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Design einer Ionenstrahl-Extraktionsoptik und die Analyse des

molekularen Aufbaus eines Ionenstrahls in einem elektrostatischen Spe-

icherring:

Am kryogenen Speicherring (CSR) amMax-Planck-Institut für Kernphysik in Hei-

delberg erö�nen sich neue Forschungsmöglichkeiten in Form von kalten, moleku-

laren Ionenstrahlen. Um die Auswahl an Ionenarten zu vergröÿern, wird mo-

mentan eine 5 keV Strahlführungslinie gebaut, welche eine Vielzahl von Quellen

mit der Injektionsstrahlführung des CSR verbinden soll. Eine anpassungsfähige

Ionenoptikkon�guration wurde während dieser Arbeit entwickelt. Diese kann

sowohl zum Extrahieren von Strahlen mit hoher, als auch mit niedriger Emit-

tanz verwendet werden, wodurch sie auf eine breite Auswahl an Ionenquellen

anwendbar ist. Um das e�ziente Experimentieren an Strahlen mit Intensitäten

unterhalb der Nachweisgrenze der Diagnostiksysteme des CSR zu ermöglichen,

werden hier zwei alternative Methoden zur Bestimmung der Umlau�requenz der

Ionen vorgestellt. Auf Grund der unzureichenden Massenau�ösung der Umlenk-

magneten besteht die Notwenigkeit, die Masse der Teilchen zusätzlich im Ring

zu bestimmen. Hierfür konnte sowohl die Beobachtung eines Ionenpaketes im

Ring, als auch die verzögerte Eletronenablöse bei negativ geladenen Ionen mittels

Laserbeschuss verwendet werden. Mit Hilfe der Massenspektren der Quellenpro-

dukte und der vom Ionenstrahl im CSR erzeugten Fragmente konnte auÿerdem die

molekulare Zusammensetzung der Strahls analysiert werden. Zusätzlich stellten

sich die beiden Methoden als e�ektives Mittel zur Bestimmung von nicht-isobaren

beziehungsweise isobaren Kontaminationen heraus.

Design of an ion beam extraction optics and analysis of the molecular

composition of an ion beam in an electrostatic storage ring:

New research opportunities are available in form of cold molecular beams stored

in the electrostatic Cryogenic Storage Ring (CSR) at the Max-Planck-Institut

für Kernphysik in Heidelberg. To expand the range of available ion species, a

5 keV ion transfer beamline is currently under construction to connect a variety of

sources to the injection beamline of the CSR. Versatile ion beam extraction optics

were developed during this thesis, which can be applied to sources producing low

and high emittance beams alike. To e�ciently experiment even with beams of

intensities below the detection threshold of the diagnostic systems of the CSR, two

alternative procedures to determine the revolution frequency and consequentially

the mass of the stored ions are presented. Due to the insu�cient mass resolution

of the bending magnets in the injection beamline, a method of mass veri�cation

is necessary for heavy particles. The observation of an ion bunch in the ring and

delayed electron emission after laser excitation are successfully applied for this

purpose. Furthermore, an analysis of the molecular composition of the beam is

performed using mass spectra of the source output and the charged fragments

of the beam. In addition, they also proof e�ective to identify non-isobaric and

isobaric contaminations, respectively.
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1 Introduction

The electrostatic Cryogenic Storage Ring (CSR) [1] at the Max-Planck-Institut für
Kernphysik in Heidelberg o�ers a unique opportunity to study atoms and molecules
in an environment alike the interstellar medium. Ions can cool down radiatively to
their rovibrational ground state due to the cryogenic conditions in the ring. A wide
range of diagnostic and experimental equipment enable a variety of experimental
techniques.
To study even rarely produced ions, sophisticated ion sources have to be im-

plemented on the high voltage platforms of the CSR, which produce a variety of
di�erent molecules and clusters, as e.g. CH+, Ag−, etc. A 5 keV transfer beamline
is currently being installed on one of the platforms, enabling the combination of
various types of ion sources and preparation traps in parallel. A versatile ion beam
extraction con�guration for this setup was developed during this thesis.
Due to the low beam current of exotic ion species, the standard pick-up system in

the CSR (e.g. Schottky pick-up) are unable to detect the stored ion beam, arising
the need for a di�erent method of mass determination in the mass independent elec-
trostatic storage ring. Furthermore, as the mass of the molecules and its complexity
increases, so does the number of possibilities for isobaric contaminations. Thus, a
fragment scan is demonstrated to be an e�cient tool to understand the molecular
composition of the stored beam.
In chapter 2 of this thesis the CSR, its storage and detection principle, as well as

the ion sources will be introduced. The simulation results of an ion beam extraction
system are described in chapter 3, followed by the presentation of an analysis method
of the molecular composition of an ion beam stored in the CSR in chapter 4. Finally,
a conclusion and an outlook are given.
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2 The Cryogenic Storage Ring (CSR)

This chapter brie�y discusses the most common concepts of storing charged particles
(section 2.1), before introducing the electrostatic Cryogenic Storage Ring (CSR) and
its ion sources at the Max-Planck-Institut für Kernphysik in Heidelberg (section 2.2).

2.1 Storing Charged Particles

In order to perform experiments with charged particles, three dimensional con�ne-
ment under well-controlled conditions is crucial. The Lorentz force

~FL = q( ~E + ~v × ~B), (2.1)

generated by both magnetic ~B and electric �elds ~E, is suited to manipulate the
motion of particles of charge q and velocity ~v accordingly. Over the past decades,
various con�gurations of dynamical and static electric �elds, as well as static mag-
netic �elds were used for this purpose.
Ion traps and storage rings are two classes of storage devices for charged particles.

The two most prominent representatives of the former are Paul [2] and Penning traps
[3]. The Paul trap uses a static and an oscillating electric �eld to generate a trapping
potential. It is often used as a mass �lter or an ion buncher in two dimensions. The
Penning trap, on the other hand, employs both electric and magnetic �elds to con�ne
ions. Due to the well-known trajectory of the charged particles inside the trap, it
can be used for high-precision mass spectrometry experiments [4].
Magnetic storage rings were primarily developed for high-energy particle physics

[5], before being used in nuclear, atomic and molecular physics [6]. In order to
increase its versatility in the latter �elds of physics electrostatic storage rings were
developed [7].

2.1.1 Storage Rings

In storage rings, eq. (2.1) acts as a centripetal force

FC =
mv2

r
(2.2)

and con�nes the ions of mass m on a closed orbit with radius r.
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2.2 Experimental Set-Up

The �rst such devices were magnetic storage rings (E = 0). With a mass depen-
dent bending radius

r =

√
2Ekinm

qB
, (2.3)

for non-relativistic particles of energy Ekin and

r =
vm

qB
(2.4)

for relativistic ions, they are ideally suited to study fast, light particles. Due to the
high energy of the stored ions, the cross-section for beam - residual gas collisions
are su�ciently low to achieve storage times of hours at relatively high background
pressure of about ∼ 10−9 mbar [8].

To study heavier, low energy ion beams, electrostatic storing rings were developed.
In the absence of the magnetic �eld (B = 0), the bending radius

r =
2Ekin
qE

(2.5)

is now directly proportional to the kinetic energy and mass independent. The device
itself is therefore not mass-selective, i.e. storing all species within the kinetic energy
acceptance of the ring settings. A procedure to analyse the mass composition of an
ion beam stored in an electrostatic storage ring is discussed in chapter 4.

2.1.2 Manipulation of Stored Ions

Internal states and the motion of stored particles can be manipulated. The eigenmo-
tions can be altered by excitation with a resonant rf signal. This can be employed
to remove unwanted ions in a storage devices, for instance, as is often done in Pen-
ning traps [9]. To study internal states, laser excitation can be applied to observe
ionization, fragmentation or electron detachment processes.

It is also possible to cool the internal states of an ion or the phase space of the
ion motion. Using Coulomb interaction of the stored ions with an electron beam
[10] or momentum transfer with bu�er gas [11], the volume of a particle beam in
the phase space can be reduced. It is also possible to cool internal states of single
ions via laser excitation [12] or thermal radiation [13]. In the CSR, stored ions can
reach ground state excitation levels using radiative cooling within minutes [14].
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2 The Cryogenic Storage Ring (CSR)

2.2 Experimental Set-Up

The CSR is the electrostatic storage ring device at the Max-Planck-Institut für
Kernphysik in Heidelberg [1]. It can be cooled to temperatures below 10 K by a
closed-cycle helium refrigeration system achieving pressures equivalent to 10−12 mbar
at room temperature [15] and is therefore ideally suited to perform experiments
on cold ion beams in a quasi background-free environment. The nearly quadratic
device has a circumference of 35.12 m, with ion optical elements in the corners 1-4
and experimental set-ups and beam diagnostics in the �eld free straight sections
(A)-(D), as shown in �gure 2.1.

The ion beams are produced on high-voltage platforms and guided to the ring,
which can store particles with a kinetic energy up to 300 keV per charge unit. In sec-
tion (A), the interaction between the ions and neutral particles can be studied [16].
Section (B) hosts an electron cooler used for phase space cooling of the stored beam
and serving as an electron target for recombination experiments between positively
charged particles and electrons [17]. This region also includes a laser interaction
zone, where the ions can be probed by continuous wave (CW) or pulsed laser light.

Injection
(20 - 300)keV

Electron Cooler

COMPACT
detector

NICE detecorLaser overlap

39°
Deflectors

6° Deflectors

Pick-up
electrodes

Quadropole
deflectors

Reaction microscope
(in planning)

Neutral
Beam
Experiments 

Corner 1

Corner 2

Corner 4

Corner 3

Section (D)

Section (B)

S
e
ctio

n
 (C

)

S
e
ct

io
n
 (

A
)

Figure 2.1: Schematics of the CSR, for details see text.
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2.2 Experimental Set-Up

Section (C) is reserved for beam diagnostics [17]. A reaction microscope will be
placed in section (D). In the following subsections, the experimental equipment rel-
evant for this thesis will be discussed in detail.

2.2.1 Ion Sources

Three di�erent kinds of sources are currently operated at the high voltage platforms.
Penning sources [18] and an ECR source [19], which were not used for measurements
in this thesis and therefore not discussed in the following, and sputter sources. In
the near future, a laser evaporation source (LVAP) will be installed as well. Within
this thesis, the simulation studies for the extraction optics of the LVAP source were
performed and are discussed in chapter 3.

The Middleton sputter source (MISS) [20] produces negative ions by accelerat-
ing caesium cations towards a solid target containing the desired particle species.
The harsh sputtering process creates a wide range of positive, negative and neutral
species, whereas only negative ions are extracted from the source by electrostatic po-
tentials. It is also possible to create molecules consisting of di�erent atomic species,
for example C4O

−, which can be produced employing a carbon target in a dilute
oxygen atmosphere. To in�uence the production cross section of a certain cluster or
molecule, various source parameters can be optimised. The gas pressure regulates
the available amount of oxygen, while the temperature of the caesium oven de�nes
the quantity of Cs− in the source and therefore regulates the output current. Since
a selection of a speci�c ion species is not possible within the source, a mass selection
by bending magnets behind the extraction is often used to remove undesired species.
Due to their harsh creation, the ions extracted from the source are rovibrationally
excited covering a wide range of states.

In contrast to the MISS, the LVAP source is designed to create ions and molecules
in low rovibrational states [21]. A pulsed laser is focused on a metal target and evap-
orates atoms, clusters and electrons, which are then �ushed downstream through an
expansion channel by a high-pressure carrier gas pulse (e.g. helium). There, the
ions cool by supersonic expansion, exchanging energy with the bu�er gas, leading to
clusterization of larger species. While charged particles are extracted by an appro-
priate electrostatic potential, neutral particles are being pumped away. To achieve
reasonable pressure behind the source, it is important to extract the ions, while
minimizing the bu�er gas �ow out of the source. Di�erential pumping [22] can be
applied, which allows for high pressure di�erences on short distances by using narrow
ori�ces between various regions. A soft extraction can be used to prevent rovibra-
tional excitation by rest gas collisions. A possible setup is discussed in chapter 3.
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2 The Cryogenic Storage Ring (CSR)

2.2.2 Ion Beam Diagnostics

To monitor the stored beam, three di�erent pick-up electrode systems are used in
the CSR (see �gure 2.1). While three sets of position pick-ups are placed at the
entrance and exit of the straight section (A), (C) and (D), two other types of pick-
ups are employed in section (C) to determine the current and the Schottky noise [23],
from which the multiples of the revolution time can be calculated using a Fourier
transformation.

For destructive measurements, two multi-channel plate (MCP) detector systems
are currently employed at the CSR, which will be brie�y explained here.

i) The COld Movable PArticle CounTer (COMPACT) detector (see �gure 2.2 (a))
was developed to count single neutrals or charged fragments at various posi-
tions created in the �eld free straight section (B) in front of the detector [24].
The incoming particles hit a converter cathode and create secondary electrons,
which are then accelerated towards an MCP detector. Neutrals and fragments
are not stored at the closed orbit of the parent beam (see section 4.3). The
detector, located behind the 6◦ de�ector (see �gure 2.1), can therefore be used
to acquire a m

q
-spectrum of reaction products.

ii) The Neutral particle Imaging in Cold Environment (NICE) detector (see �g-
ure 2.2 (b)) is placed in the neutral port of the 39◦ de�ector in corner 3 (see
�gure 2.1). It consists of an MCP detector with a phosphor screen anode.
The detector is designed for position imaging and high time resolution. The
electrons from the MCP hit the phosphor screen, creating a light spot, which
is then captured by a high-speed camera [25].

(a) (b)

Figure 2.2: Images of the detectors used in the CSR: COMPACT detector [26] (a)
and NICE detector [25] (b)
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2.3 Experimental Procedure

2.2.3 Laser setup

To excite the stored ions, laser beams can be overlapped with the ion beam in
section (B) (see �gure 2.1), either in a crossed-beam con�guration or with a grazing
angle. Figure 2.3 shows the laser path inside the CSR. The beam is guided in and
out of the ring through view ports. The angle between laser and ion beam is 1.073 ◦

over a 1.67 m interaction region.
Within this thesis studies, a pulsed OPO laser was used to excite a subset of the

beam. Thus, the excited ions are in a bunch of a few microsecond time spread (see
section 4.2.2). Continuous wave (cw) laser beams are also employed for ion beam
depletion or to create a continuous background signal for normalization.

2.3 Experimental Procedure

The aims of the experiments were to study laser-induced electron detachment and
fragmentation processes in C4O

−, as well as understanding its radiative cooling be-
haviour. A MISS source was optimised for C4O

− production (see section 2.2.1).
A mass selection was performed by dipole magnets in order to isolate the desired
molecule, and the ion specie was afterwards veri�ed in the storage ring. The proce-

Laser injection
port

Laser exit
port

COMPACT
detector

isolation
vacuum

experimental
vacuum

Laser
beam

NICE
detector

Figure 2.3: Laser setup inside CSR, for details see text.
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2 The Cryogenic Storage Ring (CSR)

dure for mass determination will be presented in chapter 4.
An OPO laser system, tunable from 410 nm to 2600 nm, was then used to excite

a small fraction of the stored particles. Reaction products were recorded in depen-
dence of laser energy and storage time by COMPACT and NICE (see section 2.2.2).
Coincidence measurement of neutrals and fragments could be recorded using both
detectors simultaneously.
The measurements described below were inspired by previous experiments on Co−4

clusters conducted at the Cryogenic Trap for Fast ion beams (CTF) [27] MPIK [28].
There, delayed electron emission was used to study the internal energy distribution of
the ions. To analyse the e�ect of cryogenic conditions on the ion's internal energy, a
Co−4 beam was produced in a MISS and within this thesis stored in the CSR, leading
to the �rst measurements of the delayed electron emission in the in this device.
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3 Simulation studies of an ion beam
extraction system

This chapter discusses the ion optical simulation studies for an extraction system
connecting a variety of ion source types, such as the new LVAP source (see sec-
tion 2.2.1), with the 5 keV transfer beamline positioned on the CSR high-voltage
platform. For this purpose, the software package SIMION was employed. It solves
the Laplace equation to calculate the electrostatic �elds before using the fourth-order
Runge�Kutta method to obtain the ions' trajectory [29]. After an overview about
standard extraction con�gurations (section 3.1), a new setup is introduced and the
simulation studies performed to optimize the extraction of the ions are presented
(section 3.2).

3.1 State-of-the-art extraction systems

The best known extraction con�guration for a charged beam is probably the Pierce
geometry, invented by J.R. Pierce in 1940 for rectilinear electron beams [30]. Ne-
glecting any magnetic e�ect caused by the electron current, and thermal velocities,
Pierce was able to derive a condition for the electric �eld φ at a given position x

φ(x) = Ax
4
3 , (3.1)

with A = 5.69× 103j
2
3 and j the �eld current density, which is satis�ed by a zero

potential surface with an 67.5◦ angle to the beam edge. With such a con�guration,
the equipotential lines are nearly symmetric around the beam axis. This setup was
later used for the extraction of ion beams from sources as well, with only minor
adaptations. To minimize the divergence and diameter of the extracted beam, con-
�gurations of multiple electrodes were implemented [31]. Programs such as SIMION
were employed to optimize the extraction system [32].

3.2 Experimental Setup

The aim is developing a general extraction system for molecular ion beams of low
and high emittance alike, which can for example be produced by LVAP sources
or MISS (section 2.2.1), respectively. The ions are accelerated to 5 keV, matching

9



3 Simulation studies of an ion beam extraction system

the kinetic energy of the transfer system of the CSR high voltage platform. The
demands on the con�guration are discussed in the following section.

3.2.1 Design criteria

Future projects at CSR require storing beams of complex molecules and clusters,
for example (SF−6 )N , produced in LVAP sources. However, the large structure in-
creases the risk of fragmentation or internal heating when colliding with residual
gas particles in the transfer beamline. This is especially critical in sources, where
the ions are created in a high-pressure environment, or when even carried out of the
source by a high-pressure bu�er-gas pulse, as it is the case in an LVAP source (see
section 2.2.1). It is therefore crucial to extract the ions gradually to minimize losses
and heating due to collisions. A con�guration of a stepwise extraction by multiple
electrodes achieves this goal.
In the present setup, the sources are placed on a potential of 5 keV and the

ions are accelerated through the extraction con�guration to ground potential. To
make the setup as �exible as possible, just the sources shall be exchanged, keeping
the extraction system as well as the transfer beamline untouched. Therefore, the
extraction system has to be applicable to a large variety of primary beams.
Here, an ion beam with parameters as expected to originate from a LVAP source

is used to simulate the extraction con�guration. To minimize the pressure behind
the source, this con�guration includes a skimmer of 1 mm ori�ce (see �gure 3.1) to
e�ciently separate most of the bu�er-gas from the ions. This not only acts as a
di�erential pumping unit, but also considerably reduces the ions' distribution in the
phase space, resulting in a very narrow beam already entering the extraction setup.
Furthermore, the skimmer itself in�uences the �eld induced by the �rst electrode
(as will be shown in section 3.2.3) and therefore in�uences the shape of the beam.

1mm
diameter

(a) (b) Carrier gas

Ions

Figure 3.1: Skimmer used in the LVAP source: (a) Outer structure, (b) Inner struc-
ture. The red/blue dots represent the carrier gas/ions of interest, re-
spectively.
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3.2 Experimental Setup

The principle extraction setup is displayed in �gure 3.2. It consists of multiple
identical, cone-shaped electrodes, aligned along their symmetry axis. To optimize
the shape of the beam, four parameters of the con�guration were varied, the number
of electrodes n, their opening angle α, their diameter d and the applied voltages U1

through Un−1 (see table 3.1).
To limit the remaining bu�er-gas �ow further, a small diameter d (see �gure 3.2)

of the electrodes is crucial. However, in case of a small d a part of a wide beam is
considerably reduced at the opening of the �rst extraction electrode, decreasing the
ion yield. While the skimmer included in the LVAP source already causes a very
small beam diameter, other sources such as the MISS produce wide beams. The
setup has to �nd a balance between these competing factors.
To guarantee a smooth acceleration of the ions, the extraction electrodes are

stacked into each other, as shown in �gure 3.2, shielding the beam from the wall
potential, which is 5 keV in this case. This limits the opening angle of the elec-
trodes, which are separated by 5 mm to reduce the risk of discharges. To ful�l these
conditions, the con�guration has to expand along the symmetry axis with decreas-
ing angle. The maximum available space for the extraction setup is 110 mm. The
number of electrodes n is limited by this restriction as well. For large angles, how-
ever, the con�guration has to expand in radial direction to guarantee the shielding
from the 5 keV potential. The dimensions of the vacuum chamber, e.g. d = 70 mm,
therefore limit the maximum opening angle.
However, more steps in the acceleration potential lead to a smoother extraction

increasing the ion yield for complex molecules and clusters by decreasing the risk of

α
d

1st electrodenth electrode

Source
5 kV

Voltage
U1

Voltage
U2

Voltage
Un = 0V

5m
m

Symmetry 
axis

Figure 3.2: Extraction setup consistent of n electrodes with voltages Un, diameter
d, and opening angle α.
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3 Simulation studies of an ion beam extraction system

Table 3.1: Parameters, which were varied for the simulation studies.

Parameter Range
# Electrodes n (1− 6)
Ori�ce diameter d (1− 4) mm
Opening angle α (12− 32)◦

Voltages Un (0− 5000) V

residual gas collisions. In addition, the setup is more adaptable to compensate vary-
ing initial beam parameters. The voltages have to be in decreasing order (Ui > Ui+1

for i < n), with the last electrode on ground potential, i.e. 0 V, to guarantee a
smooth transition into the beam line, which is on ground potential as well.

3.2.2 Simulation Procedure

To �nd a suitable setup, di�erent extraction con�gurations in combination with
an LVAP source including a skimmer were simulated �rst. After optimizing, the
skimmer was removed to analyse the setups' adaptability to sources with beams of
larger emittance.
For the initial beam conditions, an ensemble of 1, 000 ions with a cone shaped

velocity distribution with an opening angle of 1 ◦ and a Gaussian distribution in
the position with σ = 0.5 mm were used. No energy distribution was assumed.
The con�guration was optimized on the extracted beam shape alone. First test
simulations with varying initial beam parameters had shown, that wider beams

expansion
channel

skimmer

extraction
electrodes

1 2 3 4

vacuum tube

Voltages:
5000 V
U1

U2

U3

0 V

Figure 3.3: Extraction con�guration implemented in SIMION. Voltages are assigned
according to the colour code.
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3.2 Experimental Setup

only resulted in a smaller e�ciency, but had no impact on the shape of the extracted
beam. Therefore, the initial distribution was chosen such that all ions would pass
the setup.
The realization of an exemplary con�guration in SIMION is displayed in �gure

3.3. Here, four electrodes with an opening angle of α = 15◦ and an ori�ce diameter
d = 4 mm are placed behind the skimmer. They are centered in a tube to simulate
the vacuum chamber.
The design goal of the con�guration is the extraction of a narrow (beam diameter

db < 5 mm), parallel ion beam. As a reference point, at which the shape of the
beam is optimized, serves the entrance of an electrostatic cylindrical de�ector, the
�rst element of the 5 keV transfer beamline, following 676 mm behind the skimmer.
The size of the extracted beam, here presented by the average distance of the par-
ticles from the center of the beam, is calculated and compared for di�erent opening
angles, ori�ce diameters, applied voltages and number of extraction electrodes (see
table 3.1). While the ion optics partly act as focusing elements on the beam, the
reference point is in a �eld free region where particles �y ballistically.

3.2.3 Simulation Results

The �rst simulations were done using four extraction electrodes. As an initial step,
the voltages and angles were varied for con�gurations with 3 mm (�gure 3.4 (a)) and
4 mm ori�ce diameter (�gure 3.4 (b)).
While many potential con�gurations produce beam diameters nearly independent

of the opening angle, the ones using exponential acceleration of the ions yield a clear
minimum. The voltage schemes can be roughly divided into three groups, going by
the e�ect they have on the beam.
The �rst set of potentials are nearly constant with the opening angle and cause

a relatively broad beam. Representatives of this group are the con�gurations 3.4(2)
and 3.4(8). Both have �rst a relatively small potential di�erence to the source
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Figure 3.4: Beam diameter for varying voltages of a con�guration of four extraction
electrodes with 3 mm diameter (a) and with 4 mm diameter (b)
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3 Simulation studies of an ion beam extraction system

(Usource = 5000 V) and then use (nearly) equidistant steps to reach ground potential.
This group will further be referred to as group (I).
The second group, (II), consist of voltage sets 3.4(3), 3.4(4) and 3.4(6). The

sets 3.4(4) and 3.4(6) use equidistant steps, while the potential di�erence for 3.4(3)
increases between each two electrodes by a factor of two.
The third group, (III), displays a strong dependence of the beam diameter on the

opening angle. While the voltage sets behave similar to group (I) for large angles,
the particles' average distance from the center drops well below even group (II)
at about 15 ◦. Whereas this e�ect is only just visible for sets 3.4(5) and 3.4(9) in
the considered region of angles, 3.4(1), 3.4(7) and 3.4(10) display a clear minimum
at 14 ◦, 15 ◦ and 16 ◦ for the d = 3 mm setups, respectively. Here, the potentials
di�erences increase exponentially.
Furthermore, a shift of the beam diameter minimum towards smaller angles is

visible for increasing extraction electrode diameters. The optimal angles for the
voltage sets 3.4(5), 3.4(9) and 3.4(10) using a con�guration with 4 mm ori�ce di-
ameter are 12 ◦, 14 ◦ and 15.5 ◦, respectively. The angle independent con�gurations
display little dependence on d. To increase the ion yield, an electrode diameter of

12.5 15.0 17.5 20.0 22.5 25.0 27.5 30.0 32.5
Angle [°]

0.0

0.5

1.0

1.5

2.0

2.5

3.0

6 electrode, d=4mm, varying voltages

12.5 15.0 17.5 20.0 22.5 25.0 27.5 30.0 32.5
Angle [°]

0

1

2

3

4

5

D
ia

m
e
te

r 
[m

m
]

3 electrode, d=4mm, varying voltages

(a) (c)

12.5 15.0 17.5 20.0 22.5 25.0 27.5 30.0 32.5
Angle [°]

0

1

2

3

4

5

6

7

8

D
ia

m
e
te

r 
[m

m
]

5 electrode, d=4mm, varying voltages

D
ia

m
e
te

r 
[m

m
]

(b)4994.5, 4970, 4834, 4085, 0

4800, 3600, 2400, 1200, 0

4999.5, 4995, 4950, 4500, 0

4000, 3000, 2000, 1000, 0

4990.8, 4975, 4932, 4816, 0

4992, 4960, 4800, 4000, 0

4998, 4986, 4900, 4293, 0

4995.1, 4983, 4931, 4717, 3841 0

4992.4, 4992, 4960, 4800, 3000, 0

4999.95, 4999.5, 4995, 4950, 4500, 0

4167, 3333, 2500, 1667, 833, 0

4800, 3840, 2880, 1920, 960, 0

4967, 4908, 4751, 4323, 3161, 0

4992, 4971, 4895, 4619, 3620, 0

4843.75, 4687.5, 4375, 3750, 2500, 0

4950, 4500, 0

4983, 4711, 0

4800, 2400, 0

3750, 2500, 0

3333, 1667, 0

4998, 4900, 0

4992, 4800, 0

4323, 3161, 0

Applied
voltage
sets [V]

(b)

(c)(a)

4678.5, 4375, 3750, 2500, 0

A
v
e
ra

g
e
 p

a
rt

ic
le

 d
is

ta
n

ce
 f

ro
m

 c
e
n
te

r 
[m

m
]

A
v
e
ra

g
e
 p

a
rt

ic
le

 d
is

ta
n

ce
 f

ro
m

 c
e
n
te

r 
[m

m
]

1)
2)
3)
4)
5)
6)
7)
8)

9)
10)
11)
12)
13)
14)
15)
16)

17)
18)
19)
20)
21)
22)
23)
24)

Figure 3.5: Extracted ion beam size for various voltage sets with 4 mm ori�ce diam-
eter. The number of electrodes is 3 (a), 5 (b), and 6 (c).

14



3.2 Experimental Setup

4 mm is used in the following.

In a next step, voltage sets for con�gurations of three (see �gure 3.5 (a)), �ve
see (�gure 3.5 (b)) and six (see �gure 3.5 (c)) extraction electrodes were studied for
various opening angles. Again, sets from all three potential groups were used. They
display similar behaviour as for four electrodes shown in �gure 3.4. Low and high
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Figure 3.6: Beam diameter for varying electrode diameters and various number of
electrodes. (a) 1 electrode, (b) 2 electrodes, (c) 3 electrodes, (d) 4 elec-
trodes, (e) 5 electrodes, (f) 6 electrodes. Applied voltages are listed in
table 3.2.
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3 Simulation studies of an ion beam extraction system

Table 3.2: Applied voltages for �gure 3.6, with n = 1, 2, .., 6 electrodes

# Electrodes Applied voltages (V)
1 (a) U1 = 0 V
2 (b) U1 = 4500 V, U2 = 0 V
3 (c) U1 = 4950 V, U2 = 4500 V, U3 = 0 V
4 (d) U1 = 4995 V, U2 = 4950 V, U3 = 4500 V, U4 = 0 V
5 (e) U1 = 4994.5V , U2 = 4970 V, U3 = 4834 V, U4 = 4085V , U5 = 0 V
6 (f) U1 = 4995.1 V, U2 = 4983 V, U3 = 4931 V, U4 = 4717 V, U5 =

3841 V, U6 = 0 V

average particle distances to the center nearly independent of the opening angle of
the extraction electrodes were observed as well as con�gurations with clear minima.

Voltage sets from group (III) were then taken for each n = 3, 4, 5, 6 electrodes con-
�guration and the impact of varying electrode diameters was studied (see �gure 3.6).
For comparison, setups consistent of one or two electrodes were also simulated. The
applied voltages are listed in table 3.2.

For n ≥ 3, the minimum of the particles' average distance to the center of the
beam shifts towards smaller angles for increasing electrode diameters (see �gure 3.6).
Furthermore, this e�ect seems to decrease with increasing d. For n = 1, 2, the beam
size appears to stay relatively constant.

From �gures 3.4 - 3.6 it is obvious, that low beam divergence can be achieved
by choosing proper opening angles and voltages, independently of the number of
electrodes, for n ≥ 3. To �nd a compromise between the length and the adaptability
of the setup (see section 3.2.1), a con�guration of four electrodes was chosen as the
best option.

To guarantee a high ion yield for sources with wider initial beams (e.g. MISS),
the diameter of the electrodes was furthermore set to 4 mm. This should not in-
crease the pressure behind the extraction signi�cantly for the LVAP source, since
the skimmer ori�ce of 1 mm already keeps out most of the carrier gas and the re-
maining residual gas particles still have to make it through four narrow openings to
pass the extraction. The shape of the electrodes themself also favours the removal
of ballistically �ying neutral particles.

Last, the e�ect of the skimmer on the diameter of the extracted beam was anal-
ysed. With the now speci�ed con�guration of four extraction electrodes with 4 mm
diameter, a setup without a skimmer was then used to study the e�ects of varying
voltages and opening angles on the ions average distance from the beam center again
(�gure 3.7).

Three potential sets (�gure 3.7 (a)) were used, one from each of the three groups
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3.2 Experimental Setup

discussed in �gure 3.4. While voltage set 3.4(2) causes a relatively high beam diver-
gence nearly independent of the opening angle for the setup including a skimmer,
set 3.4(3) also displays little dependence on α but lower average particle distance
from the beam center in �gure 3.4 (b). Set 3.4(1) has a strong dependence on the
opening angle of the electrodes for con�gurations including skimmers.

All three voltage sets show a dependence on the opening angle (�gure 3.7 (a)),
however none as signi�cantly as the con�gurations that include a skimmer. Further-
more, set 3.7(1) produces the lowest average particle distance to the beam center.
That was therefore used for con�gurations with varying skimmer diameters ds (�gure
3.7 (b)).

Here, the shape of the curves is independent of the skimmer diameter and only
changes signi�cantly, when no skimmer is implemented. The curves, however, are
lower at larger opening angles for smaller ds. In the absence of a skimmer, the
beam divergence behaves very di�erently in dependence of the opening angle. An
explanation for this is indicated by the equipotential lines induced by the di�erent
con�gurations, as shown in �gure 3.8.

The skimmer is at the same potential as the source (�gure 3.3). Therefore, the
outreach of the extraction potential is greatly in�uenced by the skimmer. While the
electrodes have a focusing e�ect on the beam in both con�gurations, the reshaping
of the �eld lines by the skimmer can cause a focus point in front of the �rst electrode
as well.

Figure 3.8 shows the �eld lines (red) for con�gurations with (a) and without
skimmer (b) and four extraction electrodes with an ori�ce diameter of 4 mm and
an opening angle of 15 ◦. A focus point before the �rst extraction electrode can be
observed in �gure 3.8 (a), but not in (b).
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Figure 3.7: (a) Varying voltages for a con�guration with four extraction electrodes
of 4 mm diameter without skimmer, (b) Varying skimmer diameter for
a con�guration with four extraction electrodes of 4 mm diameter and
voltages (U1 = 4995 V, U2 = 4950 V, U3 = 4500 V, U4 = 0 V).
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3 Simulation studies of an ion beam extraction system

With these informations, a suitable extraction con�guration can be further spec-
i�ed. Next to n = 4 and d = 4 V, �gure 3.7 (b) shows, that the opening angle
has a far greater impact on the diameter of the extracted beam for setups includ-
ing skimmers. From �gure 3.4 (b) it is further known, that minima in the average
particle distance from the center seem to occur for small angles. Choosing α = 15 ◦

therefore is a good compromise between con�gurations with and without skimmer.
An exponentially decreasing voltage set with a minimum at this setup with skimmer
(�gure 3.4 (b)) could be found, set 3.4(1), and even without a skimmer, the average
particle distance from the center is still in a reasonable range (�gure 3.7 (b)).
Therefore, the extraction setup has been designed with the following parameters:

number of electrodes n = 4, their ori�ce diameter d = 4 mm, and their opening
angle α = 15 ◦.

(a)

(b)

4999.5 V4999.95 V

4999.5 V4999.95 V

4999.995 V

4999.995 V

Figure 3.8: Field lines for a extraction con�guration consisting of four electrodes
with an ori�ce diameter d = 4 mm and an opening angle α = 15 ◦ in-
cluding a skimmer (a) and without a skimmer (b)
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4 Analysing the molecular composition of
a stored ion beam

This chapter focuses on the mass separation prior injection into CSR and the iden-
ti�cation of the molecular composition of the stored ion beam. This is done in three
steps. First, the bending magnets 1 and 2 (see �gure 4.1) are employed for mass
selection (section 4.1). To verify the mass in a second step, the revolution time
of a short ion bunch injected into CSR is then determined (section 4.2). To this
end, two methods were developed and discussed. In the �rst, the bunch itself is
observed by neutral events, which either occur due to electron autodetachment and
autofragmentation or by collisions with residual gas particles, or being induced by
overlapping the light of a continuous wave laser. In the second one, a laser-excited
subset of the bunch is monitored by delayed electron emission. Third, to identify
the isobaric composition, a fragment scan is performed (section 4.3). The ion beams
of Co−4 (mass 236 u) and C4O

− (mass 64 u) are analyzed and discussed (section 4.4).

Bending
magnet 2

Ion source
platform 2

COMPACT
detector

Laser
beam

Chopper 2

Ion source
platform 1

Chopper 1

Fragmentation region of fragment spectrum

Laser
overlap

Bending
magnets 1

Reaction products
seen by detection

system

Figure 4.1: Schematic drawing of the CSR and its injection beam lines. For details
see text.
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4 Analysing the molecular composition of a stored ion beam

4.1 Mass seperation by bending magnets

The bending magnets in the transport beam lines between the ion source platforms
and the CSR (see �gure 4.1) are used as mass separators. For a �xed kinetic energy,
a range ∆m of masses which can pass the magnets is given by

∆r

r
=

√
∆m

m
, (4.1)

using eq. (2.3). Here,r is the bending radius and ∆r determines the e�ective exit
diameter, e.g. slits, behind the magnets. ∆m is de�ned as the width of the peak
at 10% of its height. A Faraday cup located closely behind the magnets is used to
acquire a mass spectrum in dependence of the magnetic �eld. The resolving power
of the magnets for an ideal beam neglecting any momentum spread is given by

R =
m

∆m
=
( r

∆r

)2

. (4.2)

Thus, ions with masses higher than R · u, u being the atomic mass unit, cannot
be resolved. In reality, this value is considerably reduced by the momentum spread
(∝ R) of the beam. Hence, the emittance of the ion beam reduces the e�ective
resolution. Thus, a beam with low emittance, as discussed in chapter 3, is favorable.
Nevertheless, a mass veri�cation after the selection is required.

4.2 Determining the revolution time

To con�rm the selected mass, a measurement of the stored ions' revolution time is
performed. Although the ring is electrostatic and therefore stores all particles with
a kinetic energy being in the acceptance of the CSR independently of mass (see
section 2.1.1), the velocity of the ions, and therefore their revolution time, is mass
dependent:

v(m) =

√
2E

m
. (4.3)

Knowing the circumference C of the closed orbit, the revolution time tr for an ion
bunch with mass m can be calculated:

tr =
C

v(m)
= C

√
m

2E
. (4.4)

Two methods to determine the revolution time are discussed below.
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4.2 Determining the revolution time

4.2.1 Observing an ion bunch by residual gas collision and

spontaneous decay

Typically, ions are injected as a bunch into CSR, created by a chopper either directly
after the source platform (chopper 1) or after the bending magnet (chopper 2) (see
�gure 4.1). Neutralized particles from residual gas collisions or the spontaneous
decay of rovibrationally excited ions in the straight section in front of COMPACT
are counted. Due to the bunched signature of the coasting ion beam, the obtained
signal is periodical with a frequency corresponding to the revolution frequency of
the beam. By choosing a chopper time su�ciently below the expected revolution
time, the bunches can be resolved (see inset �gure 4.2).
The precision of this measurement is limited by the broadening of the ion bunch,

due to its momentum spread and ion-ion interactions. It reaches its maximum
resolution just before the ion bunch spreads out over the entire closed orbit of the
storage ring. For an isobaric beam in the CSR, this debunching can be observed after
a few hundred revolutions. Simulations of the debunching e�ect are shown in �gure
4.3 [33]. The initial bunch width equals half of the CSR circumference. Although a
weak peak structure can still be observed after more than 1500 revolutions, the gap
of the ion beam in the ring closes at about 200 revolutions. The simulation takes
two variables of the beam into account. One is the momentum spread of the ions
(∆p
p
), which describes the momentum distribution within the beam. The other is

the slip factor

η =
∆f/f

∆p/p
, (4.5)

with the revolution frequency f and the frequency deviation of the ions from the
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Figure 4.2: Neutralization signal in dependence of storage time; Inset: Zoom of the
�rst 350 µs, showing the bunched signature of the signal
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4 Analysing the molecular composition of a stored ion beam

center particle ∆f . For beams in the CSR, they are σp
p0

= 10−3 and η = 0.686,

respectively, which were estimated previously [34].
For an ion beam containing multiple masses due to insu�cient mass separation

of the bending magnets, the di�erence in the revolution frequency causes a faster
dispersion of the bunches. With a chopper time of

tc = xtr(m) (4.6)

with x ≤ 1 and tr(m) being the revolution time of the lighter ion, the time di�erence
between the length of the bunch and circumference of the ring, neglecting broadening
due to momentum distribution and ion-ion interactions, is given by

∆t = (1− x)tr(m). (4.7)
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Figure 4.3: Simulations of the bunch dispersion in dependence of the number of
revolutions in CSR. The initial bunch width is half the ring circumference
[33].
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4.2 Determining the revolution time

For a contamination with ions of mass m+ ∆m, the heavier fraction of the beam
has a longer revolution time and ∆t is therefore reduced by the di�erence of the
revolution times multiplied by the number of revolutions N :

∆t = (1− x)tr(m)−N(tr(m+ ∆m)− tr(m)) (4.8)

= C√
2E

((1− x)
√
m−N(

√
m+ ∆m−

√
m)), (4.9)

with C being the circumference of the ring and using eq. (4.4). In the case of
0.5 ≤ x < 1 it takes

N = (1− x)

√
m√

m+ ∆m−
√
m

(4.10)

revolutions for ∆t to reach zero and hence for the bunches to spread over the entire
closed orbit of the storage ring. If 0 < x < 0.5, the two species are separated when
∆t = (1− 2x)tr(m), which is after

N = x

√
m√

m+ ∆m−
√
m

(4.11)

revolutions.

4.2.2 Revolution time obtained by delayed electron emission

Delayed electron emission or delayed fragmentation due to laser excitation is a sta-
tistical process in clusters and larger molecules (Natoms ≥ 3) [35]. Single photon
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Figure 4.4: Delayed events of the Co−4 cluster for a photon energy of 1.635 eV in
dependence of time after laser excitation; Inset: Zoom into the �rst
450 µs showing the shape of the delayed signals.
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4 Analysing the molecular composition of a stored ion beam

absorption of the molecular ion raises the internal energy above the electron a�n-
ity (EA). Internal conversion distributes the excitation energy over the vibrational
modes leading to delayed electron emission or fragmentation. This process takes
place on a time scales up to ms.
By overlapping a pulsed laser beam (see section 2.2.3) with the ion beam, only

molecules in the overlap region corresponding to a narrow time window are excited,
which may then statistically detach their electron. Although the excited ions can
neutralize anywhere in the ring, only the ones detaching in the �eld free straight
section of CSR in front of the detector (�gure 4.1) can be recorded. The time
resolution is more precise than the width of the ion bunches, which is determined
by the chopper time, due to the small laser overlap region and a laser pulse width
tp of (3− 5) ns.
For ions of velocity v, the fraction of the beam excited by the laser has a time

spread ∆tex proportional to the length of the laser overlap region ll (�gure 4.1).

∆tex = tp + ll(
1

c
+

1

v
) ≈ ll

v
. (4.12)

Figure 4.4 shows the sum of all delayed events from a single run of Co−4 after
laser excitation with a photon energy of 1.635 eV. The FWHM of the peaks is
less than 3 µs. The distance between the peaks determines the revolution time of
the excited fraction of the beam. This method is expected to be less sensitive to
contaminations because the laser typically induces delayed events in only one of the
molecular species stored in the ring.

4.3 Recording a fragment spectrum

In many sources, molecules are produced in highly excited states (see section 2.2.1)
and may fragment spontaneously or due to residual gas collisions. These fragments
have only a fraction of the kinetic energy of the parent molecule corresponding to
the mass fraction, disregarding kinetic energy transfer:

mf

mp

=
Ekin,f
Ekin,p

, (4.13)

where mf is the fragment and mp is the parent mass.
Thus, fragments are lost with the parent settings of the ring. By setting the CSR

to store Ekin,f instead, fragments created in the straight section before the �rst 6◦

de�ector in corner 2 (�gure 4.1) are stored and can be detected at the closed orbit
position, while the parent beam is lost. By scaling the de�ector voltages all masses
from 1 u to the parent mass can be consecutively recorded. With the acquired masses
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4.4 Results

it is then possible to reconstruct the composition of the stored ion beam, as shown
in �gure 4.5.

4.4 Results

To study laser-induced detachment and fragmentation of C4O
− and Co−4 , both ion

species were stored in CSR. In this section they will exemplary be analyzed applying
the procedures presented in sections 4.1 - 4.3.
In section 4.4.1 a C4O

− beam is studied. The mass spectrum obtained by the
bending magnet and a fragment scan are employed to identify the composition of
the beam, while the method from section 4.2.1 is applied to determine the revolution
frequency. To compare and discuss the advantages and disadvantages of the two
methods presented in section 4.2, a Co−4 beam is evaluated in section 4.4.2 employing
both procedures.

4.4.1 Identifying C4O
− in the CSR

C4O
− (mass 64 u) was produced in a MISS (see section 2.2.1) and then stored in

the CSR. The process of mass selection and beam identi�cation is presented in this
section.
By employing a carbon target in a dilute oxygen atmosphere, the MISS could

be optimized for C4O
− production. To �nd the correct settings for passing mass

12C-
16O-

12C2
-

12C3
-

12C2
16O-

12C4
-

16O2
- /

32S

Figure 4.5: Fragment spectrum from parent ion beam of mass 64 u. MISS was set
up to produce C4O

−. For details see text.
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4 Analysing the molecular composition of a stored ion beam

64 u through the bending magnet, a mass spectrum was recorded at a Faraday cup
behind the magnet (�gure 4.1). The peaks at masses 12u (12C), 13u (13C), 16u
(16O) and 17u (17O) were used for mass calibration, needed due to the hysteresis
e�ect in the magnetic �eld scan.

The recorded spectra are displayed in �gure 4.6. Next to the two carbon and
oxygen isomers, 12C and 13C, as well as 16O and 17O, the low sensitivity scan (�gure
4.6 (a)) also reveals peaks at masses 24 u, 25 u, 36 u, 48 u and 49 u, which can be
attributed to pure carbon molecules CN to the order of N = 4. A weak signal at
40 u is also visible and can be attributed to C2O

−.

By increasing the current sensitivity of the cup readout, weaker beam components
can be detected in a second mass scan (�gure 4.6 (b)). Additional to the previous
molecules, peaks at the positions of possible carbon - oxygen combinations 40 u and
41 u (C2O

−) and 64u (C4O
−) now appear in the spectrum. Signals at 32 u and 33 u

can either be attributed to O−2 or S−. The later could be a contamination, because
it has been produced in this source previously.
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4.4 Results

For the peak at 45 u, only unlikely candidates could be found. The stable atomic
scandium should not be present in the source and possible molecular compositions,
made up of particles already identi�ed, would need to include one heavier isotope.
For example CO−2 including either a 13C or one 17O. This is unlikely to be the cause
of the signal due to the missing peak at mass 44u. Since the natural abundance
of the lighter isotopes are greater (see �gure 4.6), a mass peak at 45 u should be
accompanied with a much larger intensity of 44 u ions. Another possibility would
be a double charged (q = 2 e) ion. These are di�cult to produce in a MISS, and can
therefore also be excluded.

The peak broadening for higher masses as expected from eq. (4.1), can already
be observed in �gure 4.6. While the peak at mass 12 u has a width of 0.34 u at 10 %
of the maximum height, for mass 32 u it is already 0.55 u. The signal-to-noise ratio
of the peak at mass 64 u is very low and leads to a width of 1.2 u at 10 % of the peak
height. As a consequence, a pure beam of 64 u (e.g. C4O

−) can not be guaranteed
with this resolution and has to be veri�ed in the CSR.
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4 Analysing the molecular composition of a stored ion beam

The magnet was then set to select the peak at mass 64 u shown in �gure 4.6
(b). To check this setting, the revolution time of the ions was measured using the
method introduced in section 4.2.1. To chose an appropriate chopper time, the
theoretical value for tr was calculated. The circumference of the closed orbit is
C = (35.121 ± 0.030) m. The uncertainty is due to the momentum spread and the
betatron oscillation of the ion beam [33]. For mass 64 u (C4O

−) and a kinetic energy
of (250, 000±10) eV, eq. (4.4) predicts a revolution time of (40.452±0.035) µs. The
chopper was therefore set to a bunch width of 20 µs, to �nd a compromise between
optimal resolution, which requires small bunches and the measurement time, depen-
dent on statistic and hence on the number of ions in the ring. In comparison, mass
63 u and 65 u have revolution times of (40.135 ± 0.034) µs and (40.767 ± 0.035) µs,
respectively.
To extract tr from the data, an algorithm was implemented, which �tted a �at

top function with linear �anks over each bunch (see �gure 4.2) to calculate its mean.
For the statistical uncertainty of this value the method explained in [36] was applied.
The time separation between the �rst and the n-th bunch signal was derived and
divided by the number of revolutions taken. This process terminates, when the latest
value for tr di�ers signi�cantly from the second last, which can either be caused by
a "missing" bunch due to insu�cient statistics or because debunching ultimately
dissolves the bunched structure of the beam.
For the present C4O

− measurement, a run with 396 injections and∼ 20, 000 counts
in the time window used for the �t was investigated. The algorithm terminated
after 188 revolutions due to insu�cient statistics, caused by the �rst gap in the
data at ∼ 7.608 ms. With a �t shown in �gure 4.7 (c), the revolution time could
be determined to be tr = (40.47368 ± 0.00033) µs. The error is purely statistical.
According to eq. (4.4), this corresponds to an ion mass of m = (64.07± 0.11) u.
Thus, mass 64u is stored. The mass uncertainty decreased by a factor of ∼ 11
from 1.2 u to 0.11 u compared to the resolving power of the mass spectrum shown
in �gure 4.6.
To estimate the number of revolutions required to determine the mass of the stored

species with su�cient con�dence, �gure 4.7 (a) shows the derived tr in dependence
of the number of revolutions taken into account. With only 10 revolutions, 64 u
can already be determined as the mass of the ions with 8σ signi�cance. However,
the di�erences in revolution time between two neighbouring masses decrease with
increasing mass. Therefore, more revolutions will be necessary for heavier particles.
To analyze the composition of the beam, a fragment spectrum was recorded ac-

cording to section 4.3, which is displayed in �gure 4.5. Together with the spectrum
acquired behind the bending magnet (�gure 4.6), the composition of the ion beam
can now be reconstructed.
Knowing the mass of the ions as m = (64.07± 0.11) u and the charge as q = −1 e,

possible molecular and atomic species are listed in table 4.1, using the National
Institute for Standards and Technology database [37]. They are analyzed according
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4.4 Results

Table 4.1: Anions with mass m = (64.07± 0.11) u, taken from [37]

Anion Mass [u] Comment Conclusion
FNP− 63.9794 No peak at 14 u (N) Unlikely
O−4 63.9981 In source and (possible)

peaks at O−, O−2 and O−3

Likely

FH3NSi
− 64.00 No peak at 14 u (N) Unlikely

H2NO
−
3 64.00 No peak at 14 u (N) Unlikely

C3N
−
2 64.01 No peak at 14 u (N) Unlikely

CH4O
−
3 64.0412 Radical → Unstable Unlikely

C4O
− 64.0427 All possible fragments are

observed
Very likely

Sulfur dioxide anion
(O2S

−)
64.064 (Possible) peaks at O−, 32 u

(S−,O−2 ) and SO−
Likely

H2NOS
− 64.088 No peak at 14 u (N) Unlikely

SiC−3 64.1181 No peak at 28 u (Si) Unlikely

to their likeliness to be part of the beam. Out of the ten possible candidates, six
can be excluded due to missing nitrogen (14 u) or silicon (28 u) peaks in the mass
scan (�gure 4.6) and the fragment spectrum (�gure 4.5). These would be present if
either of these atoms where in the source. Furthermore, CH4O

−
3 can be ruled out

because of its unstable nature.

Only three ions remain, most dominant of which is C4O
− with strong signals

at all possible fragmentation channels (�gure 4.5). However, a small peak at the
fragment mass 32 u indicates a contamination. Both of the other possible molecules
(O−4 and O2S

−) have fragments on that mass, being able to break of O−2 and, in the
case of O2S

−, also S−. It is, however, not possible to distinguish between these two
using the spectra from �gures 4.5 and 4.6, since their other fragments have identical
masses as well, 16 u for the daughter ion O− and 48 u for O−3 and SO−, coming from
O−4 and O2S

−, respectively.

During the experiments on C4O
−, the electron detachment of the molecule for

di�erent photon energies was studied. For this purpose, the OPO laser (see section
2.2.3) was employed to excited the ions at di�erent frequencies. The detachment
rate could then be normalised to the number of photons and the numbers of ions to
search for thresholds and resonances. Although the analysis of these measurements
are not part of this thesis, a preliminary result for a photon energy range of (0.8−
1.35) eV is shown in �gure 4.8. It provides another indicator as to what the isobaric
contamination might be.

An onset of the electron detachment threshold observed at about 1.2 eV, which
can not be attributed to C4O

−, because it has an expected threshold of at least
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4 Analysing the molecular composition of a stored ion beam

2 eV [38], would suggest a SO−2 contamination with an electron a�nity of EA =
(1.107± 0.008) eV [39]. This is more likely then a contamination of O−4 with an EA
of (0.60± 0.22) eV [40].

4.4.2 Observing the debunching of a contaminated Co−4 beam

Delayed electron emission of Co−4 clusters was studied at the Cryogenic Trap for
Fast ion beams (CTF), located at the Max-Planck-Institut for Nuclear Physics in
Heidelberg [28]. The required laser energy for a maximum yield of delayed events
was therefore already known to be about 1.6 eV. Hence, this molecule is a perfect
candidate for the revolution time determination by delayed electron emission (see
section 4.2.2).

First, tr was calculated using eq. (4.4). The Co−4 ions with mass 236 u were
stored at a kinetic energy of (200, 000±10) eV. This corresponds to a the theoretical
revolution time of the clusters of tr = (86.848±0.074) µs, also taking the uncertainty
of the closed orbit into account. For comparison the masses 235 u and 237 u have
revolution times of (86.664± 0.074) µs and (87.032± 0.074) µs, respectively.

Due to the geometry of the setup (see �gure 2.3), the shape of the delayed peaks
is not a �at top (as can be seen in �gure 4.4), in contrast to the signal of the bunch
itself (�gure 4.2). Therefore, a Gaussian function was applied to �t the signal. The
algorithm to determine tr and its uncertainty remains the same as in section 4.4.1.

A run with 34 injections and ∼ 20, 000 delayed counts was used. The graph is dis-
played in �gure 4.9 (a) and estimates a revolution time of tt = (86.8927± 0.0018) µs.
The uncertainty only takes statistical �uctuations into account. This corresponds to
a mass of m = (236.24± 0.40)u, using eq. (4.4). The excited fraction of the beam
therefore has a mass of 236 u.

For comparison, the revolution time was determined by observing the injected
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ion bunch as discussed in 4.2.2 and 4.4.1, using a run with 1000 injections and
∼ 50, 000 counts in the time window used for the evaluation. This, however, yields
tr = (86.7261±0.0033) µs (�gure 4.9 (b)), suggesting a mass m = (235.34± 0.40) u.
This is in contradiction to the measurement obtained by delayed electron events.
Furthermore, a clear debunching of the signal could be observed well before the
∼ 200 revolutions expected for this e�ect to take place due to the momentum spread
of the ions (see �gure 4.3).

Figures 4.10 (a) - (c) display the debunching of the Co−4 signal, while (d) -(f)
provide a comparison to an isobaric beam (C4O

−, mass 64 u). While the rectangular
structure is visible in both cases at the �rst few revolutions (a & d), a disintegration
of the contaminated beam's signal is visible after 37 revolutions (b), whereas the
other's remains intact (e). After 70 revolutions, the integrity of the bunch shape
of the Co−4 beam is almost completely lost (c), while the C4O

− signal (f) shows no
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4 Analysing the molecular composition of a stored ion beam

signi�cant broadening compared to the �rst revolutions (d).

This is a clear indicator for mass contamination (see section 4.2.1). Since the
debunching of the beam now happens much faster than purely caused by the mo-
mentum spread (�gure 4.10), only the e�ects caused by mass contamination can
be considered. The reduction of the gap between the revolutions ∆t can then be
estimated to equal the di�erence between the tr of the heaviest and the lightest
ion in the beam, as predicted by eq. (4.8). Figure 4.9 (c) shows the gap width
∆t plotted versus the number of revolutions for the contaminated beam from �g-
ure 4.9 (b). According to eq. (4.8), the absolute value of the slope corresponds
to tr(m + ∆m) − tr(m). Using a linear �t, the revolution time di�erence can be
estimated to be ∆tr = (0.3074± 0.0069) µs.

From the measurement using delayed electron emission one of the masses in
the ring is already known to be 236u, and the fact that the bunch observation
method gave a smaller value for tr suggests, this is the heavier part of the beam
(m+ ∆m) = 236 u. Using the revolution time obtained from �gure 4.9 (a) (tt =
(86.8927±0.0018) µs) for mass 236 u, tr for the lightest ion in the beam can than be
calculated by subtracting ∆tr, to be tr(m) = (86.5853± 0.0091) µs. Employing eq.
(4.4), the mass of this species therefore equals m = (234.57 ± 0.40)u, considering
the uncertainties of tr(236), of ∆tr, of the kinetic energy Ekin and the closed orbit.
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The beam is therefore contaminated with ions of either mass 234 u or 235 u or
both. This was most likely caused by insu�cient mass separation by the bending
magnets, which have a resolution R = (134 ± 5) for a kinetic energy of 200 keV,
measured with other beams previously.
This method can only distinguish between the heaviest and the lightest ion in the

beam. It can not be used to detect any masses in-between. Although the delayed
electron emission was used in this example to determine one of the masses, this is
not necessary to calculate the range of masses in the beam. If section 4.2.2 can not
be applied, the time seperation between the beginning of the bunch signals (�gure
4.2) can be used to estimate tr for the lightest ion and the �t demonstrated in �gure
4.9 (c) can then be employed to calculate the heaviest component of the beam.
However, if delayed electron emission can be induced for one of the particles,

it is advantageous to use this method. The procedure requires less statistics (34
injections for �gure 4.9 (a) compared to 1000 injections for �gure 4.9 (b)) and can
be signi�cantly more precise for fast debunching beams, where the beginning of the
signal for a revolution can not be distinguished from the next after short storage
times (�gure 4.10). As mentioned in section 4.2, this method is unable to detect the
contamination in the beam, though. Thus for heavy beams, where a contamination
due to the magnet resolution is likely, an analysis of the debunching must be done.
As the CSR continuous to store heavier beams in the coming years, the procedure

demonstrated in this example to determine mass contamination will gain signi�-
cance. However, if the uncertainty about the closed orbit length of the CSR can
not be improved (right now at 0.85 % of the value), this method will soon reach
its limits. Even for the example beam of mass 236 u and an energy 200 keV, the
di�erence in revolution time between two neighboring masses is already 2 % of the
smaller revolution time. To achieve the necessary resolution to distinguish between
much higher masses, the momentum spread of the beam has to be reduced, which
might be possible by cooling the bunch prior to injection with an RFQ.
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5 Conclusion and Outlook

An extraction con�guration consisting of four cone-shaped electrodes with an open-
ing angle α = 15 ◦ and an ori�ce diameter d = 4 mm was successfully designed for
the extraction of ions from di�erent ion sources to the transfer beamline of the CSR.
The results are presented in chapter 3. It focuses on creating a low divergence beam
for sources of high and low initial emittance. Furthermore, a strong dependence
of the average particle distance to the beam center on the opening angle of the
electrodes for speci�c voltage sets could be identi�ed.
The extraction setup in combination with a standard Penning ion source scheme

is currently under commission on a test bench to determine the operational settings.
First results are expected in a few weeks.
An analysis tool for the composition of a stored ion beam was developed and

successfully applied. The method was able to determine the revolution frequency of
the ions both by observing the bunch in the ring and by inducing delayed electron
emission. The sensitivity and precision of the procedures were demonstrated and
the uncertainty of the closed orbit circumference inside CSR could be identi�ed as
the current resolution limit.
Furthermore, an isobaric contamination in a beam of mass 64 u could be detected

and the various molecules could be identi�ed using a fragment spectrum. The mass
range in a beam containing multiple masses was determined by analysing the dis-
persion of an ion bunch in the CSR.
The exemplary beams of C4O

− and Co−4 showed the susceptibility of electrostatic
storage devices to contaminations and demonstrated the need to check for these
when storing beams of large molecules and clusters in the future.
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