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Experimentelle Studien zu Ionen-Neutral-Reaktionen unter astro-
physikalischen Bedingungen

Kollisionen zwischen Ionen und Neutralteilchen sind ausschlaggebend fiir die Gas-
phasensynthese von komplexen Molekiilen im interstellaren Medium. FKine genaue
Modellierung des astrochemischen Netzwerks ist abhédngig von moglichst prézisen
experimentellen Daten dieser Reaktionsraten und deren Verzweigungsverhéltnissen.
Fir die meisten Ionen-Neutral-Reaktionen sind diese Ratenkoeffizienten unter astro-
physikalischen Bedingungen vollig unbekannt. Um diese wichtige Gruppe von Reak-
tionen zu erforschen, werden im Rahmen dieser Arbeit zwei unterschiedliche exper-
imentelle Ansédtze vorgestellt. Eines der grundlegendsten und zugleich bedeutsam-
sten Ionen in der interstellaren Chemie ist Hj. Es ist davon auszugehen, dass die
H;—Ionen in interstellaren Wolken durch Kollisionen mit Hy thermalisiert werden. Je-
doch zeigten kiirzlich astronomische Beobachtungen eine signifikante Abweichung ihrer
Anregungstemperaturen. Um diesen Thermalisierungsprozess experimentell zu unter-
suchen, wurden ng + Ho Reaktionsmessungen im thermischen Gleichgewicht unter
Verwendung einer 22pol Falle am Max-Planck-Institut fiir Kernphysik durchgefiihrt.
Fir zukiinftige Experimente zur Untersuchung von Reaktionen zwischen Atomen und
Ionen am kryogenen Speicherring CSR wurde ein Strahlfiihrungssystem entwickelt,
das die Uberlagerung von neutralen Atomen im Grundzustand mit dem im Ring ge-
speicherten, gekiihlten Ionenstrahl ermdglicht.

Experimental studies of ion-neutral reactions under astrophysical condi-
tions

Ion-neutral collisions are pivotal for the gas-phase synthesis of complex molecules in the
interstellar medium. Accurate modeling of the astrochemical network relies on precise
laboratory data of reaction rate coefficients and their branching ratios. For the major-
ity of ion-neutral reactions, rate coefficients at astrophysical conditions are completely
unknown. To gain an experimental insight of ion-neutral, gas-phase chemistry under
interstellar conditions, two different experimental approaches are presented. One of
the most fundamental ions for interstellar chemistry is H; This ion is assumed to
be thermalized in collisions with Hy. However, recent astronomical observations of Ho
and H; in diffuse interstellar clouds revealed a significant difference in their excita-
tion temperatures. In this work, 22 pole trap measurements, performed at the Max
Planck Institute for Nuclear Physics (MPIK) in Heidelberg, of the HJ + Hj reaction at
thermal equilibrium are presented and discussed. For future experiments on ion-atom
reactions, an injection beamline for the Cyrogenic Storage Ring (CSR) was developed
to perform merged-beams experiments on neutral ground-state atoms superimposed
with the cooled, stored ions in the CSR.
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Chapter 1

Introduction

The space between the stars is filled with dilute matter, comprising mainly of hy-
drogen and helium. The interstellar medium (ISM), which is the birthplace of new
stars and planets, has a highly inhomogeneous density distribution. With an average
density of ~ 1 cm™2, the ISM contains regions of denser concentrations of gas and
dust particles, forming interstellar clouds. For molecular clouds the particle density
ranges from 10 cm™3 to 10° ecm™3, of which ~ 92.1% is hydrogen and ~ 7.8% is
helium, while the next most abundant nuclei, namely oxygen, carbon, neon, and
nitrogen merely make up ~ 0.1%. Typical cloud temperatures range between 10-
100 K. Despite these extreme conditions, seemingly adverse to an active and rich
chemistry, almost 200 molecules have been detected in the interstellar medium or
circumstellar shells [1]. A stable population of these species in the ISM is main-
tained via the balancing of formation and destruction processes. Due to the low
particle densities in interstellar clouds, reactions between three or more particles are
unlikely, thus chemical processes are dominated by two-body reactions. Typically,
neutral-neutral reactions are inhibited via an activation barrier, for which there is
insufficient thermal energy available for the reaction to surmount. Reactions be-
tween anions and cations, while energetically favorable, are infrequent due to the
relatively low abundance of negative ions in the interstellar medium. As a result,
the dominant gas-phase processes in interstellar clouds tend to be exothermic ion-
neutral reactions. These reactions are a key formation mechanisms in the chemical
network of the ISM, leading to a diverse range of complex interstellar molecules.
With the previous generation of observation platforms recently decommissioned, e.g.
Herschel [2] and Spitzer [3], the next generation of high sensitivity platforms have
emerged, e.g. SOFIA [4] and ALMA [5]. To interpret the vast information from the
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astronomical observations, models of the interstellar chemical network and experi-
mental studies are needed. A full-comprehension, accounting both for the presence
and abundance of interstellar molecules, relies upon extensive laboratory studies in
coincidence with astrophysical models.

In 1973, E. Herbst and W. Klemperer published a seminal work, modeling the chem-
istry of dense interstellar clouds [6]. At that time, virtually no experimental studies
at astrophysically relevant temperatures were available, they relied on estimations
for nearly all reaction rate coefficients. In this period, rate coefficients were typi-
cally measured at relatively high temperatures using flowing afterglows [7]. In this
method, ionized molecules are transported in a carrier gas (usually helium) into a
reaction region where they react with an injected gas via multiple collisions. Using
the rate measurements of the mass-selected daughter products, as a function of the
number density of the reactant gas, the reaction rate coefficients can be determined.
In the subsequent years, this technique was further refined into what is now known
as selected ion flow tube (SIFT) technique. In SIFT, a single ionic species is mass
selected prior to merging into the reaction region [8]. Most experimental studies
on ion-neutral collisions to date, have been performed using this technique. The
resulting rate coefficients are measured at room temperatures and at relatively high
pressures. To date, most ion-neutral rate coefficients used in astrophysical models
are merely extrapolations of such room temperature measurements to astrophysical
temperatures. Few rate coefficient measurements were performed at astrophysically
relevant temperatures and most demonstrated a strong temperature dependence.
For example, a previous measurement using a temperatures variable 22 pole trap
investigating the reaction of CHT + H. This experiment measured an order of mag-
nitude variation in the rate coefficient in the low temperature regime [9], highlighting
the pitfalls in simply extrapolating room temperature rate coefficients to the low
temperature regime. Despite the importance of these rate coefficients and lack of
experimental data, there remains few rate coefficient studies at low temperatures.
This is due in part to the challenge of replicating the extreme physical conditions of
the ISM within the laboratory.

This work describes two unique experimental instruments and the corresponding ex-
perimental techniques to investigate gas-phase reactions at astrophysically relevant
temperatures. Part I of this thesis will focus on the simplest stable polyatomic
molecule, the triatomic hydrogen ion H3. In a brief introduction, an historical

overview of the Hj ion is given and the main theoretical aspects are discussed.



The central role of Hf in the astrochemical network is highlighted and its impor-
tance in the ISM is discussed. In a simplified model, the formation and destruction
mechanism of HJ in interstellar clouds is presented. During its lifetime, the HJ ions
are assumed to be thermalized via numerous collisions with Hy, which is supposed to
be the most frequent bi-molecular reaction in the ISM. However, recent astronomical
observations in the diffuse interstellar medium showed a significant discrepancy be-
tween the excitation temperatures of Hy and H . To this end, the reaction HT + H,
is investigated at interstellar conditions using a temperature-variable 22 pole trap.
In these measurements, performed at thermal equilibrium, the resulting nuclear spin
configuration of HJ is probed via laser-induced reaction spectroscopy. The results
obtained in these experiments are presented and analyzed.

The second part of this thesis describes the development and design of a versatile
transfer line for the Cryogenic Storage Ring (CSR) at the Max Planck Institute for
Nuclear Physics. To study cold ion-atom interstellar chemical reactions, an appara-
tus to merge cooled stored ions (~ 10 K) with a well-defined neutral atomic beam is
presented. After introducing the principles of ion beam transport via electromagnetic
fields, a linear transfer matrix formalism, which is used to describe the propagation
through an ion-optical system, is discussed. Ion beam properties are defined to form
the basis of the design of the ion-optical system of the CSR transfer line. After a
brief overview of the CSR, discussing the experimental capabilities, the development
of the CSR transfer line, consisting of two merged beamlines, is presented. Tak-
ing into account the experimental requirements, the ion-optical system of the CSR
transfer line is designed and simulated. The individual elements utilized for the final
design of the two beamlines are subsequently discussed in more detail. In this con-
text, an electrostatic 90° deflector with a hole, that allows for fast switching (~ us)
between the two beamlines, is designed, simulated and constructed. Another crucial
component of the CSR transfer line is the photodetachment apparatus, which is de-
signed in order to generate a well-defined neutral atom beam, that is subsequently
merged to ions stored inside the CSR. After presenting and discussing the final lay-
out of the CSR transfer line, first test-measurements are performed on the ion beam
transport and photodetachment efficiency. Finally, the results are summarized and

perspectives on future work are presented.
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Chapter 2

The triatomic hydrogen ion H5

The first part of this thesis will focus on the triatomic hydrogen ion Hj . This chapter
gives a brief historical review of previous research on H3 and highlights the role that
this simplest stable polyatomic molecule plays in both physics and astronomy. To
this end, the theoretical foundations which permits the discussion of spectroscopic
properties of H are presented, including the structure, quantum numbers and se-
lection rules for electric dipole transitions of Hi . An introduction of the interstellar
medium is presented, demonstrating the key role of H in interstellar chemistry. A
general outline of the formation, destruction and thermalization processes of H3 in

interstellar clouds is also given.

2.1 Brief historical overview

The first experimental evidence on the existence of Hf was published by J. J. Thom-
son more than 100 years ago. In 1911, using a primitive mass spectrometer, an ion

with a mass to charge ratio of 3:1 was detected in a hydrogen discharge [10, 11]. The

H;

H
’ Figure 2.1: The picture shows the pho-
tographic plate on which Hg.f was de-
tected together with H* and Hy by J. J.
Thomson.
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original photographic plate (an image of which is shown in Fig. 2.1) displays the H*
and Hj ions together with H3, which is represented by the small dot. After excluding
all other possibilities, Thomson labeled his discovery as Hf. Doubts still remained,
however, and in subsequent work he referred to the molecule by X3 [12, 13]. In a
short publication in 1934, he re-described his discovery of H3 as "heavy hydrogen'
(HD™) [14], after deuterium was discovered by H. C. Urey in 1932 [15].
However, in retrospect, his initial identification as Hi was almost certainly correct.
A. Dempster demonstrated in 1916, that the abundance of H can be higher than Hy
in a hydrogen discharge [16], and in 1925 T. R. Hogness and E. G. Lunn investigated
the relative concentration of H", Hy and Hjf as a function of the gas pressure [17].
This publication discussed for the first time the formation of H3 via the ion-neutral
reaction

H, + Hy — Hj + H. (2.1)

In 1935, theoretical studies by C. A. Coulson predicted that H has an equilateral
triangle structure with the side length of 0.85 A[18], a value similar to contemporary
predictions. Subsequent theoretical studies by J. Hirschfelder and H. Erying pre-
sented arguments for a symmetric linear configuration of Hi [19, 20, 21], triggered
a heated debate. In 1937, Hirschfelder finally relented to Coulson’s prediction and
concluded that the triangular structure of Hf was indeed more stable [22, 23]. With
the advancement of computers, the equilateral triangular shape of Hj in its ground
state was confirmed in 1964 [25, 26, 27]. The experimental evidence was provided in

1978 in work by M. Gaillard et al. using Coulomb Explosion Imaging, as it is shown

g

—t
0 8 iop

Figure 2.2: The picture illustrates the triangular shape of the H; ion, discovered by
Coulomb Explosion Imaging [24].
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in Fig. 2.2 [24]. In this experiment, Hj ions were accelerated to energies in the MeV
range and the two electrons of the Hj ion were stripped off when passing through
a thin carbon foil. The initial Coulomb potential energy is converted into kinetic
energy and the three protons were detected after a distance of a few meters.

In 1961, the existence of H3 in interstellar space was first postulated by D. W. Martin
et al. [28], formed from the highly exothermic reaction between Hj and Hy (reaction
2.1). In the beginning of the 1970s, W. D. Watson [29], E. Herbst and W. Klem-
perer [6] established a deeper understanding of the chemical network of interstellar
molecules, in which H3 plays a central role.

In 1976, theoretical studies of G. D. Carney and R. N. Porter provided a prediction
for the vibrational spectrum of Hj with a high degree of accuracy [30]. These cal-
culations and the development of tunable laser systems in the IR regime, paved the
way for laboratory spectroscopy of Hf . The first experimental spectrum of Hj was
published in 1980 by T. Oka, almost 70 years after its initial discovery. Utilizing di-
rect absorption spectroscopy in a liquid-nitrogen cooled multiple-reflection discharge
cell, 15 absorption lines in the spectral range of 2950-2450 cm~ of H3 were obtained
and assigned. This work was an important step in initiating systematic astronomical
observations in the dense interstellar medium by T. Oka and T. R. Geballe in 1981
[33]. At that time, the technology available for astronomical infrared spectroscopy

was insufficiently sensitive to detect interstellar Hf [34]. It was this limitation that

1.0 T T T T T T T A |
R(1,1)I lR(1,0) WW
MV\/\/M 1.01 F
GL2136 |
e 1.00 -
g @
s & 099
= c
g RO R(1,0) i’
* os} Z o8| .
© R(1,1)
2 R(1,0)
W33A X 7.5 0.97
0.96 ———— E— —
sies 3.662 T sees 3666 3668 3. 3.672 3 574 3.667 3.668 3.669
Wavelength (um) Wavelength [um]
(a) (b)

Figure 2.3: H3+ detected for the first time in interstellar space. The graph on the left-hand
side (a) shows a spectrum of the dense interstellar medium GL2136 and W33A [31]. The
detection of H?f in the diffuse interstellar medium is shown in the spectrum (Cygnus OB2
No. 12) on the right hand-side (b) [32]. The transitions R(1,1)* and R(1,0) correspond to
para- and ortho—ng, respectively.
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prevented the studies at UKIRT in the 1980s from publishing more than merely an
upper limit for the Hf column densities [35]. In the same year, the Hi overtone
band at 2 pm was detected in the southern auroral region of Jupiter by P. Drossart
et al. [36]. Subsequent studies by Oka and Geballe, discovered Hj infrared emission
lines also in Jupiter and Saturn [37, 38]. Despite this ongoing interest and progress,
it was not until the advent of a new generation of sensitive, high resolution, infrared
spectrographs, that Geballe and Oka could uncover observational evidence of H3 in
the dense interstellar medium [31]. The spectra, taken in 1996, are shown in Fig.
2.3(a). Two years later, Hi was detected even in the diffuse interstellar medium (see
Fig. 2.3(b)) [32].

During this period of observational discovery, theoretical and experimental work on
H3 also made great progress. In 1996, L. Neale, S. Miller and J. Tennyson pub-
lished a calculated line list comprising approximately three million transitions for
Hi energy levels up to 15000 cm™! [39]. Since the first spectroscopic observations
in the laboratory in 1980, Oka’s experimental apparatus was continually improved.
This setup yielded several hundred (~ 700) measured transitions of Hj, even into
the visible spectral range [40]. Due to the reduction in oscillator strength for the
higher-lying transitions, the direct absorption cell technique had reached its limit.
To overcome this limitation, in 2004, the spectroscopic research on Hy , using a cryo-
genic 22 pole trap setup in combination with the laser induced reaction spectroscopy
was presented [41]. This experimental technique (discussed in Sec. 4) forms the basis
of the measurements presented in the first part of this thesis. This ultra-sensitive
technique provided measurements on transitions up to 16700 cm™! containing up to
9 vibrational quanta which are more than 6 orders of magnitude weaker than the
fundamental band lines were obtained previously [42]. Recent theoretical calcula-
tions using a high accuracy potential energy surface for H reproduce the measured
spectrum to within tenths of cm ™! [43], making it one of the best-studied polyatomic

molecules.

2.2 Theoretical background

The triatomic hydrogen ion Hj contains three protons, which share two electrons
equally. Therefore, it is the simplest stable polyatomic molecule and is often used
as a benchmark system for quantum chemistry. A one dimensional presentation of

the potential energy surface together with the vibrational energy levels of HJ is il-
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Figure 2.4: Vibrational energy levels overlaid with a one dimensional presentation of
the Hg,f potential energy surface, where 6 represents the angle between the two H — H
bonds. The blue dashed line represents the barrier to linearity. The vibrational energy
levels are labeled according to the schematic in the yellow box (1 — 12). The dissociation
channels are represented by the grey dashed lines, together with the theoretically predicted
electronically excited state of H;

lustrated in Fig. 2.4, where 6 represents the angle between the two H - H bonds.
The minimum energy which is needed to achieve a linear configuration of Hi (the
so-called barrier to linearity), is represented by the blue dashed line. The vibra-
tional ground state lies ~ 4362 cm™! above the potential minimum [44]. According
to theoretical predictions [45], the lowest electronically excited state of Hi (triplet
3%3F) is bound, lying above the dissociation channel Hf — Hy + H*. Direct decay
from the excited triplet state to this dissociation channel is prevented by symmetry
restrictions. The next dissociation channel H — Hj + H lies 1.8 eV higher and is
accessible to both singlet and triplet states of Hi [46]. No sharp electronic spectrum
is expected.

Hi in its ground state has an equilateral triangular structure with a H - H bond
length of 0.88 A. The high degree of symmetry (D) leads to an absence of a per-
manent dipole moment. Thus, HJ has no pure rotational spectrum. However, a
"forbidden" rotational spectrum is theoretically predicted due to spontaneous sym-

metry breaking [47], which can be described as an interaction between the rotational
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v N N S
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mode 14

Figure 2.5: The normal modes of vibration of Hj .

and the vibrational motion. While undergoing rotation, the centrifugal forces create
a minute dipole moment, enabling rotational transitions [48]. These transitions are
extremely weak and to date no pure rotational spectrum of Hj has been observed.
H3 has three normal modes of vibration, as depicted in Fig. 2.5. The breathing
mode vy (shown in 2.5(a)), where the molecule expands and contracts as an equi-
lateral triangle, is totally symmetric and infrared inactive. The doubly degenerated
bending mode vy (shown in Fig. 2.5(b)) is infrared active and forms the basis for
spectroscopy of Hy . Any linear combination of these two bending mode components
Vo have a vibrational angular momentum [ [49]. The notation for the vibrational
motion is given by C. M. Lindsay and B. J. McCall [50], which can be represented
by a combination of the two normal modes viv7 + Ugl/é. The quantum numbers v
and vy represent the number of quanta in the normal modes v, and vy, respectively.
The quantum number [ is the projection of the total vibrational angular momentum
onto the molecular axis (the normal of the molecular plane) and can have the values
[l = —vy, =09 + 2,...,09 — 2, V.
The total angular momentum (F') and the parity are good quantum numbers for any
molecule. F' can be split into the motional angular momentum, J, and the nuclear
spin angular momentum, 7/, due to the weak spin-spin and spin-rotation interac-
tions. For HJ, neither the projection (k) of J onto the molecular axis, nor [ are
good quantum numbers. Despite this, the strong coupling of the vibrational angular
momentum to the rotation leads to the introduction of the Hougen quantum number
[51],

G =lgl=I[k—1l. (2.2)

As mentioned before, Hj consists of three protons, which are fermions (I, = %) The
nuclear spin of the protons can either be lined up to a total nuclear spin with I = % or

I = % These two nuclear spin configurations are called para (for I = 3) and ortho (1
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= %), respectively, and can be regarded as two separate chemical species of Hf, due
to the weakness of the nuclear magnetic interaction. A direct conversion between an
ortho state (quadruply degenerate) and a para state (doubly degenerated) of HJ is

strictly forbidden. The quantum number g is related to the nuclear spin by

ortho — H +— g=13n (2.3)
para — Hy +— g=3n+1, (2.4)

where n is an integer [52].

The rotational energy levels of H3 are defined by the quantum numbers J and G.
The lowest rotational energy levels in the vibrational ground state ! of HJ , calculated
by [39], are illustrated in Fig. 2.6. The ortho states are represented by the red solid
lines and the para states are represented by the blue solid lines, consistent with Eq.
2.3 and 2.4. The Pauli exclusion principle forbids energy levels with G = 0 and
even J, leading to the absence of a state with zero angular momentum J = G = 0
(indicated by grey dashed lines in Fig. 2.6). Therefore, the lowest rotational state
of Hf with J = 1, G = 1 is in para configuration. The next lowest level (J = 1, G

= 0), which is in ortho configuration lies 22.84 cm™! higher in energy.

n this case is G = |k|.

3,0
500 G
3,2
o2 para—H3+
4004 (6
= G.3) 45 - $
£ 300 —
=~ 20___ @
o) (forbidden) -
g 200 22 ortfg—H3
(NN}
) o
100 (1,1) ¢ $
(0,0)
0_ (For;idd_eh)— )
T T T T
0 1 2 3 G

Figure 2.6: The lowest rotational energy levels in the vibrational ground state of H; The
rotational states are represented by the solid lines (in blue for para states and red for ortho
states) and labeled with the quantum numbers (J, G). The grey dashed lines indicate the
energy levels, which are forbidden by the Pauli principle. The values for the energy levels
are taken from [39].
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The labeling of the rovibrational transitions, which are used in this work, follow
the convention set by Lindsay and McCall [50]. As our experiment (see Chap. 4)
generates H3 in the lowest rotational states of the vibrational ground state, it is
sufficient to label the transitions only by the final vibrational state,

v + ’()21/‘2” s (25)

and the branch symbol

{nlt£61291-3 £ PO R} (J, Gﬁﬁlﬁ 7 (2.6)

where (J,G) represents the initial state and P, @, R denotes AJ = -1, 0, +1,
respectively. If the initial and/or final level resides in a doublet state (e.g. having
the same values for both J and &), the right superscript (final state) and /or subscript
(initial state) is labeled. The labels u and | indicate the upper or lower state of the
doublet, respectively. The superscript on the left-hand side represents AG, where
t is used for transitions with AG = 43 and n for AG = -3 or AG =1 (if G <
3). Larger changes in G are signified by their numerical values. For AG = 0, the
superscript is left blank.

For any electric dipole transitions, the selection rules for the total angular momentum
AF =0,+ 1 (F =0+« F =0) and the parity (4 < -) are rigorous [53]. The parity
of a level of HF is given by (-1)¥ and leads to the selection rule Ak = 2n + 1, where k
represents the projection of J onto the molecular axis and n is an integer. According
to the conservation of the total nuclear spin, the selection rule AT = 0 or Ag = 3n
forbids transitions between ortho and para states. As the total nuclear spin I and
the motional angular momentum J are almost completely uncoupled (F = J + I),
AJ=0,£1(J =0+« J=0) are also a good selection rules. Thus the selection

rules for the electric dipole transitions can be summarized in Tab. 2.1.

Ak =2n+1(+ < -)
Al =0
Ag = 3n
AJ=0,+1

J=0J=0

Table 2.1: Selection rules for electric dipole transitions of H:}f



2.3. Interstellar chemistry 15

2.3 Interstellar chemistry

H7 can be regarded as the engine of interstellar chemistry in molecular clouds. Fig.
2.7 illustrates some of the fundamental reactions with Hi as a cornerstone. Al-
though, HJ is the most frequently produced interstellar molecular ion, its steady
state concentration in interstellar clouds is low, owing to its high chemical reactivity.
Hi acts as universal proton donor and initiates the formation of larger molecules,
e.g. water and hydrocarbons. The relatively small proton affinity of Hy (4.377 eV)
[54] 2 instigates the proton hop reaction Hf + X — XHT + H,, where X is a neu-
tral species. For example, in the formation of water (left reaction chain in Fig.
2.7), neutral atomic oxygen (O) is protonated by H3 forming OHT. In subsequent
chain reactions with Hy, HyO" and then H30% are formed. Finally, the H3O% ion

recombines with an electron and dissociates to form interstellar water.

CH;
H
CH}

2

Figure 2.7: Simplified gas phase chemical network of ion-neutral reactions in the interstel-
lar medium, highlighting the role of ng as the key ion of the interstellar medium. H; serves
as universal proton donor, which enables the formation of large molecules. The background
image shows the Bernard 68 molecular cloud (European Southern Observatory) [55].

2Species with a lower proton affinity than Hy are listed in Tab. 4.1
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2.3.1 The formation of HJ

In the interstellar medium, the pathway to H3 formation begins with the ionization

of Hy via cosmic rays (c.r.)

Hy +cr. — Hf +e, (2.7)
this reaction is then followed by the exothermic ion-neutral reaction

Hy + Hy, — Hf + H. (2.8)

This reaction is very efficient due to its relatively high exothermicity of 1.73 eV,
which is given by the difference of the proton affinity in Hy (4.38 €V) and H (2.65
eV) [54]. This reaction rate coefficient can be described by Langevin collision theory
[56, 57]. In this framework the positive charge of Hj polarizes Hy, inducing an

attractive dipole moment. The Langevin rate coefficient kj, is given by

kp = 27Tq\/a, (2.9)
I

where « describes the polarizability of Hs, ¢ denotes the elementary charge and p
represents the reduced mass of the reaction complex. In practical units (« in A3 u

in amu), Eq. 2.9 can be rewritten as [58]

ki = 2.342\/3 2107 % em®s L. (2.10)
Taking the polarizability agy = 0.787 A® for Hy [59], the calculated rate coefficient
of reaction 2.8 is k;, = 2.08 - 1072 cm?®s™!, which is in agreement with experimental
studies [60, 61, 62].

Measurements of the cosmic ray ionization rate ((z) of Hy (reaction 2.7) from molec-
ular cloud observations vary from ~ 1071 s71 to 1077 s~ [63, 64], many orders of
magnitude lower than the rate coefficient of reaction 2.8. As a result, the formation

rate of Hy is limited by the ionization rate ¢, and can be therefore represented as

ldnggﬂ

] = Gen(Hy), (2.11)
form

where n(Hs) denotes the Hy density of the molecular cloud.
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2.3.2 The destruction of Hj

Two processes are dominant in the destruction of Hj in the interstellar medium,
namely proton hop reactions and dissociative recombination (DR) reactions with

electrons. The typical proton hop reaction
Hi +X — XH" + H,, (2.12)

where X is a neutral atom or molecule, is assumed to have a Langevin rate coefficient
kx, which is on the order of ~107°-1072 cm3s~!. The destruction rate of Hj due to

proton hop reactions is then given by

=Y kxn(Hy)n(X), (2.13)

[mmml
destr,hop X

dt

where n(H3 ) and n(X) represents the number densities of Hi and the neutral reaction
partner X, respectively. In interstellar clouds, this process is dominated by the
reactant CO [65], which has a polarizability of a = 1.953 A3 [59], leading to a
Langevin rate coefficient of kco ~ 2.0 - 1072 ecm3s~!. The destruction rate of HJ

induced by proton hop reactions (Eq. 2.13) can then be approximated by

dn(Hg)
&

‘| destr,hop

For simplicity and clarity, the second most frequent proton hop reaction (with atomic

oxygen) is neglected here, which has a Langevin rate coefficient of ko = 0.8 - 107°
cm3s~L
A second destruction mechanism, occurs when an electron recombines with Hj,

denoted dissociative recombination (DR), i.e.

. _ |H+E+H
Hi +e — . (2.15)
Hy +H

The thermal DR rate coefficient k, of Hf was determined from storage ring mea-

surements to be ~ 2.6 - 1077 cm?®s™! at interstellar temperatures [66], which is in

agreement with theoretical studies [67, 68]. The destruction rate of Hi due to DR
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is given by

= ken(H3 )n(e), (2.16)

[dnggﬂ

] destr,DR

where, n(e) and n(HJ) represents the number density of the electrons and the Hj
ions, respectively. In the diffuse interstellar medium, n(e) can be approximated by
the number density of C* [69], since carbon has a lower ionization potential than
hydrogen and thus is usually fully ionized by UV photons. Although the number
density of hydrogen is many orders of magnitudes higher, the number of ionized hy-
drogen inside a molecular cloud is marginal, due to the self-shielding effect. Due to
the high column density of hydrogen (> 10 cm™2) [70], the UV absorption bands
become optically thick, which prevent the photons from penetrating deeply into the
interstellar cloud. Therefore, only the outer layer of an interstellar cloud contains
ionized hydrogen, and as a result, it can be assumed that all electrons in diffuse
clouds originate from the ionization of C by UV photons.

The total destruction rate of Hj in interstellar molecular clouds can thus be approx-

imated by

[dnggﬂ

Considering diffuse (n(H) ~ 10" - 10* cm™?) and dense (n(H) ~ 10* - 105 cm™?)

clouds separately, the total destruction rate of Hi can be simplified. In diffuse

] ~ kcon(H3 )n(CO) + ken(HF )n(CY) . (2.17)

clouds, where the UV radiation penetrates the cloud and ionizes essentially all C
atoms, the number density of electrons ranges from 10~ to 107! cm=3. Due to the
longer range 1/r Coulomb potential, the DR rate coefficient of H3 is ~ 100 larger than
the Langevin charge induced-dipole 1/1* potential rate coefficient kco. Therefore,
the destruction rate of Hf in diffuse clouds (Eq. 2.17) can be approximated by
[dn(H:»T)]
— ~ ken(Hy )n(e) = ken(HF )n(CH). (2.18)
dt destr,diff
In dense clouds, where molecules are abound (C is effectively converted to CO), thus
the electron fraction is very small (< 1077)[71] the probability of DR diminishes. As
a result, the destruction rate of H3 in dense clouds (Eq. 2.17) can be approximated

as

~ keon(H)n(CO) . (2.19)

dn(H3)
-

] destr,dense
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The steady-state number density of Hy in diffuse and dense interstellar clouds can
be estimated by equating the rates of formation (Eq. 2.11) and destruction (Eq.
2.18 & 2.19), which result in

G n(Hy)

oo 82 G n(Hy)
4 ~ <2 n(HQ)
n(H3 )dense ~ % : n(CO) . (221)

The number density of CO in dense clouds and the number density of electrons
(= n(C")) in diffuse clouds are assumed to be directly proportional to the number
density of the cloud n(H). Therefore, the ratios n(C*)/n(Hs) from Eq. 2.20 and
n(CO)/n(Hy) from Eq. 2.21 are constant. As a result, the number density of Hj
in interstellar clouds is shown not to simply scale with the number density of the
cloud, but to be essentially constant in diffuse and dense clouds, making Hj a unique
astrophysical tracer.

Using a relative carbon abundance of n(C)/n(Hy) = 1.4 - 107 in diffuse clouds
(72, 73], a CO fraction of n(CO)/n(Hy) = 1.5 - 107 in dense clouds [71], the low
temperature DR rate coefficient k. = 2.6 - 1077 cm3s™! [66], the Langevin rate
coefficient koo = 2.0 - 1072 cm3s~! and a lower limit for the cosmic ionization rate
(o &~ 10717 7! [63], the number density of H3 in diffuse and dense clouds can be

approximately given by

n(H g ~ 2.7-10"" cm ™3 (2.22)
n(H3 )dense = 3.3- 107 cm ™. (2.23)

This is succinctly summarized by T. Oka in a graphic, as shown in Fig. 2.8 [65]. The
graphic shows the number densities n(X) of Hy, CO, C* and H3 dependent on the
number density of a molecular cloud n(H). It is remarkable that for dense and diffuse
clouds, the number density of Hj is independent of the number density of the cloud.
This feature makes H a unique astrophysical tool, which allows for estimation of
the effective path length L of an interstellar cloud and the cosmic ionization rate (5.
The observed Hj column density N(H3) can be approximated by N(H7) = n(H7) -
L. Using this relation in Eq. 2.20 and Eq. 2.21 can be used to determine the value
of (o L.
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Figure 2.8: Schematic diagram (taken from [65]) showing the number densities n(X) of
H,, CO, CT and H{,f with respect to the number density of the interstellar cloud n(H). The
number density of Hj does not scale with the density of the interstellar cloud, dissimilarly
to the number density of Hy and CO.

2.3.3 The thermalization of H and abnormal excitation temperatures

Interstellar chemistry is, due to its high abundance (~ 92.1%), hydrogen dominated.
In diffuse and dense interstellar clouds, where molecular hydrogen (Hy) is prevalent,

Hy ions are thermalized in collisions with Hy,

In this thermalization process, the Hy and H, form the unstable collision complex
(HZ)*, prior to dissociating back into Hi and Hy. The lifetime of HJ in the inter-
stellar medium is in the order of ~ 10 - 15 years (taking n(CO) = 1 cm™2 and n(C)
= 1072 cm~3 in Eq. 2.18 and Eq. 2.19, respectively), during which the H ions are
thermalized in collisions with Hy. This thermalizing reaction has a relatively high
Langevin rate coefficient of ky = 1.9 - 1072 cm3s™! (using a value for the polarizabil-

ity of ama = 0.787 A% for Hy [59]). In diffuse interstellar clouds, with a Hy, number
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density of ~ 50 cm ™3, reaction 2.24 occurs on average every 4 months. Under these
circumstances, Hj undergoes roughly 40 collisions with Hy over its lifetime. In dense
clouds, the number of collisions between H3 and Hj is several orders of magnitudes
higher, due to the higher Hy density.

Although the reactants and the products are the same, reaction 2.24 is indeed a
chemical reaction, where the proton configuration may change. This reaction, which
is assumed to be the most frequent bi-molecular reaction in the universe, has three

different branching pathways

Hi + H, — Hy + H, (2.25)
Hi + H, — H,H" + HH. (2.27)

These pathways represent the possible rearrangements of the hydrogen atoms after
scrambling via an (H;)* collision complex. In these processes, H indicates a proton,
which originates from the neutral parent reactant H,. In reaction 2.25 the configu-
ration of the reaction partners Hj and H, remain the same, known as the identity
reaction. Reaction 2.26 is denoted as proton hop reaction, where a proton is trans-
ferred from the H3 ion to the Hy molecule. In the so-called exchange reaction 2.27,
an H atom is exchanged between H3 and Hs.

Both molecules have two possible nuclear spin configurations (para and ortho), which
are associated with specific rotational states (as discussed for Hi in Sec. 2.2). The
nuclear spin configurations of Hy are discussed in more detail in Sec. 3.1.
Theoretical studies introduced nuclear spin selection rules in chemical reactions, us-
ing group theory [74] and angular momentum algebra [75, 76]. These selection rules
lead to restrictions in the resulting nuclear spin configurations of Hi and H,, depen-
dent on the reaction pathway. For instance, a reaction between para-H3 and para-H,
will always form para-Hj for reaction pathway 2.25 (identity) and 2.26 (proton hop),
whereas an exchange reaction (2.27) can lead to ortho-H7. In the case, where reac-
tion 2.24 occurs frequently, and the available energy is sufficiently high to populate
many rovibrational states, the nuclear spin selection rules lead to a statistical de-
scription for the reaction pathways 2.25, 2.26 and 2.27. The resulting nuclear spin
configurations of the HJ (o/p) + Hy (0/p) complex are summarized in Tab. A.1 [76]
(see Appendix A). If the abundance of H, is several orders of magnitude higher than
of Hi, the total change in the ortho/para ratio of Hs is negligible. The branching



22 2. The triatomic hydrogen ion H3

Table 2.2: Branching fractions for the formation of ortho- and paura—H:],Ir via the reaction
pathways identity (2.25), proton hop (2.26) and exchange (2.27) [76].

reaction identity proton hop exchange
spin species o-Hf p-HI o-Hf p-HI o-H p-HI
(o-HF, o-Hy) 1 0 2/3  1/3 2/3 1/3
(o-HF, p-Hy) 1 0 0 1 2/3 1/3
(p-HF, o-Hy) 0 1 2/3  1/3 1/3 2/3
(p-Hi , p-Hy) 0 1 0 1 1/3 2/3

fractions for the formation of ortho- and para-Hj via the reaction pathways 2.25, 2.26
and 2.27 can then be inferred from Tab. A.1, ignoring the nuclear spin configuration
of the resultant Hy. The result is summarized in Tab. 2.2, where the rows represent
the nuclear spin configuration of the reactant and the columns represent the nuclear
spin configuration of the Hj produced via the reaction pathways identity, proton
hop and exchange. In a next step, the para fraction of H (defined by p3 = [p-Hf
]/[p-Hi + o-HJ ]) can be derived as a function of the para fraction of Hy (defined
by pa = [p-Hz |/[p-H2 + 0-Haz |), using these branching fractions in the steady state

approximation, as shown in [77]. The para fraction of Hi is then given by

ki (3 + 2p2) + ke
kg + %/{ZE

P3 = ; (2.28)
where kg and kg represent the rate constants of the proton hop reaction and the
exchange reaction, respectively. Defining a parameter a = IZ—;’, Eq. 2.28 can be

rewritten as
a+ 2apy + 1

3o+ 2

It is apparent from Eq. 2.29, that the ratio « is a crucial value in the resultant

s = (2.29)

ortho/para ratio of Hi . As the statistical weights of the proton hop reaction and the
exchange reaction is given by 3 and 6, respectively, the statistical limit for the branch-
ing ratio is & = 0.5. In experimental studies, performed in a hydrogen discharge using
pure para-H,, the ortho/para ratio of Hy was determined by spectroscopy. A value
of @« = 2.440.6 was derived, where the hydrogenic plasma had a temperature of ~
400 K [75]. In a later experiment, where the setup was cooled by liquid nitrogen, «
was found to be 1.64+0.1 at 350 K and 0.5+0.1 at 135 K [78].

In a low temperature regime (10 - 160 K), the nuclear spin selection rules, alone,
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are insufficient to statistically describe the products from Hj + Hj reactions. The
lower energy that is available limits the accessibility of higher energy levels. The
development of a mircocanonical statistical model by Park and Light [79], using
state-to-state reaction rate coefficients, also accounts for the conservation of the an-
gular momentum, energy and parity. These reaction rate coefficients are computed
based on the total energy of the reactant (kinetic temperature Ty;, and rotational
temperature T,,;) and the branching fractions of the three reaction pathways (2.25,
2.26, 2.27). The subscript of the reaction rate coefficients k;j;; denotes the nuclear
spins of the reactants and the products of the Hf + H, reaction, e.g. koppo repre-
sents the rate coefficient of o-H3 + p-Hy — p-H3 + o-H,. The relative ratios for the
nuclear spin configurations, which are derived from the state-to-state reaction rate
coefficients assuming complete proton scrambling, are shown in Tab. A.3 (see Ap-
pendix) for 10 K, 80 K and the high temperature limit [79]. For high temperatures,
it converges to the statistical model by T. Oka (compare Tab. A.2 and Tab. A.3).
In case of the low temperature model, the para fraction of H (p3) in the steady
state approximation (given by Eq. 2.28 for high temperature) changes to [80, 77|
(Koopp + Koopo) (1 — P2) + Koppo P2

Ps = . 2.30
° (koopp + koopo + kpoop + kpooo)(l - p2) + (koppo + kppoo)p2 < )

This model can be applied to the conditions of the interstellar medium.
In the low-temperature diffuse and dense clouds, Hf populates only the two lowest

rotational levels [80]. The para fraction of Hi (p3) can then be approximated by

_ para— Hy N(1,1)
"~ total — H ~ N(1,1) 4 N(1,0)’

s (2.31)
where N(1,1) is the column density for the (J=1,G=1) state and N(1,0) is the
column density for the (J=1,G=0) state of Hf. The (1,0) state, which is in ortho
configuration lies AE(H3) = 22.84 cm™! (= 32.86 K) higher in energy than the (1,1)
state, which is in para configuration. Using the Boltzmann factor, the observation
of their column densities N(1,0) and N(1,1) in cold molecular clouds can be used

to determine the excitation temperature T,,(H7) of H by

N(1,0) _ g0 —AE(Hy)| _ —32.86[K]
N(1,1) _%GXP{W} —QGXP{W}, (2.32)
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where g, and g, represent the spin statistical weight (27 + 1) of the ortho (I, = 2, g,
= 4) and the para (I, = 3, g, = 2) state, respectively. The excitation temperature
of a molecule in the interstellar medium is considered to be a defining characteristic
parameter. It should be noted, that the excitation temperature is merely a convenient
way to parameterize the level populations as a single number 7., although it is not
necessarily equal to the kinetic temperature (7k;,) of the cloud. In principle, any
atom or molecule with more than one populated level can provide information on
the molecular cloud temperature.

The excitation temperature of Hy, T.,(Hs), observed in the interstellar medium by
probing the relative intensities of the two lowest rotational levels of Hy (J = 0 and
J = 1), is commonly denoted as Tp; [81]. Due to many reactive collisions of Hy with
protons, it is assumed that Ty; reflects the kinetic temperature in diffuse interstellar
clouds [82]. The level spacing (AEp;) between the first two rotational states of Hy
is 118.85 cm™! (= 171 K), where the J = 0 state is in para configuration and J =
1 is an ortho state (discussed in Sec. 3.1). Since at least 99 % of the interstellar
H, populates only the first two rotational states, the excitation temperature Ty, can

then be approximated by

M) _ glexp{_AEOl} =9exp {_NHK]} : (2.33)

N(O) Jdo k T01 T(Jl

The statistical weights gy and g, are given by (2J + 1) for para-H, states and 3(2.J +
1) for ortho-Hj states, resulting in a ratio of 9. The para fraction of Hy (p2) derived

by astronomical observations can be approximated by

_para—Hy _ N(0)
" total — H, ~ N(0)+ N(1)

P (2.34)
The column densities of interstellar Hy for J = 0 (N(0)) and for J =1 (N(1)) have
been determined for many molecular clouds [83, 84]. The excitation temperatures
To;1 of these clouds have been calculated using Eq. 2.33. The majority ranges from
50 K to 75 K, equivalent to a Hy para fraction of po = 0.75 - 0.55 (using Eq. 2.34).
Recently, the column densities N(1,0) and N(1,1) of Hi have been determined in
some of the same sight lines. As a result, the para fraction of Hj ranges from 0.55
to 0.7, according to Eq. 2.31. This implies that the excitation temperature T.,(H3)
ranges from 20 K to 40 K (using Eq. 2.32). To date, nine sight lines with measured

H, column densities of diffuse molecular clouds have been also observed for Hy,
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Table 2.3: Overview of astronomical observations of Hy and H?{ in diffuse interstellar sight
lines [83, 84, 64, 85, 86].

Slght line P3 y %) TeI(H;> [K] T01 [K]
¢ Per (HD 24398) 0.65+0.04 0.68+0.06 25£3 oO8E6
X Per (HD 24534) 0.66£0.05 0.69£0.03 25+4 d7T£3
HD 73882 0.67+0.04 0.76+0.05 23£3 o1+4
HD 110432 0.60£0.02 0.57+0.03 30+2 6813
HD 154368 0.69£0.06 0.76£0.07 2244 51£6
A Cep (HD 210839) 0.57£0.07 0.54+0.03 34£11 73£4
62 Tau (HD 27778) 0.61+0.04 0.70+0.05 29+4 29645
x? Ori (HD 41117) 0.61+0.12 0.66+£0.07 29+13 60£7
9 Gem (HD 43384) 0.55+0.06 0.53+0.12 38+£11 74415

showing a significant discrepancy in the excitation temperature of H (T..(H3)) and
Hs (To1) [64, 85, 86]. These observations are summarized in Tab. 2.3. The excitation
temperature of Hy is on average 33 K lower than the excitation temperature of Hy.
This discovery was unexpected, since both species should thermalized to the kinetic
cloud temperature by reactive collisions. The ortho and para populations of H, are
predicted to be thermalized by collisions with protons [82]. In a similar manner, the
ortho and para populations of H should be brought into thermal equilibrium by
reactive collisions with Hy [87, 88, 89]. Fig. 2.9 shows the para fractions of Hy and
Hi from the astronomical observations listed in Tab. 2.3, together with the para
fractions at thermal equilibrium. While it is commonly accepted that the excitation
temperature T(; accurately reflects the kinetic temperature of molecular clouds, the
observed excitation temperatures of Hi seem to be non-thermal. Consequently, the
ortho and para populations of HF cannot be utilized as thermometer of interstellar
molecular clouds.

This unexpected observation is still under discussion and raises the question whether
the reactive collision Hj + Hy — Hj + H, has a non-thermal outcome. Therefore
experimental studies at molecular cloud temperatures are required to examine this
discrepancy in the interstellar medium. In the following chapters, an experimental
apparatus and technique to study the nuclear spin equilibrium of H3 in collisions

with Hy at interstellar conditions, is presented and discussed in detail.
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Figure 2.9: Graphical overview of the observed Hs and H:}f para fraction in 9 sight lines.
Each of the green squares represents one sight line (summarized in Tab. 2.3). The black
solid circles indicate the para fractions of Hy and H;{ at thermal equilibrium in steps of 10
K (the temperature is given by the number [K] at the circle).



Chapter 3

Experimental setup

Experimental measurements on the thermalization process of H3 in collisions with
H, at interstellar conditions, require that both reactants are in thermal equilibrium
with respect to one another. To achieve this, the HJ ions are stored in a well-defined,
temperature regulated, stable environment and the merged Hy reactant gas has a de-
fined nuclear spin configuration, which matches the storage temperature conditions.
After a set storage time, in which the HJ ions undergo numerous collisions with H,
molecules, the nuclear spin configuration of the H3 ions are probed.

In this chapter an experimental system is introduced, that can create a well-defined
ortho/para Hy gas sample, which subsequently can be merged with stored H3 ions in
a thermally well-defined environment and probed via a laser after a set time period.
Following that, a technique to determine the resulting nuclear spin configuration of
Hy is presented in Chap. 4.

Prior to studying the H thermalization process in collisional reactions with Hy at
thermal equilibrium, a Hy gas sample has to be manipulated and characterized by
its nuclear spin configuration. To this end, a pure (>99%) para-Hs sample is created
using a para-hydrogen converter (described in Sec. 3.1). Via dilution of the pure
sample with normal Hy (which has a para/ortho ratio of 1/3), Hy gas samples are
formed with a specific para/ortho-Hy ratio. Raman spectroscopy is then employed
to confirm the para/ortho-H, ratio of the prepared samples, presented in Sec. 3.2.
As previously discussed in Sec. 2.3 and described in more detail in Sec. 3.1, each
H, para/ortho ratio corresponds to a certain excitation temperature of Hy, denoted
as Tp;. For experimental measurements in thermal equilibrium, the environmen-
tal temperature is set to this equivalent excitation temperature of the prepared Hs

molecules. In this equilibrated environment the reactants of Hy + Hy are combined

27
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and the reaction proceeds at a temperature T = Tp;.

To provide a well-defined, temperature regulated environment for this ion-neutral
reaction, a temperature-variable 22 pole trap [90] is utilized. A 22 pole trap (further
detailed in Sec. 3.3) is similar in design to a linear radio-frequency (RF) quadrupole
trap (the so-called linear Paul trap) [91], with the exception of the number of radial
confinement electrodes. By applying an alternating potential to these electrodes,
an effective field is formed in which the ions can be trapped. Using a quadrupole
trap, the effective potential confining the ions radially scales with r* (where r de-
notes the radial displacement of a charged particle), effectively leading to a single
field-free point at the axial center of the trap. By increasing the number of poles,
the weak-field area around the axial center of a linear RF trap is expanded [92]. As

=2 192] a 22 pole trap (com-

the effective potential of multipole traps scales with r
posed of two sets of n=11 electrodes) possesses a nearly box-like effective potential,
in which the ions move mostly unperturbed, with a very short ranged reflecting wall
at the radial limits. This allows the storage of ions in combination with efficient
buffer gas cooling down to very low ion temperatures (~ 10 K). Beyond the nearly
field-free region, in proximity to the electrodes, the RF field induces a mircomotion
to the stored particles [93]. Demonstrated in detailed numerical simulations by [58],
the micromotion of the ions combined with the present gas (i.e. buffer gas) leads to
an increase of the internal energy of the stored particles, commonly referred to as
RF heating. Consequently, the ions are heated in proximity of the trap electrodes,
while being thermalized in the field-free region via collisions with the buffer gas. The
increase in the ion temperature caused by the RF heating depends on the mass of
the stored ions and the buffer gas, the ion number density and in particular the trap
geometry [92, 58]. In contrast to a quadrupole trap, the 22 pole trap permits the
stored ions to move most of the time in a wide field-free region bordered with steep
confining walls. Therefore, the stored ions can approach closer to the nominal trap
temperature. For this reason, the 22 pole is an ideal tool for the investigation of

ion-collision processes at cryogenic temperatures.

3.1 Preparation of H, with defined nuclear spin ratios

Molecular hydrogen (Hs) has two nuclear spin configurations, denoted para and or-
tho, respectively. In Hy the nuclear spin (I) of the protons couple to a total nuclear

spin of either 0 or 1. If the nuclear spin of both protons point in the same direction
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(I = 1), the Hy is in the ortho configuration. If the nuclear spin of both protons
point in opposite directions (I = 0), the Hy is in para configuration.

The ortho hydrogen (0-Hs) has a spin triplet and symmetric nuclear spin wave func-
tions (| 1), | 44),| ) + 1] 41)). The para hydrogen (p-Hy) has an antisymmetric
nuclear wave function (| 1)) —| }1)). Considering H, in its electronic and vibrational
ground state, where their corresponding wave functions are symmetric, the rotational
wave function has to be antisymmetric for o-Hy, and symmetric for p-Hy. Therefore,
p-Hy cannot exist in rotational states with odd rotational quantum numbers J and
o-H, cannot exist in rotational states with even rotational quantum numbers J.

In thermal equilibrium at high temperatures (= 250 K), 25% of Hy is populated in
a para state and 75% is populated in a ortho state, due to the state multiplicity of
their nuclear spin. The rotational energy levels F; of Hy (in the electronic and vibra-
tional ground state) can be approximated by a rigid rotor, corrected by a centrifugal

distortion term [94], yielding
E; = ByJ(J +1) — DoJ*(J +1)%, (3.1)

where the rotational constant By = 59.33289 cm™! and the centrifugal distortion
constant Dy = 0.045498 cm ™! is taken from [95]. The energy levels of the first four
rotational states are shown in Fig. 3.1 (left).

The thermal population numbers N; of the rotational energy levels F; depend on
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Figure 3.1: The sketch on the left-hand side side illustrates the lowest rotational energy
levels in the vibrational ground state of Hy. The energy levels and their thermal population
(Boltzmann-distribution), shown in the right graph, are calculated using the rotational
constant By = 59.33289 cm~! and Dy = 0.045498 cm !, which are taken from [95].
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the temperature T, the statistical weight g; and the Boltzmann factor,

—-E
Ny = g—ZJ eFsT (3.2)

where the partition function Z and the statistical weight g; is given by

0 —E; 2J +1 for para-H
7 = Z q7 6"'3%, 95 = P ? . (3.3)
J=0 3(2J 4+ 1) for ortho-Hy

The thermal populations of the rotational energy levels (up to J = 11) of Hy in its
electronic and vibrational ground state were calculated for temperatures up to 300 K,
using Eq. 3.2. In this temperature range > 99.5% of Hy populates the first four ro-
tational states, which are shown in Fig. 3.1 (right). At a temperature of 100 K,
already 99% of Hy populates only the first two rotational states. In the steady state
at 20 K, 99.8% of H, is in the para-state J = 0.

In Fig. 3.2, the para fraction of Hy (ps) in thermal equilibrium is plotted as a func-
tion of the temperature. The relative number densities of all calculated para states
(even J) and ortho states (odd J) are summed up in dependence of the tempera-

ture, respectively. The po-value, defining the fraction of the number density n of
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Figure 3.2: The graph illustrates the temperature dependence of the para fraction in Ho
(p2) at thermal equilibrium.
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Hs-molecules in the para configuration, is then given by

n(p — Hy)
n(p — Ha) +n(o— Hy)

P2 = (3.4)
Radiative transitions between the two nuclear spin configurations are strictly for-
bidden, due to the conservation of angular momentum. Therefore, a paramagnetic
catalyst at low temperatures is needed to convert the nuclear spin on its solid surface

and generate Hy in a spin configuration with py > 0.25.

The setup of para hydrogen converter

At the Max Planck Institute for Nuclear Physics in Heidelberg, a para hydrogen
converter has been built [96]. The heart of the converter (shown in Fig. 3.3 (left)) is
a copper container (shown in Fig. 3.3 (top right)), sitting on a 10 K cold head and
housed in an ultra high vacuum (UHV) environment. The container is filled with a
Fe,O3 powder (Fig. 3.3 (bottom right)), which serves as the paramagnetic catalyst.
In order to achieve temperatures ~ 10 K, the copper container is directly mounted
on the second stage of the cold head (Leybold Coolpower 7/25). The temperature
is monitored by two temperature dependent silicon diodes (Lakeshore DT-470-CU-
13), attached to the top and the bottom of the container. The temperature can be
regulated by using a heating foil, which is placed at the copper container. Normal
Hy gas is fed through the UHV chamber into the copper container, which is held at
a temperature of ~ 10 K. The Hy molecules have to pass through the Fe,O3 powder
to reach the outlet gas line at the other side of the container. They freeze out at the
large surface of the powder, where their nuclear spin can relax into the energetically
lowest state. By heating the copper container to a temperature of ~ 20 K, the Hy
evaporates and is guided into a gas bottle. In order to prevent the p-Hs gas from
converting back at room temperature, the interior surface of the gas bottle is coated
with teflon.

The experiment requires the production of Hy samples, which have defined para
fractions po. Rather than generating them directly via the para hydrogen converter
at the corresponding temperature, it is more convenient to dilute the generated p-Hs
gas with n-H,. To achieve this the n-Hy gas line is directly connected to the p-Hs gas

line bypassing the copper container. The para fraction of the produced H, samples
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can be estimated by
n(p — Hs) + 3n(n — Hy)
n(p — Hy) +n(n—Hy)

where n represents the number densities of the respective species. De facto, in Eq.

(3.5)

b2 =

3.5 the number densities can be approximated by the pressures of the respective Hy

gas, to estimate the po-value.

copper container

Figure 3.3: The left picture shows the setup of the para hydrogen converter. The cold
head extends into the vacuum chamber, which is evacuated with a turbo pump to ~
10~ mbar. The copper container, which is directly mounted on the cold head, is shown
in the upper right picture. The gas line of the normal-Hy gas (inlet) and the generated
para-Hs gas (outlet) is fed through the vacuum chamber and is attached to the copper
container, where the Hy gas has to pass through the paramagnetic catalyst. A sample of
the catalyst which is located inside the copper container is shown in the lower left picture.
The pictures are taken from [96].
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3.2 Analysis of defined H, nuclear spin ratios

The prepared hydrogen samples are analyzed to confirm their para/ortho ratio. A
sensitive noninvasive analytic tool, suitable for confirming the para/ortho ratio is
Raman spectroscopy [94, 97]. Raman-scattering can be regarded as the inelastic
scattering of a photon with a molecule, as illustrated in Fig. 3.4. The incoming
photon (E,,; = %) excites a molecule, which is in an initial state |7), into a virtual
state |v). The excited molecule subsequently emits a secondary photon (E,; ; = f\‘—;),
leaving the molecule in a final state |f), according to the selection rule AJ = -2, 0,
+2 for rotational states. The energy difference AE can appear in a ro-vibrational

state of the molecule.

R S R S

Ephf<Eph| I
Eph,i
Ephf>Eph|

E ph,i
E ohf=E ph;

i), 1) y i) ) Y

(b) Stokes (c) Anti-Stokes
Raman scattering Raman scattering
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Figure 3.4: The schematic level diagram illustrates the scattering of a photon with a
molecule. The molecule in the initial state |7) undergoes a transition via a virtual state |v)
into the final state |f). (a) illustrates the Rayleigh scattering, where the initial and the
final state of the molecule are identical. The Stokes Raman scattering (b) shows the case,
where the final state of the molecule is higher in energy than the initial state. If the final
state is lower than the initial state of the molecule, the transition is called Anti-Stokes (c).
In all processes the energy is conserved.

3.2.1 The Raman spectroscopy setup

The Raman spectroscopy setup at the Max Planck Institute for Nuclear Physics in
Heidelberg [96] is shown in Fig. 3.5. It consists of a frequency-doubled Nd:YAG
continuous wave (cw) laser (InnoLight Diabolo), which has an output power of

~ 500 mW at a wavelength of 532 nm. A set of high reflective mirrors guide the
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laser beam through a glass cell (Bruker A131, anti-reflection coated), containing the
H, gas test sample. An additional mirror (M4), which reflects the laser beam back,
is placed behind the glass cell to increase the laser overlap with the Hy molecules
in the gas cell, as shown in Fig. 3.5. Two iris diaphragms prevent stray light from
the laser and block the back reflected laser beam. Lens 1 and lens 2 (for the back
reflection) bring the laser into focus at the center of the glass cell, where photons
can interact with the stored Hy molecules. A fraction of the secondary photons,
which are emitted due to Raman scattering, are collected by lens 3, perpendicular
to the laser beam. Lens 4 focuses the collected photons onto the entrance slit of a
spectrometer (Acton SectraPro-300i). A stepping motor tilts the grating inside the
spectrometer to scan the selected wavelength range. A photomultiplier tube (PMT),
which is attached to the exit slit, detects the photons passing the spectrometer. The
PMT (Hamamatsu R2256P) is actively cooled by a Peltier element to reduce elec-
tronical noise. An edge filter, which is placed between lens 3 and 4 suppresses the
Rayleigh scattered photons at 532 nm. Additionally, the entire setup is housed in
an anodized aluminum case to reduce the background signal due to ambient light.
One of the two gas lines, which are attached to the glass cell, is connected to a scroll

pump. After achieving a medium vacuum of ~ 1072 mbar inside the glass cell, a

mirror (M4) e
lens2 — > PMT
edge filter —— exit
as bottle <-— =| > '= entrance slit
° slit | mirror 9rating
valve < |<
pump ~<e— =|><]= lens 3 lens 4
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532 nm | | mirror (M1)

Figure 3.5: Sketch of the Raman spectroscopy setup: A laser beam (532 nm, cw) is guided
and passed through a glass gas cell, using high reflectivity mirrors. The glass cell has two
inlet gas lines, which can be closed by valves. One of gas lines is attached to the sample
gas bottle, the other is connected to a scroll pump for evacuating the glass cell. The laser
interacts via Raman scattering with molecules stored inside the glass cell. Subsequently, a
spectrometer analyzes the secondary photons emitted by the sample gas (collected by lens
1 and 2). A photomultiplier tube (PMT) detects the photons, which pass the spectrometer.
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gas sample of typically 0.5 - 0.7 bar is transferred via the other gas line and can be
analyzed.

The para fraction of the produced Hy gas samples is determined by analyzing the
pure (Av = 0) rotational Raman spectra J — J + 2 (Stokes lines), as shown in
Fig. 3.6. This example shows three Raman spectroscopy measurements on Hy with
different para fractions. The green color represents a Raman spectrum of n-H, with
p2 = 0.25 and the blue color denotes a para fraction of p, = 0.52 and the red color
denotes po = 0.82. The dots represent the detection signal of the PMT scanned
in the wavelength range between 530 nm and 570 nm in steps of 0.05 nm. At ev-
ery wavelength step the signal is integrated over 300 ms. The peaks of the Raman
spectra are fitted by a Gaussian distribution, indicated by the solid lines in the same
color of the corresponding dots. The broadening of the peaks in the Raman spectrum
originate from the adjustment of the slits of the spectrometer, which is a compromise
between higher signal and narrow peaks. The most relevant feature of the measured
spectra, for this study, are the relative intensities of the Raman lines. The relative
intensities reflect the mixture of the Hy samples, whilst the central wavelength are

merely used for transition identification. Therefore, the slits of the spectrometer are
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Figure 3.6: The sketch on the left side shows the six lowest rotational energy levels in
the vibrational ground state of Hy. The green arrows indicate the Stoke transitions of the
Raman scattering (J — J + 2), which were scanned for the analysis of the para fraction
in Hy. The graph on the right side illustrates Raman spectra of three Hy gas samples with
different para fractions (pz = 0.82 (red), p2 = 0.52 (blue) and n-Hz (green) with ps =
0.25). The dots represent the detection signal dependent on the wavelength of the emitted
photons. The peaks of the Raman spectra are fitted by a Gaussian distribution, indicated
by the solid lines in the same color of the corresponding dots. The Rayleigh peak is highly
suppressed using an edge filter.
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set to optimize the signal intensity, but with well separated peaks. The intensities [
of the lines in the Raman spectrum are proportional to the population density N; of

the initial energy levels of the molecule, according to [98]
I=k,-0-Q-N;-Ip, (3.6)

where k, is a constant factor, ¢ describes the Raman cross section, the function €2
contains the geometrical optics of a setup and [, is the photon density, interacting
with the molecules. For an experimental setup, the Raman signal intensity [ is

converted into a measured signal S, within a time interval At:
S ox Q(AN) - I+ A, (3.7)

where the quantum efficiency Q.()) of the detector depends on the wavelength .
In order to eliminate the wavelength dependent influences on the signal (e.g. the
spectrometer properties, the angle of the edge filter and the quantum efficiency of
the PMT), each measurement on po-Hs is taken relative to n-Hy. Therefore, a cal-
ibration spectrum of n-H, is obtained prior to each Raman spectrum measurement
of a prepared Hy sample. For the analysis, only the transition J =0 — J = 2 (p-Hp
state) and the transition J = 1 — J = 3 (o-Hy state) of the Raman spectra are used
to determine the para fraction of the Hy samples. As discussed in 3.1, n-Hy consists
of 75% o-Hy and 25% p-Hy. The Raman signal intensity I,(n — Hs) of the J =1
— J = 3 transition of n-Hy and the Raman signal intensity I,(n — Hs) of the J =0
— J = 2 transition of n-Hy is normalized to the known fraction o(n-Hs) : p(n-Hs)

of 3 : 1, which leads to the calibration factor c:

n—Hg

3.8

The para fraction of the prepared Hy gas samples (p2) can be derived by the cali-
bration of the Raman line intensities of their spectra, using the calibration factor c:

I,(Hy sample)
I,,(Hy sample) + 1,(Hy sample) - ¢

D2 = (3.9)

where [,(Hy sample) and I,(Hy sample) represent the Raman signal intensity of
the transitions J = 0 — J = 2 (p-Hy state) and J = 1 — J = 3 (o-Hj state),

respectively. The results of the six prepared Hy gas samples, which were used for the
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Figure 3.7: The diagrams illustrate the Raman spectrum, including the transition J =
0 — J = 2 (para) and the transition J = 1 — J = 3 (ortho), of six prepared pe-Hs
gas samples and n-Hy. The black dots represent the normalized Raman signal intensities,
which are not corrected by the calibration factor ¢. The peaks of the Raman spectra are
fitted by a Gaussian distribution, indicated by the red lines (green line for the n-Hy Raman
spectrum). The po values and the corresponding excitation temperature Toy, which are
given in the diagrams, were averaged over the Raman spectra, which were taken before
and after the experiment in the 22 pole trap.
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experiment in the 22 pole trap, and a Raman spectrum of n-Hy are depicted in 3.7.
For each measurement the Raman spectra were scanned 3 times in wavelength steps
of 0.05 nm with a signal integration time of At = 300ms. The measured signals,
indicated by the black dots, are not corrected by the calibration factor c¢. For a
better overview, the spectra are normalized and sorted by the para fraction of the
H, gas samples. The trend in p, is clearly visible in the spectra. The red (green
for n-Hy) line in the diagrams indicates the fitted Gaussian line profiles. A Raman
spectrum of each sample was taken before and after the measurements in the 22
pole trap. Within these 4-5 days, a back-conversion of the p-Hs in the gas samples
appears, which decreases p, by ~ 0.04. Furthermore, the low Raman signal to noise
ratio, mainly due to the relatively low pressure of the Hy gas samples, accounts for
the total uncertainty in p, of Apy, = 0.05. The average para fraction of the H,
samples, calculated according to equation 3.9 (taking the calibration factor ¢ (3.8)
into account), as well as the corresponding excitation temperatures Ty, are given in

the diagrams.
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3.3 The 22 pole ion trap setup

In the last two decades, 22 pole traps have become an established versatile research
tool in the field of molecular physics. Since its development in the 1990s by D
Gerlich and co-workers [90, 92|, the 22 pole trap has enabled precision spectroscopic
measurements on molecular ions ranging from the fundamental (e.g. Hi [41]) to the
complex (e.g. biomolecules [99]). In addition, the 22 pole trap yielded time resolved
cluster formation measurements [100] and photodetachment studies of anions [101].
The 22 pole trap setup at the Max Planck Institute for Nuclear Physics in Heidelberg
was initially build as a cryogenic temperature-variable ion source for the Test Storage

Ring (TSR) to investigate the temperature dependent dissociative recombination of

storage ion source
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Figure 3.8: Schematic of the 22 pole trap setup. Ions are produced in the storage ion
source (I), subsequently transported by a linear and a bent quadrupole (II) into the 22 pole
trap (III), where the ions can be buffer-gas cooled and interact with a reactant gas and
a laser field (VI). Finally, the ions are mass selected (IV) and detected by the Daly-type
detection system (V).
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Hi with electrons [102]. The compact design also enabled the operation of the 22
pole trap as a stand-alone device for high resolution spectroscopy using laser induced
chemical reactions [41].

The experimental setup is embedded in an ultra-high vacuum (UHV) system, achiev-
ing base pressures in the order of 10~ mbar. The setup can be divided into six parts,

as shown in Fig. 3.8:

I The radio-frequency storage ion source
IT The ion transport into the trap
III The temperature-variable 22 pole trap
IV The mass selective quadrupole

V' The Daly-type detection system

VI The laser system

3.3.1 The storage ion source

In this setup the Hj ions are produced in a Teloy-type storage ion source [103].
The RF storage source consists of a stack of eight molybdenum plates (50 mm x 80
mm), which are electrically insulated from one another by ruby pearls (see Fig. 3.9).
These eight plates possess double H-shaped cutouts (see Fig. 3.8 (I)), which create
the volume in which the Hf ions are produced. Above one of the side arms of the
double H-shaped structure a rhenium filament is placed, which serves as an electron
emitter. These electrons are accelerated by the negative potential of the filament
and guided by a repeller into the source volume. A fraction of the Hy-gas is ionized

via electron impact:
Hy +e” — HJ +2e. (3.10)

These HJ ions can now react with Hy to form HJ,
Hy + Hy — H + H+4 1.7 eV. (3.11)

The two endplates are held at a constant voltage, confining the ions inside the source.
The axial confinement of the ions is created by the plate electrode B1 at the back and
the ring electrode B0 at the front of the source (shown in Fig. 3.9). Each of the eight
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B1 endplate  repeller filament

molybdenum plates ruby pearls

Figure 3.9: Side view of the storage ion source: The picture shows the stack of the
molybdenum plates insulated from each other by ruby pearls. The filament is surrounded
by the repeller. The ring electrode B0 is used to extract the ions from the source.

plates of the stack are supplied with a RF voltage of 16 MHz with an amplitude of
34 V. The resulting effective potential allows to store the ions inside the source, while
H is constantly produced. Due to collisions with the parent gas Hs, the Hj ions
result in internal temperatures of 400 - 500 K and a smaller energy spread during
the source storage time [104]. The hot filament prevents a further cooling of the Hy
ions inside the source. Ion bunches are extracted applying a voltage pulse to the
ring electrode BO (d; = 3 mm). The kinetic energy of the ions leaving the source is
defined by the applied source DC potential of 0.5 V.

3.3.2 The ion transport into the trap

After ion production, the ions are transported into the 22 pole trap via first a linear
and then a bent quadrupole. The linear quadrupole (see Fig. 3.10(a)) guides the ions
by using a radio-frequency of 9.4 MHz at a voltage amplitude of 21 V to the bent
quadrupole (see Fig. 3.10(b)). The linear quadrupole, which is directly mounted
after the source, has a length of 90 mm and an inner radius of 4.3 mm.

A circular plate at the entrance, following the small aperture of the source (B0), limits
the Hs-gas flow from the source. This first differential pumping section reduces the
Hs-gas pressure by more than an order of magnitude, using a turbomolecular pump
(Leybold Turbovac 361) underneath the bent quadrupole. Afterwards, the ions pass
the bent quadrupole (see Fig. 3.10(b)), which is operated at a radio-frequency of
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Figure 3.10: The left picture shows a photograph of the linear quadrupole, mounted di-
rectly at the exit of the source. In the right picture, a CAD drawing of the bent quadrupole
is depicted.

11.1 MHz with an amplitude of 5 V. This section was implemented into the setup to
create a second stage of differential pumping. The last section of the quadrupole is
encased by a housing with a small aperture (d = 8.7 mm) at the exit. According to
vacuum simulations and measurements the pressure (created by Hy leaking from the
source) improves by another factor of roughly 10. As a result the pressure difference
between the source vacuum chamber and the trap vacuum chamber is greater than

two orders of magnitude.

3.3.3 The temperature-variable 22 pole trap

The heart of the setup is the temperature-variable 22 pole ion trap (see Fig. 3.11),
designed by D. Gerlich and co-workers [92]. It consists of two sets of 11 stainless steel
rods, each with a radius of 1 mm and a length of 40 mm. The rods are alternately
embedded in one of the side plates in a circle with a radius of 5 mm. Via each of
these side plates a radio-frequency voltage of 17.7 MHz with an amplitude of 22 V
is applied to the rods. To maintain thermal isolation, the electrical connection is

inductively coupled via two coaxial coils to interrupt the thermal connection. The
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Figure 3.11: The 22 pole ion trap: The left picture shows a photograph of the 22 pole
trap in axial direction. In the right picture a side view is shown.

side plates are insulated by sapphire stripes to maintain high thermal conductivity to
the copper housing. The 22 pole trap, due to its high pole order, provides a nearly
box-shaped radial potential containing a large field free area in the center of the
trap [92]. Two ring electrode pairs at the entrance and the exit of the trap at a DC
voltage of 1 V confine the ions in axial direction during the storage time. Over the
course of trap loading the entrance electrodes are switched to a negative potential.
The exit electrodes are switched to a negative potential to extract the H3 ions. The
entire housing of the trap is made up of bulk copper plates and is directly mounted
on the second stage of a cold head (Leybold Coolpower 2/10), which has a cooling
power of 2 W at 10 K. The first stage of the cold head (with a cooling power of 12 W
at 35 K) is connected to the aluminum shield, which surrounds the trap minimizing
heat transfer induced by black body radiation. This structure allows nominal trap
temperatures down to 10 K. Two kapton heating foils (placed underneath the ground
plate) are utilized to set a variable and stable temperature of up to ~ 100 K. The
temperature is monitored by a temperature dependent silicon diode (Lakeshore DT-
470-CU-11A) on each of the side plates of the trap. The gas lines are attached to
drill holes inside the ground plate, which allows the gas to cool prior to entering the
trap volume. Helium is used as a buffer gas, hydrogen as a reactant gas and argon

as a probing gas (discussed in chapter 4).
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3.3.4 The mass selective quadrupole

After ion extracting, it is necessary to differentiate by mass. Therefore a quadrupole
with a commercial RF power supply (Extrel 150 QC) at a fixed frequency of 1.2 MHz
is used. The direct current and the alternating current of the RF is varied simul-
taneously to select a certain mass-to-charge ratio [105]. Changing the quadrupole
voltages at a fixed Vy. / V. ratio permits only a certain ion species to pass through.
After mass selection a lens system focus the ions before reaching the detection sys-

tem.

3.3.5 The Daly-type detection system

The experimental technique requires a detection system which is very sensitive for
single ion counting and has a large dynamic range. The central axis of the 22 pole
trap is ideally kept clear, allowing for a laser to be merged co-linear to the path of
both the stored and extracted ions. This configuration is advantageous as it permits
to couple the setup to the storage ring to act as a cold source. The Daly-type
detection system [106] consists of an aluminum converter plate in combination with
a scintillator and a photomultiplier tube (PMT) (see Fig. 3.12). Positively charged
ions, which have passed the mass selective quadrupole, are attracted to the converter
plate held at a negative voltage. Due to the plate’s high electric potential of —28 kV,
the ions are accelerated to the surface of the aluminum plate, where upon impact
on average more than 4 secondary electrons [107] are ejected. These electrons are
then accelerated away from the negative plate onto a grounded aluminum-coated
scintillator, where several photons are created. A PMT (Hamamatsu R4124) sitting
outside of the vacuum chamber detects the photons. The scintillator is coated with
an aluminum layer to reduce counts arising from the laser reflections and ambient
light, while allowing energetic electrons to pass through. The sputtering process
to coat the plastic scintillator with an aluminum layer of about 150 nm thickness is
technically challenging. As a result the aluminum layer is not perfectly homogeneous,
so that a fraction of the environmental light still reaches the the PMT. To further
reduce dark counts due to photons an optical filter glass covers the PMT in addition.
Despite the comparatively low quantum efficiency of a PMT, the Daly-type detection
system has a detection efficiency close to unity, due to the high number of photons

per ion created.
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Figure 3.12: Functional principle of the Daly-type detection system.

3.3.6 The laser system

A home-built diode laser system (cw) was used to probe the Hj ions in the 22 pole
trap. The laser diode (Toptica LD-1370-0010-AR-1), which is tunable from 1330
to 1400 nm (7519 - 7143 cm™'), is mounted on a Peltier element to control and
stabilize the temperature. An external cavity, using a grating (900 lines/mm) in
littrow configuration [108] leads to a stable operation (with a typical laser power of
15 mW) and spectral linewidths smaller than 1 MHz (~ 3 x 107 ¢m™!), which is
more than 2 orders of magnitudes smaller than the Doppler broadened transition
linewidths in our measurements. A beam sampler in the laser path (shown in Fig.
3.13) splits 2% of the laser power towards the monitoring units. The power as well as
the wavelength of the laser is continuously monitored during each measurement. The
anamorphic prism pair transforms the laser profile from an elliptic to a round shape.
Previous experiments and simulations demonstrated an inhomogeneous distribution
of the ions stored in a 22 pole trap [101, 58]. Therefore it is essential to fix the
laser path to assure that the laser beam always merges the same volume inside the
22 pole trap. The laser path is carefully aligned for each measurement by using
a fluorescing alignment disc (FAD) and an iris diaphragm, one of each before and
after the trap setup. The FADs having a central hole of 1.5 mm diameter are used
for the alignment of the laser path. For the experiments the FADs are flipped out
and the iris diaphragm limits the size of the beam to 2.5 mm diameter. At the
entrance and the exit of the 22 pole trap setup the laser travels through a view port
(fused silica) with 91% transmission for this wavelength range. After the alignment

the laser power is checked on each side of the 22 pole trap setup (position 2 and 3,
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shown in Fig. 3.13) to determine the laser power, that is deposit inside the 22 pole
trap. The measurement procedure (details see chapter 4) requires a long trap storage
time, where the laser is blocked for most of the time. For this purpose a mechanical
shutter is placed between the laser and the 22 pole trap. The laser interaction time
(where the laser is not blocked) is too short to monitor the laser after passing the
trap. Therefore the power meter (Coherent FieldMaster-GS with an optical sensor
LM-2-IR) is placed at position 1 during the experiment. A beam splitter enables to
monitor the wavelength of the laser at the same time. The wavemeter (EXFO WA-
1500) is calibrated by Doppler-free Li spectroscopy (°Li Dy line, 225;/, — 2255,
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Ea -ovllpeometer |Z beam sampler
(wavemeter)
= \, mirror
98% 2% ; <J anamorphic prism
i\ | diode
laser
view port
/
/ Iris 2
22-pol
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B D ~0.9m -
- ~T.4m >

Figure 3.13: Schematic of the laser system

14903.632 cm™! [109]), resulting in an absolute uncertainty of 0.005 cm™*.




Chapter 4

Laser induced reaction spectroscopy

This chapter discusses the technique of the laser induced reaction spectroscopy, which
has been utilized to probe the H3 ions stored in the 22 pole trap. Furthermore, the
measuring procedure to obtain ro-vibrational transitions of Hy is explained. The
conditions inside the trap, which are required to perform the experiment are discussed
in detail. The relative signals of the probed transitions are analyzed, resulting in
the determination of the para fraction of thermalized Hy in collisions with H,. The
analysis of this experiment is explained in detail, followed by a discussion of the

results.

4.1 Laser induced reaction

The laser induced reaction (LIR) spectroscopy [110, 111, 41] is superior to conven-
tional absorption spectroscopy methods in that it yields a higher degree of sensitivity.
This allows for probing weak transitions with high precision, performed on a rela-
tively small number of ions, which are stored in a trap. This method exploits the
change in the chemical composition of an ion cloud via laser interaction. Inside the
22 pole trap, a well-defined cold ion cloud (in this case HJ) is exposed to a probing
gas, which does not react with the stored ions due to an energy barrier. The chemical
reaction can then be driven by a specific induced excitation of the reactant, overcom-
ing this reaction barrier. As a result of this laser-induced reaction, an ion species is
formed, which is distinguishable in its mass-to-charge ratio. Afterwards, the charged
products of this reaction are extracted towards a mass-selective ion counting detector
system (described in Sec. 3.3).

H3 acts as an almost universal proton donor, due to the low proton affinity of Hy. The

47
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Table 4.1: List of species, which have a lower proton affinity than Hy. The values of the
proton affinity are taken from [54].

species proton affinity Epa(X) Epa(Hs) — Epa(X)

X [eV] [eV] [em™]
H, 4.377

Oq 4.363 0.013 108.67
Ar 3.827 0.550  4438.80
N 3.547 0.830 6695.82
F 3.525 0.852 6871.37
Fy 3.441 0.936 7548.48
Ne 2.060 2.316  18683.10
He 1.843 2.534  20438.56

few exceptions, which have an even lower proton affinity [54] are listed in Tab. 4.1.
One of these species can be used as the probing reactant for Hi to perform a laser
induced proton hop reaction. In this study, argon has been the probing gas in the

endothermic reaction
Hi + Ar < ArH" + H, — 0.55¢eV. (4.1)

This chemical reaction enables to obtain transitions from ground state H3 to energy
levels beyond 0.55 eV (= 4438.8 cm™!). Hence, the excitation of two or more vi-
brational quanta of Hj (see Fig. 2.4) is needed to enable the formation of ArHT in
reaction 4.1. In recent years this scheme was successfully applied to investigate the
rovibrational spectrum of H3. It has been shown that the high sensitivity of this
technique allows to observe transitions from the two lowest rotational states of the
vibrational ground state to final levels, which are at least six orders of magnitude
weaker than the fundamental. The measured transitions involved up to nine vibra-
tional quanta [42].

In this study, the technique of the LIR spectroscopy was used to probe the relative
populations of the three lowest rotational states in the vibrational ground state. The
theoretical values for low overtone transitions is assumed to be quite accurate. The
well known transitions to the vibrational overtone band 3vi < 0 which were used
in this work are illustrated in Fig. 4.1 together with their theoretical predicted Ein-
stein A, coefficients [39]. The energy levels (J,G)=(1,1) and (2,2) correspond to

para states of Hy , whereas the energy level (1,0) represents the ortho configuration.
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Figure 4.1: Energy diagram of Hi, which illustrates the probed transitions from the
vibrational ground-state to the vibrational overtone 3v4. The three lowest rotational states
in the vibrational ground state were probed by LIR spectroscopy, where two of these states
represent para—H?f and the other one ortho—H?f. The green dashed line indicates the reaction
barrier of the proton hop reaction with argon. The Einstein A;; coefficients are taken from
[39].

The relative signals of these transitions can be used to derive the populations of the
initial states (discussed in Sec. 4.4) and allow the determination of the para fraction

4.2 22 pole trap conditions

The temperature of the 22 pole trap can be stabilized to a constant value between
10 and 100 K, as described in Sec. 3.3. For this experiment the lower limit of the
trap temperature is determined by the vapor pressure of the probing gas argon. As a
consequence of the required gas pressure inside the trap, the operating temperature
is restricted to a lower limit of ~ 40 K. At the beginning of each experiment the trap
temperature is carefully set and stabilized to the requested value, which is given by
the excitation temperature of the prepared Hy sample according to its para fraction.
The preparation and the analysis of the Hy gas samples are previously discussed in

detail in Sec. 3.1 and 3.2, respectively. The determined para fraction p, and excita-
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tion temperature Ty, of each Hy gas sample are presented in Fig. 3.7.

Approximately 500 Hj ions are stored inside the 22 pole trap during each measure-
ment cycle. Their kinetic energy as well as their internal states are cooled via buffer
gas cooling to the nominal trap temperature, which is set to Ty;. In thermal equi-
librium, the population numbers N ;) of the rotational energy levels E;q) of Hi

at a temperature 7' is given by the Boltzmann factor,

—FE
gu.a (/,G)
Nug = 28 o777

F 4.2
Z B 7 ( )
where the partition function Z and the statistical weight g ) is given by
o ~P.6) 2(2J +1) for para-Hj
Z = Z guc e BT, 9u.e) = ) (4.3)
J=0 4(2J +1) for ortho-Hi

The thermal populations of the lowest 15 rotational energy levels, up to (J,G) =
(6,0), of Hf in its electronic and vibrational ground state were calculated using Eq.
4.2, for temperatures up to 100 K. The energy levels E(; ¢ in this calculation are
taken from theoretical predictions by Neale et al. [39]. Fig. 4.2 illustrates the five
lowest allowed rotational energy levels (left) and their calculated thermal popula-
tions for temperatures ranging from 5 to 100 K (right). In this range, these states
hold > 99% of the population for Hj .

As described in the previous section, the three lowest energy levels of H3 in the
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Figure 4.2: The sketch on the left side illustrates the five lowest allowed rotational energy
levels in the vibrational ground state of Hi. The energy levels (values taken from [39])
and their thermal populations (calculated via Eq. 4.2) are shown in the right graph.
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temperature regime of 40 - 100 K are probed. At temperatures of 40 K, 99.8% of the
HZ ions lie within these three states. With increasing temperature, the population
fraction within these states falls, e.g. 90.7% at 100 K. In this regime, the higher
energy levels influence the determination of the para fraction (p3) only by < 1.2%.
The experiment requires a stable number density for all neutral gases in every mea-
surement. He, Hy and Ar, are continuously fed into the 22 pole trap volume and
merged with the stored Hj ions. The prior gas species in the trap is helium which
acts as buffer gas, cooling via frequent collisions the internal states of the H3 ions
to the nominal trap temperature. A fast buffer cooling (~ ms) requires a relatively
high He density inside the trap. The prepared H, molecules serve as the reactant
gas in the investigated reactive collision Hf + Hy — Hi + Hjy, as outlined in Sec.
2.3.3. Argon acts as the probing gas in the LIR spectroscopy technique, as described
in the previous section.

The typical gas pressures of each species, inside the trap volume, are listed in Tab.
4.2. A cold cathode pressure gauge (Pfeiffer IKR270) [112], placed on the outer
vacuum chamber of the 22 pole trap, measures the room temperature gas pressure
surrounding the trap. This gauge provides an estimation of the gas pressures inside
the 22 pole trap, calculated using the gas-species scaling factor, gas conductance
and the trap temperature (described in more detail in Appendix B). The calculated
pressure for each gas species is denoted in the second column of Tab. 4.2. These
gas pressures are converted to number densities approximated by the ideal gas law,
shown in third column. In addition, the number density of Ny and Hy can be approx-
imated via measurement of reactive collisions in the trap. In the case of Ny (residual
gas), the destruction of Hi proceeds via the exothermic proton hop reaction H3 +
Ny — NH* + H,, where the Langevin rate coefficient (k) can be calculated using
Eq. 2.10 (ane = 1.71 A3 [59]). The measured lifetime (TH3+) of the stored Hj ions of

~ 5 s allows to determine the Ny number density n(Ns) to

1
n(Ny) = ——— ~1.1-10%cm™®. (4.4)
kL . TH;'

As previously discussed in Sec. 3.3.1, the H3 ions are produced in a hot ion source,
and thus they are internally excited. As energetically permitted by the chemical
equation 4.1, the thermally excited Hi react with the present Ar to ArH™ when
entering the trap. Cooled down by He buffer gas, the back reaction of Eq. 4.1, ArH"
+ Hy — Hi + Ar, proceeds at a lifetime 74,5+, which depends on the H, number
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gas pressure in main number density in trap, number density in trap, collisions
species chamber [mbar]  pressure derived [em™3] lifetime derived [em™®]  with Hj
No <2.7-107° <3108 1.1-10% 0.1
He 9.1-107* 1-10H 4-10°
Ar 5.4-107° 5.9 - 101 550
H, 1.5-1076 1.6 - 1011 6.6 - 100 60 - 160

Table 4.2: List of gas species and their estimated number densities inside the trap volume.
The estimated gas pressures inside the trap are derived from a pressure gauge placed on
the outer vacuum chamber of the 22 pole trap. These gas pressures are then converted
to number densities approximated by the ideal gas law. The fourth column denotes the
calculated number densities of Ny and Hs according to Eq. 4.4 and 4.5, respectively.
Therefore, the calculated Langevin rate coefficient and the lifetime of a chemical reaction
were used. The average number of collisions per H;{ ion during the trap storage time (500
ms) is given in the last column, approximated by 4.6 using the Langevin rate coefficients
in reaction with H;{ The values for the polarizability of the gas species to calculate the
Langevin rate coefficients are taken from [59].

density inside the trap volume. For each measurement performed, the Hy number
density is set carefully in order to create an ArH* lifetime of 74,5+ ~ 10 ms. The
Langevin rate coefficient (k) can be calculated, using a Hy polarizability of oy =
0.787 A? [59], yielding an estimated Hy number density n(Hsy) of

1

kL * TArH+

n(Hy) = ~6.6-10"cm ™. (4.5)
The number of collisions per H3 ion within the trap storage time (N;) can then be

determined by
Ncol = kL “n- tstoragc ) (46)

where kj, represents the calculated Langevin rate coefficient and n denotes the num-
ber density of the gas species colliding with H; during the trap storage time Lstorage-
In Tab. 4.2, the (average) number of collisions with an H3 ion are calculated ac-
cording to Eq. 4.6 for the given number densities of the gas species during the trap

storage time (fstorage = H00 ms).
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4.3 22 pole trap measurement procedure

This section presents the procedure in which H3 ions, undergoing reactive collisions
with Hs, are probed under thermal equilibrium conditions. The measurement cycle,
over a single trap filling, is illustrated schematically in Fig. 4.3. The ions in the trap
are stored for 500 ms, during which time they interact with the neutral gas species.
The scheme, shown in Fig. 4.3, is separated into five phases. At first, the HJ ions
are guided into the 22 pole trap, as previously described in Sec. 3.3. Since the Hj
ions are produced in a hot ion source they are thermally excited when reaching the
trap. As a result, ~ 60 % of the excited H3 ions react promptly with Ar form-
ing ArH*. Within the first few ms, the HJ ions are cooled, via collisions with the
helium buffer gas, down to their lowest rotational states in the vibrational ground
state. Despite this rapid cooling, in Fig. 4.3 approximately 60 ms are needed prior
to the disappearance of the ArH™ signal into the background noise (phase II), for the
given Hy number density. This time period is governed by the back reaction of Eq.
4.1, i.e. ArHT + Hy — Hf + Ar. The rate of ArH' ion back-conversion is directly
correlated to the Hy number density inside the trap. While a higher Hy number
density decreases the ArH™ lifetime (in phase II), it also depletes the amplitude of
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Figure 4.3: Scheme of the measuring procedure inside the 22 pole trap.
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the measured signal (phase IV) due once again to the competitive reaction 4.1. The
intensity of the measured signal is discussed in detail in the next section. For this
study, the optimal ArH™ lifetime was found to be 10 ms.

In phase III, it can be assumed that all Hj ions stored in the trap populates only
the lowest rotational states of the vibrational ground state. The Hj3 ions interact
in reactive collisions with the prepared H, gas samples, according to the reactions
pathways described in Sec. 2.3, Eq. 2.25 - 2.27. In order to probe the HI pop-
ulations afterwards, a tunable cw-laser beam is passed axially through the 22 pole
trap during the last 50 ms of trap storage (phase IV). If the laser photons have the
right wavelength, Hi ions can be excited by absorbing a photon and a laser induced
ArH™ signal is generated via reaction 4.1. After a laser interaction time of 777 =
50 ms, an equilibrium between laser excitation and ArH™ decay (74,5+ =~ 10 ms) in
reaction 4.1 is established. All ions are then extracted from the trap, mass selected

and counted by a single ion detector system, as described in Sec. 3.3.

4.4 Signal intensities

This section discusses the ArH™ signal intensities, which are measured in the exper-
iment. Phase IV in Fig. 4.3 represents the laser interaction time (7777) in which the
ArH* signal is created. As previously described, laser photons (v) excite Hy ions
that are stored in the trap. These HJ ions overcome the reaction barrier in reaction
4.1 and form ArH* ions. This process competes with the exothermic back reaction
ArH™ + Hy — Hi + Ar, which is characterized by the ArH" lifetime (74,5+). The
number of ArHT ions (Ny4,.p+) that are formed in this time period is then given by
the differential equation

dN 4, 1
Aim — k(J,G)(VL) NH;' _

NATH+ 5 (47)

drprr TArH+

where k() (v1) denotes the formation rate of ArH* per H3 ion. Based on the
relatively high lifetime of the stored H3 ions (~ 5 s) compared against the laser
interaction time (77rr = 50 ms), the number of Hy ions (N H3+) can be assumed to
be constant within the time period 7,;7. The differential equation 4.7 can then be

solved to give

Nag+ = k(J,G)(VL) NH; TArH+ (1 — e_TLIT/TATH+) . (4.8)
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The ArH™T lifetime 74,5+ is set ~ 10 ms for all measurements in this study. Conse-

quentially, the term e~"0/7/7armt & 6.4-107% in Eq. 4.8 can be neglected, leading to

Narn+ = kc)(ve) Ny Tarn+ - (4.9)

The formation rate k(;q)(vz), which depends on the population of the initial HI
state (J, G), is given by

ko (vL) = / Foney (v — 10) B p(v — vy )dv (4.10)

where f(;c) (v —1y) denotes the fraction of H7 ions interacting with a laser beam that
possess a spectral energy density p(v — vr). The Einstein By, coefficient describes
the strength of the transition. The fraction f(;q)(v — 1y), where vy represents the
frequency of the transition, contains the population p(;q) of the initial Hi state
(J,G) and the geometrical overlap of the laser beam with the ion cloud stored inside
the 22 pole trap. This overlap can be approximated by the ratio of the laser cross
section and the trap cross section, Ay /Ayqp ~ 5%. As the ion distribution inside
the trap cannot be considered as homogeneous due to space charge effects and the
influence of the axially confining ring electrodes [58, 101], the actual overlap is not
exactly defined. Therefore it is crucial to fix a reliable laser path for all measurements
(as described in Sec. 3.3.6), in order to keep the overlap consistent which allows for
relative normalization in the experiment. The fraction f(;¢)(v — 1), which is also

affected by the laser frequency due to the Doppler effect, can be described by

—(v—19)? /202 AL
fue (v —1) =puc Ce (v=v0)*/207, T , (4.11)
rap

using the normalization constant C' = \/%UD. The Doppler width op is given by the

standard deviation

op = v, (4.12)

where m denotes the mass of Hf | kp the Boltzmann constant, 7" the temperature and
vy the center frequency. As previously described in Sec. 3.3.6, the laser bandwidth is
negligible compared to the Doppler broadening of the probed transitions. Therefore,

the spectral energy density p(rv — vr) can be approximated by (v — VL)AP—LLC, where
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Table 4.3: List of the transitions in order to probe the three lowest rotational levels in the
vibrational ground state. The Einstein B, coefficients are derived from the theoretically
predicted Einstein A,; coefficients [39], using Eq. 4.15.

transition transition nuclear spin Ay, J Jy By,
label  frequency [em™!] configuration [s7] [em?®/Js?]
R(1,0) 7241.256 ortho 8909 1 2 2.348-10%
R(1,1)" 7237.291 para 4871 1 2 1.286 - 10%
R(2,2)! 7192.899 para 8239 2 3 1.861-10%

P;, denotes the laser power. As a result, Eq. 4.10 can be rearranged to give

B, P
k() = BEQR Centnm (@.13
rap

which can be used in Eq. 4.9 leading to

Nyt Tara+ P16y Biu Pr

Ny = C e~ tvn-mP /2. (4.14)

Atrapc
The calculated line list, published by L. Neale, S. Miller and J. Tennyson provides
also the Einstein A,; coefficients for all transitions [39]. These can be converted into

Einstein By, coefficients by

3A
Blu _ Gy C ul

Ju 4.15
g1 8whid’ (4.15)

where g; and g, denote the rotational degeneracy of the lower and the upper energy
level, respectively, according to g = 2J + 1. The transitions, which were scanned in

order to determine the relative populations of the lowest rotational levels in Hi are
listed in Tab. 4.3.

4.5 Analysis

The para fraction of the HJ ions, which collide reactively with the prepared p,-H,
molecules at the corresponding excitation temperature Ty, is determined by probing
the relative populations of the three lowest states in Hi . The utilized transitions are
shown in Fig. 4.1 and listed in Tab. 4.3. The resulting ArH™ signal as a function
of the laser frequency can be described by Eq. 4.14, in which the scaled signal of

the Gaussian line profiles reflect the relative populations in Hy. The transitions
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R(1,1)* and R(2,2)! represent the two lowest para states, whereas R(1,0) represents
the lowest ortho state in Hj. As previously discussed in 4.2, these three states
represent between 99.8% and 90.7% of the population in HJ, dependent on their
internal temperature (see Eq. 4.2). Therefore, a calibration factor f(7') is calculated
which accounts for the minor deviation in the resulting para fraction. The para

fraction (p3) of Hj can then be given by

B Aprg+[R(L, D] + Aprg+[R(2,2)]
a Asrm+ [R(l, 0)] + Aurp+ [R(l, l)] + AarH+ [R(2, 2)]

Py ). (416)
where Ay, p+ represents the measured ArH™ yield scaled by the laser power Py, the
ArH™ lifetime 74,7+, the number of stored Hj ions N H and the Einstein By, coef-
ficient.

A detailed discussion of the analysis of the Hj para fraction ps will be given on the
example of the measurements using the H, gas sample having a para fraction of py
= 0.66. The same method is applied to all measurements discussed in this chapter.
The temperature of the trap is cooled down to a constant value T4,,,, which is a
few Kelvin lower than the excitation temperature Ty;. As previously described in
Chap. 3, the RF heating [58] will add to a slightly higher temperature of the stored
ions. In previous experiments and preliminary test-measurements, an increase of the
ion temperature in order of ~5-10 K was observed (compared to the nominal trap
temperature). In the measurements using a Hy para fraction of ps = 0.66, which
corresponds to Ty; = 60 K, the trap temperature is set to 54K.

The measurement cycle which is shown in Fig. 4.3 illustrates the procedure inside
the 22 pole trap per trap-filling. For each wavelength step, the measurement cycle
is repeated 100 times. For the first 10 trap fillings, the number of H3 ions (N H3+)
are determined while the laser beam is blocked during the whole cycle. For the next
10 trap fillings, the number of the ArH™ ions (N4,.g+) are counted while the laser
interacts with the stored ions within the last 50 ms of the cycle. This is repeated 5
times prior to shift the laser frequency to the next step, which results in 50 cycles
measuring H and 50 cycles measuring ArHT per wavelength step. The wavelength
of the laser is scanned in steps of 0.003 cm ™! over the three transitions. The power
P, as well as the wavelength vy, of the laser is monitored for each measurement cycle,
as described in Sec. 3.3.6. Each scan contains 40 - 50 wavelength steps. With at
least two scans, the measurement requires = 2.5 hours per transition, in which the

experimental conditions in the trap have to be stable. Therefore, a reliable prepara-
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tion of the trap settings is necessary, as outlined in Sec. 4.2. In order to verify that,
the trap temperature and the gas pressure is monitored during the measurements.
The ArH™ lifetime 74,5+ is adjusted to a constant value of ~10 ms, that is checked
before and after each scan.

The natural line width of the transitions (< 1 kHz) and the line width of the laser
(< 1 MHz) are orders of magnitudes smaller than the temperature induced Doppler
width (> 260 MHz). Therefore, the measured Gaussian line profiles reflect the kinetic
temperature of the stored Hy ions according to Eq. 4.12. The resulting line profiles
of the three transitions, labeled by R(1,0), R(1,1)* and R(2,2)!, are illustrated in
Fig. 4.4, where the ArH" yield is normalized to the laser power and the number
of H} ions stored inside the 22 pole trap for each wavelength step. The Gaussian
fits of the line profiles are indicated by the red lines, where op denotes its Doppler
width. The calculated kinetic temperature Ty, of the HJ ions using Eq. 4.12 is
shown in Tab. 4.4, together with a selection of the fit parameters including their
uncertainties. The stated ArH* lifetimes, which were measured separately before
and after each scan, are yet to be factored. Due to the weaker signal-to-noise ratio
of the line profiles for transition R(1,1)* and R(2,2)!, their fit parameters have larger
relative uncertainties. For this reason, the strongest line R(1,0) provides the most
accurate measurement of T;, which is equal to 6243 K. The rotational temperature
T, in HY is determined by the relative populations of the two para states. For this
purpose, the ArH* yield in the transition line R(1,1)* and R(2,2)! are both scaled
by their ArH* lifetimes (given in Tab. 4.4) and by their Einstein By, coefficients
(given in Tab. 4.3). Using Eq. 4.2, the rotational temperature is calculated to T,
= 69+4 K. The factor f(7) in Eq. 4.16 accounts for the deviation in the calculated

Table 4.4: Resulting parameters of the Gaussian fit applied to the line profiles of transition
R(1,0), R(1,1)* and R(2,2). The kinetic temperatures Ty, are calculated from the Doppler
width op via Eq. 4.12. The amplitude and the area of the Gaussian line profiles are yet
to be scaled by the ArH™ lifetime 74,7+ and the Einstein By, coefficient.

R(1,0) R(1,1) R(2,2)!
Tarp+ [ms] 9.91 + 0.04 9.97 + 0.13 9.94 + 0.06
amplitude 3.21 + 0.07 1.49 + 0.08 0.39 =+ 0.05
area (8.07 £ 0.18)-1072  (3.70 + 0.23)-1072  (1.09 + 0.16)-10~2

op [em™]  (1.003 £ 0.021)-107%  (0.992 + 0.059)-1072 (1.105 =+ 0.165)-1072
Trin [K] 62 £ 3 61 £ 7 77 £ 24
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Figure 4.4: The diagrams illustrate the ArH™" yield as function of the laser frequency
using transition R(1,0), R(1,1)* and R(2,2)!. The ArH* yield is normalized to the laser
power and the number of H; ions stored inside the 22 pole trap for each wavelength step.
The normalization to the ArH™T lifetime and to the Einstein By, coefficient is not included.
The red lines indicate Gaussian fits, where op denotes its Doppler width. A selection of
the fit parameters including their uncertainties are listed in Tab. 4.4.
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para fraction ps due to higher populated states in H3 , which were not probed in this
measurement. Assuming that the rotational populations are in equilibrium among
the same nuclear spin configurations, the calibration factor f(7') is defined by T,;.
The calculated value for f(7") in this measurement (T, = 69+4 K) corrects the
H3 para fraction by a factor of 1.00840.001. The para fraction of H; can then
be calculated by Eq. 4.16, in which A4, 5+ represents the normalized ArH™ yield.
Therefore, the ArH™ yield listed in Tab. 4.4 has to be normalized to their Einstein
By, coefficient and their ArH™ lifetime, in order to derive the relative populations
of the probed states. From these relative populations, the Hj para fraction can be
calculated to p3 = 0.50240.015.

An additional source of error, which has not been considered so far, takes place dur-
ing the laser interaction time (phase IV in Fig. 4.3) of the measurement. Within
this 50 ms, the back reaction of the ArH signal, ArH* + Hy, — HJ + Ar, poten-
tially changes the relative populations in Hj. In this time period, a steady state
in reaction 4.1 is established, in which permanently ArH* is generated by LIR and
destroyed by reactions with Hy (ps2). For all measured transitions, this effect leads
to a depletion of the probed state. If, for example, a stored Hj ion in the ortho
state (1,0) reacts with Ar to ArH™, the probability that the back reaction with Hy
(p2) forms again ortho-Hj is given by (2/3 - 2/3 p,) according to the spin selection
rules [113, 114]. The probability to form para-H3 in this back reaction is given by
(1/3 + 2/3 ps), which influences the relative populations of the stored Hj ions. The
maximum ArH" formation rate, measured while scanning the strongest transition
R(1,0) was 1600 s~'. During the laser interaction time of 50 ms, 1600 s™* - 50 ms =
80 ArH' ions are formed in total. Statistically, ~62.5 of these ArH™ ions are con-
verted into para-H3 and ~17.5 react back to ortho-Hj for the given Hs para fraction
of p, = 0.66. This change in the population of Hj is significant compared to the
total number of stored Hy ions (~ 500). Using the determined H3 para fraction ps
= 0.502, the absolute number of H ions in ortho and in para configuration at the
end of the measurement cycle can be calculated. Assuming 500 Hj ions, detected
after the measurement cycle, statistically 249 of them populate an ortho state. The
derived rotational temperature (T,,; = 69 K) allows to calculate the population in
the (1,0) state to ~244 Hj ions, using Eq. 4.2. The absolute number of Hj ions
in the (1,0) state, before a laser is passing the trap and induces the change in the
populations, would then be ~306.5. This possible influence of the laser interaction

demonstrates the worst case scenario, because during the laser interaction time, also
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the Hf + H, collisions shift the populations back towards equilibrium. For this rea-
son, this calculated worst case scenario does not introduce a scaling factor, but an
increased uncertainty in the measured H3 para fraction ps.

This model applies similarly to the measured line profiles for the para states. Al-
though, as the ArH™ formation rate during the laser interaction time is lower, the
laser induced population change is smaller for the para states. The model thus leads
only to an increase in the lower uncertainty bound of the measured H3 para fraction,
resulting in ps = (0.50270513).

The line profiles of all measurements are shown in Fig. 4.5, sorted by the para frac-
tion (pg) of the used Hy gas samples. The ArH™ yield is scaled by the laser power and
the number of HJ ions stored inside the 22 pole trap. For a better comparison, the
amplitude of the strongest transition R(1,0) is normalized to 1. The Gaussian fits of
the line profiles probing the two para Hi states are represented by the blue lines. The
relative populations in these para states provide the determination of the rotational
temperature T,,; of the stored HJ ions, as previously discussed. The Gaussian fit of
the line profile R(1,0), which represents the ortho HJ state, is indicated by the red
line. This Gaussian line shape provides the most accurate evaluation of the kinetic
temperature Ty, of the Hy ions. As demonstrated for the measurement using the
Hy probing gas with ps = 0.66, the measured line profiles, which are shown in Fig.
4.5, are analyzed similarly. The HJ para fraction ps is derived via Eq. 4.16, using
the ArH* yield normalized to the laser power, the number of stored HJ ions, the
ArH* lifetime and the Einstein By, coefficient. The results (p5™) are summarized in
Tab. 4.5, together with the determined temperatures. Ty, represents the calculated
excitation temperature of Hy having a para fraction of ps (discussed in Sec. 3.2).
The stated trap temperature T},,, is measured by a sensor attached to the housing
of the 22 pole trap (details in Sec. 3.3). The kinetic temperature Ty, is inferred
from the Doppler width of the transition line R(1,0) using Eq. 4.12. The rotational
temperature T, is derived from the relative populations of the probed para Hj
states using Eq. 4.2. Supposing that Ty, , Tk, and T, are equal, the experiment
can be considered as performed in thermal equilibrium (as intended). Overall, the
measured temperatures are in mutual agreement given their uncertainties. The im-
pact of deviations in these temperatures can be described by the model based on
Park and Light [79], discussed in Sec. 2.3.3. The theoretical predicted para fraction
in HJ is then given by Eq. 2.30, in which the state-to-state reaction rate coefficients

are computed for the measured kinetic and rotational temperatures [77]. In this
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Figure 4.5: The diagrams illustrate the ArH™ signal as function of the laser frequency.
The ArHT signal is scaled by the laser power and the number of H:J{ ions stored inside
the 22 pole trap for each wavelength step. In order to provide a better comparison, the
amplitude in the line profile R(1,0) is normalized to 1 for each experiment. The Gaussian
fits are indicated by the blue (para states) and the red (ortho state) lines.
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Table 4.5: Measured para Hy fraction (p5™) in comparison with theoretical predicted
values (p5'“™¥), which are calculated based on the Park and Ligt model [79] accounting for
the kinetic and rotational temperature of the stored ng ions (Tkin, Trot). Tirap represents
the measured trap temperature using a sensor attached to the housing of the trap. The
para fraction of the probing gas Hy is denoted by po and Ty; represents the calculated

excitation temperature for these Ho gas samples.
P Tor [K] Tiap K] T K] Toor K]  p5™  py
0.4140.05 93+11  87+1 964+4  100+4  0.50170:0%  0.493

0.5240.05 7547  T1+l 8244 7743 0.50610531  0.500
0.5940.05 6745 64+l 7443 8344 0.5067001  0.504
0.66+£0.05 6045 54+l 6243 6944  0.5021001  0.501

0.744£0.05 5344  48+1 6243 6243 0.52870%3  0.506
0.8240.05 46+4 4441 60+5 66+4  0.58175:042  0.546

chemical model, values for @ and S are adopted from [78] as 0.5 and 0.1, respec-
tively. As described previously in Sec. 2.3.3, a describes the branching ratio between
the proton hop (Eq. 2.26) and exchange (Eq. 2.27) reaction, and S* denotes the
identity (Eq. 2.25) branching fraction. From these calculations, performed by K.
Crabtree [115], theoretical para fractions of Hi, denoted by p§* in Tab. 4.5, are
derived for a given set of experimental conditions.

Theoretical predictions and experimental results have been found in good agreement
within the errorbars, as shown in Tab. 4.5 and Fig. 4.6. The lower uncertainty
bound of the measured para fraction p5™” hints towards an overestimation, showing
that the calculated model for the laser induced population change is representative

of the worst case scenario.

4.6 Discussion and Conclusion

In this work, the reactive collision Hf + Hy — HJ + H,, which is assumed to rep-
resent the thermalization process undergone by Hi in interstellar molecular clouds
(as discussed in Sec. 2.3.3), has been investigated under thermal equilibrium con-
ditions. The resulting nuclear spin of the H product after collisions with Hy, were
determined from probing of the Hi populations of the three lowest rotational levels.
These results are depicted in Fig. 4.6, together with theoretical predictions and the

astronomical observations (as outlined in Sec. 2.3.3), where the Hj para faction ps
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Figure 4.6: Plot of the measured Hy and HJ para fraction (listed in Tab. 4.5), indicated
by the red dots. The black solid circles show the para fractions of Ho and H; under thermal
equilibrium conditions, in steps of 10 K (the labeled temperature is given in [K]). The blue
triangles represent the calculated para fraction of Hg’ based on Park and Light theory. The
green squares represent astronomical observations, as discussed in Sec. 2.3.3. Finally, the
dashed black line represents the nascent para H?f fraction.

is presented relative to the Hy para faction ps [116]. The red pentagons represent
the measured para fraction, derived in this study (as listed in Tab. 4.5). Model
calculations, based on the Park and Light model [79], using the experimental con-
ditions of this work as input parameters, are denoted by the blue triangles. The
black solid circles show the para fractions of Hf as a function of Hy under thermal
equilibrium conditions, in 10 K steps. The astronomical observations (listed in Tab.
2.3) are indicated by the green squares. The black dashed line represents the calcu-
lated nascent para H3 fraction formed in diffuse molecular clouds via reaction Hy +
H,. Using nuclear spin selection rules [74, 76], the nascent H3 para fraction can be
determined as ps = & + 2p, [80].

The experimental results show that in equilibrium the nuclear spin of H from colli-
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sions with H lies close to thermal predictions. The theoretical values (blue triangles),
which account for the slightly higher kinetic and rotational temperatures of the Hy
ions, are similarly found to be in good agreement with measurements. This result
demonstrates, that the Hj product of the reaction H + Hy, — Hi + Hj is thermal,
thus can be described by the Park and Light model.

Despite the good agreement between experimental measurements and theoretical
models, a discrepancy remains between with astronomical observations along diffuse
sight lines. The para fractions of Hi and Hs, observed within the same diffuse molec-
ular clouds, are inconsistent with with both simple thermal equilibrium conditions
and the presented experimental measurements. The observed Hj ions show a sys-
tematically higher para fraction relative to the observed Hy para fraction than that
given by models or experimental measurements. These values are lying between the
nascent HJ para fraction curve and thermal equilibrium conditions. Thus giving the
impression, that the number of collisions between HF and Hy in diffuse molecular
clouds is insufficient to bring the two species into equilibrium. Observed clouds ap-
pear to reside in an intermediate stage, where HJ ions created along the nascent Hj
curve have yet to reach steady state.

In Sec. 2.3.3, it was discussed how, in diffuse interstellar clouds, Hj undergoes ~
40 collisions with Hy during its lifetime. This number of collisions may be sufficient
for thermalization, but this number relies on accuracy of the collisional rate coef-
ficient for Hf + Ha (kp,) and the dissociative recombination (DR) rate coefficient
ke. In diffuse interstellar clouds, according to Eq. 2.16, k. represents the dominant
destruction process of H . Whereas, kj, represents the thermalization process of Hy
during collisions with Hs. A lifetime can be determined, for both mechanisms, from
the reciprocal of their rates, yielding 7y = (kon(e))™! for the DR process and Tiperm
= (kg,n(Hy))™! for the thermalization process, where n(H,) and n(e) denote the
number density of Hy and electrons, respectively. The number of reactive collisions

N,. with Hy per Hy lifetime can thus be estimated using

Tife _ kHQ ""L(H2)

Nrc =
Ttherm ke n<e>

(4.17)

In this estimation, the rate coefficient kpy, can be approximated by the Langevin
rate coefficient; kg, = 1.9 - 107 em3s™!, while the DR rate coefficient; k, = 2.6
- 1077 em3s™! [66] and a n(Hy)/n(e) ratio of 5-10% is used, resulting in N,. ~ 40.

It should be noted that these values possess large uncertainties and could have a
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temperature dependence. From this simple model, it is clear that the number of
reactive collisions (V,.) is directly proportional to the reaction rate coefficient kp,.

3571 as presented in reaction

Thus, if a reaction rate coefficient of ~ 3-1071 cm
studies of the deuterated reaction counterpart [117], was substituted into Eq. 4.17,
this would reduce the estimated number of collisions to N,. ~ 6. This few collisions,
might be insufficient to fully thermalize the Hj ions [80]. However, a more recent
experimental measurement of this reaction rate, yielded a result that was found to
be consistent with the Langevin rate coefficient [118].

A second potential influence on the Hj para fraction p3 in molecular clouds, that
could account for the discrepancy between observation and measurements, would be
a DR rate coefficient for Hf that possesses a nuclear spin dependence. Assuming a

different DR rate coefficient, k.(0) and k.(p) for ortho- and para-Hj , respectively,

ortho—Hi + e~ 2% M4 H4+H, H,+H (4.18)
para—Hf +e~ P Uy H 4+ H, H, + H, (4.19)

the DR destruction process would lead to a preferential depletion of one nuclear spin
configuration. The astronomically observed Hj para fraction could thus be explained
by the faster destruction process of ortho-Hj, k.(0) > k(p). However, theoretical
calculations predict DR rate coefficients which are contrary to this hypothesis. These
calculations of k.(0) and k.(p), demonstrated that at low temperatures (T < 200 K)
keo(p) > ko(0), thus para-Hj is in fact destroyed faster by an order of magnitude [68].
Recent flowing afterglow studies, scanning a temperature regime between 60 and 300
K, verified the overall trend of these calculations [119]. This preferential depletion
of para-Hj in diffuse molecular clouds, should decrease the astronomically observed
p3 and thus raises even more questions.

A time-dependent theory of the chemistry in diffuse interstellar clouds, with a focus
on the ortho and para configuration of Hy and Hj, has been recently published
[86]. This model is incompatible with the astronomical observations, if the ratio for
the ortho/para DR rate coefficients, k.(0):k.(p) is smaller than 1:5, which disagree
the flowing afterglow experiments [119]. For the model to accurately reproduce
astrophysical observations, k.(o) should be approximately equal to k.(p). While
previous DR rate coefficient measurements, performed at storage rings, showed only
a slight enhancement in the para-Hi DR rate coefficient [120, 121], the internal

temperature of these H;’ ions, stored in a room-temperature storage ring, has been
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measured to be >100 K [121]. This higher internal temperature could potentially
account for the difference between the two results.

The time-dependent model shows only a minor effect on the ortho/para ratio in
diffuse clouds, for the variation of the density or the chemical age. Another parameter
that has a strong influence on the model is the cosmic ray ionization rate (5, which
limits the formation rate of Hf in molecular clouds (discussed in Sec. 2.3.1). An

increase of ¢, to 10715 71

, which is the upper limit for cosmic ray ionization rate
observed in molecular clouds [63], provides the best agreement with the astronomical
observations.

It is clear, that further measurements and improved astrophysical models are required
to provide a full understanding of the nuclear spin discrepancy of H, and HF in
diffuse interstellar clouds. An accurate total DR rate coefficient k. of HJ, as well as
its nuclear spin dependency (ke(p), k.(0)) at low temperatures is required.

The thermalization reaction H + Hy could be investigated as a function of their
collision frequency, in order to investigate the thermalization process. This study
could be conducted using a 22 pole trap, utilizing a similar procedure as discussed
in this work, but by varying the H, number density or the trap storage time. An
accurate measurement of the reaction rate coefficient kp, for this thermalization
reaction is very difficult, as both the reactants and the products are indistinguishable.

Therefore, further studies on its deuterated counterparts are essential.
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Chapter 5

Experimental apparatus for reaction
studies of molecular ions with neu-

tral atoms

As presented in the first part of this work, the 22 pole trap is a versatile tool for
the investigation of ion-neutral reactions in the gas phase at astrophysically relevant
temperatures. While robust in its own right, the 22 pole trap is limited in that
it can only probe reactions, which involve neutrals that do not freeze out at low
temperatures and are freely available in the gas phase. Most experimental studies
on ion-neutral collisions are performed with molecular neutrals, this is mainly due
to the challenge in producing sufficient cold neutral atoms (excluding noble gases).
Therefore, few experiments measuring reaction rate coefficients of ion-atom collisions
at astrophysical relevant temperatures have been performed to date.

In one such experiment, the thermal rate coefficient for the reaction CHT + H was
measured in a 22 pole trap, where H atoms were extracted from a Hs parent gas
using a discharge tube [9]. The H atoms were then precooled via collisions with a
cryogenic surface prior to guiding them into the trap volume. The subsequent slow
H atom beam is then merged axially with the trapped CH™ ions in the 22 pole trap.
This setup provided measurements of low energy reactions between CH™ ions and
hydrogen or deuterium atoms in a temperature range of ~10 to 100 K.

In a similar experiment, the thermal rate coefficient for the reaction D + C was
investigated. The D3 ions were stored in a temperature variable (80-600 K) ring elec-
trode trap [122]. Despite the low temperature of the D3 ions, carbon atom beam,

produced via high-temperature vaporization of a carbon rod, is estimated to have

71



72 5. Experimental apparatus for reaction studies of molecular ions with neutral atoms

a translational temperature of 1000 K or higher [123], temperatures which are not
astrophysically relevant.

In the aforementioned setups, where the ions are translationally and internally cooled
in a cryogenic trap, the reaction temperature is predominately determined by the
translational energy of the incident neutral atom beam. One method to mitigate
this effect, is the merged beams technique. In this technique, two fast beams are
superimposed with near matched velocities, enabling the study of low center-of-mass
energy reactions, while maintaining fast beams in the laboratory reference frame
(124, 125].

Astrophysically relevant experiments require that the parent reactants are both
translationally (in the center-of-mass reference frame) and internally cold. Thus,
experimental measurements involving well-defined, internally relaxed, ground state
particles are often favorable. A relatively simple method to produce a fast neutral
atom beam is via charge exchange [126] or collisional electron detachment [127] in
a gas cell. In both methods, a charged atomic beam is passed through a gas cell.
In the case of charge exchange, fast positively charged atoms (A™) are neutralized
by the electron transfer reaction AT + B — A 4+ B™, where B represents the gas
species in the gas cell. In the collisional electron detachment technique, fast nega-
tively charged atoms are neutralized via electron stripping in collisions with the cell
gas. Although these are both convenient methods, the final quantum state of the
resultant neutral atoms is ambiguous. If energetically allowed, the resultant neutral
atom may be excited, due to numerous collisions with the cell gas.

One method for the preparation of fast neutral ion beams in their ground state is
via photodetachment [128, 129]. In this method, a negatively charged atomic beam
is overlapped with a laser beam, where the energy (E., = hv) of the laser photons
is greater than the binding energy of the outermost electron of the negative atom,
yielding: X~ + hv — X + e~. Since the outer electron of a negatively charged atom
is bound only by polarization forces, its binding energy is relatively small. As a
result, most negatively charged atomic species have only a single bound state [130].
For single-photon electron detachment, the photon energy determines the possible
final states of the neutral atoms. Any photon energy, which is higher than the elec-
tron affinity of the atomic anion but with insufficient energy to reach a higher excited
state of the neutral species, guarantees the production of ground term neutral atoms,
exclusively.

This technique forms the bases for merged-beams measurements on ion-atom reac-
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tions with astrophysical impact and has been successfully applied in previous exper-
iments, e.g. [131]. In that experiment, the associative detachment reaction H- + H
— Hy + e~ for a temperature range between 30 and 3000 K was investigated [132].
The H™ ions are accelerated to 10 keV, after their production in a duoplasmatron
source. Since H™ ions have a single bound state [133], they exist only in the ground
state independent of the source temperature. This H™ ion beam is crossed by a
high power (1.4 kW) laser system, continuous wave (cw), at a wavelength of 975
nm (=1.25 e¢V). This photon energy is sufficient for the electron photodetachment
process, as H™ has an electron affinity of ~0.75 ¢V [133]. Approximately 7.5% of
the H™ ion beam is converted into a neutral H atom beam, which has the same
velocity than the parent beam. In this particular case, this method results in a self
merged-beams measurement, where both reactants are in their ground state. By
mismatching their relative velocities using a tunable electrostatic field, experimental
thermal rate coefficients were measured in a large temperature range (30-3000 K).
In recent measurements using a similar setup, the thermal rate coefficients of reac-
tion Hy + C [123] and reaction Hj + O [134] were studied. As the outer electron
of C~ and O~ is bound by 1.262 eV [135] and 1.461 eV [136], respectively, the 975
nm laser is insufficient for their electron detachment. Therefore, a cw high power
(2 kW) laser at a wavelength of 808 nm (=1.53 eV) was used for the production of
the neutral C and O atoms. The neutral atom beam is subsequently merged in a
separate beamline section with Hj ions. These measurements provided the deter-
mination of the thermal rate coefficient in the temperature regime of ~70-10000 K
[123]. A major drawback, however, was the high internal temperature of the H3 ion
(~2200-3400 K), due to their method of production in a duoplasmatron source. The
internal excitation and as a result the molecular structure of the H3 ions leads to
a somewhat ambiguous effect on the measured reaction rate coefficients. Therefore,
these measurements’ astrophysical relevance is arguable.

The second part of this thesis presents the design and construction of a new ex-
perimental setup for studying gas phase ion-neutral reactions under astrophysically
relevant conditions. Experiments will be conducted in the Cryogenic Storage Ring
(CSR) at the Max Planck Institute for Nuclear Physics. Conditions inside the experi-
mental chambers of the CSR can replicate those found in interstellar clouds, making
it ideal for such experimental studies. The operating principles and experimental
properties of the CSR are briefly outlined in Chap. 7. For the injection of ions

into the CSR and subsequent merging with a fast neutral beam, a versatile design
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for the injection transfer line of the CSR was required. The concept, design and
construction of this beamline are detailed in Chap. 8. To meet the experimental
requirements, the demands placed on the CSR transfer line are discussed. To this
end, the design and simulations of the vacuum system and the ion-optical elements
of the transfer line are presented. For the transfer line of the CSR, two beamlines are
merged using an electrostatic 90° deflector with a hole. A photodetachment section
is implemented in the transfer line in order to generate neutral atoms (H, D, C, O)
in their ground state. These neutral atoms are then merged with stored ions in a
straight section of the CSR to perform ion-neutral collision experiments at matched
velocities. The implementation of this setup, utilizing photodetachment of negative
ion beams (H=, D=, C~, O7) by a high power laser beam, will be discussed in detail
in Chap. 9.

In Chap. 11, first photodetachment and ion beam measurements are presented and
analyzed. The photodetachment efficiency was benchmarked using a C~ and O~
parent. These measurements were obtained for laser powers up to 2 kW and kinetic
energies of the anions ranging from 10 keV to 35 keV. In a second measurement, a
method to non-destructively determine the transverse emittance of an ion beam, that
is transported by the transfer line, is demonstrated. Chap. 12 provides a summary of
the CSR transfer line and fast neutral beam generation for perspective merged-beams

experiments, with a particular emphasis on astrophysics.



Chapter 6

Principles of ion beam transport

This chapter will discuss the principles of ion beam transport via electromagnetic
fields. A coordinate system is introduced in order to describe the motion of a charged
particle relative to the central path. Starting from first principles, the equations of
motion governing the flight of a charged particle path traversing an electromagnetic
field is derived. Taking the example of a particle transported via a magnetic field,
the equations of motion are solved using a linear approximation. This linear approxi-
mation includes ion optical effects such as drift, deflection, and focusing but neglects
higher order terms that account for aberration effects.

A matrix formalism is then used to characterize the particle trajectory guided through
a linear ion-optical beam transport system. For ion beams, which contain a large
number of particles, it is convenient to characterize the bulk-beam properties in terms
of its phase space distribution. The beam’s phase space is the particle distribution
defined by the individual particles spatial coordinate and angle of the ion trajectory
relative to the central path. Using this framework, the beam emittance is defined
and the twiss parameters are introduced to aim in the characterization of particle
beams. For completeness, the influence of non-linear ion-optical effects on the phase
space distribution of a particle beam are briefly discussed, a more detailed discussion
of which can be found in [137, 138].

Since the CSR facility (see Chap. 7) is limited to kinetic energies of 300 keV per
charge unit, it is sufficient to limit the discussion of the ion beam transport to non-
relativistic ions, e.g., a 300 keV proton possess a Lorentz factor v of ~ 1.00032
(~2.54% the speed of light).

)
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6.1 Motion of particles in linear approximation

An ion beam contains a large number of charged particles, which are guided along
a predefined path via electromagnetic fields created by ion-optical elements. The
motion of a particle, which can be approximated by a point mass, is commonly
described relative to the central path [137]. Thus, a particle trajectory can then be
described by

r(s) = ro(s) + z(s)ux(s) + y(s)uy(s), (6.1)

where an orthogonal coordinate system moves along the central path ro(s). In this
coordinate system, the s-axis always points tangential to the central trajectory, x and
y represent the horizontal and vertical axis, and ux(s) and uy(s) their corresponding
unit vectors, respectively. The functions z(s) and y(s) denote the deviation of a
particle from rqo(s). This approach provides a reasonable basis for describing ion-
optics via a linear approximation, assuming small deviations of z(s) and y(s) relative
to the central path and a small angular deviation.
The force acting on the charged particle in an electromagnetic field is given by the
Lorentz force,

FrL=q¢E+vxB), (6.2)

where ¢ denotes the electrical charge of a particle, moving in an electric (E) and
magnetic (B) field with the velocity v.
From Eq. 6.2, the equations of motion of a charged particle in an electromagnetic
field can be derived. Here, as an example, the equations of motion of a charged
particle solely due to the influence magnetic field is derived. The derivation of the
motion of a particle in an electric field can be similarly determined. From Eq. 6.2,
the motion of a particle affected due to a magnetic field is given as
FL:C:ZI;:qVXB, (6.3)
where p denotes the momentum of the particle. Fig. 6.1 schematically shows the
trajectory of a charged particle in presence of a magnetic field, described by an
orthogonal coordinate system moving along the central path with the local radius
po- The deflection of a particle, that has a small displacement x in x-direction relative
to the central path, can be described by the radius (pg + z) of the local curvature
induced by the magnetic field. Since the velocity v, of the particle can be linearly

approximated by vy &~ v,, the centrifugal force Fy acting on this particle can be
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Figure 6.1: Sketch of a particle propagating through a magnetic field. The green solid
line represents the trajectory of a random particle from an ion beam relative to the central
path, indicated by the red solid line. The orthogonal coordinate system moves along the
central path and defines the the particle trajectory relative to the central path, having a
curvature radius po.

derived by
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where m and v, represent the particle mass and velocity, respectively. In this co-
propagating reference system (Eq. 6.1), the motion of a particle, e.g. in the x-z-plane,
can be rewritten using Eq. 6.3 and Eq. 6.4, leading to
i=——-—=(v.B, —v,B.). )
po+x M v
Since the velocity v, of the particle is linearly approximated by v, ~ v,, Eq. 6.5 can

be simplified to
2

.. Vg q o
P=—"—-v.B,, 6.6
po+xT P v (6.6)
where p denotes the total momentum of the particle. Series expanding Eq. 6.6, and

taking only the first order terms, yields

2

. Us x q 2
it=-"(1—-—|—-vB,. 6.7
Po < Po) p Y ( )
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Using the relations

d dsd d

%_%%—05£’ (68)
e,
ﬁ 205@7 (69)

the time-dependence of Eq. 6.7 can be re-written in terms of displacement. Using

Eq. 6.8 and 6.9 in Eq. 6.7, the equation of motion can be given by

d? 1
S Po Po p

Assuming only small deviations of the particle trajectory, relative to the deflection
radius pg, the magnetic field term can be expanded around the central path using

the Taylor expansion,

0B, 10°B, , 1B, ,

By(xz) = By + o T+ o 2L T3 s + (6.11)
Multiplying both sides by % gives
q q q 0B, q19*°B, , q19°B, ,
ip — 2By + 2 e s e 6.12
P (@) p 0+p 8xx+p2! oz2 " p 3! 023 * (6.12)
1 1 1
E%+km—l—§m$2+80x3+---. (6.13)

In this magnetic field Taylor expansion, each term represents a multipole component,

Multipole = Term Magnetic Electrostatic Effect
1
Dipole - 9p, 9 g, Deflection
Po pa 2Ek'ma
B E,
Quadrupole & ;1) 8xy 5 -Eqk:zn 2 Focusing
0’B 0*E,
Sextupole m ; 83:2y 5 Eqkm 927 2nd order correction
OB PE,
Octupole 0 ¢ d q 3rd order correction

]; ox3 2E}in, Ox3

Table 6.1: The four lowest order multipole terms of a magnetic and electrostatic field
around the central path.
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each of which has a different effect on the particle beam, detailed in Tab. 6.1.
A similar approach can be used in the case of a charged particle guided by an
electrostatic field yielding the electrostatic term contributions, also shown in Tab.
6.1. In linear approximation (of Eq. 6.13) and with the substitution K,(s) =
% + k(s), Eq. 6.10 can be rewritten as

2"(s) + Ky(s)z(s) = —, (6.14)

Po
where § = Ap/po is the momentum deviation to the central particle with the mo-
mentum py. This approach, including all approximations, which have been discussed
for the motion of the particle in x-direction, can be similarly applied to the motion
in the y-direction, with the exception that there is no centrifugal force contribution.

The equation of motion is thus given as
y'(s) + K, (s)y(s) = 0. (6.15)

For mono-energetic particles (0 = 0), the equations of motion (Eq. 6.14 and Eq.

6.15) have the same structure and are given by
u"(s) + K(s)u(s) =0. (6.16)

The general solution of the homogeneous differential equation can be given by linear
combinations of a pair of linearly independent solutions (C(s), S(s)), that satisfy

the differential equation, leading to

u(s) = ugC(s) + upS(s), (6.17)
u'(s) = upC'(s) + uypS'(s), (6.18)

where uy and ug are arbitrary initial parameters of the particle trajectory [138]. The
functions C(s) and S(s) are cos-like or sin-like solutions, which satisfy the following

initial conditions:
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If the particles are not mono-energetic (6 # 0), an ion-optical element which deflects
the particle in the horizontal (x) plane leads to the inhomogeneous differential equa-
tion Eq.6.14. The general solution of which, can be given as a linear combination of
the homogeneous solution (given by Eq. 6.17) and a particular solution for the in-
homogeneous equation, given by dd,(s), where d,(s) denotes the dispersion function

[137]. The dispersion function must satisfy the initial conditions:

(6.22)

Assuming that K is constant within an ion-optical element, the principal solutions
for C'(s), S(s) and d,(s), for K > 0 (focusing), are given by [137]

C(s) = cos (\/Es) : (6.23)

I
S(s) = \/F sin (\/ES) ) (6.24)
d.(s) = WK {1 — cos (\/Es)} . (6.25)

For K = 0, representing a drift section,

C(s)=1, (6.26)
S(s) =s, (6.27)
d.(s) =0, (6.28)
and for K < 0 (defocusing),
C(s) :cos1h< |K|s) , (6.29)
S(s) = VIS smh( |K|s) , (6.30)
d.(s) = ,00|1K\ {cosh( \K\s) - 1] : (6.31)

These equations describe the transversal motion of particles in magnetic and electro-
static fields in linear approximation. The variation in the longitudinal displacement
of a particle relative to the reference particle (which moves along the central path) is

given by [ = —vg(t — tg). t denotes the time of flight of an arbitrary particle relative
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to the time of flight (¢y) of the reference particle in a reference plane. Consequently,
(t —to) > 0, which is tantamount to a temporal delay of the arbitrary particle, indi-
cates that the particle is spatially located behind the reference particle.

In linear approximation, only deflecting ion-optical elements can lead to such a lon-
gitudinal displacement, resulting from the difference between the inner and the outer
path of a curvature. This effect is important to describe the longitudinal variation of
particles in bunched ion beams. For continuous ion beams, which are guided through

static ion-optics, the longitudinal extend can be neglected.

6.2 Transfer matrix formalism

The transversal coordinates z, 2/, y and 3’ can be combined with [ and ¢ to form a

6-vector X;
x horizontal displacement
x’ horizontal divergence
Y vertical displacement

x(s) = = . (6.32)

~

Y vertical divergence
[ longitudinal displacement
4] momentum deviation

To describe the propagation of this vector through an ion-optical element, a matrix
formalism is introduced. The effect of each ion-optical element, in a linear approx-
imation, on a particle trajectory can be represented by a first order 6x6 transfer

matrix R [137]. In general, this transfer matrix is given by

(lz) (z[z) (z|ly) (zly) (z]l) (x[9)
(@[z) (2'[z") (2'|y) (2']y") (2']l) (2'9)
o | W) Wl ly) Gly) W) (ylo) (6.33)
W'lz) W) W) @ly) @1 (©1]9)
(L) (U2)  (ly)  Ay) ) (1]o)
(6]z) (d]2")  (8ly)  (3ly") (d]1) (4]6)

For ion-optics, in which the horizontal and the vertical motion of a particle are inde-
pendent of each other, the xy-coupled elements in R are 0. For such transfer matrices
without xy-coupled elements, the transverse sections of R can be separated as two

2x2 sub-matrices R,. The sub-matrices R,, representing the matrix elements of R
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that couple to either the x or the y-components of a particle trajectory, are deter-
mined by the characteristic solutions C(s), S(s), C'(s) and S’(s) of the differential
equations Eq. 6.17 and Eq. 6.18, which were presented in the previous section. R,

Ru:(cu su):<<u|u> <u|u/>). (634
Cy S.)  \@wh) ()

Using the matrix formalism, Eq. 6.17 and 6.18 can be expressed as

( u(s) ) _ (Cu(s) Su(8)> , ( u(so) ) 7 (6.35)
u'(s) Ci(s) S,(s) u'(s0)

where the initial transversal coordinates u(sg) and u/(sg) of a particle are transformed

is then given by

to u(s) and u'(s) via the matrix R,. Taking the simple example of a drift section,
where K = 0 and py — oo, the characteristic solutions of the matrix elements are

shown in Eq. 6.26 - 6.28, the transfer matrix for a drift section with the length L is

given by
1 L00O0 0
01000 0
001L0 0
Bose =0 0 010 o (6.36)
0000 1 L/y
00000 1

The ion-optical transfer matrices, implemented in the final transfer-line design, are
summarized in Appendix C. A linear beam transport system, consisting of a se-
quence of ion-optical elements, can then be fully characterized by the multiplication
of their transfer matrices. The transfer matrix of the transport system (Rr) is then
determined by

Rr=R, -R,1---Ro- Ry, (6.37)

where R; (i=1..n) represents the transfer matrix of an ion-optical element.
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6.3 Transport of ion beams

As previously discussed, in a linear approximation, the transport of the particle

through an ion-optical system (Rr) can be determined by
x(s) = Rrx(0). (6.38)

However, an ion beam is formed by the superposition of a large number of single
particle trajectories. In Fig. 6.2, the horizontal trajectory of a single particle is
presented schematically, as a component of an ion beam. An ion-optical transport

system, consisting of drift sections and horizontally focusing quadrupoles, guides

focusing focusing
element element
particle beam envelope
trajectory

€
[ .
X -1 - S
1 \/
2 I I
-3 - | |
I I
i \ \
X/ XI X1
X X X
incoming strong weak
beam focus focus

Figure 6.2: Illustration of a single particle’s horizontal trajectory (red solid line) as a
component of an ion beam, propagating through an ion-optical transport system. The
blue solid line indicates the beam envelope as a function of the position s along the central
path. The ion-optical system (drift - quadrupole - drift - quadrupole - drift) transports the
ion beam (including the single particle) along the path s. Two focusing elements, which
are indicated by the grey areas, focus a horizontally diverging ion beam. The three boxes
show schematically the phase space ellipse (horizontal) of the incoming beam (diverging),
in the first focus and the second focus. This sequence indicates the transformation of the
phase space ellipse at different locations of the ion beam.
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the particle along the path s. The horizontal position z(s), which is given relative
to the central path, can be calculated as a function of s via Eq. 6.38. Since it
is impractical to determine the trajectory of each individual particle, a formalism
representing the entire ion beam is required. An ion beam can be characterized by the
intensity distribution of the single particle trajectories x(s), called the phase space
density p(x) = p(x,2’,y,vy',1,0). Assuming that the horizontal (x,z’), vertical (y,y’)
and longitudinal (,d)) coordinates are uncorrelated, the phase space density can be
separated in two-dimensional distributions: p(x,z’,y,vy',1,0) = p(z,2")p(y,y")p(l,9).
These distributions are usually represented by an ellipse. This phase space ellipse

can be represented by a 2x2-matrix, the so-called o-matrix [137]. The horizontal

op= |7 72 (6.39)
021 022

where 019 = 09;. A physical representation of the elements of the o-matrix are

o-matrix is given by

denoted in Fig. 6.3. The equation of the phase space ellipse is given by
XTo ' X =1, (6.40)

where X denotes the vector from the point of origin to the edge of the ellipse [137],

X7 = (z,7'), X= ( y ) . (6.41)

The inverse matrix o, ! is determined by

_ 1 022 —012
ol=—— . 6.42
’ det(os) (—012 o11 ) (6-42)

Using Eq. 6.42 in Eq. 6.40 leads to the equation of the phase space

0'2233'2 — 2012$$/ + 0'1133'/2 = det(az) = 6920 s (643)

where €, denotes the emittance, which is a measure of the beam quality. The value

of €, times 7 defines the area A, of the phase space ellipse, according to

A, = e, = my/det(o,) = m\/o11092 — 0. (6.44)
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As the particle trajectories are not necessarily distributed homogeneously in phase
space, the ellipse parameters are better defined with respect to the phase space
density distribution p(z,z"). A realistic model for p(x,z’) is given by the Gaussian

distribution

1 1
p(x) = exp <—§XT0;1X> : (6.45)

- lo
2me;,

where x represents arbitrary phase space coordinates. €.7 denotes the lo-emittance

30
Xcor = 2VO0
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Figure 6.3: Phase space of a diverging ion beam. The phase space distribution p(z, z’) of
the ion beam can be represented by a Gaussian function, according to Eq. 6.45). The grey
dots represent single particles, whereas their density distributions of z and 2’ are shown
in the graph below and at the right side, respectively. Phase space ellipses are fitted for
one standard deviation (red ellipse), two standard deviations (orange ellipse) and the blue
ellipse indicates the area, that includes 90% of all particles. The relation to the o-matrix
clements (Eq. 6.39) and the twiss parameters (Eq. 6.49) are here illustrated for ¢20%

T .
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of the particle beam, which is represented by the phase space coordinates X in
Eq. 6.40. The density distribution can be represented by elliptic contour lines, as
demonstrated in Fig. 6.3, where the phase space of a diverging ion beam is illustrated.
The grey dots represent the single particles. The diagram below and on the right side
show the Gaussian distributions of p(x) and p(z’), respectively. The one-dimensional
density distribution p(z), representing the horizontal beam profile, is given by the

projection of the density distribution p(z, ") onto the x-axis, according to

p(z) = /p(x,x’)d:c’. (6.46)

Using Gaussian density distributions, the phase space ellipse presented in Eq. 6.40,
edges the area of the lo-emittance. This area is indicated by the red ellipse in Fig.

6.3. The orange phase space ellipse, which can be represented by
XTo X =4, (6.47)

denotes the 20-emittance, which leads, according to Eq. 6.44 to the simple relation

€ = 4ele = 4 /det(0,) = 4y/o1109 — 0% . (6.48)

Apart from using the standard deviation, it is also convenient to define the beam
emittance by the percentage fraction of the included particles. This approach has
the advantage, in that it provides a value for the emittance, that is independent on
the density distribution p(x,z’). As an example, the emittance 62,0%, that considers
90% of all particles within the phase space ellipse is represented by the blue solid
line in Fig. 6.3.

Using the so-called twiss parameters «,  and v [139], the phase space matrix (Eq.

0’26-(5 —oz). (6.49)
—a v

The betatron function (,(s), which gives a representation of the horizontal beam

6.39) can be rewritten to

amplitude Z,,..(s) along the central path, is correlated to the beam envelope via

xmax(5> Y, exﬁz(s) ) (650)

where Z,,,, is the maximum beam radius for a given emittance €, (see Fig. 6.3). The

parameter «(s) represents the derivative of 3(s) as a function of s; a(s) = —p'(s)/2.
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Thus, « is equal to 0 for a beam waist, represented by an upright phase space ellipse,

as shown in Fig. 6.2. The twiss parameter ~ is defined by

1+ a?
v = ,
B

which allows to determine the maximum divergence of a beam, using a defined emit-

(6.51)

tance €., via
=€V - (6.52)

The twiss parameters are ideal to describe the ion beam transport, as they are
independent of the phase space area. Eq. 6.43 of the phase space can be also

represented using the twiss parameter, leading to the Courant-Snyder ellipse [139],
v(8)2*(s) + 2a(s)x(s)2'(s) + B(s)x(s) = €, . (6.53)

According to Liouville’s theorem, the phase space density does not change when
only conservative forces are involved [138]. Therefore, the emittance e stays constant
along a transfer line, using only linear ion-optics (e.g. drifts, deflectors, quadrupoles).

These elements determine the phase space ellipse, but do not alter the area:

€ = 1(5)73(s) + 2a()e ()" (5) + B(s)(s) (654
= v(s0)2?(50) + 20(s0)x(50)2" (50) + B(50)2™(50) - (6.55)

From Eq. 6.35, the transport equation using the twiss parameter is given by

5(s) ¢ case s\ (Bl
als) | = |—cor scrsc —ss || alse) |- (6.56)
7(s) Cc" —25'C’ S v(s0)

To better illustrate the twiss parameter formalism, the example of a drift section

(characterized in Eq. 6.26 - 6.28) is given by,

B(s) 1 —2s5 & Bo
a(s) | =10 1 —=s|-| ao |, (6.57)
(s) 0 0 1 Y0

where s denotes the length of the drift. Fig. 6.4 shows schematically the evolution
of the twiss parameter o, # and v as function of the drift length s. Starting with
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Figure 6.4: Schematic of the evolution of the twiss parameter « (red line), 8 (blue line)
and 7 (green line) within a drift section.

a converging beam, the betatron function decreases and a > 0. At the focal point,
where the beam forms a waist, a = 0. Beyond this beam waist, the betatron function
increases and o < 0. As the drift angle does not change, the twiss parameter v stays

constant within a drift section.

6.4 Filamentation

Ion-optical elements, which possess significant non-linear field contributions, intro-
duce aberrations in the beam. In the example of a sextupole, field aberrations
quadratically increase with the transversal displacement of a particle (relative to the
central path). Therefore, the focal strength depends on the amplitude of the beam.
Consequently, the transport via a non-linear ion-optic leads to a distortion of the
phase space distribution, called filamentation. Liouville’s theorem states that the
total phase space area is conserved, but as the phase space undergoes filamentation,
the ellipse fit of the resulting deformed phase space distribution can lead to an in-
crease of the effective emittance.

In Fig. 6.5, a negative ion beam (Ey;, = 20keV) is focused via an einzel lens. The
initial Gaussian phase space distribution of the ion beam is shown in diagram 1. The
area bounded by the red ellipse encompasses 90% of all particles. While passing an
einzel lens, the non-linear field components introduce a filamentation of the phase
space. This effect is shown in the diagrams 2-4, which illustrate the phase space
distribution of the beam at the stated positions. So that the phase space ellipses

continue to contain 90% of the particles, their area must increase. As a result, the

90%(1) ~~ 142 mm mrad, increases to €2°%(2) ~ 199 mm

initial effective emittance e 2
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Figure 6.5: Simulation of a negative ion beam, undergoing focusing via an einzel lens.
Due to the non-linear field components, the phase space distribution of the ion beam is
deformed after passing the einzel lens. The phase space filamentation is shown for three
other positions (2-4). For each phase space distribution, the phase space ellipse that

comprises 90% of all particles is fitted (red line).

mrad, €2°%(3) ~ 202 mm mrad and €2°%(4) ~ 204 mm mrad for position 2,3 and 4,

respectively.
This demonstrated effect leads to distortion of the trajectory in phase space, but

does not necessarily lead to unstable beam transport, as long as the accumulation of
this distortion is finite. However, the increased emittance can lead to beam losses,

dependent on aperture sizes and the cross-section of the beam pipe utilized.
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6.5 Fringing field

In section 6.1, the equation of motion for a particle traversing a field of constant
strength (K) was derived (Eq. 6.16). In reality, ion-optical elements are never perfect
and possess fringing fields which extend past the electrode volume, as illustrated in
Fig. 6.6. In this example, the one-dimensional field profile along the central path
consists of a superposition of a constant field and a fringing field, where the field
strength decreases towards ground from its edges extending beyond its geometrical
length. The resulting magnetic or electric field can be approximated by a box-like
field profile with an effective length L.g, called hard edge model. In the example of
a dipole magnet, where the field distribution is substituted by an equivalent box-like
distribution of the strength By, the effective length L.g is defined as [137]

oo

1
Lt =5 / B(s)ds . (6.58)
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Figure 6.6: One-dimensional field profile of an ion-optical element along the central path
s (indicated by the black line). The field profile extends beyond the geometrical length of
the ion-optical element, indicated by the green dashed line. The field is approximated by
a box-like field profile, which has an effective length Leg (indicated by the blue line).



Chapter 7

The Cryogenic Storage Ring (CSR)

The Cryogenic Storage Ring (CSR), located at the Max Planck Institute for Nuclear
Physics, is a fully electrostatic storage ring, designed for the stable storage of positive
or negative ions at kinetic energies ranging between 20 and 300 keV per charge unit.
Using only electrostatic elements inside the CSR permits the storage of charged
particles independent of their mass. Therefore, the CSR allows the investigation of
large molecules, clusters and biomolecules. The inner vacuum chambers of the CSR
can be cooled down to cryogenic temperatures below 10 K. This low temperature
minimizes the environmental black-body radiation to which the stored particles are
exposed. Conveniently, the cold vacuum chambers act as a cryopump, enabling
residual gas pressures < 107! mbar RTE (room temperature equivalent). Often, the
lifetime of stored particles is limited by the electron capture process and the electron
stripping process, caused by collisions with the residual gas inside the CSR. Thus,
it is preferential to minimize the residual gas pressure. The first cold commissioning
phase of the CSR (March - July 2015) successfully demonstrated a temperature of < 6
K for all inner vacuum chambers, measured by temperature sensors. During this test
phase, various ionic species (ranging from positively charged atoms and molecules to
negatively charged clusters) were stored inside the CSR at kinetic energies between
60 and 90 keV. The measured lifetime of the stored particles ranged from a few
hundred seconds to ~ 2600 s. These cold environments and long storage times, enable
stored molecular ions which possess a permanent dipole moment to radiatively cool
into their rovibrational ground states. It is these aforementioned properties, that
make the CSR a unique experimental tool for the research of large molecules, highly

charged ions and astrophysical reactions.

91
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Figure 7.1: Photograph of the Cryogenic Storage Ring (credit C. Fohr).

7.1 Concept of the vacuum system

The internal structure of the CSR is designed to minimize the heat transfer from the
external environment, in order to achieve <10 K at the inner experimental vacuum
chambers. It is within these experimental chambers that the ions are stored. The
CSR relies on a cryostat to deliver cryogenic helium for the cooling circuits. This
cryostat (Linde, based on type L140) has two cooling stages, which are attached to
the 2K and the 5K helium line, respectively. The cooling power of the first stage is
rated to provide 10 W at 1.8 K or 21 W at 2 K. The second cooling stage has a cool-
ing power of 600 W in a temperature range of 5-80 K [140]. In Fig. 7.2, the design
and concept of the vacuum system and the thermal segmentation is demonstrated.
The left picture shows a photograph of a cross section of a CSR chamber, whereas
the right picture highlights the thermal segmentation. The vacuum system of the
CSR. comprises of an isolation vacuum (<1075 mbar), which subsequently houses
an extremely high vacuum (<107'3 mbar), denoted as experimental vacuum. The
experimental vacuum comprises of stainless steel chambers, that are wrapped in thin
copper sheets to provide a high thermal conductivity. These vacuum chambers are

connected to the 2K helium line, using braided copper cables. The second cooling
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Figure 7.2: Cross section of a CSR chamber, looking along the stored beam path. The
left picture shows a photograph of the structure of the CSR chamber. The right picture
indicates a simplified schematic of this structure, divided into thermal segments.

stage of the cryostat, connected to the 5K helium line, cools internal components,
e.g. the amplifiers for the detection systems. After two circulations inside the CSR,
this helium line is attached to an aluminum shield, which is called 40K radiation
shield. This shield surrounds the inner vacuum chambers of the CSR and the two
helium line systems. A second aluminum shield, the so-called 80K radiation shield,
is wrapped in a multilayer superinsulation foil (Coolcat 2 NW), surrounding the 40K
radiation shield. These shields are directly attached to the 5K helium line, each after
two circulations inside the CSR, respectively. Since the outer vacuum chamber is at
room temperature, these two radiation shields reduce the transport of the thermal
radiation to the inner vacuum chambers. To minimize the heat flow via conduc-
tion, the inner vacuum chambers are supported by titanium plates. As heat flow
is proportional to the cross sectional area of the conductor, the titanium supports
are corrugated to maintain rigidity, while minimizing the permitted plate thickness.
High voltages are applied to the ion-optics via electrical wires which are fed through
the isolation vacuum. As these copper wires tend to be good thermal conductors,
they are thermally anchored to the 40K-shield and the inner vacuum chamber using
sapphire plates. Detailed calculations of the heat transport due to black-body radi-
ation and conductance are presented in [140)].

To achieve residual gas pressures of <107'* mbar (RTE), a sequential pumping
scheme is required. First, the vacuum chambers are baked out at ~600 K and
pumped by turbopumps in tandem with the activated NEG (Non-Evaporable Get-
ter) strips (SAES Getters, type ST707) to pressures in the region of 107! mbar. NEG
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strips provide pumping in the form of chemically binding the residual gas molecules,
e.g. Hy, CO and N,. Finally, the entire inner vacuum chamber is cooled to <10
K, at which point most chemical elements condensate on the chamber surface. The
residual gas contains then mainly Hy, which can be cryo-pumped using liquid helium
at the 2K-cold units [141].

7.2 Overview of experimental capabilities

As illustrated in Fig. 7.3, the ion-optical elements of the CSR possess an 8-fold
symmetry. In each of the four corners, the stored ion beam is deflected by 90° using
a combination of two 39° deflectors with two 6° cylindrical deflectors. The particles
in the CSR are stored on an orbit of approximately 35 m, focused by electrostatic
quadrupole doublet elements. The segment of 2.8 m between these quadrupole dou-
blets defines the four straight sections of the CSR, each of which is reserved for an
experiment. Anticlockwise from the beam injection, the first straight section is ded-
icated for ion-neutral reaction measurements, where the stored ion beam is merged
with a neutral atom beam, representing the focus for this part of the thesis.

The second straight section houses the electron cooler and target [142, 143], where
a geometrically well defined electron beam with a narrow energy distribution, is
merged with the stored ion beam at low relative velocities. The phase space of the
stored particles is then cooled by Coulomb interaction with the electron beam. Since
the electron beam has a much higher number density than the stored ion beam, the
transverse and longitudinal ion temperature tends towards the temperature of the
electron beam. The design of the electron cooler aims for electron beam energies
down to 1 eV, which provides phase space cooling of stored ion beams up to mass
160 amu per charge state [144]. Additionally, the velocity of the electron beam can
be precisely detuned, relative to the velocity of the stored particles, this allows the
electron beam to serve as electron target. Stored positive molecular ions can thus
recombine with an electron of the merged electron beam. The created neutral frag-
ments are subsequently detected by a neutral imaging detector (NICE) [145] as a
function of the relative velocities. This technique allows the determination of energy-
resolved electron recombination rate coefficients [121]. Since the electron cooler is
in the test assembly phase, and not yet installed into the CSR, this section of the
CSR has been temporarily transformed into a laser section. Laser experiments per-

mit the probing of the energy level population for the stored ions, using a tunable
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Figure 7.3: Schematic overview of the CSR. The four straight sections, between the
quadrupole doublets (blue), are occupied by experimental setups. The deflecting ion-
optical elements (6° and 39° deflector) are indicated in green. The quadrupole doublets,
which focus the stored ion beam, are shown in blue. The beam diagnostics (the beam
viewer, the Schottky, current and position pick-ups) are indicated by the purple elements.
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laser system. Due to the success of these measurements, the electron cooler will
be retrofitted to accommodate the laser section to preserve this laser capability for
future experiments. The charged daughter products, which are generated in that
section, can be detected by a movable single particle counter (COMPACT) [146].
The third section is entirely dedicated for beam diagnostics, consisting of three dif-
ferent pick-up modules [147, 143] and a beam viewer [148]. The beam viewers, which
consists of an aluminum converter plate and a combination of a MCP and a phosphor
screen, are destructive diagnostics. Therefore, the three beam viewers can only pro-
vide feedback for the settings of the ion-optical elements during the first turn in the
CSR. The pick-ups are non-destructive diagnostic tools, which allow to capacitively
measure certain beam properties. The most sensitive module, the Schottky pick-up,
is used for the first verification of stored particles. In addition to a sensitive mea-
surement of the number of stored particles, the Schottky pick-up also provides the
determination of their momentum spread. This measurement allows to identify any
contamination of stored particles, possessing the same kinetic energy but a different
mass. Additionally, the energy spread of the stored beam serves as diagnostics for
the efficiency of the electron cooler. The measurement of the Schottky signal as a
function of time reflects the lifetime of the stored ions [143]. The current pick-up pro-
vides the determination of the absolute ion beam current ranging from 1 nA to 1 mA
[147]. The position pick-up modules allow the determination of the position of the
beam center relative to the center of the pick-up electrode. Since most experiments
inside the CSR benefit from an accurate determination of the beam position, three
of the straight sections are equipped with pick-up electrodes. As the measurement
of the beam position alone is insufficient for the operation of electron cooler, this
straight section will be equipped by beam profile scanners.

The fourth straight section is designated for a reaction microscope [149], which al-
lows the investigation of collision processes, using Cold Target Recoil lon Momentum
Spectroscopy (COLTRIMS) [150]. In this technique, a cold supersonic gas jet is in-
jected perpendicular to the stored ion beam. A simultaneous measurement of the
momentum vectors of the various reaction products allow the experimental investi-
gation of collision-induced many-particles reactions. The design of this experimental

section of the CSR is currently under development.
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7.3 The ring lattice

As presented previously in Fig. 7.3, the CSR lattice consists of electrostatic ion-
optical elements, consisting of both quadrupole doublets and cylindrical deflectors.
The focusing CSR quadrupoles have a length of 0.2 m and are separated by 0.15 m
within a doublet. The 90° bend in each corner is divided in two 6° deflectors with
a bending radius of 2 m and two 39° deflectors with a bending radius of 1 m. The
1.1 m separation between the two deflectors yields a straight line clearance of ~0.1
m, which enables the injection of either an ion or neutral beam. This clearance also
provides the detection of neutral fragments, that are generated in experiments, by
placing various detectors in appropriate positions. During the injection of an ion
beam into the CSR, the 6° deflector, in the first corner, is switched to ground. In
order to store the ion beam after the injection, the voltages for the 6° deflector are
switched fast (ns) relative to the revolution time of the stored ions (us).

A storage ring is a closed periodic ion-optical system, which has to fulfill the initial
and end condition: 5(s) = (s + L), where L, represents the circumference of
the storage ring. For a given periodic lattice and quadrupole strengths, fulfilling

this requirement, the betatron function (s) is unique. Using the transfer matrices

I 39°deflector, | 6°deflector, Jl[[ quadrupole doublet

Figure 7.4: Simulated horizontal and vertical betatron functions /3, (blue solid line) and
By (red dashed line) for the standard operating mode of the CSR, adopted from [151]. The
grey dashed line indicates the position of the center of a straight section inside the CSR.
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program, Methodical Accelerator Design (MAD 8) [152], the CSR lattice was simu-
lated in a linear approximation [151]. For the standard operating mode of the CSR,
providing stable ion storage and a relatively large beam acceptance, the quadrupole
strengths in a doublet are determined to K, = 5.5 m~2 and K; = -6.9 m~2. The
resulting horizontal (x) and vertical (y) betatron functions 3, and /3, are shown in
Fig. 7.4 [151]. This representation of the periodic CSR lattice starts in the center of
a straight section of the CSR. At this position, the twiss parameters are calculated
to be o, = @y = 0 (beam waist), 8, = 12.3 m and 3, = 1.2 m.

As the MAD 8 calculation only accounts for linear ion-optic effects, each electrostatic
element of the ring was also simulated using the finite element program TOSCA
(Opera3D) [153]. From the geometrical models of the ion-optical elements, TOSCA
enables the tracking of individual particles. This simulation provides information
on the ring acceptance of the CSR, which is limited by the field quality in the
quadrupoles. The ring acceptance is defined as the maximal beam emittance that
is stored. In Fig. 7.5, the maximum phase space ellipses, calculated using TOSCA
in both the horizontal and vertical, which allow for a stable ion storage, are shown.
The horizontal acceptance was determined to A,(e, — 0) = 120 mm mrad and the

vertical acceptance A, (e, — 0) = 180 mm mrad.

X', y' [mrad]
o

-10

_’IS 1 1 1 1 1 1 1 1 1
-50 40 -30 -20 -10 O 10 20 30 40 50

X,y [mm]

Figure 7.5: Simulation of a single particle tracked through the CSR lattice. In the center
of a straight section of the CSR, the phase space coordinates of the orbiting particle is
detected, forming a phase space ellipse. The maximum phase space for a stable ion storage
defines the ring acceptance. The horizontal representation of the maximum phase space
for ¢, — 0, shown in blue, leads to the horizontal acceptance A, = 120 mm mrad. In red,

the maximum phase space for ¢, — 0 represents the vertical acceptance A, = 180 mm
mrad [151].
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Using the particle tracking simulation program G4beamline [154] together with the
field maps generated in TOSCA, the values of the betatron functions in the center
of a straight CSR section were determined to 3, = 12.4 m and 3, = 1.4 m [151].

The twiss parameters of a ring lattice are called machine parameters. These pa-
rameters have to be matched by the injected beam to preserve beam stability and
phase space density. A mismatch leads to filamentation in the stored ion beam. For
this reason, the ion-optical design of a transfer line has to consider for these machine
parameters. The phase space matching of the injected beam takes place in the center

of the straight section of the CSR, where the machine parameters are given by

8, =12.4m,
By =1.4m,
ay = U,

ay:
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Chapter 8

Development and design of a versa-
tile transfer line for the CSR

In Chap. 7, the capability of the CSR to store both positive and negative ions with
energy to charge ratios up to 300 keV per charge unit in a cryogenic environment
was discussed. In this section, the transfer beamline, which couples the ion source
platforms to the CSR, is introduced. To minimize both the thermal and residual-gas
load, conducted into the CSR from the transfer beamline, the transfer line must
adhere to strict design and operating criteria. The final transfer line must be suit-
ably versatile so that its optical elements are capable of efficiently transporting and

delivering an ion beam that is:

« mass-filtered
o provide ion currents in the range from nA to mA
o ecither negatively or positively charged

» with kinetic energies of up to 300 keV per charge unit

matching the machine twiss parameter of the storage ring

One of the experimental reactions planned in the CSR is the measurement of ion-
neutral reaction rate coefficients, thus the transfer line must also be capable of first
injecting and storing an ion beam, then relatively quickly switch to a second ion
source platform, photodetach this second ion beam and subsequently merge the
generated neutral particle beam with the prepared stored ions. To facilitate the in-

vestigation of low temperature ion-neutral reactions, relevant to astrochemistry, the

101
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center-of-mass collision energy needs to be as low as a few meV. To this end, the
transfer beamline must also permit the tuning of the neutral mean-particle energies
with a precision in the range of a few electron volts, while suitably tailoring the
angular beam spread via emittance cuts.

In experimental studies, where the ion and neutral species differ in mass, it is con-
venient to utilize separate ion sources, each with a distinct mass analyzing magnet,
before finally merging the two beams in the storage ring. Such a system is beneficial
in that;

o the sources and respective analyzing magnet parameters can be held constant,

thus enabling stable ion generation and mass filtering

« the remaining electrostatic elements can be quickly (~ pus) and reliably scaled

to the beam energy for transport

« such a system allows for fast switching (~ us) between the two beams using

relatively simple merging optical elements.

The kinetic energies required for two velocity-matched particle beams scale with the
ratio of their masses. Therefore, the two ion source platforms do not necessarily re-
quire the same capabilities. The two ion source platforms are designed for potentials
up to 300 kV and 60 kV, respectively. To maximize the absolute velocity in merged-
beams experiments, the heavier particle species will be produced on the 300kV ion
source platform. To quickly switch between the low (60kV platform) and high (300kV
platform) energy beams, with minimal introduction of beam aberrations, a custom
90° cylindrical deflector was designed, simulated and constructed (Sec. 8.3.4).

To fulfill the aforementioned ion transfer conditions, the entire transfer beamline,
both the high energy and the low energy sections, were simulated using the MAD
X ion-optics transfer matrix program [155]. This program was used to optimize the
number, position and size of the ion-optical elements (see Sec. 8.2). More extensive
simulations, which also accounted for secondary effects such as for beam aberrations
and fringing field effects, were then subsequently conducted using the SIMION ion
optics package [156] (see Sec. 8.3). To maintain a maximum pressure in the order
of 107!t mbar in front of the CSR, the transfer beamline vacuum pressure was simu-
lated using the VakTrak simulation software [157] and the injection chamber design
optimized (see Sec. 10.1).

As this simulation, design, re-simulation and re-design process is a highly iterative
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process to match the ion-optics, the vacuum conditions and the construction, only

the final design of the transfer line will be presented here.

8.1 Ion source platforms

To generate either positively or negatively charged ion beams with kinetic energies
up to 300 keV per charge unit, a custom ion source platform was designed and con-
structed. A large, 5 m x 5 m, platform area (as shown in Fig. 8.1(a)) was chosen
so that a number of independent ion sources could be simultaneously housed in the
platform, while providing sufficient clearance to maintain electric potentials up to
4300 kV. Each source sits on a potential, approximately 20 kV, above that of the
source platform. After initial shaping, guiding and mass-filtering of the produced
ions, as shown in Fig. 8.1(b), the ions are then accelerated out of the platform to
their final kinetic energy, via an acceleration stage [158].

Prior to starting with the design of a complete transfer beamline, a section consist-
ing of magnetic elements, taken from the former injection line of the Test Storage
Ring (TSR), were assembled in front of the 300 kV platform. This section consists
of two 45° bending magnets paired with two magnetic quadrupole doublets. These
elements where chosen due to their immediate availability (including their power
supply units) and the mass selecting properties provided by the 45° magnets. The
initial structural conditions of the CSR facility are illustrated in Fig. 8.2.

acceleration

Figure 8.1: Photographs of the 300 kV ion source platform. The left picture (a) shows
the insulated 300 kV ion source platform, which is housed by an enclosed cage. The right
picture shows the preliminary beamline on the source platform.
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For the low energy platform, a maximum potential of 60 kV was selected. This
potential was deemed sufficiently high to fulfill experimental requirements, whilst
maintaining a relatively simple source setup. Since ion-neutral reaction studies rely
on velocity-matched particle beams, the kinetic energy of the overlapping ions scale
with their masses. Therefore, the heavier parent reactant in such reactions can be
formed on the 300 kV platform to facilitate this.

Both platforms are envisaged to house a variety of ion sources. The high voltage

quadrupole
doublet

45° magnet

~9Om

300kV beamline
60kV beamline

=0 CSR

center of the first straight CSR section

Figure 8.2: Overview of the initial structural conditions of the CSR facility. The planned
ion beam paths to the center of the first straight CSR section are indicated by the dashed
lines. The green dashed line denotes the path of the 300kV beamline. The path along the
60kV beamline is represented by the orange dashed line.
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platform, as mentioned previously, is capable of housing a number of sources simul-
taneously, while the low voltage platform should be designed in a way that its source
can be exchanged relatively quickly. A few of the sources currently designated or

under development are:

» Metal Ion Sputter Source (MISS)

« Duoplasmatron Source

o Penning Source

 Electron Cyclotron Resonance (ECR) Source
o Supersonic Expansion Source

 Laser Vaporization (LVAP) Source
 Electrospray lonization (ESI) Source
 Electron Beam Ion Trap (EBIT)

o 22pole Trap (see Sec. 3.3).

8.2 Beam transport systems

The designs for the CSR transfer line were calculated using the ion-optics transfer
matrix program MAD X (Methodical Accelerator Design) [155]. In these simulations,
the ion-optical elements are described by first order transfer matrices, as discussed
in Sec. 6.2. The transport matrices of the ion-optical elements utilized in the final
design for the CSR transfer line are presented in Appendix C. The final design is the
result of an iterative process in order to optimize the type, number, locations and size
of ion-optical elements and monitors, while still meeting the stringent requirements
demanded of the transfer line. The most critical requirements of the transfer line

are:

e Delivery of a well- defined mass selected ion beam
« Transporting ion beams with kinetic energies of up to 300 keV per charge unit

o The ion-optical elements do not exceed a maximum voltage of 10 kV
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o Merging two beamlines
 Fit to existing infrastructure and space restrictions (see Fig. 8.2)

« Neutral beam generation via photodetachment section (~3 m) of either beam-

line
« Fast switching (us) ion-optics in the merged part of the transfer line

« Differential pumping sections to fulfill the vacuum requirements

Matching the machine twiss parameter of the storage ring

Overall, the inherent properties of electrostatic ion-optical elements are preferential
for the transport system of the CSR, with the exception of the mass selecting dipole
magnets (Sec. 8.3.1). Electrostatic ion-optics possess some superior traits when
compared to magnetic elements, e.g. they are capable of fast switching of their field
strengths without hysteresis, an essential feature for the CSR transfer line. Thus
changing the ion species of the source, while maintaining the kinetic energy, requires
no adjustment of the electrostatic elements.

The ion-optical elements, which are utilized in the final design of the transfer line are
discussed in detail in Sec. 8.3. A maximum of 10 kV was chosen for all ion-optical
elements of the transfer line. In this regime, there are significant gains in terms of
required plate clearance (to avoid electrical breakdown), cost and complexity of the
ion-optical elements, relative to higher potentials. The required field strength of an
electrostatic element of a certain length, allows the required voltages to transport
both a 60 keV/q and 300 keV/q ion beam, discussed further in Sec. 8.3.3.

In order to merge the 60 kV and 300 kV beamline, a us fast-switching 90° deflector
with a hole was designed (see Sec. 8.3.4 for further information). The 90 degree
deflector is designed as such that when both the inner and outer electrodes are
grounded, an ion beam from the 300 kV platform can pass straight through the hole
in the outer electrode, into the injection beamline. In this configuration the deflector
acts as a drift section. When both electrode potentials are switched on, a beam with
the correct energy-to-charge ratio from the 60kV beamline, is deflected by 90 degrees
and merged into the injection beamline.

The beam envelope u,q.($), can be related to the betatron function §(s) and the
emittance € by ta.(s) = \/% , as defined in Sec. 6.3. Therefore, for a given emit-

tance, the aperture clearance and beam pipe diameters can limit the beam transfer.
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The ideal positions of necessary constrictions (e.g. apertures, slits or differential
pumping sections) should be calculated with respect to the beamline’s betatron func-
tion [3(s).

Several monitors must also be implemented in the design of the transfer line in order
to analyze the current, position or shape of the ion beam (see Sec. 8.3.2). It is con-
venient to position these monitors in a beam waist, where (s) has a local minimum
(i.g. @ = 0). This simplifies the practical tuning of the ion-optical elements, when
guiding ion beams in the laboratory environment.

During injection of the ion beam into the CSR, it is important to match the twiss
parameter of the injected ion beam to the machine parameters, as discussed in Sec.
7.3. A mismatch can lead to a filamentation of the phase space distribution, which
increases the effective emittance of the stored ion beam [137]. Unlike a single pass
beamline, where the ion beam passes the ion-optical elements once, small non-linear
field contributions are compounded in storage rings, due to the high number of rev-

olutions.

8.2.1 300 kV beamline

The 300 kV ion source platform is currently undergoing development to include a
series of advanced sources. For the preliminary source design, used during the first
experimental measurements at the CSR, the twiss parameters of a beam emerging
from the accelerator stage of the 300kV platform were calculated as 3, = 0.28 m, 3,
= 0.45m, a, = a, = 0 (s = 0 in Fig. 8.3) [159].

These twiss parameters are then used in the MAD X simulation for the final ion-
optical design of the 300kV beamline. After the optimization process of the size,
position and number of utilized ion-optical elements and monitors, with special com-
pensation for the beamline requirements, the final ion-optical design and resulting
betatron functions f,(s) and S,(s) of the 300kV beamline are shown in Fig. 8.3.
In this figure, two 45° dipole magnets (represented by the blue boxes) provide the
charge-to-mass separation of the ion beam (discussed further in Sec. 8.3.1). After
passing the first magnet, the ion beam is focused by a quadrupole doublet, QP1,
which forms a beam waist at monitor 1. Similarly, the quadrupole doublet, QP2,
focuses the ion beam onto monitor 2, which is positioned prior to merging of the two
beamlines via a 90° deflector with hole (see Sec. 8.3.4). For the 300kV beamline,
the ion beam nominally passes the grounded 90° deflector, through the hole of its
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300 kV beamline:
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Figure 8.3: Horizontal (x) and vertical (y) betatron function of the 300 kV beamline,
simulated via MAD X. In this configuration the 90° deflector is grounded and acts as a
drift section. The CSR is highlighted by the yellow area.

outer electrode, in this instance the merging section acts as a drift. In Fig. 8.3, the
location of its projection onto the 300kV beamline is represented by a green box. The
subsequent elements are then shared by both the 300kV and the 60kV beamline. The
quadrupole triplet, QP3, focuses the beam onto monitor 3. The distance between
QP3 and QP4 of ~4.5 m, is kept free of ion optics, for the eventual integration of
the photodetachment section (discussed in Chap. 9). In this section, the ion beam
is circularly symmetric, preferential for optimizing the ion beam transmission, when
the beam is collimated by a pair of round apertures.

The quadrupole triplet QP4 is tuned in order to match the machine parameters of
the CSR (discussed in Sec. 7.3). The quadrupole doublets inside the CSR during
standard operation are set to K, = 5.5 m~2 and K; = -6.9 m~2. The twiss param-
eters of the injected beam are tuned to match the ring parameters at the center of
straight section (i.e. 8, = 12.4 m, 8, = 1.4 m and a, = a, = 0). The strength, K,
of the quadrupoles in this simulation are optimized to generate a beam waist (o, =

0 and «,, = 0) at the monitor positions prior to matching the machine parameters in
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Quadrupole || QP1 (doublet) | QP2 (doublet) | QP3 (triplet) | QP4 (triplet)

K [m~? H -10.5 /114 | 10.0/-99 |89 /-22.6/14.2]-9.5/18.1 /-10.0

Table 8.1: Required quadrupole strengths (K) for the ion beam transport in the 300 kV
beamline. The labeling corresponds to Fig. 8.3. A positive (negative) quadrupole strength
indicates horizontal (vertical) focusing.

Twiss parameter | By [m] S, [m] o Qy

Initial | 0.28 0.45 0 0
Monitor 1 0.05 0.64 -2.107* 2.107°
Monitor 2 0.61 0.30 41078 1.10°8
Monitor 3 3.63 3.73  -4107% -4-107
Center of straight | 12.26  1.46 -6-107* -5-107*

section of the CSR | (12.4) (1.4) (0) (0)

Table 8.2: Calculated twiss parameters of the 300kV beamline at the position of the
monitors and in the center of the straight section of the CSR. The labeling corresponds
to Fig. 8.3. The CSR machine parameters in the center of a straight section are given in
brackets.

the center of the straight section in the CSR. These quadrupole strengths are listed
in Tab. 8.1. The resulting twiss parameters at the position of the monitors and in
the center of the straight CSR section are summarized in Tab. 8.2. The beam waists
achieved, at the monitor positions are evident from the values of o, and «,. The
twiss parameters of the ion beam are in good agreement with the matched machine
parameters in the center of a straight section in the CSR. The relatively small dif-
ference between the betatron functions, lead to only a minor increase in the effective
emittance, which can be calculated for a perfect beam waist (a, = «,, = 0). If the
machine parameter Scgr is greater than the twiss parameter [peam of the injected

ion beam, the effective phase space ellipse satisfies

/ €heam €CSR
e /Bbeam /BCSR 7
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where . is the maximum angle in either the x or y direction, leading to an effective

emittance of the stored ion beam ecgg of

Bes
€CSR — BiRebeam . (82)
beam

For Bpeam > Bosr, the effective phase space ellipse expands to

Umax = \/ €beam Pbeam = \/ €csrOCSR (8.3)

where up.x 1S the maximum beam width in either the x or y direction, yielding

ﬁbeam
€ECSR = ﬁebeam . (84)

The horizontal and vertical phase space ellipse of the injected ion beam (twiss pa-
rameters are listed in Tab. 8.2), that have an emittance of €peay = 30 mm mrad
are represented by the blue lines in Fig. 8.4. The effective phase space ellipses are
indicated by the red lines. The increased horizontal and vertical emittances €, csgr
and €, csr, which are induced by the mismatch to the machine parameters, are cal-

culated using Eq. 8.2 and Eq. 8.4, respectively. As a result, the emittance of the

T+ X' [mrad]
Bybeam =12.26 M Bybeam = 1.46:m
€, peam = 30 MM mrad 41 €,peam = 30 MM mrad
Bucsw=12.4m ] Bycsr=14m
€,csp = 30.3 mm mrad €,csp = 31.3 mm mrad
2 1 X'max = VE&x / Bx
20 -10 10 20 -20 10

Figure 8.4: The blue lines indicate the horizontal (x) and vertical (y) phase space ellipse
of an injected ion beam with an emittance of € peam = €y beam = 30 mm mrad, in the
center of a straight section of the CSR, representing the twiss parameters 3; peam = 12.26
m and Sy peam = 1.46 m (axy = 0). The mismatch of the machine parameters (3, csr
=124 m, By csr = 1.4 m) leads to the effective emittances e, csr and €, csr, which are
determined by Eq. 8.2 and Eq. 8.4, respectively. These resulting phase space ellipses are
indicated by the red lines.
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. .. . 12.4 .
stored ion beam is increased horizontally by a factor 55 ~ 1.01, and vertically by a
1.46

5, ~ 1.04. These estimations assume a perfect match of the twiss parameters

a, and oy, while mismatching 3, and 3,. An additional mismatch in o would cause

factor

a greater filamentation effect, leading to a major increase in the effective emittance
[137].

The betatron functions §(s) along the beamline (shown in Fig. 8.3) contains in-
formation of the beam size, dependent on the beam emittance, as discussed in Sec.
6.3. According to Eq. 6.50, the size of the beam envelope can be calculated using
Umaz(S) = 1/€B(s). Assuming a beam emittance of €, = ¢, = 30 mm mrad, the
horizontal (x) and vertical (y) beam width as a function of the propagation along
the 300kV beamline is shown in Fig. 8.5. Both the horizontal and vertical beam size
reach a maximum within the second quadrupole doublet (QP2). For an ion beam

with an emittance of ¢, ,, = 30 mm mrad, the maximum horizontal and vertical beam

QP1 QP2 QP3 QP4
ol il [
B
30 IMonitor 1 I IMonlitor 2] IMonitor 3] Icenter of straight section in CSR
‘e 25 4 ]
E ] ]
£ 20 1 ]
>
< 15 1 ]
10 + 1
5 - : 1
oL : [ ]
0 5 10 15 20 25 30
s[m]

l 45°Magnet, | Monitor, I Location of 90° deflector with hole

JL Quadrupole Quadrupole
focusing inx ’ —IT focusinginy

Figure 8.5: Horizontal (x) and vertical (y) beam size along the 300 kV beamline, assuming
a beam emittance of €; = €, = 30 mm mrad. The beam widths, Zyax and ymax, as a function
of the path s along beamline are calculated via Eq. 6.50 using the betatron functions S, (s)
and f,(s) shown in Fig. 8.3.
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width is calculated as Tp.x &~ 30 mm and Y. ~ 22 mm, respectively.

The maximum emittance, where an ion beam is transported loss-free into the CSR,
the so-called acceptance of the beamline, can be calculated similarly. As the geome-
try of quadrupole doublet QP2 represents the bottleneck for the ion beam transport
of the 300kV beamline, the acceptance (A, sookv, Ay s00xv) is defined by its pipe di-
mensions and the betatron functions in this location. The pipe aperture of QP2 has
an inner radius of 7, = 35 mm, in which the betatron functions have a peak value of
Bymax(QP2) =~ 30 m and fy max(QP2) ~ 17 m. Using Eq. 6.50, the horizontal and

vertical geometrical acceptance of the 300kV beamline is given by

2

A 00y = " 41 mm mrad , (8.5)
’ Bx.max(QP2)
2
i ~ T2mmmrad . (8.6)

A SR S
y,300kV /8y7maX(QP2)

In the ion-optical simulation, the design of the 300kV beamline was optimized to
match the twiss parameters at the respecting monitors and the machine parameters
of the CSR, while accounting for ion beam transmission. The large acceptance of the
CSR (Az,csr = 120 mm mrad, A, csg = 180 mm mrad), presented in Sec. 7.3, allows
for a mismatching of the transported ion beams to the CSR machine parameters.
Dependent on the initial emittance of the ion beam, which is generated on the
source platform, and the extent of its mismatch to the CSR machine parameters,
the ion beam with an increased phase space can be still stored loss-free in the CSR.
The expanded phase space of the stored ion beam, caused by mismatching, can be

afterwards compressed using the CSR electron cooler [143].

8.2.2 60 kV beamline

A second beamline, which is designed for the alternative injection of an ion beam into
the CSR, begins with an ion source platform, which can maintain electric potentials
of up to £60 kV. This 60 kV beamline has to fulfill the same requirements, that are
discussed in the previous Sec. 8.2 for the 300kV beamline. The path of the ion beam
along the 60kV beamline is indicated in Fig. 8.2 by the orange dashed line. For
the MAD X simulations of the ion beam transport along the 60kV beamline, it is
convenient to assume that the ion source output is a circularly symmetric beam (due
to the cylindrical symmetry of most ion sources). The ion-optical element, which is

usually attached as a part of the ion source (i.e. einzel lens), can generate a beam
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Figure 8.6: Horizontal (x) and vertical (y) betatron function of the 60 kV beamline,
simulated via MAD X. The location of the CSR is marked by the yellow area.
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Figure 8.7: Horizontal (x) and vertical (y) beam size along the 60 kV beamline, assuming
a beam emittance of €, = ¢, = 30 mm mrad. The beam widths, Znax and ymax, as a
function of the path s along beamline are calculated via Eq. 6.50 using the betatron
functions (,(s) and S,(s) shown in Fig. 8.6.
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waist at a position sg after extraction. Therefore, the starting twiss parameters for
the MAD X simulations are selected so that 3, = 8, = 0.5 m and o, = o, = 0.

The final ion-optical design of the 60kV beamline consists a double-focusing 90°
dipole magnet, which provides the mass separation of the ion beam (discussed in
Sec. 8.3.1), a cylindrical 90° deflector with a hole to merge the two beamline (dis-
cussed in Sec. 8.3.4) and four electrostatic quadrupole triplets, focusing the ion
beam (discussed in Sec. 8.3.3). The resulting betatron functions f,(s) and §,(s),
together with the ion-optical concept, are shown in Fig. 8.6. The strength of the
first quadrupole triplet (QPA) is optimized to create a beam waist at monitor A,
which is located at a distance of twice the radius of the 90° magnet. Subsequently,
the quadrupole triplet QPB focuses the ion beam onto monitor B, which is placed

after the 90° deflector. The position of the cylindrical 90° deflector, which focuses

Quadrupole | K [m™?]
QPA | -30.0 /43.0 / -23.5
QPB | -19.9 /355 / -17.2
QP3 93.2 /-20.3 / 0.9
QP4 8.7/ 17.6 / -10.2

Table 8.3: Required quadrupole strengths (K) for the ion beam transport in the 60 kV
beamline. The labeling of the quadrupole triplets corresponds to Fig. 8.6. A positive
(negative) quadrupole strength indicates a horizontal (vertical) focusing.

Twiss parameter | By [m] 5, [m] Oy ay

Initial | 0.5 0.5 0 0
Monitor A 0.64 0.38 -4.107' 1-1071
Monitor B 0.04 0.31 1-1077 61077
Monitor 3 3.86 424  -41077 21077

Center of straight | 12.35 1.68 -810~* -6-10~*
section of the CSR | (12.4) (1.4) (0) (0)

Table 8.4: Calculated twiss parameters of the 60kV beamline at the position of the mon-
itors and in the center of the straight section of the CSR. The labeling corresponds to Fig.
8.6. The CSR machine parameters in the center of a straight section are given in brackets.
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the ion beam horizontally, is indicated by the green box in Fig. 8.6. Beyond this
point, the ion-optical elements (QP3 and QP4) and monitor 3 is shared with the
300kV beamline (discussed in the previous Sec. 8.2.1). The quadrupole triplet QP3
creates a beam focus at the position of monitor 3. Finally, the strength of quadrupole
triplet QP4, which is located in front of the CSR, is optimized in order to match
the machine parameters (5, = 124 m, 8, = 1.4 m and o, = a, = 0) in the center
of a straight CSR section. The quadrupole strengths, which are required in this
beamline simulation, to optimize the ion beam transport are listed in Tab. 8.3. The
resulting twiss parameters of the ion beam at the starting position, at the positions
of the monitors and in the center of the first straight CSR section are summarized
in Tab. 8.4. The small values of o, and «a, (= 0) demonstrate the prevalence of a
beam waist at the dedicated positions.

According to Eq. 6.50, the horizontal and vertical beam width can be calculated
for any given beam emittance as a function of 3, and j,, respectively. Assuming
a beam emittance €y peam = €y peam = o0 mm mrad, the the horizontal and vertical
beam widths (Zmax, Ymax) are illustrated in Fig. 8.7 along the beam path (s). The
maximum beam size is located in quadrupole triplet QPB, where the ion beam hor-
izontally attains a beam width of z.., =~ 29 mm, and vertically a beam width of

Ymax ~ 18 mm.

T+ X' [mrad] y' [mrad]
Bybeam = 12.35m . By beom = 1.68 M
€ beam = 30 mm mrad T € peam = 30 mm mrad _
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Figure 8.8: The blue lines indicate the horizontal (x) and vertical (y) phase space ellipse
of an injected ion beam with an emittance of € peam = €y beam = 30 mm mrad, in the
center of a straight section of the CSR, representing the twiss parameter 8; peam = 12.35
m and Sy peam = 1.68 m (ayy = 0). The mismatch of the machine parameters (5, csr
=124 m, B, csr = 1.4 m) leads to the effective emittances e, csr and €, csr, which are
determined by Eq. 8.2 and Eq. 8.4, respectively. These resulting phase space ellipses are
indicated by the red lines.
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Similarly to that previously discussed for the 300kV beamline, the matching of the
beam’s twiss parameter to the machine parameter is in relatively good agreement.
Again, due to the small mismatch in the betatron functions 3, and j,, can be calcu-
lated via Eq. 8.2 and Eq. 8.4, respectively. The horizontal and vertical phase space
ellipses of an injected ion beam with an emittance of € peam = €ypeam = 30 mm
mrad and of the stored ion beam with the effective emittances e, csr and €y csr are
shown in Fig. 8.8. Using the calculated twiss parameters (see Tab. 8.4) and machine
parameters in Eq. 8.2 and Eq. 8.4, the beam emittance is increased horizontally by
a factor of % = 1.004, and vertically by a factor of % =1.2.

In the ion-optical design of the 60kV beamline, which is shown in Fig. 8.6, the maxi-
mal emittance that is transported through this beamline, is limited by the dimensions
of the quadrupole triplet QPB. In this electrostatic quadrupole design (discussed in
Sec. 8.3.3), the electrodes are separated by a distance of 60 mm. The maximum
horizontal and vertical value of the betatron function, inside the quadrupole lens, is
given by Sy max(QPB) ~ 29 m and Sy max(QPB) ~ 11 m. Similarly to Eq. 8.5 and
Eq. 8.5, the acceptance of the 60kV beamline can be estimated to

2
Te

Aoy = 5 gy ~ S mmmrad, 87)
2
Te

Apoowe = 5 (oppy) ~ S2mmmrad, &.8)

where 7, denotes the maximum beam width of 30 mm, which is transmitted through
the quadrupole triplet QPB.

In this ion-optical simulation of the 60kV beamline, the number, size and positions
of the ion-optical elements and the beam monitor positions were optimized for ion
beam transport and for matching the beam’s twiss parameters to the CSR machine
parameters. As demonstrated in Fig. 8.6 and Tab. 8.4, the twiss parameter of
the transported beam can be matched in good agreement with the CSR machine

parameters, while creating a beam waist at the respecting monitors.

8.3 Elements of the beamlines

The layout of the CSR transfer line, as simulated in Sec. 8.2 using MAD X, is
illustrated in Fig. 8.9. The ion path along each of the two beamlines, i.e. the
60kV (see Fig. 8.6) and the 300kV beamline (see Fig. 8.3), are represented by an



8.3. Elements of the beamlines 117

orange and green dashed line, respectively. In this overview, the positions of the
dipole magnets are indicated by the blue areas, the quadrupoles are represented by
red lines and the monitors are depicted as black dashed lines. The monitors and
the quadrupoles are labeled using the same nomenclature as that in the MAD X

simulations.

300kV beamline

QP1 60 kVion
J[monitor1]  source platform

.

45° t
magne ; 60kV beamline

$ o~ - orh

1
= QPB I
1. .
monitor 2 - qIF - _’900
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section 1 :
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= QP4

CSR
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Figure 8.9: Schematic overview of the CSR transfer line, as calculated in Sec. 8.2 using
MAD X. The positions of the ion-optical elements of the two beamlines are indicated by
blue area: dipole magnet, red line: quadrupole, black dashed line: monitor. The labeling
of the elements has the same nomenclature as that in the MAD X simulations.
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This section discusses in detail the elements which are utilized for the final design of
the CSR transfer line. This includes the dipole magnets, which filter the desired ion
species, the monitors for beam diagnostics, the focusing electrostatic quadrupoles

and the electrostatic 90° deflector with a hole to merge the two beamlines.

8.3.1 Dipole magnets

As the CSR is capable of storing ions irrespective of mass, it is necessary for the
transfer line to first mass-filter the ion beam prior to injection. In general, most
ion sources produce impure ion beams, i.e. a mixture of varying charge states and
masses. These ion beam impurities, which are mainly due to contamination of the
source (e.g. residual gas, impure surface), have to be filtered from the extracted
beam prior to conducting experiments. In the CSR transfer line, dipole magnets are
used in order to select a specific ion species by its mass-to-charge ratio.

The 90° dipole magnet, which is integrated in the 60kV beamline, has a bending
radius of 0.35 m and a gap of 50 mm. The pole faces of this double-focusing magnet
are rotated by 26.5° with respect to the ion beam trajectory. These factors have
been taken into account in the previous MAD X calculations. For a mono-energetic
beam traversing a homogeneous magnetic field B, the ions follow a curved path of
a radius p. This path radius is related to the charge (¢) and mass (m) of the ion,
derived from equating the Lorentz force and the centrifugal force, leading to

Bp)2q?

m = (QEim : (8.9)
where Fi;, denotes the kinetic energy of the ion. All ions with suitable charge-to-
mass ratios, which are still transported through the magnet volume, can be further
discriminated via slits, ideally positioned in the beam focuses before and after the
magnet.

As the maximum field of this 90° magnet is limited to Bp.x = 0.95 T (i.e yielding a
maximum rigidity (Bp) &~ 0.33 Tm), the highest ion mass that can be guided along
the central path of the magnet, can be calculated from Eq. 8.9. For a maximum ap-
plied potential of 60 kV on the ion source platform, singly charged ions with masses
up to ~89 amu can be transported. In Fig. 8.10(a), the mass limit of the 90° magnet
is shown for a singly charged ion as a function of its kinetic energy, according to Eq.
8.9.

An ion beam, which is generated on the 300kV platform, is guided by two 45° dipole
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Figure 8.10: Calculated mass limit for the two beamlines as a function of the kinetic
energy (FEiyi,) of singly charged ions: Diagram (a) shows the mass limit of the 90° dipole
magnet in the 60kV beamline. In diagram (b), the mass limit for the two 45° magnets in
the 300kV beamline is depicted.

magnets, each with a bending radius of 1.3 m. Within the 50 mm magnet gap, a
maximum field of By, = 1.8 T can be applied, giving the maximum rigidity of
(Bp) = 2.34 Tm. Thus, the mass limit for transporting singly charged ions can be
depicted by Fig. 8.10(b) as a function of the kinetic energy Fj;,. For singly charged
ions, possessing the maximum kinetic energy of 300 keV, the 45° magnets provide
the transport of masses up to 880 amu. This mass range is sufficient for experiments
involving atomic and molecular ions, or clusters.

For experimental studies investigating heavier particles, e.g. bio-molecules, which
have a mass of several 1000 amu, the 300kV beamline can be upgraded by an elec-
trostatic 90° deflector. Both of the 45° dipole magnets possess a straight line port,
through which ions can be passed after zeroing the magnetic field. An electrostatic
90° deflector can thus be used to bypass the 45° magnets in order to guide the ions
irrespective of mass. In this mode of operation, the ion beam would need to undergo

mass-discrimination on the 300kV ion source platform, prior to the acceleration stage.
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8.3.2 Monitors

Beam diagnostics are essential for the efficient guiding of ion beams. They are needed
to tune the ion-optical elements and thus optimize the beam transport in the transfer
line. For this reason, various monitors are utilized to measure the current, transversal
position and profile of the ion beam propagating along the beamlines. These beam
monitors have to be sensitive for both positively and negatively charged ion beams

(pA - mA) with kinetic energies ranging from ~20 keV to 300 keV.

Faraday cup

A Faraday cup is a relatively simple and robust diagnostic tool, which allows the
measurement of absolute ion beam currents, independent on the particle’s mass and
kinetic energy. As demonstrated in Fig. 8.11, charged ions impinge onto a metal
surface (target) and captures or deposit an electron from the bulk target, dependent
on the charge state of the ions. The resulting current can then be measured using an
ammeter. In order to achieve a high detection accuracy, the secondary electrons that
are generated at the target surface have to be recaptured in the target cup. In this
Faraday cup design, the secondary electrons are deflected back onto the target cup
using a repeller cup. Via this destructive detection technique, in which the beam’s
charge is measured as a function of time, ion beam currents can be detected down

to pA (dependent on the electronics and design of the cup).

_>
lon beam

Figure 8.11: Operating principle of a Faraday cup. A positively or negatively charged
ion beam (black) impacts on a metal surface, capturing or depositing an electron from the
bulk target, which is connected to ground via an ammeter. The secondary electrons (red),
which are created by the particle impact, have to be recaptured by the target cup (attached
to the bulk target) in order to ensure an accurate current measurement. Therefore, these
electrons are prevented from escaping the target cup by applying a negative potential to
the repeller.
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As Faraday cups are destructive monitors, they are mounted on a pneumatic feed-
through, which moves the cup into the beam path. In combination with horizontal
and vertical slits at the entrance of a Faraday cup, the measured transmission of
an ion beam as a function of the slits’ distance and position contains information
of the size and position of the ion beam. Furthermore, slits limiting the horizontal
displacement of an ion beam, are placed in the focus after a dipole magnet to limit the
transported ion species after the mass-to-charge separation. For this reason, movable
slits are placed in each focal point after a dipole magnet in the two beamlines.

To measure the ion beam current along the CSR transfer line, a Faraday cup is placed
on the 300kV ion source platform, at monitor A, monitor B and close to monitor 3
(see Fig. 8.9). Parallel to the position of monitor 3, the ion beam can be deflected
into a Faraday cup by applying a voltage to an electrostatic parallel plate deflector
(discussed in Sec. 9.4).

Beam Profile Monitor

The measurement of a beam profile allows the determination of the size, position
relative to the central path and spatial distribution of a particle beam. For the CSR
transfer line, a Beam Profile Monitor (BPM)!, where a rotating wire scans the hor-
izontal and vertical profile of a beam, is placed at several positions. In the 300kV
beamline, a BPM is utilized for monitor 1 and monitor 2 (see Fig. 8.9). For the
60kV beamline, a BPM is positioned in the horizontal beam waist in front of the 90°
deflector (see Fig. 8.6).

Fig. 8.12(a) shows a photograph of the BPM viewed along the beam axis. The
molybdenum wire, which is formed into a 1/8-turn (45°) helix, is mounted on a
rotating bar. The rotational axis of this bar is co-linear with the axis of the helix
[160]. This special configuration allows the rotating wire to scan the horizontal and
vertical beam profiles separately. The supporting bar of the wire is tilted by 45°
relative to the beam axis. The rotational motion of the supporting bar creates then
an approximately linear motion of the wire in first the x- and then the y-plane.
The signal of this beam profile monitor is generated by secondary electrons, which
are ejected from the rotating wire due to particle impact. These electrons, which are
collected by an insulated shield surrounding the inner vacuum pipe (shown in Fig.

8.12(a)), are generating the signal. After amplification, the signal can be displayed

I'National Electrostatics Corporation, Model BPM80
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Figure 8.12: The left picture (a) shows a photograph of a BPM, viewed along the beam
direction. A helically shaped wire is mounted on a grounded bar, which rotates. The
rotational axis is tilted by 45° relative to the central axis. As the wire moves through a
particle beam, secondary electrons are ejected as a function of the wire position. These
secondary electrons are collected by an insulated shield, which surrounds the inner vacuum
pipe. For the signal output, this shield is contacted via the pin of an electrical feedthrough.
The right picture (b) illustrates the amplified signal (yellow line) of the measured secondary
electrons, which were generated by an ion beam with a current of ~4 yA (D™, 30 keV),
displayed on an oscilloscope. The two fiducial pulses (green line) are generated, when the
rotating wire passes the horizontal (x) and the vertical (y) axis.

using an oscilloscope as shown in Fig. 8.12(b). The yellow line shows the measured
horizontal (x) and vertical (y) profile of a D™ beam with a kinetic energy of 30 keV
and a current of ~4 pA. The beam position relative to the central path is given by
the fiducial signals, which are generated by mechanical contacts, inducing an elec-
tronic pulse. These pulses, which indicate the position of the wire inside the vacuum
pipe, are created when the wire passes the horizontal (x) and the vertical (y) axis.
The spatial distance between these pulses is given by the diameter of the helix (d}, =
57 mm for this BPM model). As the supporting bar rotates with a constant angular
velocity (driven by a small electromotor), the wire crosses the beam (horizontally
and vertically) as a function of the time. The beam profile signals, which are then
detected in units of the time, can be converted into a spatial displacement relative
to the horizontal and vertical axis. By measuring the time difference (At) between
the fiducial pulses, the scaling factor is given by dj /At.

The beam profile monitor BPMS80 is designed for the profiling of beam’s with di-
ameters of up to 25 mm and beam current densities down to 10 nA cm™2 [161].

Due to the magnetic coupling of the rotational movement, this device is suitable for
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operation at ultra high vacuum, in the order of 10~ mbar.

The secondary electron yield which is generated via particle impacts onto the rotat-
ing wire, depends on both the kinetic energy and mass of the particles in a beam.
It is for this reason, that the BPM cannnot provide a (direct) quantitative measure-
ment of the ion beam current. Despite this limitation, one of the advantages of this
monitor, is that it can non-destructively measure the beam profile. During the beam
profile measurement, only a minute fraction of the particle beam impacts onto the
0.5 mm diameter rotating wire. This permits simultaneous measurement of a beam
characteristics during propagating along a transfer line; e.g. for the 300kV beamline,
the profile of an ion beam can be recorded at monitor 1 and 2, while simultaneously

measuring the current at monitor B (see Fig. 8.9).

Beam viewer

The beam viewer, which is implemented in the CSR transfer line at the position
of monitor 3 (see Fig. 8.9), can record beam profiles for a wide dynamic range of
beam currents and energies [162, 148]. In Fig. 8.13, a CAD drawing of the beam
viewer is shown, illustrating its operation principle. A particle beam impinges on an
aluminum plate, which is mounted at an angle of 45° relative to the beam axis on a
movable pneumatic feedthrough. Secondary electrons are ejected from the aluminum
surfaces, which are accelerated in the electrostatic field between the plate and the
grid placed in front of it. The aluminum plate holds a potential of -5 kV, which is
covered by the grounded grid, so that the electrons travel with a kinetic energy of
5 keV towards a micro-channel plate (MCP) / phosphor screen combination. This
combination is mounted plane parallel and centered relative to the aluminum plate,
imaging the spatial distribution of the electron cloud generated at the aluminum
plate. The MCP (40 mm in diameter) creates an electron cascade avalanche, which
multiplies the number of electrons by several orders of magnitude. The front of
the MCP is grounded to avoid a deflection of the ion beam prior to impact on the
aluminum plate. A 42 kV potential is applied to the rear of the MCP, which is the
acceleration voltage of the secondary electrons. These secondary electrons are then
accelerated onto a phosphor screen (+5 kV), which is attached to the rear of the
MCP. The phosphor screen converts the electrons into photons, which are detected
by a camera outside the vacuum chamber. The camera images the phosphor screen

at a 45° angle, which generates in the final analysis an image of the ion beam profile
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with a spatial resolution of about 1 mm [162].

This monitor for the CSR transfer line has a high sensitivity over a large detection
range (1 - 10'? particles/s) [148]. Using a phosphor screen with a relatively slow
decay time, this destructive measurement allows also the detection of pulsed ion
beams. This feature is essential for the use of ion sources, which are only operating

in pulsed mode (e.g. 22 pole trap, supersonic expansion source).

Aluminum
plate (-5 kV)

Phosphor
screen

View port

Camera

Figure 8.13: CAD drawing of the beam viewer. An aluminum plate at a potential of
-5kV, which is covered by ground potential grid, can be moved into the beam axis. An
ion beam impacts on the aluminum plate, which is tilted by 45° relative to the beam
axis. The secondary electrons, emitted from the aluminum surface, are accelerated in the
electrostatic field between aluminum plate (-5 kV) and grid (0 V) onto a MCP. This MCP
is mounted plane parallel and centered relative to the aluminum plate. In order to not
affect the transported ion beam, the front of the MCP is grounded. The electrons, emitted
by the aluminum plate, impact with an kinetic energy of 5 keV onto the MCP, creating
further secondary electrons. Applying a positive potential of +2 kV at the MCP’s back,
the number of electrons are gained by several orders of magnitude. A phosphor screen (+5
kV), directly attached to the MCP’s back, converts these electrons into photons, which are
recorded by a camera.
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8.3.3 Electrostatic quadrupole triplet

An ideal electrostatic quadrupole lens consists of four identical infinitely long hyper-
bolic electrodes, each placed equidistant from the central path. The voltages applied
to the electrodes are equal in magnitude with an alternating sign. The resulting
potential distribution between the electrodes is defined by

B(z,4) = py(a® — 1), (5.10)

0

where U, denotes the voltage applied to the electrodes and R, represents the bore
radius (half distance between the opposing electrode tips). The force acting on
a charged particle, moving in the electric field, E = —V®, is determined by the
Lorentz force, as discussed in Sec. 6.1. Similar to the approach used for a par-
ticle influenced by a magnetic field, as previously demonstrated in Sec. 6.1, the

homogeneous differential equations:

"(s) + EkinRg:B(s) =0, (8.11)
" qUO

- = 12
16) = () =0, 812

can be derived from Eq. 8.10. Where ¢ and FEj;, denotes the electrical charge and
the kinetic energy of a particle, respectively. Using the quadrupole strength, K,

qUo
K =
EkinRg ’

(8.13)

the differential Eq. 8.11 and Eq. 8.12 can be reduced to Eq. 6.16. The solu-
tions, given by Eq. 6.23 - 6.30, define the linear transport matrix elements of the
quadrupole lens. The resulting transport matrices, which are used for the MAD X
simulations in Sec. 8.2, are given in Appendix C.

For the ease of fabrication, the hyperbolic electrode shape of electrostatic quadrupole
lenses are often approximated by simpler cylindrical rods. The electrostatic quadru-
ple lenses, which are implemented in the CSR transfer line to focus the ion beam,
follow these design principle, and have been developed and built at the University of
Frankfurt [163]. These electrodes are formed from thin sheet metal (stainless steel),
mechanically pressed to form a cylindrical surface with shunts, as depicted in Fig.

8.14(a). The transfer line quadrupole triplets contain three quadrupole lenses, each



126 8. Development and design of a versatile transfer line for the CSR

with a length of L = 15 cm and separated by 3 cm (see Fig. 8.14(b)). In the center
of this 3 cm gap and at a distance of 1.5 cm to the entrance and exit of the triplet,
grounded shield plates with an aperture of 5.5 cm in diameter are placed, reducing
the fringing field. The bore radius of these quadrupole lenses is Ry = 3 cm.

The quadrupole strengths required, which are derived from the simulations of the
300kV beamline and the 60kV beamline in Sec. 8.2, are summarized in Tab. 8.1
and Tab. 8.3, respectively. Using Eq. 8.13, the electrode voltages of the quadrupole
lenses, needed to generate these quadrupole strengths K, can be calculated for a given
ion charge state, ¢, and the kinetic energy Fy;,. The maximal quadrupole strength,
calculated in the ion-optical design of the 60kV beamline (lens in the quadrupole
triplet QPA), is K = 43.0 m—2. For an ion beam, traversing the maximum accel-
eration voltage of 60 kV, the electrode voltage required on the quadrupole lens is
calculated to 2.3 kV, using Eq. 8.13. Similarly for the 300kV beamline, a maximal
quadrupole strength of K = 22.6 m~2 is calculated for the middle lens of quadrupole
triplet QP3 (see Tab. 8.1). The required potential applied to the electrodes of this
quadrupole lens is calculated to Uy = 6.1 kV, in order to focus an ion beam, which
is accelerated by the maximum voltage of 300 kV from its ion source platform. As a
result, the required limit for the power supplies of up to +10 kV is sufficient for the
ion-optical design of the CSR transfer line.

grounded
shield plate

electrode

grounded
shield plate

HV-feedthrough
electrode (DN40CF)

(a) (b)

Figure 8.14: Electrostatic quadrupole lens, used for the CSR transfer line. The left picture
(a) illustrates the electrode configuration of the quadrupole lens, designed and built at the
University of Frankfurt [163]. Approximated by a cylindrical surface with shunts, the
electrodes of a quadrupole lens are separated by a bore radius Ry = 3 cm. The drawing
on the right (b) illustrates the quadrupole triplet that is installed in its vacuum chamber.
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For this quadrupole triplet, designed to fit a DN160 vacuum pipe, a custom vacuum
chamber was designed and constructed for the CSR transfer line. As the available
space for the elements in the CSR transfer line is restricted, a compact design was
favorable. The vacuum chamber designed for the quadrupole triplet has a length of
0.57 m, matching the triplet length. As depicted in Fig. 8.14(b), the electrodes are
laterally connected to HV-feedthroughs (mounted on DN40CF ports). In normal op-
eration, the opposing electrodes of a quadrupole have a matching potential applied.
Thus, for the first and last lens, opposite electrode pairs are electrically connected.
To permit some degree of beam steering within the triplet, the four electrodes of the
middle quadrupole lens are supplied independent from each other. Applying asym-
metric voltages enables some flexibility in steering the beam as it passes the triplet.
The quadrupole assembly was electrically tested in vacuum and successfully held a
potential 10 kV.

Ion-optical simulation

As the designed electrodes of the quadrupole lenses differ from the ideal hyperbolic
shape, the SIMION ion optics package [156] was used to simulate the electric fields
of the real quadrupole lens. Charged particles were tracked through the quadrupole
triplet and the horizontal and vertical phase space distributions of the traversing
ion beam at various positions along the central path recorded. These phase space
distributions are fitted by ellipses, containing a certain fraction of the particles in the
beam. These phase space ellipses contain the beam’s twiss parameters, according
to Eq. 6.53, as discussed in Sec. 6.3. To examine the validity of the linear approx-
imation of an ideal quadrupole lens, the twiss parameters derived in the SIMION
simulation are compared to those of the MAD X simulation, used in Sec. 8.2.

In these MAD X simulations, the ion-optical elements are represented using the hard
edge model, where the field effecting the particles’ trajectory is approximated by a
constant with an effective length L.g¢ along the central path, as discussed in Sec. 6.5.
To determine the effective length of the quadrupole lens, the electric field (E,, E,),
transverse to the beam path, is recorded over the particle flight path s for various
displacements (x,y) relative to the central path. The resulting electric field E, (hor-
izontal displacement of 2 mm) as a function of the flight path s is depicted by the
black solid line in Fig. 8.15. The effective length L.g of the quadrupole lens is given
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Figure 8.15: Horizontal electric field E,, which is experienced by a particle passing the
quadrupole lens along the beamline path s with a horizontal displacement of 2 mm. The
position and geometrical length of the electrodes of the quadrupole lens is indicated by the
dashed red line. A potential of 4500 V is applied to the electrodes, creating the electric
field inside the quadrupole lens. The resulting electric field E, as a function of the flight
path s is depicted by the black solid line. The effective length Leg of the electrodes,
indicated by the blue dashed line, is derived from Eq. 8.14.

by
1 o
Lot = — / E(s)ds (8.14)
Eq ).

where Ej denotes the electric field in the center of the quadrupole lens. The rela-
tive position and the geometrical length (150 mm) of the quadrupole’s electrodes is
indicated by the red dashed line in Fig. 8.15. The blue dashed line represents the
effective length L.g using the hard edge model, which is calculated from simulations
using Eq. 8.14, leading to a relative increase of 9 mm, when compared to its geomet-
rical length. This effective electrode length of 159 mm in tandem with the resultant
reduced drift length, has been taken into account in the MAD X simulations, previ-
ously presented in Sec. 8.2.

To assess the validity of the linear approximation of an ideal quadrupole lens in the
previous MAD X simulations, an ion beam focused by the real quadrupole triplet
geometry was simulated using SIMION. In this simulation, the trajectory of 10000
negatively charged particles, with a kinetic energy of Ey, = 10 keV, are traced.
Starting with the same initial ion beam conditions in both the horizontal and verti-
cal plane, where the x, y positions and x’,y’ angular co-ordinates, are both mapped
to a Gaussian distribution. The starting horizontal (x) and vertical (y) phase space

distribution for the simulated ion beam is shown in Fig. 8.16. The fitted phase space
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Figure 8.16: Initial phase space distributions of the ion beam used in the SIMION simu-
lation of the quadrupole triplet. The grey dots represent single particles in the ion beam,
which possess a both a spatial and angular Gaussian distribution x,y and x’,y’, respectively.
The red ellipse represents the lo-emittance of the simulated ion beam. The phase space
ellipse that includes 90% of all particles is indicated by the orange solid line (690% =23
mm mrad).

ellipses match Eq. 6.53, using the twiss parameters a = 0.99 and § = 0.2 m, where

the red and orange ellipse represents the emittance €' and €20%

, respectively.

In Fig. 8.17, a simulation of the ion-optical system, transporting a negatively charged
ion beam, is presented. Starting with a drift section of 0.57 m, a diverging ion beam
is focused using the quadrupole triplet. The first and third quadrupole lens in this
triplet focuses the beam horizontally via a potential of +£220 V and +280 V, re-
spectively. Using Eq. 8.13, the strength K of these quadrupoles is calculated as
24.4 m~? and 31.1 m~2. The center quadrupole lens element, which focuses the ion
beam vertically, is supplied by a potential of 400 V, corresponding to a quadrupole
strength of -44.4 m~2. In this simulation the ions’ x (horizontal), y (vertical) and z
(longitudinal) position coordinates, relative to the central path, and the correspond-
ing velocities are recorded at various positions (A - F), illustrated in Fig. 8.17. For
each of these positions, the horizontal and vertical phase space distributions are then
determined and fitted by a 1o phase space ellipse (red line) and an ellipse containing
90% of the particles (orange line).

As one would expect, throughout the first drift section, the horizontal and vertical
twiss parameters of the beam remain equal. In the first quadrupole lens, the beam
is focused horizontally and defocused vertically. This leads to a vertical spatial ex-
pansion of the beam, as indicated in the phase space distribution at position A. As
the polarity of the second quadrupole lens is inverted, the ion beam then undergoes
vertically focusing, before finally undergoing a second stage of horizontal focusing.
The net effect of these three focusing / defocusing stages is that the beam converges

horizontally and vertically after passing the quadrupole triplet (with independent
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Figure 8.17: Simulation of a negatively charged ion beam with an kinetic energy of 10
keV, focused by the quadrupole triplet in the CSR transfer line. The initial phase space
distribution of the beam is shown in Fig. 8.16, with the twiss parameters o = 0.99, 8 =
0.2 m and an emittance €?°% &~ 23 mm mrad. The diagrams A - F illustrate the horizontal
(x) and vertical (y) phase space distributions recorded at the corresponding positions. The
fitted red and orange ellipses represent the emittance €' and ¢?°%, respectively.
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Figure 8.18: Spatial distribution of the negatively charged ion beam inside the center
quadrupole lens of the simulation shown in Fig. 8.17. The green lines represent the
potential field lines, focusing the beam in vertical direction.

focal lengths). In the subsequent drift section, the phase space distributions of the
recorded particles are shown at distances of 0.21 m (C), 0.36 (D), 0.51 m (E) and
0.81 m (F) after the quadrupole triplet.

In these phase space distributions, there is no evidence of filamentation in the hori-
zontal axis, but the same is not true in the vertical. There are minor vertical aber-
rations, due to the higher degree of spatial expansion inside the quadrupole lens. In
Fig. 8.18, the spatial distribution inside the center quadrupole lens is illustrated. In
this figure it can be seen that a portion of the ion beam is into close proximity with
the electrodes in the vertical direction, where the linear approximation of the electric
quadrupole field no longer holds. As the effective emittance is a useful measure of the
beam transport quality (see Sec. 6.4), it can be shown that the effective emittance
remains constant over the ion-optical system (¢! ~ 5 mm mrad and €% ~ 23 mm
mrad). This indicates that the beam aberrations are not detrimental to the overall
single pass beam transport. The resulting twiss parameters of the fitted phase space
ellipses, according to Eq. 6.53, are listed in Tab. 8.5. To compare these results to
the linear approach of the transfer matrix formalism, the identical ion-optical system
simulated via SIMION;, is calculated using MAD X.

Starting with the same initial twiss parameters (o = 0.99, § = 0.2 m), the re-
sulting horizontal and vertical betatron functions are shown in Fig. 8.19. In this

simulation, the effective length of a quadrupole lens (Log = 159 mm) and the cal-
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culated quadrupole strengths K, using Eq. 8.13, are used. At the positions A -
F, highlighted in Fig. 8.19, the twiss parameters of the propagating ion beam are
determined. In Tab. 8.5, the resulting twiss parameters, derived from both MADX
and SIMION simulations, are listed. In Fig. 8.19, the values of 3, and 3,, derived
at the corresponding positions via the SIMION simulation, are indicated by black
and red circles, respectively. The results of the horizontal betatron function match in
good agreement. In the vertical plane, the simulations agree within small deviations.
These deviations indicate the expected non-linear field effect toward the electrodes
of the quadrupole lens, as observed in the previous SIMION simulation. However,
these simulations revealed in the example of an ion beam with an emittance of €%
~ 23 mm mrad, that the ion beam transport through this quadrupole triplet can be

represented in linear approximation with adequate accuracy.

K=24.1m?2 K=31.1m?
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Figure 8.19: MAD X simulation of the betatron functions of an ion beam transported
through a quadrupole triplet using linear transport matrices. The black and red open circles
indicate 8, and f,, respectively, derived from the SIMION simulations at the positions A
- F, as shown in Fig. 8.17.
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Position | initial A B C D E F

a, (Simion) 1099 447 -12.35 531 326 127 -2.72
a; (MADX) | 099 477 -13.22 538 3.31 125 -2.90
B, (Simion) [m] | 0.2 231  3.09 216 086 0.19 0.64
B, (MAD X) [m] | 0.2 233 315 217 086 0.19 0.68

a, (Simion) 099 -26.60 2641 167 1.32 095 021
a, (MADX) | 099 -27.79 30.80 179 142 1.04 0.29
B, (Simion) [m] | 02 652 686 1.57 1.12 0.79 0.43
B, (MADX) [m] | 02 665 7.69 1.68 1.20 0.83 0.43

Table 8.5: Comparison of the resulting twiss parameters, at the positions A - F (see Fig.
8.17 and Fig. 8.19), that are derived from the SIMION and the MAD X simulations of an
ion beam, propagating through the quadrupole triplet in the CSR transfer line.

8.3.4 90° deflector with a hole

To merge the 60kV and 300kV beamlines prior to injection into the CSR, an electro-
static cylindrical 90° deflector with a hole was designed, simulated and constructed.
An electrostatic element has a number of advantages to a magnetic deflector in that
it allows for fast switching (us) between the 60kV and 300kV beamline. Due to space
restrictions, a compact deflector design is desirable. Therefore, the concept of two
separate electrostatic deflectors, similar to the ion deflection of the CSR (as discussed
in Sec. 7.2), is less than preferable. When grounded, a cylindrical deflector with a
hole in the outer electrode allows ions, that are produced on the 300kV ion source
platform, to pass the deflector. When a potential is applied to the electrodes of the
deflector, the ion beam transported by the 60kV beamline can be merged into the
300kV beamline. The deflector was designed so that with a maximum voltage of 410
kV, an ion beam with a kinetic energy of up 60 keV per charge unit will be deflected
by 90°.

In the case of an ideal cylindrical deflector, the radial electrostatic potential U(r)

between the coaxial electrodes is given by [164]

U = (1%) (U — U n(r) + (Ui n(r,) — UyIn(ry))] | (5.15)

Ti
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where r, and r; represents the radius of the outer and the inner electrode, respectively
and U, and U; denote the applied potentials to the outer and the inner electrode of
the cylindrical deflector. The reference particle with a kinetic energy FEi;, and charge
q is guided along the central path, with a radius po = (r, + r;)/2. Assuming that a
reference particle with a constant kinetic energy traversing the electrostatic deflector,
of which the central path potential is zero, leading to the condition U(p) = 0. From
these assumptions, the electric field E(pg) along the central path can be derived from

Eq. 8.15, forming
(8.16)

where 7, is the radius of either the inner or the outer electrode, held at a potential
U(r.). Equating the centrifugal force and the Lorentz force for a reference particle

the relationship
2Eﬂkin

Po

can be derived, where Fy;, and ¢ denotes the kinetic energy and charge of the refer-

= qE(po) (8.17)

ence particle. Using Eq. 8.16 in Eq. 8.17, the required voltages for the deflector’s
electrodes can be calculated, using

2F inln 2
U(Te) = 71( p (TE) .

(8.18)
Particles which deviate from the reference particle’s kinetic energy, are guided by
the electrostatic deflector along different paths. From Eq. 8.17, it is evident that the
deflection radius is proportional to the kinetic energy, so that particles with a higher
kinetic energy undergo a smaller angular deflection when passing the deflector. It is
for this reason that such devices can also be utilized as a kinetic energy analyzer of
charged particles [164].

On entering the deflector, a horizontal displacement of the incident particle, with
respect to the reference path, leads to either a deceleration or acceleration of the
particle, dependent on whether the displacement is towards the outer or inner elec-
trode, respectively. As a result of this acceleration, these particles do not undertake
perfectly circular trajectories.

In an ideal cylindrical electrostatic deflector, where the height of the electrodes are
infinite, the deflector does not introduce any vertical deflection, thus the vertical
movement of a charged particle is solely due to drift. In a real sector deflector,

where the plate height is finite, the electric field near the vertical electrodes bound-
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aries is no longer uniform. This inhomogeneous field induces an undesirable coupling
of the horizontal and vertical movement, in which the horizontal deflection strength
depends on the vertical position of the transported particles. Thus to preserve the
vertical field in the vicinity of the central path of the deflector, the height of the
electrodes should be adjusted relative to their distance. The radial field of a real
electrostatic deflector consists not only of the sector field component, defined in Eq.
8.16, but also fringing field components (see Sec. 6.5), which can extend beyond
the sector volume. Thus, the deflection angle of an ion beam can not simply be
determined by the geometrical angle of the bent electrodes. The fringing field effect,
which can be limited by apertures placed at the entrance and exit of the deflector,
leads to an increase effective deflection angle of the guided ion beam. The resulting
influence of the fringing fields on the deflection angle is dependent on the geometry
of the apparatus, i.e. aperture size and distance relative to the deflector’s electrodes.
Throughout the design process of an electrostatic deflector, an iterative optimization
procedure of design, simulation, and subsequent design refining, is needed to attain
the desired deflection angle.

Prior to designing a deflector, a practical electrode geometry (e.g. height, radii and
separation) and the outer electrode hole size, through which the 300 kV ion beam
must pass, has to be considered. To estimate the hole size and plate separation re-
quired to transmit a beam from the 300kV platform unhindered, the beam diameter
at this position was calculated. Starting with a beamline acceptance of A, 3oy =~
41 mm mrad and A, 3p0cv =~ 72 mm mrad, calculated from Eq. 8.5 and Eq. 8.6 in
Sec. 8.2.1, and using the derived maximum betatron function of S 1max(90°) = 0.9

m and [y max(90°) = 1.0 m, a maximum beam radius can be calculated from:

Tomax (90°) = ¢5X,max(900) - A sooy A 6.1 mm (8.19)
Ymax(90°) = /By max(90°) - Ay so0sy ~ 8.5 mm. (8.20)

To account for possible misalignment, steering error or higher order effects of the
real transported ion beam, a suitably large hole size, with a radius of 15 mm, was
selected for the outer electrode of the 90° deflector to allow transported beams a
significant margin of error.

The minimum plate separation required to transport a beam from the 60kV platform
can be similarly calculated from the 60kV beamline betatron function (see Fig. 8.6).

From these preliminary calculations and the previously discussed requirements (e.g.
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Figure 8.20: The left-hand picture illustrates the concept of the 90° with a hole. When
the electrodes are grounded, the central path of the ions, generated on the 300kV ion
source platform, is represented by the orange dashed line. The green dashed line denotes
the central path of ions from the 60kV beamline, when the correct potentials are applied
to the inner and outer plate. The graph on the right-hand side (b) displays the absolute
values of the required electrode potentials for the designed 90° deflector, calculated via
Eq.8.18. The required potentials are depicted as a function of the kinetic energy of singly
charged ions. For positively charged ions, the inner electrode has a negative potential U;
(blue line) and the outer electrode has a positive potential U, (red line).

maximum voltage of £10 kV), an initial concept a 90° deflector with a hole was
formulated. Early simulations of the 90° deflector with a hole uncovered that such
a design would lead to large deviations of the potential field inside the deflector. To
suppress these deviations, the concept of mounting a shielding tube around the outer
electrode hole, which would held at the same potential as the outer electrode, was
considered (see Fig. 8.20(a)).

In the final design of this deflector, the inner and outer electrode sweep radii were
chosen to be r; = 460 mm and r, = 540 mm, respectively, defining a central path
radius of py = 500 mm, as depicted in Fig. 8.20(a). Inserting these dimensions in
Eq. 8.18, the potentials required to guide a singly-charged negative particle with a
kinetic energy of Ey, = 60 keV, were calculated as U; = +10 kV for the inner elec-
trode and U, = —9.2 kV for the outer electrode. Fig. 8.20(b) shows the calculated
electrode potentials (absolute values), that are required for the transport of singly
charged particles as a function of the kinetic energy.

The grounded shield plates with an aperture radius of 40 mm, which limit the fring-
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Figure 8.21: The left (a) picture shows the distribution of the equipotential lines inside
the deflector, represented by the green lines. Applying the electrode potentials according
to Eq. 8.15, the course of the ground potential line (red line) match with the central
path. Towards the grounded shield plates, the potential lines deviate from the uniform
distribution. In combination with this fringing field, the reference particle (black line) is
deflected by 90° in the horizontal plane. In the right diagram (b), this deflection angle is
shown as a function of the flight path s.

ing field, are placed at a distance of 15 mm from the entrance and the exit of the
deflector. In the resulting fringing fields, the reference particle is deflected by an ad-
ditional angle of 1.7°. Therefore, the 90° deflector requires cylindrical plates forming
a geometrical angle of only 88.3°. To mitigate the negative influence of the 30 mm
diameter hole in the outer electrode, a shielding tube with a length of ~250 mm is
attached.

To validate the ion-optical characteristics of this 90° deflector design, including a
hole, SIMION simulations of the system are performed and compared to the linear

approximations used in the MAD X simulations discussed previously in Sec. 8.2.

Ion-optical simulation

The final concept and design of the 90° deflector with a hole, as discussed previously,
was simulated using SIMION [156]. To assess the deflector properties, two distinct
simulations were performed. In a first simulation, a reference particle was guided via
the electrostatic field of the deflector along the central path. Applying the electrode
potentials according to Eq. 8.15, a singly negatively charged particle with a kinetic
energy of 60 keV is tracked through the deflector, as shown in Fig. 8.21(a). The

equipotential lines, shown in green, illustrate the geometric potential distribution
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and thus the electric field, set up in the deflector. From Fig. 8.21(a), the uniform
distribution of the field lines, with the exception of the intermediate region between
the sector field and field free space, demonstrate the uniformity of the potential field
within the deflector. The grounded shield plates, which book-end the electrodes
at a distance of 15 mm, limit the fringing field. The electric field of the deflector,
which is composed of the sector field, generated by 88.3° electrodes and the fringing
field, deflects the simulated reference particle (black line) horizontally by 90°. The
resulting deflection angle as a function of the flight path s, is shown in Fig. 8.21(b).
This diagram indicates, that the change in deflection angle is linear throughout the
deflector and thus remains unperturbed when passing by the location of the hole in
the outer electrode. Thus, the trajectory of the reference particle is unaffected by
the influence of the hole, its effect suppressed by the shielding tube (held at potential
of the outer electrode).

In a second simulation, an ion beam with a kinetic energy of 60 keV is transported
by the 90° deflector, shown in Fig. 8.22. In this simulation, a bulk ion beam, con-
sisting of 10000 singly-charged negative particles, are created ~ 270 mm in front of
the deflector, with the initial twiss parameter: o, = o, = 1.0 and 3, = 8, = 0.2
m. The horizontal and vertical distribution in x,y and x’,y’ are both mapped to a
Gaussian distribution, resulting in a beam emittance of €' ~ 5 mm mrad (¢*°% ~ 23
mm mrad), similar to Fig. 8.16. Relative to the central path, the x (horizontal), y
(vertical) and z (longitudinal) coordinates and their velocities are recorded at various
positions (A - E). For each of these positions, the horizontal and vertical phase space
distributions are then determined and fitted by a lo phase space ellipse (red line)
and an ellipse containing 90% of the particles (orange line).

After a drift length of 95 mm, this simulated ion beam creates a horizontal and
vertical focal point in a distance of ~175 mm in front of the deflector (see position
A in Fig. 8.22). This horizontal and vertical beam waist in position A is marked
by the upright phase space ellipses. Drifting for another ~175 mm, the ion beam
is guided via the 90° deflector. In the subsequent drift section after the deflector,
the phase space distributions of the beam particles are recorded at distances of 75
mm (B), 175 mm (C), 325 mm (D) and 510 mm (E), as shown in Fig. 8.22. The
fitted 1o (red line) and 90% (orange line) phase space ellipses of these phase space
distributions result in the twiss parameters o, o, and f3,, 3,, according to Eq. 6.53.
The resulting twiss parameters are listed in Tab. 8.6.

As a cylindrical deflector acts vertically as a drift section, the simulated ion beam
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Figure 8.22: Ion-optical simulation of an ion beam that is transported via the electrostatic
90° deflector, shown in Fig. 8.20(a) (including the dimensions). The hole in the outer
electrode of the deflector is shield by a tube, which hold the same potential than the
outer electrode. In this simulation, negatively charged particles with a kinetic energy
of 60 keV are tracked through the deflector. Starting at a distance of ~270 mm to the
deflector’s entrance, the Gaussian distributed phase space of the simulated ion beam yields
an emittance of ¢€?°% ~ 23 mm mrad. The initial horizontal and vertical twiss parameters
are oy = ay = 1.00 and f, = B, = 0.2 m. At various positions (A - E) along the central
path, indicated by the blue dashed line, the phase space distributions are recorded and
fitted by ellipses, representing €' (red line) and €?°% (orange line).
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Position ‘ initial A B C D E

az (MAD X) 1.00 0.03 093 -0.10 -1.64 -3.55
o (Simion with shielding tube) 1.00 0.02 090 -0.10 -1.62 -3.52
o (Simion w/o shielding tube) 1.00 0.04 095 0.03 -1.42 -3.13

B, (MAD X) [m] 020 010 018 010 0.36  1.32
Bz (Simion with shielding tube) [m] | 0.20 0.10 0.18  0.10 0.36 1.32
Bz (Simion w/o shielding tube) [m] 0.20 0.10 0.21 0.11 0.32 1.15

ay (MAD X) 1.00 0.01 -9.94 -1091 -12.37 -14.16
oy (Simion with shielding tube) 1.00 0.02 -9.50 -10.22 -11.65 -13.23
oy (Simion w/o shielding tube) 1.00 0.02 -852 -9.35 -10.49 -11.72

B, (MAD X) [m] 020 0.0 10.61 1254 16.16 21.03
By (Simion with shielding tube) [m] | 0.20 0.10 10.30 12.45 1591 20.51
By (Simion w/o shielding tube) [m] | 0.20 0.10 10.03 11.92 14.94 18.83

Table 8.6: Comparison of the resulting twiss parameters in the simulations of the 90°
deflector, using MAD X and SIMION. In the MAD X simulation, the ion beam transport
in an ideal cylindrical 90° deflector is calculated in linear approximation. In SIMION, the
geometrical model of the 90° deflector with a hole is simulated with shielding tube (see Fig.
8.22) and without shielding tube (see Fig. D.1). For each simulation, the twiss parameters
of the transported ion beam are determined at the same positions along the central path.

is not confined vertically. After passing position A, the ion beam diverges vertically,
as it is apparent in the recorded phase space distributions shown in Fig. 8.22. The
fitted vertical phase space ellipses, which represent a constant number of particles,
show an increasing beam size ymax With a constant y/ .., while propagating along the
beam path.

In the horizontal plane, where the ion beam is deflected by 90°, the radial electro-
static field of the deflector focuses the ion beam horizontally. After passing position
A, where the ion beam has a focal point, the beam diverges along a drift length
of ~175 mm. At this distance to the entrance and exit of this 90° deflector, the
horizontal beam profile is mapped, as demonstrated in Appendix C. As position A
and position C are both located ~175 mm away from the entrance and the exit of
the deflector, respectively, the horizontal phase space distributions are similar. At

both positions, the upright phase space ellipses indicate a horizontal beam waist and
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an identical beam size, as shown in Fig. 8.22.

For both, the horizontal and vertical phase space distributions, there is no evidence
of filamentation. The area of the fitted phase space ellipses, which represent the
effective beam emittance (as discussed in Sec. 6.3), remain constant over the ion-
optical system. These resulting effective emittances, which are useful to evaluate the
beam transport quality (see Sec. 6.4), is determined to €' ~ 5 mm mrad and €%
~ 23 mm mrad for all positions (A - E).

Prior to comparing these results to the linear approximation of the transport matrix
formalism, used for the ion-optical simulation of the 60kV beamline (Sec. 8.2.2), the
benefit of the shielding tube attached to the outer electrode of the 90° deflector is an-
alyzed. Using the framework of the previous simulation including beam parameters,
the 90° deflector with hole is simulated without a shielding tube. In this simulation,
shown in Appendix D, the horizontal and vertical phase space distributions of the
propagating ion beam are recorded at the same positions A - E. The absence of the
shielding tube, attached to the hole in the outer electrode, does not result in beam
aberrations. For these simulated beam parameters, there is no evidence of non-linear
field components. For both, the vertical and horizontal plane, the resulting effective
emittance remains constant along the beam path.

However, the field perturbations, due to the hole in the outer electrode of the deflec-
tor, leads to a horizontal displacement of the beam position and an induced focusing
effect in both, the horizontal and vertical plane. As shown in Fig. D.1, the beam’s
horizontal phase space distribution (position B - E) is shifted after passing the de-
flector. This shift is due to the shallower deflection angle induced by the hole in the
outer plate of the cylindrical deflector. This angular difference of 5 mrad could be
compensated by an adjustment of the applied voltages on the deflector electrodes,
or by an increase of the electrodes’ length. Both approaches could produce a 90° de-
flection of the guided ion beam, but a horizontal displacement of the beam’s spatial
center will remain. Therefore, only with an additional ion-optical steering element
(e.g. parallel plate deflector), placed at the deflector’s exit, can compensate for this
effect.

Moreover, the hole in the outer electrode of the deflector leads to an additional fo-
cusing effect in horizontal and vertical direction. The resulting twiss parameters,
derived from the simulation of the 90° deflector with and without shielding tube, are
listed in Tab. 8.6. The simulation of the deflector without a shielding tube yields

smaller absolute values for the twiss parameters o, oy, and f3;, 3,, highlighting its
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Figure 8.23: MAD X simulation of an ideal electrostatic 90° deflector using linear trans-
port matrices. The black and red open circles indicate 3, and (,, respectively, derived
from the SIMION simulations of the 90° deflector with hole at the same positions (A - E).

focusing effects. Due to the hole geometry, the magnitude of the field distortion is
xy-coupled.

As a consequence of these results, the concept of the shielding tube attached to the
hole of the outer electrode is preferred over that without shielding. To assess the
validity of the linear approximation for an ideal 90° deflector, as used in the previous
MAD X simulations in Sec. 8.2.2, SIMION ion transport simulations of a geometric
90° deflector are compared to that obtained from MAD X. The beam transport of
the identical ion-optical system is calculated via linear transport matrices (see Ap-
pendix C) using MAD X. Using the same initial twiss parameters, o, = o, = 1.00
and 3, = B, = 0.2 m, the resulting horizontal and vertical betatron functions (5,
and f3,), along the central path s, is shown in Fig. 8.23. At the same positions
(A - E), in which the phase space distributions of the beam were recorded in the
SIMION simulations (see Fig. 8.22 and Fig. D.1), the calculated twiss parameters
of the MAD X simulation are summarized in Tab. 8.6. The values of 3, and f3,,
which were derived from the SIMION simulations at the corresponding positions,
are presented in Fig. 8.23 by black and red circles. The resulting values 3, and 3,,
extracted from the SIMION simulation of the 90° deflector with the shielding tube

attached to the hole at the outer electrode, are indicated by the solid line circles and
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show a good agreement with the MAD X simulation. The small deviations in the
twiss parameters indicate, that the focusing effect, induced by the hole in the outer
plate, is not entirely suppressed by the shielding tube. The dashed circles in Fig.
8.23 represent 3, and 3,, extracted from the SIMION simulation of the 90° deflector
without a shielding tube. In this diagram, the induced focusing effect due to the
hole in the outer electrode and the influence of the shielding tube is demonstrated.
In this example of the ion beam transport via the custom designed 90° deflector,
the linear approximation of an ideal cylindrical 90° deflector describes the beam

transport in an adequate accuracy.

Construction

Leading from the insights gained from the simulations in previous section, this sec-
tion discusses the physical design and construction of the 90° deflector, including
its vacuum chamber. Briefly recapping on the beamline requirements; these compo-
nents should be capable of maintaining £10 kV potential and facilitate residual gas
pressures in the order of 10~% mbar.

In Fig. 8.24, the final construction drawings and photographs of the cylindrical 90°
deflector are shown. The electrodes of the deflector and the grounded shield plates
are both produced from A2-stainless steel due in part to its high mechanical rigidity,
low out-gassing coefficient and relatively low magnetic permeability. For the most
part, the electrodes are cold rolled from 3 mm thick sheet metal forming two concen-
tric cylindrical sectors. The outer surface of the inner electrode has a radius of 460
mm, while the inner surface of the outer electrode has a radius of 540 mm. To main-
tain plate rigidity and alignment, a pair of guiding plates for each electrode, each
with a recessed track in which the electrode can slot into, are clamped to the top
and bottom of the corresponding electrode via metal rods, as shown in Fig. 8.24(b).
Each electrode sweeps an angular sector of 88.3°. The inner electrode is composed
of sheet metal in its entirety, while the outer electrodes is a composite of sheet metal
sector (58°) and a bulk, machined part which houses the shielding tube. For this
deflector section, a solid stainless steel cube was milled to form the fixture of the
shielding tube. This bulk part has a hole with diameter of 60 mm in its center, which
is precision machined to fit the outer diameter of the shielding tube, shown in Fig.
8.24(b). The shielding tube, which reduces the hole size to 30 mm, is machined to

match the inner radius of the outer electrode, forming a smooth continuous surface.
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Figure 8.24: Construction drawings and photographs of the 90° deflector.
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The dimensions of this geometry are given in Fig. 8.20(a) and Fig. 8.24(b). In the
sheet metal sector of the outer electrode, an alignment port is implemented, which is
closed by a cap. The cap forms a smooth surface together with the outer electrode,
when its closed. For the alignment of the 90° deflector relative to the two beamlines,
this port is needed to access both axes. The clearance of the port is 20 mm x 20
mm in its straight line projection.

The inner and the outer electrode assembly are both sitting on a grounded metal
plate, electrically isolated, using a combination of two nested ceramic stand-offs and
a pair of ceramic washers (Al,O3), shown in Fig. 8.24(c). In the same manner, the
upper end of the electrodes are affixed. This construction of the top and bottom
plate supports and aligns the concentric deflector electrodes. The length of these 6
mm thick top and bottom plate exceeds the electrodes’ length by ~15 mm at the
entrance and exit of the deflector, respectively. At both ends, a face plate with an
aperture radius of 40 mm is mounted to the top and bottom plate (see Fig. 8.24(a),
left-hand side).

This rigid assembly, in which all parts are machined to a precision with a tolerance
of 0.3 mm, is housed by a custom vacuum chamber. This vacuum chamber, shown in
Fig. 8.24(Db), right-hand side, is constructed from stainless steel plates with a thick-
ness of 15 mm in an angular shape. The vacuum chamber, which has a side length
of 620 mm, is equipped with several CF-ports namely utilized for beam transport,
pumping, electrical feedthroughs, monitoring and access. The geometric position,
size and layout of these ports are depicted in Fig. 8.24(c).

The lid of the chamber is sealed using a viton o-ring (7 mm in diameter). Due to the
higher leak rate of o-ring sealings compared against copper gaskets, a second o-ring
with a pump section in between was implemented (see Fig. 8.24(c)), in order to reli-
ably achieve residual gas pressures of 10~ mbar inside this chamber. Therefore, two
grooves are milled in the upper plate of the chamber, housing the o-rings. Welded
to the lid, a small tube with an inner diameter of 3.5 mm reaches in between these
o-rings. Thus, a vacuum pump attached to the KF16 port of this tube, can evacuate
the volume between the o-rings. This method can reduce the leak rate of the inner
o-ring sealing significantly.

At the bottom of the vacuum chamber an adjustment plate is mounted, which enables
the horizontal and vertical alignment of the 90° deflector, relative to the chamber.
This plate sits on three M12-socket setscrews, which allows a vertical alignment of

+8 mm in position and ~3° in angle. The horizontal translation stage allows for
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displacements of +5.5 mm and rotations of ~4°, using the M8-setscrews at the four
adjustment units fixed to the bottom plate (see Fig. 8.24(b), left-hand side).

The beam ports were sealed using blank flanges and the complete assembly was
tested in isolation. A TMP (Edwards nEXT400D) backing pumped by a scroll
pump (Edwards nXDS10i) maintained an UHV-environment < 1 - 107% mbar. Us-
ing SHV10-feedtroughs on DN40CF flanges, the 90° deflector was tested to hold +10
kV applied at the electrodes.



Chapter 9

Photodetachment setup

To perform merged-beams experiments on ion-neutral reactions at the CSR, first a
fast neutral atomic beam is required. Generated in the CSR transfer line, an atom
beam can be directly merged with stored, cooled ions in the CSR. To this end, a
photodetachment (PD) setup, in which a laser beam neutralizes a portion of an anion
beam, was designed and constructed. This section, integrated into the CSR transfer
line, is positioned after the merging of the 60kV and 300kV beamline via the 90°
deflector with a hole (see Sec. 8.3.4). This location is advantageous, as it permits
the photodetachment of negative ion beams from either ion source platform.

As discussed in Chap. 5, the investigation of astrophysically relevant reactions of-
ten requires the production of ground-state neutral atoms, which are merged to
the cold, well-defined, ion beam. One method for the preparation of fast, neutral,
ground-state, atoms is via the photodetachment process. In this process, a photon
interacts with a negatively charged atom (X~). This anion can be neutralized if
the electron affinity (EA) of X~ is smaller than the photon energy (E., = hv). For
single-photon electron detachment; X~ + hrv — X + e7, the possible final states of
the neutral atom X are determined by the excess photon energy, £, — EA. Using
a photon energy, higher the electron binding energy, but insufficient to excite the
daughter atom, X, to a higher state, allows the production of neutral atoms in their
ground state term.

Hydrogen (H), carbon (C), and oxygen (O) are three of the four most abundant ele-
ments in the universe (the fourth being helium, which forms only meta-stable anions).
To generate a sufficiently intense neutral beam from their negatively charged counter-
part via photodetachment, a suitable laser system must first be chosen. The electron
affinity of these elements are given by Fga(H) = 0.754 eV, Ega(C) = 1.262 eV and

147
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Figure 9.1: Photodetachment (PD) cross sections for H~, C~ and O~ as a function of the
photon energy [166]. The solid and open circles represent measured H~ PD cross sections
[167, 168], and the dotted line indicates the calculated cross section for H™ [169]. The
solid and open squares denote the measured C~ PD cross sections [170, 171], whereas the
predicted cross section is represented by the dashed line [171]. The solid and open triangles
denote the measured PD cross sections for O~ [172, 173]. The red solid line represents the
laser wavelength of the utilized laser diode system.

FEga(O) = 1.461 eV [165], respectively. High-power (~kW), direct-diode laser stacks,
operating in the infrared regime, > 800 nm, suitable for the efficient photodetach-
ment of most anion beams [166], are readily available. In this work, a 2 kW diode
laser system, operating at a wavelength of 808 nm (corresponding to E., = 1.53 V)
is employed, capable of efficiently photodetaching H=, C~ and O~ beams, without
the need of an additional amplification stages, amplification stages, e.g. external
cavities.

In Fig. 9.1, the absolute photodetachment cross sections for H=, C~ and O~ are
shown as a function of the photon energy. The red line highlights the laser wave-
length used in the presented photodetachment setup. This 808 nm laser system
operates in the broad maxima regime of H™ and C~, thus tuned to the relatively
high PD cross sections in this region. While the photon energy is higher that the
photodetachment threshold of O™, the photon energy is below the PD cross section

maximum.
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In this chapter, the PD setup is introduced and discussed in detail. In Sec. 9.1,
the expected PD efficiency for anions crossing a laser field at an angle is estimated.
The high power laser system, utilized in this work, is introduced and laser profile
measurements characterizing the beam quality are presented. Finally, the design and
construction of the PD section in the CSR transfer line is shown. The main part
of this PD section is the laser-interaction region, where the laser beam is merged
to the anions transported along the transfer line. As only a fraction of this beam
is neutralized in the laser field, a beam cleaner was designed, simulated and con-
structed to deflect the remaining negatively charged particles prior to entering the
CSR. This electrostatic element allows the neutral atom beam to pass unhindered,
while the anions are steered by an electrical field set up between parallel plates and
subsequently dumped into a Faraday cup. This setup thus yields a pure, neutral,
atomic beam which can be injected into the CSR and merged with the stored ion

beam.

9.1 Photodetachment efficiency

The photodetachment (PD) probability n of a negatively charged particle passing
through a laser field can be given by

+00
n=1—exp / —opp®(t)dt, (9.1)

where opp denotes the wavelength-dependent PD cross section and ® the photon
flux, integrated over the interaction time ¢[166]. Eq. 9.1 assumes that the laser
beam crosses the ion beam with an angle of 90° and that the ion beam height is
smaller than that of the laser beam. For continuous beams and an ion beam with
a constant velocity vi,, in x-direction, the integration over the interaction time ¢ in
Eq. 9.1 can be substituted by dt = %d:c, leading to

n(y,z) =1 —exp [—UPD / O(x,y, 2) dw] : (9.2)

Vion

Assuming that the laser beam propagates in z-direction and has a Gaussian profile

(the beam width w is defined by two standard deviations), the photon flux can be
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represented by

2P
(D($7y) = €xXp [_

(9.3)

w?2

2(x? + y?)
- humw? ’

where P denotes the laser power and hv represents the photon energy. Using Eq.

9.3 in Eq. 9.2 and solving the integral, leads to

o 20'pD P 2y2
n(y) =1—exp [ \/;Uion o OXP ( eIk (9.4)

Assuming a PD operation below the saturation regime, the exponential in Eq. 9.4

can be approximated using the series expansion (e = 14 z + ...), yielding

2 OpPD P 2y2
R e _22 ). 9.5
n(y) o o &P ( 02 (9.5)

The effective PD efficiency for a laser beam crossing an ion beam at an angle of 90°,

where the laser beam size is larger than the size of the ion beam, can be approximated
by averaging Eq. 9.5 over the ion beam profile along the y direction. The resulting
PD efficiency is inversely proportional to the beam width w of the laser. To optimize
the total PD efficiency for a given ion beam, it is beneficial to roughly match the
vertical (y) laser beam size to size of the crossed ion beam.

The photodetachment efficiency can be amplified by reducing the angle between the
crossing laser and ion beam to < 90°, leading to an increase of the effective overlap
length. Assuming a constant laser beam profile in the overlap region, this effective

overlap length is increased by a factor 1/sin ©. The resulting PD efficiency is then

~ 1 20'pD P 2y2
ny) ~ sin@\/;vion how P ( w? )’ (9:6)

Introducing an angle § = 30° between the laser and the ion beam would double the

given by

PD efficiency compared to an angle of 90°. The photodetachment section (discussed
in Sec. 9.3) is designed to create an angle 6 of ~2.7°. In this case, the PD efficiency
is increased by a factor of 21.2, provided that the laser beam profile is constant in
the interaction region.

In order to estimate the actual PD efficiency of negatively charged particles merged
by a laser field, the knowledge of both beam profiles at each position in the interaction

region is essential.
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9.2 Laser system

The heart of the photodetachment section is a high-power (2 kW), continuous wave
(cw) diode laser system. This laser system (manufactured by DILAS Inc.) operates
at a fixed wavelength, centered at \,, = 808 nm. The schematic of the laser head,
as shown in Fig. 9.2, consists of two water-cooled, vertically stacked diode bar
arrays. Both arrays possess 15 diode bars, which in turn have 19 individual emitters
each. These two stacks are optically superimposed by a set of refractive elements,
yielding a single beam. This laser beam is thus a rectangular matrix of 19 x 30
individual beamlets, which are collimated via micro-optical lenses. The entire beam
is further shaped and focused by a series of standard optical elements, as shown in
Fig. 9.2. The diode output is varied via the supplied current. This system is capable
of delivering up to 2.0 kW of continuous wave (cw) laser power at the exit window
for an 85 A supply current.

Direct diode laser arrays are advantageous, compared with other laser systems, in
that they are compact and can reliably deliver a continuous high power output beam.
These diode arrays typically can run maintenance-free for more than 10000 h, with
an electro-optical power conversion ratio of ~45% under typical operating conditions.
The laser stacks (shown in Fig. 9.2) are driven by currents up to 85 A and voltages of
~40 V, using a power supply (manufactured by Amtron GmbH). This power supply
allows for reasonably fast switching the laser beam, with rise and fall times on the
order of ~20 us. A shortcoming of diode laser arrays is the poor laser beam quality,

as they often emit a highly divergent, elliptical, and astigmatic laser beam [174].

Laser beam Diode stacks

Base plate

Cooling
water

Interleaved mirror

Cooling housing
Mirror Optics block

Figure 9.2: Schematic of the laser head (DILAS 808-nm).
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9.2.1 Measurement of the laser profile

As previously described, the resulting laser beam is composed of an array of colli-
mated individual beamlets, that can be modelled as an incoherent bundle of Gaussian
beams [174]. As the laser beam propagates, the highly divergent beamlets superim-
pose to form the laser beam. It is for this reason, that the resulting beam shape
appears box-like in the near field and becomes Gaussian-like near and beyond the
focus.

To characterize the laser beam, the beam profiles at different positions along the
propagation direction were recorded. The size and shape of the laser beam is deter-
mined using the knife-edge method [175]. A metal plate is mounted on a stepper
motor, which scans the horizontal (x) and vertical (y) plane in steps of 0.1 mm,
independently of each other. The transmitted laser beam is monitored by a power-
meter (Coherent Power-head PM150-50C) as a function of the metal plate position.

Using this method, the laser beam profiles at 10 distances zj,5¢; relative to the output
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Figure 9.3: Measured spatial laser beam profiles at distances relative to the output win-
dow of the laser head. The horizontal (x) and vertical (y) laser beam profiles of 10 different
positions along the laser beam path was recorded. These positions together the horizontal
and vertical beam widths are listed in Tab. 9.1.
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window of the laser head were recorded, shown in Fig. 9.3. In these measurements,
the total laser output power is constantly held at 50 W for all profile scans. For each
measured beam intensity profile, the horizontal (x) and vertical (y) beam widths
(defined by a 90 % transmission power) are determined. In Tab. 9.1, the resulting
beam widths xgoy and ygey, (radii which encompasses 90% of the laser power) are
listed, together with the distances zj.eer, relative to the output window of the laser
head.

The measured beam widths xggy and yggy as a function 2z, can be used to deter-
mine the quality of the laser beam by the Gaussian beam quality factor M?. The
laser beam width of a laser with a Gaussian intensity profile can be described by

[174]

M2 A (Zlaser - 20)1 ? (9 7)

W (Zlager) = Wor| 1 +

(s ‘% l -
where A denotes the laser wavelength and wg represents the width in the beam
waist, which is located at zy with respect to the laser exit window. The measured
horizontal and vertical beam widths along the propagation axis are plotted in Fig.
9.4, together with a fit using Eq. 9.7. Assuming independent diffractive propagation

in the horizontal and vertical direction, both fits show an overall good agreement

Profile | Plaser [m]  2g0% [mm] Yooy [mm]

1 0.063 2.2 7.5
2 0.313 4.2 2.7
3 0.463 3.7 4.9
4 0.588 3.6 4.2
b} 0.713 3.5 3.6
6 0.838 3.6 3.2
7 0.988 4.0 2.9
8 1.162 4.9 3.2
9 1.363 6.0 4.4
10 1.488 74 4.9

Table 9.1: Measured horizontal (xgqy) and vertical (ygge;) laser beam widths (that in-
cludes 90% of the total laser power) at distances (zjaser) relative to the laser head. The
corresponding recorded spatial laser beam profiles are illustrated in Fig. 9.3.
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Figure 9.4: Measured horizontal (g9 ) and vertical (ygpy) laser beam widths as a func-
tion of the distance zjeer relative to the laser output window.

| wo [mm] M 2 2 [m]
Horizontal | 3.0 88  0.97
Vertical 3.4 97 0.65

Table 9.2: Horizontal and vertical laser beam parameters, which have been derived using
Eq. 9.7.

with the recorded data sets. The beam parameters, derived from these two fits are
summarized in Tab. 9.2. Horizontally, the laser beam forms a beam waist in a
distance of ~1 m from the laser head. In this focal point, the horizontal beam width
(containing 90% of the total laser power) is measures as xrgp%, = 3 mm. In the vertical
direction, the beam waist is created at a distance of 0.65 m, with a beam width of
Yoo = 3.4 mm. The expected poor beam is quantified by M? ~ 100.

It should be noted that these measurements, which characterized the emitted laser
beam, were performed at a relatively low total output power (50 W) and that the
divergence of the resultant laser beam increases at high power operation due to
thermal effects. These thermal effects result in a drop in the overall beam quality.
As a consequence, the emitted beam may overfill the collimating optics. Thus, a
fraction of the photons can miss the microlenses and end up outside the nominal
beam. At continuous operation at maximum power, up to 15% of the laser power

dissipates in so-called side lobes [166].
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9.3 Photodetachment chamber

To photodetach an ion beam and fly the resultant neutral beam along the CSR trans-
fer line, the laser beam (previously described in Sec. 9.2) has to be coupled into a
vacuum chamber. A vacuum chamber was designed and constructed to permit the
merging of the laser beam with the transported ion beam at a shallow angle of ©
~ 2.7°, thus increasing the effective photodetachment efficiency. This photodetach-
ment (PD) chamber with a total length of ~2 m, as depicted in Fig. 9.5, consists
of two DN160CF vacuum pipes each with a length of ~0.8 m and a six-way cross.
This six-way cross (DN160CF), placed at the center of the PD chamber, permits
attachment of a turbomolecular pump (TMP) while providing access to the laser
beam path for alignment. The laser beam is guided through a laser windows inte-
grated in a custom-built reducer flange (DN160-DN40) at both the entrance and exit
of the vacuum chamber. To achieve a high laser beam transmission, these windows
are anti-reflection (AR) coated on both sides, reducing the reflection to < 0.3% for
lasers operating at wavelengths of 800430 nm. After passing through the system and
exiting the second laser window, the laser beam is then dumped in a power meter
(Coherent Power-head PM3K), which continuously monitors the laser power. The

ion beam, which propagates along the central axis of the PD chamber, is vertically
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Figure 9.5: Schematic overview of the photodetachment chamber.
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crossed by the laser beam at an angle of 2.7°. On entering and exiting the PD cham-
ber the ion beam passes two circular apertures, separated by a distance of 2.9 m. For
merged beams experiments, to restrict and define the center-of-mass collision energy,
it is desirable to minimize the relative collision angle, thus the apertures are employed
to collimate the neutral beam. This beam emittance cut limits the horizontal and
vertical displacement (x,y), and the maximum angles (x’,y’) of the transported beam.
The transmitted fraction of beam’s phase space can be determined by the size of the
utilized apertures at these positions. For a diameter of 4.5 mm for both apertures
(a diameter proposed for first experiments), the maximum beam displacement rela-
tive to the central path is limited to 2.25 mm at these two positions, confining the
maximum angle of the transmitted particles to 2‘;0507‘“& ~ 1.5 mrad. As a result, the
maximum area in phase space, that is transmitted through these apertures, can be
calculated to A = me = 6.75 mm mrad. For a better understanding of this emittance
restriction, a simulation is presented in Fig. 9.6. Starting with a converging particle
beam, which forms a beam waist at the midpoint of the two apertures, the beam’s

phase space is limited by the two apertures (d = 4.5 mm). The horizontal and ver-

initial aperture 1
15
10 ; d(aperture) =4.5 mm
5 5
5
® 3 lon beam | J
£ e | e e e
E o z — L __----=====-<
> = e
> : I 1
0 aperture 1 aperture 2
L 1
15 I 1
20 0 0o 10 20 29m
X,y [mm]
after aperture 1 before aperture 2 after aperture 2
; 4 2
3
2
T T kel
e g g
£ E o £
‘>: > 1 >
x x x
2 -
-3
-2
10 -5 0 5 10 3 2 1 0 1 2 3
X,y [mm] X,y [mm] X,y [mm]

Figure 9.6: Simulation of a particle beam, which is collimated by two apertures, 4.5 mm
in diameter, placed at a distance of 2.9 m.
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tical distribution in x,y and x’,y’ are both mapped to a Gaussian distribution with

0% — 14.4 mm mrad, as illustrated in Fig. 9.6. Aperture 1

a beam emittance of €
transmits only particles which have a displacement smaller than 2.25 mm relative
to the central beam path. This spatial limitations are indicated by the red dashed
lines. In the following drift section, the particle beam propagates ballistically. After
passing its focal point the beam size increases towards aperture 2. This diverging
beam is then limited by aperture 2, resulting in a phase space distribution which is
bounded by a parallelogram, as indicated by the red solid lines in Fig. 9.6. This
area reflects the maximum emittance that is transmitted through both apertures.
The kinetic energy of the neutral beam, to be injected into the CSR, is determined
by the kinetic energy of the photodetached anions. To perform velocity-matched
merged-beams experiments, the kinetic energy of the two particle beams, produced
on either the 60kV or 300kV ion source platform, are scaled to each other with the
ratio of their masses. To fine-tune and scan the relative collision energy between the
stored ion beam and the neutral beam injected into the CSR, a so-called drift tube
is implemented in the center of the PD chamber, as shown in Fig. 9.5. By applying
a constant voltage, this drift tube allows a fine variation of the kinetic energy of
the generated neutral particle beam. Due to the electrostatic field, set up inside
the tube, a negatively charged ion beam undergoes a decceleration (acceleration)
at the entrance and an acceleration (decceleration) at the exit of the drift tube by
applying a negative (positive) voltage. As the neutral particles are photodetached at
the center of the drift tube, they posses the same kinetic energy as the decellerated
(accelerated) parent anion. However, on exiting the drift tube the neutral particle
beam is no longer influenced by the retarding (accelerating) electric field. Thus,
the neutral particles kinetic energy will remain lower (higher) after passing the drift
tube, while the kinetic energy of the ions is set back to their original value.

As not to negatively influence the neutral particle’s energy distribution, it is essential
that in the laser interaction region, the electric field set up inside the drift tube is
uniform. This fundamental requirement in the design of the drift tube, must also be
compatible with providing sufficient clearance for the laser beam to pass unhindered
through the drift region. In the final design of the drift tube, a length of 1.2 m
and inner diameter of 125 mm was chosen. To examine the ion-optical operation, a
simulation of charged particles, propagating through the drift tube, was performed.
In this SIMION simulation, a singly negatively charged particle with a kinetic energy
of 30 keV is guided along the central path through the drift tube, which is held at
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Figure 9.7: Kinetic energy FEyi, of a singly negatively charged particle as a function of
the flight path s. Propagating along the central path, the kinetic energy of the particle
is manipulated via a drift tube, held at a potential of -1 kV. The geometrical position of
the tube (which has an inner diameter of 125 mm and length of 1.2 m) is indicated by the
green dashed line. The position of the laser interaction region, relative to the drift tube,
is represented by the purple area.

a potential of -1 kV. To determine the region in which the ion reaches a constant
kinetic energy inside the drift tube, the kinetic energy FEi;, of the particle is recorded
over the flight path s. As shown in Fig. 9.7, the singly negatively charged particle
with an initial kinetic energy of 30 keV is first decelerated by the electric field of the
drift tube, reaching a minimum kinetic energy of 29 keV, and is again accelerated
to its original kinetic energy after passing the tube. The geometrical position of the
entrance and exit of the drift tube is indicated by the green dashed line. A broad
plateau in the kinetic energy curve as a function of the flight path is formed around
the center of the drift tube, which encompasses the length of the laser interaction
region in its entirety (indicated by the purple area in Fig. 9.7). Thus, all neutral
particles, which are photodetached from the parent anion beam, will possess a kinetic
energy of 29 keV.

In the physical design, the drift tube is comprised of a stainless steel pipe, which has
an inner diameter of 125 mm and a wall thickness of 2 mm. To ease the mounting
of the photodetachment section, the drift tube (total length of 1.2 m) is split into
two pipes, each with a length of 0.6 m. With an outer diameter of 129 mm, each

pipe is mounted on four small half spheres with a thickness of 10.5 mm, resulting in
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an axially centered position inside the DN160 vacuum pipe (with an inner diameter
of 150 mm). These half spheres are produced of a machinable ceramic (Macor), to
electrically insulate the drift tube from the grounded vacuum pipe. Placed in their
final position inside the photodetachment section, the two pipes are connected via a
sheet-metal ring surrounding the gap between the two pipes. Via this metal ring, a
potential of up to &1 kV can be applied to the drift tube.

9.4 Beam cleaner

As previously discussed, only a fraction of the anions, transported through the PD
chamber, are photodetached by the laser beam. This results in a particle beam
consisting of a superposition of neutral atoms and anions leaving the PD chamber.
In order to inject a pure neutral atomic beam into the CSR, the remaining anions have
to be first removed using either an electric or magnetic fields. During experimental
measurements, the CSR transfer line must ultimately cycle between transportation of
ions into the CSR and then photodetachment of anions from the second platform for
the production of a neutral beam. To this end, each ion-optical element (including the
beam cleaner) must be capable of fast switching (~ us) the applied potentials. Given
the relative simplicity and robustness, an electrostatic parallel-plate deflector was
selected and subsequently designed, simulated and constructed to separate the anion
beam from the neutral beam after the PD process. This parallel-plate deflector, the
so-called beam cleaner, deflects the anions into a Faraday cup (see Sec. 8.3.2), where

the beam current is monitored. The equation of motion for a particle in a uniform

Faraday cup

Plate electrode Grounded
20 mm shield plate

H

DN200CF

Central beam path

280 mm

Figure 9.8: Schematic overview of the beam cleaner.
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electric field, generated between two parallel plate electrodes, is well known [176]. To
define a suitable geometry for the beam cleaner, a simple numerical simulation was
employed. By limiting the maximum plate potential to £20 kV (due to electrical
breakdown design requirements), the optimal plate configuration, which allows a
50 mm clearance of the transported ion beam (at a maximum kinetic energy of
300 keV), was found to have a 80 mm plate separation with a horizontally offset of
25 mm relative to the beam path, as illustrated in Fig. 9.8. The two electrodes of
the beam cleaner, formed from 2 mm sheet metal (stainless steel), have a height of
130 mm and a length of 280 mm. Grounded shield plates are placed at a distance of
20 mm from the entrance and exit of the parallel plates, as shown in Fig. 9.8. These
shield plates, which reduce the fringing field of the beam cleaner, have a rectangular
aperture of 70 mm x 90 mm, permitting both beams (the neutral and the deflected
beam) to pass the deflector.

For a more in-depth verification of this geometry configuration, a simulation of the
beam cleaner was performed using SIMION. In this simulation (see Fig. 9.9), a
collimated particle beam with a maximum horizontal and vertical displacement of
15 mm is guided through the beam cleaner. This particle beam contains neutral and
singly negatively charged particles, both possessing a kinetic energy of 300 keV. With
a potential of 420 kV, applied to the electrodes of the beam cleaner (highlighted
in red), the anion beam is deflected by 14.5° relative to the central beam path.
The neutral beam (highlighted in blue), unaffected by the electric field, propagates
ballistically.

For this configuration, the beam cleaner assembly was designed to fit a DN200CF

vacuum pipe. In Fig. 9.8, the custom-built vacuum chamber is depicted. The

\onbea™

Singly charged

negative ion beam

Exin = 300 keV
_>

Neutral beam
Eyr = 300 keV -20kV —
Neutral beam

+20kV

Figure 9.9: Ion-optical simulation of a collimated particle beam (30 mm in diameter), con-
sisting of neutral and singly negatively charged particles with a kinetic energy of 300 keV,
passing the beam cleaner. By applying a potential of £20 kV to the electrodes, the ion
beam is deflected by 14.5°, while the neutral particles continue unaffected.
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deflector plates, housed in the DN200CF vacuum pipe, are positioned at a distance
of 110 mm towards the exit of this pipe. The back of the deflector chamber is
closed, using a reducer flange, on which two vacuum pipe nipples are mounted. A
DNG63CF pipe is mounted parallel to the beam axis, transporting the beam particles
into the CSR and a DN40CF pipe is mounted at an angle of 14.5° to the beam axis,
through which the deflected ion beam is guided onto the attached Faraday cup. The
assembled beam cleaner was finally electrically tested in vacuum and successfully
held a potential of £20 kV applied to the plate electrodes.
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Chapter 10

Final design of the CSR transfer line

In this chapter, an overview of the CSR transfer line, comprised of the previously
discussed ion optical steering and diagnostic elements, is presented. To ensure that
the vacuum requirements of the CSR transfer line were met, vacuum simulations of
the CSR transfer line were performed. To meet the required residual gas pressure
target, in the range of 107'! mbar, inside the final chamber of the CSR transfer
line, the injection chamber design is presented here along with the measured vacuum
conditions. In this chapter, the baseline residual gas pressure as a function of the
beamline path is estimated using the VakTrak simulation software [157], in Sec. 10.1,
while Sec. 10.2 outlines the design of the final CSR transfer line.

10.1 Vacuum simulations

Using several turbo molecular pumps (TMP) situated along each of the two beam-
lines, which are built of stainless steel vacuum chambers (mainly sealed via copper
gaskets), a residual gas pressure in the order of 107 mbar can be expected. To fulfill
the required vacuum conditions in the final chamber of the transfer line, a differential
pumping vacuum system, suitable for undergoing a bake-out of temperatures of ~
200° C, is needed to minimize the outgassing rate of the chamber. Dependent on the
pumping time, the outgassing rate for stainless steel can be effectively reduced from
~ 10711 st em™2 to ~ 1072 1 s7! em™2 by the bake-out process [177]. TMPs are
particularly suited to pump heavier gas species, e.g. Ny, Oy and Ar, but the ultimate
pressure which they can achieve is limited by their compression ratio. To achieve
residual gas pressures down to 10~!* mbar, where the predominant gas species is Ho,

getter pumps in combination with titanium-sublimation pumps are preferable.

163
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A titanium-sublimation pump (TSP) coats the inner surface of the surrounded vac-
uum chamber with titanium, which is thermionically ejected from a filament. Chem-
ically active gas molecules combine with this evaporated titanium layer. Despite the
relatively high pumping rate of several 1 s7! cm™2 of exposed surface, inert gases (e.g.
noble gases) are not pumped at all. Therefore, TSP are typically used in conjunction
with ion-getter pumps (IGP). In these pumps, residual gas particles are ionized via
electron impact. The resulting positively charged particles are then accelerated via
an electrical field towards the cathode, where they are captured in its surface. The
combination of the high pumping speed of Hy provided by the TSP and the pumping
of inert gases from a IGP is suitable for generating residual gas pressures down to
the 10~ mbar regime.

The final chamber, known as the injection chamber in the CSR transfer line is com-
prised of two distinct differential pumping sections, shown in Fig. 10.1. The first
section of the injection chamber, which also houses the quadrupole triplet QP4, is
pumped by a TMP (Pfeiffer TMU 521 YP, CF160), backed by a fore-line scroll pump
(Edwards nXDS10i). This section is bounded by two small diameter tubes, which
limit the gas conductance between the three regions and thus, creating differential
pumping between these sections. In the direction of the ion source, the vacuum pipe
system is reduced to a DN40CF for a length of ~ 200 mm, and towards the second
section of the injection chamber an internal pipe system with an inner diameter of
40 mm and a length of 200 mm is attached. As shown in Fig. 10.1, this differentially
pumped section is connected to the two TSP and IGP before being finally connected
via DN40CF vacuum pipes (length of 300 mm) to the external wall of the CSR.
Ion beam simulations were employed to determine the minimum size for the inner
diameter of these tubes, as discussed in Sec. 8.2. To avoid further beam losses in the
CSR transfer line, due to the differential pumping section, the minimum clearance
can be calculated relative to the acceptance of the beamlines (according to Eq. 8.6
or Eq. 8.8). The second section is equipped with a combination of two TSP (Pfeiffer
USP 035) and an IGP (Agilent Vaclon Plus 75). Each of the two titanium filaments
(TSP) are surrounded by DN160 vacuum pipes of ~ 500 mm in length.

The vacuum conditions in the two beamlines are simulated using the VakTrak sim-
ulation software [157]. As shown in Fig. 10.2, these simulations indicate that this
system is suitable in achieving residual gas pressures < 10 mbar in the first section
and < 10719 mbar in the second section of the injection chamber, after bake-out. In

initial beamline tests, using a selection of ion sources on the source platform, gas
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Figure 10.1: CAD drawing and photograph of the sideview of the injection chamber,
illustrating the layout of the vacuum system. The top two pictures show the injection
chamber, implemented in the CSR transfer line, between beam viewer and CSR. The
photograph shows the entire injection chamber wrapped in insulation for bake-out. On
the left-hand side, a CAD drawing of the injection chamber is shown, using the same
perspective. The CAD drawing in the bottom picture shows a vertical cut through the
injection chamber, illustrating the internal structure of the differential pumping system.
Using a turbo molecular pump (TMP), ion-getter pump (IGP) and titanium sublimation
pump (TSP), a residual gas pressure in the 107! mbar regime is maintained in the last
section of the injection chamber.

pressures of < 107° mbar were measured at the vacuum chamber in front of the
first quadrupole triplet of the 60kV beamline and directly after the 300kV ion source
platform. Using this value as an upper limit for the starting parameter in a vacuum
simulation, the baseline residual gas pressure can be estimated as a function of the
paths along each of the two beamlines, as shown in Fig. 10.2. In these simulations,
the predominant residual gas species is assumed to be Hy, which represents the worst
case scenario, as the conductance of the vacuum pipes decreases for gas species with
higher masses [178]. In addition, the utilized TMPs pump Hy less efficiently than
heavier species. Therefore, the resulting residual gas pressures (indicated by the red

line in Fig. 10.2) represent an upper limit for the first part of the transfer line. Us-
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Figure 10.2: Vacuum simulation of the 300kV (top diagram) and 60kV beamline (bottom
diagram) using the VakTrak simulation software [157], in order to estimate the baseline
residual gas pressure as a function of the paths along each of the two beamlines. The
locations of the utilized vacuum pumps are indicated by the purple arrows. For better
orientation, the individual sections of the beamlines are highlighted.

ing solely stainless steel vacuum chambers, the outgassing rate for unbaked systems
can be estimated as 1071% 1 s7! em™2, and for baked systems as 10712 1 s7! cm™
[177]. The pumping speed of the vacuum pumps are adopted from the respective
manuals, which specify pumping speeds in the region of ~200 - 550 1 s=! for TMP
[179, 180, 181, 182], 50 1 s~ for the IGP [183] and 3 1s~! cm™2 for the ISP [184]). As
the vacuum system of the two beamlines are connected by the 90° deflector chamber,
an appropriate mutual gas load is considered in the two VakTrak simulations. The
vacuum simulations, demonstrated in Fig. 10.2, show that the targeted residual gas
pressure of < 107!% mbar in front of the CSR can be satisfied, using the presented
vacuum system.

This differential pumping section of the injection chamber has been implemented
and tested in the CSR transfer line. The entire injection chamber was baked for one
week at 200° C and subsequently leak-checked. A leak rate < 5-107'21s7! cm=2 was
observed. Using a cold-cathode ionization gauge (Edwards WRG-S DN40CF), the
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gas pressure was measured to be ~2-107? mbar in the vacuum chamber of the beam
viewer (see Fig. 10.1). After activation of the titanium-sublimation pumps and the
subsequent pumping of the injection chamber for a week, a residual-gas pressure of
~5-107 mbar was observed (using a hot-cathode vacuum gauge (Leybold IE 414)).
These measurements, which are in reasonable agreement with the estimates obtained
from the VakTrak simulations (shown in Fig. 10.2), demonstrate a suitable residual

gas pressure.

10.2 Overview of the CSR transfer line

The layout of the CSR transfer line is shown in Fig. 10.3. Starting on either the
60kV or 300kV ion source platform, the ion beam is transported via the ion-optical
elements, as presented in Sec. 8.2 (see Fig. 8.3 and Fig. 8.6). In both beamlines,
dipole magnets (labeled in blue in Fig. 10.3) are used to select only a specific ion
beam species, as discussed in Sec. 8.3.1. These two beamlines are merged together
using the 90° deflector with hole (discussed in Sec. 8.3.4) and are comprised of the
elements presented in the previous Chap. 8. After careful design, simulation and
testing, the CSR transfer line successfully meets all the stringent requirements placed
upon it. A photodetachment section is embedded in the transfer line to generate a
fast neutral atom beam (discussed in Chap. 9), which is subsequently merged to
the ions stored in the CSR. Fast (~ pus) switching of the potentials applied to the
90° deflector and all subsequent ion-optical elements of the transfer line allows the
interchange between ion beams generated on either the 60kV or the 300kV source
platform. The positioning of the photodetachment section after the merging section
facilitates the neutral beam production via photodetachment from either beamline.
To prevent the remaining negatively charged particles, which are not photodetached
by the laser photons, from entering the CSR, they are deflected via the subsequent
beam-cleaner. Using a Faraday cup to dump these particles, the ion current can
be detected to monitor the beam stability during experiments. The structure of
the injection chamber (discussed in Sec. 10.1) reduces the residual gas pressure to
a final range of 10~ mbar, to maintain the vacuum conditions of the cryogenic
storage ring. The final quadrupole triplet (QP4) of the CSR transfer line, which is
integrated in the injection chamber, is employed to match the twiss parameters of

the injected beam to the CSR machine parameters, as discussed in Sec. 8.2.
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Figure 10.3: Overview of the final CSR transfer line. The ion beams, generated on either
the 300kV or the 60kV source platform, are selected by the mass-to-charge ratio using
dipole magnets (blue labels). The quadrupole elements (labeled in red), which focus the
ion beam, have the same nomenclature used in the ion-optical simulations, shown in Sec.
8.2. The monitors (discussed in Sec. 8.3.2), which are implemented for beam diagnostics
are labeled in green. The two beamlines are merged via an electrostatic 90° deflector with a
hole, which enables a fast switching of the transported ion beam species. In the subsequent
photodetachment section, a fraction of the negatively charged ion beam can be neutralized
using a high-power diode laser. After removing the remaining charged particles via the
beam cleaner, the generated neutral beam travels along the first straight section of the
CSR, and subsequently are superimposed to the stored ion beam.
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Test measurements

In Sec. 10.2, the ultimate layout of the CSR transfer line was presented. Prior to
construction of this final CSR transfer line, a test beamline was assembled to per-
form tests of the vacuum system, the ion beam transport and the photodetachment
efficiency. The layout of this test beamline, shown in Fig. 11.1, allows the contin-
ued use of the 300kV beamline for the commissioning of the CSR, while the 60kV
beamline can be used independently to perform benchmark measurements of the ion
beam transport and the photodetachment.

In a first measurement, the transverse emittance of an ion beam transported along
the 60kV beamline was determined using the quadrupole variation method. In this
method (discussed in Sec. 11.1.1), the twiss parameters of the guided ion beam are
determined at a particular position. Feeding these experimentally obtained beam
parameters back into the transport matrix simulations helps to verify and optimize
the ion beam transport.

To test the functionality of the photodetachment section (discussed in Chap. 9), it
was first installed on the test beamline to conducted benchmark measurements. Us-
ing the setup shown in Fig. 11.1, preliminary measurements of the photodetachment
efficiency have been performed. Merging a high-power (2 kW) laser beam (\,, =
808 nm) with a well-defined, negatively charged ion beam (C~, O~), the neutralized
particles (C, O) were measured as a function of the laser power. In these measure-
ments, the absolute photodetachment efficiency was derived for various ion beam

kinetic energies.
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Figure 11.1: Layout of the test beamline. This beamline was used to perform test mea-
surements on the 60kV beamline, while keeping the option to inject ion beams into the
CSR via the 300kV beamline. Compared to the design of the CSR transfer line, shown in
Fig. 10.3, the positions of the ion-optical elements and monitors of the 300kV beamline
are identical. The 90° deflector with a hole, the photodetachment section and the beam
cleaner are replaced by vacuum tubes. The 60kV beamline is slightly modified, in that the
straight section after the 90° magnet crosses the 300kV beamline. The ions, created on the
60kV ion source platform, are deflected by a simple 90° deflector into the photodetachment

section aligned parallel to the 300kV with at a distance of ~1.5 m.
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11.1 Beam emittance measurement

To gain information of the ion beam quality along the CSR transfer line, the trans-
verse beam emittance is experimentally determined using the quadrupole variation
method [185]. This method allows for the determination of the beam’s twiss pa-
rameters «, [ and the emittance ¢ at a particular position, using only the beam
profile monitor already implemented in the beamline. Varying the strength K of a
quadrupole lens that focuses an ion beam, affects the size of the beam at a particular
distance from the quadrupole lens. Using the transport matrix formalism, this cor-
relation can be utilized to determine the transverse phase space ellipses of the beam
in front of the quadrupole lens (discussed further in Sec. 11.1.1).

In Fig. 11.2, the setup for the beam emittance measurement is illustrated. An ion
source generates either a positively or negatively charged ion beam, which is then
mass selected via a 90° magnet. The beam current of the selected ion species can
be measured using a Faraday cup (see Sec. 8.3.2), placed after the magnet. The
subsequent electrostatic quadrupole triplet QPB focuses the ion beam horizontally
and vertically onto a beam profile monitor (BPM). This BPM, which is placed in
a distance of Lp = 1.57 m from the exit of QPB, and measures the horizontal and
vertical spatial distribution of the ion beam, as discussed in Sec. 8.3.2. The beam
size at this position (pos. B) can be adjusted by varying the strength of the third
quadrupole lens (QPB-3) in QPB. Measuring the horizontal and vertical beam width
as a function of the quadrupole strength K in QPB-3, allows the calculation of the
transverse phase space ellipses of the beam before entering QPB-3 (pos. A). Measur-
ing the resulting beam widths in pos. B for a minimum of three quadrupole strengths

K, the beam parameters «, § and € can be determined at pos. A.

11.1.1 Quadrupole variation method

In the quadrupole variation method, illustrated in Fig. 11.2, the ion beam transport
system consists of the quadrupole lens QPB-3 with a length L and a drift section of
a length Lp. As discussed in Sec. 6.2, this ion-optical system can then be described
by the transport matrix R,

R = Rpyift - Rquad (11.1)

where Rpir, and Rquad represent the transport matrices for a drift section and a

quadrupole, respectively. In this ion-optical system, the horizontal and vertical mo-
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tion of the particles are uncoupled, which allows to separate the transverse sections
of the transport matrix in two 2x2 sub-matrices. The horizontal (x) and vertical (y)

transfer matrix (see Appendix C) of the drift section are both given by

1 L
Rx,Drift = Ry,Drift = (O 1D) . (112)

A quadrupole lens defocuses an ion beam in one transverse direction, while focusing

in the other direction. Therefore, the horizontal and vertical sub-matrix of the
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Figure 11.2: Setup for the ion beam emittance measurement, using the quadrupole varia-
tion method. Generated in an ion source, the ion beam is mass selected via the 90° magnet.
The current of this ion beam is then measured using a Faraday cup, before entering the
quadrupole triplet QPB. Using this quadrupole triplet QPB, the ion beam is horizontally
and vertically focused onto a beam profile monitor (BPM). For different strengths applied
to the third quadrupole lens (QPB-3), the beam profiles are recorded at pos. B. The mea-
surement of the beam profiles for at least three different quadrupole settings allows the

determination of the beam’s twiss parameter at the entrance of the varied quadrupole lens
QPB-3 (pos. A).



11.1. Beam emittance measurement 173

transport matrix Rquaq in Eq. 11.1 are either given by

B cos (\/ KLQ> \/% sin (\/ KLQ)
RQuad,F - (—\/Esin (\/ELQ) cos (\/ELQ) ) (113)

" [ cosh (\/ KLQ) —=sinh (\/ KLQ>
RQuad,DF - (\/ES]nh (\/RLQ) \/;OSh (\/ELQ) ) (114)

where Rquada,r and Rquad,pr Tepresent a focusing and a defocusing quadrupole lens
with the strength K and length L.
Assuming a horizontally defocusing quadrupole lens, the total ion-optical system of

the quadrupole variation method, which is represented by Eq. 11.1, can be given as

Rll R12
Rz == - Rx,Drif ‘R uad,DF' (115)
<321 Rzz) Lo
and
R33 R34
R — — R bt - Rowtr . 11.6
y (R43 R44> v.Drift * FlQuad,F (11.6)

As discussed in Sec. 6.3, the phase space of a particle beam can be described by
the o-matrix. Using the twiss parameter notation, the horizontal and vertical phase

space of the uncoupled particle beam is defined by

o, = [T T2 — ¢, . e 0o 7 (11.7)
021 0922 —Qy YV

o, = 033 034 —e,- By —ay 7 (11.8)
043 044 —Qy Yy

respectively. Assuming, that the horizontal and vertical phase space of the ion beam

and

at pos. A (see Fig. 11.2) are represented by the o-matrices o, (pos.A) and o, (pos.A),
the beam propagation through the ion-optical system, shown in Fig. 11.2, to pos. B,

can be calculated via [137]

0.(pos.B) = R, - 0,(pos.A) - RL, (11.9)
oy(pos.B) = R, - o, (pos.A) - R . (11.10)
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Using the horizontal and vertical transport matrix R, (Eq. 11.5) and R, (Eq. 11.6)
together with their transposed counterparts R} and R in Eq. 11.9 and Eq. 11.10,
respectively, the o-matrix in pos. B can be determined for a given o-matrix in pos. A.
These systems of equations form the basis of the beam emittance measurement via
the quadrupole variation method. In pos. B, the horizontal and vertical beam widths

Tmax and Ymax, Which are given by

Tmax (pos.B) = \/ewﬁm(pos.B) = \/all(pos.B), (11.11)
Ymax (P0s.B) = /€,8,(pos.B) = \/o33(pos.B), (11.12)

are measured as a function of the quadrupole strength K(QPB-3). In Fig. 11.3,
the horizontal ion beam propagation through transport system of the quadrupole
variation method is presented for three different quadrupole strengths K (QPB-3).
Starting with the same beam parameters at pos. A, the beam size in pos. B varies
with the applied quadrupole strength. The o-matrix in pos. A, which remains con-
stant during the measurement, is transformed via the transport matrix R for different

values of K(QPB-3). The matrix elements 011 (pos.B) and o33(pos.B), which repre-

Lo Lo .
é—‘ =
-4 =™
>EE_' g
1= BPM
]
\ * S
pos. A pos. B

Figure 11.3: Simulated ion beam propagation to illustrate the quadrupole variation
method using linear transport matrices. 4, represents the horizontal beam width. Start-
ing with identical beam parameters in pos. A, the ion beam transport is shown for three
different quadrupole strengths K (QPB-3). In this example, a horizontally converging beam
is defocused by QPB-3 with K(QPB-3) = -14.7 m~2 (brown line), K(QPB-3) = -15.4 m 2
(blue line) and K(QPB-3) = -15.7 m~2 (black line), creating different beam widths in
pos. B. The knowledge of the ion-optical transport system, together with the detected
beam widths (Z;4z), allows to determine the beam parameters in pos. A, according to Eq.
11.13.
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sent the square of the transverse beam widths, can be derived from the expansion of

Eq. 11.9 and Eq. 11.10, respectively, leading to

22 (pos.B) = R3,011(pos.A) + 2R11 Ry1021(pos.A) + R3,095(pos.A), (11.13)
yfnax(pos.B) = R§3033(pos.A) + 2R33Ry43043(pos.A) + R33044(pos.A) ) (11.14)

The elements of the transfer matrix R are determined by the constant drift length
Lp and quadrupole length Lg, and the variable quadrupole strength K. The mea-
surement of the horizontal and vertical width (ymax(pos.B) and ymax(pos.B)) for at
least three different settings of K, allows then to determine all elements of o, (pos.A)

and o,(pos.A) via Eq. 11.13 and Eq. 11.14, respectively.

11.1.2 Analysis

Using the setup of the 60kV test beamline, shown in Fig. 11.2, the transported
transverse emittances €, and ¢, of a D~ beam with a kinetic energy of 35 keV, was
measured. After its generation in a Cs-sputter source [186, 187], the ion beam is
accelerated and subsequently guided via the quadrupole triplet QPA and the mass
selective 90° magnet onto a Faraday Cup. In this measurement, the source was oper-
ated with an emphasis on stability and longevity, i.e. minimizing current fluctuations
and allowing the source to run for weeks without maintenance. Using the Faraday
cup after the 90° magnet, the D™ beam current was measured to ~4 pA. This ion
beam is then focused onto the BPM in pos. B (see Fig. 11.2) using the quadrupole
triplet QPB.

For 16 different potentials applied to the third quadrupole lens of this triplet (QPB-
3), the horizontal and vertical beam profiles were recorded using the BPM, as dis-
cussed in Sec. 8.3.2. The resulting beam profiles are shown in Fig. 11.4, represented
by the blue lines. Both the horizontal (x) and vertical (y) beam profiles are fitted
with a Gaussian distribution, indicated by the red line. A single standard deviation
(1o) is utilized as the beam width of these recorded profiles. The resulting beam
widths z1, and y;, of the profiles 1 - 16 are listed in Tab. 11.1, together with the
potential U(QPB-3) applied to the quadrupole lens QPB-3. These potentials can be
converted to a quadrupole strength K (QPB-3), according to Eq. 8.13. The nega-
tive values in the quadrupole strength K (QPB-3) indicate that this quadrupole lens
focuses in the vertical direction and defocuses in the horizontal. The square of the

measured beam widths (z?_, y2 ), also given in Tab. 11.1, are plotted as a function
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Measured transverse beam profiles at pos. B of a D
energy of 35 keV, propagating along the CSR beamline. The horizontal and vertical beam

Figure 11.4

profile is recorded for 16 different potentials, applied to the third quadrupole lens of QPB.
These recorded horizontal (x) and vertical (y) spatial distributions, which are represented

by the blue line, are fitted by Gaussian profiles, indicated by the red line. The settings

of the varied quadrupole lens QPB-3, together with the resulting horizontal and vertical

beam widths are listed in Tab. 11.1 for each recorded profile.
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Profile | U(QPB-3) [V] K(QPB-3) [m~2] 71, [mm] y, [mm] 22 [mm?] y? [mm?]

T
T

1 +458.0 -14.54 2.9440.02 1.3940.01 8.65+0.10 1.93£0.04
2 +460.0 -14.60 2.74+£0.02 1.344+0.01 7.52£0.09 1.79£0.04
3 +463.0 -14.70 2.484+0.01 1.2840.01 6.13£0.07 1.63%0.03
4 +465.0 -14.76 2.29+0.01 1.27+0.01 5.244+0.06 1.62+0.03
5 +468.0 -14.86 2.03+£0.01 1.25+0.01 4.114+0.05 1.56%0.02
6 +470.0 -14.92 1.86£0.01 1.26£0.01 3.45£0.05 1.59+0.02
7 +473.0 -15.02 1.57+0.01 1.274+0.01 2.48+0.04 1.6240.03
8 +475.0 -15.08 1.414+0.01 1.31£0.01 2.00£0.03 1.72+0.03
9 +478.0 -15.18 1.1940.01 1.36£0.01 1.41£0.02 1.85+£0.03
10 +480.0 -15.24 1.07£0.01 1.41+0.01 1.14£0.01 1.98+0.03
11 +482.0 -15.30 0.98+0.01 1.46+0.01 0.95+0.01 2.1440.04
12 +485.0 -15.40 0.89+0.01 1.55+0.02 0.79+0.01 2.4140.05
13 +487.0 -15.46 0.88+0.01 1.63+0.02 0.77£0.01 2.65%0.06
14 +490.0 -15.56 0.93£0.01 1.76+£0.02 0.87+0.01  3.09£0.08
15 +492.0 -15.62 0.99+£0.01 1.844+0.02 0.984+0.01 3.3840.09
16 +495.0 -15.71 1.15+0.01  2.00£0.03 1.32+£0.01 4.00+£0.12

Table 11.1: Recorded spatial beam profiles at position B, dependent on the voltage applied
to the quadrupole lens QPB-3, as shown in Fig. 11.2. A single standard deviation of the
Gaussian fits, shown in Fig. 11.4, are utilized as the horizontal and vertical beam widths,
o, and oy, respectively.

of the quadrupole strength K(QPB-3) in Fig. 11.5 (represented by the blue dots).
Fitting Eq. 11.13 and Eq. 11.14 to this data set using a least squares method, the
matrix elements o1, 091 and 095 and o33, 043 and o4y are obtained. These fits are
plotted in Fig. 11.5, indicated by the red line. Using Eq. 11.7 and Eq. 11.8, the
horizontal and vertical twiss parameters prior to the quadrupole lens QPB-3 (pos.
A) and the beam emittance are extracted from the fits. The resulting horizontal and
vertical phase space ellipses, together with the derived twiss parameters (o, (s, oy,
By), representing the ion beam at pos. A, are shown in Fig. 11.6. The horizontal
and vertical 1o-emittance that is transported through the beamline as shown in Fig.
11.2, is determined to €. = 5.4 mm mrad and €7 = 5.9 mm mrad, respectively. In
addition to the information of the beam quality, these parameters can be utilized

to calculate the transport of the ion beam, propagating through the beamline. The
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Figure 11.5: The square of the beam width as a function of the quadrupole strength K.
The blue dots represent the measurements of the beam profile, as listed in Tab. 11.1. The
red line indicates the fit according to Eq. 11.13 and Eq. 11.14, respectively, which yields
the twiss parameters of the beam at the entrance of quadrupole lens QPB-3.
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Figure 11.6: Horizontal and vertical phase space of the D™ beam directly in front of the
quadrupole lens QPB-3 (pos.A in Fig. 11.3).

knowledge of the twiss parameter «, § at one reference point provides the determi-
nation of a and S at every location in a well-defined ion-optical system. Using the
measured beam parameters as starting values, MAD X simulations can serve as a
feedback for the ion-optical settings, in order to optimize the beam transport. On
the other hand, the evolution of an ion beam along the beamline can be determined
for a given set of adjusted ion-optical elements.

The quadrupole variation method is a relatively simple technique to estimate the

transverse emittance of a transported ion beam, relying on the conservation of the
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emittance during the variation of the quadrupole strength. Despite this advantage,
this method is limited in its accuracy, as the algorithm that is employed uses linear
transport matrices (discussed in Sec. 11.1.1), where non-linear effects are neglected.
Higher order effects introduced by ion-optics or space charge effects are not taken
into account. As a result, only elliptical shaped phase spaces can be obtained in this
method.

A more accurate determination of the transported transverse beam emittance would

require additional analyzing instruments (e.g. slit-grid [188], Pepper-Pot [189)]).

11.2 Photodetachment measurements

To benchmark the apparatus’ capabilities of producing fast, neutral-beams via pho-
todetachment (PD), a series of preliminary measurements were performed on C~
and O~ ion beams. These measurements were taken using the test beamline setup,
as depicted in Fig. 11.1, prior to its integration into the CSR injection beamline.
To provide a quantitative measure of the neutral particle flux that is created by PD
for the parent anion beam, a method to calibrate the utilized neutral cup detector
is presented (see Sec. 11.2.2). The procedure used to measure the PD efficiency is
briefly outlined in Sec. 11.2.3, after which initial measurements of the C~ and O~

PD efficiency are shown and compared to a simple model.

11.2.1 Measurement overview

The PD measurements were performed using either a C~ or O~ ion beam. Generated
in a Cs-sputter source [186, 187], these beams were extracted from the 60kV source
platform. Selected by its mass-to-charge ratio using a 90° bending magnet, the anion
beam is guided along the test beamline, as shown in Fig. 11.1. After the second
quadrupole triplet (QPB), the beam is deflected using a simple double-focusing elec-
trostatic 90° deflector, as described in detail in [190]. Capable of applying up to
+9 kV to the inner and outer electrode, respectively, this 90° deflector limits the
maximum kinetic energy to 35 keV for the transport of singly charged ions along
the test beamline. Now flying parallel to the CSR injection beamline, the ion beam
undergoes final focusing and steering in quadrupole triplet QPC and is then passed
through the PD section, as depicted in Fig. 11.7. After passing a 4.5 mm aper-

ture, the beam continues to fly near ballistically for approximately 2.9 m, before
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Figure 11.7: Overview of the PD test measurement scheme. The inlaid graphs represent
a relative measurements of the neutral and ion signal, while gating the laser.

passing a second 4.5 mm aperture. This aperture pairing limits the maximum area
in phase space of ballistic beams transmitted through the PD section to A = 7e &~
6.75 mm mrad, as demonstrated in Sec. 9.3.

In the PD section, the ion beam is crossed with an 808 nm direct diode laser (de-
scribed in Sec. 9.2), which crosses the ion beam with an angle of ~ 2.7°. As the
laser energy is higher than the binding energy of the outermost electron of both the
C~ and O~ anion, a fraction of the parent ion beam is photodetached in the laser
interaction region.

The resulting superposition of a fast neutral and parent anion beams continue bal-
listically until a parallel plate deflector, the so-called beam cleaner (see Sec. 9.4), is
reached. With the correct potentials applied, the ion beam undergoes a deflection
of 14.5° and is guided into a Faraday cup. The neutral beam, unaffected by the

electrostatic field, continues its ballistic trajectory. The resulting fast, pure, atomic,
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neutral-beam continues for ~ 2 m, after which the neutral flux is measured in a
neutral cup, described in Sec. 11.2.2. The neutral cup provides a measure of the
neutral beam flux via the secondary electron emission current induced from particle
impacts. A similar detection system is described by [191, 123].

During the PD benchmarking measurements, the ion current and neutral flux are
measured as a function of the ion-beam kinetic energy over a range of laser powers.
To determine the absolute photodetachment efficiency, the average secondary elec-
tron yield per neutral atom impact (), must be first evaluated. The 7 factor for a
metal target has been shown to possess a dependence on the projectile atomic num-
ber, velocity, charge, angle of incidence, target material, target surface roughness,
and surface contamination [192, 193, 194]. Given 7’s sensitivity to both the incident
particle parameters and the condition of the target surface, a relatively simple and

reliable method for determining ~ is required.

11.2.2 Neutral flux measurement

To determine the absolute neutral particle flux, a custom neutral cup was designed to
measure the secondary electron emission induced from incident keV atomic particles.
A schematic overview of this design is shown in Fig. 11.8. The layout of this cup is
similar to that of a traditional Faraday cup, described previously in Sec. 8.3.2, and
commonly utilized for ion beam measurements.

The neutral cup consists of a copper target, slightly angled toward the incident parti-

DN160CF
Aperture Collector Electrons

Ring electrode Repeller Target
(-50V) (-300V) (-50V)

Figure 11.8: Schematic of the neutral cup, overlaid with a SIMION simulation of the
secondary electron trajectories induced by keV neutral particle collisions with the Cu target
surface.
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cle beam. The target is enclosed within, but electrically isolated from a stainless-steel
cylindrical electrode (with a diameter of 97 mm), known as the collector. The collec-
tor, in turn, is nested concentrically within a larger electrode, denoted the repeller.
The repeller is electrically insulated from both the target and the collector. The
target, collector, and repeller are mounted, via a series of ceramic shoulder bush-
ings, to ensure the arrangement remains electrically insulated, to a base plate that
is mounted to a CF160 to CF40 reducer flange. To prevent any neutral particles
striking any cup elements except the target surface, an aperture with an bore di-
ameter of 75 mm is mounted directly in front of the cup arrangement. In front of
this aperture, mounted towards the incoming beam, a ring electrode is attached.
Applying a potential of ~ -50 V, this electrode serves to repel free electrons in the
vacuum system from entering the cup.

Biasing the copper target with a negative potential of ~ -50 V| ensures that the slow
secondary electrons (kinetic energy of typically a few eV [193]) are repelled from the
target surface, reducing surface recombination. The surrounding collector electrode,
as the name suggests, can then collect the secondary electrons. The generated signal
is subsequently measured via a fast-current amplifier (FEMTO DLPCA-200).

To further enhance the electron collection efficiency, the surrounding repeller elec-
trode is negatively biased to ~ -300 V, guiding the secondary electrons to the col-
lector surface. This effect is magnified by an angular cut in the collector surface.
This angling, with a normal opposing that of the target normal, aids the leakage of
repeller potential field into the collector volume, thus creating a potential gradient
which steers the electrons towards the grounded, longer-arm of the collector (see Fig.
11.8). The entire cup arrangement is designed to fit within a standard CF160 nipple,
which provides an outer grounding volume to the housed electrodes.

During experimental measurements, secondary electron currents down to few pA
were measured, this limit was due to, predominantly, environmental electrical noise.
To absolutely measure the incident particle flux, the secondary electron emission per
particle impact must first be determined. In this context, it is convenient to define

the neutral flux in terms of an effective current.

Gamma determination

To provide a reliable and repeatable measure of the «y factor (secondary electron yield

per particle), a technique that is compatible with the stringent operating demands
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of the CSR transfer line was required. Previous experiments relied on a He-gas cell
to strip a parent negative ion beam in order to calibrate a similar neutral cup [123].
Simultaneously measuring the parent ion current transmitted through the gas cell
and the double-stripped positive ion current in a Faraday cup, while monitoring the
effective neutral current in the neutral cup, a value for v could be determined. Such
a gas cell usually requires narrow, confining apertures/channels to minimize the con-
ducted gas load into the surrounding vacuum system. Such apertures would severely
limit the beam transport into the CSR, discussed in Sec. 8.2, whereas without the
apertures, the gas pressure would exceed the beamline’s design requirements.

A simple method to calibrate the neutral cup is the use of a pilot ion beam. This
method assumes that the secondary electron emission for a negatively charged parti-
cle is approximately equal to that of its neutral counterpart [193], when the addition
charge of the ion beam is taken into account. For such a measurement, the neutral
cup is first configured to its Faraday cup mode by electrically coupling the target
and collector. In this mode the neutral cup can give an absolute measurement of the
pilot ion beam current, as the secondary electrons are recaptured by the collector
and thus only the beam current is measured (cup mode). To measure the electron
loss from the target, the neutral cup is reconfigured, in that the target is electron-
ically disconnected from the collector. By applying a positive potential (~ 300 V)
to the collector and measuring the ion current on the target, allows to measure the
secondary electron loss from the target (loss mode). Finally, to cross-check the mea-
surement, the actual configuration of the neutral cup, as denoted in Fig. 11.8, is
applied. The target of the neutral cup is biased with -50 V and the secondary elec-
tron emission is detected on the collector (gain mode).

Measuring the ion current (in cup mode), Iyeam, and the secondary electron current
(in either the loss or gain mode), Igectron, induced by a stable ion beam that impinges

on the target surface, allows to determine the v factor via

Ieecron
y = ectron (11.15)
Ibeam

where n denotes a compensation value for the additional electron brought into the
system by the detected anions (0 for loss mode, and 1 for gain mode). The electron
to anion current ratio yields the number of electrons measured per particle impact.
To account for the additional electron brought by the negative charged ion, this ratio
must be subtracted by 1 to yield the ~ factor.

Tab.11.2 shows a sample measurement utilizing the three discussed neutral cup con-
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Ion current Ion current Ion current derived ~ derived ~y
(cup mode) [nA] (gain mode) [nA] (loss mode) [nA] (gain mode) (loss mode)
50.8 244.5 193.5 3.81 3.80
52.6 241.4 189.0 3.58 3.59

Table 11.2: Typical v measurement for C~ at 25 keV, with the cup configured in cup
mode, gain mode, and loss mode.

figurations for C~ ions at a kinetic energy of 25 keV. The two neutral cup configu-
rations to measure the current of the secondary electrons were found to be in good
agreement. Using Eq. 11.15, the calculation of 7y within the individual measurements
were consistent.

For both C~ and O~ beams, measurements were taken to determine the ~ factor
for kinetic energies ranging between 10 and 35 keV, in 5 keV steps. In Fig. 11.9,
the resulting v as a function of the ion velocity are presented. The 7 factor for
both the C~ and O~ ion beams, are shown to increase in an approximately linear
fashion with ion beam velocity. This is in general agreement with data presented in
[193, 194], which suggest that the secondary electron emission coefficient follows a

linear relationships for impact velocities in the region of 2 to 20-10” cm s~!.
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Figure 11.9: Gamma measurements derived from measurements on C~ (open circles) and
O~ (open squares) ion plotted against their respective velocities, for parent beams with
energies ranging from 10 to 35 keV. The average of measurements at a given velocity are
shown by the filled markers. A linear fit for each of the data sets is also shown.
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Independent measurements of the v factor over a period of days, demonstrated a
repeatable accuracy in the region of 10 %, with the exception of the multiple mea-
surements of the 7 factor in the O~ data, obtained for velocities ~5x107 cm s~
This series of measurements were taken after venting of the system to atmosphere,
suggesting that the large variation was due to surface contamination which can dra-
matically affect the secondary electron emission coefficient [193]. This effect high-
lights the need for regular calibration of the v factor prior to each experimental

measurement.

11.2.3 Photodetachment efficiency

PD efficiency measurements were taken for a C~ and O~ parent anion beam at ki-
netic energies ranging from 10-35 keV for C~ and 10-30 keV for O~. Due to facility
maintenance, the vacuum system was vented for a period of two days between sub-
sequent O~ measurements, this venting greatly affected the v factor and introduced
a large uncertainty as the neutral cup target was gradually surface cleaned by the
ion beam via surface sputtering. After optimizing the beam transport, the v fac-
tor was first measured (previously discussed in Sec.11.2.2) prior to beginning the
PD efficiency measurement. According to the measurement scheme, illustrated in
Fig. 11.7, the PD efficiency for C~ and O~ was measured using laser drive currents
ranging from 10-85 A (corresponding to laser powers ranging from ~ 0.1-1.6 kW).
With the laser off, the parent ion current is first measured as a benchmark. In a
next step, the laser is cycled on and the laser parameters are recorded (e.g. current,
voltage, output power, temperature). The power meter, on which the laser power is
recorded, requires a short period to thermally stabilize. In this time period, the ion
current and the laser-induced neutral current are detected, after which finally the
laser output power is measured. The laser is then cycled off, the drive current incre-
mented and the process started again. It is essential to record the ion current with
the laser off for each measurement step to account for any current drift throughout
the measurement.

A sample measurement shown in Fig. 11.10, illustrates a typical measurement, whilst
also highlighting the effect of a &~ 6 nA current drift on the parent beam (the laser
power is iteratively increased for each measurement). The ion beam currents de-
tected for laser off (red circles) and for laser on (green squares), together with the

secondary electron currents (blue triangles) induced by the generated neutral beam,
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Figure 11.10: Sample of the ion currents, laser on (green squares), laser off (red circles)
and the measured, uncalibrated secondary electron current due to neutral impacts (blue
triangles) for a range of applied laser powers. Measurements shown are recorded for a C~
parent ion beam at 25 keV.

are measured as a function of the laser power.

Utilizing the v factor measurements, derived in the previous section (see Fig. 11.9),
the detect beam currents (measured at a specific laser power), allow to determine
the PD efficiency n by

I neutral I electrons 1

Iion Y [ion ’

n= (11.16)
where leectrons denotes the secondary electron current, yielded by the corresponding
neutral beam current Ieuiral. Lion represents the parent ion beam current, detected
via the Faraday cup when the laser beam is switch off. Using Eq. 11.16, the derived
PD efficiencies in the measurements, performed for C~ (red circles) and O~ (blue
squares) ion beams with kinetic energies ranging from 10-35 keV and 10-30 keV,
respectively, are shown in Fig. 11.11. For all measurements, the PD efficiency is
observed to linearly increase with the laser power until approximately 1.2 kW. This
observation is in agreement with Eq. 9.6 (see Sec. 9.1), where the predicted PD

efficiency is approximated by

1 2 OPD P 2y2
- /2 Y 11.17
() sin® \ 7 v hrw P ( w? )’ ( )
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Figure 11.11: PD efficiency measurements for a C~ (red circles) and O~ (blue squares)
ion beams as a function of laser power, for a range of ion beam energies. The errorbars
represent ~10 % uncertainty which are dominantly propagated from the v measurement
error. The solid curves are a straight line fit from 0 to 1.4 kW with the intercept fix to 0.
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indicating that the PD efficiency n scales linearly with the laser power P. Operating
the diode laser system at higher powers (beyond a laser power of ~1.2 kW) leads to
a degradation in the laser beam quality, as previously described in Sec. 9.2. Due
to an increasing thermal load on the diode stacks, the divergence of the resultant
laser beam increases, which leads to an increase of the laser beam width w in the PD
interaction region. As a result, the increase in PD efficiency with laser power slows,
at these higher powers (see Fig. 11.11).

Taking the C~ and O~ PD efficiency measurements (from Fig. 11.11) performed at
maximum laser power, the relationship between PD efficiency and the kinetic energy
of the parent ion beam can be investigated. From Eq. 11.17, the PD efficiency ()
should be inversely proportional to the velocity of the parent ion beam (vio,). In Fig.
11.12, the experimentally measured PD efficiency for both C~ and O~ ion beams are
shown to reasonably follow this inverse dependence, 1 o 1/viop.

In this section, test measurements of the PD efficiency of C~ and O~ anions were
presented. After calibrating a neutral particle detector, the neutral flux generated via
photodetachment from a parent anion beam was measured. These test measurements
demonstrated photodetachment efficiencies ranging between ~ 9 % to 4.7 % for C~

anions possessing kinetic energies of 10 to 35 keV, respectively and similarly for O~
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Figure 11.12: Laser photodetachment efficiency, at full laser power, for C~ (red circles)

and O~ ions (blue squares), plotted against 1/vjo,. The lines represent a linear fit of the
data.
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anions, ~ 1.7 % to 1.4 % with the corresponding kinetic energies of 10 to 30 keV.
For the continuous, stable operation of the ion source for several weeks without
maintenance, a moderate ion beam current was produced (~ pA) and transported
through the PD setup. With a parent beam current of ~10-70 nA (dependent on the
anion species and its kinetic energy) transmitted through both 4.5 mm apertures,
fast neutral atom beams were generated of 1-3 nA (C) and 300-900 pA (O).
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Chapter 12

Summary and Perspectives

Ion-neutral reactions play a pivotal role in the cosmic chemistry of interstellar clouds,
representing approximately 2/3 of all reactions in current gas-phase models [195, 196].
Despite the importance of ion-neutral reactions in astrochemistry, discrepancies re-
main in the reaction rates of the chemical network. As these destruction and forma-
tion rates determine the relative cosmic abundances, they are critical for the complete
understanding of interstellar chemistry.

Traditionally, preparation of an internally and translationally cold molecular ion
beam and superimposing it with a ground-state atomic beam, presented a signifi-
cant barrier in experimental studies. In this work, an apparatus surpassing these
limitations was introduced. This apparatus is capable of preparing a cold molecular
ion beam and subsequently merging it with an atomic neutral beam at low (~ meV)
center-of-mass collision energies. This apparatus’ design, simulation and construc-
tion of individual components were described and discussed in detail.

Ions formed in traditional ion sources tend to have high degrees of internal excitation,
with internal temperatures often of a few thousand Kelvin, e.g. [197]. To accurately
investigate ion-neutral chemistry at astrophysically relevant temperatures, these ions
must first be internally and translationally cooled. To this end, ions are first stored
in the Heidelberg Cryogenic Storage Ring (CSR), where they can radiatively couple
to the surrounding 10 K radiation field. Also, currently under construction at the
CSR is an electron-cooler which will provide translationally cold stored ion beams
(143, 151]. Following a brief introducing of the CSR’s design principles and experi-
mental capabilities, the requirements of a transfer line were discussed. To efficiently
couple a well-defined ion beam for storage in the CSR, while minimizing both the

induced thermal and gas load, an efficient transfer line was designed, matching the
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CSR machine parameters. Two distinct ion source platforms, supplied by a potential
of up to £300 kV and £60 kV, respectively, were combined via an electrostatic 90°
deflector with a hole. The transport of charged particles through both the 300kV
and 60kV beamline were optimized via MADX simulations. In these simulations, the
ion-optical system was calculated using the linear matrix formalism. To also account
for higher order effects and provide a more in-depth description of individual compo-
nents of the CSR transfer line, the ion beam transport through the designed models
were simulated using SIMION. In these simulations, particle beam trajectories were
tracked through the ion-optical elements and the resulting phase space distributions
were analyzed. In this manner, the validity of the linear approximation utilized in
the previous MADX simulations were examined.

A crucial component of the CSR transfer line for merged beams experiments is the
photodetachment apparatus. In this section, a fraction of the anion beam is pho-
todetached and thus, a keV energy, neutral, atomic beam is generated. In a brief
description of the photodetachment process, it was shown that the photodetachment
efficiency can be optimized by minimizing the overlap angle between the ion and
laser beam (thus maximizing the overlap length). In a series of laser profile measure-
ments the high-power (2 kW) continuous wave laser system was characterized, after
which an optimized design of the photodetachment chamber permits a shallow angle
(2.7°) of incidence between the two beams. To inject a pure, neutral atom beam, the
remaining anions must first be cleaned from the system. To this end, the design and
simulation of a parallel-plate deflector, denoted the beam cleaner, which removes the
remaining anion particles, were presented.

Taking into account all of the design considerations from Chap. 8 and 9, an overview
of the final CSR transfer line design was presented. To ensure that the injection
beamline could meet the stringent vacuum criteria demanded by the CSR, VacTrak
vacuum simulations were performed and the various vacuum pumping and optimiza-
tion methods briefly discussed (e.g. baking).

Finally a test beamline was constructed and assembled in the experimental hall prior
to conducting a series of preliminary test measurements. This test beamline also suc-
cessfully provided the first cold commissioning phase of the CSR [151]. To confirm
the functionality of the beamlines, a series of test measurements were performed to
determine the beam twiss parameters, emittance of a transported ion beam and the
photodetachment capabilities of the PD section. Following that, the methods and

results of these measurements were presented and their implications discussed.
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In the Summer of 2015, during the course of this work, the CSR itself was com-
missioned, and under cold conditions a series of experimental measurements were
obtained. In these measurements, both negatively and positively charged ions rang-
ing from simple atoms, e.g. Ar™, to clusters, e.g. Cos, with energies in the region
of ~ 60 keV, were successfully stored [151]. Being almost fully-electrostatic, the in-
jection beamline and CSR potentials were scaled to a range of injection energies, for
example during the CH™ photodissocation measurements [198]. These measurements
demonstrated that the stored CH™ ions cool down in internal temperature to regions
of 20 K. In the CSR, storage times on the scale of ~ 1000 s, for ~ 10® stored ions
were observed, from which equivalent residual gas pressures below 1074 mbar were
deduced. Thus confirming both the successful design of the CSR’s vacuum system
and the low conductance of the injection beamline into the CSR.

The demonstrated storage times, residual gas and thermal conditions are favorable
for conducting ion-neutral merged-beams experiments, as they permit stable condi-
tions in which replicate those found in interstellar environments. To conduct these
experiments, a combination of detectors mounted inside the CSR and external energy
analyzers will be employed. In the upcoming beamtime, the first series of ion-neutral
merged-beams experiments will be performed at the CSR. These measurements will

focus on the charge exchange reaction between atomic and molecular hydrogen

Hi +H— H" +H,,
HD" +H — H" + HD.

This reaction represents a potential destruction pathway for interstellar H ions, a
competitive pathway for Hf formation reaction:

Hy + Hy, — Hf + H.

Other reaction systems of interest include the water formation, deuterium fractiona-
tion or the synthesis of organic molecules initiated by ion-neutral reactions with Hj

in interstellar space. These reaction pathways (depicted in Fig. 2.7 in Sec. 2.3), can
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be investigated in ion-neutral collision experiments involving H3 | e.g.

Hi +0O — OH' + H,
— OHj +H,
— OHj.

Hi + D — HD" + H,
— H,DT +H,

Hi +C — CHY + H,
— CHy +H
— CHJ .

Due to the lack of a permanent dipole moment, HI can not undergo efficient ra-
diative cooling while being stored inside the CSR. To circumvent this barrier, the
Hj ions can be pre-cooled in a 22 pole trap, mounted to either ion source platform,
prior to extraction and injection into the CSR. As demonstrated in Part I of this
work, the 22 pole trap is capable of producing internally cold ions, via buffer gas
cooling, e.g Hf. The combination of these two laboratory instruments forms a ver-
satile experimental tool which, for the first time, is capable of investigating neutral

molecular-ion reactions at true astrophysical temperatures.



Appendix A

Statistical nuclear spin configurations
of the reaction Hi + Hp

High temperature statistical model by Oka

The resulting nuclear spin configurations of the (o/p)-Hi + (o/p)-Hs complex can
be derived for high temperatures, using nuclear spin selection rules. The values in
the statistical limit for the reaction pathways of H + Hj have been derived by T.
Oka [76] and are summarized in Tab. A.1 and A.2. At low temperatures (10 - 160
K), the nuclear spin selection rules, alone, are insufficient to describe the resulting
nuclear spin configurations of Hj and Hy. Therefore, Park and Light developed
a microcanonical statistical model which also account for the conservation of the
angular momentum, energy and parity [79]. The calculated probabilities for the
resulting nuclear spin (ortho / para) configurations at the high temperature limit,
80K and 10K are summarized in Tab. A.3.
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A. Statistical nuclear spin configurations of the reaction H;)r + Hs

Table A.1: The nuclear spin configurations with their values in the statistical limit for
the three reaction pathways (identity, proton hop, exchange) and their sum (total) of H;
+ Hy [76]. The rows of the tables represent the nuclear spin configuration of the reactant
and the columns of the tables represent the nuclear spin configuration of the product.

identity weight | (o-H3, o-Hy) (o-Hi, p-Hz) (p-Hi, o-Hy) (p-Hi, p-Hy)
(o-H3, o-Hy) 12 6/5 0 0 0
(o-Hi, p-Hp) | 4 0 2/5 0 0
(p-Hi, o-Ha) | 12 0 0 6/5 0
(b-Hf, p-Hy) | 4 0 0 0 2/5
proton hop | weight | (o-H3, o-Hy) (o-Hj, p-Hy) (p-H3, o-Hy) (p-Hj, p-Hy)
(oI, o) | 12 12/5 0 6/5 0
(o-Hi, p-Hy) | 4 0 0 6/5 0
(p-Hi, o-Ho) | 12 6/5 6/5 3/5 3/5
(p-Hi, p-Ho) | 4 0 0 3/5 3/5
exchange | weight | (o-Hj, o-Hy) (o-H{, p-Ha) (p-H{, o-Hy) (p-Hj, p-Hy)
(o-Hf, oly) | 12 19/5 1 8/5 475
(o-Hi, p-Hy) | 4 1 3/5 4/5 0
(p-Hi, o-Hy) | 12 8/5 4/5 19/5 1
(p-Hy, p-Hy) 4 4/5 0 1 3/5
total weight | (o-Hi, o-Hy) (o-Hj, p-Ho) (p-Hi, 0-H) (p-HF, p-Hy)
(-7, o) | 12 37/5 1 14/5 475
(o-HF, p-Hy) 4 1 1 2 0
(p-Hi, o-Ho) | 12 14/5 2 28/5 8/5
(p-Hi, p-Hy) 4 4/5 0 8/5 8/5
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Table A.2: The probabilities for the resulting nuclear spin configurations of the H:J{ + Hp
reaction [76]. The rows of the tables represent the nuclear spin configuration of the reactant
and the columns of the tables represent the nuclear spin configuration of the product.

total (o-HF, o-Hy) (o-HF, p-Hy) (p-Hi, o-Hy) (p-H3, p-Hy)
(oHf, oHy) | 37/60 1/12 7730 1/15
(o-Hi, p-Hy) 1/4 1/4 1/2 0
(p-Hi, o-Hy) 7/30 1/6 7/15 2/15
(p-Hi', p-H,) 1/5 0 2/5 2/5

Mircocanonical statistical model by Park & Light

Table A.3: The probabilities for the resulting nuclear spin configurations derived from

state-to-state reaction rate coefficients assuming complete proton scrambling [79].

The

rows of the tables represent the nuclear spin configuration of the reactant and the columns

of the tables represent the nuclear spin configuration of the product.

high temp (o-HF, o-Hy) (o-HF, p-Hy) (p-HF, o-Hy) (p-HF, p-Hy)
(o-H3, o-Hy) 0.62 0.08 0.23 0.07
(o-HF, p-Hy) 0.25 0.25 0.5 0
(p-Hi , 0-Hy) 0.23 0.17 0.47 0.13
(p-Hi, p-H,) 0.2 0 0.4 0.4
80 K (o-H3, o-Hy) (o-Hj, p-Hy) (p-H3, o-Hy) (p-Hj, p-Hy)
(o-Hj, o-Hy) 0.66 0.05 0.23 0.06
(o-H, p-H,) 0.05 0.84 0.11 0
(p-Hy , o-Hy) 0.24 0.14 0.49 0.13
(p-Hy, p-Hy) 0.02 0 0.06 0.92
10 K (O_Hg_v O'HZ) (O_H;a p'HQ) (p'Hg_v O'H2) (p_Hg_v p'HQ)
(o-H7, o-Hy) 0.68 0.05 0.22 0.05
(o-HF, p-Hy) 0 1 0 0
(p-Hi, 0-H,) 0.02 0.19 0.62 0.17
(p-H3, p-Ha) 0 0 0 1
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Appendix B

Estimated reaction rates inside the

22 pole trap

The reaction rates for the gas species, which are present inside the 22 pole trap during
the experiments can be estimated via a calibrated measurement using a pressure
gauge or via measuring the lifetimes of certain reactions.

Three different gas species are fed directly into the cold 22 pole trap. The pressure
gauge (Pfeiffer IKR270) is placed on the outer vacuum chamber of the 22 pole trap.
Therefore, it measures only the room temperature gas pressure surrounding the trap.

But the gas pressure inside the trap pgauge can be approximated according to

Ttrap
300 ’

Ptrap = k-c- Pgauge - (Bl)
where pgauge denotes the gas pressure measured at the outer vacuum chamber and
Tirap Tepresents the nominal trap temperature. The parameters & and c represent
the scaling factors based on the pressure gauge and the conductance of the trap,
respectively. Both scaling factors depend on the gas species. The values for scaling

factor k (taken from its data sheet [112]) for the gas species, which are present in

Gas species ‘ He Ar Hy, N,

k 59 08 24 1
c 7122 100

Table B.1: Scaling factor k for the gas species in the 22 pole, taken from [112] and
calculated scaling factor ¢ for the gas species, which are fed into the 22 pole.
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the 22 pole are listed in Tab. B.1. The values for scaling factor ¢ (also listed in Tab.
B.1) have been calculated, based on a calibration adjustment using a capacitance
pressure gauge (Baratron).

In a next step, the number densities n(X) of the gas species X are approximated by
the ideal gas law. The number of collisions with an ion that is stored in the 22 pole
trap can be inferred using the Langevin rate coefficient, which is given in practical

units (polarizability o in A®, reduced mass p in amu) by [58]

ki = 2.342\F- 107 em®s™ . (B.2)
o]

The calculated Langevin rate coefficients for the ion-neutral collisions that occur
inside the 22 pole trap, Hf + X (X = He, Ar, Hy, Ny) are listed in Tab. B.2.

Furthermore, the collision rates Ry, are determined by
RL = ]{ZL : n(X) > (B?))

where n(X) denotes the number densities of the gas species X.
Another approach in order to estimate the number densities n(X) and derive the
reaction rates Ry is to exploit the lifetimes of ions stored in the 22 pole trap. The

destruction of the stored HJ ions proceeds via the exothermic reaction

H;+N2—>N2H++H2, (B4)
gas Puap(X)  neap(X) (X)) p kr(Hf + X) Ry
species X [mbar] [em™]  [A%]  Jamu] [107° cm?® s [s71]
He 9.1-10°* 110" 0208 1.71 0.82 8.2:10°
Ar 54-107% 59101 1.664 2.79 1.81 1.1-10%
Hy 1.5-107% 1.6 10" 0.787 1.20 1.90 3.0-102
Ny <27-107% <3-10® 1710 2.71 1.86 < 5.6-1071

Table B.2: List of gas species present inside the trap volume. The estimated gas pressures
Dirap are determined via Eq. B.1 and converted to number densities n¢ap using the ideal gas
law. The Langevin rate coefficients k7, of the gas species colliding with H3+ are calculated
via Eq. B.2, in which the polarizability a/(X) is taken from [59]. The collision rates Ry, of
H:J{ + X are determined by Eq. B.3.
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in which the residual gas Ny collide with H{. The measured lifetime (7;+) of Hy
stored in the trap is typically ~ 5 s. The back reaction of previously excited Hj ions,
that reacted with Ar at the beginning of the trap storage time, can be exploited in

order to derive the number density of H, inside the trap volume. In reaction
ArHY + Hy — H + Ar, (B.5)

the ArH" ions form again HJ via collisions with H. In the study, the number density
n(Hz) in the 22 pole trap causes an ArH™ lifetime of Ty = 10 ms. The number

density n(X) can then be determined by

1
—kL'T’

n(X) (B.6)
where 7 denotes the lifetime of the stored ions and k; denotes the Langevin rate
coefficient in reaction B.4 and B.5, respectively. The number densities n of Hy and
N, (Eq. B.6) and their reaction rates Ry with Hi (Eq. B.3), using Langevin rate
coefficients are summarized in Tab. B.3.

Tab. B.2 and B.3 show estimations for the number densities of the gas species,
which are present inside the trap volume. Their collision rates with Hi were inferred
using the Langevin rate coefficient. In Tab. B.2, the number densities 7., (X)
were derived from an indirect gas pressure measurement. In Tab. B.2, the number
densities nyap(X) were derived from lifetime measurements of ions stored in the trap
together and Langevin rate coefficients. Both methods are inherently limited due to
the accuracy of the pressure gauge (+ 30%) and the Langevin rate coefficient. In
most cases the Langevin rate coefficient describes only an upper limit for the physical
rate coefficient. Since the experiments were performed at temperatures ranging from

45 to 100 K and rate coefficients tend to posses a temperature dependence, the

gas Nirap(X)  a(X) 1 kr(Hf + X) Ry,

species X [em™®]  [A%  Jamu] [107% em®s7Y]  [s7Y]
Hy 6.6 - 101 0.787 1.20 1.90 1.3-102
Ny 1.1-10% 1.710 2.71 1.86 2.0-107¢

Table B.3: List of gas species and their estimated number densities nyap(X) inside the
trap volume. The estimations were derived from lifetime measurements of stored ions,
using calculated Langevin rate coefficients.
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reaction rates may be overestimated. In conclusion, while both methods posses
inaccuracies, in estimating the trap number densities and reaction rates, they can

provide a reasonably good approximation.



Appendix C

Transfer matrices in linear approx-

1Imation
Drift
1 s 000 O
01 00O0 O
001 s 0 O
Rprige = C.1
PET10 0010 o0 (C1)
0000 1 s/9°
000O0O0 1
where s denotes the length of the drift section [137].
Quadrupole
Horizontal focusing
CoSs (\/ES) \/% sin (\/Es) 0 0 0 0
—\/Fsin (\/FS) Cos (\/Es) 0 0 0 0
R B 0 0 cosh (\/Es) \/17 sinh (\/?s) 0 0
rar 0 0 VK sinh (\/?5) cosh (\/Fs) 0 0
0 0 0 0 1 s/v?
0 0 0 0 0 1
(C.2)
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s denotes the length of the quadrupole section and K denotes the quadrupole strength
[137].

Vertical focusing

cosh (\/Fs) \/—% sinh (\/Fs) 0 0 0
VK sinh (vVKs)  cosh (vVKs) 0 0 0
R _ 0 0 cos (\/Es) \/% sin (\/Es) 0
par 0 0 —VK sin (\/Fs) coS (\/Fs) 0
0 0 0 0 1
0 0 0 0 0

(C.3)

s denotes the length of the quadrupole section and K denotes the quadrupole strength
[137]. In linear approximation the transfer matrix of a magnetic and electrostatic

quadrupole is identical. The quadrupole strength K is given by

|Bo| 1

Ry (Bp)o’

(C.4)

for a magnetic quadrupole, where By denotes the magnetic field at the pole tip, Ry
is the radial distance from the central axis to the pole tip and (Bp), represents the
magnetic rigidity.
The strength K for an electrostatic quadrupole is given by [137]

_ 2| 1

R="R @ (€5)

where V[ denotes the electric potential at the pole tip, Ry is the radial distance from

the central axis to the pole tip and (Ep), represents the electric rigidity.
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Electrostatic deflector

Cylindrical
oS (p—ozs) % sin %s) 0 0 0 po (1 — cos (‘p/fs))
_% sin (p—fs) cos (p—fs 0 00 V/2sin (\fs)
0 0 1 s 0 0
RcDeﬂ = 0 0 01 0 0 ’ <C6)
—+v/2sin (gs) Po COS (p—fs) 0 01 —s+ \/§pg sin (%3)
0 0 0 00 1

where s and pg denote the length and the radius of the deflector, respectively [137].
The horizontal and the vertical motion of particles, transported by the electrostatic
deflector, given the transport matrix C.6, are uncoupled. In the vertical plane, this
ion-optical element acts as a drift section. In the horizontal plane, the charged par-
ticle beam is focused and deflected by the angle ¢ = s/py.

The imaging properties are defined by the ion-optical system, which can be repre-
sented by the transport matrix. Considering an ion-optical system, that consists of

a drift, a cylindrical deflector and a drift, the transport matrix is given by
RT = RDriftZ : RcDeﬂ : RDriftl . <C7)

For particles, that start from a point object at the ion-optical axis (z; = 0) with an

arbitrary angular coordinate x/, their transport through Ry is determined by

Gl e

with the final coordinates z5 and x},. To determine the longitudinal position, where
the horizontal beam profile is mapped from image point 1 to image point 2, Eq. C.8
has to be solved for x5 = 0, in which the two drift sections are equal ( Rpyitt1 = Rprife2)-
Using s = pg - ¢ in matrix C.6 and [ for the drift length in matrix C.1, this condition

leads to

21 cos(v/2¢) + 7 2 sin(v/2¢) — £l2 sin(v/2¢) = 0. (C.9)
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Solving the quadratic Eq. C.9 for [, the positive solution is given by

[ = &coti. (C.10)

V2 V2
At this distance [ from the entrance and exit of the cylindrical deflector, the hori-
zontal beam profiles are mapped. For a cylindrical 90° deflector (¢ = 7/2), with a
central path radius of pg = 500 mm, [ is ~ 175 mm.
The required angle (¢) of a cylindrical deflector, to create the horizontal image point
at the entrance and exit, can be calculated via Eq. C.9 using | = 0, leading to ¢ =~

127.3°.

Sector dipole magnet

cos (pio) Po Sin (pio) 0 00 o) (1 — COoS (p%))
—pio sin (pio) cos (i) 0 00 sin (i)
R 0 0 1 s 0 0
pipole 0 0 010 0 ’
— sin (i) —po (1 — oS (pi)) 0 0 1 —s+posin (pio) + 5/7?
0 0 0 00 1

(C.11)
where s and pg denote the length and the radius of the dipole magnet, respectively.
The transfer matrix C.11 represents only the hard-edge model. The vertical direction
is represented by a drift section. In fact, the dipole magnet focuses the ion beam
in the vertical plane due to edge focusing. The focal strength depends on the angle
and the form of the pole shoe [137].
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Ion-optical simulation of the 90° de-

flector without shielding tube

In this simulation the 90° deflector with a 30 mm hole in its outer electrode is sim-
ulated via SIMION [156]. Using the same deflector geometry, as presented in Sec.
8.3.4, the designed 90° deflector is simulated without the shielding tube. This sim-
ulation uses the same ion beam parameters and conditions than for the previous
simulation, shown in Sec. 8.3.4 (see Fig. 8.17). The only difference is the absence of
the shielding tube, attached to the hole in the outer electrode.

In Fig. D.1, the horizontal (x) and vertical (y) phase space distributions of the prop-
agating ion beam are shown for the positions A - E along the beam path. The hole in
the outer electrode does not introduce any filamentation, but leads to an additional
focusing effect in the horizontal and vertical plane. This effect is demonstrated by
comparing the resulting twiss parameters a and § of this SIMION simulation to
the MAD X simulations, as shown in Fig. 8.19 and Tab. 8.6. Furthermore, the
recorded horizontal phase space distributions, shown in Fig. D.1, indicate an in-
creasing displacement in the beam position as the angle of the beam deviates from
90°.
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Figure D.1: Simulation of a negatively charged ion beam with an kinetic energy of 60
keV, deflected by an electrostatic 90° deflector with hole. At the positions A - E, along the
beam path, the horizontal (x) and vertical (y) phase space distributions are recorded.
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