be seen the number of ions is nearly normal distributed. This figure also
shows what happens if the number of iterations is chosen too small. The variance
keeps almost the same for both cases, but the mean value can slightly shift. The
variance is in the range of 1-1.6 of the square root of the number of counted ions.
This also shows that statistical deviations can influence the results if the number of
iterations for each measured point is chosen too small.
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Figure A.5: The plots show a typical measurement of the reaction of Nt with hydrogen at four
different trapping times for 400 iterations. The black histogram shows the measurement for all
400 iterations. The black solid line indicates the fitted normal distribution. The green histogram
shows the measurement for every 30 th. measurement and the green solid line indicates the
corresponding fitted normal distribution. The mean and the variance for all 400 iteration are
respectively 874.9 + 43.2, 436.0 & 31.1, 185.6 = 17.8 and 75.0 &+ 9.5 ion counts.
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A.3.2 Saturation Effects of the Ion Detection System

A Daly detector ™™ in combination with a photomultiplie(PMT) was used for the
detection of the ions. Here, positively charged ions are accelerated by a high voltage
(~ 40 kV) againt a aluminum surface and are converted by impact into electrons.
These electrons are accelerated in the opposite direction onto a scintillator, where
the produced photons are amplified by a PMT and converted in a voltage pulse.
A discriminatoi’] is used to convert the PMT-signal above a certain threshold level
into a NIM-pulse (see Fig. [A.6) which can be counted by a counterﬂ. A detailed
description of such an ion detection system can be found in the Staatexamensarbeit
of Fanghénel [69]. This technique allows to count each single ion.

0.00 i
-0.05
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_0.25 L ; ;
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Figure A.6: The plot shows the PMT signal (green) and the answer signal of the discriminator (red).
The blue line indicates the smoothed PMT-signal which was used to identify the signal numerically.
The red circles and green squares indicate the counted discriminator and PMT signals. Clearly
visible is, that not every single PMT-pulse can be identified by the discriminator as an ion. Such
saturation effects appear, if too much ions arrive the detector within a small time interval.

A precise ion counting requires that each 'PMT-ion signal’ is identified by the dis-
criminator as an ion or in other words that one has a one-to-one correlation between
the PMT-signal and the discriminator signal. To investigate this relation, the second
output of the discriminator which provides the amplified original PMT-signal and
the final output-signal of the discriminator were recorded by an oscilloscopeﬂ From

2HAMAMATSU R647-01

3Philips Scientific 300 MHz Discriminator Model 6904
40rtec 994 Dual Counter and Timer

SLECROY WAVERUNNER 64XI
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this the individual signals were compared to each other (Fig. |A.6). The measure-
ments were performed using N ions in the trapping modus (80 ms storage time)
for different temperatures and trapping Voltagesﬂ To get the ions out of the trap,
the exit lens voltage has to be lowered to accelerate the ions into the second QMF.
In order to reduce saturation effects of the detector (very rapid sequentially arriving
ion signals can not be separated by the PMT or the discriminator, see Fig. the
entrance lens voltage was heightened and the exit lens voltage was lowered as a func-
tion of time to spread the ion cloud. This symmetrical lowering and heightening of
the voltage as a function of the time will be called ramp-time (RT) in the following.
As can be seen in Fig. the more ions are trapped and the faster the ramp-time
(RT) is, saturation effects of the detection system become more and more relevant.
Therefore, the ramp-time should be chosen as small as possible. On the other hand,
if the used time constant for ramping the voltages at the exit and entrance lenses
is too slow, some ions will get lost due to the extraction process out of the trap.
Figure [A.7] shows the relation between PMT-signals and discriminator-signals as a
function of the temperature and the trapping voltage. The variation of these param-
eters has no influence on the saturation effects. Figure and show that with
less than ~ 1200 trapped ions saturation effects are negligibly small. To illustrate
the influence of saturation effects on the time evolution of chemical reactions, the re-
lation between detected ions (PMT-signals) and discriminator-signals was modeled
and included in an ideal reaction system (see e.g. Eq. . Since one has an upper
limit of the detection efﬁciencyﬂ the relation between detected ions (PMT-signals)
Npyr and discriminator-signals Ny can be modeled in first order as follows:

Niser(Npar) = Ningz - (1 — €7 ¥PMT) x Ny - ¢ Npyr + O(Npyr) (A1)

where N,,., 1S the maximum number of detectable ions at the discriminator in a
certain time interval and ¢ < Nl is a ramp-time specific constant. Figure
illustrates the influence of the saturation for the reaction system (Eq. for a
ramp-time of 6 mV/us and 2000 ions at t = 0 in comparison to an ideal detection.
It can be seen that in contrast to an ideal detection the total number of counts is
not a constant. Since the detection efficiency decreases with the number of stored
ions a small bump in the total number of ions occurs (see zoom right plot Fig. [A.8)).
This is exactly what we have observed in previous measurements (Bachelor Thesis

J.Klaus [105]).

6The trapping voltage denotes the relative voltage between the floating voltage of the trap itself
and the voltages applied to the exit and entrance lenses.

"The number of counted ions in a certain time interval is limited by the dead time of the PMT
and the width of the NIM-pulse of the discriminator.
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Figure A.7: The plot shows the relation between detected Nt ions (PMT-signals) and
discriminator-signals as a function of the temperature and the relative trapping voltage. The
black solid line indicates a perfect one-to-one relation.
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An important consequence of saturation effects is that the determined rates of the
time evolution are always smaller than the real rate of the reaction. Take as an
example: for a ramp-time of 6 mV/us and 1500 ions at t = t,;,, where t,;, is
the shortest storage time of the ions which is usually about 15 ms, the determined
rate is 2% smaller than the real one. A plot of the relative change in the rates in
dependence of the ramp-time and the number of stored ions at t,,;, is shown in

Fig. [A.9]
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Figure A.8: The plots illustrate the influence of the saturation effects (solid lines and squares) for
a general reaction system (see eq. [6.2)) for a ramp-time of 6 mV/us and 2000 primary ions at t =
0 in comparison to an ideal detection (dashed lines and circles).
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Figure A.9: The plot shows the relative change in the rates kqqt. /kreqr in dependence of the ramp-
time and the number of stored ions at t,,:y-
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A.3.3 Temperature Behavior of the Reaction Gas Calibra-
tion and the N,* + H, Reaction

Since the number density of the neutral reaction gas is necessary to determine
rate coefficients, also their calibration as a function of the temperature was tested
(Eq. . Therefore, an exothermic reaction where the rate coefficient is expected to
be independent from the temperature was used. For such a reaction the Arrhenius-
curve is a constant.

Please note: From this only the temperature behavior of the calibration can be in-
vestigated. To verify also the correctness of the absolute number densityf] the rate
coefficient for the reaction has to be known very precisely from other experiments
as a function of the temperature. To test the temperature behavior, the following
Charge-Transfer-Reaction

N,* +H, 2 N,H* + H. (A.2)

was used.

This ion-molecule reaction was only studied up to now at room temperature by
several authors [I06-109]. They determined a rate coefficient in the range from
(1.4 — 2.0) - 107%c¢m?3/s™!. From calculations of the reaction enthalpy one derives a
value of AHL  ion = —2.53 €V and —2.55 eV for T= 0 K and T = 298 K under
a standard state pressure p = 0.1 MPa. Table shows the used values for the
calculation of reaction enthalpy of N, ions with Hy to NoHT and H. The values are
taken from the KIDA data base []] [a] and from the NIST-JANAF Thermochemical
Tables IT_U] [b]. This calculation supports the assumption of an exothermic reaction
and allows to use this reaction to verify the temperature behavior of the calibration

for the number density.

temperature [K] AHJ?N2+ AH} y, | AHY v e | AHY
0 1503.303 [b] | 0 [b] | 1042.75 [a] | 216.035 [b]
208 1500.499 [b] | 0 [b] | 1045.33 [a] | 217.999 [b]

Table A.1: Used values for the calculation of reaction enthalpy of N5 ions with Ha to NoH™ ions
with H in kJ/mol.

The Langevin capture model 1% was used in order to calculate a theoretic value for
the rate coefficient of reaction [A.2] The interaction between two colliding particles
is described by the ion-induced dipole interaction which is proportional to 1/r* (r
is the distance of the two particles), the charge e and the isotropic polarizability a
of the neutral collision partner. The Langevin collision rate coefficient k; can be

8The calibration is not correct, the factor f.. (Eq. can have a shift which will lead to a
‘global’ offset of the number density!

9nttp://kida.obs.u-bordeauxi.fr/

Ohttp://kinetics.nist.gov/janaf/
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calculated as follows

(& (8%
kp = —./—. A.
L=\ (A.3)

where 4 denotes the reduced mass of the colliding particles. For o = 0.787.A3 1

this leads to kz, = 1.52 - 1072m?/s~!. This theoretical value is in the same range as
the experimental values at 300K.

Surprisingly, measurements using only the residual gas for the ionization in the ion
source show a significant number of ions at mass 28 [amu], which will react to mass
29 [amu| in the presence of H, in the trap. As can be seen in Fig. |A.10] (solid
lines), measurements using additional N, in the ion source show further reaction
channels to mass 2 and 3 [amu|. Schultz and Armentrout [109] reported that the
reaction of NJ + H, can lead to the products Hy + N, with a branching ratio of
0.01. From this the reaction channel Hj + H, to Hi + H with a rate coefficient
of k = 2.0-107%m?/s 12113l (a4t 300 K) is accessible. Due to the fact that the
number of ions at mass 3 [amu] becomes constant after all ions at mass 2 [amu]
disappeared, it seems obvious that the following reactions

NS +H, 225 Hf + N, (A.4)
Hf +H, 25 Hf + H (A.5)

have to be taken into account. Since in both measurements (with/without N, in the
source) the same number of ions was trapped but different reaction channels could
be observed, one can suggests that two different ions species at mass 28 [amu] are
present in the ion sourcdﬂ. One possible candidate, which reacts with H, is the
CO™ ion. Since the rate of this reaction k = 2.0 - 107%cm?3 /s~ is in the same
order as the reaction of N with H, it is difficult to confirm this assumption.

1To ensure that roughly the same number of ions at mass 28 [aum] is stored using additional
N, gas in the ion-source, only the potentials applied to the electrodes for guiding the ions into the
22-pole were adjusted.



174 Chapter A. Appendix

¢ ¢ 3[amu] ¢ ¢ 28 [amu] ¢ ¢ 29 [amu] 4 2[amu]
4 3 [amu] +—+ 28 [amu] 4 29 [amu]

counts

104 19 T Lo e 9 T T T 9T ~< L i 11. T %_

1
0.05 0.1 0.15 0.20 0.25 0.30
time[s]

Figure A.10: Time evolution of the reaction of ions at mass 28 [amu] with H, at a temperature of
21 K and a H,, pressure of 2.06-10~7 [mBar]. The dashed lines show the reaction without N, inside
the ion source. The solid lines show the same reaction with N, in the ion source. The difference in
pressure measured at the ion gauge at the first quadrupole between both measurements is 5.8-107°
[mBar]

From the ratio of the number of H;" ions at maximum storage time for both cases
(see Fig. one can estimate roughly a ratio of NJ /(CO* + NJ) ~ 0.01. In
order to clarify the root of this possible contamination of the ion source with CO,
different test were performed.

1. A leak detector™ was connected to the machine to exclude the contamination
due to a small leak in the apparatus.

2. A residual gas mass scan with and without N, in the source was measured for
different ionization energies.

The leak test has shown, that there was no measurable leak in the apparatus. As-
suming a natural abundance of isotopes of CO™ and N3 at mass 28 [amu] and mass
30 [amu], a ratio of N3 /(CO" + N7) ~ 0.04 NJ in the source could be estimated
a consequence of the second test. From the ratio of mass 14 [amu] N* to mass 28
[amu] (CO™ and NJ) a ratio of NJ /(CO™ 4+ NJ) ~ 0.03 could be derived. Since we

12Pfeiffer Adixen ASM 380 Helium Leak Detector
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do not see any ions at mass 32 [amu] (OF), the oxygen forming CO™ could come
from the water molecules inside the ion-source, which is one of the most dominant
species in the residual-gas mass spectrum. Furthermore, deposits from old experi-
ments with methane e.g. CH; or one broken filament in the ion-source can lead to
reactions to CO™ in the ion-source. It is also entirely possible that the amount of
carbon is caused by the stainless steel parts of the ion-source, because of its high
temperature. A complete reaction scheme including all mentioned reaction channels
looks as follows:

N3 +H, NH++H (A.6)

NJ +H, =25 HJ +N, (A7)
H++H Hf +H (A.8)

CO* +H, = HCO*/HOC" + H. (A.9)

HCO™'/HOC™ indicates that both isomers can be formed within this reaction. Since
both isomers have the same mass, it is not possible to distinguish between them. The
difference in the proton affinity of HCO™ and HOC™ in connection with the reaction
of HOCT+CH, — CHZ +CO can be used to distinguish between both isomers 1.
Using f - MT as the number of NJ ions and (1 — f) - MT as the number of CO*
ions where f = N5 /(CO* 4 NJ) denotes the fraction of NJ ions, the corresponding
model for the time evolution of this reaction system can be written as:

dN3 n +
dt = _kl[Hz]fM - k2[H2]fM
dN,H*
jt =k [HQ]fM+
dH
"2 [HL] M — ko[ H,JHS
T (A.10)
7ﬁi==deﬂH§
dCO™
dt==—hmﬂ0—fﬂﬁ
dHCO' /HOC*

= ka[HpJ(1 — f)M*

dt

This system of coupled first order differential equations can be solved analyticallyﬁ.
Using the solution of this system, all nine measurements were fitted with a least-
square-method at once. The fit of four of these measurements by a single set of
rate- coefﬁcients With different amounts of N, in the source at 21 K are shown in
Fig. | Table [A.2] summarizes the calculated rate coefficients, the Ny pressures

and fractlon of f of N3 ions. The value for k; is in accordance with values from

13Calculated with mathematica.
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other experiments2061%) and with the calculated Langevin rate coefficient. The

branching of the first reaction in the products NyHT™ and Hj is by a factor of two
greater as reported by Schultz and Armentrout [109]. The value for k3 is slightly
higher than the reported value by Clow and Giese[112} [113]. Furthermore, the value
of f for no N, in the source, estimated using the isotopes, is in the same range as
the value calculated by the global fit of the data set.
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Figure A.11: The plots show the time evolutions of reaction for four different N,-pressures in
the ion-source at 21 K and a constant number density of Hy of (2.09 £ 0.05) - 10!° ¢m=3. The
black dots indicate the decrease of the NJ and the CO™ ions. The green and red dots indicate the
number of H2+ and the H; ions, respectively. The blue dots are the number of the N,H' and the
HCO*/ HOC™ ions. The solid lines indicate the fit. The pressure measured at the ion-gauge at
the first QMF from the upper left to the lower right are 4.6-10~° mBar, 6.2-10~° mBar, 1.0-1078
mBar and 1.9 - 1072 mBar. (The last pressure corresponds to the background pressure measured
at the first QMF after 2 days of pumping the whole apparatus.) The rate coefficients calculated
for this measurements are given in table
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pressure [mBar] | 1.9-107° | 4.6-107° |6.2-107° | 1.0-1078
f 0.03 0.42 0.61 0.91
ki [cmg/s’l] ky ko k?g ky

1.50-107% | 3.72-107 | 2.60- 1079 | 1.42-107°

Table A.2: The calculated rate coefficients, Ny pressures and the ratio of f = N, /(COT + N;7)
for the measurements shown in Fig. at 21 K.

The calculated rate coefficients for reaction [A.2] varies more or less around the the-
oretic calculated Langevin-rate of k;, = 1.52-107% [em?®/s™!]. Apart from the small
deviation one can assume that the temperature behavior of the calibration for the
number density is correct in a temperature range from 10-100 Kelvin.

A.3.4 The Number Density of the Reaction Gas at Low
Temperatures

Since the number density is calculated from the difference between the pressure
measured with and without reaction gas (section[6.1.1)), one has to assume that this
difference is not changing during the whole measurement. Due to problems with
respect to the reproducibility of the measured rate coefficients this assumption was
investigated. Therefore, the apparatus was cooled down to a specific temperature
and the background pressure was measured. Afterwards, H, was injected in the 22-
pole-trap until the pressure, measured at the ion-gauges, reached a constant. During
this time (1.5 h) the temperature and pressure was recorded. Figure shows a
measurement at 10 K. It can nicely be seen that the stability of the pressure can not
be assumed. Small variations in the temperature leads to large fluctuations in the
pressure. The reason for this is the effect of cryosorption ™ that means that H, (and
also other gases) will freeze out at the inner walls of the housing of the 22-pole-trap.
Since cryosorption effects are strongly temperature depended, a small change in
temperature results in a change of the pressure due to adsorption and desorption of
H,. Figure shows that this effect of changing temperature appears randomly and
can not be predicted. Furthermore, this fluctuations in the pressure are significant
enough to influence the measured reaction rates. Since no heating is applied to
the coldhead in order to increase the temperature, problems in the thermal contact
of the heating wires around the coldhead can be excluded in this case. Therefore
the temperature variations must be a consequence of an imperfect cooling of the
coldhead. To overcome this problem, one has to measure the pressure during the
whole measurement in order to correct this effect afterwards. Unfortunately, this is
not possible due to the fact, that for trapping and thermalizing the ions an initial
helium buffer-gas pulse is used which distorts the pressure measurement. Another
possibility is to record the temperature during the whole measurement and delete
measured points at times where temperature fluctuations are detected. Figure
shows such a measurement for the reaction with Ny with hydrogen (Eq. at 10
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K for 200 iteration at four different measured trapping times on the depletion curve
of the N ion. As can be seen, a change in the temperature leads to a change in
the reaction rate (middle plot Fig[A.12)). In terms of the measured rates this also
demonstrates, that the pressure fluctuations, which can only be measured outside
of the trap, are obviously present inside of the trap. In order to get the most
reliable results one has to accumulate a large number of measurements and decide
based on the fluctuations in the temperature and the rates if the they can be used.
Obviously, this technique is associated with a huge time effort. Since cryosorption
effects are temperature dependent, the described problem is reduces towards higher
temperatures 2 20 K H,,.

g @ © rates
= — smoothed
E — mean rate
__ d(rate)
= dat
= __ d(temp)
dt
¥
o 9.95 G g g . R : : :
5 9.90 3 : 1 g6 8 | g -
© 9.85 : : ; : N, | [eP ol (e © temp
@ 9.80 ‘ : : § : % ®]| — smoothed
g 975 | 3 | 3 ‘ |
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Figure A.12: The plots show a measurement of the reaction NJ + Hy — N,HT + H (see eq. [A.2)
for 200 iterations at four different measured trapping times at around 10 Kelvin. 4 measurements
are grouped together in order to fit an exponential decay to the depletion curve of the primary ion
NJ. In the upper plot each blue dot shows the calculated rates where 4 measurements for each
4 different measured trapping times (16 single measurements) are grouped together in order to
fit an exponential decay to the depletion curve of the primary ion Nj. The lower plot shows the
corresponding temperature grouped in the same way. The solid lines in the upper and lower plot
indicate the smoothed data. The middle plot shows change of the rates or temperature w.r.t. the
time, calculated from the smoothed data.

Another important factor for the determination of the number density is the stability
of the valves for injecting gas into the apparatus. It is necessary to ensure that the
used leakage valveﬂ are stable for several hours, because the time requirements
for a typical experiment are usually in the range of 3-10 hour. Since the gas flow

Hpfeiffer-vacuum UDV 040
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rate through the leakage valves can be very low in our experiment (especially for
fast reactions), the stability of this flow is very sensitive to small changes in the
room temperature. In order to minimize the effect of drifting pressures during the
measurements due to low gas flows through the leakage valves one could use a higher
flow rate and split the flow into a low one guided into the trap and a larger one that
will be guided into a turbo pump.

A.3.5 Measuring Rate Coefficients during the Cool Down
Phase of the Apparatus

In order to speed up the measurement of rate coefficients over several tempera-
ture ranges, the following measuring technique was tested based on the reaction of
CO* +H, —» HCOt +H (last Eq: Because of the large rate coefficient and
the temperature independence, this reaction is very sensitive to small fluctuations of
reaction gas pressure and therefore is used to improve this technique. The following
steps describe the used measuring process.

1. Performing the steps of a typical measurement (section [6.1.1)).
2. Starting the coldhead to cool down from 300 to 10 Kelvin.
3. Applying a heating current to slow down the rate of cooling the trap.

4. Measuring 4 points at the exponential decay of the depletion curve of the CO™
ions during the whole cooling down phase.

Figure shows a measurement in temperature range from 10-100 Kelvin (the
different colors mark different measurements). The rates were calculated by group-
ing all measurements within a temperature range 7'+ AT together (maximum 6
measurements) to fit an exponential decay of the depletion curve of the CO™ ions.
Taking into account the number density of the reactions gas as a function of tem-
perature, the fitted rates were multiplied by v/T' additional. As can be seen, in the
range from 100 to ~ 25 Kelvin the rates slightly increase. Below 25 Kelvin the rates
decreases strongly initially and increase again later. The lower the temperature, this
effect is the more pronounced. A reason for the small increase of the rates above
25 K could be an increase of the pressure of the reaction gas due to drifting effects
of the leakage valves. The initially observed strong decrease below 25 K is caused
by adsorption of the H,. Here, the H, is freezing out at the inner walls of the trap
housing which results in the observed decrease of the rate. After a certain time, all
inner surfaces are saturated with H, and the number densities rise again in terms of
the increase of the rates. Thus, this method can lead to huge errors of the measured
rate coefficients.

Therefore, the usage of this technique in order to determine rate coefficients effi-
ciently and accurately as function of the temperature is not very appropriate. Fig-
ure reveals a further problem which occurs using the above mentioned tech-
nique. This plot shows a measurement of the cooling down phase of the apparatus to
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10 K followed by a heating up to ~ 25 Kelvin with N, gas in the storage ion source.
As can be seen the background pressure decreases with decreasing the temperature
of the trap. This effect can cause too low calculated reaction gas densities which
will result in an additional error for the determined rate coefficients.
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Figure A.13: The plot shows a measurement of the cooling down of the apparatus to 10 Kelvin
followed by a heating up to ~ 25 Kelvin with N, gas in the storage ion source. The red and green
line indicate the pressure measured at both ionization gauges at the first QMF and the chamber
of the 22-pole trap. The blue line shows the temperature.

A.3.6 Steady State of the Apparatus

To calculate the number density of the neutral reactant from the pressure measured
at the ionization-gauge in the trapping chamber, one has to assume that the gas flow
in and out of the 22-pole trap is in an equilibrium. To investigate this assumption

the reaction N* +n—H, kf—1> NHT +H was used. For this the apparatus was cooled
down to 10 K and the leakage valve for the H, gas was opened. The decrease of
the N* ion was recorded at two fixed trapping times and the rate of the reaction
was calculated. Additionally the pressure in the trap chamber was recorded. This
measurement was performed within 4 hours. Figure illustrates impressively that
the above mentioned assumption is a function of time. It can be seen that outside
the trap an almost stable pressure is measuredﬁ. The determined rates suggest
that this is not true inside the trap. In terms of the rates, a steady state of the

15The steep decrease of the calculated rates for ¢ < 0.25 h is a consequence of the abrupt pressure
increase after opening the gas valve.
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gas flow is reached after &~ 2 hours with respect to the time since opening the valve
for the neutral reactant. The apparent reached stable H, pressure after t ~ 0.5 h
is increasing until the end of the measurement of about &~ 3% while the calculated
rate is increased by ~ 65%. As a result of this behavior, the rate coefficients are
systematically smaller if the experiment is performed in a time interval of 0.5-1.5
hours after opening the neutral gas valve. As a consequence of this, fluctuation by
more than 50% in the estimated rates at different days can appear. This behavior is
due to cryosorption effects of the neutral reactant and probably a function of the trap
temperature which should be investigated in more detail. Since this problem was not
taken into consideration at the beginning of this thesis, the smaller rate coefficients
and their large fluctuation below ~ 25 Kelvin (see Fig. black dots) could be
explained . For temperatures above 25 Kelvin this effects should be significantly
smaller and should not influence the measured rates (Fig. black dots).

A.3.7 Improving the Measurement Procedure

In this section, an improved measurement strategy will be given with respect to the
reaction

The depletion of the primary ion N was recorded at four different trapping times
(4-point measurement) for a certain temperature and H, pressure. This allows to
increase the number of performed measurements within a sufficient period of time.
In dependence of the temperature, up to 100 measurements could be accumulated
which help to reduces the statistical errors. For the calculation of the rates k 71 (see
Eq., 10 measurements were grouped together and an exponential decay was fit-
ted to that curves in order to identify possible changes in the experimental condition.
Using this strategy, measured points where changes in the experimental condition
occur e.g. a temporarily rising of the reaction gas pressure as a consequence of ad-
sorption effects, can be identified and excluded. Additionally, all measurements can
be grouped together and can be compared to the smaller grouped measurements.
Figure shows a measurement performed with the strategy mentioned above.
For reasons of clearness only two of ten grouped measurements are plotted (red
and blue dots). Also the average of all 100 measurements are plotted (black dots).
Figure (upper plot) shows the calculated rate l;fJ (blue) for all ten grouped
measurements as a function of time to perform the whole measurement. Further-
more, the average of the calculated rate /;ﬂl of all 100 measurements (black) is
plotted. The lower plot Fig. shows the nominal trap temperature as a function
of time for the whole measurement.
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Figure A.14: The plot shows a 4-point measurement of the decrease of the N* ions at 24 K and a

H, number density [np,] = 1.02- 10" em™2. The red and blue dots indicate two (singly averaged

about 10 measurements) of ten measurements. The black dots indicate the average of all 100

measurements. The lines correspond to the fitted mono exponential decays of the N* ions.
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Figure A.15: The upper plot shows the calculated rates l~<;f,1 for ten grouped measurements (blue)
and the rate calculated from the average of all 100 measurements (black line) as a function of
the measurement time at ~ 24 Kelvin. The lower plot show the corresponding nominal trap
temperature as a function of the time.
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In order to increase the accuracy of the determined rate coefficients the measure-
ments should be performed for different H, pressures at a fixed trap temperature.
Here, the advantage is that the rate coefficients ks ; can be calculated from the rela-
tive change of the reaction rate l;;ﬁl as a function of the number density (Eq. .
In contrast to the determination of the rate coefficient using only a single measure-
ment at a certain H, pressure, this method is less susceptible to small experimental
drifts.

kp= kg, - [Ho] (A.11)

Figure shows this linear dependence for a 10 K, 13.3 K and for 24 K measure-
ment. The large uncertainties in the H, number density at 10 K and for 13.3 K are
a consequence of the cooling cycle of the cold head (repetition rate of 1 Hz) and the
cryosorption effect of the neutral reaction gas at temperatures below ~ 25 Kelvin.
As can be seen in this figure an additional offset has to be taken into account to fit
a linear behavior. Therefore a constant b was added to Eq. [A.T1]

kp=kpa-[Ho] +b (A12)

This offset could be partially explained with the delay of the equilibrium between
the number density inside and the pressure outside of the trap, mentioned in sec-
tion [6.3.1] If the measurements are performed too early, the derived rates are too
small which could explain a negative rate at zero H, number density. Such an offset
was also observed for the measurements of the reaction of N5 with H, (section .
This offset could also be a consequence of the evaluated number density of the hy-
drogen pressure measured outside of the trap. As mentioned in section the
number density of the neutral reactant is calculated from the difference of the back-
ground pressure pper and the measured pressure of the reaction gas. Figure
shows a measurement of the cooling down of the apparatus to 10 Kelvin followed by
a heating up to ~ 25 Kelvin with N, gas in the storage ion source. This plot nicely
illustrates that an equilibrium background pressure is not completely achieved after
4.5 hours after starting the cooling phase of the trap. This effect can cause a to
low calculated reaction gas density depending on the reaction gas pressure and as
a function of time. A too large value of the calibration factor f.,; (Eq. for
the hydrogen calibration which would lead to a too large number density could not
compensate this effect and can therefore be excluded most likely. Since the tem-
perature behavior of the calibration of the number density should also be correct
(section , it is not clear yet which effect causes this offset. Probably there is
a complex interplay between the pressure measured by the ion gauge outside the
trap, cryosorption effects below 25 Kelvin, the calculation of the background pres-
sure ppect and the time of the measurement w.r.t. time of opening the valve for the
neutral reaction gas. To clarify this problem and to investigate into the influence
of this effect on the accuracy of the calculate rate coefficients in more detail, more
measurements should be performed. Since all measurements for determining the
rate coefficient as a function of the temperature show a linear dependence between
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the number density and the reaction rate k 7,1 one can conclude that the calculated
rate coefficients (see Fig{6.3) are correct.
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Figure A.16: The plot shows the linear dependence of k £,1 as a function of the H, number density
for a 10 K, 13.3 K and for 24 K measurement. The dashed lines indicate the fitted linear dependence

of the rate coefficient ky1 (eq. |A.12)
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A.4 The N+(3Pja) + H,(j) Reaction

A.4.1 A Simple Approach for the Analysis of Reaction
N* +H,(j)

A first approach to evaluate the temperature dependence of the rate coefficients for
reaction

N* 4+ H, % NHY + H. (A.13)

is to use a simple Arrhenius function
l{(T) = k’A . eXp(—TA/T) (A14)

where Ty = E4/k is the activation temperature, F4 is the activation energy and k is
the Boltzmann constant. The fit to the measurements using the normal-H, sample
(black circles) show a rather bad agreement with the data. From this an activa-
tion temperature of T, = 41.66 K could be calculated. Using a simple Arrhenius
function in order to describe the measurements of the para-H, sample is not reason-
able. Nevertheless, the much steeper decline of the rate coefficient above ~ 40 K
measured with the para-H, sample (green circles Fig. is a clear indicator that
the rotational energy of the Hydrogen (j=0,1) plays a significant role in promoting
reaction [7.1]

As can be seen Fig. the fitted curves using Eq. [7.3]show a good agreement with
the measured data. The following effective rate coefficients (in 1071° em?/s) could
be determined from the fit:

keps(T, f =0.75) = 1.03 exp (—26.44/T") + 4.01 exp (—69.91/7) (A.15)

and

ke (T, f = para) = .02exp (—27.74/T) + 6.43 exp (—187.65/T") . (A.16)

As can be seen, the activation temperature in the first term of Eq. [A.15] and [A.16|
are comparable in contrast to latter ones. Since the reaction with ortho-H, is less
temperature depended, these first term in can be interpreted as the temperature
dependence of the rate coefficient with ortho-H,. From this one can calculate that
the used para-H, sample contains some o — H, of f = 0.015 & 0.005. Due to large
the deviations of activation temperature in the last term of Eq. and [A.10] a
similar interpretation for temperature dependence of the rate coefficient with para-
H, within this approach is not possible.

Table summarizes the results from this and from previous works using the above
mentioned approaches.
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Figure A.17: Arrhenius plot of experimental rate coefficients for reactionwith n—H, and p—H,
from the actual measurements and previous experiments (see legend). The black and green dashed
lines indicates the individual contributions of two Arrhenius functions. The black and green solid
corresponds to sum of both Arrhenius functions. The errors are calculated from the statistical
deviation of the least squares fit.

ka [107%em?/s71] | Ty [K] Notes Reference
4.16 41.9 n — H, Marquette 70
8.35 168.5 p — H,

4.06 42.5 n — H, from (27-45 K) Gerlich 16!
15.3 177.5 p—H,

1.1 26 n — H, from (10-40 K) Gerlich &4
14.0 230 p—H,

3.76+0.14 41.66+0.84 | n — H, mono exponential fit | this work
4.01+0.19 69.91£7.37 |n—H, T >40K

1.03£0.35 26.44+3.25 T <40 K

6.43+1.25 187.65+£9.05 | p— H, T > 40 K

0.021£0.004 27.74£1.93 T <40 K

Table A.3: Parameters of a least square fit of a simple Arrhenius-type function for reaction |8.3

with n — H, and p — H,.
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Figure A.18: Time dependend Helium density in the 22-pol trap for a =~ 100us pulse via the piezo
electric valve. The pulse can be described via exponential decay by two time constants of 3.5 ms
and 23 ms. he plot was taken from A. Sorgefrei [70]
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Figure A.19: The plot shows a measurement of NJ with Helium [He] = 1.77 - 10'* em =2 at 16 K.
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A.5 The Ternary Reaction of
N*+ Hy, + He — NH; + He

1 2
lel?2 H2 [Cmfg]

Figure A.20: The plot shows the measured rates k as a function of the Hydrogen and Helium
number density at 10.15 K. The red surface shows the fit via the ternary model.
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rate k [1/s]

Figure A.21: The plot shows the measured rates k as a function of the Hydrogen and Helium
number density at 29 K. The red surface shows the fit via ternary model.
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A.6 Characterization of a Piezoelectric Valve

[Hy]=8.0-10"¢em 3

[Hy]=3.0-10"¢em 3

0 | | | | | | |
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
time [s]
Figure A.22: The plot compares the increase of the ArH' ions assuming a b = 10 s~! (see

Eq. [10.12)) and substituting the Eq. [10.11] for the reaction gas flow [Rg(¢)
model Eq. (solid lines) and into the more sophisticated reaction model

in the simple reaction

10.19| (dashed lines) for

different Hydrogen number density as indicated. The values for the cross section are taken from

Tab. An effective reaction path length of 4.4 cm is assumed.
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Figure A.23: The plot shows b as a function of the temperature and pressure determined from
decaying of the ArH™ ions.
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Figure A.24: The plot shows a screen shot of the labview program to record the measurements.
The left window shows a time of flight measurement at 12 K trap temperature with Art and a
H, tickling pulse with a width of 5.5 s. The white lines in the left window shows the increase of
the ArH™ ions and the right panel shows the pressure measured outside of the trap a function of
the time. Nicely visible are the oscillations in the pressure (right) and the ArH™ ions (left) with
a frequency of 2 Hz. This is exactly the frequency of the 10 Kelvin cold head which means that
the oscillations are a consequence the oscillating cold head power and cryosorbtion effects where
Hydrogen molecules are freezing out the inner wall of the 22-pole trap.
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